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Preface to ”Agroforestry-Based Ecosystem Services”

With 21 papers and an editorial overview published, more than a hundred authors involved,

and contributions from tropical Asia, Africa, and Latin America, the response to this Special Issue

exceeded initial expectations. The collection of papers is not a comprehensive, encyclopedic treatment

of the topic, but it provides little gemstones of case studies on a good cross-section of the social and

ecological issues that are part of the current debate. The collection can serve as teaching material for

interdisciplinary courses on land-use science and may provide inspiration (and specific hypotheses)

for further research by graduate students or researchers interested in use-oriented science.

Although the call for contributions was not explicit on the geographical focus of the contributed

papers, the resulting focus on (sub)tropical case studies probably reflects the historical development

of agroforestry science, where attention to temperate regions only took off after two decades of

tropical research. Temperate-zone agroforestry is now a flourishing field of research, so future

compilations may become more geographically balanced.

Acknowledgements are due to the positive responses of all authors in their initial submissions

and subsequent revisions, the many (mostly anonymous) reviewers, other members of the Land

editorial board, and the professional services by the MDPI publisher.

Meine van Noordwijk

Editor
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1. Introduction

Agroforestry, land use at the agriculture-forestry interface that implies the presence of
trees on farms and/or farmers in forests, has a history that may be as old as agriculture,
but as an overarching label and topic of formal scientific analysis, it is in its fifth decade.
The trees as such, and the agroforestry system they are part of, provide direct benefits to
the farmer (land manager), often through a combination of marketable goods, subsistence
needs of the farm household, buffering climate variability, and protecting soil and water
resources. However, it also provides benefits to those sharing the same landscape, the same
watershed, biome, or even planet Earth, the latter especially as part of the global climate
and biodiversity conservation discourses. These external benefits are generally discussed
under the heading ‘ecosystem services’ (Figure 1), and are the topic of the collection of
papers in this Special Issue.

Figure 1. Agroforestry-based ecosystem services are human benefits achieved beyond the farm scale
from the way trees on farm interact with soil and water, carbon storage, and biodiversity and of the
cultural/relational aspects of landscapes with partial tree cover.

For this Special Issue, we invited case studies or synthesis papers that achieve
the following:

1. Quantify change in ecosystem services in forest–agriculture interface landscapes and
relate such to stakeholder concerns and farmer/manager decisions;

2. Analyze efforts to increase the feedback from external stakeholders to land use deci-
sions (including ‘agroforestry’) within landscapes; and/or

3. Describe and analyze efforts to transcend an existing forestry versus agriculture
dichotomy in land use policies.

1



Land 2021, 10, 770

2. Quantifying Ecosystem Services

Of the twelve papers in the first category (Table 1), seven have a biophysical/ecological
focus and five a social one. For the current discussion, four groups of ecosystem services are
important and distinct: provisioning and economic services, soil and water conservation,
carbon-related roles in the global climate discourse, and biodiversity-related services. Many
papers discuss more than one type of service.

Table 1. Papers quantifying change in ecosystem services related to farmer/manager decisions.

Biodiversity-Related

Title and Reference Provisioning,
Economic Soil & Water Carbon-

Related
Biodiversity-

Related

Biophysical focus:
Traditional pollarding practices for

dimorphic ash tree (Fraxinus dimorpha)
support soil fertility in the Moroccan

High Atlas [1]

Traditional tree
management Mycorrhiza Local tree species

Soil organic matter, and mitigation of
and adaptation to climate change in

cocoa–based agroforestry systems [2]

Corg, water
holding capacity Carbon stocks Comparing land

use systems

Earthworm diversity, forest
conversion, and agro-forestry in

Quang Nam province, Viet Nam [3]

LU impacts on ‘soil
engineers’

Earthworm
diversity

Assessing context-specific factors to
increase tree survival for scaling

ecosystem restoration efforts
in East Africa [4]

Farmer’s
technology tested

Tree seedling
management

Tree roots anchoring and binding soil:
reducing landslide risk in

Indonesian agroforestry [5]
Slope stabilization Functional

tree diversity

Infiltration-friendly agroforestry land
uses on volcanic slopes in the Rejoso
watershed, East Java, Indonesia. [6]

Infiltration and
erosion control

Comparing land
use systems

Groundwater-extracting rice
production in the Rejoso watershed
(Indonesia) reducing urban water
availability: characterization and

intervention priorities [7]

Rice production using
ground-water

from AF hillslopes

Water balance
effects of lowland

water use

Focus on farmers/managers:
Fruit tree-based agroforestry systems
for smallholder farmers in northwest

Vietnam—a quantitative and
qualitative assessment [8]

Farmer knowledge,
economic analysis

Local knowledge about ecosystem
services provided by trees in coffee
agroforestry practices in Northwest

Vietnam [9]

Farmer knowledge,
preferences

Soil & water
protection

Functional
tree diversity

Gendered species preferences link tree
diversity and carbon stocks in cacao

agroforest in Southeast Sulawesi,
Indonesia [10]

Gendered tree
preferences Carbon stocks Functional

tree diversity

Agroforestry innovation through
planned farmer behavior: trimming in

pine–coffee system [11]

Constraints to farmer
tree management

Gendered migration and agroforestry
in Indonesia: livelihoods, labor,

know-how, networks [12]

Human migration~
AF knowledge

2
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In agropastoral parklands of the Moroccan High Atlas, traditional practices of man-
aging the local dimorphic ash tree (Fraxinus dimorpha), endemic to North Africa, involve
pollarding [1]. Compared to soil without trees, the soil under trees was shown to be
enriched with phosphorus, nitrogen, carbon, and mycorrhizal spore density, suggesting
soil fertility benefits generated by sound agroforest management. Belowground roles of
agroforestry in climate change mitigation (C storage) and adaptation (reduced vulnerability
to drought) are less obvious than easy-to-measure aspects aboveground. Comparisons
between cocoa agroforestry systems, intermediate in properties between remnant forest,
and cocoa monocultures [2] showed that increased soil organic matter content can support
about a week’s worth of evapotranspiration without rain, assisting in climate change
adaptation. Agroforestry systems in Viet Nam were also found to be intermediate be-
tween natural forest and cropland in terms of earthworm diversity [3]. Out of a total of
25 different earthworm species, 21 were found in natural forests, 15 in agroforestry, 14 in
planted forests, and 7 in annual croplands and home gardens. A cosmopolitan species,
Pontoscolex corethrurus, dominated habitats with intensive anthropogenic activities but was
rare in natural forests. The study concluded that protection of the remaining natural forests
is urgent, while the promotion of a tree-based farming system such as agroforestry can
reconcile earthworm conservation and local livelihoods.

Especially in drylands, tree planting is not enough to get trees growing, and survival
rates depend on management. A survey in Kenya and Ethiopia [4] showed low tree survival
especially for tree species preferred by local communities, but also local knowledge on
options to increase seedling survival in local context. Soil quality ranking was positively
correlated with tree survival in Ethiopia, regardless of species assessed, while in Kenya the
presence of soil erosion on a farm had a negative effect on seedling survival. The need for
watering, manuring, and protection from grazing varied with context and tree species.

Biophysical properties at the plot level influence ecological relationships at the land-
scape scale. Once established, tree root systems can stabilize hillslopes and riverbanks,
reducing landslide risk, but comparisons across a wide range of tree species are rare as
research methods are laborious. Observing proximal (close to the tree stem) woody roots
and applying fractal allometry hypotheses, a comparison [5] of 55 tree species in Indone-
sia found differences in the ratio of stem to root cross-sectional area (relative amount of
roots) as well as relative distribution in topsoil (‘Soil-Root Binding’) and subsoil (‘Root
Anchoring’) that both contribute to soil stabilization. The study concluded that a mix of tree
species with deep roots and grasses with intense fine roots provides the highest hillslope
and riverbank stability.

Rapid infiltration of rainfall into soils is important to reduce surface runoff and
erosion on mountain slopes exposed to high-intensity rainfall. The degree of tree cover
that is needed to achieve a desirable level of infiltration, however, depends on further
characteristics of soil, tree species, and zone-dependent rainfall properties. A study in
Indonesia [6] found that for midstream conditions only a tree canopy cover of >80%
qualified as “infiltration-friendly” land use, but erosion rates were relatively low for a tree
canopy cover in the range of 20–80%. In the upstream watershed, a tree canopy cover > 55%
was associated with the infiltration rates needed, as soil erosion per unit overland flow
was high. The tree canopy characteristics required for infiltration-friendly land use clearly
varied over short distances with soil type and rainfall intensity showing that generic rules,
such as a 30% forest cover requirement, cannot be the basis for local resource management
using agroforestry concepts. A study of the water balance and the impacts of lowland
water use in the same watershed through uncontrolled flow of Artesian wells found that
equal attention is needed for the upstream and downstream parts of the watershed if urban
water supply is to be secured [7].

The second group of papers described in Table 1 has farmer knowledge, choices,
and preferences as their primary focus. Agroforestry practices with fruit trees can be
more profitable than sole-crop cultivation within a few years, as data for Viet Nam and
two local fruit tree species show [8]. After seven years agroforestry systems with longan

3
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(Dimocarpus longan) and son tra (Docynia indica) had generated 2.4-times higher average
annual income than sole maize, the main comparator in the area. Farmers also reported
that agroforestry enhanced ecosystem services by controlling surface runoff and erosion,
increasing soil fertility and improving resilience to extreme weather, indicating a win-win
in economic and environmental terms, if the initial investment hurdle can be overcome.

Farmer knowledge of ecosystem services provided by trees in coffee agroforestry
practices in Northwest Vietnam was found to differ between three indigenous groups
surveyed [9]. Most farmers were aware of the benefits of trees for soil improvement, shelter
(from wind and frost), and the provision of shade and mulch. In contrast, farmers had
limited knowledge of the impact of trees on coffee quality and other interactions amongst
trees and coffee. The farmers’ selection of tree species to combine with coffee was highly
influenced by economic benefits provided, especially by intercropped fruit trees, which
was influenced by market access, determined by the proximity of farms to a main road.

Surveys in Southeast Sulawesi of tree diversity on cocoa agroforestry systems [10]
showed that gendered preferences for trees partly diverge and may contribute to overall
diversity. Male farmers selected timber and fruit tree species with economic benefits as
shade trees, while female farmers preferred production for household needs (fruit trees
and vegetables). Tree portfolios reflected the preferences of both genders. In agroforestry,
tree diversity was found to be proportional to differences in carbon stock, with an inter-
mediate position between the concave relationship in forest decline and the convex one in
reforestation responses.

In a specific form of agroforestry in which forest authorities own the land and trees
and farmers are allowed to intercrop, ecological management choices reflect the social
relations of power. In a setting where farmers have contracts permitting coffee cultivation
under pine trees, experiments tested canopy trimming to improve light for coffee pro-
duction while maintaining tree density [11]. Exploring planned farmer behavior brought
‘path dependency’ and ‘lack of trust’ to the forefront as issues to be understood before
agroforestry innovation can contribute in the triangle of farmers, forest authorities, and
empirical science.

A wider policy perspective is needed to understand the gendered decisions to migrate
into or away from areas where agroforestry is practiced in Indonesia [12]. Most of the deci-
sion making that the research revealed was linked to perceived poverty, natural resource
and land competition, and emergencies, such as natural disasters or increased human
conflicts. Movements of a temporary labor force and/or migrants who might still return
to their landscape of origin, do contribute to the spread of agroforestry knowledge (and
germplasm) between areas of higher and lower human population density, contributing to
ecosystem service awareness.

3. Co-Investment in Ecosystem Service Provision by External Stakeholders

Five papers considered the logical next step after recognizing that ecosystem services
depend on farmers’ land management: co-investment (Table 2).

Table 2. Papers addressing efforts to increase the feedback from external stakeholders to land use decisions (including
‘agroforestry’) within landscapes.

Ecosystem Services

Title and Reference
Provisioning, Economic Soil &

Water-Related Carbon-Related Biodiversity-
Related

Effects of agroforestry and other
sustainable practices in the Kenya

Agricultural Carbon Project (KACP) [13]
Project impact study Co-investment in carbon

stocks

Discounted cash flow and capital
budgeting analysis of silvopastoral systems

in the Amazonas region of Peru [14]
Farm economic analysis

4
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Table 2. Cont.

Ecosystem Services

Title and Reference
Provisioning, Economic Soil &

Water-Related Carbon-Related Biodiversity-
Related

Carbon storage potential of silvopastoral
systems of Colombia [15]

Options for national
climate policy

Potential increase in
silvopastoral tree density

Enhancing Vietnam’s nationally
determined contribution with mitigation
targets for agroforestry: a technical and

economic estimate [16]

Options for national
climate policy

Potential increase in
various AF systems

Support for sustainable agricultural land management can also be motivated by global
climate change concerns, with externally funded advisory services. An evaluation of the
Kenya Agricultural Carbon Project (KACP) [13] concluded that farmers benefitted from
increased maize yields after participation in the program that supported terraces and
agroforestry practices. Study results, showing that the KACP farms had higher food self-
sufficiency and tended to have higher monetary savings than control farms, suggest that,
apart from the carbon stock gains that generated the co-investment by external stakeholders,
local benefits were clear.

A study of the economic consequences of silvopastoral systems in the Peruvian
Amazon [14] found that these were above those for either planted forests or conventional
cattle-pasture systems. Benefits could be substantially higher—at least for the farmers
pioneering such activities—where farmers generated added-value through on-site retail
stands and direct links to customers.

Nine Latin American countries plan to use silvopastoral practices—incorporating trees
into grazing lands—to mitigate climate change, but the cumulative potential of scaling
up silvopastoral systems at national levels is not well quantified [15]. The range, 5 to
122 Mg ha−1, of carbon stock values in Colombian grasslands in 2017 based on ecofloristic
zones, suggests a potential for further increase. If all existing grasslands could be brought
to the tree density of the current median or 75th percentile, silvopastoral systems could be
a substantive part of nationally determined contributions (NDCs) and nationally appro-
priate mitigation actions (NAMAs) in Colombia and other Latin American countries with
similar contexts.

The Nationally Determined Contributions (NDCs) of several non-Annex I countries
already mention agroforestry but mostly without associated mitigation targets. The absence
of reliable data, including on existing agroforestry practices and their carbon storage,
partially constrains the target setting. A study for Viet Nam [16] tried to fill this gap by
synthesizing above- and belowground vegetation and soil carbon for the close to 0.8 M ha
of existing agroforestry systems identified. Estimates are that expansion to 0.9–2.4 M ha of
agroforestry is technically and economically feasible, to offset the greenhouse gas emissions
of the agriculture sector by 2015.

4. Addressing the Agricultural-Forestry Policy Interface

A final group of five papers (Table 3) considered the agricultural-forestry interface, in
policy and institutional terms, as essential to the further development of agroforestry.

5
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Table 3. Papers analyzing efforts to transcend the existing forestry versus agriculture dichotomy in land use.

Ecosystem Services

Title and Reference Provisioning,
Economic

Soil &
Water-Related Carbon-Related Biodiversity-

Related

Agroforestry as policy option for
forest-zone oil palm (OP) production

in Indonesia [17]

Smallholder OP as
AF option

Concerns over OP
disturbing
hydrology

Concerns over
C emissions

Concerns over
OP causing

deforestation
People-centric nature-based land

restoration through agroforestry: a
typology [18]

Range of
restoration
intensities

Subsoil
recovery slow

Realistic
expectations of

tradeoffs

Realistic
expectations of

tradeoffs

Cost-benefit analysis of landscape
restoration: a stocktake [19]

Efficient use of
scarce public funds

Realistic
expectations of
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With 15–20% of Indonesian oil palms located, without a legal basis and permits, within
the forest zone (‘Kawasan hutan’), international concerns regarding deforestation affect
the totality of Indonesian palm oil exports [17]. Data analysis showed that ‘Forest zone
oil palm’ (FZ-OP) is a substantive issue with substantial geographic variation in intensity
within Indonesia that requires analysis and policy change. Responses will need to take
the legal basis of the forest zone and its conversion into account, as well as the existing
social stratification in oil palm production (large-scale, plasma and independent growers),
and the various environmental consequences of forest conversion to FZ-OP depending on
the location. Conditional acceptance of diversified smallholder plantings in ‘agroforestry
concessions’ is one of the policy options to be considered.

In the decade of ecological restoration, just started, agroforestry can be a major ‘people-
centric nature-based’ solution, if contextualized appropriately [18]. Restoration entails
innovation to halt ongoing and reverse past degradation. Four intensities of land restora-
tion can be distinguished in their interaction: R.I. Ecological intensification within a land
use system, R.II. Recovery/regeneration, within a local social-ecological system, R.III.
Reparation/recuperation, requiring a national policy context, and R.IV. Remediation, re-
quiring international support and investment. Relevant interventions start from core values
of human identity while addressing five potential bottlenecks: Rights, Know-how, Mar-
kets (inputs, outputs, credit), Local Ecosystem Services (including water, agrobiodiversity,
micro/mesoclimate) and Teleconnections (global climate change, biodiversity).

With the increase in demand for landscape restoration and the limited resources
available, there is need for economic analysis of landscape restoration to help prioritize
investment of the resources [19]. However, cost-benefit analysis (CBA) seems limited and
varied in its application as a commonly applied tool in the economic analysis of landscape
restoration. Of the 2056 studies identified in a literature search, only 31 met the predefined
criteria of rigor and relevance. About 60% of those focused on agroforestry, afforestation,
reforestation, and assisted natural regeneration practices, but only 16% covered all cost
categories, with opportunity costs being the least covered. Eighty-four percent apply direct
use values, while only 16% captured the non-use values. The study thus suggests a strong
need for improvements in both the quantity and quality of CBA to better inform planning,
policies, and investments in landscape restoration.

While location-specific forms of agroforestry management can probably reduce prob-
lems in the forest–water–people nexus by balancing upstream and downstream interests,
social and ecological finetuning is needed and requires a shared understanding of the
underlying relations. ‘Serious games’ have been shown to contribute to such understand-
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ing but they so far (1) appear to be ad hoc and case-dependent, with poorly defined
extrapolation domains, (2) require heavy research investment, (3) have untested cultural
limitations, and (4) lack clarity on where and how they can be used in policy making.
The final contribution to this special issue in this section [20] addresses ways to overcome
these four challenges through a more systematic approach to game prototypes linked to
a typology of forest–water–people nexus issues, in which agroforestry-based ecosystem
services can be appreciated.

5. Re-Imagining Agroforestry-Based Ecosystem Services

Beyond directly responding to the three questions raised in the call for papers for the
special issue, the concept of agroforestry-based ecosystem services itself evolved [21] as
part of the broader debates on Sustainable Development Goals and the multifunctionality
of land use, understood as a mosaic of forests, agroforestry, agriculture, and urban areas, at
coarse or finely grained mosaic of interacting components. New perspectives that were
introduced in [20] but elaborated in [21] include the balance between relational (two-way,
reciprocal relations) and instrumental (goal-oriented, substitutable) value articulation on
ecosystem functions relevant for human well-being at local, national, and global scales.
Whereas the ‘ecosystem services’ language emphasized human benefits, part of which can
also be substituted by technical means (potentially at higher cost) and are thus nice to have
but not essential. The tone of the debate is changing, with the realization that tinkering
with all non-human life on this planet is a huge risk to humanity. The recent “making
peace with nature” report [22] urges for a coherent approach to climate change, loss of
biodiversity, and pollution as part of reimagining and transforming the ways in which the
values of humans and nature are reconciled. An ambitious vision of the way agroforestry
can be part of the solution needs to connect local to global scales and vice versa.
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Abstract: Shaping and pollarding of dimorphic ash tree (Fraxinus dimorpha) are two traditional
practices used by the local inhabitants in agropastoral parklands of the Moroccan High Atlas to
secure their production systems and increase tree production and strength. This study focused
on assessing the impact of these practices on soil quality. Abiotic parameters and mycorrhizal
attributes of the samples of four soil types related to different ash tree morphotypes were assessed and
compared. Rhizospheric soils (Rs) of three F. dimorpha morphotypes were sampled: trees regularly
pollarded and shaped for stem anastomosis (An), regularly pollarded multistemmed trees (Na),
and multistemmed trees belonging to a public forest under national forestry service management
and sporadically illegally pollarded (Fo). The fourth soil was a non-Rs found in bare soils, which
represented the control (Nr). Results showed a sizable difference between An soil properties and
the other soil types ones, with significantly higher phosphorus (×6), nitrogen (×5), and carbon (×2)
levels and higher mycorrhizal (×6) status than Nr soil, and showed 37% more mycorrhization intensity
than Fo. Na showed intermediary levels between An and Fo. Fo had ×2 P, ×3 Total Kjeldahl Nitrogen
(TKN), 58% more Total Organic Carbon (TOC) content, and twice the spore density compared with
Nr. It is concluded that shaping and pollarding have a positive impact on the soil characteristics of
the studied species and could make a useful contribution to sound agroforest management schemes.

Keywords: Fraxinus dimorpha; soil chemical characteristics; mycorrhizal attributes; traditional
ecological knowledge; anastomosis; agroforest

1. Introduction

Traditional ecological knowledge (TEK) is defined as “a cumulative body of knowledge, practices
and beliefs, handed down through generations by cultural transmission and evolving by adaptive
processes, about the relationship between living beings with one another and with their forest
environment” [1]. It refers to the knowledge developed by native or local people over generations
through direct interactions with their environment. While TEK remains under-recognized, efforts

9



Land 2020, 9, 334

to preserve it are increasing [2]. Over the last years, TEK has become an alternative approach to
better understand and adapt to climate and biodiversity change [3,4]. Examples of how TEK provides
insights into balanced forest management have been reported and discussed [5]. In Morocco, this
approach was particularly documented by Genin et al. [6] in the forested landscapes of the Aït M’hamed
region in Azilal province, situated in the Central High Atlas. A unique traditional practice relative to
dimorphic ash tree stands was described, consisting of strict periodic tree pollarding and favoring tree
stem coalescence and fusion in order to improve the productivity of foliar fodder [6,7].

The dimorphic ash tree, Fraxinus dimorpha, is a native tree growing spontaneously in some
parts of the Moroccan High Atlas. It is called “imts” in the local Amazigh language, and it grows
primarily on rocky inclines and valleys, at altitudes between 1200 and 2000 m. For the local
inhabitants, it is a multifunctional tree, which constitutes a keystone species in the functioning of their
agro-silvo-pastoral systems and livelihoods [8]. It supplies them with firewood, poles, and beams for
houses and agricultural tools, spices, tinctorial, and medicinal products [6]. But its most essential use
is as fodder, in times when pasture is scarce and insufficient. From August until November, F. dimorpha
trees are relied upon for providing fodder for small stocks. For a single tree, branches are pollarded
every 4 years to allow enough regrowth time. Sheep and goats graze directly on the ground chopped
leafy branches [7].

F. dimorpha in this area is characterized by trunk heterogeneity with four reported morphotypes:
(1) large anastomosed trunks located mainly in privately owned, cultivated, and/or grazed parklands;
(2) multistemmed trunks with multiple 10–20 cm diameter stems located both in parklands and
in the adjacent public forest; (3) single-stemmed trunks, which are the least frequently occurring
morphotype; and (4) shrublike trees, which dominate the public forest (Figure 1) [6].
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The most widespread morphotype within the privately owned lands is the anastomosed trunks.
This morphotype is the fruit of one of the most remarkable features of traditional tree management
of this region. In the local Amazigh language, this is called “Tahboucht”, which translates roughly
as “educating” or “mothering.” It consists in building rock walls around small or overgrazed trees
until they are out of the reach of sheep and goats. Only the best-developed and straightest stems are
then attached together as close as possible to favor the process of “anastomosis,” by which they can
fuse and form a single large trunk. Anastomosis promotes anatomical changes, such as increased
proportion of parenchymatous cells and cross section surface area [9]. This singular practice is viewed
by Genin et al. [6] as an original and effective option for resource scarcity management in this region.

As perennial plants, woody trees and shrubs represent an important ecosystem stabilization
component by ensuring fundamental ecosystem functions, such as soil organic matter improvement and
mutual symbiosis [10,11], while producing biomass, services, and goods to support local populations.
The case of F. dimorpha could help to develop a more global approach to ensure both the preservation and
valorization of efficient TEK practices, and the conservation of ecosystemic functionality. Genin et al. [6]
showed that the practice of trunk anastomosis allowed a 36% increase in foliage production after
a 4-year cycle of exploitation, compared with non-anastomosed trees, and promoted the resilience
and longevity of the trees. The effects of this practice on belowground properties have still to be
investigated. Here we focused on mycorrhizal status since the arbuscular mycorrhizal fungi (AMF) are
a major rhizospheric component of most plant roots [12].

The aim of this study was thus to investigate the response of some of F. dimorpha rhizospheric soil
(Rs) characteristics found below different tree ports as a result of contrasted tree exploitation practices.
We hypothesized that aerial improvement of F. dimorpha should be linked to an improvement of its
belowground characteristics since the improvement of the tree’s aerial parts requires a mobilization of
all the rhizospheric components.

2. Material and Methods

2.1. Study Site and Sampling

Field sampling was conducted in Aït M’hamed rural commune, located in the Central High
Atlas, Azilal province, Morocco (31◦49′N; 6◦35′W) (Figure 2). Dimorphic ash is the dominantly
distributed spontaneous tree species in the landscape, forming tree parklands fully integrated within
local agro-silvo-pastoral systems. Altitudes range from 1300 to 1700 m. The climate is mountain
Mediterranean with annual rainfall between 450 and 600 mm. The mean minimum temperature is 5 ◦C,
and the mean maximum temperature is 28 ◦C. Soils are relatively homogeneous, largely dominated
by a sandy-loamy calcareous skeletal soil. Sampling was carried out in May on rhizospheric soil
(Rs) found below three F. dimorpha morphotypes: anastomosed (An), multistemmed (Na) (both tree
types located in occasionally cultivated parklands), and public forest (Fo) tree types. Ten 1 kg soil
samples (Rs) were randomly collected from between 10 and 40 cm depth under the tree cover for each
morphological type of trees, within a homogeneous edaphotopographic slope. Ten additional samples
of non-Rs, situated 50 m away from any dimorphic ash tree cover, were also randomly collected as
control (Nr). Root samples of F. dimorpha were collected for mycorrhizal colonization assessment for
An, Na, and Fo trees.
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2.2. Soil Chemical and Physical Analysis

Soil chemical and physical characteristics were determined using the following methods: Total
Kjeldahl nitrogen (TKN) was determined using the Kjeldahl method [13], which consists in distilling
the transformed organic nitrogen in a soil sample in boric acid (H3BO3) as ammonium (NH+

4) and titrating
it with dilute sulfuric acid. Available phosphorus (P) was determined using the Olsen method [14]; soil
phosphoric acid was extracted using sodium bicarbonates (NaHCO3), and the resulting proportional blue
color of the phosphomolybdic complex was evaluated using spectrophotometry at 820 nm. Total organic
carbon (TOC) was determined with the potassium dichromate method [13], soil sample organic matter
was completely oxidized using potassium dichromate (K2Cr2O7), and residual potassium dichromate
was dosed with Mohr salt ((NH4)2Fe(SO4)2(H2O)6). Carbon-to-nitrogen (C/N) ratio was calculated using
the last two parameters. Soil texture was determined using a Robinson pipette [13]; soil fine particles
(sands, silt, and clay) were separated by diameter and gravity after different time periods and at different
depths using the Stokes equation. Electrical conductivity and pH were measured using a conductometer
(Basic 30) and a pH meter (Basic 20), respectively, for a 1:5 soil-to-water ratio.

2.3. Mycorrhizal Attributes

2.3.1. Root Mycorrhization

Arbuscular mycorrhizal fungi colonization assessment was performed according to the Phillips
and Hayman [15] clearing and coloring method. Fine roots were cleared in 10% potassium hydroxide
(KOH). They were then colored with 5 mL Trypan blue with repeated washing between and after.
Next, samples were cut into 1 cm fragments, and 20 were placed on each slide, with three repetitions
for each sample. Glycerol was added for conservation, as well as a cover slip before visualization
under microscope. Mycorrhizal structures appear in dark blue. Relative mycorrhization intensity was
measured by assigning a colonization index from 0 to 5: 0, no colonization; 1, colonization percentage
less than 1%; 2, between 1% and 10%; 3, between 11% and 50%; 4, between 51% and 90%; 5, greater
than 91% [16]:

M % =
(95× n5 + 70× n4 + 30× n3 + 5× n2 + n1)

Tf
(1)

where n5 is the fragments number that represents the colonization degree corresponding to index 5,
the same for n4, n3, n2, and n1, respectively; and Tf is total fragments number.
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2.3.2. Spore Enumeration

Arbuscular mycorrhizal fungi spores isolation was conducted using the Gerdemann and Nicolson
method [17]: wet sieving and decanting, in combination with the Walker sucrose gradient centrifugation
method [18]. Soil samples were passed through a set of sieves (800 and 50 µm) under running water.
The trapped fraction in between was processed with two-step centrifugation at 3000 rpm, first with
distilled water, then with two sucrose solutions (40% and 60%), with filtration being carried out on
Whatman paper. Spores were observed and counted under a stereoscopic microscope at ×40.

2.4. Statistical Analysis

Results were tested using one-way analysis of variance (ANOVA) after dismissing
heteroscedasticity and confirming normality using the Levene and Shapiro–Wilk tests, respectively [18].
Tukey’s honest significant difference (HSD) was performed to describe significance. The Pearson
product-moment coefficient was used to measure the linear correlation between the studied variables,
for which p-values were approximated using the F-distributions. Values of p lower than 0.05 were
considered significant. Principal component analysis (PCA) was also performed on all the variables to
emphasize their variation and visualize how they evolve [19]. Statistical analyses were performed
using the LibreOffice Calc v6.4.4 and R v4.0 software under a rolling ArchLabs distribution.

3. Results

3.1. Soil Chemical and Physical Analyses

Variability in Rs’ abiotic variables is represented with box and whisker plots (Figure 3). An soil
had significantly higher P (Figure 3a), TKN (Figure 3b), and TOC (Figure 3c) levels than the other
soils (Table 1). Na had higher levels of the same parameters than Fo with no statistical significance.
Nr had significantly the lowest levels of these parameters. The C/N ratio was 8 for An and Na and 9
for Fo. The Nr C/N ratio, on the other hand, was 19 and significantly higher than the other soil ratios
(Figure 3d and Table 1). Texture did not change significantly for all the soil types and ranged from
loam to loamy sand; pH was neutral, and Electrical Conductivity (EC) was around 3 µS/cm for all soils
with no statistical difference. Thus these were left out of the box and whisker plots.Land 2020, 9, x FOR PEER REVIEW 6 of 15 
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Table 1. Analysis of variance and Tukey’s honest significant difference (HSD) p-values of the studied
variables and soil types.

ANOVA p-Values Tukey’s HSD p-Values

F-Value Pr (>F) An–Na An–Fo An–Nr Na–Fo Na–Nr Fo–Nr

M 321.9 <2 × 10−16 *** 3.13 × 10−5 0 0 0.06 0 0
Sn 92.38 <2 × 10−16 *** 0 0 0 0.09 2.4 × 10−6 0.003
P 142.4 <2 × 10−16 *** 0 0 0 0.07 1 × 10−7 0.0001

TKN 95.32 <2 × 10−16 *** 4 × 10−7 0 0 0.86 0 0
TOC 68.31 6.24 × 10−15 *** 4 × 10−7 0 0 0.86 0 5 × 10−7

C/N 20.36 6.9 × 10−8 *** 0.9 0.9 4 × 10−7 0.9 2.6 × 10−6 2.1 × 10−6

pH 0.82 0.49 - - - - - -
EC 0.65 0.59 - - - - - -

Significance codes: ***, 0.001; P, available phosphorus; TKN, total Kjeldahl nitrogen; TOC, total organic carbon;
M, relative mycorrhization intensity; Sn, spore number; EC, electrical conductivity. An, Anastomosed trees;
Na: Non-anastomosed trees; Fo: Public forest; Nr: non-rhyzospheric soil.

3.2. Soil Mycorrhizal Attributes

An significantly had the highest spore density (Figure 4a) and mycorrhization intensity (Figure 4b),
followed by Na, Fo, and Nr (Table 1). All root samples were mycorrhized and consequently had
100% mycorrhization frequency. The mycorrhized fragments number was equal to the total observed
fragments number (M% = m%). That is the reason why only the relative mycorrhization intensity
(M%) was used to evaluate the difference in colonization levels.
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Compared with the control, An had six times higher P levels, five times higher TKN levels,
and twice higher TOC levels. It also showed 37% higher mycorrhization intensity than Fo and six
times higher spore density than Nr. Compared with Na, An had twice higher P levels, 47% higher
TKN levels, 35% higher TOC levels, 22% higher M, and twice higher spore density. Compared with Nr,
Na had three times higher P levels, three times higher TKN levels, and 65% times higher TOC levels.
It also showed 12% higher mycorrhization intensity than Fo and three times higher spore density than
Nr. Na and Fo did not differ much, and all differences were insignificant. Lastly, Fo had twice higher P
content than Nr, three times higher TKN content, 58% higher TOC content, and twice higher spore
density than Nr.

The studied variables’ correlations were grouped by soil type in Tables 2–5. For An, a strong and
significant positive correlation was found between P and M, P and Sn, M and Sn, Sn and TKN, and Sn
and TOC and a moderate positive correlation between P and TKN (Table 2). For Na, a strong and
significant positive correlation was found between P and M and between M and TKN, a moderate
positive correlation between P and TKN and between M and TOC) and a strong negative one between
TKN and C/N (Table 3). For Fo, a strong and significant positive correlation was noted between P and
M and between M and Sn and a strong negative one between TKN and C/N) (Table 4). Lastly, the Nr
soil type had one strong significant negative correlation between TKN and C/N (Table 5).

Figure 5a shows PCA compressed 56.5% of the data in the first component and 15.7% in the second.
Figure 5b shows the biplot of the PCA with samples and variables represented in the plot. The PCA
biplot shows the intimate co-evolution of P, TKN, and Sn, followed by M and TOC, highly driven by
the An soil, while Nr had no influence. An showed a small overlap with Na and an even smaller one
with Fo. Nr did not show any overlap with the other soil types.

Table 2. An soil parameters’ correlation coefficients (left down) and corresponding p-values (right up);
significant cases are highlighted.

M Sn P TKN TOC C/N pH EC

M 0.01 0.01 0.07 0.05 0.99 0.3 0.19
Sn 0.76 0.01 0.02 0 0.72 0.59 0.28
P 0.77 0.78 0.04 0.09 0.63 0.71 0.34

TKN 0.59 0.73 0.66 0.06 0.14 0.53 0.35
TOC 0.63 0.91 0.56 0.61 0.28 0.44 0.47
C/N 0.01 0.13 −0.17 −0.5 0.38 0.07 0.8
pH −0.36 −0.2 0.14 0.22 −0.28 −0.59 0.91
EC 0.45 0.38 0.34 0.33 0.26 −0.09 0.04

P, available phosphorus; TKN, total Kjeldahl nitrogen; TOC, total organic carbon; M, relative mycorrhization
intensity; Sn, spore number; EC, electrical conductivity.

Table 3. Na soil parameters’ correlation coefficients (left down) and corresponding p-values (right up);
significant cases are highlighted.

M Sn P TKN TOC C/N pH EC

M 0.13 0 0.01 0.04 0.07 0.49 0.25
Sn 0.51 0.22 0.26 0.18 0.44 0.28 0.26
P 0.94 0.43 0.04 0.07 0.19 0.63 0.4

TKN 0.79 0.39 0.66 0.25 0 0.44 0.18
TOC 0.66 0.46 0.6 0.4 0.95 0.66 0.29
C/N −0.59 −0.28 −0.46 −0.9 0.02 0.28 0.4
pH 0.25 0.38 0.17 0.28 −0.16 −0.38 0.95
EC 0.4 −0.39 0.3 0.46 0.37 −0.3 −0.02

P, available phosphorus; TKN, total Kjeldahl nitrogen; TOC, total organic carbon; M, relative mycorrhization
intensity; Sn, spore number; EC, electrical conductivity.
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Table 4. Fo soil parameters’ correlation coefficients (left down) and corresponding p-values (right up);
significant cases are highlighted.

M Sn P TKN TOC C/N pH EC

M 0 0.01 0.53 0.13 0.69 0.53 0.89
Sn 0.82 0.29 0.62 0.2 0.61 0.58 0.99
P 0.77 0.37 0.2 0.23 0.65 0.15 0.73

TKN 0.23 0.18 0.44 0.4 0.03 0.84 0.52
TOC 0.51 0.44 0.42 0.3 0.17 0.24 0.09
C/N 0.14 0.18 −0.16 −0.69 0.47 0.61 0.04
pH −0.22 0.2 −0.49 −0.08 −0.41 −0.18 0.86
EC 0.05 0 0.13 0.23 −0.57 −0.66 0.06

P, available phosphorus; TKN, total Kjeldahl nitrogen; TOC, total organic carbon; M, relative mycorrhization
intensity; Sn, spore number; EC, electrical conductivity.

Table 5. Nr soil parameters’ correlation coefficients (left down) and corresponding p-values (right up);
significant cases are highlighted.

Sn P TKN TOC C/N pH EC

Sn 0.1 0.54 0.42 0.85 0.52 0.81
P 0.55 0.66 0.29 0.86 0.26 0.25

TKN 0.22 −0.16 0.92 0 0.92 0.23
TOC 0.29 −0.37 −0.04 0.14 0.33 0.41
C/N 0.07 0.06 −0.85 0.5 0.54 0.58
pH −0.23 0.4 0.04 −0.35 −0.22 0.41
EC −0.09 −0.4 0.41 0.3 −0.2 0.29

P, available phosphorus; TKN, total Kjeldahl nitrogen; TOC, total organic carbon; Sn, spore number; EC,
electrical conductivity.
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4. Discussion

The differences between the studied soil types are very considerable, considering that they are
under the same climatic, topographic, and edaphic conditions. Since their only differences rely on
whether or not they are located under specific tree morphotypes or not submitted to tree management
(Fo and Nr), we consider that these differences are to be related to human intervention in tree shaping.
Tree shaping seems to lead to an increase in biological activity and nutrient fluxes, and thus to
differences in soil properties, as found in a Himalayan context [20]. For the An and Na soil types,
the only difference is the presence/absence of anastomosis. Fo trees are subjected to higher but still
moderate browsing [7]. This could explain the Fo soil’s low recorded values for the studied variables
and high C/N ratio compared with the other soil types. Heavy grazing has been proved to have
a negative impact on soil fertility and AMF attributes [21–26]. In the present case, slight grazing could
explain the relatively elevated N levels in soils [27,28], as well as the technique used to deliver forage
material to flocks. Grazing in moderation was also recorded to have an increasing effect on AMF [29].
The only difference between An and Na samples was the shaping applied on trees. Some samples were
no more than 10 m away from each other, but presented completely different soil profiles (Figure 1a).
Most Na and Fo parameters were statistically similar and had almost the same profile. This suggests
that the major explanation for the remarkably high An soil parameters is linked to the tree shaping
status. The biomass produced by anastomosed trees is higher [6], which enriches the soil more than
elsewhere, leading to increased soil biological activity.

The C/N ratio is used to characterize the patterns of change in organic matter in soil. It can
represent an important indicator describing the organic matter state and its influence on soil microbial
activity and identity and soil productivity [30,31]. Carbon is lost by mineralization faster than nitrogen,
and the C/N ratio decreases over time. Low C/N ratios generally indicate that plants provide soil
biological activity with necessary resources so that it releases, in return, the elements contained
in the organic matter faster, thus helping to nourish the trees more actively [32]. In this study, An, Na,
and Fo C/N ratios point to rapid decomposition of soil organic matter and release of N into the soil,
which can also be an alternative explanation for the soils’ elevated N levels. The higher Nr C/N ratio
was still within the range, favoring good organic matter decomposition with little to no release of N
into the soil [33].

Correlating the studied variables showed some similarities and clear differences between
the behaviors of these variables in the different studied soil types. Starting with the similarities,
all soil types had a significant positive correlation between P and M. An and Fo had one similarity
as both had a strong and significant positive correlation between M and Sn. An and Na also had
one similarity, a strong and significant positive correlation between P and TKN. The differences were
that Nr showed no distinctive correlations between almost all of its parameters, and only An had
a strong and significant positive correlation between Sn and TOC and between Sn and TKN. An had
a distinctive new pattern never previously mentioned in the literature, where three variables (P, M,
and Sn) positively correlated strongly with each other. To our knowledge, this is the first time such
a pattern emerged. In the available literature, one or two of these variables commonly correlate
negatively with the others, often being spore density and available phosphorus [34–37], although some
studies sometimes showed positive correlations [38–40]. One study even showed that P can correlate
with either M or Sn [41], but we could not find one that cites such case where the three variables
simultaneously correlate positively with each other. This newly observed pattern could be interpreted
as the result of an indirect effect of stems shaping on the discussed soil variables.

Arbuscular mycorrhizal fungi are a fungi group that forms mutualistic symbiosis with most land
plants [42]. They are well known for increasing plant nutrient uptake and productivity [43]. Their
impacts on a wide range of ecosystem processes and several species are very well documented [44–46].
In high concentrations, phosphorus is known to suppress AMF infection and spore density [47],
whereas in low concentrations, AMF take on the task of P prospectors and make it more available to
the host at the hyphosphere and mycorrhizosphere [48]. Arbuscular Mycorrhizal Fungi’s positive
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correlation with TKN has also been reported [49,50], while different nitrogen responses have also been
mentioned, ranging from positive correlation to P [51] to even opposing levels of P [52,53].

Principal Component analysiss confirmed the noted correlations and showed that Na and Fo
shared more similarities with high variance overlap, while for Nr, the absence of variance overlap
singled it out, not having any significant similarities with any of the other soil types. M and Sn
co-evolution has also been noted in another ecosystem on a different tree species, Juniperus phoenicea [36].
It also showed that pH, EC, and texture evolved independently of the rest of the variables not having
any drive effect on them.

Agroforestry is undergoing a revival of interest nowadays, particularly to manage soil fertility
and in the context of ongoing climate change [54]. Pollarding is a secular technique found historically
in many countries [55]. If it almost disappeared in many of them due to the eviction of trees in croplands,
it is still alive in various developing countries and supports local livelihoods [20,56]. It is considered
to be an efficient technique to delay tree ageing [57], as well as to modify the allocation of resources,
especially in the short-term shift in shoot–root balance induced by pruning or pollarding, which can
lead to altered root distribution and fine-root turnover enriching soil biota [58]. This knowledge has to
be enriched, by both observation of traditional practices and experimentation, and could be useful to
develop alternative schemes for agricultural production.

Finally, these results provide arguments in support of the intermediate disturbance
hypothesis [59,60], which argues that biological diversity and ecological functioning are enhanced when
environments are subjected to intermediate levels of disturbance. Trunk anastomosis, by enhancing
tree productivity, seems to promote organic restitutions to the soil and favor its biological activity.
These results have to be confirmed in other situations, particularly in zones where pollarding has been
used for long time.

5. Conclusions

Traditional tree shaping by pollarding and favoring trunk anastomosis have a clear and distinct
positive impact on the dimorphic ash tree’s rhizospheric soil variables found in agroforestral systems
in the Central Moroccan High Atlas, particularly on phosphorus, nitrogen, and carbon content, and on
mycorrhizal activity, compared with uncultivated or poorly managed soils. This illustrates that, in some
cases, human practices can indirectly improve the delivery of ecosystem services from spontaneous
forested stands. Our results confirm the initial hypothesis that soil characteristics respond to F. dimorpha
shaping, as such changes in the aerial parts of the tree require recruitment of all the belowground actors,
both abiotic and biotic. They tend to show that soil biological activity can be boosted by modifying
natural tree port, and by a management that allows higher organic restitutions. However, these results
suggest that abiotic factors alone are insufficient to fully explain the spectacular improvement of leaf
productivity on anastomosed tree, and physiological, histological, and biomolecular experiments have
to be conducted to better understand the impact of shaping dimorphic ash tree at these different levels,
and their mutual interactions.
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Abstract: Belowground roles of agroforestry in climate change mitigation (C storage) and adaptation
(reduced vulnerability to drought) are less obvious than easy-to-measure aspects aboveground.
Documentation on these roles is lacking. We quantified the organic C concentration (Corg) and soil
physical properties in a mountainous landscape in Sulawesi (Indonesia) for five land cover types:
secondary forest (SF), multistrata cocoa–based agroforestry (CAF) aged 4–5 years (CAF4), 10–12 years
(CAF10), 17–34 years (CAF17), and multistrata (mixed fruit and timber) agroforest (MAF45) aged
45–68 years. With four replicate plots per cover type, we measured five pools of C-stock according
to IPCC guidelines, soil bulk density (BD), macro porosity (MP), hydraulic conductivity (Ks), and
available water capacity of the soil (AWC). The highest C-stock, in SF, was around 320 Mg ha−1,
the lowest, 74 Mg ha−1, was in CAF4, with the older agroforestry systems being intermediate with
120 to 150 Mg ha−1. Soil compaction after forest conversion led to increased BD and reduced MP, Ks,
and AWC. Older agroforestry partly recovered buffering: AWC per m of rooted soil profile increased
by 5.7 mm per unit (g kg−1) increase of Corg. The restored AWC can support about a week’s worth of
evapotranspiration without rain, assisting in climate change adaptation.

Keywords: cocoa agroforestry; climate adaptation; soil restoration; soil organic carbon; soil
macro-porosity; soil water availability; inceptisols

1. Introduction

Agroforestry, integrating trees in farms, implies reforestation (or at least re–treeing) within an
agricultural framework of land tenure and practice [1,2]. Growing cocoa between various other trees
as shade or companion trees to increase overall income from farming is one of the many forms of
agroforestry [3]. Agroforestry can connect the climate change (CC) policy imperatives on mitigation
—reducing net emissions of greenhouse gasses—and adaptation: reducing human vulnerability to
increased climate variability and global warming trends [4,5]. These connections are made aboveground
as increased tree cover in agricultural landscapes stores carbon [6,7] and modifies microclimates [8].
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Moreover, belowground soil carbon storage will increase in agroforestry [9] while the soil water buffer
function can be enhanced [10]. Yet, the belowground effects are slower (both in their degradation
and their restoration phases [11]) and less visible than those aboveground and need to be teased out
from a substantial background variability of soil diversity [12,13]. In accordance with the ‘cascade’
perspective on ecological structure and function, which shapes ecosystem services that represent the
benefits people derive from functioning (agro)ecosystems as a basis for valuation and explicit decision
making (Figure 1A, [14]), the chain of required evidence for belowground relevance of agroforestry for
CC adaptation can be considered in three steps (Figure 1B):

A. Effects of trees as part of land cover change on soil organic matter (and soil carbon storage),
B. Relations between soil organic matter and soil physical properties relevant to crop vulnerability

to climate variability, and
C. Deliberate farmer use of trees to reduce their own vulnerability (the adaptation line), potentially

supported by global climate policies (if incentives will reach the farmer, then the dotted line).
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Figure 1. (A) Cascade representation of ecosystem structure and function, interacting with social
systems via ‘ecosystem services’ [14]; (B) Relationship between the agroecosystem structure (observable),
function (inferred), and human benefits (policy focus) in relation to the growth cycle of trees, the
formation, and the decay of soil organic carbon (SOC), climate change, and the water (H2O) cycle.

Soil organic matter needs to be understood in its central role in belowground C storage (mitigation)
and its influence on soil water balance and hence on climate vulnerability (adaptation). Obtaining a
full account of all inputs, both aboveground and belowground, and their associated rates of turnover
and interaction with mineral soil particles in shaping soil physical properties is no simple task for even
relatively simple forms of cocoa agroforestry. Stock changes over time can provide an indication of
the net effects of interacting processes, as both plants [15] and farmers adapt to climate change [16].
Co-adaptation of people and trees is needed for resilience to climate change in the medium term [17].

Cocoa (Theobroma cacao L.) is grown across the humid tropics and is a major driver of tropical
forest transitions [18]. Whether or not cocoa agroforestry increases or reduces vulnerability to uncertain
rainfall is contested [19] and may depend on the tree species used, the soil, and climatic conditions.
Within cocoa production, comparisons between more open and more shaded systems have revealed
ecological, social, and economic variables [20–22], with farmer choices depending on location, markets,
and evolving knowhow. According to global agriculture database data [23], Indonesia still is the
third-largest global cocoa producer, while international cocoa organization data [24] suggests that it is
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the fifth-largest global cocoa producer. Indonesian smallholder cocoa production confronts multiple
challenges on how to increase productivity as well as smallholder’s prosperity, reduce pressure on
forest conversion, and be adaptive and resilient to climate change [25]. Nearly a million hectares of
forest was converted to cocoa farmland in Indonesia, especially in the island of Sulawesi [26], most
notably in the 1980s [27] during the period of cocoa booming. Such conversion was intended to increase
smallholder income, however it led to declining soil health by reducing soil biodiversity and the soil
microbiome [28,29], compacting soils, reducing infiltration and soil water storage [30], depleting soil
fertility [31], and reducing environmental services [32,33] such as carbon storage [34,35].

In the last twenty years, cocoa farmland management in Sulawesi has been dynamic, very
much influenced by field experience and information gathered by returning migrant farmers from
Malaysia [24]. In the early 1970s to 1980s, cocoa was grown as mixed cropping with food crops
(mostly in flat land); much of the land was converted to monoculture (full sun) cocoa in the 1990s.
The monoculture practice expanded rapidly including on sloping lands, in response to the information
from other places that this system produces higher yields than cocoa grown under shade, especially in
the short term [36]. Yet, farmers eventually learnt that, in the longer term, cocoa grown as a single
crop suffered from pests and diseases, including the damaging vascular strike dieback, which can kill
cocoa trees under heavy infestation [37]. Farmers also claimed that monoculture cocoa suffers more
from extreme weather conditions (heavy rain or long dry periods), while monoculture cocoa only
allows farmers to earn money in the months during the harvest periods. Learning from this experience,
many cocoa farmers at present also grow other plants between cocoa trees, including horticultural
crops, as shade trees for the cocoa and as extra income sources for the farmers. While the structure and
functions of cocoa-based agroforestry practices are easily observed aboveground, their belowground
roles are less obvious and remain poorly documented, including carbon storage dynamics in terms of
the various agroforestry types and ages and its effects on climate change mitigation and adaptation, as
well as changes of soil properties affecting vulnerability to drought.

In this study, we explored the relationships between A) Agroforestry land cover, aboveground and
belowground carbon stocks, and B) Soil carbon and soil physical conditions, as steps towards assessing
contributions to CC adaptation have occurred in the context of southern Sulawesi where farmers in the
Polewali-Mandar District grow cocoa with three major systems: monoculture with minimum shade
trees and both simple- and complex- (multilayers) agroforestry systems of varying ages. We tested
the hypothesis that in cacao production systems, the farmer-level benefits from agroforestry through
increased water storage, contributing to climate change adaptation, are parallel to global benefits of
climate change mitigation through increased C storage. If such a synergy exists between local and
global climate change agendas, then it is easier for climate policy to provide appropriate incentives.

2. Methods

2.1. Sampling Sites

We conducted the study in a mountainous landscape of Sulawesi, Indonesia with sample sites
ranging from 93 to 575 m above sea level (Figure 2), on five land cover types (all were directly
converted from primary forest according to local land use history) consisting of young smallholder
cocoa agroforestry (CAF4, 4 to 5 years old), medium-aged smallholder cocoa agroforestry (CAF10,
10 to 12 years old), old smallholder cocoa agroforestry (CAF17, 17 to 34 years), multistrata agroforest
(MAF45, 45 to 68 years after forest conversion) owned by smallholders, and remnant secondary tropical
forest (SF). Information on the year planted or converted from forest was obtained directly from the
farm owners who lived on and managed the farms. The sites of these agroforestry systems (CAF4,
CAF10, CAF1,7 and MAF45) are scattered at elevations between 100 to 300 m above the sea level, with
an 8 to 30% slope. The three sites of SFs are at >400 m above the sea level and 30 to over 40% slope.
The average annual rainfall of the area is 2113 mm.
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30% in slope, but the SFs are at >400 m a.s.l. with a slope from 30 to over 40%. CAF (of all ages) refers 
to cocoa farming practices where at least five other tree species (with shade and/or direct use 
functions) are used alongside cocoa trees as the main crop. MAF denotes a farming practice of 
multiple tree species, dominated by horticultural trees, cocoa is not the main crop. (B) A typical 
(common) soil profile of the study area for all land uses showing abundance of rock fragments, 
especially below a 20 or 30 cm depth. (C) A profile of less stony soil (uncommon). 

The plots differed in vegetation structure and stratification, but all had permanent litter layers 
(Figure 3). We did not find remnants of natural (primary) forest in the neighborhood. The surface soil 
of all land-uses was well covered by mulch (litter layer). For each land-cover type, we selected four 
sites (replicates), managed by separate households; however, due to forest area limitations, only three 

Figure 2. (A) The site distribution (satellite image) of remnant secondary forest (SF), multistrata
agroforest that is 45–68 years old (MAF45), cocoa agroforestry that is 17–34 years old (CAF17), cocoa
agroforestry that is 10–12 years old (CAF10), and cocoa agroforestry that is 4–5 years old (CAF4).
The topo-sequence positions are shown to indicate slopes and elevations of the systems. The cocoa
agroforestry sites are scattered randomly within 100 to 300 m above sea level (a.s.l.), generally 8 to 30%
in slope, but the SFs are at >400 m a.s.l. with a slope from 30 to over 40%. CAF (of all ages) refers to
cocoa farming practices where at least five other tree species (with shade and/or direct use functions)
are used alongside cocoa trees as the main crop. MAF denotes a farming practice of multiple tree
species, dominated by horticultural trees, cocoa is not the main crop. (B) A typical (common) soil
profile of the study area for all land uses showing abundance of rock fragments, especially below a 20
or 30 cm depth. (C) A profile of less stony soil (uncommon).

The plots differed in vegetation structure and stratification, but all had permanent litter layers
(Figure 3). We did not find remnants of natural (primary) forest in the neighborhood. The surface
soil of all land-uses was well covered by mulch (litter layer). For each land-cover type, we selected
four sites (replicates), managed by separate households; however, due to forest area limitations, only
three sites were sampled in SF, in a single landscape location. Hence, across these five land-uses we
evaluated 19 plots.
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Figure 3. Typical look of the five land-use systems, namely remnant secondary forest (SF), multistrata
agroforest that is 45–68 years old (MAF45), cocoa agroforestry that is 17–34 years old (CAF17), cocoa
agroforestry that is 10–12 years old (CAF10), and cocoa agroforestry that is 4–5 years old (CAF4).
Bottom right corner: SF being land–cleared using a chain saw and machete operated by the owner for a
new mixed cocoa agroforestry (CAF), without burning.

At the soil surface, the rock fragments covered 10 to 20 percent of the soil surface, but beyond
a 30 cm depth, rocks occupied nearly half of the soil volume. Soils in each site varied from coarse–
to medium–textures (sandy loam, sandy clay loam, and loam), with an increase of clay content as
the depth increases. To minimize confounding effects of soil texture and elevation on C-organic
concentrations, we used reference values based on a pedotransfer function [9] as a basis of comparisons.
The pedotransfer function we used accounts for texture (microaggregate C protection) and elevation
(as proxy for temperature) effects on expected C-organic concentrations (with coefficients for silt,
clay, pH, elevation, and specific soil types) [13]; this was reconfirmed in recent analysis [9], with an
additional correction for sampling depths. The Cref values can help in judging the validity of the
‘chronosequence’ interpretation of observed differences between land uses as being ‘caused’ by land
use in an otherwise homogeneous background situation. Variations in texture (Table 1) stayed within
the ‘Loam’ and ‘Sandy Loam’ classes, with the lowest Cref value 9% below and the highest 14% above
the mean for layer–specific results. This can be compared to Corg with a lowest value 25% below and a
highest one 59% above the average. Variation in texture can thus not be ignored in the interpretation
of plot–level Corg results in relation to land use. For part of the analysis, we relied on the Corg/Cref

ratio as a potentially more sensitive indicator of land use effects [9], as it has considered that the
‘chronosequence’ interpretation assumes that there is no variation in texture.
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Table 1. Particle–size distribution (USDA classification), pH and derived reference organic carbon
concentration (C-ref, responding to texture and pH) of the soil to a depth of 30 cm, as test of homogeneity
of the sample sites used for the five land uses; values in brackets are standard errors of the means of
four measurements; for C-ref and measured C-org, the values are also provided after normalization on
the mean across land uses per soil layer.

Land
Use *

Soil
Depth
(cm)

Particle-Size
Distribution (g kg−1) Soil

Texture
pH
(1N
KCl)

C-Ref
(g kg−1)

Normalized
C-Ref Per

Layer

C-org
(g kg−1)

Normalized
C-Org Per

LayerClay Silt Sand

SF 0–10 128
(49)

176
(25)

674
(54)

Sandy
loam

3.8
(0.2) 22.1 (1.5) 1.13 21.8 (0.3) 1.32

10–20 192
(48)

175
(41)

610
(67)

Sandy
loam

3.6
(0.3) 15.3 (1.3) 1.14 21.6 (0.5) 1.59

20–30 118
(52)

294
(14)

571
(65)

Sandy
loam

3.8
(0.5) 13.0 (1.5) 1.09 17.7 (3.2) 1.47

CAF4 0–10 82
(13)

309
(52)

606
(42)

Sandy
loam

4.4
(0.3) 17.0 (1.0) 0.87 16.2 (0.6) 0.98

10–20 96
(46)

323
(33)

567
(32)

Sandy
loam

4.1
(0.3) 12.4 (0.7) 0.92 12.4 (1.3) 0.91

20–30 86
(22)

375
(18)

527
(24) Loam 3.7

(0.3) 11.4 (0.5) 0.96 10.4 (1.5) 0.87

CAF10 0–10 94
(19)

288
(57)

602
(43)

Sandy
loam

4.1
(0.3) 19.8 (1.1) 1.01 15.1 (1.2) 0.92

10–20 80
(25)

325
(27)

578
(39)

Sandy
loam

3.9
(0.2) 13.2 (0.8) 0.98 11.4 (1.3) 0.84

20–30 67
(19)

390
(37)

530
(34) Loam 3.8

(0.2) 11.8 (0.4) 0.99 10.4 (1.4) 0.87

CAF17 0–10 93
(17)

341
(43)

554
(47)

Sandy
loam

3.9
(0.4) 20.7 (1.6) 1.06 13.5 (1.1) 0.82

10–20 138
(42)

319
(26)

525
(28) Loam 3.4

(0.4) 14.2 (0.7) 1.05 10.2 (0.3) 0.75

20–30 138
(31)

347
(44)

504
(39) Loam 3.5

(0.4) 12.4 (0.9) 1.04 10.0 (0.6) 0.83

MAF45 0–10 119
(33)

254
(28)

607
(36)

Sandy
loam

4.3
(0.4) 18.5 (1.1) 0.94 15.7 (2.0) 0.95

10–20 131
(45)

267
(15)

583
(32)

Sandy
loam

4.2
(0.3) 12.2 (0.5) 0.91 12.2 (2.2) 0.90

20–30 124
(50)

313
(45)

540
(32)

Sandy
loam

4.1
(0.3) 10.8 (0.4) 0.91 11.6 (2.6) 0.97

* SF = secondary forest, CAF = cocoa agroforestry, MAF—multistrata agroforest, with years since the plot
establishment indicated.

2.2. Land Cover

Beyond cocoa, a range of other fruit tree species was part of local agroforestry systems, including
langsat (Lansium domesticum Corr.), durian (Durio zibethinus Murr.), rambutan (Nephelium lappaceum
L.), jackfruit (Artocarpus heterophyllus Lam.), cempedak (Artocarpus integer (Thunb.) Merr.), star fruit
(Averrhoa carambola L.), and candlenut trees (Aleurites moluccanus L.). Timber trees include white teak
(Gmelina arborea Roxb.), sandalwood (Santalum album L.), cananga (Cananga odorata (Lam.) Hook.), and
bitti (Vitex cofassus Reinw.). Various bamboo species (Bambusoideae sp.) are also a source of construction
material, with young shoots as a food source. Bananas (Musa spp.), papaya (Carica papaya L.), sugar
palm (Arenga pinnata Merr.), and chili (Capsicum annuum L.) are present as readily marketable food
sources. As the ‘mother of cocoa’, gliricidia (Gliricidia sepium Jack.) was common as nitrogen-fixing
shade trees, as was leucaena (Leucaena leucocephala (Lam.) de Wit). Most of these trees were planted,
although some sufficiently naturalized to spread spontaneously. Farmer management is based on
selective retention of trees with use value, similar to what was documented for Southeast Sulawesi [38].

The vegetation found in the remnant forest (SF) was dominated by Castanopsis acuminatissima
(Blume) A., Symplocos polyandra (Blanco) Brand., rattan (Calamus deerratus G.Mann & H.Wendl.),
forest/wild pandan (Pandanus amaryllifolius Roxb.), bamboo (Bambusa spp), and some hardwood tree
species (locally named dao, bubun, nato) including kluwak (Pangium edule Reinw.), trees that are locally
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called forest teak, gattungan, ebony (Diospyros celebica Bakh.), trees that are locally named belating,
candlenut, coffee (Coffea sp), cananga trees, and various shrubs. All these species are part of Sulawesi’s
native flora.

2.3. C–stock Measurements

Within the selected sites, based on the field vegetation conditions that represent the land-use type,
we set up four C-stock observation plots according to the RaCSA (Rapid Carbon Stock Appraisal)
procedure outlined by [39] and used in a cocoa landscape context by [38]. While other C sampling
protocols prefer circular plots to maximize plot homogeneity, the basic plot size in the RACSA protocol
is a transect–like 40 m by 5 m to include variation within a plot; some adjustments to plot dimensions
were made where 40 m × 5 m was not possible. Where we found trees with DBH greater than 30 cm
as in the SF, plot size was expanded for such trees to 100 m by 20 m, as they tend to occur at lower
frequency but have considerable impact on total biomass estimates [39]. On the other hand, in cocoa
farms (CAF17, CAF4 and CAF10) with regular cocoa planting distance of 3 m × 4 m, the plot size was
increased to be 20 m by 20 m. In these plots, we measured all trees with a stem diameter at breast
height (DBH) of 5 to 30 cm. In every basic plot, we randomly selected six sub-plots of 50 cm by 50 cm,
where we measured C–stock of understory (destructing sampling), non-woody necromass, and soil
organic carbon (depth of 0–30 cm). For woody necromass, where present, we followed the protocol
of [39].

2.4. Aboveground and Belowground Biomass

Tree biomass was estimated allometrically from the stem diameters, using allometric equations for
Aboveground biomass (AGB in kg per tree) (Table 2), on the basis of stem diameter (D, in cm) at 1.3 m
above the soil surface, with wood density ρ (in g cm–3, obtained from the World Agroforestry database
[http://db.worldagroforestry.org/wd, April 2014]. Wood density is used in allometric equations that are
derived across many different tree species; as these equations are calibrated on a wider range of tree
diameter data, equations that deviate from the simple power laws used for the other equations account
for a larger share of the variation in the calibration datasets [40].

Table 2. Allometric equations used for aboveground biomass (AGBest) based on stem diameter D.

Component Allometric Equation for AGBest Reference

Cocoa 0.1208 D1.98 [41]
Generic trees, humid tropics
(rainfall 1500–4000 mm yr−1)

ρ × exp (−1.499 + 2.148 ln(D) +
0.207 (ln(D))2 − 0.0281 (ln(D))3) [40]

Banana 0.030 D2.13 [42]
Palm 0.118 D2.53 [43]

Tree basal area (m2 ha−1) was calculated by summing their cross–sectional area π D2/4 of all
sampled trees and scaling up from the sampled area, while converting from cm2 to m2. Formulas used
to calculate woody necromass depend on the wood decomposition stage [39]. The decomposition
stage was assessed in the field based on ease of inserting a metal rod into woody necromass. On recent
tree falls, where the decomposition stage was low, the equations of Table 2 were used. However, where
the necromass was highly decomposed, Equation (1) was used, and wood density was assumed to be
0.4 g cm−3 [39]:

ND = ρ H D2/40 (1)

where ND is dry necromass (kg).
Measurement of understory biomass was done on six randomly selected quadrants of 50 cm

by 50 cm in every land–use. Understory vegetation in the quadrants was collected, weighed, then
taken to laboratory for oven–drying at 80 ◦C for 48 h. Due to massive and bulky understory biomass
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samples, approximately 300 g sub–samples were taken from the field samples for dry weights. If the
samples were less than 300 g, the whole biomass was oven–dried. The understory dry weight (UD)
was calculated as the ratio of oven–dry weight to the sub–sample fresh weight multiplied by the total
fresh weight of understory biomass sampled in the field. Understory dry biomass of each land-use is
the average of the six replicates of the respective land–use. The litter collected was carefully cleaned to
remove adhering soil particles, before being taken to a laboratory for oven–drying at 80 ◦C, for 48 h.
Calculation of litter biomass follows the same procedure as that for understory biomass.

Belowground biomass was estimated from the aboveground–tree root biomass relationship.
A default value of the canopy/root ratio of 4/1 for wet tropical forest trees was applied [44]. However,
for cocoa trees, we estimated the value based on the 6.7/1 ratio developed by [45].

2.5. Soil Properties

On 19 sub–plots (four sub–plots each in CAF4, CAF10, CAF17 and MAF45, and 3 sub–plots in SF)
we collected 57 of both disturbed and undisturbed soil samples at 0–10, 10–20, and 20–30 cm depths.
In each sub–plot, we collected about 1 kg of disturbed soil samples per layer, mixed composite from
six random spots within the same sub–plot for the measurements of soil organic carbon (C–org), soil
texture, and soil carbon pools. The undisturbed soil samples (also collected from three soil depths
at six random spots in each sub–plot) were used for bulk density, saturated hydraulic conductivity,
water retention, soil porosity, macro–porosity and aeration, available water capacity (AWC), and
soil structural quality measurements. C–org was determined according to the Walkley and Black
procedure outlined by [46]; bulk density was determined in each land use using six large (20 cm
long × 20 cm wide × 10 cm deep) core samples as well as six standard small (70 mm inner diameter,
50 mm length) ring samplers according to [47]; soil texture was determined using the pipet method
outlined by [48] saturated hydraulic conductivity was measured in a laboratory at a constant head [49]
using undisturbed samples with six replicates for each form of land use. Using the same undisturbed
samples for saturated hydraulic conductivity and water retention at 0 and 5 kPa, matric suctions
were determined using a hanging water column system [50,51]. Soil porosity was calculated from
bulk density, assuming a particle density of mineral soils of 2.65 Mg m−3 [52]. Macro–porosity
(effective diameter >60 µm) was calculated according to the soil pore (capillarity radius)—matric
suction relationship formula [53] at 5 kPa (0.50 m). Available water capacity was calculated as the
difference between water content at field capacity (−5 kPa matric potential) and at the wilting point
(−1500 kPa), measured using a pressure chamber [54]. Soil carbon stocks were calculated from bulk
density and C-org data [9], pH was measured in 1N KCl.

3. Results

3.1. Density and Basal Area

Land occupancy by trees, expressed in terms of tree basal area, of secondary forest was the most
common form of land use (over 14 m2 ha−1); it was significantly reduced (p < 0.05) when land was
converted to other land uses (Table 3). Ten–to–twelve years old cocoa agroforestry (CAF10) had
the lowest tree occupancy (just over 5 m2 ha−1), but its difference with younger cocoa agroforestry
systems (CAF4) was not statistically significant. Generally, the basal area increased as the cocoa–based
agroforestry system aged.
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Table 3. Tree basal area and plant density of remnant secondary forest (SF), multistrata agroforest that
is 45–68 years old (MAF45), cocoa agroforestry that is 17–34 years old (CAF17), cocoa agroforestry that
is 10–12 years old (CAF10), and cocoa agroforestry that is 4–5 years old (CAF4). The high plant density
for CAF4 was mainly due to a high population of cocoa and shade trees introduced into the system.
Shade trees are trees mainly planted to provide shade for cocoa, but several types also fix atmospheric
nitrogen and thus improve soil fertility.

Type of Tree or Plant SF MAF45 CAF17 CAF10 CAF4

Basal area ——————————- (m2 ha−1)—————————
Timber trees 12.42 4.50 0.19 2.02
Fruit trees 4.02 3.11 0.50 2.73

Cocoa 0.70 3.71 2.13 2.71
Shade trees 2.88 0.76 1.75

Palms 0.90
Other trees 1.91 0.67 0.84

Total 14.33 a 10.78 b 9.88 b 5.41 c 8.04 bc

Plant density —————————– (trees ha−1)—————————
Timber trees 498 79 5 5
Fruit trees 251 64 28 175

Cocoa 44 263 188 650
Shade trees 225 87 469

Palms 5
Bananas 75

Other trees 550 183 25

Total 1048 a 563 b 55 6 b 307 b 1394 a

a,b,c: Different letters along rows indicate significant differences (p < 0.05) according to Tukey’s test.

Young cocoa agroforestry systems had similar tree density to secondary forests (over 1000 trees
per hectare), which was two to four times that of other land uses (Table 3). The young cocoa–based
agroforestry had a significantly higher tree density compared with old cocoa–agroforestry and
multipurpose tree species agroforestry plots. While a 3 m × 3 m planting grid yields 1111 stems ha−1,
the tree population reduces as trees grow older.

3.2. Soil Properties

Converting natural forest to any land use under cocoa agroforestry systems, including multistrata
agroforestry in Sulawesi, markedly reduced topsoil (0 to 30 cm depth) organic matter concentration.
In the remnant secondary forest, soil organic carbon concentration at the 0–10 cm depth was 22 g kg−1,
categorized as ‘high’ according to [55] compared with only around 15 g kg−1 (moderate) for non-forest
systems (Figure 4a). Variations among the agroforestry land uses (non–forest) were relatively small,
within a 4 g kg−1 (0.4%) range, compared to the decline from forest to non–forest.

Surface soil bulk density values (Figure 4b) changed in the opposite direction from the pattern of
soil organic matter (Figure 4a). Having the highest C-organic concentration, secondary forest was the
least compacted. Consequently, inferred changes in the soil C stock in the top 30 cm of soil were small.

Converting forest to cocoa agroforestry led to soil compaction and therefore decreased total
porosity (data not shown as it is the mirror of bulk density data); multistrata agroforestry mimics the
forest condition closest (it is the least compacted).

Increased bulk density (reduced total porosity) resulted in the disappearance of part of the
macropores when they are >60 µm (Figure 5a), which consequently reduced the soil’s capacity
to conduct water (Figure 5b) and affected soil water availability (Figure 5c). The reduction in
macro-porosity caused by shifting a forest to CAF resulted in a decreased saturated hydraulic
conductivity (Figure 5b). Cocoa farms which were recently converted from forest had the lowest
hydraulic conductivity; apparently the hydraulic conductivity improved and became closer to that for
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forest as the land use was transformed to cocoa agroforestry, especially for old cocoa agroforestry and
multistrata agroforest.Land 2020, 9, x FOR PEER REVIEW 10 of 19 
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Figure 5. Changes of soil surface (0–30 cm depth) macro–porosity (a), saturated hydraulic conductivity
(b) and available water capacity (c), resulted from shifting forest to cocoa farms and its restoration
through aging cocoa agroforestry systems that are 4–5 years old (CAF4), 10–12 years old (CAF10), and
17–34 years old (CAF17), and through multistrata agroforest that is 45–68 years old (MAF45). Bars are
standard errors of the means.

Converting forest to other land–uses also led to a change of soil water retention, which specifically
reduces the available water capacity, AWC (Figure 5c). Young cocoa agroforestry led to the lowest
hydraulic conductivity, but the figure improved closer toward that for forest as the land use was
managed using aged cocoa agroforestry and multipurpose tree species.
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3.3. C–stock

Converting tropical forest to cocoa–based agroforestry led to a substantial total C–stock decrease,
from in total around 320 Mg ha−1 of secondary forest to about 75 to 150 Mg ha−1 of cocoa–based
agroforestry (Figure 6). However, C–stock can be restored to approximately half of that found in
the forest through aging cocoa agroforestry or practicing long–term multistrata agroforestry farming.
While there was a large effect of land–use on the aboveground C–stock, no influence on the soil C–stock
was evident (Figure 6), due to the inclusion of a higher soil dry weight in the 0–30 cm soil layers [9].
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Figure 6. Total above– and below–ground carbon stock of remnant secondary forest (SF) compared
with cocoa agroforestry that is 4–5 years old (CAF4), cocoa agroforestry that is 10–12 years old (CAF10),
cocoa agroforestry that is 17–34 years old (CAF17), and multistrata agroforest that is 45–68 years old
(MAF45). The figure demonstrates the total C–stock restoration from 4–5 (CAF4) to 17–34 years old
cocoa agroforestry (CAF17) and to 45–68 years old multistrata agroforest (MAF45).

3.4. Available Water Capacity

Variable soil organic matter concentrations from different CAFs are associated with soil bulk density
(Figure 7a), and hence with soil macro–pore reduction (Figure 7b) and soil hydraulic conductivity
(Figure 7c). The decline of soil organic matter concentrations was correlated with soil macro–pore
collapse and modified pore–size distribution, eventually affecting available water capacity (Figure 7d).
Forest, having the highest organic matter concentrations, had the lowest bulk density, and highest
macro–porosity, hydraulic conductivity, and plant water availability (Figure 8).
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systems, i.e., secondary forest (SF), cocoa agroforestry that is 4–5 years old (CAF4), 10–12 years old 
(CAF10), and 17–34 years old (CAF17) and multistrata agroforest that is 45–68 years old (MAF45). 

  

Figure 7. Surface soil bulk density (a), macro–porosity as percentage of total soil pores (b), saturated
hydraulic conductivity – Ks (c) and available water capacity – AWC, expressed in mm of water per
meter of soil (d) as related to soil organic matter measured at different cocoa–based agroforestry systems,
i.e., secondary forest (SF), cocoa agroforestry that is 4–5 years old (CAF4), 10–12 years old (CAF10), and
17–34 years old (CAF17) and multistrata agroforest that is 45–68 years old (MAF45).
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Figure 8. Available water capacity (AWC), expressed as mm of water per meter of soil of young
(4–5 yrs.) cocoa agroforestry (CAF4) compared to aging (17 to 34 yrs.) cocoa–based agroforestry, and
old (45–68 yrs.) multistrata agroforest (MAF45). Bars are standard errors of the means.
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4. Discussion

Our results provided partial support for the hypothesis that in cacao production systems,
the farmer–level benefits of agroforestry through increased water storage, contributing to climate
change adaptation, are parallel to global benefits of climate change mitigation through increased C
storage. However, the changes in soil properties are slow and gradual and only a partial recovery
towards the conditions found in secondary forest was recorded, even for 45–year old mixed agroforest.
This slow belowground change relative to aboveground appearance is in–line with restoration
experience elsewhere [56].

Three steps are needed to assert a belowground contribution to climate change adaptation by
farmers (Figure 1): A. an increase in soil organic matter content, B. a functional role of changed soil
properties in the water balance reducing crop vulnerability to rainfall variability, and C. Deliberate use
by farmers to reduce their vulnerability. Our data referred to steps A and B.

In the tradition of ‘chronosequence’ research where surveys of existing plot–level land cover are
interpreted as a pseudo time–sequence, such as we did here, it is not easy, especially for soil properties,
to separate cause–effect relations from background variability. While aboveground C stock data clearly
differentiate the land cover types (Table 3), with only a partial recovery in older mixed agroforest of the
C stocks lost when local forests were converted, soil changes are more subtle. As noted by [9] increased
soil bulk density partly conceals reductions in Corg (expressed per unit dry soil) when carbon stocks in
the top 30 cm of soil are calculated. Thus, specific effects of land cover on Corg and soil C stock are
more clearly observed when Corg/Cref ratios are considered rather than direct Corg observations.

As second step in the argument we similarly obtained clearer evidence when the plot–level
Corg parameter, rather than land cover classes, was used as the basis for correlation with other soil
parameters. At around 20% of the variance accounted for (Figure 7), other sources of variation clearly
dominate. According to the regression equation of Figure 7d, increasing soil organic carbon by 1 g
per kilogram of soil (0.1% C-organic improvement) would give an increase of available soil water of
about 6 mm per meter of soil. Our data (Figures 4 and 7) reveal that an increase of Corg of 4 g kg−1

(0.4%) is feasible when land cover is transformed to the MAF 45 conditions in multistrata agroforestry
available plant water, which can be around 9.6 mm per 0.4 m of soil (as most of the cocoa roots on
these stony soils are concentrated in this layer). An increase of 0.4% in 45 years from a base of around
2% corresponds with a soil C increase of 4 ‰ y−1 that is desirable as part of global climate change
policy [57], as the relative increase from 2.0 to 2.4 is 20% and 1.21/45 = 1.004, corresponding with a
relative rate of increase of 4 ‰ y−1.

As the average evapotranspiration rate for the humid tropics is 3–4 mm day−1 [58] and
measurements in the dry seasons in Central Sulawesi indicated around 3.6 mm day−1 [59], this
extra available water can support 50% of cocoa demand for water for any week without any rain in
the growing season. In the study area, the average rainfall in the driest months is only 50 mm [60].
The additional AWC that can be expected with higher soil organic matter content, combines with the
reduction of soil evaporation where a permanent litter layer is present [61,62]. Such effects are not
dramatic but can at least partly offset increased demand for water by trees with active leaf canopies [63].
However, if shade trees are as shallowly rooted as those in a recent West African case study [64]
were, then negative effects on cocoa survival are logical outcomes. Only with deep–rooted trees that
have access to deeper soil layers and share up to 1 mm day−1 to the topsoil by nighttime hydraulic
equilibration [65,66] can we expect substantive increases in dry season tolerance in agroforestry
systems. A number of the cocoa companion trees may have the deep rooting pattern necessary for
such effects, but location–specific observations will be needed to test that [67]. Shade trees in cocoa
agroforestry not only improved soil carbon concentrations in Southeast Sulawesi, but also soil structure
and aggregation [68], possibly facilitating cocoa root development, in line with our results (Figure 7b)
on macroporosity, that will also increase infiltration into the profile and reduction of surface runoff [69].
The water–related functionality of Corg had coefficients of determination of around 20%, suggesting
that other factors, such as details of soil structure, play a major role as well.
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What matters to farmers is the overall effects on yield and economic performance of the plots (e.g.,
in terms of return to labor). Intercropped shade–tree species with cocoa had little or no effects on cocoa
yield in earlier studies in Sulawesi [59,66]. Elsewhere the distance between shade trees and cocoa was
found to be important [70]. Although cocoa yields maybe higher under monocultures system [71,72],
returns derived from other agroforestry products compensated the difference in economic terms [73].
Part of the tree diversity on cocoa agroforestry in SE Sulawesi was recently attributed [39] to the fact
that they harbor tree species prioritized by male farmers as well as those favored by female farmers.
At the interface of aboveground and belowground effects and contributions to both mitigation and
adaptation climate change agendas, cocoa agroforestry can indeed be ‘climate–smart’, contributing
to resilience and policy synergy [74]. As detailed in a recent study in Southeast Sulawesi [75], the
improvements of cocoa agroforestry relative to cocoa monoculture are modest steps in the direction of
physically restoring forest soil conditions.

5. Conclusions

In terms of total system, C stock cocoa agroforestry could recover up to half of the stocks of
secondary forest in the landscape, while conversion only left 23% of the original stock, essentially the
soil component. Belowground losses after forest conversion but also restoration are slower than the
changes aboveground.

Trees in agroforestry are not only relevant for C storage, but also as provider of farmer income,
as modifier of microclimate and in support of soil C storage. In contrast to aboveground C storage,
belowground increases in stock have functional relevance. Soil conditions connected to the capacity
for CC adaptation, especially minimum soil compaction, greater macro–porosity, and hydraulic
conductivity to allow high rain infiltration and higher available water capacity could be directly linked
to higher Corg concentrations across the land covers sampled. An increase of 1 g kg−1 (0.1%) of soil
organic carbon increased available soil water capacity by 6% (vol/vol). Our data confirmed an increase
in available water capacity, relevant for survival of week–long dry spells. As such, a contribution can
be made to human adaptation to increased rainfall variability.

The water–related functionality of Corg had coefficients of determination of around 20%.
Belowground consequences of tree cover in agroforestry are only quantifiable in large data sets
but are likely as relevant as the more visible effects aboveground.

Our results confirmed that a shift from cocoa monoculture to forms of agroforestry has benefits for
the farmer in terms of an increased soil water buffering and soil structure that, even though modest in
effect size, contributes to tolerance of dry season conditions. These systems also contribute, in modest
amounts, to increased storage of carbon in aboveground and belowground pools that ought to be
reflected in the country’s national C accounting system and be included in the Nationally Determined
Contributions to the Paris Agreement on combatting global climate change. A shift from a focus on
cocoa to be intensively managed as monoculture crop to one that is best grown in mixed agroforestry
systems, along with other tree commodities will be appropriate.
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Abstract: The conversion of natural forests to different land uses still occurs in various parts of
Southeast Asia with poor records of impact on ecosystem services and biodiversity. We quantified
such impacts on earthworm diversity in two communes of Quang Nam province, Vietnam. Both
communes are situated within buffer zones of a nature reserve where remaining natural forests are
under threat of continued conversion. We identified 25 different earthworm species, out of which
21 were found in natural forests, 15 in agroforestry, 14 in planted forests, and seven each in annual
croplands and home gardens. Out of the six species that were omnipresent inhabitants of all observed
habitats, Pontoscolex corethrurus largely dominated habitats with intensive anthropogenic activities
but was rare in natural forests. Natural and regenerated forests had a much denser earthworm
population in the top 10 cm of soil rather than in deeper soil layers. We conclude that the conversion
of natural forests into different land uses has reduced earthworm diversity which can substantially
affect soil health and ecosystem functions in the two communes. Protection of the remaining natural
forests is urgent, while the promotion of a tree-based farming system such as agroforestry can
reconcile earthworm conservation and local livelihoods.

Keywords: land-use change; belowground biodiversity; soil engineers; Pontoscolex corethrurus;
natural habitats; planted forest

1. Introduction

The inclusion of ‘planted forest’ in forest statistics has been a major factor in the ‘forest
transition’ concept: the reversal after long periods of decline towards a net gain in forest
area [1,2]. Forest statistics can thus mask the ongoing loss of natural forest by larger gains
in planted forest area, even though in terms of ecosystem services old-growth natural
forests are very different from young planted forests [3]. Beyond the direct benefits that
land-use change brings (or is expected to bring) to land users, a wide range of ‘externalities’
are generated, changes that do not play a role in the land users’ decision making [4]. Where
such externalities are negative for others in the landscape, corrective action is needed
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in the form of regulations or incentives; where they are positive, forms of incentives are
appropriate [5].

Many of the ecosystem services that, as externalities of decision-making, are influenced
by land use are controlled by soil conditions [6]. Beyond vegetation with its aboveground
litter and plant root systems and turnover, microbes, fungi, and soil fauna are important
for modifying the soil conditions that in turn shape soil structure (pores, aggregates)
influencing water flows and storage and net greenhouse gas emissions that determine
ecosystem services [7]. As part of the global loss of biodiversity, loss of belowground
biodiversity and its impact on ecosystem services is still poorly understood [8,9]. Changes
in the soil can be relatively slow to be noticed by soil biota, as the system is buffered
in many aspects, but once undesirable changes take place, they are also hard to correct,
especially if they reach soil layers below the surface [10], as thresholds are past where both
roots and earthworms have difficulties penetrating [11]. Better knowledge of changes in
belowground biodiversity in the context of ‘forest transition’ patterns of land-use change is
urgent for many parts of the tropics, especially.

Over the past decades, Vietnam’s forest cover has continued to expand from 28% in
1993 to 42% in 2018 [12]. Policy reforms and nation-wide forest protection and replanting
programs have been the main drivers [13,14]. Forest expansion, including planted forests,
has substantially contributed to economic growth, job creation, and poverty alleviation in
the country [12]. However, despite the increasing trend, the conversion and degradation
of natural forests still occur in different parts of the country. The existing natural forests
in Vietnam are largely in poor condition or regenerating [12]. The forest cover rates
overlook forest quality. Competing land uses, exploitation of forest resources, and weak
forest governance are serious challenges for the country to protect the remaining and
regenerating poor natural forests [12]. Massive conversion of natural forests still occurs
for example in the Central Highlands and Central Annamites region of the country. The
expansion of commercial crops and infrastructure development have been the main drivers
of forest conversion in Central Highlands [15]. In the Central Annamites, considered as
one of the largest continuous natural forest areas and key biodiversity landscapes in Asia,
forest resources and wildlife are continuously under threat of intensive exploitation by
surrounding forest-dependent populations [16,17].

Concerns over the impacts of forest conversions on ecosystem services and biodiver-
sity have recently become more prominent in Vietnam [18,19]. Several sub-national and
national policies to include the 2011–2020 National Biodiversity Strategy with vision to
2030 underline the need of taking up existing scientific- and evidence-based information
and undertaking further research on such impacts while strengthening forest protection
efforts. Several studies from other parts of the world have reported impacts of forest conver-
sions on biodiversity including belowground biodiversity (e.g., [20,21]). Notwithstanding,
accounts of such impacts in Vietnam are limited.

The diversity and activities of earthworms as one of the most important soil biotas
influence the physical, chemical, and biological properties of soils [22,23]. Their physical
movement creates soil pores which ease nutrient and water dynamic in the soils. As recy-
clers of organic materials, earthworms facilitate microorganisms such as fungi and bacteria
to undertake further decomposing process [24]. Through these activities, earthworms
influence soil health and the provision of ecosystem services [25]. The population and
diversity of earthworm species vary across land habitats due to variation in soil moisture,
soil temperature, soil properties, the abundance of surface litter, vegetation types, land
use management, and human interventions [20,26–30]. Earthworms are thus sensitive
to change in land use. In general, earthworm diversity is reduced in habitats with more
intensive anthropogenic interventions [23,31].

Here, we describe the results of a study on earthworm diversity in natural forests and
different land uses in two communes of Quang Nam province, South Central Coast region
of Vietnam. The two communes are within the buffer zones of the Song Thanh Nature
Reserve, one of the main reserves within the Central Annamites mountains, and parts of
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main watersheds in the region. In both communes, the conversion of natural forests into
shifting cultivations and agricultural systems, such as agroforestry and annual croplands,
has been taking place for decades. The purpose of the study was to compare the diversity of
earthworm species among natural forest and different land uses to investigate the impact of
forest conversion and to recommend necessary measures related to earthworm conservation
to maintain soil health and ecosystem functions in the two buffer-zone communes.

2. Material and Methods
2.1. Study Sites

The study was conducted in Phuoc My commune of Phuoc Son district and Ta Bhing
commune of Nam Giang district, Quang Nam province (15◦35′0′′ N–107◦55′0′′ E), South
Central Coast of Vietnam (Figure 1a). The two communes are within the buffer zones of
Song Thanh Nature Reserve and parts of main watersheds in South Central Coast region
which supply water for several cities including Da Nang as the biggest city in Central
Vietnam. For example, Phuoc My is part of Dak Mi watershed (Figure 1b), while Ta Bhing
is part of Vu Gia-Thu Bon as a bigger watershed [32]. Phuoc My is situated at 223–446 m
above sea level while Ta Bhing is approximately 100 m above sea level. Both communes are
mountainous with flat areas concentrated at the feet of the mountains, along riverbanks.
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Figure 1. (a) Location of Phuoc My and Ta Bhing communes as study sites in Quang Nam province of Vietnam, (b) the
boundary of Song Thanh Nature Reserve and Dak Mi watershed.

The two communes have a tropical monsoon climate. The annual rainfall is about
2650 mm in Phuoc My and 2300 mm in Ta Bhing [33]. In both communes, the rainy season
usually peaks between September and November, and the dry season lasts from January
until March. The highest temperature is usually recorded between May and July. The two
communes have similar soil physical and chemical properties, dominated by sandy-loam
and sandy-clay-loam textures [33].

Phuoc My has a smaller land size, but it has a larger area of rich natural forest than Ta
Bhing in 2016. The total area of medium, poor, and regenerated natural forests accounts for
21% and 41.5% of the total land size in Phuoc My and Ta Bhing respectively. Land cover in
the two communes has been classified into eleven types [16]. The area of each land cover
in the two communes are described in Table A1.

2.2. Land-Use History

In both communes, massive conversion of natural forests took place more than 20 to
30 years ago [16]. Over the past two decades, natural forests have regenerated in some
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areas of the communes, thanks to enhanced protection efforts by the local authorities.
Planted forests have become popular in the past decade, especially the short-rotation
(3–4 year) of Acacia (mainly the hybrid Acacia mangium x auriculiformis) plantation for
pulp and paper. Two types of agroforestry have developed in the two communes: a
taungya or temporary agroforestry in which annual crops such as cassava or maize become
intercrops in young planted forests, usually in the first 1–2 years after tree planting before
tree canopy closure; and more permanent agroforestry in which timber tree species, such
as Melia azedarach, Vernicia montana, or Ficus racemosa, or fruit trees such as Dimocarpus
longan, were intercropped with annual crops such as peanut, beans, or cassava. In sloping
lands, agroforestry practices with rows of trees and rows of pineapple to limit soil erosion
also existed.

2.3. Sample Plots by Habitat

The earthworm’s observations were carried out in seven land cover types (hereafter
called habitats). Three represent habitats with less anthropogenic interventions namely nat-
ural forests, regenerated forests, and grasslands (hereafter referred to as ‘natural habitats’);
and four with more intensive anthropogenic interventions namely planted forests, agro-
forestry, mixed annual crops, and home gardens (hereafter referred to as ‘human-disturbed
habitats’). Among the four, the most frequent and intensive anthropogenic interventions
occurred in mixed annual crops and home gardens.

In total, we took 28 and 53 sample plots from the different habitats in Phuoc My and
Ta Bhing commune respectively. More sample plots were taken in natural and regenerated
forests to anticipate a possibility of higher species diversity in those habitats. Although both
communes have similarities in many of the factors that can influence earthworm diversity
such as climate condition, soil properties, and landcover types, we took sample plots in
both communes, but more samples plots in Ta Bhing than Phuoc My merely for time and
resource efficiency. Most of the local assistants involved in the sampling activities in both
communes were from Ta Bhing. The aim was to have replications from both communes, not
to compare earthworm diversity between the two communes. The number of sample plot
by habitat in the two communes are given in Table A2. Figure 2 illustrates the vegetation
covers and types in the selected habitats.
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2.4. Identification of Earthworm Species

Following [34], at each sample plot, earthworm specimens were collected from a
50 cm × 50 cm soil block of 30 cm depth (please see Figure 2e,h,i). A 50 cm × 50 cm
supporting frame and a woody measure of 30 cm long were used to ensure identical
surface areas and thicknesses of all soil blocks. The specimens were collected by carefully
segregating the soils per 10 cm soil depth. All specimens were stored in cloth bags to keep
them alive for further treatments in the laboratory.

To facilitate species identification, all earthworms were separated from soils by cleans-
ing with water. They were subsequently immersed in liquid containing 4% formalin for
6–12 h. Thereafter, all earthworms were transferred to fresh liquid of 4% formalin for
long-term storage and morphological studies. We investigated morphological features of
collected earthworms, such as intestinal caeca (presence and shape), male pores (presence
of copulatory pouches), genital markings (type, location, and number), spermathecal pores
(location, number, and type), septa (thin, thick or absent), and additional characteristics
such as prostomium (probilobous, epilobous or tanylobous), first dorsal pore (location),
intestinal origin, last heart, ovaries, and testes. Earthworm samples were scrutinized using
stereo microscope Motic DM143-FBGG-C (Motic Company, Hongkong) with drawing
tube and camera attached to the monitor. All specimens were compared and identified
using original papers as described in [35–43]. All specimens with different morphological
characters compared to all known species were named using their genera and sp. 1, 2, and
so on. For biomass measurement, we used paper tissues to remove all liquids (formalin,
water) and cast from the preserved earthworms before weighting using the electronic
weight Sartorius GM612.

2.5. Indicators for Earthworm Dominance and Diversity

We used seven indicators to assess the dominance, density, and diversity of earthworm
species. Following [34], five indicators represent dominance and density, namely density
and biomass per soil layer, quantity and biomass dominance, and occurrence frequency.
Two indicators, the Shannon–Wiener index [44] and similarity index [45], measure the
level of diversity of earthworm species within habitat and similarity in species compo-
sition among habitats, respectively. For the similarity index, we omitted the sub-species
component in the calculation. The seven indicators are described in Table A3.

2.6. Aboveground Litter Biomass as A Covariate

In this study, we focused on the impact of conversion from natural to human-disturbed
habitats on earthworm diversity. Notwithstanding, to consider the effect of aboveground
plant litter biomass on earthworm density (e.g., [21,46,47]), we used the annual production
rate of aboveground plant litter biomass (hereafter referred to as “annual litter production”)
(Table 1) as a covariate when comparing indicators among habitats. Due to a lack of data,
we estimated the annual litter production from the annual production rate of aboveground
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plant biomass (hereafter referred to as “annual biomass production”) of the habitats. We
used a factor of 0.49 calculated from [48] for the biomass-litter conversion and assumed
the same factor applies for all habitats. The biomass production data were obtained
from [16] that estimated the standing aboveground plant biomass of all habitats in the two
study communes, except NF and AF, under different ages using the Rapid Carbon Stock
Appraisal approach [49]. The annual biomass production was calculated from the standing
biomass and plot ages, assuming a constant biomass production across the year. We used
an annual litter production of 9.3 ton ha−1 year−1 from [50] for NF and 2.4 ± 0.4 ton ha−1

year−1 calculated from [51] for AF. The earthworm and plant biomass assessment were
not conducted using the same sample plots. Therefore, to create a variation of annual
litter biomass among earthworm sample plots, we used random numbers from a uniform
distribution to generate higher or lower litter biomass by a maximum of one standard error
from the mean. We applied this for all habitats except for NF that lacks input data on the
standard error of the mean.

Table 1. Annual production of aboveground plant litter biomass by habitat (source: calculated
from [16]).

Habitat Number of Sample Plots
Litter Production (ton ha−1 year−1)

Average SE

Regenerated Forest (RF) 4 5.8 0.26
Grassland (GL) 18 0.7 0.05

Planted Forest (PF) 37 4.4 0.35
Upland Crops (UC) 11 2.7 0.45
Home Garden (HG) 8 3.4 0.87

2.7. Statistical Analysis

We used the IBM SPSS Statistics version 23 to test the difference in earthworm indica-
tors among habitats using one-way analysis of covariance (ANCOVA). For the statistical
test, we assumed an independency among sample plots. For all data and statistical analy-
sis, we combined the earthworm data from the two study communes and the difference
between the two communes was not investigated. All graphs were produced using the
Microsoft Excel.

3. Results
3.1. Species Occupancy by Habitat

A total of 25 earthworm species from 3 families and 6 genera were found in the two
study communes. Of these, 23 species belong to the Megascolecidae family and 17 species to
the Amynthas genus. Only one genus and one species were found in each of the other two
families, Moniligastridae and Rhinodrilidae. Seven out of the 25 species, namely Pontoscolex
corethrurus, Amynthas aspergillum, Amynthas divitopapillatus, Amynthas modiglianii, Amynthas
sp.1, Metaphire houlleti, and Polypheretima taprobanae were omnipresent. However, only
P. corethrurus dominated the habitats, except in NF and RF. The average frequency of
occurrence of this species in human-disturbed habitats was 87%. Based on the occurrence
frequency, P. corethrurus is classified as rare species in NF and uncommon species in RF. In
NF, only Drawida beddardi had occurrence frequency above 25%. The occurrence frequency
of earthworm species by habitat is given in Table A4.

3.2. Earthworm Density and Biomass by Habitat

The NF tends to have a lower earthworm density compared to other habitats (Figure 3a).
However, no significant difference (p-value > 0.05) was found among habitats due to large
standard errors. In terms of biomass, the natural habitats had higher earthworm biomass
compared to human-disturbed habitats (p-value < 0.001), likely because of the larger earth-
worm’s physical size. The ratio between earthworm biomass and density was much lower
in the human-disturbed habitats (p-value < 0.001) with an average of 0.73 ± 0.14 g per

46



Land 2021, 10, 36

individual compared to 1.62 ± 0.23 g per individual in natural habitats. Related to quantity
and biomass dominance, P. corethrurus was much more dominant in human-disturbed
than natural habitats (p-value < 0.01) particularly due to extremely low dominance in NF
(Figure 3b). The quantity and biomass dominance of all species by habitat is provided in
Table A5.
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3.3. Earthworm Density and Biomass by Soil Depth

Both the natural and human-disturbed habitats generally had higher density of earth-
worm in the first 10 cm than deeper soil layers (p-value = 0.001) (Figure 4a). However, the
decrease in the density by soil layer was more pronounced in natural habitats, especially
in NF and RF, than human-disturbed habitats. In terms of biomass, both natural and
human-disturbed habitats generally had comparable earthworm biomass in the first two
soil layers, and lower biomass (p-value < 0.002) in the 20–30 cm soil depth (Figure 4b).
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3.4. Species Diversity and Similarity Among Habitats

The natural habitats had a higher species diversity than the human-disturbed habitats
(p-value < 0.001) (Figure 5a). The weak dominance of P. corethrurus especially in NF and
RF was associated with higher species diversity. Among the human-disturbed habitats,
the number of earthworm species found in UC and HG was equal, however, the Shannon–
Wiener index of UC was much lower due to the strong dominance of few species.

The NF and RF had a similar earthworm species composition (Figure 5b). Among
the four human-disturbed habitats, only UC and HG had a level of similarity. In general,
the species composition in natural and human-disturbed habitats was different, except
between RF and AF.
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3.5. Variation among Types of Planted Forests

The Acacia plantation had more diverse earthworm species than Melia or Machilus
plantation (Table 2). However, P. corethrurus was less dominant in Melia plantation because
two other species, Amynthas aspergillum, and Metapheretima tiencanhensis, had an occurrence
frequency above 25%. Also, earthworms in Melia plantation had a higher biomass and
density ratio that reached 1.58 g per individual, compared to 0.3 and 0.5 g per individual
in Acacia and Machilus plantations, respectively.

Table 2. Earthworm indicators comparing three types of planted forest.

Earthworm Indicators Acacia Melia Machilus

No. of sample plots 15 5 4
No. of species 13 7 9

Frequency of occurrence of P. corethrurus (%) 97 72 100
No. of species with occurrence frequency ≥25% 1 3 2

Density (individuals m−2) 80 17 59
Biomass (gram m−2) 23 27 27

Shannon-Wiener index 0.48 0.95 0.5

4. Discussion
4.1. Earthworm Diversity in Agroforestry

In our study, among the human-disturbed habitats, higher earthworm diversity was
found in tree-based farming systems like AF and PF. Other studies [52–57] reported similar
evidence. Improved micro-climate, e.g., lower soil temperature and higher soil humidity,
minimum plot management practices such as tillage, and a higher supply of organic matter
from above- and below-ground litter all generate higher earthworm diversity in tree-based
systems [58,59]. These factors also create contrast in earthworm diversity between areas
nearby and far from the trees within AF, for example between tree row and crop alley in
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the alley-cropping system. In addition, minimal application of chemical inputs such as
fertilizer and pesticide contribute to generating higher earthworm diversity within tree
rows [58,60]. The variation in micro-climate and plot management practices also influence
earthworm density. For example, in poplar AF in Canada, the average earthworm density
within tree row was 182 individuals m−2, compared to 117 and 95 individuals m−2 within
the crop alley at two and six meters away from tree row, respectively [60]. In our study,
some of the observed AFs were alley cropping, and others had scattered trees over the
plots. In both cases, soil blocks for earthworm observation were taken relatively close to
the trees, to avoid causing damage to annual crops. This likely explains the comparable
earthworm diversity between AF and PF. AF can become a solution if larger areas of annual
crops are needed without further converting NF or RF which otherwise will further decline
the ecosystem health and functions in the two communes.

4.2. Potential Impact of P. corethrurus Dominance

The dominance of P. corethrurus in human-disturbed habitats has also been reported
in other studies especially in tropical areas, e.g., see review in [61]. The species was exotic
to Vietnam and initially inhabited hilly areas of the country [62,63]. Nowadays, it has a
large distribution area including in the coastal areas of the country [64]. Compared to other
exotic species which deliberately or inadvertently colonize new habitats, P. corethrurus has a
high survival rate thanks to its tolerance to a range of biotic and abiotic environment [24,65].
Many other species either fail to survive or survive but not invasive [66].

P. corethrurus could bring favorable or unfavorable impacts to new habitats, although
generally considered harmful to the environment and native species. As summarized
in [61], as favorable impacts, the species could for example stimulate nutrient release in
soil and enhance plant’s resistance to phyto-parasitic nematodes. However, as unfavorable
impacts, it can create soil compaction and alter biogeochemical processes to affect plants,
native earthworms, and microbial communities. P. corethrurus can compact the soils
through its feeding activity which accumulates small soil aggregates. In the absence of
intervention from other soil biota, the small aggregates will progressively transform into
larges aggregates and become compact [67,68]. In addition, layers of cast produced by this
species on the soil surface, can turn into thick crust preventing water and air penetration
to the soils [69]. The role of P. corethrurus in increasing soil bulk density and reducing soil
porosity were reported in (e.g., [52,67,70,71]). Due to the unfavorable impacts, the presence
and dominance of P. corethrurus have been considered as an indicator for soil health and
level of disturbance to ecosystem and ecosystem services [72].

Our study shows the dominance of P. corethrurus in human-disturbed habitats namely
PF, AF, UC, and HG which occupy about 17% and 20% of total land area in Phuoc My and
Ta Bhing commune, respectively. These land uses potentially expand in the two communes
driven by augmenting population and livelihood pressure. The two communes are there-
fore under a serious threat of further loss of earthworm diversity and stronger dominance
of P. corethrurus, which can further reduce their ecosystem health and functions. Under
the increasing dominance of the cosmopolitan species, the soil porosity and ecosystem
functions in the two communes will mainly rely on tree roots. Therefore, tree-based farm-
ing systems such as AF are preferable to reconcile livelihood and provision of ecosystem
services. Moreover, this land-use system generally has higher earthworm diversity than
sole annual crop systems. Also, there is a need to select more suitable tree species for PF
because of its popularity as land use in the two communes. Although Acacia is currently
the most popular type of PF supported by local pulp and paper industries, Melia is worth
to get further attention and research due to the lower dominance of P. corethrurus in the PF
using this tree species. Based on the unpublished data as part of a study by [16], Melia in
the communes likely had a superficial rooting system (Figure 6) which can create micro-
and macropores in superficial soil layers through its coarse and fine roots. It has a root shal-
lowness index of 0.83, higher than Acacia (0.69), and Machilus (0.63). The index measures
the ratio of cross-sectional areas of horizontal and all proximal roots. Horizontal proximal
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roots are defined as those with an angle of less than 45 degrees relative to the soil surface.
The number of replications in the root study was however limited, only involved three
different trees, and worth for further investigation. Therefore, promoting this species in the
communes can contribute to maintaining soil porosity with less dominance of P. corethrurus.
Also, in terms of topographical, soil, and climate condition, Melia is suitable for the two
study communes [16].
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4.3. Caveats in Assessing Earthworm-Habitat Linkage

In this study, we could demonstrate that natural- and human-disturbed habitats have
different levels of earthworm density and diversity. However, we could not do in-depth
analysis on the effect of environmental factors to the differences among habitats due to
lack of data such as on soil physical and chemical properties by sample plot. Several
studies utilized the results of correlation analysis between earthworm and soil indicators
for further purpose, for example considering earthworm density or diversity as proxy for
levels of soil quality or pollution (e.g., [73–75]). Some of these studies also assessed the
level of metal pollution in the soils and in the earthworm tissue or casts [74,76]. Further
researches on earthworm in the two study communes are therefore necessary and should
focus on assessing the impacts of soil and terrestrial conditions on the earthworm density
and diversity. The terrestrial condition includes type and abundance of plant litter biomass.
The researches can also associate the results of soil-earthworm analysis with the potential
role of earthworm in the two study communes on watershed service.

4.4. Further Studies for the Unidentified Species

In our study, seven out of nine unidentified species belong to Amynthas genus. The
seven species were mostly found in NF and RF with only Amynthas sp. 1 was an om-
nipresent inhabitant of all observed habitats. Also, Amynthas sp. 1 had a relatively high
occurrence frequency in human-disturbed habitats such as AF and HG. Compared to the
eleven identified species of Amynthas genus, three out of the eleven were omnipresent in-
habitants, namely Amynthas aspergillum, Amynthas divitopapillatus, and Amynthas modiglianii,
while the other eight were inhabitants of some habitats only, or one habitat such as the case
for Amynthas wui. Therefore, earthworm species of Amynthas genus likely have different
land colonization patterns or perhaps levels of resistance to the new habitat’s condition.
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The seven unidentified species have different external and internal morphological
features compared to 115 earthworm species of Amynthas genus that have been identified
from past studies across regions in Vietnam. To ascertain if all the seven species are new to
the country, a comparison with four species of the genus Amynthas Kinberg, 1867 recently
identified in the southeastern part of the country [77] is however necessary. Further studies
can also compare morphological features of the unidentified species with those of Amynthas
species identified in other countries. For example, earthworm species of the genus Amynthas
Kinberg, 1867 of family Megascolecidae, the same family with Amynthas earthworms found
in our study, had been known as common inhabitants of natural forests in the northern
part of Laos [78]. Recently, three new earthworm species belonging to this genus were
found in that part of the country [78]. Apart from morphological features, further studies
should compare living habitat and land colonization pattern between the unidentified and
known Amynthas species. Similar efforts are necessary for the unidentified species of other
genus found in the current study, namely one each of Metaphire and Polypheretima genus of
the Megascolecidae family.

5. Conclusions

The conversion of natural forests to different land uses in the two buffer-zone com-
munes of Song Thanh Nature Reserve had reduced earthworm diversity which can sub-
stantially affect soil health and ecosystem functions in the two communes. Also, among the
identified species, P. corethrurus was omnipresent and largely dominated human-disturbed
habitats. The dominance of this species can bring unfavorable impacts such as soil com-
paction and continuous threat to native earthworm species. This will further affect soil
porosity and related ecosystem functions and reduce the role of the two communes to
the nature reserve and watershed of which the two communes are part of. The area of
human-disturbed habitats in the two communes potentially expand driven by augmenting
population and livelihood pressures. This will lead to further loss of earthworm diversity
and stronger dominance of P. corethrurus. To avoid the further decline of earthworm di-
versity and rampant expansion of P. corethrurus in the two study communes, protection
of the remaining natural and regenerated forests is urgent, and tree-based farming sys-
tems such as agroforestry should be promoted to reconcile earthworm conservation and
local livelihoods. The results of this study enrich current limited knowledge on impacts
of forest and land use conversion on earthworm density and diversity in Vietnam. Fur-
thermore, the results can generate stronger concerns with respect to the degradation of
belowground diversity in the country and call attention to the urgent need for strengthened
forest protection efforts.
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Appendix A

Table A1. Land cover types and areas in the study communes in 2016.

Land Cover Types
Phuoc My Ta Bhing

Ha % Ha %

Natural forest—rich 7788 61.4 5766 36.5
Logged over natural forest—medium 1447 11.4 5307 33.6

Logged over natural forest—poor 492 3.9 917 5.8
Regenerated natural forest 704 5.6 328 2.1

Planted forest 798 6.3 1687 10.7
Agroforestry 267 2.2 149 1.0
Home garden 28 0.2 56 0.4

Grasslands 641 5.1 774 4.9
Mixed annual crops 390 3.1 693 4.4

Paddy rice 63 0.5 52 0.3
Settlement, built up areas 59 0.5 89 0.6

Total (ha) 12,677 15,818

Data source: [16].

Table A2. Selected habitats for earthworm observations and number of sample plots.

Habitat Tree Cover (%)
No. of Sample Plots

Vegetation in Both Communes
PM * TB *

Natural forest (NF) >60 5 10 Fagaceae, Lauraceae, Meliaceae, Moraceae,
Euphorbiaceae, Dipterocarpaceae, Sapindaceae

Regenerated forest (RF) 10–30 5 10
Bambosoideae such as Bambusa natans,

Dendrocalamus patellaris, Neohouzeauna dullooa,
and shrubs

Grassland (GL) <10 1 3 Shrub and grass

Planted forest (PF) Young: <30, mature: >30 9 15

In Phuoc My: Acacia (5 sample plots), Machilus
odoratissima Nees (4); in Ta Bhing: Acacia (10), Melia
azedarach (5). In both communes, Acacia variety is
mostly the hybrid Acacia mangium x auriculiformis

Agroforestry (AF) Young: <30, mature: >30 4 5

Acacia-based with cassava, banana, or herbal
plants (4), Melia-based with banana or cassava (2),

agroforestry with mixed tree species such as
Vernicia montana, Ficus racemose, Dimocarpus longan

and annual crops such as cassava, banana,
vegetables (3)

Upland annual crops
(UC) <10 3 5 Key crops such as paddy rice, maize, and cassava

Home garden (HG) >30 1 5 Mostly diverse vegetable, annual crop and fruit
trees such as mango, jackfruit, and longan trees

* PM: Phuoc My commune, TB: Ta Bhing commune.
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Table A3. Indicators for earthworm’s dominance and diversity.

No Indicators Formula Unit Remark

1 Density per soil layer nijk

Njk
× 4 Individual m−2

nijk = number of individual of species i in soil block k
layer j

Nkj = total number of individuals from all species in
soil block k layer j

2 Biomass per soil layer bijk

Njk
× 4 g m−2 bijk = total biomass of species i in soil block k layer j

3 Quantity dominance ni
N
× 100% % ni = number of individuals of species i, N = total

number of individuals of all species in the habitat

4 Biomass dominance bi
B
× 100% % bi = total biomass of species i, B = total biomass of all

species in the habitat

5 Occurrence frequency Si
S
× 100% %

si = number of sample plots having species i, S = total
number of sample plots for the habitat. Range of
values: >75% = very common species, >50–75% =

common species, 25–50% = uncommon species, <25% =
rare species

6 Shanon- Wiener index −∑
(ni

N
× ln

(ni
N

))
- ni = total of individuals of species i, N = total of

individuals of all species in the habitat

7 Similarity index

(2Rs + Rss)
2 + 1

Where:
Rs =

x + y− z
x + y + z

, and

Rss =
x′ + y′ − z′

x′ + y′ + z′

-

Rs = similarity level of species
Rss = similarity of subspecies

x (x’); y (y’) = number of species (number of
subspecies) found only in one habitat

z(z’) = number of species (number of subspecies) found
in both habitats. Range of values: −1 to −0.7 = very

similar, <−0.7 to −0.35 = similar, <−0.35 to 0 = tend to
be similar, 0 to <0.35 = tend to be different, 0.35 to <0.7

= different, 0.7 to 1.0 = very different

Table A4. Occurrence frequency of earthworm species by habitat (codes as in Table A2).

Species
Occurrence Frequency by Habitat (%)

No. of Habitat *
NF RF GL PF AF UC HG

Family Rhinodrilidae
Pontoscolex corethrurus 16 48 74 92 89 76 94 7

Family Moniligastridae
Drawida beddardi 34 30 3.5 4.5 4

Family Megascolecidae
Amynthas alluxus 7 3 3 2.5 4

Amynthas aspergillum 25 32 20 18 6 2 10 7
Amynthas cortices 9 2 2 3

Amynthas divitopapillatus 12 12 12 12 12 12 12 7
Amynthas exiguus austrinus 10 2 2
Amynthas exiguus chomontis 2 10 2 5 4

Amynthas falcipapillatus 4 1
Amynthas infantiloides 4 3 2
Amynthas modiglianii 13 34 30 6 8 7 10 7

Amynthas zoysiae 10 2 2
Amynthas wui 6 1
Amynthas sp.1 9 32 50 7 23 4 40 7
Amynthas sp.2 24 18 2 2.5 4
Amynthas sp.3 9 3 3 2 4
Amynthas sp.4 9 1 2
Amynthas sp.5 20 11 2 3
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Table A4. Cont.

Species
Occurrence Frequency by Habitat (%)

No. of Habitat *
NF RF GL PF AF UC HG

Family Megascolecidae
Amynthas sp.6 6 6 2
Amynthas sp.7 4 1 2

Metapheretima tiencanhensis 13 30 20 12 12 5
Metaphire houlleti 20 20 20 20 20 20 20 7

Metaphire sp.1 1 1
Polypheretima sp.1 4 14 30 4 4

Polypheretima taprobanae 20 32 17 8 9 2 14 7

Total number of species 21 20 12 14 15 7 7

* Number of habitats where the species was found.

Table A5. Quantity (n’) and biomass (b’) dominance (%) of earthworm species by habitat and soil depth (NF: natural forest,
RF: regenerated forest, GL: grasslands, PF: planted forest, AF: agroforestry, UC: upland annual crops, HG: home gardens).

Species NF RF GL PF AF UC HG
n’ b’ n’ b’ n’ b’ n’ b’ n’ b’ n’ b’ n’ b’

Pontoscolex corethrurus

0–10 1.7 1.2 35.7 13.6 48.6 13.8 91.1 51.8 90.1 61.8 85.4 70.6 88.4 65.8
10–20 6.7 2.2 30.7 7.3 47.4 19.0 85.6 76.6 86.8 43.4 95.6 92.6 44.3 10.5
20–30 3.2 0.5 12.9 6.0 45.4 13.7 82.0 56.2 60.7 33.9 89.6 60.8 56.5 40.5

Drawida beddardi

0–10 2.3 0.9 11.7 3.7 0.4 1.1
10–20 10.5 18.9 9.1 2.7 0.4 0.0
20–30 4.7 1.4 9.1 1.1 2.2 0.4

Amynthas alluxus

0–10 0.4 0.0 1.2 0.3
10–20 7.6 3.4 0.7 0.7
20–30 6.3 2.3

Amynthas aspergillum

0–10 2.3 16.1 1.4 19.2 2.4 29.7 2.1 34.0 2.0 26.6
10–20 6.7 30.9 6.7 59.8 1.3 25.7 0.2 8.5 0.7 48.1 2.2 34.0
20–30 8.4 72.1 7.8 70.9 1.7 35.4 0.8 20.4 0.7 29.3 0.6 13.4 2.0 17.8

Amynthas corticis

0–10 1.5 2.6
10–20 1.4 1.6 0.3 1.1
20–30 0.5 0.4

Amynthas divitopapillatus

0–10 0.8 1.3
10–20 0.5 0.2
20–30 0.5 0.2

Amynthas exiguus austrinus

0–10 10.5 3.5 0.5 0.1
10–20 5.8 2.7 2.4 0.1 0.7 0.2 3.3 0.3
20–30 18.8 1.5 18.2 2.8 0.6 0.1

Amynthas exiguus chomontis

0–10
10–20 2.4 0.1 3.3 0.3
20–30 1.2 0.0 18.2 2.8
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Table A5. Cont.

Species NF RF GL PF AF UC HG
n’ b’ n’ b’ n’ b’ n’ b’ n’ b’ n’ b’ n’ b’

Amynthas falcipapillatus

0–10 1.4 1.0
10–20
20–30

Amynthas infantiloides

0–10 0.8 5.8
10–20 3.8 0.6 0.9 0.1 0.7 2.1
20–30 9.4 0.7 1.4 0.0 1.1 4.1

Amynthas modiglianii

0–10 5.1 13.9 16.8 27.7 13.2 26.1 1.7 7.8 2.0 17.5 1.0 10.5 0.3 0.4
10–20 2.9 10.7 2.3 2.7
20–30 5.1 10.8

Amynthas zoysiae

0–10 0.9 0.1
10–20 4.8 0.8 1.2 1.0
20–30 0.7 0.1

Amynthas wui

0–10 0.1 0.0
10–20
20–30

Amynthas sp.1

0–10 1.5 0.1 1.9 0.1 5.3 0.1 0.7 0.1 1.4 0.2 3.1 0.5
10–20 2.9 0.5 5.8 0.2 24.7 1.6 7.1 1.6 2.3 0.3 0.6 0.7 50.0 50.0
20–30 2.7 0.0 10.5 0.4 17.9 0.6 8.4 0.9 9.8 3.1 22.2 15.5

Amynthas sp.2

0–10 10.5 0.8 2.7 0.2 0.4 0.1
10–20 11.5 1.6 4.2 0.2
20–30 3.1 0.1 1.7 0.1

Amynthas sp.3

0–10 1.3 0.1
10–20 2.9 0.3 0.8 0.1
20–30 3.7 0.1 1.0 4.2 4.5 4.5 2.1 0.8

Amynthas sp.4

0–10 2.4 2.3
10–20 1.0 0.9
20–30

Amynthas sp.5

0–10 19.7 0.9 1.0 0.1 9.1 1.2
10–20 9.5 0.1 2.8 0.1 0.2 0.5 0.9 0.2
20–30 13.3 0.4 0.6 13.4

Amynthas sp.6

0–10 1.4 0.2 0.5 0.0
10–20 1.9 0.2
20–30 0.6 0.0

Amynthas sp.7

0–10 0.6 0.6
10–20 1.9 1.5 0.4 0.1
20–30
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Table A5. Cont.

Species NF RF GL PF AF UC HG
n’ b’ n’ b’ n’ b’ n’ b’ n’ b’ n’ b’ n’ b’

Metapheretima tiencanhensis

0–10 0.3 1.5 4.2 6.8 6.1 2.2 0.9 1.9
10–20 3.9 4.1 1.6 2.5 1.0 1.8
20–30 1.2 3.0 16.7 21.5

Metaphire houlleti

0–10 7.4 10.4 0.3 0.4 3.2 4.5 0.5 1.2
10–20 0.5 0.0 1.3 3.2
20–30 1.1 0.2

Metaphire sp1

0–10 0.1 0.9
10–20
20–30

Polypheretima sp.1

0–10 0.5 1.0 10.5 14.7 0.3 1.4
10–20 1.9 0.9 0.4 0.6 14.3 45.4
20–30 3.1 0.5 1.4 0.3 16.7 28.0 1.0 3.8

Polypheretima taprobanae

0–10 3.9 8.3 4.8 6.8 9.1 8.7 0.5 0.3 0.6 1.8 3.1 3.3
10–20 4.3 1.2 4.5 4.0 4.4 5.4 2.3 3.4 0.7 1.7 1.8 2.9
20–30 1.1 0.6 3.0 3.6 1.7 0.8 0.2 0.7 1.1 12.5 0.6 0.8 1.2 1.4
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Abstract: Increasing tree cover in agricultural lands can contribute to achieving global and national
restoration goals, more so in the drylands where trees play a key role in enhancing both ecosystem and
livelihood resilience of the communities that depend on them. Despite this, drylands are characterized
by low tree survival especially for tree species preferred by local communities. We conducted a study
in arid and semi-arid areas of Kenya and Ethiopia with 1773 households to assess how different tree
planting and management practices influence seedling survival. Using on-farm planned comparisons,
farmers experimented and compared tree survival under different planting and management practices
as well as under varying socioeconomic and biophysical contexts in the two countries. Seedling
survival was monitored at least six months after planting. Results show that watering, manure
application, seedling protection by fencing and planting in a small hole (30 cm diameter and 45 cm
depth) had a significant effect on tree seedling survival in Kenya, while in Ethiopia, mulching,
watering and planting niche were significant to tree survival. Household socioeconomics and farms’
biophysical characteristics such as farm size, education level of the household head, land tenure,
age of the household head had significant effects on seedling survival in both Ethiopia and Kenya
while presence of soil erosion on the farm had a significant effect in Kenya. Soil quality ranking was
positively correlated with tree survival in Ethiopia, regardless of species assessed. Current findings
have confirmed effects of context specific variables some involving intrahousehold socioeconomic
status such education level of the household head, and farm size that influence survival.

Keywords: trees on farm; options by context; on-farm planned comparison; tree seedling survival

1. Introduction

Restoration and avoiding further degradation through tree (re)establishment can be a key pathway
towards achieving the UN’s Sustainable Development Goals if successful restoration efforts can reach
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larger numbers of farmers and hectares over the coming decade. In fact, several global initiatives and
commitments have come up in recognition of the need to intensify restoration efforts. This includes
the UN decade on ecosystem restoration whose goal is to prevent, halt and reverse degradation of
ecosystems by acting as an accelerator for ongoing restoration efforts1; the Bonn Challenge whose
goal is to restore 150 million hectares of degraded and deforested landscapes by 2020 and 350 million
hectares by 20302; and the African Forest Landscape Restoration Initiative (AFR100) in which countries
have committed to restoring 100 million hectares of degraded land in Africa by 20303. Ethiopia and
Kenya have each committed to restore 15 and 5.1 million hectares, respectively, as a contribution to
AFR100 and the Bonn challenge. In addition, Kenya, through its national strategy, aims at achieving
and maintaining over 10% tree cover by 2022 [1].

Achieving the restoration goals outlined in international and national commitments will require
promotion of context-specific land restoration options across diverse social, economic, and biophysical
realities [2–4]. These options will also need to be scaled up and out across the scaling domains [5]. For the
most part, farmers targeted by restoration efforts work in complex, heterogenous and dynamic systems
and, as such, no one single restoration option can suit all [3,4,6,7]. Many factors, both socioeconomic
and biophysical, can affect the suitability and performance of the restoration options at different
scales [8]. These include household characteristics such as farm size, age of the household head as
well as education level and labor availability, farming practices, land degradation status, the policy
environment [5,9] as well as farmer values and preferences [5,6,10,11].

Therefore, to understand which options are suitable, we must be cognizant of the variation
within and between farms, landscapes and communities for all the context variables that might be
important [3]. We must also take into account the goals, values and preferences of the people living on
the land [6,10,11]. It is also imperative to consider the impact of restoration options such as tree planting
on gender dynamics within a household if we are to ensure women, men and the youth benefit from
restoration [10,12–14]. This includes understanding the roles and responsibilities of men and women
in managing natural resources, decision-making within restoration options for example, who decides
what restoration options to take part in and where on the farm these options are implemented.

Tree (re)establishment on agricultural land through natural regeneration or direct planting is
often considered a key approach to restoration in the drylands [15–17]. This is largely driven by the
recognition of the vital role that trees play in enhancing ecosystem and livelihood resilience [18–20].
Trees, for example, provide goods and services such as food and fuel, enhancing soil health, enhancing
biodiversity, opportunities for generating income and contributing to climate change mitigation and
adaptation [21–23]. However, low survival rates of planted trees, especially species highly valued by
farmers, is a major limitation in the drylands [19,20]. This is partly due to unreliable rainfall, high levels
of land degradation resulting in low soil productivity, planting of ecologically unsuitable tree species,
and poor tree seedling management practices [18,19,24].

Understanding what determines tree seedling survival is fundamental to successful tree planting
initiatives. For example, which trees species are suitable for which ecological context, which tree species
farmers prefer, and what management practices increase tree survival in the different agroecological
and socioeconomic conditions. In this paper, we evaluate how tree seedling planting and management
practices influence tree survival across various agroecological conditions and the farmer circumstances
in Ethiopia and Kenya, as well as the effect of socioeconomic and farm characteristics on tree survival.

1 https://www.decadeonrestoration.org/
2 https://www.bonnchallenge.org/
3 https://afr100.org/
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2. Materials and Methods

The study was conducted within the context of a donor-funded project, ‘Restoration of degraded
land for food security and poverty reduction in East Africa and the Sahel: taking success in land
restoration to scale’4, (henceforth referred to as ‘Restoration project’). The project’s goal was to
reduce food insecurity and improve livelihoods of poor people living in African drylands by restoring
degraded land, and returning it to effective and sustainable tree, crop and livestock production, thereby
increasing land profitability and landscape and livelihood resilience. To achieve this, the project
employed a Research in Development (RinD) approach in which research activities are embedded
within development activities [3]. Thus, the activities of the Restoration project were co-located with
those of the Drylands Development Program5, (henceforth referred to as ‘DryDev’), an international
development initiative.

A key aspect of RinD that was implemented by the restoration project, is the use of planned
comparisons, an approach where farmers compare and test promising options, and variations
thereof, in their fields across a varying range of ecological and socioeconomic conditions [3–5,24,25].
Ref. [26] defines planned comparisons as the systematic and deliberate comparison of options where
options refer to what is being done differently to address a particular challenge [25]. The approach
involves engagement of local communities including farmers, researchers, government extension agents,
and development actors in identifying current challenges facing farmers, selecting and prioritizing the
initial set of promising options to be compared, and in monitoring the performance of the options being
compared. Involvement of local communities has an impact on the outcome on whether the options
succeed or fail and, in most cases, local communities are responsible for long-term management of
these options [27,28].

2.1. Site Description

The study was conducted across four woredas in Tigray and Oromia regions in Ethiopia and
across six subcounties in Kitui, Machakos and Makueni counties in Kenya. Specifically, the study
took place in Boset and Gursum woredas in the Oromia region of Ethiopia, Samre and Tsaeda Emba
woredas in the Tigray region of Ethiopia. In Kenya, the study covered Kitui Rural and Mwingi East
subcounties in Kitui, Mwala and Yatta subcounties in Machakos, and Mbooni East and Kibwezi East
subcounties in Makueni counties in the Eastern drylands of Kenya (Figure 1).

All the sites in Ethiopia are classified as semi-arid with annual rainfall ranging from 400 mm
to 800 mm which varies from year to year [29] and are located between 779 m and 1362 m above
sea level. The sites are characterized by low vegetation cover, low soil fertility, high rates of soil
erosion, and recurrent droughts [29,30]. The study area in Kenya is largely arid and semi-arid and
is characterized by highly erratic and unreliable rainfall. Annual average rainfall varies across and
within the three counties. For example, Machakos receives an average of 500 mm to 1250 mm per
annum while Makueni receives 250–400 mm in the lower region and 800–900 mm in the higher regions.
Annual average temperature also varies across the three counties. In Kitui, annual temperatures ranges
from 14–32 ◦C, in Machakos from 14–32 ◦C and in Makueni from 20.2–24 ◦C [31–33].

Agriculture is the dominant land use in all the sites and is characterized by low input subsistence
farming. Main crops grown across the sites in Ethiopia include Eragrostis tef, Triticum, Zea mays and
Sorghum bicolor, while Zea mays, Sorghum bicolor, Pennisetum glaucum, and pulses such as Phaseolus vulgaris
and Vigna unguiculata are commonly grown across the sites in Kenya. The majority of households also
own livestock.

4 http://www.worldagroforestry.org/project/restoration-degraded-land-food-security-and-poverty-reduction-east-africa-
and-sahel-taking

5 http://www.worldagroforestry.org/project/drylands-development-programe-drydev
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Figure 1. Map of the study locations in Ethiopia and Kenya.

2.2. Tree Planting Planned Comparison

The planned comparison on tree planting and management options was set up in response to a
need by local communities in the study area to increase tree seedling survival. They identified tree
planting and management as a learning priority during DryDev’s community visioning and planning
process [34]. Specifically, farmers identified low survival rates of planted trees as a key constraint to
increasing tree cover and expressed interest in learning about planting and management methods that
could increase establishment rates. Thus, the objective of the planned comparison on tree planting was
to understand which planting and management practices can increase tree seedling survival rates for
farmers across the study sites. More so, the practices that conferred the best chance of survival for the
planted tree seedlings.

One thousand seven hundred and seventy-three households in both Kenya and Ethiopia
volunteered to take part in the planned comparison during subsequent stakeholder and community
engagement meetings. They compared the effect of different planting and management practices
on seedling survival. Options compared included: tree species, planting hole sizes, planting with
manure or without, physical protection of seedlings from livestock through spot fencing, and watering
(Table 1). Water availability is a limiting factor for seedling survival in the study sites, thus the options
compared were prioritized to increase the amount of water available to the seedlings after establishment.
For example, digging a bigger planting hole to increase water capture thus increasing the rate of
infiltration. This ensures that seedlings have sufficient water for initial growth and establishment [35].
Furthermore, browsing by livestock is one of the leading causes of seedling mortality.
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Table 1. Options and contexts compared in the tree planting on-farm planned comparisons.

Options Compared

Tree species Categorical variable

Manure Categorical variable with two levels, yes or no

Mulching
Categorical variable with two levels, yes or no
(Mulch: a mix of grass, maize stalk and leaf litter is spread around the base of the
seedling)

Hole size (diameter and depth) Categorical variable with three levels (i) small hole (30 cm by 45 cm); (ii) big hole
(60 cm by 45 cm); (iii) farmer usual hole size (diameter is not equal to 30 cm or 60 cm)

Watering Categorical variable with two levels, yes or no

Watering frequency (Kenya) Categorical variable with five levels (i) daily; (ii) every other day; (iii) weekly; (iv)
bi-weekly; (v) monthly

Watering regime (Ethiopia) Categorical variable with four levels (i) five litres every five days; (ii) five litres every
ten days; (iii) three litres every five days; (iv) three litres every ten days

Fencing Categorical variable with two levels, yes or no
(physical protection of seedlings from livestock)

Pruning Categorical variable with two levels, yes or no

Shading Categorical variable with two levels, yes or no

Planting niche
Categorical variable with six levels, (i) external boundary; (ii) internal boundary; (iii)
scattered in cropland; (iv) woodlot; (v) home compound; (vi) along terraces.
(Planting niche: where on the farm the seedlings are planted)

Contexts Compared

Age of household head Continuous variable

Gender of household head Categorical variable with two levels: (i) male; (ii) female

Education level of the household head Categorical variable with four levels (i) no formal schooling; (ii) primary; (iii)
secondary; (iv) tertiary (college/university/vocational)

Farm size (ha) Continuous variable

Land tenure
Categorical variable with six levels: (i) private through purchase; (ii) private through
customary inheritance; (iii) communal land; (iv) government; (v) settlement scheme;
(vi) leasing

Erosion status Categorical variable with two levels, yes or no. (Erosion status: Farmer experience
with problems of soil erosion on the farm)

Soil quality ranking

Categorical variable with three levels (i) high (Good yields can be obtained without
adding either chemical fertilizer or farmyard manure/compost); (ii) medium (Yields
can be maximized with chemical fertilizer or farmyard manure/compost but fair
yields can be obtained without); (iii) low (very little can grow without significant
addition of chemical fertilizer or farmyard manure/compost). (Soil quality ranking:
Farmer description of soil quality on the farm)

Farmers were trained on the various management options and on setting up the on-farm planned
comparisons during several opportunities, during farmer workshops. This included practical training
on how to set up the options being compared. Farmers had the choice of which option to implement
and compare on their farms on condition of likeness. The number of options tested was subject to
farmer interest and available resources for example if the farmer had access to manure or not. Farmers
also had the choice of where on their farm to plant the seedlings (i.e., planting niche). Seedlings could
be planted across all preferred niches provided variation in the farm characteristics was considered to
ensure seedlings of a similar species were as homogenous as possible.

Implementing partners across the study sites distributed seedlings to farmers subsequent to
training events. Tree seedlings were sourced from different nurseries across the study sites due to the
large number required and the nature of the nursery enterprises in the study area. Seedlings were
delivered potted in 10 cm by 15 cm potting bags and were on average, of good quality with variation
depending on the nursery. The size of the seedlings varied depending on the nursery from which they
were sourced. Farmers planted the seedlings within a week of receiving them.
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In Kenya and Ethiopia, tree species selection was conducted through a consultative stakeholder
engagement process. Twenty tree species were monitored in Ethiopia: Acacia saligna, Azadirachta indica,
Carica papaya, Casimiroa edulis, Citrus sinensis, Coffea arabica, Cordia africana, Faidherbia albida,
Grevillea robusta, Jacaranda mimosifolia, Malus domestica, Mangifera indica, Melia volkensii, Moringa oleifera,
Olea africana, Persea americana, Psidium guajava, Rhamnus prinodes and Vachellia seyal. In Kenya, seven
tree species were monitored: Calliandra calothyrsus, Melia volkensii, Senna siamea, Mangifera indica,
Carica papaya, Azadirachta indica and Moringa oleifera. Farmers planted at least seven seedlings of
each the selected species, applying the various management practices. Some species were planted
exclusively in one woreda or county. For example, Jacaranda mimosifolia was only planted in Gursum
Woreda while Carica papaya and Melia volkensii were exclusively planted in Boset Woreda, and in Kenya,
Calliandra calothyrsus was only planted in Mwala, Machakos County.

2.3. Data Collection and Analysis

Data on tree seedling survival was collected from all households that received and planted tree
seedlings through the project. Only tree seedlings planted as part of the on-farm planned comparisons
were assessed. We assessed seedling survival under different planting and management practices
at least six months after the seedlings were planted as it is widely accepted that the first six months
after planting are most critical for survival as seedlings acclimatize and establish. This was done
using a structured survey questionnaire administered through the Open Data Kit (ODK)6 installed on
mobile phones). Seedling survival was recorded as a categorical variable with two levels: yes or no
represented by dummy variables 1 and 0. To understand men’s and women’s involvement in tree
planting and management thereof, we collected information on the roles and responsibilities of men
and women in decision-making within tree planting interventions.

We used a household survey to collect data on all farmers involved in the project. The survey
included collection of basic socioeconomic and biophysical characteristics of the household and farm.
Household demographic information collected included gender and age of household head, education
level of the household head and household size. Farm characteristics such as farm size and ownership;
soil erosion and control measures, trees on farm including the count, management and utility derived
from the trees; crop and livestock production, climate change, including farmers’ understanding,
experience and response to climate change; and food security were also collected. We also conducted a
tree inventory of the existing tree species within the household including data on species diversity
within farms.

Statistical analysis on survival of planted trees under different planting and management options
was conducted using the R software environment [36] including logistic regression to ascertain
the probability of tree seedling survival under different management practices, and household
socioeconomic and farm characteristics. Variation in the type and magnitude of the effect across the
agroecological conditions represented in the study sites was also examined using a mixed-effect linear
model. Since seedling survival varied highly across the tree species in Kenya, the effect of tree species
was included as a constant in the model for Kenya. As not all practices were employed across the
two countries, only those that were universally employed were compared across both countries in
the results. For example, manure and variation in planting hole size was only assessed in study sites
in Kenya while watering regime, disease, weed and pest control were only assessed in study sites in
Ethiopia. Table 2 shows the number of observations in each option.

6 https://opendatakit.org/
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Table 2. Number of tree seedlings under each option in Kenya and Ethiopia. Where available, a
common name for each species is added in the brackets.

Country Tree Species Fencing Manure Mulch Watering Shade Fertilizer

Ethiopia Acacia saligna 14 - 4 12 - -
Azadiracta indica (Neem) 75 - 62 91 - -
Carica papaya (Papaya) 1 - - -

Casimiroa edulis (White sapote) 5 - 13 19 - -
Citrus sinensis (Sweet orange) 172 - 102 155 - -
Coffea arabica (Arabica coffee) 36 - 35 55 - -

Cordia africana 1 - 1 - -
Faidherbia albida (Apple- ring acacia) 114 - 128 212 - -

Grevillea robusta (Silver oak) 450 - 222 346 - -
Jacaranda mimosifolia 6 - 12 11 - -

Malus domestica (Apple) 1 - 1 - -
Mangifera indica (Mango) 571 - 375 541 - -
Moringa oleifera (Moringa) 154 - 89 129 - -

Olea africana 2 - - -
Persea americana (Avocado) 105 - 42 97 - -
Psidium guajava (Guava) 118 - 100 124 - -

Rhamnus prinoides 111 - 119 191 - -
Vachellia seyal (Shittah tree) 2 - 1 2 - -

Kenya Azadirachta indica (Neem) 899 1533 660 2436 82 8
Calliandra calothyrsus 50 61 29 165 43 2

Carica papaya (Pawpaw) 276 239 162 307 84 -
Mangifera indica (Mango) 2157 4339 1658 6432 618 22

Melia volkensii (Melia) 1113 1812 849 3221 335 -
Moringa oleifera (Moringa) 167 489 113 883 41 9

Senna siamea (Siamese senna) 662 1005 346 1808 59 25

3. Results

Data were collected from 173 households across the sites in Ethiopia in 2017 [37] and 1600
households in Kenya in 2018 [38]. Of these, 71% and 76% surveyed households in Kenya and Ethiopia
were male-headed, respectively. Despite this, it was mostly women (i.e., their spouse) who registered
to join the project and attended the training events. Median farm size was 2.02 Ha in Kenya and ranged
from 0.05 Ha to 3.33 Ha while in Ethiopia, median farm size was 1 Ha and ranged from 0.1 Ha to 8 Ha.
Household head age ranged from 18 years to 80 years in Ethiopia with a median of 40.5 years while in
Kenya the age ranged from 23 years to 97 years with a median of 49 years.

3.1. Overview of Tree Seedling Survival

In Ethiopia, 4224 trees were monitored in 2017 and 17,520 trees were monitored in Kenya in 2018.
Overall, average seedling survival in the two countries varied across the species planted and

agroecological conditions represented in the study sites. In Kenya, Kitui County had the highest
average seedling survival at 53.4% while Machakos and Makueni counties had an average survival
of 32.2% and 43.3%, respectively. The variation in average survival was also observed within each
county. Highest variation was recorded in Makueni County with Mbooni East recording 66.7% survival
compared to Kibwezi East which had survival rate of 33.8%. Comparatively, average seedling survival
was high across all the woredas in Ethiopia. Tsaeda Emba and Boset had the highest average tree
survival at 99% and 93% respectively while Gursum and Samre recorded 84% and 81% survival
of all the trees planted respectively. Variation in average seedling survival was however observed
within each woreda with highest variation recorded in Samre where Bara watershed recorded 95.8%
seedling survival compared to Atami watershed which recorded 72.1% survival. We also found that
different tree species performed better in some areas compared to others despite the broad similarities
in agroecological conditions in Kenya (Figure 2) and Ethiopia (Table 3).
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Figure 2. Boxplot of percentage tree seedling survival across the sites in Kenya (n = 7375 seedlings).
The black horizontal line is the average percentage survival for each species and the gray shaded area
shows the distribution of the data.

Table 3. Percentage seedling survival per species in each site in Ethiopia (number of trees monitored in
each species is added in brackets).

Tree Species Boset Gursum Samre Tsaeda Emba

Acacia saligna 100 (1) 100 (5) 100 (8)
Azadiracta indica 66.7 (125) 85.5 (69)

Carica papaya 100 (1)
Casimiroa edulis 100 (19)
Citrus sinensis 93.8 (160)
Coffea arabica 100 (59)

Cordia africana 100 (1)
Faidherbia albida 100 (1) 100 (215)
Grevillea robusta 93.6 (125) 71.3 (94) 87.7 (285)

Jacaranda mimosifolia 91.7 (12)
Malus domestica 100 (2) 100 (1)
Mangifera indica 94.1 (169) 94.7 (95) 72.5 (280) 99.5 (204)
Melia volkensii 50 (2)

Moringa oleifera 69.2 (156)
Olea africana 100 (8)

Persea americana 97.8 (45) 76.7 (103) 100 (1)
Psidium guajava 91.5 (94) 100 (60)

Rhamnus prinodes 99.5 (200)
Vachellia seyal 100 (2)
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3.2. Effect of Tree Planting and Management Practices on Seedling Survival

Results show that despite influencing average survival, application of manure, watering regime,
planting in a small hole relative to a big hole, and planting along the external boundary had a positive
effect on seedling survival in Kenya (Table 4) while in Ethiopia, mulching, watering and physical
protection were significant (Table 5). The type of effect (whether positive or negative) and magnitude
of effect varied across the practices the sites where they were applied.

Overall, addition of manure increased seedling survival in Kenya by 12% with variation in the
magnitude of effect across and within the counties. For example, we found that seedling survival in
Kitui County increased by 8% with addition of manure while in Machakos and Makueni survival
increased by 6% and 21% respectively. At subcounty level, Mbooni East in Makueni County had the
greatest increase in seedling survival with addition of manure at 18.7%. There was no variation in
the magnitude of the effect of manure at the species level although results of the model show that
application of manure increased survival of all species by 10%. Addition of mulch had a positive effect
on seedling survival and was significant in both Kenya and Ethiopia increasing survival by 5.8% and
5% respectively. Nevertheless, variation in the magnitude of the effect was observed across and within
counties and woredas.

Watering the seedlings had a positive effect on tree survival and was significant in the two
countries. In Kenya, survival increased by 35% when seedlings were watered with variation within and
across the counties. Watering had the greatest effect on survival in Kitui (51% increase) and Makueni
Counties (43% increase), which are considerably drier than Machakos County which recorded 7.5%
increase in survival with watering. In Ethiopia, survival increased by 63% when the seedlings were
watered. Farmers also compared four watering regimes in Ethiopia. They compared watering with
five liters of water every five days, five liters every ten days, three liters every five days, and three
liters every ten days. Our results show that the watering regime employed was not significant as long
the seedlings were watered.

Planting in a small hole relative to a big hole had a negative effect on seedling survival in Kenya
with variation across the counties. The greatest variation was observed in Machakos County where
survival decreased by 21% when seedlings were planted in farmer hole size relative to a big hole.
On the other hand, planting seedlings in a small hole relative to a big hole increased seedling survival
by 12% in Makueni County and decreased survival by 2% and 8% in Machakos and Kitui Counties
respectively. Variation in the effect of the size of planting hole was also observed across the tree species
planted and was significant for Calliandra calothyrsus, Mangifera indica and Melia volkensii. For example,
Mangifera indica had a 41.5% probability of survival when planted in a small hole compared to 45.6%
when planted in a big hole and 39.3% when planted in normal-sized hole.

Physical protection of seedlings (fencing) had a significant effect on seedling survival in Kenya
while in Ethiopia physical seedling protection was not significant. Overall, fencing increased seedling
survival by 7.8% and 5% in Kenya and Ethiopia respectively. Variation in the type and magnitude of
effect was observed across the counties and Woredas. For example, fencing increased survival by 9%
and 15% in Machakos and Makeuni counties respectively and it decreased survival in Kitui County by
5%. On the other hand, survival increased by 8.5% in Boset, 5.3% in Gursum, 23.9% in Samre and by
0.4% in Tsaeda Emba when seedlings were fenced.

Finally, in Kenya, seedlings had a higher probability of survival when planted in woodlots
and along the internal boundary and a lower probability of survival when planted along external
boundaries, home compound and along terraces. In Ethiopia, seedlings had a higher probability of
survival when planted along external boundaries and a lower probability of survival when planted
scattered in cropland. All seedlings planted along terraces recorded 100% survival and, as such,
were excluded from the regression model.
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Table 4. Results of a logistic model on the probability of seedling survival under different planting and
management practices on seedling survival in Kenya. Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’.

Management Practice n Coefficient Standard Error Pr (>|z|) Odds Ratio

Manure application 17,496No −0.495 0.226 0.029 *
Yes 0.466 0.033 <2 × 10−16 *** 1.641

Mulch application 17,496No 0.266 0.235 0.259
Yes 0.233 0.041 1.34 × 10−8 *** 1.263

Watering 17,496
No −1.918 0.220 <2 × 10−16 ***
Yes 1.838 0.069 <2 × 10−16 *** 6.284

Watering frequency 15,231Daily 0.249 0.239 0.296 1.283
Every other day −0.063 0.069 0.363 0.939

Weekly 0.492 0.062 1.71 × 10−15 *** 0.611
Bi-weekly −0.299 0.071 2.68 × 10−5 *** 0.741
Monthly −0.416 0.143 0.004 ** 0.66

Planting hole 17,496Big hole −0.173 0.228 0.448 0.841
Small hole −0.103 0.036 0.004 ** 0.902

Farmer normal hole size −0.046 0.071 0.52 0.955
Physical protection(fencing) 17,496No −0.380 0.235 0.106

Yes 0.405 0.037 <2 × 10−16 *** 1.5
Planting Niche 17,496
Along terraces −0.222 0.211 0.294

External boundary −0.271 0.076 0.000 *** 0.762
Home compound −0.120 0.051 0.019 * 0.886
Internal boundary −0.001 0.059 0.987 1.004

Scattered in cropland −0.114 0.050 0.023 * 0.892
Woodlot 0.087 0.129 0.502 1.094

Table 5. Results of a logistic model on the probability of seedling survival under different planting and
management practices on seedling survival in Ethiopia. Significance codes: 0 ‘***’ 0.001 ‘**’.

Management Practice n Coefficient Standard Error Pr (>|z|) Odds Ratio

Mulch application
2652No 2.414 0.812 0.295

Yes 1.008 0.14 6.18 × 10−13 *** 2.739
Watering

2680No −0.588 1.213 0.628
Yes 5.021 0.366 <2 × 10−16 *** 151.608

Watering regime
2070Five liters every five days 3.447 1.028 0.001 ***

Five liters every ten days −0.004 0.277 0.990 0.996
Three liters every five days −0.210 0.219 0.339 0.811
Three liters every ten days −0.121 0.274 0.659 0.886
Physical protection (fencing)

2854No 2.202 0.842 0.009 **
Yes 0.831 0.175 2 × 10−6 *** 2.296

Planting Niche
2695External boundary 3.065 0.844 0.000 *** 21.432

Home compound 0.591 0.391 0.131 1.806
Internal boundary −0.538 0.359 0.134 1.713

Scattered in cropland −0.623 0.422 0.140 1.864
Woodlot −0.604 0.401 0.132 1.829
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3.3. Options that Conferred the Best Chance of Survival for Planted Seedlings

To assess the planting and management options that conferred the best chance of survival, we
calculated the survival rate of tree species planted using a combination of the options tested (Table 6).

Table 6. Description of options derived from a combination of those tested in Kenya.

Options Planting
Hole Manure Quantity (kg) Mulching Watering Observations

Option 1 Small* 2 No No 32
Option 2 Small* 2 No Yes 630
Option 3 Small* 2 Yes No 26
Option 4 Small* 2 Yes Yes 298
Option 5 Small* 0 Yes No 34
Option 6 Small* 0 Yes Yes 516
Option 7 Big** 4 No No 19
Option 8 Big** 4 No Yes 170
Option 9 Big** 4 Yes No 7

Option 10 Big** 4 Yes Yes 123
Option 11 Big** 0 Yes No 20
Option 12 Big** 0 Yes Yes 554

Option 0 (Farmer’s
practice) Other*** Other No/Yes No/Yes 15,088

Total 17,517

Small* = 30 cm diameter × 45 cm depth; Big** = 60 cm diameter × 45 cm depth; Other*** = Common hole sizes.

In Kenya, seedlings planted in a big hole with 4 kg of manure and mulch had the highest survival
at 47% while those planted in a small hole with 2 kg of manure and mulch had a survival of 36.1%.
Variation in percentage survival was observed across the species planted (Figure 3). For example,
Azadirachta indica recorded higher survival when planted in a small hole with addition of mulch and
two kilograms of manure while Moringa oleifera recorded higher survival when planted in a big hole
with watering and addition of mulch. In Ethiopia, almost all combinations of the options conferred
at least 90% chance of survival for the planted seedlings. However, seedlings that were not watered
but were applied mulch and controlled for weed recorded the least survival at 44%. This is consistent
with the results of the statistical analysis where watering and watering regime were found to have a
positive effect on survival of seedlings in Ethiopia.

3.4. Effect of the Household Socioeconomic Characteristics on Tree Survival

We assessed, using the household survey data, the effect of age and education level of the
household head, land tenure, soil quality ranking (farmers ranked the quality of soil on their farm as
either low, medium or high) and long-term experience with farms’ soil erosion problems on seedling
survival. In Kenya, our results showed that that there was a significant relationship between age and
education level of the household head and seedling survival as well as between farm size, the type of
land tenure and whether the farmer experienced soil erosion on their farm (Table 7). Variation was
observed across the sites, for instance, in Mwingi Central, seedlings had a 59.3% probability of survival
when farmers described their soil quality as high compared to 47% when soil quality was ranked as low.
In Kitui Rural however, seedlings had a higher probability of survival when farmers ranked their soil
quality as low suggesting that the low soil quality rating was overcome by the management strategy.
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Figure 3. Performance of tree species against different combination of options that were tested in Kenya.
Combinations presented here are described in Table 6.

Table 7. Results of the chi square test for a relationship between seedling survival and socioeconomic
characteristics of a household and biophysical characteristics of the farm in Kenya. Significance levels:
1% ‘***’ 5% ‘**’.

Variables Seedling Survival
(yes = 1) n Chi Square

Value p Value Cramer’s V Relationship

Farm size 17,517 235.34 *** 0.000 0.12 weak
≤2 Ha 3145 (36%)
>2 Ha 4239 (47%)

Age category 17,517 50.95 *** 0.000 0.05 Very weak
<35 years 518 (40%)

36–64 years 5833 (44%)
>65 years 1033 (37%)

Education level 15,723 59.84 *** 0.000 0.06 Very weak
No formal
education 580 (40%)

Primary education 4117 (44%)
Secondary
education 1484 (38%)

Tertiary education 437 (49%)
Land tenure 16,009 94.83 *** 0.000 0.08 Very weak
Title deed/ 4841 (43%)

Allotment/leasehold 1345 (35%)
Others 501 (48%)
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Table 7. Cont.

Variables Seedling Survival
(yes = 1) n Chi Square

Value p Value Cramer’s V Relationship

Soil quality 16,740 8.55 ** 0.014 0.02 Very weak
High 1166 (44%)
Low 1590 (42%)

Medium 4262 (41%)
Erosion 16,740 10.89 *** 0.001 0.03 Very weak

No 2372 (40%)
Yes 4646 (43%)

In Ethiopia, farm size and soil quality ranking had a significant relationship with seedling variation
survival (Table 8). As soil quality ranking increased so did the likelihood of tree seedling survival
(soil quality was ranked by the farmer as either low, medium or high).

Table 8. Results of the chi square test for a relationship between seedling survival and socioeconomic
characteristics of a household and biophysical characteristics of the farm in Ethiopia. Significance
levels: 1% ‘***’ 5% ‘**’ 10% ‘*’.

Variables Seedling Survival
(yes = 1) n Chi Square

Value p Value Cramer’s V Relationship

Farm size 2854 22.72 *** 0.000 0.09 Very weak
<=2 Ha 980 (86%)
>2 Ha 1562 (91%)

Age category 2854 5.77 * 0.056 0.05 Very weak
<35 years 955 (88%)

36–64 years 1234 (89%)
>65 years 303 (93%)

Education level 2710 9.58 ** 0.022 0.06 Very weak
No formal
education 1079 (87%)

Primary education 1152 (91%)
Secondary
education 176 (86%)

Tertiary education 7 (78%)
Soil quality 2710 68.72 *** 0.000 0.16 weak

High 17 (44%)
Low 516 (42%)

Medium 1986 (41%)

Variation in the effect of socioeconomic and biophysical variables was observed across the woredas.
For example, increasing farm size decreased tree seedling survival in all woredas except Gursum
which had increased tree survival with increased farm size.

3.5. Gendered Management and Use of Trees

In Kenya, analysis around intrahousehold decision-making over participation in the comparisons
and division of labor in the management of trees was also conducted. The decision to get involved
in the tree planting planned comparison was made by 94% of women respondents in female-headed
households, 70% of women respondents in male-headed households and 70% of men respondents in
female-headed and male-headed households respectively. A similar trend was observed in who was
involved in deciding which tree species to plant and where on the farm to plant the trees.

We also wanted to understand the division of labor when managing the planted trees as,
traditionally, men and women tend to have differing roles as well as areas of influence when it comes
to tree planting [39,40]. Our results show that women-only labor was commonly used for adding
mulch (44%), watering (42%), and adding manure (40%) compared to men-only labor, which was used
for planting trees, fencing and pruning (Table 9).
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Table 9. Gender of those involved in various management activities associated with tree planting.

N * Male Labor
Only (%)

Male and Female
Labor (%)

Female Labor
Only (%)

Activities associated with tree planting

Planting trees 1233 40 26 34
Adding manure 1064 34 26 40

Watering 1207 28 30 42
Fencing 668 50 16 33

Mulching 642 33 22 44
Pruning 613 52 16 32

* Differences in number of observations is due to “other” having been selected for those involved or households not
being involved in certain activities

We also assessed if farmers were likely to invest in tree planting, which species they would
consider for future planting among the surveyed households and how many seedlings they would
plant. Results show that 74% of women respondents in female-headed households, 75% of women
respondents in male-headed households, 77% of men respondents in female headed households and
75% of men respondents in male-headed households would consider planting additional trees in
future. In terms of species consideration, Mangifera indica was the most considered species for future
planting by 64% of all the surveyed households. Other species considered were Melia volkensii (24%),
Carica papaya (21%), Senna siamea (20%) and Azadirachta indica (16%). Additional analysis revealed no
major differences in the tree species desired for future planting between women and men respondents
(Figure 4). We however found variation in the overall number of seedlings considered between female
headed and male headed households. The maximum number of tree seedlings considered for future
planting by respondents from male headed households (1000 seedlings) was twice that of respondents
from female headed households (500 seedlings).

Figure 4. Species considered for future planting in female headed and male headed households by more
than one percent of the surveyed households (n = 644 female respondents and 325 male respondents).
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4. Discussion

The survival rate of tree seedlings in drylands is characteristically low partly due to unreliable
rainfall, high levels of land degradation resulting in low soil productivity, planting of ecologically
unsuitable tree species, and poor tree seedling management practices [18–20]. While planting and
management practices employed can have a positive or negative effect on tree survival, the use of
these practices is usually determined by knowledge, needs, perceptions and, availability and access to
resources the communities implementing them [41]. The results show that planting and management
practices such as watering and watering regime, manure application and seedling protection by fencing
had a significant effect on tree seedling survival.

However, the type of effect (whether positive or negative) as well as the magnitude of this effect
varied depending on the sites in which they were employed. Variation in average tree survival
was also observed across tree species under the planting and management practices. For example,
Mangifera indica recorded higher average survival when planted in a big hole in all the study sites
in Kenya while Melia volkensii recorded higher survival when planted with smaller hole size (30 cm
diameter by 45 cm depth). Water availability is a limiting factor to seedling survival especially in arid
and semi-arid areas and the size of the planting hole can influence the water holding capacity. Bigger
planting holes retain more water compared to smaller planting holes [35]. However, tree species have
differing watering and management requirements. Additional discussion with farmers revealed that
tree species such as Melia volkensii which are indigenous to arid and semi-arid areas are sensitive to
waterlogging especially when young [42] and perform better when planted in smaller planting holes,
while fruit trees such as Mangifera indica have a higher water requirement and perform better when
planted in bigger planting holes.

That average seedling survival was higher when seedlings were physically protected from
livestock across all the study sites in Kenya and Ethiopia was expected as browsing by livestock
was reported as a key cause of seedling mortality across the study area. It is also consistent with
findings by [43,44] who in their studies, found seedling survival rate was higher in the fenced plots
compared to those not fenced. Farmers across the study sites used makeshift fences made up of
twigs, old mosquito nets and old clothes. In some cases, seedlings whose tip had been previously
browsed off, regenerated. The observed differences in the significance of seedling protection between
Kenya and Ethiopia can partly be attributed to the varying grazing practices across the two countries.
In Ethiopia, farmers practice communal grazing with designated grazing areas and as such is easier to
protect seedlings planted. In contrast, grazing in Kenya is at the discretion of individual farmers with
many letting their livestock roam in the homestead especially during the dry season when access to
fodder is limited. This is not to mean that browsing by livestock is not a threat to seedling survival in
Ethiopia. In fact, Ref. [45] found that browsing by livestock deterred farmers in Ethiopia from adopting
high-value agroforestry.

Furthermore, seedling source plays a key role in the viability of planting material and is often
overlooked in tree planting campaigns [28]. This is because seedling stage is considered the most
sensitive stage in the lifecycle of trees and seedling care from early establishment is critical to
survival [35,46]. Tree seedlings distributed to farmers were sourced from different nurseries across the
study sites due to the large number of seedlings required and the structure of nursery enterprises in
the area, that is, most nurseries are smallholder owned and run. As a result, the quality of seedlings
varied depending on the nursery from which the seedlings were sourced.

Results also revealed a relationship between the household’s socioeconomic characteristics and
the survival of the planted seedlings in both Kenya and Ethiopia. The strength of that relationship
was however either weak or very weak suggesting while farmer circumstances can influence the
odds of survival of planted seedlings, they are not, on their own, determining factors for seedling
survival. Instead, they interact with other factors for example the agroecological conditions prevalent
in the locality. They also enhance or limit access to resources such as knowledge, manure and water,
which were found to significantly increase the chances of survival for seedlings. Our study also
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found variation in the effect of both biophysical characteristics of the farm such as erosion status
and soil quality and socioeconomic characteristic of the household at both national and local scale.
For example, seedlings had a higher likelihood of survival when farmers described the soil quality
as high across most of the study areas in the two countries. This was expected as high soil quality
means that the soil has the requisite nutrients to support plant growth. However, in Kitui Rural within
Kitui County, seedlings had a higher likelihood of survival when farmers described their soil quality
as low. This suggests that farmers who considered their soil quality low were perhaps investing more
in use of external inputs such as manure to improve their overall soil quality compared to farmers
who considered the quality of their soil as high. This thus calls for quantitative analyses on seedling
survival to be combined with in-depth qualitative work to understand the reason behind the variation
across study sites.

Our results also revealed variation in survival among farmers within the same locality and
farmer circumstances implying that some farmers have better experience growing and managing trees
compared to their neighbors [22]. This can perhaps be explained by inherent local knowledge that has
shaped how they grow and manage their trees necessitating the need for complementarity between
scientific knowledge and local knowledge if good practices around tree growing that are suited to local
agroecological conditions and farmer circumstance are to be identified and shared [22].

Our findings on the role of men and women in tree planting and management activities show
that men-only labor was predominantly used for management activities such as pruning and fencing
while women-only labor was mostly used for watering, adding manure and adding mulch. This was
consistent with findings from [47], who found that traditionally women were discouraged from taking
part in activities such as fencing and pruning as they were considered strenuous. The results were
also consistent with previous studies that found that where both men and women were involved
in tree management, women tended to be involved in the initial stages of tree establishment [13,39].
This suggests that existing customs and traditions influence the role that both men and women play in
managing natural resources and as such tree planting.

We also found very little difference in tree species preferred for future planting between respondents
from female-headed households and those from male-headed households in Kenya. However, there
was variation in the total number of seedlings to be planted with respondents from male-headed
households willing to plant twice the number of seedlings planted by respondents from female-headed
households. This could partly be explained by differences in access to capital needed to purchase
seedlings, labor availability and farm size between male-headed and female-headed households. These
results are also consistent with the study by [48] who found that female-headed households tended
to plant half the number of trees and/or shrubs planted by male-headed households and attributed
the difference to variation in farm size. Tree species that are commonly found in households across
the study sites were mostly preferred. Furthermore, species compared by farmers in the study were
the top preferred species for future planting among the surveyed households. This suggests that
farmers prioritize tree species whose survival they can assure based on their local knowledge and past
experience with the tree species, species whose availability they are sure of, the value they attach to the
tree species and species for which there is an already established market or demand [22].

5. Conclusions

Tree planting can have a positive effect on the environment as well as on the social-economic
realities of farmers if seedlings are managed ensuring survival to maturity. However, to scale successful
tree planting efforts, context-specific variables should be considered as they can impact the survival of
planting seedlings either positively or negatively. Our study found that planting seedlings with manure,
watering them and protecting them from physical harm significantly increased the probability of
survival in Kenya while in Ethiopia, watering, the planting niche and protection from harm significantly
increased the probability of survival. Our findings show that tree planting and management practices
such as application of manure, mulch and fencing can significantly increase survival indicating the
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need to not only invest in such practices but also in continuous engagement and training with farmers
and local community on how to implement the practices on their farms.

We also show that socioeconomic characteristics of the household as well as the biophysical
characteristics of the farm can enhance or hinder tree seedling survival. That variation in both the
type and magnitude of effect on seedling survival was recorded in most of the assessed socioeconomic
variables across the study sites indicates the need to understand and be cognizant of the local
agroecological conditions and the farmer circumstances in which these practices are employed. Results
also show the need to consider the different role men and women play in tree planting including in the
management and use of the planted trees as this can have an influence on practices that are feasible for
different farmers. Finally, we show the need to consider the priorities and interests of farmers as well
as the inherent local knowledge especially when it comes to the species preferred as well as the need
for training on additional beneficial species for planting.
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Abstract: Tree root systems stabilize hillslopes and riverbanks, reducing landslide risk, but related data
for the humid tropics are scarce. We tested fractal allometry hypotheses on differences in the vertical
and horizontal distribution of roots of trees commonly found in agroforestry systems and on shear
strength of soil in relation to root length density in the topsoil. Proximal roots of 685 trees (55 species;
4–20 cm stem diameter at breast height, dbh) were observed across six landscapes in Indonesia.
The Index of Root Anchoring (IRA) and the Index of Root Binding (IRB) were calculated as ΣDv

2/dbh2

and as ΣDh
2/dbh2, respectively, where Dv and Dh are the diameters of vertical (angle > 45◦) and

horizontal (angle < 45◦) proximal roots. High IRA values (>1.0) were observed in coffee and several
common shade trees. Common fruit trees in coffee agroforestry had low medium values, indicating
modest ‘soil anchoring’. Where root length density (Lrv) in the topsoil is less than 10 km m−3 shear
strength largely depends on texture; for Lrv > 10 shear strength was > 1.5 kg m−2 at the texture tested.
In conclusion, a mix of tree species with deep roots and grasses with intense fine roots provides the
highest hillslope and riverbank stability.

Keywords: coffee; fruit trees; index of root anchoring; slope stability; soil shear strength; root length
density; root tensile strength

1. Introduction

Watersheds usually provide water but occasionally they generate mudflows. Intense seasonal
precipitation during monsoons in mountainous watersheds can trigger landslides, debris flows,
and flash floods. On steep slopes, landslides can destroy houses, villages, or any vegetation encountered
in the downhill path. Soil and debris flow can also be a major contributor of sediment load in the
river systems. Extreme rainfall events generate shallow slope failures by elevating pore pressures and
decreasing effective stress, but numerous site-specific factors, such as preferential hydrologic flow
paths, slope steepness, soil thickness, and existing plants root systems influence the potential for slope
instability [1,2]. Agroforestry can reduce risks by having appropriate trees (species, age, diversity,
management) at strategic locations at hillslope and landscape scale [3]. Higher plant diversity was
found [4] to enhance soil stability in disturbed alpine ecosystems.

Shear strength is a term used in soil mechanics to describe the resistance against structural failure,
or the magnitude of the shear stress that a soil can sustain before submitting to a sliding failure along a
plane that is parallel to the direction of the force. The shear resistance of soil is a result of friction and
interlocking of particles, and possibly cementation or bonding at particle contacts, strengthened by
roots depending on their tensile strength. Tensile strength is a measure of the force required to pull
something such as rope, wire, or a structural beam to the point where it breaks. Soil shear strength of
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rooted soil sr exceeds that of unrooted soil s according to sr = s+1.2
∑

Ta, where Ta it the tensile strength
per unit cross-sectional area of all roots at the plane sheared. The factor 1.2 is an approximation derived
for common slope angles [5]. A review of experimental methods and procedures to test root-strength
and rooted-soil shear-strength behavior, focused on obtaining data to parameterize root reinforcement
models. [6]. Common methods either determine the tensile strength of individual roots by loading the
root in a pulling device until it breaks or determine the shear-strength of rooted soil in comparison to
non-rooted soil in a Coulomb-type shear-box test. Laboratory shear-box tests encounter a difficulty in
that the roots are not generally fixed or constrained at the base of the shear-box and are pulled rather
than break.

The mechanics of ‘failure’ are broadly understood in terms of weight of the (wet) soil plus
vegetation, slope, and critical soil shear strength. A higher soil clay content and lower water content
lead to higher soil shear strength [7–9]. Intensifying soil management after forest conversion can
lead to soil compaction meaning lower pore space and soil infiltration, enhancing shear strength
and overland flow; along with a reduction of the weight of the vegetation such changes can reduce
the chances of slope failure with time after forest conversion [10]. However, loss of ‘root anchoring’
associated with gradual decay of tree roots in the first few years after conversion will enhance the risk of
landslides [11,12]. Conversion affecting only part of a hill slope, e.g., by road construction, can modify
subsurface flows, leading to concentrated flows and locally enhanced landslide risk. The deepest and
most destructive landslides, however, may be hardly influenced by vegetation. Still, a combination
of deep-rooted trees for anchoring and shallow rooted grass (for stabilizing topsoil) is hypothesized
to stabilize slopes prone to mass movement. At least four system levels are involved: the vegetation
(species, stem diameters, spatial distribution of trees), the distribution of roots of an individual tree
over the soil profile (shoot/root allometry, vertical root distribution), the effects of root length density
on soil shear strength throughout the profile (it is the weakest plane on which the soil will shear),
and the tensile strength of roots determining when individual roots will break. Most studies focus on
only part of this range of scales.

Several studies on how woody species, mostly planted forests, influence slope stability have been
reported in temperate areas such as Alaska [13,14], Canada [15], China [16–18], New Zealand [19],
Australia [20], and the Mediterranean region [21,22]. A study in Australia [23] quantified increases in
soil strength due to root reinforcement, on the basis of root strength, interface friction between the roots
and the soil, and the distribution of roots within the soil for two common riparian species: river red
gum (Eucalyptus camaldulensis) and swamp paperbark (Melaleuca ericifolia). They found that interspecies
differences in the strength of living roots had less significance for bank reinforcement than interspecies
differences in root distribution. A study in New Zealand found that shear strength contributions per
tree did not differ between the native kanuka tree (Kunzea ericoides) and the species replacing it (Pinus
radiata) on hillslopes prone to storm-generated land sliding, but higher stand density explained a slope
protection advantage of the native vegetation [24]. A comparison between 9, 20, and 30-year-old stands
of Cryptomeria japonica stands in China found that root density was highest in the 9-year-old stand,
but that root tensile strength was lowest at this stage. As older stands had been thinned, however,
the 9-year old stands contributed most to slope stability [25]. A study in Italy with three local shrub
species found that these complement each other in different parts of the landscape in stabilizing steep
hillslopes which are seasonally affected by storm-induced shallow landslides, by anchoring into the soil
mantle. Root tensile force, at which a root breaks, increased with increasing root diameter, but tensile
strength (per unit cross-sectional area) decreased with increasing root diameter following a power law
curve [26]. Other studies found that when root distribution has a wide range of diameters, the root
reinforcement results are controlled by large roots, which hold much more force than small roots [27].

Measurements from tropical vegetation, with higher tree diversity, on shear strength in relation to
tree properties are scarce, however [28]. Interspecific variation in root strength in the tropics remains
largely undescribed, with the exception of a study in southern Thailand [29] that compared roots of
seven tree species in their effects on slope stabilization in the context of biotechnical slope protection.
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The coarse root system of trees may differ in mixtures from that in monocultures [30], with shorter,
more dense roots in focal trees growing with conspecific neighbors. A three-dimensional view on tree
coarse roots is needed to verify this [31].

The mechanical effect of root systems in enhancing soil stability is based on at least three
mechanisms [32]: (a) fine root systems in the surface layers bind soil particle strongly increasing
cohesion [33]; through the more stable soil structure they reduce the entrainment of soil particles in
overland flow of water; (b) the tensile strength of roots in the surface layers enhance shear strength and
the risks that small blocks of soil break away on river banks, roadsides, gullies, or natural channels;
(c) deep tree root systems support tree trunks and act as an anchor to the soil [34] resulting in a
high root resistance to storm force and reducing the chance that larger soil masses are flushed away
once channels are formed. Depending on the relative importance of those mechanisms, the choice
of vegetation and its associated rooting pattern can influence slope stability. The susceptibility of
cut slopes to land sliding can under certain circumstances be increased rather than reduced by the
establishment of a vegetation cover, if the increase in infiltration rate offsets the mechanical benefits of
soil reinforcement by roots.

Not all tree roots are the same. A study of 10 European perennials [35] found that root
tensile strength–diameter relationships depend strongly on taxa. Root characteristics including root
length density, diameter, lignin, and polyphenolic content are known to affect the soil cohesion [36].
Lignin content of wood is the primary determinant of strength, but also affects the rate of
decomposition [18]. The role of polyphenolics and protein (linked to N content) is less clear in
root strength, but these factors certainly influence the rate of decomposition and hence decay rate of
strength of dead roots [37–39]. Root tensile strength, which is supposedly an intrinsic property that
does not depend on the dimensions of the test specimen, can increase with decreasing root diameter,
associated with a higher percentage of cellulose [40]. While trees differ in their spatial distribution of
woody roots over the soil profile, their branching pattern generally adheres to fractal branching rules
and allometric relations on the basis of proximal root diameters at the stem base can be used to predict
total size of a root system, similar to the allometric equations that relate aboveground biomass to stem
diameter [41,42].

Scaling up from a bundle of roots to tree stands [43] needs to consider counteracting processes.
Tree roots not only influence tensile strength that reduces, but also infiltration and subsurface flows
that contribute to landslide risk [44]. In the context of a broad evaluation of the role of agroforestry in
maintaining or restoring watershed functions in the humid tropics [45], we tested hypotheses at four
scales (individual) woody roots, rooted volumes of soil, tree root systems, and riparian vegetation:

1. The critical load where individual roots break is related to the root’s lignin content,
2. The shear strength of a volume of soil increases proportionally to the number and strength of

individual roots,
3. With a similar overall ratio of woody root to stem cross sectional area, there are consistent

differences between tree species in root development in the topsoil and at depth, that contribute
to differences in soil binding and soil anchoring, respectively,

4. Differences in the distribution of tree roots between species can be used to reduce landslide risks
in the context of productive coffee agroforestry systems.

2. Materials and Methods

2.1. Location

The research was carried out in six sites: (a) Waybesai watershed, Sumberjaya (W. Lampung),
(b) Ciherang and Cibadak sub-watershed, Sentul (West Java), (c) Kalikonto sub-watershed, Pujon and
Ngantang-Malang (East java), (d) the UB-forest on the slopes of the Arjuna mountain (Malang),
(e) Bangsri watershed Wajak-Malang (East java), (f) Upper Bedadung watershed, Jember, (East Java)
(Figure 1 and Table 1). The measurements were performed in three steps: (a) individual root strength
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in relation to root properties; (b) root length density in relation to soil shear strength in the surface
layer in Sumberjaya, West Lampung; (c) inventory of the potential of tree root systems as an anchor to
maintain hillslope and river bank stability in all six sites.
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Table 1. Geoposition and characteristics of five study sites.

Watershed and
Time of Study Geoposition Altitude, m above

Sea Level
Annual

Rainfall, mm Soil Type Main Tree Crops

Way Besai, Sumber
Jaya, West Lampung,

(2005–2006)

5◦01′29.9”–5◦02′34.2” S,
104◦25′46.5”–104◦26′51.4” E 700–1700 2500–2614 Inceptisol and

Andisols

Coffea, Gliricidia,
Persea, Durio,

Artocarpus, Aleurites
Ciherang and

Cibadak
sub-watershed,
Sentul Bogor,

West Java (2007)

6◦35′37”–6◦35′29” S,
106◦54′58”–106◦55′47” E 1529 4000 Inceptisol Maesopsis, Pangium,

Eugenia, Sandoricum

Kali Konto
sub-watershed

(Pujon and Ngantang
village), Malang,

East Java (2006–2007)

7◦46′03”–7◦56′54” S,
112◦19′20”–112◦29′55” E. 1150 1797–3151 Inceptisol

Coffea, Durio, Persea,
Gliricidia, Pinus,
Maesopsis, Toona,

Agathis

Kalisari
sub-watershed

(UB Forest), Malang,
East Java (2019)

7◦49′30”–7◦51′36” S,
112◦34′38”–112◦36′53” E 900–1300 2005 Inceptisol,

Andisol

Pinus, Swietenia,
Coffea, Gliricidia,

Calliandra, Hibiscus,
Parkia, Toona,

Erythrina
Bangsri

sub-watershed,
Wajak, Malang, East

Java (2018)

8◦7′29”–8◦7′32” S,
112◦47′30”–112◦48′30” E 660–720 2220–2314 Inceptisol,

Entisol

Persea, Durio,
Paraserianthes,

Swietenia, Pinus,
Michelia

Upper Bedadung
watershed, Jember,

East Java (2006)

7◦59′66”–8◦33′56” S,
113◦19′–114◦02′30” E, 300–3000 2699 Inceptisol and

Andisols

Coffea, Leucaena,
Swietenia, Hevea,

Ochroma,

2.2. Individual Root Strength in Relation to Root Properties

Root strength, the tensile force per unit area of root needed to break the root, was measured by
clamping a weight onto a vertically hanging root and increasing the downward force until rupture.
A tensile strength apparatus [46,47] was developed locally. Five tree species (all 5 years old) were
selected for this study: mahogany (Swietenia mahogani), gmelina (Gmelina arborea), suren (Toona sureni),
coffee (Coffea canephora), and bamboo (Bambusa arundinacea). Root samples were collected from three
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trees of each species from farmers’ plots in Singosari village (Malang). Fresh roots with a length of
about 25 cm and a diameter of close to 2 mm were placed in the tensile strength apparatus. The mean
of six replicate root measurements of the force required to shear the root was used as indicator of
root strength. A composite dry root sample of about 10 g from each species was used for analysis
of chemical root characteristics: total carbon content C measured with the wet oxidation method of
Walkley and Black [48], total nitrogen content (N) measured using the Kjeldahl distillation method,
concentration of lignin by boiling plant sample with a sulfuric acid solution of Cetrimethyl Ammonium
Bromide (CTAB) under controlled temperature [49], and polyphenolics by extracting plant tissues with
methanol and subsequently colorimetrically measuring absorbance at a wavelength of 760 nm by the
Folin–Denis method [50].

2.3. Role of Root Length Density in Soil Shear Strength

Roots add shear strength to soil when the root network penetrates a potential failure surface.
The amount of tensile root force contributed to a potential slide mass should increase with increasing
area of root intersection. Hence, we explored how soil shear strength was related to the root length
density (Lrv) at different distances to tree trunks. Tree roots can increase the shear strength of shallow
soils through mechanical reinforcement [9].

Measurement on tree root length density was done in two study sites, focused on coffee
(Coffea canephora) and shade tree species commonly grown in coffee agroforestry system of each
site. In Sumberjaya, root measurements thus included coffee (Coffea canephora), Gliricidia sepium
(‘kayu hujan’), Maesopsis eminii (‘pohon afrika’), Artocarpus heterophyllus (jackfruit), and Bambusa
arundinacea (bamboo), and mixed ‘fallow vegetation’ (dominated by Trema orientalis and Melastoma;
local names are, respectively, ‘anggrung’ and ‘harendong’) and the edges of rice fields. In Malang,
the measurement was performed on five tree species i.e., Coffea canephora (coffee) and Bambusa
arundinacea (bamboo), Swietenia mahogany (mahogany), Gmelina arborea (gmelina), Toona sureni (suren).
The trees selected for measurements were 5 years old, with three replications.

Soil and root samples were taken using two PVC rings of 5 cm height and 10 cm in diameter,
temporarily connected, for measuring soil shear strength (Figure 2; [51]), and subsequently root length
density. Soil and root samples were taken from the topsoil layer of 0–10 cm, at different distances
to trees i.e., 50, 100, 150, 200 cm to obtain variation in root length density. For rice, samples were
taken along a bund at 0–5 cm soil depth. Soil shear strength was measured by holding the lower
and pulling the upper ring, recording the weight that had to be added to cause a break between
the two rings. Soil texture and soil bulk density were measured in these same samples using the
pipette and gravimetric technique. Subsequently, roots were separated from the soil by wet sieving.
Roots of selected trees were separated from other roots of different crops. Root length density (Lrv)
was measured using the line intersect method [52] on washed soil samples. Root samples were dried
in the oven at 80 ◦C for 48 h to estimate their dry weight (Drv). The GENSTAT 8.0 software [53] was
used to carry out ANOVA (analysis of variance) including a t-test to separate means.
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Figure 2. Taking soil samples in the study site in a double ring and measuring soil shear resistance by
increasing the pull by adding water to a bucket until the upper ring moves.

2.4. Inventory of Potential Tree Root System as an Anchor to Maintain Slope and Riverbank Stability

At each of the six sites saplings (<5 cm dbh) and trees (>5 cm dbh) of common trees species
were selected in multistrata coffee and other agroforestry systems, with a minimum age of 5 years
(according to local farmer assessment). High economic value trees were prioritized for the observations
and compared to bush fallow vegetation. Proximal roots (close to the tree stem) were exposed [41],
with their diameter measured at 20–30 from the trunk, classified as either ‘horizontal’ or ‘vertical’
(using an angle of 45◦ as threshold; Figure 3). Two root indices were calculated i.e., Index of Root
Anchoring (IRA) and Index of Root Binding of Soil (IRB). IRA was calculated as ΣDv

2/dbh2 where dbh
is tree diameter at breast height (1.3 m height) and Dv is the diameter of vertical roots [54,55]; IRB was
calculated as ΣDh

2/dbh2, where Dh is diameter of horizontal roots. Some vertical roots were sampled
for measurement of wood density, lignin content, and polyphenolic content using the same method as
described in Section 2.2.
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Figure 3. Schematic diagram of the distribution of proximal roots [41]; horizontal (H) roots descend at
an angle of <45◦, vertical (V) roots descend at an angle of >45◦; D = root diameter; dbh = diameter at
breast height.

3. Results

3.1. Individual Root Strength in Relation to Root Properties

Tree roots of approximately 2 mm in diameter (fine roots) were found to break when a weight
of 2–15 kg was applied, which corresponds with 64–478 kPa (kg cm−2) or 0.06−0.48 MPa of root
tensile strength. There was considerable variation in lignin content of the roots (13–30%, with high
contents in mahogany and coffee; Table 2) and this was associated with root tensile strength (Figure 4A).
About 70% of the variation in root strength was associated with variation in lignin content. The ratio
of (Lignin + Polyphenol)/N that generally associate with decomposition rate [38] had less predictive
power on root strength than lignin content alone. A multiple regression shows that root strength was
positively related with the N content, but negatively with the polyphenol content, with about 80% of
variation accounted for (Figure 4B).

Table 2. Chemical characteristics of tree root system.

Litter Type N (%) L (%) P (%) L/N P/N (L + P)/N

Mahogany 0.6 29.2 26.4 45.0 40.7 85.7
Toona 1.2 18.9 7.7 16.4 6.7 23.1

Gmelina 1.3 13.5 8.1 10.1 6.0 16.1
Coffea 5.4 20.1 5.4 3.7 1.0 4.7

Bamboo 1.0 16.0 1.6 16.5 1.6 18.2

N: total nitrogen content, L: lignin content, P: polyphenol content.
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content L, nitrogen content N, and polyphenol content P.

3.2. Tree Root Length Density (Lrv)

Figure 5A shows root length density, Lrv (km m−3) in the topsoil layer of 0–10 cm for different tree
species with ages of 3, 5, and 7 years old. The average Lrv for coffee, Gliricidia, Maesopsis, and Artocarpus
was 2.9, 1.4, 2.7, and 1.7 km m−3, respectively. Statistical analysis revealed a significant (p < 0.05)
interaction between tree species and age. Root length density of coffee was lower at 7 than at 5 years of
age, probably affected by tree pruning regimes after the peak coffee harvest years around 5 years of
age. The highest Lrv was found in 5-year-old coffee (6.5 km m−3). At 7 years, Maesopsis and jackfruit
had a Lrv of about 2.1 km m−3 significantly (p < 0.05) higher than that in 7-year old coffee and Gliricidia.
The lowest Lrv was found in 3-year-old Gliricidia (1.2 km m−3). In comparison to non-tree species i.e.,
bamboo and shrubs (about 3–5 years) and rice, the trees tested here had about 80 % lower Lrv than non-
tree (average 10 km m−3). Bamboo has the highest Lrv, with about 14.6 km m−3 followed by mixed
shrub vegetation (10 km m−3) and rice (5.6 km m−3).
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Figure 5. (A) Root length density (Lrv), (B) root dry weight (Drv), and (C) specific root length (Lrv/Drv)
at the topsoil layer of 0–10 cm of different tree species and non-tree species (bamboo, shrub, and rice).

The highest root biomass and root weight per unit volume of soil, Drv, was found in 5-year-old
coffee (0.68 mg cm−3); jackfruit had the lowest Drv with an average of about 0.12 mg cm−3 (Figure 5B).
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The specific root length (specrol = Lrv/Drv, m g−1 of roots) differed between tree species; coffee had
finer roots as shown by a high specrol value of about 22 m g−1, but it declined rapidly with time to
9 m g−1 (Figure 5C); a similar case was also found in Maesopsis. Jackfruit roots, by contrast, increased in
specrol with time up to 19 m g−1, while the specrol of Gliricidia was not changing with time at about
8 m g−1. Bamboo had the lowest specrol (5.5 m g−1).

3.3. Soil Shear Strength

The average soil shear strength in our measurements was 3.37 MPa (Figure 6). There appeared to
be (p = 0.055) a significant interaction between tree species and age on soil shear strength, accompanying
a significant difference between tree species. The highest soil shear strength was found in the plot with
bamboo (average of 4.82 MPa). Soil shear strength in the bund of a paddy rice field (2.38 MPa) was
higher than that for all trees tested, except for coffee.
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3.4. Soil Shear Strength in Relation to Root Length Density in the Topsoil

The high shear strength close to bamboo stands was clearly correlated to the high root length
density (Figure 7). In other trees and non-trees such relation was not clear, possibly due to the scarcity
of soil samples with Lrv values above 10 km m−3.
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3.5. Allometry of Proximal Tree Root Systems

Results of the root survey of various tree species in six locations suggested difference among
locations, with proximal root diameters relative to the stem diameters high in Bangsri and low in
Ngantang (Figure 8). Our data allow a partial disentangling of site (e.g., soil or climate related), species,
and age effects.
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Across all tree observations, variation in tree diameter accounted for 74% of variation in the sum
of proximal root CSSA (Figure 8C), 62% of variation in vertical root CSSA (Figure 8B), and 64% of
variation in horizontal root CSSA (Figure 8A). Average root-to-shoot ratio in terms of CSSA was around
2.39 (mean 2.21), average IRA 1.30 (median 1.11), and average IRB 1.09 (median 0.816).

Across all species the relative importance of vertical roots decreased with increasing stem diameter,
and that of horizontal roots increased, with only a slight decline in root/shoot ratio (in terms of
cross-sectional area) from 1.95 to 1.74 in the observed range of tree sizes (Table 3). The ratio of vertical
to horizontal roots declined from 2.42 to 0.60, with lateral roots taking over from the tap root in
most species.

Table 3. Average impact of increasing stem diameter (and cross-sectional area, CSSA) on vertical and
horizontal proximal root CSSA, based on regression equations in Figure 8.

Stem CSSA,
cm2

Vertical
(IRA)

Horizontal
(IRB)

Root/Shoot
CSSA

Vertical/Horizontal
Ratio

1 1.28 0.53 1.95 2.42
10 0.98 0.64 1.88 1.52
100 0.74 0.78 1.81 0.96

1000 0.57 0.94 1.74 0.60

The ANOVA showed that tree species differed significantly (p < 0.05) in IRA (Index of Root
Anchoring) and IRB (Index of Root Binding) values but given the overall relationship between stem
diameter and both IRA and IRB values (Table 3), differences in the diameters at which tree species
were observed could be (partially) responsible for this finding.

Appendix A lists the 50+ species to which the 685 measured trees belong with, a minimum of four,
a median of 9.5, an average of 12.7, and a maximum of 58 observations per tree species (with robusta
coffee as most studied tree). The mean diameters per species of the observed trees had a minimum of
1.5 cm, a median of 8.5 cm, an average of 8.0 cm, and a maximum of 19.9 cm. Across all tree species,
there was no significant relationship (as evident from the low fraction of variance accounted for or
R2 value) between the average stem diameter at which a species was observed, and the average IRA
(or IRB) value recorded (Figure 9). We can thus assume that differences in observed IRA and IRB values
between species cannot be simply attributed to the differences in stem diameters for the trees observed.
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Figure 9. Relationship between average value of the IRA and IRB indices and average stem diameter at
which a tree species was observed for the 50+ tree species in the survey.

Based on the observed IRA and IRB distributions at species level (rather than at the observed tree
level, as the number of observations per species was uneven), the lower and upper quartile were 0.5
and 1.8 for IRA, and 0.5 and 1.5 for IRB, respectively (Figure 10). Using these thresholds, Table 4 shows
a two-way classification of the tree species observed in the survey.
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Figure 10. Examples of root-to-shoot relations at the four classification thresholds in Table 4. The IRB
for a tree with stem diameter of 10 and 6 horizontal roots of 5 cm diameter is 6 * 52/102 = 1.5, while that
for a tree with 5 roots of 3.16 cm is 5 * 3.162/102 = 0.5.

Table 4. Two-way classification of trees based on rooting indices IRA (Index of Root Anchoring) and
IRB (Index of Root Binding soil particles) classified by lower and upper quartiles of their distributions

INDEX IRB_Low (<0.5) IRB_ Medium (0.5–1.5) IRB_High (>1.5)
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All nine cells of Table 4 had at least one tree species, with the largest number (obviously) in the
mid-range values for both IRA and IRB. The seven species in the upper left cell (low IRA and low IRB)
had a low overall root-to-shoot ratio, while the four species in the lower right cell (high IRA and high
IRB) a high overall one. The other cells represent a partial tradeoff between vertical and horizontal
roots (or IRA and IRB values, respectively).

The two main coffee species (arabica and robusta) had a relatively high IRA value (strong taproot
system), with average or high lateral root development as well (relative to stem diameters). Most of the
fruit trees commonly found in coffee agroforestry (such as Artocarpus elasticus (jackfruit), Parkia speciosa
(petai), and Durio zibethinus (durian)) had intermediate values for both IRA and IRB. The same holds
for common timber species such as Maesopsis eminii (pohon afrika), Toona sureni (suren), Tectona grandis
(teak), Swietenia mahagoni (mahogany). However, their generally larger stem diameters, relative to
coffee, still imply a larger absolute contribution to vertical root development in the plot as a whole.
Legume trees commonly used as shade trees in current coffee agroforestry systems, Gliricidia sepium
and Senna spectabilis (ramayana), provided a higher anchoring per unit stem diameter than the more
traditional shade tree, Erythrina subumbrams (dadap).

A further comparison between pruned and unpruned robusta coffee in Sumberjaya (data not
shown) found the highest IRA (7.7) for unpruned coffee, suggesting that unpruned coffee is a good
species for anchoring riverbanks. This characteristic disappears with pruning, confirming earlier
research where frequent pruning of other tree species also led to the formation of more roots in the
surface layer [56].

4. Discussion

All four hypotheses were confirmed in this study. The break strength of woody roots across five
species was positively related to lignin and nitrogen content and negatively to polyphenol content.
A linear model explained 81% of the variation (Figure 4B). Lignin content alone accounted for 70%
of the variation. Mahogany (Swietenia mahogani) and coffee (Coffea canephora) had the strongest roots,
gmelina (Gmelina arborea) and suren (Toona sureni) the weakest, and giant bamboo (Bambusa arundinacea)
had an intermediate root strength.

Soil shear strength depends on soil texture and soil water content, and we found a considerable
spread in shear strength with low root length densities (Figure 7). The only species with sufficiently
high root length densities to increase shear strength was bamboo. However, our test was based on the
top 10 cm of soil, testing a possible break at 5 cm depth, which is unlikely to happen. The shallow
landslides of most interest would slide at depths of 30 cm to 1 m. From our data it is unlikely that root
length densities at such depth would be high enough to have a substantial effect on shear strength.
However, as landslides are binary (yes or no) events, a small change in the threshold value may still
be relevant. In terms of land use change, it is the change in root presence that matters, especially a
decrease, as a preceding (forest) vegetation may have prevented landslides to occur that were otherwise
‘due’ (as the thickness and weight of soil layers exceeded what can be prevented from sliding by the
soil properties as such). To judge absolute contributions to anchoring of the rooted soil, absolute tree
size may be at least as important as the relative allocation over vertical and horizontal roots indicated
by the IRA and IRB values.

The combination of root quality characteristics determining tensile strength according to our
results in Figure 4 is different from that determining decomposition rate [39], although high lignin
content is associated with strong and slowly decomposing roots. Tree species having specific rooting
habits (high root strength and root diameter) can be used to control erosion and when linked with
extreme flood probability can be used to indicate the risk of a storm likely to cause slope instability in
the period between clear-felling and tree re-growth [19]. Our root tensile strength measurements of
64–478 kPa were lower than values reported in the literature, such as the 17.6 MPa for woody roots of
5.5 mm diameter measured for Pinus radiata [24]. More measurements on larger-diameter woody roots
are still needed to clarify the difference between these results.
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Trees with high IRA (Index of Root Anchoring) do not always have a low IRB (Index of Root
Binding of soil particles) value or vice versa. Results in Table 4 can be interpreted as guide for
suitability of trees as riverbank stabilizer. Coffee (especially without pruning) is potentially suitable for
anchoring and soil surface holding at the riverbank, but it has a low root length density (Figure 5).
Combination with other trees such as Gliricidia (high IRB as well as IRA) and other grasses is probably
better to increase slope stability. High economic value trees (fruit and timber trees) in Sumberjaya
(West Lampung) [57] are mostly grouped in the medium class (Table 4). Indeed, tree roots contribute
to soil shear strength, but only in the upper 0.4 m of the soil. Most failures, however, occur at greater
depths as anchorage by deeper roots was not effective or absent [58]. Evaluation of suitable trees for
stabilizing riverbank should also consider the root strength differences [59].

Compared to other methods of observing tree root characteristics the proximal root method,
based on fractal branching theory [42], allowed a much wider part of the field-level variation among
sites, tree species, tree management, and tree size to be sampled, with an investment of 1–2 person-hours
per tree for preparation and observation. As no roots are cut and soil can be returned to the original
position the method is essentially ‘non-destructive’. Among the limitations of the classification of
proximal roots is that tree species with large horizontal roots may have ‘sinker’ roots further away
from the stem that can have a major effect on strengthening the rooted soil as a whole. Root studies on
Indonesian trees in the 1930s showed a wide range of rooting patterns along vertical and horizontal
spread, including sinker roots [60].

A further caveat is that measurements in the dry season might be different; as all our measurements
were during the rainy season. Landslide risk can be higher at the start of the rainy season (when
roots are not yet fully active), as well as towards the end (when the whole soil system tends to be
water-saturated).

The interest of farmers or watershed managers in deep roots for possible landslide risk reduction,
may need to be balanced by considerations from the tree’s perspective [61]. In terms of plant strategies,
deep roots help first of all in water acquisition during dry (and sunny etc.) periods [62]. Horizontal
roots provide nutrients and water during rainy seasons. It is tempting to interpret the root-to-sheet
ratio in terms of cross-sectional area (and likely xylem vessel transport capacity) as a fail-safe strategy
to be able to support the leaf canopy on either surface or deeper soil water, depending on conditions.
Any impact on slope stabilization is at best a ‘co-benefit’ for the tree, not a major selection force.

Conceptually the different scales (root, tree, and vegetation) can be combined to understand
landslide risk at landscape level and to target interventions to reduce risk, but a fully quantitative model
that includes all relations of dynamic tree root system growth and decay along with the probability of
rainfall intensities and slope geo-hydrology is not feasible at this stage. While most practices that try
to reduce erosion target an increase of water infiltration [45], such increase can effectively increase
landslide risk unless it is accompanied by deep and strong tree root systems. The collapse of terraces
on steep slopes can be interpreted this way. Increased risk of landslides after reduction in tree cover is
likely to peak once tree root system decay has reduced soil shear strength and before water infiltration
into the soil profile has been reduced. Gradual replacement of trees on hill slopes, as practiced in
the ‘sisipan’ management style of agroforests [63], will have lower risk than a clear felling-replanting.
Maintaining and promoting mixed tree vegetation will reduce (but not necessarily minimize) risk,
while providing other benefits to local livelihoods. Based on this study, we suggest a mix of tree species
with deep roots and grasses with intense and strong fine roots will provide the highest riverbank and
hillslope stability, especially if drastic tree pruning or clearing-replanting events can be avoided.

5. Conclusions

Our investigations confirmed that woody roots play a role in holding soil together and resisting
mass movement in landslides. The critical load where individual roots break is related to the root’s lignin
content (its woodiness). The shear strength of a volume of soil over any plane increases proportionally
with the number and strength of individual roots. With a similar overall ratio of woody root to stem
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cross sectional area, there are consistent differences between tree species in root development in the
topsoil and at depth, that contribute to differences in soil binding and soil anchoring, respectively.
Differences in the distribution of tree roots between species can be used to reduce landslide risks
in the context of productive coffee agroforestry systems. Tree root architecture varies with species,
location, and age. On average the cross-sectional area of proximal roots is twice that of the stem,
with only a small reduction in the ratio with increasing stem diameter. The fraction of proximal roots
in the vertical and horizontal categories varies more between species than the root-to-shoot ratio of
cross-sectional areas. Using the Index of Root Anchoring (based on vertical roots) and the Index of Soil
Binding (based on horizontal roots), tree species in the upper and lower quartile of each indicator were
identified. However, the strong location effect that was observed implies that site-specific observations
will be needed for selecting trees that are locally deep-rooted, taking current observations only as
first indication. A mixed vegetation is the simplest way of ensuring that both soil binding and soil
anchoring functions are provided.
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Appendix A

Table A1. Root observations across six sites, with number of trees observed (N), average dbh, IRA,
and IRB, and quartiles in IRA and IRB distribution.

Species N Dbh Avg IRA Avg IRB Avg Quartile Quartile

Mangifera indica 6 11.2 0.04 0.29 IRA Q1 IRB Q1
Citrus × sinensis 6 4.0 0.18 0.19 IRA Q1 IRB Q1
Malus domestica 6 3.5 0.23 0.36 IRA Q1 IRB Q1

Cassia fistula 6 19.9 0.26 0.42 IRA Q1 IRB Q1
Agathis dammara 6 5.9 0.29 0.43 IRA Q1 IRB Q1
Ficus benjamina 6 7.9 0.29 0.41 IRA Q1 IRB Q1

Annona muricata 6 6.3 0.37 0.35 IRA Q1 IRB Q1
Spathodea campanulata 6 4.0 0.25 0.61 IRA Q1 IRB Q23

Pinus merkusii 11 12.9 0.34 0.83 IRA Q1 IRB Q23
Melia azedarach 11 7.6 0.40 0.75 IRA Q1 IRB Q23
Jatropha curcas 6 6.3 0.41 0.68 IRA Q1 IRB Q23
Ceiba pentandra 6 5.9 0.41 0.89 IRA Q1 IRB Q23
Trema orientalis 10 7.8 0.47 0.64 IRA Q1 IRB Q23

Litsea garcia 5 4.3 0.30 1.88 IRA Q1 IRB Q4
Eucalyptus deglupta 6 12.0 0.56 0.33 IRA Q23 IRB Q1

Cinnamommum burmannii 10 7.3 1.65 0.38 IRA Q23 IRB Q1
Parkia speciosa 19 12.8 0.59 1.50 IRA Q23 IRB Q23

Sandoricum koetjape 20 10.2 0.62 0.96 IRA Q23 IRB Q23
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Table A1. Cont.

Species N Dbh Avg IRA Avg IRB Avg Quartile Quartile

Hevea brasiliensis 10 16.9 0.75 0.64 IRA Q23 IRB Q23
Aleurites moluccana 15 8.9 0.80 0.71 IRA Q23 IRB Q23

Durio zibethinus 15 10.4 0.87 0.95 IRA Q23 IRB Q23
Erythrina subumbrans 20 7.8 0.95 0.98 IRA Q23 IRB Q23
Ochroma pyramidale 7 9.6 0.99 0.76 IRA Q23 IRB Q23

Syzygium polyanthum 5 8.9 1.00 1.218 IRA Q23 IRB Q23
Swietenia mahagoni 45 12.0 1.09 1.11 IRA Q23 IRB Q23

Persea americana 21 8.2 1.13 1.26 IRA Q23 IRB Q23
Calliandra calothyrsus 15 6.6 1.26 0.57 IRA Q23 IRB Q23

Pangium edule 23 13.3 1.27 1.11 IRA Q23 IRB Q23
Maesopsis eminii 31 10.9 1.36 1.14 IRA Q23 IRB Q23

Nephelium lappaceum 32 7.6 1.37 0.77 IRA Q23 IRB Q23
Psidium guajava 10 6.3 1.40 0.58 IRA Q23 IRB Q23

Toona sureni 25 16.4 1.50 1.07 IRA Q23 IRB Q23
Coffea canephora var. robinson 16 4.0 1.66 0.80 IRA Q23 IRB Q23

Artocarpus communis 4 10.2 1.76 0.83 IRA Q23 IRB Q23
Tectona grandis 9 11.9 1.79 1.03 IRA Q23 IRB Q23

Homalantus populneus 5 3.4 0.73 1.90 IRA Q23 IRB Q4
Artocarpus heterophyllus 35 9.9 0.82 1.93 IRA Q23 IRB Q4

Hibiscus tiliaceus 20 6.2 0.86 1.68 IRA Q23 IRB Q4
Pterocarpus indicus 5 5.7 1.25 1.86 IRA Q23 IRB Q4

Paraserianthes falcataria 15 8.1 1.28 2.91 IRA Q23 IRB Q4
Leucaena leucocephala 15 12.7 1.59 4.17 IRA Q23 IRB Q4
Artocarpus elasticus 4 10.6 1.62 1.99 IRA Q23 IRB Q4

Quercus lineata 4 6.9 2.57 0.48 IRA Q4 IRB Q1
Macarangga triloba 4 8.5 2.96 0.30 IRA Q4 IRB Q1
Syzygium aqueum 4 10.6 3.60 0.19 IRA Q4 IRB Q1
Croton argyratus 4 6.7 3.84 0.34 IRA Q4 IRB Q1

Ficus padana 4 10.4 3.96 0.22 IRA Q4 IRB Q1
Coffea canephora var. robusta 58 2.5 1.99 1.35 IRA Q4 IRB Q23

Piper aduncum 4 8.2 2.28 0.58 IRA Q4 IRB Q23
Gmelina arborea 4 8.1 3.28 0.62 IRA Q4 IRB Q23
Michellia alba 5 5.4 1.81 1.96 IRA Q4 IRB Q4
Coffea arabica 10 1.5 2.23 4.43 IRA Q4 IRB Q4

Gliricidia sepium 14 5.4 2.35 1.60 IRA Q4 IRB Q4
Acacia auriculiformis 16 6.8 2.58 2.72 IRA Q4 IRB Q4
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Abstract: Forest conversion to agriculture can induce the loss of hydrologic functions linked to
infiltration. Infiltration-friendly agroforestry land uses minimize this loss. Our assessment of
forest-derived land uses in the Rejoso Watershed on the slopes of the Bromo volcano in East Java
(Indonesia) focused on two zones, upstream (above 800 m a.s.l.; Andisols) and midstream (400–800 m
a.s.l.; Inceptisols) of the Rejoso River, feeding aquifers that support lowland rice areas and drinking
water supply to nearby cities. We quantified throughfall, infiltration, and erosion in three replications
per land use category, with 6–13% of rainfall with intensities of 51–100 mm day−1. Throughfall varied
from 65 to 100%, with a zone-dependent intercept but common 3% increase in canopy retention per
10% increase in canopy cover. In the upstream watershed, a tree canopy cover > 55% was associated
with the infiltration rates needed, as soil erosion per unit overland flow was high. Midstream, only a
tree canopy cover of > 80% qualified as “infiltration-friendly” land use, due to higher rainfall in this
zone, but erosion rates were relatively low for a tree canopy cover in the range of 20–80%. The tree
canopy characteristics required for infiltration-friendly land use clearly vary over short distances
with soil type and rainfall intensity.

Keywords: entrainment; erosion; forest conversion; overland flow; soil macroporosity; throughfall;
water balance

1. Introduction

Water access for all, the Sustainable Development Goal 6 of the Agenda 2030 agreed by the
United Nations [1], not only refers to drinking water and sanitation. It requires the protection
of “infiltration-friendly” land uses in upland watersheds as a source of clean water [2]. Sufficient
groundwater recharge is important to the sustainable management of groundwater resources to
maintain streamflow throughout the year, as well as to feed springs [3,4]. While much of the public
discourse is in terms of forest versus agriculture, thresholds for specific soil and climate regimes
are needed within the intermediate agroforestry spectrum of land uses [5]. Thresholds to critical
hydrological functions are likely dependent on local context but need to be understood to guide
natural resource management in the challenging trade-offs between local and external priorities [6].
Hydrological functions, and their sensitivity to climate change, can be characterized by a number of
metrics [7]. Much of the literature on forest hydrology is concerned with reductions in annual water
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yield due to increased canopy interception and/or tree water use by fast-growing forest stands [8],
without a distinction between (fast) overland and (slower, infiltration-dependent) subsurface flow
pathways. A recent review [9] found that the recovery of annual river flow with the age of planted
forest is an exception rather than a rule. However, the recovery of infiltration with tree cover can
increase dry season flows [10] without increasing annual water yield. Changes in streamflow regime
will reflect both changes in evapotranspiration (ET) and in infiltration after the change in land use
under given climatic conditions [11,12]. On the other hand, a high tree (Acacia auriculiformis) canopy,
without an understory and permanent litter layer, was associated with high erosion rates due to
high-impact drips from the leaves [13]. Empirical data and process-level understanding is needed of
these diverse and partly contradictory effects of tree cover, especially in human-managed land uses.

Agroforestry systems with high canopy densities can, if a permanent litter layer is present,
maintain high infiltration rates and can positively impact on hydrologic functions through: (1) a
green canopy cover at the tree and understory level, (2) land surface roughness, (3) litter at the soil
surface, and (4) water uptake by trees and other vegetation [14,15]. Five aspects that hydrologically
differentiate natural forest from open-field agriculture, with intermediate functionality for managed
forest, plantations, agroforestry, and trees outside forest [16,17], are: (1) the leaf area index (LAI) that
allows photosynthesis when stomata are open and transpiring, and that, along with leaf morphology
and rainfall intensity, determines canopy interception, retention, and subsequent evaporation, (2) the
surface litter that prevents crusting and supports infiltration [18] while reducing soil evaporation and
reduces the entrainment of soil particles if overland flow still occurs, (3) the soil macroporosity that
governs infiltration and allows for the aeration of deeper soil layers between rainfall events while
recovering at a decadal time scale after reforestation [19,20], (4) the root systems that govern water
extraction from deeper soil layers, in conjunction with the phenology of the aboveground canopy [21],
and (5) possible influences on rainfall events [22,23]. Each of these five aspects has its own dynamic
(time constants) and dependency on the type of trees and their management, challenging the definition
of hydrologically adequate land use choices. Rather than prescribing, independent of soil types and
slope, the type and quantity of tree cover that is needed, as tends to happen in forest zoning, it may
help if limits to infiltration-friendly land use (focused on the third function) can be operationalized in a
local context. In terms of watershed hydrology, infiltration-friendly land uses can be interpreted as any
land use that allows high rates of water infiltration so that surface runoff is a small (to be defined in
local context) fraction of rainfall and the watershed functions of flow buffering and erosion control
are secured (to specified standards). River flow in watersheds that provide perfect buffering might
theoretically be constant every day, but in practice, a “flow persistence” metric of about 0.85 is hard to
surpass [24]. Flow buffering is essential for climate resilience [25] and high flow persistence metrics
are desirable, as they directly relate to peak flow transmission [26].

The discussion on forests and watershed functions in Indonesia became based on specific theories
about underlying mechanisms and measurements in the 1930s [27–30], but at the policy level, a generic
dichotomy between “forest” and “non-forest” conditions was maintained. The Indonesian spatial
planning law prescribes that 30% forest cover is needed in all local government entities to secure
hydrological forest functions [31]. As the 30% norm originated in studies of flooding risk in relation to
spring snow melt in Switzerland [32], a more nuanced and process-based understanding is needed
to underpin effective policies on desirable forest cover, especially in densely populated Java, where
agroforests are common. In Southeast Asia, 8.5% of the global human population lives on 3.0% of
the land area. With 7.9% of the global agricultural land base, the region has 14.7% and 28.9% of
such land with at least 10% and 30% tree cover, respectively, and is the world’s primary home of
“agroforests” [33].

On densely populated Java, volcanic slopes are home to large numbers of farmers, while also
serving as sources of water for lowland agriculture and the rapidly growing cities. The shrinking
area of state-managed forests is no longer able to secure the required watershed functions, but at
least part of the agroforestry managed by farmers can meet the required hydrological functions [34].
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In the Rejoso Watershed (Pasuruan, East Java, Indonesia), numerous stakeholders depend on the
watershed functions of densely populated mountain slopes to meet their water demand. These include
local communities, farmers using water irrigation, the Regional Water Company, and bottled water
industries. A major infrastructure is planned to bring water to Surabaya and the surrounding urban
centers. However, the quantity and quality of the water at the source of the pipe have been decreasing
over the past 10 years, putting the infrastructure investment at risk. Decreasing water resources are
likely due to land use changes in the recharging area of the Rejoso Watershed on the northern slopes of
the Bromo-Semeru volcanic mountain range, and/or decreased pressure on artesian wells across the
land due to increased extraction for paddy rice fields. Among the hydrologic functions, infiltration is
critical, as water travels through the subsoil to artesian wells at the foot of the volcano, in addition to
surface rivers.

This research in the Rejoso Watershed using runoff and soil erosion plot-scale studies under
natural rainfall [35] within the locally relevant range of land cover types was thus designed to assess
which land uses can maintain infiltration rates under local peak rainfall intensity and restrict soil
erosion to acceptable levels. The specific questions were:

1. Which existing land uses limit infiltration below the required rates at peak rainfall events?
2. Which factors that are directly observable, such as tree cover, litter layer thickness, or surface

roughness, can be used to define thresholds for “infiltration-friendly land use”?
3. Do the answers to questions 1 and 2 need to be differentiated between the upper and

middle watershed, with current vegetable production and agroforestry as dominant land
uses, respectively?

2. Materials and Methods

2.1. Study Area

The Rejoso Watershed, is located on the northern slope of Mount Bromo, covering 16 sub-districts
in Pasuruan District, East Java Province, Indonesia. The Rejoso Watershed is located between 7◦37′13.35”
and 7◦55′18.63” South, and between 112◦48′32.51” to 113◦55′55” East (Figure 1).
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The Rejoso Watershed covers an area of 634 km2 with a hydrologic (watershed) length of the main
channel of about 22 km. This study was conducted in two locations, namely in the upstream (above
800 m a.s.l.) and midstream (400–800 m a.s.l.) sections, with the dominant vegetation (land cover)
selected for each location (Figure 1).

Climatic conditions that influence hydrology and erosion are largely determined by the influence
of the northwest and southwest monsoons. The northwest monsoon, picking up large amounts of
moisture over the Indian Ocean, brings in most of the annual precipitation in the area, and predominates
during the period from November through April. Although there is considerable variation in the
amount and distribution of rainfall from year to year, most places in the watershed receive about 91%
of the rainfall during the November–May wet season (monthly rainfall > 100 mm) in the upper stream
and about 91% of the rainfall during the November–April wet season in the midstream (Figure 2).
Due to topographic influences, there is considerable spatial variation in annual precipitation as well,
ranging from 1655 mm to 3675 mm, with extreme yearly rainfall in 2010, with an annual precipitation
of 5298 mm over 24 years of rainfall measurements (1990–2013) in the upper stream compared with an
annual precipitation ranging from 1020 mm to 2603 mm in the midstream. The May to October period
is considered the dry season. Then the southeast monsoon predominates, bringing much smaller
amounts of precipitation due to the lower atmospheric moisture caused by lower temperatures in the
Southern Hemisphere at this time of the year. The annual precipitation in the upstream (average annual
precipitation = 2488 mm) is higher than the in midstream (average annual precipitation = 1632 mm).
Over 24 years of measurements, the maximum daily rainfall in the upper stream and midstream
ranged from 80 mm day−1 to 200 mm day−1 and 60 mm day−1 to 320 mm day−1, respectively. Based
on Schmidt–Ferguson climate classification, the upper stream and midstream are considered rather
wet (C) and average (D), respectively.
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Figure 2. Monthly rainfall distribution in the Rejoso Watershed from the average of 24 years of rain 
events (1990–2013) in the a) upstream (Tutur Rainfall Station) and b) midstream (Wonosari Rainfall 
Station). 
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The most common texture is sandy loam. These soils have high inherent fertility and are highly 
erodible only when seriously disturbed. The middle and some lower volcanic slopes, consisting of 
easily weatherable permeable tuffs and ash deposits, give rise to deep soils—Inceptisols and Alfisols. 
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Figure 2. Monthly rainfall distribution in the Rejoso Watershed from the average of 24 years of rain
events (1990–2013) in the (a) upstream (Tutur Rainfall Station) and (b) midstream (Wonosari Rainfall
Station).

The Rejoso Watershed consists of four types of soil, namely: Andisols, Inceptisols, Alfisols, and
Entisols. Andisols are mainly found on the upper slopes of the volcano. Andisols have a distinct black
to very dark brown surface horizon rich in organic matter, which usually overlies a brown to dark
yellowish-brown subsoil. The clay fraction is dominated by allophane. Andisols are highly permeable,
porous with low bulk density, have high water-holding capacity, and a crumb structure. The most
common texture is sandy loam. These soils have high inherent fertility and are highly erodible only
when seriously disturbed. The middle and some lower volcanic slopes, consisting of easily weatherable
permeable tuffs and ash deposits, give rise to deep soils—Inceptisols and Alfisols. Inceptisols have
only limited horizon differentiation. Their texture ranges from deep friable clays to clay loams. Alfisols
are soils which have an accumulation of clay in the subsoil. Their texture ranges from loam to clay
loam in the topsoil and clay loam to clay in the subsoil. Both soils have moderate to high inherent
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fertility but are highly susceptible to erosion. The fourth group, Entisols, are soils that lack horizon
development and are found on volcanic sands, ashes, and tuffs. Entisols occur on recent and sub-recent
lahars of the Bromo volcano. Entisols with a coarse texture are extremely erodible and have very
low water-holding capacities. Permanent vegetative cover, and especially diversified tree crops and
agroforestry or forestry, are the most suitable land utilization types to prevent erosion.

2.2. Land Cover Types Compared

In important research traditions associated with the Universal Soil Loss Equation (USLE) [37],
the quantification of erosion requires a “bare soil” reference, expressing the degree of protection
provided by vegetation relative to this “control”. Fortunately, bare soil is rare in this landscape, and it
would be considered an extreme, rather than a standard agricultural point of reference. Artificially
clearing land to allow such treatment to be measured would give results that are hard to be interpreted,
as soil changes after clearing would lead to a time-dependence of the results, rather than being
an unambiguous point of reference. By referring to the more process-based Rose equation [38],
separating overland flow as a transport medium and “entrainment” as a soil characteristic relative to
the energy-dependent transport capacity of such flow, we do not depend on the USLE framework (that
infers that soil loss is universal, but does not account for its counterpart process, sedimentation [39])
but can focus on existing land covers and associated land uses in the landscape.

In both the upstream and midstream parts of the catchment, four dominant land use systems
were assessed (Table 1), spatially replicated in three separate measurement plots. Upstream land
uses included old and young pine plantations (production forest) and highland vegetable crops with
variations in tree canopy cover in the landscape on steep (30–60%) to very steep (>60%) land with
imperfect ridge terraces. Midstream land uses included production forest, multistrata coffee-based
agroforestry, clove-based agroforestry, and several mixed agroforestry types with variations in tree
canopy cover in the landscape on moderately steep (15–30%) and steep (30–60%) land with bench
terraces sloping outward.

Table 1. Land use, vegetation, soil conservation measure, and slope of measurement plots.

Code Land Use Vegetation (the Average Height of
Trees)

Terracing Slope (Plot
Level, %)

Upstream Rejoso Watershed
UT1 Old production

forest
Pine (Pinus merkusii) (34 m) + grass None 35–40

UT2 Young production
forest

Pine (11 m) + grass None 50–60

UT3 Agroforestry Strip cemara (Casuarina junghuniana)
(13 m) + cabbage

None 40–50

UT4 Arable land Banana, maize, carrot None 40–50
Midstream Rejoso Watershed

MT1 Old production
forest

Mixed pine (28 m) or mahogany
(Swietenia macrophylla) (12 m), banana,
salak (Salacca zalacca), taro (Colocasia
esculenta), elephant grass (Miscanthus

giganteus).

Bench terrace
sloping outward

3–8

MT2 Agroforestry Coffee-based (2 m) mix with durian
(Durio zibethinus) (10 m), mahogany

(9 m), Leucaena leucocephala (8 m),
Paraserianthes falcataria (11 m), Albizia

saman (11 m), dadap (Erythrina
variegata) (11 m), banana

Bench terrace
sloping outward

3–8

MT3 Agroforestry Clove (Syzygium aromaticum) (8 m),
banana

Bench terrace
sloping outward

3–8

MT4 Agroforestry Mango (Mangifera indica) (10 m),
durian (10 m), Randu kapuk (Ceiba
pentandra) (11 m), maize, cassava,

groundnut

Bench terrace
sloping outward

3–8
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2.3. Quantifying Terms of Water and Soil Balance

2.3.1. Overview

As forest and tree cover can influence various steps in the chain from rainfall to streamflow and
erosion, we aimed to quantify (1) the direct effect of tree canopies on the retention of part of the
rainfall (followed by direct evaporation), versus the fraction reaching the soil surface by throughfall
and stemflow, (2) the partitioning of the latter into infiltration and overland flow, (3) the entrainment
of soil particles into this overland flow. Within the time and resources available we did not assess
(4) the seepage of groundwater beyond the root zone and access by vegetation, (5) the pathways
and release of groundwater into streams, (6) the routing of overland flow into streams, or (7) the
in-field (or riparian filter zone) sedimentation of entrained soil particles, beyond the scale of the
measurement plots. However, we did characterize the vegetation and soil characteristics that influence
the various processes.

2.3.2. Rainfall and Throughfall

Rain gauges, outside of the direct influence of tree canopies, were installed in four observation
locations (with adjacent erosion plots) upstream and four observation locations midstream of the Rejoso
Watershed. In each runoff plot, throughfall was measured with five replications. The throughfall
gauges below the tree canopy had a horizontally placed 30 cm diameter funnel 120 cm above the soil
surface and a collector bottle with a volume of 1.5 dm3 placed with bamboo as a support. Throughfall
and rainfall were collected every day for two months of the rainy season, from March to May 2017.
Attempts were made to also quantify stemflow, but due to technical problems with the method used,
no reliable data were obtained, and the results are not shown here.

2.3.3. Water Infiltration and Soil Erosion Measurement

Water infiltration was quantified in each land cover type via its complement, surface runoff, and
expressed in the runoff/throughfall ratio. As the throughfall for quantified infiltration was measured
below the tree canopy, the amounts were the net of canopy retention and possible stemflow. Surface
runoff was measured in 6 m × 2 m plots protected from surface run-on, with two drums at the lower
end to collect surface runoff and sediment concentrations for soil erosion measurements (Figure 3).Land 2020, 9, x FOR PEER REVIEW 7 of 30 

 
Figure 3. Runoff and soil erosion plot design. 

In each plot, the water flow was collected into two collection drums with a capacity of 30 dm3. 
The first drum had a divider system channeling into 13 channels (PVC pipes) with equal diameters 
and level positions, with one connected with a second drum. The volume of water flowing from each 
pipe was measured to calibrate the water volume proportion entering into the second drum. The 
potential capacity of the runoff collector thus was (30 dm3 * 13) + 30 dm3 = 420 dm3 for 12 m2 or 35 
mm. We did nor encounter situations where the second tank overflowed. Runoff samples at each plot 
were collected every day and the rain that occurred during the measurement period was measured 
by measuring the water depth in each drum. The amount of runoff in each rain event was calculated 
using Equations (1) and (2): 

𝑅𝑅𝑡𝑡 =  𝑉𝑉𝑑𝑑−𝐼𝐼 + (13 ∗  𝑉𝑉𝑑𝑑−𝐼𝐼𝐼𝐼) (1) 

𝑉𝑉𝑑𝑑 = 1000 ∗  (𝐷𝐷 ∗ 𝐿𝐿 ∗ 𝑊𝑊) (2) 

where Rt is total runoff (dm3), Vd is the water volume in drums I and II (dm3), L= length and W 
= width of drum (cm), and D is the water depth in each drum (cm). The total runoff was then divided 
by the area of the plot (2 m × 6 m) to convert to mm. Data could be compared to a classification 
developed elsewhere [40] that indicates a runoff coefficient of 0.14 as adequate for Andisols, and 0.20 
for Inceptisols.  

Soil erosion in each rain event was determined by collecting 1 dm3 of runoff sediment in each 
drum. The sample was filtered with “newsprint” and dried in an oven with a temperature of 105 ℃ 
to get the weight of the sediment (S). In earlier studies, we found that effluent from this readily 
available filter material had a negligible sediment concentration [41]. Erosion (E) in each rain event 
was calculated using Equation (3): 

𝐸𝐸 = ((𝑉𝑉𝑑𝑑−1 ∗ 𝑆𝑆) + (13 ∗ (𝑉𝑉𝑑𝑑−2 ∗ 𝑆𝑆))) ∗ (
10−2

𝐴𝐴
) (3) 

where E is soil erosion (Mg ha-1), S is sediment (g dm-3), and A is the area of the plot (m2).  

2.3. Determination of Soil Properties 

Three bulk mineral soil samples were collected from each layer of soil of 0-10 cm, 10-20 cm, 20-
30 cm, 30-40, and 40-50 cm for soil texture analysis and each layer of soil of 0–10 cm, 10–20 cm, and 
20–30 cm for soil bulk density, particle density, total soil porosity, and soil organic matter content. 

Figure 3. Runoff and soil erosion plot design.

106



Land 2020, 9, 240

In each plot, the water flow was collected into two collection drums with a capacity of 30 dm3.
The first drum had a divider system channeling into 13 channels (PVC pipes) with equal diameters and
level positions, with one connected with a second drum. The volume of water flowing from each pipe
was measured to calibrate the water volume proportion entering into the second drum. The potential
capacity of the runoff collector thus was (30 dm3 * 13) + 30 dm3 = 420 dm3 for 12 m2 or 35 mm. We did
nor encounter situations where the second tank overflowed. Runoff samples at each plot were collected
every day and the rain that occurred during the measurement period was measured by measuring the
water depth in each drum. The amount of runoff in each rain event was calculated using Equations (1)
and (2):

Rt = Vd−I + (13 ∗ Vd−II) (1)

Vd = 1000 ∗ (D ∗ L ∗W) (2)

where Rt is total runoff (dm3), Vd is the water volume in drums I and II (dm3), L = length and
W = width of drum (cm), and D is the water depth in each drum (cm). The total runoff was then
divided by the area of the plot (2 m × 6 m) to convert to mm. Data could be compared to a classification
developed elsewhere [40] that indicates a runoff coefficient of 0.14 as adequate for Andisols, and 0.20
for Inceptisols.

Soil erosion in each rain event was determined by collecting 1 dm3 of runoff sediment in each
drum. The sample was filtered with “newsprint” and dried in an oven with a temperature of 105 ◦C
to get the weight of the sediment (S). In earlier studies, we found that effluent from this readily
available filter material had a negligible sediment concentration [41]. Erosion (E) in each rain event
was calculated using Equation (3):

E = ((Vd−1 ∗ S) + (13 ∗ (Vd−2 ∗ S))) ∗
(

10−2

A

)
(3)

where E is soil erosion (Mg ha−1), S is sediment (g dm−3), and A is the area of the plot (m2).

2.4. Determination of Soil Properties

Three bulk mineral soil samples were collected from each layer of soil of 0–10 cm, 10–20 cm,
20–30 cm, 30–40, and 40–50 cm for soil texture analysis and each layer of soil of 0–10 cm, 10–20 cm,
and 20–30 cm for soil bulk density, particle density, total soil porosity, and soil organic matter content.
Particle size distribution (particles < 2 mm) was determined with the Bouyoucos densimeter method [42]
after H2O2 pre-treatment and after samples had been dispersed in 5% sodium hexametaphosphate
and 5% dispersing solution. Bulk density (oven dry weight per unit volume) was measured for a
block-sized sample (20 cm × 20 cm × 10 cm = 4000 cm3) collected in field moisture conditions (modified
from [43]). Particle density was measured by the pycnometer method. Total soil porosity (∅), the
percentage of the total soil volume that is not filled by solid (soil) particles [44], was calculated from
bulk density data and particle density using Equation (4):

∅ =

(
1− ρb

ρp

)
× 100% (4)

where ∅ is porosity (%), ρb is bulk density (g cm−3), and ρp is particle density (g cm −3).
Soil organic carbon (SOC) was determined by dichromate oxidation [45]. Soil infiltration was

measured by the standard double-ring infiltrometer test [46]. The double-ring infiltrometer as
often constructed from a thin-walled steel pipe with inner and outer cylinder diameters of 20 and
30 cm, respectively.

The soil macro-porosity was measured using the methylene blue method, by looking at the blue
distribution pattern of the methylene blue solution in the soil profile. The methylene blue solution
(70 g methylene blue per 200 L of water) was gradually poured into the ground, which had been bound
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by a metal frame measuring 100 cm × 50 cm × 30 cm (Figure 3) and left for 36 h until the methylene
blue solution soaked into the soil. Methylene blue will pass through soil macropores but be absorbed
by micropores and soil surfaces. After all the methylene blue solution had disappeared from the
soil surface, the top 5 cm of soil was removed from a 100 cm × 100 cm sample area and infiltration
patterns were recorded, before a further 10 cm of soil was removed for a second map (at 15 cm below
the soil surface), and a further 10 cm of soil for a third map (25 cm below soil surface). For mapping
blue patches in each horizontal plane, a transparent sheet of plastic was placed on the surface and all
visible blue patches were mapped with marker pens. Blue distribution patterns, redrawn on tracing
paper, were photocopied for analysis of the black-and-white pattern of the fraction of soil involved in
macropore flow with the IDRISI computer program.

2.5. Other Plot Characteristics

2.5.1. Canopy Cover

The canopy cover can be defined as the percentage of tree canopy area occupied by the vertical
projection of tree crowns [47]. The percentage of canopy cover is measured by scathing the shadow of
sunshine at ground level using 10 m × 10 m sheets of white paper. The canopy projection when the
sun was overhead was drawn to scale on white paper in each of the four quadrants of the 20 m × 20 m
plots, after which the shaded areas were cut out and weighed separately. Canopy cover was calculated
according to Equation (5):

%Canopy Cover =
W Canopy

W Total
× 100 (5)

where %Canopy Cover is the percentage of tree canopy cover, W Canopy is the paper weight
representing canopy cover and W Total is the paper weight representing the total area of observation,
respectively.

2.5.2. Understory and Litter

Understory vegetation and litter were measured according to the rapid carbon stock appraisal
protocol [48], using 50 cm × 50 cm samples for fresh weight, with subsamples dried for dry
weight determination.

2.5.3. Land Surface Roughness

Surface roughness was measured in each plot as the standard deviation of elevation measured
every 30 cm along a thread (thin rope) installed 30 cm from the surface vertically, horizontally, and
diagonally over the erosion plot [49]. The measurement of the difference in elevation was set to a pixel
size of 30 cm × 30 cm. Each plot was divided into six pixels for a 2 m plot width and 20 pixels for a 6 m
plot length, so there were 120 pixels (N). Pixels were made on a flat plane 30 cm from the ground point
of reference with a thin rope. In each center, the pixel was measured vertically parallel to the thin rope
towards the surface of the ground with a ruler. The results of the measurements of height differences
in each pixel were used to calculate Ra with the equation:

Ra =
1
N

N∑

n=1

| hn | (6)

where N = Number of pixels in the patch and hn = difference of elevation between the nth pixel in the
patch and the mean value.
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2.6. Data Analysis

To answer the first research question, the null hypothesis was that within the forest to open field
agriculture continuum of any observed difference in soil hydrological functions could be due to random
variation. To see if that null hypothesis could be rejected, we examined differences in soil infiltration,
runoff coefficient, and soil erosion between the dominant land uses in the upstream and midstream
with Fisher’s Least Significant Differences (LSD) test. Fisher’s LSD test, which establishes differences
between groups defined for independent samples, was used for hypothesis testing, given that the data
met the requirements for normality and the homogeneity of variances. A probability level of 0.05 was
set for rejecting the null hypothesis of no difference in tests of statistical significance. We used the
GenStat 15th edition software for Fisher’s LSD tests. The soil infiltration, runoff coefficient, and soil
erosion were then compared with the soil infiltration category [50], existing infiltration adequacy
standards, and acceptable soil erosion rates. An acceptability threshold, below which soil erosion is
less than an “agriculturally permissible” rate (Eapr, Mg ha−1 year−1), was derived as:

Eapr =

(
Depth of soil ∗ Factor of soil depth

Time horizon

)
∗ Soil bulk density (7)

Both Andisols and Inceptisols are deep (beyond 120 cm soil depth) and have a soil depth factor of
1.0. We chose 400 years as a time horizon. Given the average soil bulk density of Andisols (0.83 g cm−3)
and Inceptisols (0.99 g cm−3), we obtained Eapr Andisol = 24.9 Mg ha−1 year−1 and Eapr Inceptisol
29.7 Mg ha−1 year−1.

For the second research question, we tested a number of plot scale characteristics as possible
indicators of “infiltration-friendly” plot characteristics: tree canopy cover, understory vegetation,
litter necromass, and land surface roughness. Linear regression relationships between the surface
runoff/rainfall ratio or soil erosion and the amount of rainfall, tree canopy cover, understory, litter,
and land surface roughness were determined using SigmaPlot version 10.0. While a search for
“explanatory” factors might have explored multiple regression, our focus was single indicators that
could be used as proxies for follow-up discussions with farmers about adjusting land use.

The third research question required the analysis of data for the first two research questions, with
the expectation that any thresholds for acceptable hydrological disturbance could be zone-specific,
given variations in rainfall, soil type, and the specific characteristics of land use and vegetation.

3. Results

3.1. Rainfall and Throughfall

Within the measurement period, 31 rainy days were recorded (Figure 4). Rainfall variation
between the upstream and midstream observation plots was relatively high, with an average of
520 mm (range 476–556 mm among 12 rain gauge measurements), and an average of 666 mm (range
541–840 mm among 12 rain gauge measurements), respectively. In the upstream and midstream areas,
71% and 57% of the rainy days had < 20 mm day−1 (“light rain”), 24% and 31% had “moderate” rainfall
(21–50 mm day−1) and 6% and 13% “heavy” rain (51–100 mm day−1), respectively; none had “very
heavy rain” (>100 mm day−1). Such rain conditions indicate that the rain erosivity in the midstream is
higher than that of the upstream.
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Figure 4. Distribution of rainfall during observation starting on March 03, 2017 in the Rejoso Watershed.

In the upstream area, the old production forest obtained a throughfall/rainfall ratio of 0.73
(standard deviation (SD) = 0.05), while for open-field agriculture it was 0.94 (SD = 0.5) (Figure 5a).
For young production forests of Casuarina junghuniana-based agroforestry, the throughfall/rainfall ratio
was 0.83 (SD = 0.05). In the midstream, the throughfall/rainfall ratio in agroforestry systems with tree
canopies of 87%, 75%, and 52% were 0.81 (SD = 0.07) 0.81 (SD = 0.07), and 0.1 (SD = 06), respectively
(Figure 5b). For agroforestry with low cover (26%), the throughfall/rainfall ratio was 0.96 (SD = 0.01).
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Figure 5. The throughfall/rainfall ratio variability in measured runoff plots (a) upstream, (b) midstream.

3.2. Soil Properties

The Andisols in the upstream area had a 40–60% silt fraction in all soil measured layers;
the Inceptisols had a higher clay fraction (Appendix A). The upstream area had a lower bulk density
and higher soil porosity, with a lower clay content than the midstream area (Table 2). The soil organic
carbon content varied from 0.65 to 2.12%.
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3.3. Land Characteristics Related to Runoff and Soil Erosion

Production forests in the upstream area had a lower tree canopy cover than those midstream but
higher than those in agroforestry systems (Table 3). Agroforestry in the upstream area had a very low
tree canopy cover because trees were planted only along field edges. Midstream agroforestry gardens
ranged from high (75%) to low (26%) canopy cover. Understory vegetation was more prominent
upstream than midstream. Litter layer necromass and land surface roughness were generally aligned
with tree canopy cover.

Table 3. Canopy cover, understory vegetation, litter necromass, and soil roughness of the sample plots.

Code Land Cover
Tree
Canopy
Cover (%) *

Understory
Vegetation
(Mg ha−1) *

Litter (Mg
ha−1) *

Soil Roughness
(%) *

Upstream Rejoso Watershed
UT1 Old production forest 55b 10.1b 9.2b 8.5a

UT2 Young production
forest 40b 10.5b 2.0a 7.0a

UT3 Agroforestry 4a 10.1b 2.1a 9.5a
UT4 Arable land 0a 3.7a 0.3a 7.7a
LSD 15 5.6 3.7 4.6
Midstream Rejoso Watershed
MT1 Old Production Forest 87c 2.5a 9.8b 7.6b
MT2 Agroforestry 75c 2.5a 4.8a 5.4ab
MT3 Agroforestry 52b 2.1a 5.2a 2.8a
MT4 Agroforestry 26a 1.3a 3.5a 2.0a
LSD 14 2.6 2.4 4.5

* The same letter indicates no statistically significant differences between locations with Fisher’s LSD test (p < 0.05).

3.4. Runoff and Soil Erosion

Decreasing tree canopy cover in agroforestry systems significantly increased the surface
runoff/rainfall ratio or the surface runoff/throughfall ratio (Table 4). In these results, the relationship
between surface runoff with rainfall or throughfall was in line, and the ratio of surface runoff/rainfall
was further used. The ratio of surface runoff/rainfall is also known as the runoff coefficient.

Table 4. Rainfall, runoff, ratio runoff/rainfall, and soil erosion in the runoff plots in each land cover type.

Code Land Cover Rainfall
(mm)

Runoff
(mm) *

Runoff/
Rainfall
Ratio *

Runoff/
Throughfall
Ratio *

Soil Erosion
(Mg ha−1) *

Upstream Rejoso Watershed
UT1 Old production forest 555 14.3a 0.03a 0.04a 5.86a
UT2 Young production forest 492 13.2a 0.03a 0.03a 1.47a
UT3 Agroforestry 476 203.3b 0.43b 0.56c 120.98b
UT4 Arable land 556 225.7b 0.41b 0.43b 163.22b
LSD 46.3 0.09 0.11 87
Midstream Rejoso Watershed
MT1 Old Production Forest 616 80.2a 0.13a 0.16a 3.07a
MT2 Agroforestry 841 316.3c 0.38b 0.48b 2.88a
MT3 Agroforestry 616 228.8b 0.37b 0.46b 6.63ab
MT4 Agroforestry 541 344.9c 0.64c 0.66c 10.33b
LSD 86.6 0.12 0.12 4.22

* The same letter indicates no statistically significant differences between locations with Fisher’s LSD test (p < 0.05).

Infiltration rates in the andisols of the upper watershed were all above 45 mm hour−1 (Figure 6a).
In the midstream area, forest plots had a high infiltration rate, but in the agroforestry systems infiltration
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rates were low and the apparent declined with decreasing tree cover was not statistically significant
(Figure 6b).
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Figure 6. Soil infiltration rate measured using a double-ring infiltrometer (n = 6).

In the upstream area, with decreasing tree canopy cover, the surface runoff/rainfall ratio increased
16-fold compared to production forest (Figure 7a). In the midstream area, agroforestry systems with a
tree canopy cover > 80% were still able to support low surface runoff (Figure 7b). With a tree canopy
cover of < 80%, surface runoff increased rapidly on days with moderate rainfall (20–50 mm day−1)
(Figure 7b).

Figure 7. The relationship between surface runoff/rainfall ratio and the amount of rainfall in production
forest and agroforestry systems in (a) the upstream Rejoso Watershed, under (a.1) 55% canopy cover
of pine-based old production forest, (a.2) 40% canopy cover of pine-based young production forest,
(a.3) 5% canopy cover of Casuarina-based agroforestry with cabbage crop, (a.4) 0% tree canopy cover
of arable land (maize crop); (b) the midstream Rejoso Watershed under (b.1) 87 % canopy cover of
pine/mahogany-based old production forest, (b.2) 75% canopy cover of coffee-based agroforestry,
(b.3) 52% canopy cover of clove-based agroforestry, (b.4) 26% canopy cover of mixed tree and
crop-based agroforestry.
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In production forests with a closed tree canopy cover, soil erosion rates were low (Table 4
and Figure 8a.1,a.2,b.1). These production forests still had a protective understory vegetation that
contributed to litter necromass and surface roughness (Table 3), controlling splash erosion. Upstream,
with a reduction in tree cover, canopy soil erosion increased dramatically from 20 to 110 times the rates
measured in forested plots (Table 4). Erosion rates in all plots increased with the amount of rainfall
(Figure 8a.3,a.4). Midstream agroforestry systems had erosion rates ranging from 2.8 to 10.3 Mg ha−1 in
the measurement period (Table 4). As annual rainfall is approximately three times what was recorded
in the measurement period, with similar rainfall intensities, these erosion rates are to be multiplied by
a factor of three, leading to 9–31 Mg ha−1 year−1.

Figure 8. Soil erosion in relation to daily rainfall rates in production forest and agroforestry in
(a) the upstream Rejoso Watershed, under (a.1) 55% canopy cover of Pine-based old production forest,
(a.2) 40% canopy cover of pine-based young production forest, (a.3) 5% canopy cover of Casuarina-based
agroforestry with cabbage crop, (a.4) 0% tree canopy cover of arable land (maize crop); (b) the
midstream Rejoso Watershed under (b.1) 87% canopy cover of pine/mahogany-based old production
forest, (b.2) 75% canopy cover of coffee-based agroforestry, (b.3) 52% canopy cover of clove-based
agroforestry, (b.4) 26% canopy cover of mixed tree and crop-based agroforestry.

3.5. Thresholds for Infiltration-Friendly Land Use

Increasing tree canopy cover, while maintaining understory vegetation and litter necromass,
is a strong indicator of watershed health and the main driver of low surface runoff (or high soil
infiltration) and low soil erosion in production and agroforestry forest systems in the Rejoso Watershed
(Figures 8a.1, 9a.1, 10b.1 and 11b.1).
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Figure 9. The runoff / rainfall ratio as a function of (1) tree canopy cover, (2) understory vegetation, 
(3)  litter necromass, and (4)  land surface roughness in the a: upstream, b: midstream Rejoso 
Watershed. 
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Figure 10. Soil erosion in relation to (1) tree canopy cover, (2) understory vegetation, (3) litter necromass, 
and land surface roughness in the a: upstream, b: midstream Rejoso Watershed. 
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Figure 10. Soil erosion in relation to tree canopy cover, understory vegetation, litter necromass, and
land surface roughness in the (a): upstream, (b): midstream.

Understory vegetation theoretically can reduce splash impacts on the soil and supports
infiltration, as does the litter necromass present. However, the result of this study indicated that
understory had no statistically significant relationships with runoff coefficient and soil erosion
(Figures 9a.3,b.3 and 10a.3,b.3). Land surface roughness, in contrast to litter necromass, had no
consistent relationship with runoff or erosion (Figures 9a.4 and 10a.4).
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Summarizing (Figure 11), we found a similar slope (3% more canopy water retention per 10%
canopy cover) but a 10% higher canopy retention overall in the upstream area (with lower rainfall
intensity and more small events) and a strong difference between the two soil types in erosion per unit
surface runoff, offsetting the higher infiltration in Andisols.

4. Discussion

Our study only covered two months’ worth of data, rather than the recommended 3–5 years
for such studies. Measurements included one-fourth of the mean annual rainfall, and the validity
of the result may be primarily limited by the assumption that it represented a fair sample of the
rainfall intensities that can be expected in the landscape. With a disproportional fraction of erosion
normally associated with extreme events (compare the curvature of responses in Figure 11B), scaling
up our comparison among land cover types to a multi-year basis may underestimate the relevance of
controlling overland flows.

The first research question tested the hypothesis that, along the forest to open field agriculture
continuum, there is a significant decrease in soil hydrological functions. The results of the present
study confirmed that the conversion of high-density forest to land uses with a lower tree canopy
significantly decreased soil infiltration rates (Table 2). The results of this study align with previous
studies that showed that decreases in ground cover resulted in decreases in soil infiltration rates [51].
Forests and coffee agroforestry have been shown to reduce surface runoff and erosion compared with
coffee monoculture [52]. Soil infiltration into Andisols both under deciduous and pine forest was
higher than that in cropland in a study on the Canary Islands [53]. A study in China [54] found that
the soil infiltration rate of forest was greater than that of agroforestry. A meta-analysis [55] concluded
that converting any land use type with permanent vegetation cover (grassland, shrub, or forest) to
seasonal cropland leads to a decline in the soil infiltration rate, harming soil and water conservation,
while agroforestry improved the soil infiltration capacity compared to cropland and plantations.

The degradation of the soil hydrological functions of forest could be attributed to the decrease
in soils’ macroporosity, organic matter content, and increased soil bulk density (Table 2), which had
relevance to the decreasing infiltration rates (Figure 8). Among various land use patterns, plant root
activities are important factors affecting soil infiltration [56]. The reason why cropland has a lower
infiltration rate than the land use types with a high density of trees compared with those with a low
density of trees in forest may be verified by the fact that soils beneath the canopies of woody plants
had a more extensive distribution of plant roots and a greater number of macropores, which are
biologically produced pores [57,58], which created a positive feedback on infiltration [59,60]. The soil
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macroporosity, needed for effective infiltration, is the result of a continuous process of compaction and
the filling in of macropores with fine soil particles, and the creation of biogenic channels (formed by old
tree roots, earthworms, and other soil engineers) or abiotic processes (cracks). As no heavy machinery
is used in any of these land use systems, compaction is restricted to human feet and motorbikes
on specific tracks. The formation of old tree root channels can cause long time lags between land
cover change and soil macroporosity [61,62], obscuring relations between current tree cover and soil
hydrologic functions. “Fallows” were found to be intermediate between forests and grasslands in
terms of infiltration in Madagascar [63]. Recovery of infiltration after the reforestation of grasslands in
the Philippines was found to be a matter of decades rather than years [64]. In studies elsewhere in
Indonesia, forest soils had more macropores and higher surface infiltration rates than monoculture
coffee plantations [52]. Land use changes, especially from forest to cropland, have caused remarkable
changes in soil properties, including the loss of organic matter and increases in bulk density [65], which
lead to decreased infiltration rates [66]. Some researchers suggested a positive relationship between
soil organic matter and infiltration rate [67,68].

Our study results can be compared to earlier studies in the volcanic uplands of West and East
Java. Sediment delivery to streams increased after a clear-felling and replant operation in the Citarum
Basin (W. Java), which involved the delayed flushing of material trapped during forest clearance and
the incipient gullying of trails created by farmers involved in the replanting program, rather than by
in-field erosion [69]. A study [70] of the Kali Konto catchment in East Java similarly concluded that
“despite their relatively small areal extent (5% in the study area), rural roads, trails and settlements
are significant producers of runoff and sediment at the catchment scale and should be included
in watershed management programs designed to reduce catchment sediment yields and reservoir
siltation.” Soil conservation practices that transform slopes to relatively flat terrace beds and steep
terrace risers are, in the absence of vegetation, still subject to erosion, with splash impacts on the terrace
risers as a major cause [71,72].

The second research question came out with the hypothesis that the dominant factors that
determine “infiltration friendliness” at the plot scale are tree canopy cover, understory vegetation,
litter necromass, and land surface roughness. Our research shows that a number of land cover
types had infiltration rates below the required rates at peak rainfall events. Among the four factors
tested, tree cover and litter layer necromass could be used to define zone-specific thresholds for
infiltration-friendly land use, but understory vegetation and surface roughness could not. Although
slopes in the upper watershed are much steeper than in the midstream, the coarser texture and likely
higher aggregate stability means that thresholds for canopy cover and litter necromass can be lower. A
first “line of defense” of forests is the canopy retention of rainfall, prolonging the time for infiltration,
as canopy dripping lasts beyond the rainfall event. Canopy retention of rainfall tends to be relatively
high for small (but potentially frequent) rainfall events, and low for high rainfall intensities. Our
throughfall results for the two zones corresponded with differences in observed intensity. A five-year
study in the Amazon forests of Colombia [73] showed that throughfall ranged from 82 to 87% of
gross rainfall in the forests studied (with a canopy cover of 83–91%) and varied with event-level gross
rainfall, but also with forest structure, while stemflow contributed, on average, only 1.1% of gross
rainfall in all forests. Throughfall is more spatially heterogeneous than rainfall, creating a challenge for
its measurement. Roving, rather than fixed, location throughfall gauges led to narrower confidence
intervals of throughfall fractions in longer-term studies [74] in lower montane rainforest in Puerto Rico,
where throughfall was 75% and stemflow 4.1% of rainfall, with palms responsible for about 3% and
other trees 1.1%. Spatial heterogeneity in throughfall can be expected to lead to uneven patterns of deep
percolation and groundwater recharge in “patchy” forests [75]. Canopy interception can lead to direct
evaporation, throughfall, or stemflow [76]. The ratio between throughfall and stemflow depends on
the architecture of leaves (e.g., erect leaves favoring stemflow, pendulous leaves favoring throughfall)
and stems. Storage along the stem pathway depends on bark properties [77]. Stemflow accounted for
less than 3% of gross rainfall for tropical hardwoods in a study in Panama, while it was high for tall
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grasses [78]. High stemflow fractions have also been reported for bamboo, bananas, shaded coffee and
cocoa, and understory shrubs [79–82]. Canopy interception and direct evaporation tend to be high in
coastal areas with frequent light rainfall events, but low where tropical rainstorms are predominant
and the canopy storage is rapidly saturated [83,84]. By creating throughfall drops that are larger than
those of open-field rainfall, tree canopies may increase sub-canopy erosivity [13,84].

Many authors have emphasized that the key to hydrologic functions is in the soil rather than
the aboveground parts of the forest [12]. Still, we found strong and direct relations with canopy
cover. Positive effects of canopy cover on infiltration were related to raindrop interception in earlier
studies [75]. Interception will (a) reduce the destructive power of rainwater splash on the ground
surface (as long as the erosive canopy drips described earlier are avoided), (b) allow more time for
infiltration as water reaches the surface more slowly, (c) keep a thin water film on the leaves that will
(d) cool the surrounding air when it subsequently evaporates. It reduces the amount of water reaching
the soil surface, but by increasing air humidity it also decreases transpiration demand when stomata
are open. Coffee gardens close to forest had high macroporosity and infiltration rates relative to more
compacted pasture and sugarcane land on volcanic slopes in Costa Rica [85]. Dye infiltration patterns
in a comparison of natural forest and rubber plantations in Yunnan (China) showed [86] that the fine
roots of understory vegetation promoted subsurface flow and reduced water erosion. The effects of
trees on infiltration have been described as a “double-funneling” [87] with stemflow (dependent on
the insertion angle of branches on the main stem), bringing water to the soil surface connection point
for root-induced preferential flow [88,89].

A comparison of infiltration rates (median Ks values 16–98 mm h–1) in broadleaf, pine-dominated,
and mixed community-managed forest in Nepal [90] found the less intensively used pine-dominated
site to be more conducive to vertical percolation than the other two forest types. These results were
remarkable in relation to the negative local perceptions of the role of pine plantations on declining
water resources.

Understory vegetation can theoretically reduce splash impacts on the soil and supports infiltration,
as does the litter necromass present. However, the result of this study indicated that the understory
shows no significant relationships with the runoff coefficient and soil erosion. This is possibly because
surface runoff and erosion are largely controlled by land cover. The growth and development of the
understory is determined by canopy cover. Likewise, the tree plantations in each plot are also diverse,
so this also affects the diversity of the understory vegetation underneath. The result of this study
indicates that the litter layer in the old production forest both upstream and midstream is significantly
thicker than that other land uses (Table 3) and there is a significant correlation with the runoff coefficient
and soil erosion (Figures 7 and 8, respectively). Litter is the parts of the body of the plant (in the
form of leaves, branches, twigs, flowers, and fruit) that die (deciduous or pruned) and lie on the
surface of the soil either intact or partially weathered. The role of litter in maintaining infiltration
and soil erosion is through: (a) M=maintaining soil looseness by protecting the soil surface from
rainwater, so that aggregates and soil macropores are maintained, (b) providing food sources for soil
organisms, especially “soil engineers” (e.g., earthworms), so that the organism can live and develop in
the soil, thus, the number of macro pores is maintained through the activity of these organisms, and (c)
maintaining water quality in the river through the filtering of soil particles carried by surface runoff

before entering the river. In a study in North China [91], the presence of the litter of Quercus variabilis,
representing broadleaf litter, and Pinus tabulaeformis, representing needle leaf litter, reduced surface
runoff rates by 29.5% and 31.3%, respectively. The overall effect of fast plus slow decomposing surface
litter means the protection of the soil surface from splash erosion, surface roughness that reduces
sediment entrainment, an energy source for soil biota, and a conducive microclimate [92,93].

Infiltration fractions depend on the scale of measurement and on variations in slope steepness,
as overland flow can re-infiltrate on less steep foot-slopes in the case of the upper plots [94] or water
infiltrates can re-emerge as surface flow depending on subsoil conductivity [95,96]. Such effects will
need to be included if catchment level hydrology is to be predicted from plot-level measurements.
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The land surface roughness also contributes to a high infiltration rate, reducing soil erosion. In the
upstream, there is no significant different between land uses, but in the midstream, land surface
roughness in agroforestry systems with tightly different canopies is significantly higher than rare
canopies (Table 3). Without a high canopy cover (Table 3), this roughness was not able to control surface
runoff and erosion in the upstream area. This is due to a steep slope in this plot. Both the production
forest and agroforestry systems with high canopies maintained a relatively high land surface roughness
compared with rare canopies in the midstream area. In the midstream, the land surface roughness
was significantly correlated with the runoff coefficient and soil erosion. The role of surface roughness
as a sediment filter may depend on frequent regeneration to counter homogenization [97]. Surface
roughness in the landscape includes a cavity, the meandering of streams due to the presence of litter,
necromass, tree trunks, and rocks, which provide opportunities for water flow to stop for longer periods
and experience infiltration. This condition also functions as a sediment filter. This function needs to be
managed through land management, so that surface roughness is maintained on the ground.

Shifts in local rainfall patterns between sub-watersheds make it difficult to disentangle the relative
importance of land use and climate change through statistical pattern analysis without knowledge of
the underlying processes [98,99]. The holy grail of scientific hydrology, connecting overall aggregated
flow patterns to local extreme events and possible hysteresis, is still worth searching for even if a
general solution might ultimately prove impossible to find [100]. For the deep seepage component of
the hillslope and catchment water balance, we can expect that extreme events are less important than
gradual changes that influence average flows, but empirical analysis of the uncertainties involved is
still a challenge [101].

The third research question is, as an analysis, the answers to the previous two research questions
with the hypothesis that it is not always that the upstream watershed area is more sensitive to
hydrological disturbance due to changes in land use than the midstream, but the factor of soil
properties also determines considerations in watershed hydrological management. From a land use
policy perspective, our results suggest that maintaining high (~80%) canopy cover in the mid-slope
farmer-controlled landscape under bench terracing, which does not match the slope criteria for
designation as watershed protection forest, is important. In Indonesia, protection forest areas have the
primary functions of the protection of life support systems to regulate water management, prevent
flooding, control soil erosion, and maintain soil fertility [102].

Erosion rates of 9–31 Mg ha−1 year−1, as estimated here, are a challenge, especially if the 400-year
time frame of using up all soil, as used in Equation 7, is replaced by a tolerance equal to the rate of
soil formation. A study in a high rainfall area with Inceptisols in Central Java [103] estimated that
the rate of chemical weathering was around 0.85 Mg ha−1 yr−1 and used that as estimate of erosion
rates that can be sustained indefinitely without affecting soil depth. Volcanic ash inputs add soil on
top of the profile but may also be disproportionately included in what gets removed from the plots.
Our measurements in Rejoso suggested that critical thresholds of the degree of canopy cover that is
hydrologically desirable depend on soil and climatic conditions, which may vary over a relatively short
distance. When the focus is on erosion and net sediment transport, the scale of consideration strongly
influenced conclusions in the volcanic Way Besai Watershed in Sumatra as well [104]. With the higher
rainfall intensities in midstream Rejoso and more erodible soils upstream, the risks for degradation
from a downstream perspective are differentiated by zone. Combining our plot-level results with
efforts of hydrologic modeling for the Rejoso catchment as a whole [105,106] can guide further advice
to a local watershed forum on the measures and incentives needed to restore and protect the watershed
as a whole.
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The Indonesian legal requirement of 30% forest cover across all its local government entities [31]
is a coarse translation of the hydrologic relations at risk. It clearly matters what the land cover in the
“non-forest” parts of the landscape is and how vegetation interacts with soils and geomorphology in
shaping rivers and groundwater flows [107,108]. Our findings for the Rejoso Watershed show that,
within the agroforestry spectrum, hydrologic the thresholds of infiltration friendliness exist between
the systems that are mostly “agro” and those that are mostly “forest”, but higher tree cover systems
are desirable.

5. Conclusions

Our results demonstrated that vegetation-based thresholds for adequate infiltration, given the
existing rainfall intensities, differed between the middle and upper Rejoso Watershed. Despite steep
slopes and low tree cover, the upper watershed, with its course soil texture (pseudo-sand/silt), low bulk
density due to a high content of amorphic minerals, strong micro-aggregation and individual minerals,
sponge-pores typical of Andosols, and land management practices that combine vegetable crops with a
tree canopy cover of around 55%, can maintain infiltration and keep erosion at acceptable levels. In the
midstream part of the catchment, despite gentle slopes under bench terracing, infiltration-friendly
land use on the fine-textured Inceptisols required a canopy cover of 80%. Beyond tree canopy cover,
litter layer necromass was found to be a good and easily observed indicator of infiltration rates,
while understory vegetation and surface roughness may support infiltration, but are not sufficiently
strong indicators.

Author Contributions: D.S., W.W., K.H., and M.v.N. designed the study. N.M. collected data in the midstream,
A.L.R. collected data in the upstream, R.M.I. coordinated the data collection in the field, and were academically
supervised by D.S., W.W., and K.H. D.S., K.H. and M.v.N. shaped the manuscript, which was approved by
all co-authors.

Funding: Fieldwork for this research was funded by the Danone Ecosystem Fund via the World Agroforestry
Centre, ICRAF, Indonesia office. This research was also partially funded by the Indonesian Ministry of Research,
Technology and Higher Education under the WCU Program managed by the Institute of Research and Community
Services, Universitas Brawijaya and Institut Teknologi Bandung.

Acknowledgments: Authors thank to the community of the Rejoso Watershed and the “Rejoso Kita” Forum.
They also thank the Department of Soil Science, Faculty of Agriculture, University of Brawijaya and the Research
Group of Tropical Agroforestry for their support of the research. The authors would like to thank the Social
Investment Indonesia (SII) organization for connecting the local stakeholders during fieldwork. The manuscript
benefitted from the comments of Sampurno Bruijnzeel and an anonymous reviewer.

Conflicts of Interest: The authors declare no conflict of interest.

120



Land 2020, 9, 240

Appendix A
Land 2020, 9, x FOR PEER REVIEW 11 of 30 

 
Figure A1. Soil texture in five different layers in runoff plot measurements. 

References 

1. Water, U.N. 2018 UN World Water Development Report, Nature-Based Solutions for Water; Water, 

U.N.: Nairobi, Kenya, 2018. 

2. Ostovar, A.L. Investing upstream: Watershed protection in Piura, Peru. Environ. Sci. Policy 2019, 96, 

9–17, doi:10.1016/j.envsci.2019.02.005. 

3. Ali, M.; Hadi, S.; Sulistyantara, B. Study on land cover change of Ciliwung downstream watershed 

with spatial dynamic approach. CITIES 2015 International Conference, Intelligent Planning Towards 

Smart Cities, CITIES 2015, 3–4 November 2015, Surabaya, Indonesia. Procedia—Soc. Behav. Sci. 2016, 

227, 52–59. 

4. Jacobs, S.R.; Timbe, E.; Weeser, B.; Rufino, M.C.; Butterbach-Bahl, K.; Breuer, L. Assessment of 

hydrological pathways in East African montane catchments under different land use. Hydrol. Earth 

Syst. Sci. 2018, 22, 4981–5000, doi:10.5194/hess-22-4981. 

Figure A1. Soil texture in five different layers in runoff plot measurements.

References

1. UN-Water. 2018 UN World Water Development Report, Nature-Based Solutions for Water; UN-Water: Nairobi,
Kenya, 2018.

2. Ostovar, A.L. Investing upstream: Watershed protection in Piura, Peru. Environ. Sci. Policy 2019, 96, 9–17.
[CrossRef]

3. Ali, M.; Hadi, S.; Sulistyantara, B. Study on land cover change of Ciliwung downstream watershed with
spatial dynamic approach. CITIES 2015 International Conference, Intelligent Planning towards Smart Cities,
CITIES 2015, 3–4 November 2015, Surabaya, Indonesia. Procedia—Soc. Behav. Sci. 2016, 227, 52–59. [CrossRef]

4. Jacobs, S.R.; Timbe, E.; Weeser, B.; Rufino, M.C.; Butterbach-Bahl, K.; Breuer, L. Assessment of hydrological
pathways in East African montane catchments under different land use. Hydrol. Earth Syst. Sci. 2018, 22,
4981–5000. [CrossRef]

121



Land 2020, 9, 240

5. Van Noordwijk, M.; Bayala, J.; Hairiah, K.; Lusiana, B.; Muthuri, C.; Khasanah, N.; Mulia, R. Agroforestry
solutions for buffering climate variability and adapting to change. In Climate Change Impact and Adaptation in
Agricultural Systems; Fuhrer, J., Gregory, P.J., Eds.; CAB-International: Wallingford, UK, 2014; pp. 216–232.

6. Van Noordwijk, M.; Bargues-Tobella, A.; Muthuri, C.W.; Gebrekirstos, A.; Maimbo, M.; Leimona, B.; Bayala, J.;
Ma, X.; Lasco, R.; Xu, J.; et al. Agroforestry as part of nature-based water management. In Sustainable
Development through Trees on Farms: Agroforestry in Its Fifth Decade; van Noordwijk, M., Ed.; World Agroforestry
(ICRAF): Bogor, Indonesia, 2019; pp. 261–287.

7. Van Noordwijk, M.; Kim, Y.S.; Leimona, B.; Hairiah, K.; Fisher, L.A. Metrics of water security, adaptive
capacity, and agroforestry in Indonesia. Curr. Opin. Environ. Sustain. 2016, 21, 1–8. [CrossRef]

8. Filoso, S.; Bezerra, M.O.; Weiss, K.C.; Palmer, M.A. Impacts of forest restoration on water yield: A systematic
review. PLoS ONE 2017, 12, e0183210. [CrossRef]

9. Bentley, L.; Coomes, D.A. Partial river flow recovery with forest age is rare in the decades following
establishment. Glob. Chang. Biol. 2020, 26, 1458–1473. [CrossRef]

10. Zhang, J. Hydrological Response of a Fire-Climax Grassland and a Reforest Before and After Passage of
Typhoon Haiyan (Leyte Island, the Philippines). Ph.D. Thesis, Free University, Amsterdam, The Netherlands,
2018.

11. Bruijnzeel, L.A. Hydrological functions of tropical forests: Not seeing the soil for the trees? Agric. Ecosyst.
Environ. 2004, 104, 185–228. [CrossRef]

12. Peña-Arancibia, J.L.; Bruijnzeel, L.A.; Mulligan, M.; van Dijk, A.I. Forests as ‘sponges’ and ‘pumps’: Assessing
the impact of deforestation on dry-season flows across the tropics. J. Hydrol. 2019, 574, 946–963. [CrossRef]

13. Wiersum, K.F. Effects of various vegetation layers of an Acacia auriculiformis forest plantation on surface
erosion in Java, Indonesia. In Soil Erosion and Conservation; El-Swaify, S.A., Moldenhauer, W.C., Lo, A., Eds.;
John Wiley & Sons: Hoboken, NJ, USA, 1985; pp. 79–89.

14. Hairiah, K.; Suprayogo, D.; Widianto, B.; Suhara, E.; Mardiastuning, A.; Widodo, R.H.; Prayogo, C.; Rahayu, S.
Forests conversion into agricultural land: Litter thickness, earthworm populations and soil macro-porosity.
Agrivita 2004, 26, 68–80.

15. Suprayogo, D.; Widianto, K.; Hairiah, I.N. Watershed Management: Hydrological Consequences of Land Use
Change during Development; Universitas Brawijaya Press: Malang, Indonesia, 2017.

16. Creed, I.F.; van Noordwijk, M. Forest and Water on a Changing Planet: Vulnerability, Adaptation and Governance
Opportunities; A Global Assessment Report. World Series Volume 38; IUFRO: Vienna, Austria, 2018.

17. Jones, J.A.; Wei, X.; Archer, E.; Bishop, K.; Blanco, J.A.; Ellison, D.; Gush, M.; McNulty, S.G.; van Noordwijk, M.;
Creed, I.F. Forest-Water Interactions under Global Change. In Forest-Water Interactions; Ecological Studies
240; Levia, D.F., Carlyle-Moses, D.E., Michalzik, B., Nanko, K., Tischer, A., Eds.; Springer Nature: Picassopl,
Switzerland, 2020; pp. 589–624. [CrossRef]

18. Liu, Y.; Cui, Z.; Huang, Z.; Miao, H.T.; Wu, G.L. The influence of litter crusts on soil properties and
hydrological processes in a sandy ecosystem. Hydrol. Earth Syst. Sci. 2019, 23, 2481–2490. [CrossRef]

19. Zhang, J.; van Meerveld, H.I.; Tripoli, R.; Bruijnzeel, L.A. Runoff response and sediment yield of a
landslide-affected fire-climax grassland micro-catchment (Leyte, the Philippines) before and after passage of
typhoon Haiyan. J. Hydrol. 2018, 565, 524–537. [CrossRef]

20. Zhang, J.; Bruijnzeel, L.A.; Quiñones, C.M.; Tripoli, R.; Asio, V.B.; van Meerveld, H.J. Soil physical
characteristics of a degraded tropical grassland and a ‘reforest’: Implications for runoff generation. Geoderma
2019, 333, 163–177. [CrossRef]

21. Van Noordwijk, M.; Lawson, G.; Hairiah, K.; Wilson, J. Root distribution of trees and crops: Competition
and/or complementarity. In Tree–Crop Interactions: Agroforestry in a Changing Climate; CABI: Wallingford, UK,
2015; pp. 221–257.

22. Ellison, D.; Morris, C.E.; Locatelli, B.; Sheil, D.; Cohen, J.; Murdiyarso, D.; Gutierrez, V.; van Noordwijk, M.;
Creed, I.F.; Pokorny, J. Trees, forests and water: Cool insights for a hot world. Glob. Environ. Chang. 2017, 43,
51–61. [CrossRef]

23. Ellison, D.; Wang-Erlandsson, L.; van der Ent, R.J.; van Noordwijk, M. Upwind forests: Managing moisture
recycling for nature-based resilience. Unasylva 2019, 251, 13–26.

24. Van Noordwijk, M.; Tanika, L.; Lusiana, B. Flood risk reduction and flow buffering as ecosystem services—Part
1: Theory on flow persistence, flashiness and base flow. Hydrol. Earth Syst. Sci. 2017, 21, 2321–2340. [CrossRef]

122



Land 2020, 9, 240

25. Shannon, P.D.; Swanston, C.W.; Janowiak, M.K.; Handler, S.D.; Schmitt, K.M.; Brandt, L.A.;
Butler-Leopold, P.R.; Ontl, T. Adaptation strategies and approaches for forested watersheds. Rev. Artic.
Clim. Serv. 2019, 13, 51–64. [CrossRef]

26. Van Noordwijk, M.; Tanika, L.; Lusiana, B. Flood risk reduction and flow buffering as ecosystem services—Part
2: Land use and rainfall intensity effects in Southeast Asia. Hydrol. Earth Syst. Sci. 2017, 21, 2341–2360.
[CrossRef]

27. Coster, C. Wortelstudien in de tropen. V. Gebergtehoutsoorten [Root studies in the Tropics. V. Tree species of
the mountain region]. Tectona 1935, 28, 861–878.

28. Coster, C. De verdamping van verschillende vegetatievormen op Java [The transpiration of different types of
vegetation in Java]. Tectona 1937, 30, 1–124.

29. Gonggrijp, L. De verdamping van gebergtebosch in West Java op 1750–200 m zeehoogte [The transpiration
of mountain forest in West Java at an elevation of 1750–2000 m above sea level]. Tectona 1941, 34, 437–447.

30. Galudra, G.; Sirait, M. A discourse on Dutch colonial forest policy and science in Indonesia at the beginning
of the 20th century. Int. For. Rev. 2009, 11, 524–533. [CrossRef]

31. Government of Indonesia. Law (Undang-Undang) Number 26 Year 2007 about Spatial Planning; Government of
Indonesia: Pemerintah, Indonesia, 2007.

32. Van Noordwijk, M.; Creed, I.F.; Jones, J.A.; Wei, X.; Gush, M.; Blanco, J.A.; Sullivan, C.A.; Bishop, K.;
Murdiyarso, D.; Xu, J.; et al. Climate-forest-water-people relations: Seven system delineations. In Forest and
Water on a Changing Planet: Vulnerability, Adaptation and Governance Opportunities: A Global Assessment Report
(No. 38); International Union of Forest Research Organizations (IUFRO): Vienna, Austria, 2018; pp. 27–58.

33. Van Noordwijk, M.; Ekadinata, A.; Leimona, B.; Catacutan, D.; Martini, E.; Tata, H.L.; Öborn, I.; Hairiah, K.;
Wangpakapattanawong, P.; Mulia, R.; et al. Agroforestry options for degraded landscapes in Southeast Asia.
In Agroforestry for Degraded Landscapes: Recent Advances and Emerging Challenges; Dagar, J.C., Gupta, S.R.,
Teketay, D., Eds.; Springer: Singapore, 2020.

34. Sajikumar, N.; Remya, R.S. Impact of land cover and land use change on runoff characteristics. J. Environ.
Manag. 2015, 161, 460–468. [CrossRef] [PubMed]

35. Anache, J.A.; Wendland, E.C.; Oliveira, P.T.; Flanagan, D.C.; Nearing, M.A. Runoff and soil erosion plot-scale
studies under natural rainfall: A meta-analysis of the Brazilian experience. Catena 2017, 152, 29–39. [CrossRef]

36. USGS. Landsat 8 OLI (2019-10-18 (6, 53). U.S. Geological Survey. 2019. Available online: https://earthexplorer.
usgs.gov/ (accessed on 9 June 2020).

37. Wischmeier, W.H. The USLE: Some reflections. J. Soil Water Conserv. 1984, 39, 105–107.
38. Hairsine, P.B.; Rosem, C.W. Modeling water erosion due to overland flow using physical principles: 1. Sheet

flow. Water Resour. Res. 1992, 28, 237–243. [CrossRef]
39. Van Noordwijk, M.; van Roode, M.; McCallie, E.L.; Cadisch, G. Erosion and sedimentation as multiscale,

fractal processes: Implications for models, experiments and the real world. In Soil Erosion at Multiple
Scales, Principles and Methods for Assessing Causes and Impacts; Penning de Vries, F., Agus, F., Kerr, J., Eds.;
CAB International: Wallingford, UK, 1998; pp. 223–253.

40. Knox County Tennessee. Stormwater Management Manual, Section on the Rational Method, Volume 2
Technical Guidance. Available online: https://dec.alaska.gov/water/wastewater/stormwater/swppp-dev-
runoff-coefficient-values-rm (accessed on 26 April 2020).

41. Widianto, D.S.; Noveras, H.; Widodo, R.H.; Purnomosidhi, P.; van Noordwijk, M. Alih guna lahan hutan
menjadi lahan pertanian: Apakah fungsi hidrologis hutan dapat digantikan sistem kopi monokultur?
Agrivita 2004, 26, 47–52.

42. Gee, G.W.; Bauder, J.W. Particle Size Analysis. In Methods of Soil Analysis Part 1, Physical and Mineralogical
Methods, 2nd ed.; Klute, A., Ed.; American Society of Agronomy: Madison, WI, USA, 1986; Volume 9,
pp. 383–411.

43. Blake, G.R.; Hartge, K.H. Bulk density. In Methods of Soil Analysis. Part I: Physical and Mineralogical Methods;
Klute, A.K., Ed.; American Society of Agronomy—Soil Science Society of America: Madison, WI, USA, 1986;
pp. 363–375.

44. Nimmo, J.R. Porosity and pore size distribution. In Encyclopedia of Soils in the Environment; Hillel, D., Ed.;
Elsevier: London, UK, 2004; pp. 295–303.

45. Walkley, A.; Black, I.A. An examination of the Degtjareff method for determining soil organic matter, and a
proposed modification of the chromic acid titration method. Soil Sci. 1934, 37, 29–38. [CrossRef]

123



Land 2020, 9, 240

46. Bouwer, H. Intake rate: Cylinder infiltrometer. In Methods of Soil Analysis; Klute, A., Ed.; ASA Monograph 9;
ASA: Madison, WI, USA, 1986; pp. 825–843.

47. Jennings, S.B.; Brown, N.D.; Sheil, D. Assessing forest canopies and understorey illumination: Canopy
closure, canopy cover and other measures. Forestry 1999, 72, 59–73. [CrossRef]

48. Hairiah, K.; Ekadinata, A.; Sari, R.R.; Rahayu, S. Measurement of Carbon Stock: From land level to landscape.
In Practical Instructions, 2nd ed.; Bogor, World Agroforestry Centre, ICRAF SEA Regional Office, University
of Brawijaya (UB): Malang, Indonesia, 2011; p. 110. Available online: http://apps.worldagroforestry.org/sea/

Publications/files/manual/MN0049-11.pdf (accessed on 10 April 2020).
49. Hoechsteetter, S.; Walz, U.; Dang, L.H.; Thinh, N.X. Effect of Topography and Surface Roughness in

Analyses of Landscape Structure—A Proposal Modify the Existing Set of Landscape Metrics. Landsc. Online
2008, 3, 1–14. Available online: https://gfzpublic.gfz-potsdam.de/pubman/item/item_32854 (accessed on
10 April 2020). [CrossRef]

50. Landon, J.R. Booker Tropical Soil Manual: A Handbook for Soil Survey and Agricultural Land Evaluation in the
Tropics and Subtropics; Routledge: Abingdon, UK, 2014.

51. Gifford, G.F.; Hawkins, R.H. Hydrologic impact of grazing on infiltration: A critical review. Water Resour.
Res. 1978, 14, 305–313. [CrossRef]

52. Widianto, D.S.; Purnomosidhi, P.; Widodo, R.H.; Rusiana, F.; ZAini, Z.; Khasanah, N.; Kusuma, Z. Degradasi
sifat fisik tanah sebagai akibat alih guna lahan hutan menjadi sistem kopi monokultur: Kajian perubahan
makroporositas tanah. Agrivita 2004, 26, 60–67.

53. Neris, J.; Jiménez, C.; Fuentes, J.; Morillas, G.; Tejedor, M. Vegetation and land-use effects on soil properties
and water infiltration of Andisols in Tenerife (Canary Islands, Spain). Catena 2012, 98, 55–62. [CrossRef]

54. Ma, Q.; Wang, J.; Zhu, S. Effects of precipitation, soil water content and soil crust on artificial Haloxylon
Ammodendron forest. Acta Ecol. Sin. 2007, 27, 5057–5067. [CrossRef]

55. Sun, D.; Yang, H.; Guan, D.; Yang, M.; Wu, J.; Yuan, F.; Jin, C.; Wang, A.; Zhang, Y. The effects of land use
change on soil infiltration capacity in China: A meta-analysis. Sci. Total Environ. 2018, 626, 1394–1401.
[CrossRef] [PubMed]

56. Zimmermann, B.; Elsenbeer, H.; De Moraes, J.M. The influence of land-use changes on soil hydraulic
properties: Implications for runoff generation. For. Ecol. Manag. 2006, 222, 29–38. [CrossRef]

57. Dunkerley, D. A Review of the Effects of Throughfall and Stemflow on Soil Properties and Soil Erosion.
In Precipitation Partitioning by Vegetation; Springer: Cham, Germany, 2020; pp. 183–214.

58. Colloff, M.J.; Pullen, K.R.; Cunningham, S.A. Restoration of an ecosystem function to revegetation
communities: The role of invertebrate macropores in enhancing soil water infiltration. Restor. Ecol.
2010, 18, 65–72. [CrossRef]

59. Reid, K.D.; Wilcox, B.P.; Breshears, D.D.; MacDonald, L. Runoff and erosion in a pinon–juniper woodland:
Influence of vegetation patches. Soil Sci. Soc. Am. J. 1999, 63, 313–325. [CrossRef]

60. Bhark, E.W.; Small, E.E. Association between plant canopies and the spatial patterns of infiltration in
shrubland and grassland of the Chihuahuan Desert, New Mexico. Ecosystems 2003, 6, 185–196. [CrossRef]

61. Van Noordwijk, M.; Heinen, M.; Hairiah, K. Old tree root channels in acid soils in the humid tropics:
Important for crop root penetration, water infiltration and nitrogen management. In Plant-Soil Interactions at
Low pH; Springer: Dordrecht, The Netherlands, 1991; pp. 423–430.

62. Wu, G.L.; Liu, Y.; Yang, Z.; Cui, Z.; Deng, L.; Chang, X.F.; Shi, Z.H. Root channels to indicate the increase in
soil matrix water infiltration capacity of arid reclaimed mine soils. J. Hydrol. 2017, 546, 133–139. [CrossRef]

63. Zwartendijk, B.W.; Van Meerveld, H.J.; Ghimire, C.P.; Bruijnzeel, L.A.; Ravelona, M.; Jones, J.P.G. Rebuilding
soil hydrological functioning after swidden agriculture in eastern Madagascar. Agric. Ecosyst. Environ. 2017,
239, 101–111. [CrossRef]

64. Van Meerveld, H.J.; Zhang, J.; Tripoli, R.; Bruijnzeel, L.A. Effects of reforestation of a degraded Imperata
grassland on dominant flow pathways and streamflow responses in Leyte, the Philippines. Water Resour.
Res. 2019, 55, 4128–4148. [CrossRef]

65. Sanchez, P.A. Properties and Management of Soils in the Tropics; Cambridge University Press: Cambridge,
UK, 2019.

66. Mwendera, E.J.; Saleem, M.M. Infiltration rates, surface runoff, and soil loss as influenced by grazing pressure
in the Ethiopian highlands. Soil Use Manag. 1997, 13, 29–35. [CrossRef]

124



Land 2020, 9, 240

67. Martens, D.A.; Frankenberger, W.T. Modification of Infiltration Rates in an Organic-Amended Irrigated.
Agron. J. 1992, 84, 707–717. [CrossRef]

68. Osuji, G.E.; Okon, M.A.; Chukwuma, M.C.; Nwarie, I.I. Infiltration characteristics of soils under selected
land use practices in Owerri, Southeastern Nigeria. World J. Agric. Sci. 2010, 6, 322–326.

69. Bons, C.A. Accelerated erosion due to clearcutting of plantation forest and subsequent Taungya cultivation
in upland West Java, Indonesia. Int. Assoc. Hydrol. Sci. Publ. 1990, 192, 279–288.

70. Rijsdijk, A.; Bruijnzeel, L.S.; Sutoto, C.K. Runoff and sediment yield from rural roads, trails and settlements
in the upper Konto catchment, East Java, Indonesia. Geomorphology 2007, 87, 28–37. [CrossRef]

71. Purwanto, E.; Bruijnzeel, L.A. Soil conservation on rainfed bench terraces in upland West Java, Indonesia:
Towards a new paradigm. In Advances in Geoecology; Catena: Reiskirchen, Germany, 1998; pp. 1267–1274.

72. Van Dijk, A.I.J.M.; Bruijnzeel, L.A.; Wiegman, S.E. Measurements of rain splash on bench terraces in a humid
tropical steepland environment. Hydrol. Process. 2003, 17, 513–535. [CrossRef]

73. Marin, C.T.; Bouten, W.; Sevink, J. Gross rainfall and its partitioning into throughfall, stemflow and
evaporation of intercepted water in four forest ecosystems in western Amazonia. J. Hydrol. 2000, 237, 40–57.
[CrossRef]

74. Holwerda, F.; Scatena, F.N.; Bruijnzeel, L.A. Throughfall in a Puerto Rican lower montane rain forest:
A comparison of sampling strategies. J. Hydrol. 2006, 327, 592–602. [CrossRef]

75. Klos, P.Z.; Chain-Guadarrama, A.; Link, T.E.; Finegan, B.; Vierling, L.A.; Chazdon, R. Throughfall
heterogeneity in tropical forested landscapes as a focal mechanism for deep percolation. J. Hydrol. 2014, 519,
2180–2188. [CrossRef]

76. Muzylo, A.; Llorens, P.; Valente, F.; Keizer, J.J.; Domingo, F.; Gash, J.H.C. A review of rainfall interception
modelling. J. Hydrol. 2009, 370, 191–206. [CrossRef]

77. Van Stan, J.T.; Lewis, E.S.; Hildebrandt, A.; Rebmann, C.; Friesen, J. Impact of interacting bark structure and
rainfall conditions on stemflow variability in a temperate beech-oak forest, central Germany. Hydrol. Sci. J.
2016, 61, 2071–2083. [CrossRef]

78. Friesen, P.; Park, A.; Sarmiento-Serrud, A.A. Comparing rainfall interception in plantation trials of six tropical
hardwood trees and wild sugar cane Saccharum spontaneum L. Ecohydrology 2013, 6, 765–774.

79. Taniguchi, M.; Tsujimura, M.; Tanaka, T. Significance of stemflow in groundwater recharge. 1: Evaluation
of the stemflow contribution to recharge using a mass balance approach. Hydrol. Process. 1996, 10, 71–80.
[CrossRef]

80. Cattan, P.; Bussière, F.; Nouvellon, A. Evidence of large rainfall partitioning patterns by banana and impact
on surface runoff generation. Hydrol. Process. 2007, 21, 2196–2205. [CrossRef]

81. Siles, P.; Vaast, P.; Dreyer, E.; Harmand, J.M. Rainfall partitioning into throughfall, stemflow and interception
loss in a coffee (Coffea arabica L.) monoculture compared to an agroforestry system with Inga densiflora.
J. Hydrol. 2010, 395, 39–48. [CrossRef]

82. Niether, W.; Armengot, L.; Andres, C.; Schneider, M.; Gerold, G. Shade trees and tree pruning alter throughfall
and microclimate in cocoa (Theobroma cacao L.) production systems. Ann. For. Sci. 2018, 75, 38. [CrossRef]

83. Bruijnzeel, L.A.; Wiersum, K.F. Rainfall interception by a young Acacia auriculiformis (A. Cunn) plantation
forest in west Java, Indonesia: Application of Gash’s analytical model. Hydrol. Process. 1987, 1, 309–319.
[CrossRef]

84. de Almeida, W.S.; Panachuki, E.; de Oliveira, P.T.S.; da Silva Menezes, R.; Sobrinho, T.A.; de Carvalho, D.F.
Effect of soil tillage and vegetal cover on soil water infiltration. Soil Tillage Res. 2018, 175, 130–138. [CrossRef]

85. Toohey, R.C.; Boll, J.; Brooks, E.S.; Jones, J.R. Effects of land use on soil properties and hydrological processes
at the point, plot, and catchment scale in volcanic soils near Turrialba, Costa Rica. Geoderma 2018, 315,
138–148. [CrossRef]

86. Nespoulous, J.; Merino-Martin, L.; Monnier, Y.; Bouchet, D.C.; Ramel, M.; Dombey, R.; Viennois, G.; Mao, Z.;
Zhang, J.L.; Cao, K.F.; et al. Tropical forest structure and understorey determine subsurface flow through
biopores formed by plant roots. Catena 2019, 181, 104061. [CrossRef]

87. Johnson, M.S.; Lehmann., J. Double-Funneling of trees: Stemflow and root-induced preferential flow.
Ecoscience 2006, 13, 324–333. [CrossRef]

125



Land 2020, 9, 240

88. Gonzalez-Ollauri, A.; Stokes, A.; Mickovski, S.B. A novel framework to study the effect of tree architectural
traits on stemflow yield and its consequences for soil-water dynamics. J. Hydrol. 2020, 582, 124448. [CrossRef]

89. Liang, W.L. Effects of Stemflow on Soil Water Dynamics in Forest Stands. In Forest-Water Interactions; Springer:
Cham, Germany, 2020; pp. 349–370.

90. Badu, M.; Nuberg, I.; Ghimire, C.P.; Bajracharya, R.M.; Meyer, W.S. Negative Trade-Offs between Community
Forest Use and Hydrological Benefits in the Forested Catchments of Nepal’s Mid-hills. Mt. Res. Dev. 2020,
39, 822–832. [CrossRef]

91. Li, X.; Niu, J.; Xie, B. The Effect of Leaf Litter Cover on Surface Runoff and Soil Erosion in Northern China.
PLoS ONE 2014, 9, e107789. [CrossRef]

92. Hairiah, K.; Sulistyani, H.; Suprayogo, D.; Purnomosidhi, P.; Widodo, R.H.; Van Noordwijk, M. Litter layer
residence time in forest and coffee agroforestry systems in Sumberjaya, West Lampung. For. Ecol. Manag.
2006, 224, 45–57. [CrossRef]

93. Derpsch, R.; Franzluebbers, A.J.; Duiker, S.W.; Reicosky, D.C.; Koeller, K.; Friedrich, T.; Sturny, W.G.;
Sá, J.C.M.; Weiss, K. Why do we need to standardize no-tillage research? Soil Tillage Res. 2014, 137, 16–22.
[CrossRef]

94. Stomph, T.J.; De Ridder, N.; Steenhuis, T.S.; Van de Giesen, N.C. Scale effects of Hortonian overland flow and
rainfall-runoff dynamics: Laboratory validation of a process-based model. Earth Surf. Process. Landf. 2002,
27, 847–855. [CrossRef]

95. Gomi, T.; Sidle, R.C.; Miyata, S.; Kosugi, K.I.; Onda, Y. Dynamic runoff connectivity of overland flow on
steep forested hillslopes: Scale effects and runoff transfer. Water Resour. Res. 2008, 44, 1–16. [CrossRef]

96. Moreno-de las Heras, M.; Nicolau, J.M.; Merino-Martín, L.; Wilcox, B.P. Plot-Scale effects on runoff and
erosion along a slope degradation gradient. Water Resour. Res. 2010, 46, 1–12. [CrossRef]

97. Rodenburg, J.; Stein, A.; van Noordwijk, M.; Ketterings, Q.M. Spatial variability of soil pH and phosphorus
in relation to soil run-off following slash-and-burn land clearing in Sumatra, Indonesia. Soil Tillage Res. 2003,
71, 1–14. [CrossRef]

98. Pradiko, H.; Soewondo, P.; Suryadi, Y. The change of hydrological regime in upper Cikapundung Watershed,
West Java Indonesia. Procedia Eng. 2015, 125, 229–235. [CrossRef]

99. Nurhayati, S.A.; Sabar, A.; Marselina, M. The effect of land use changes to discharge extremities in Cimahi
Watershed–Upper Citarum Watershed, West Java. In E3S Web of Conferences; EDP Sciences: Ulis, France,
2020; Volume 148, p. 07002.

100. Beven, K. Searching for the Holy Grail of scientific hydrology: Q t=(S, R,? t) a as closure. Hydrol. Earth Syst.
Sci. Discuss. 2006, 10, 609–618. [CrossRef]

101. Graham, C.B.; Van Verseveld, W.; Barnard, H.R.; McDonnell, J.J. Estimating the deep seepage component of
the hillslope and catchment water balance within a measurement uncertainty framework. Hydrol. Process.
2010, 24, 3631–3647. [CrossRef]

102. Government of Indonesia. Law (Undang-Undang) Number 41 Year 1999 about Forestry; Government of
Indonesia: Pemerintah, Indonesia, 1999.

103. Bruijnzeel, L.A. Evaluation of runoff sources in a forested basin in a wet monsoonal environment: A combined
hydrological and hydrochemical approach. Hydrol. Humid Trop. Reg. IAHS Publ. 1983, 140.

104. Verbist, B.; Poesen, J.; van Noordwijk, M.; Suprayogo, D.; Agus, F.; Deckers, J. Factors affecting soil loss at
plot scale and sediment yield at catchment scale in a tropical volcanic agroforestry landscape. Catena 2010,
80, 34–46. [CrossRef]

105. Tanika, L.; Khasanah, N.; Leimona, B. Simulasi Dampak Perubahan Tutupan Lahan Terhadap Neraca Air Di Das
Dan Sub-Das Rejoso Menggunakan Model. Genriver; Report; World Agroforestry Centre (ICRAF) Southeast
Asia Regional Program: Bogor, Indonesia, 2018.

106. Ridwansyah, I.; Pawitan, H.; Sinukaban, N.; Hidayat, Y. Watershed Modeling with ArcSWAT and SUFI2 in
Cisadane Catchment Area: Calibration and Validation of River Flow Prediction. Int. J. Sci. Eng. 2014, 6,
92–101. [CrossRef]

126



Land 2020, 9, 240

107. Liu, Z.; Ma, D.; Hu, W.; Li, X. Land use dependent variation of soil water infiltration characteristics and their
scale-specific controls. Soil Tillage Res. 2018, 178, 139–149. [CrossRef]

108. Zhao, Y.; Wang, Y.; Wang, L.; Zhang, X.; Yu, Y.; Zhao, J.; Lin, H.; Chen, Y.; Zhou, W.; An, Z. Exploring the role
of land restoration in the spatial patterns of deep soil water at watershed scales. Catena 2019, 172, 387–396.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

127





land

Article

Groundwater-Extracting Rice Production in the Rejoso
Watershed (Indonesia) Reducing Urban Water Availability:
Characterisation and Intervention Priorities

Ni’matul Khasanah 1,*, Lisa Tanika 1,2, Lalu Deden Yuda Pratama 1 , Beria Leimona 1,
Endro Prasetiyo 1, Fitri Marulani 1, Adis Hendriatna 1, Mukhammad Thoha Zulkarnain 1 ,
Alix Toulier 3,4,5 and Meine van Noordwijk 1,6,7

����������
�������

Citation: Khasanah, N.; Tanika, L.;

Pratama, L.D.Y.; Leimona, B.;

Prasetiyo, E.; Marulani, F.;

Hendriatna, A.; Zulkarnain, M.T.;

Toulier, A.; van Noordwijk, M.

Groundwater-Extracting Rice

Production in the Rejoso Watershed

(Indonesia) Reducing Urban Water

Availability: Characterisation and

Intervention Priorities. Land 2021, 10,

586. https://doi.org/10.3390/

land10060586

Academic Editor: Krish Jayachandran

Received: 8 April 2021

Accepted: 26 May 2021

Published: 1 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 World Agroforestry (ICRAF), Bogor 16001, Indonesia; lisa.tanika@gmail.com (L.T.);
lalu.deden.y@gmail.com (L.D.Y.P.); l.beria@cgiar.org (B.L.); e.prasetiyo@cgiar.org (E.P.);
fitrimarulani@gmail.com (F.M.); a.hendriatna@cgiar.org (A.H.); m.zulkarnain@cgiar.org (M.T.Z.);
M.vannoordwijk@cgiar.org (M.v.N.)

2 Forest Ecology and Forest Management Group, Wageningen University & Research,
6708 PB Wageningen, The Netherlands

3 Institut de physique du globe de Paris, Université de Paris, CNRS, 75005 Paris, France;
alix.toulier@univ-reunion.fr

4 Laboratoire GéoSciences Réunion, Université de La Réunion, 97744 Saint Denis, France
5 HydroSciences Montpellier (HSM), Université Montpellier, IRD, CNR, 34090 Montpellier, France
6 Plant Production Systems, Wageningen University & Research, 6700 AK Wageningen, The Netherlands
7 Study Group Agroforestry, Faculty of Agriculture, Brawijaya University, Malang 65145, Indonesia
* Correspondence: n.khasanah@cgiar.org

Abstract: Production landscapes depend on, but also affect, ecosystem services. In the Rejoso
watershed (East Java, Indonesia), uncontrolled groundwater use for paddies reduces flow of lowland
pressure-driven artesian springs that supply drinking water to urban stakeholders. Analysis of the
water balance suggested that the decline by about 30% in spring discharge in the past decades is
attributed for 47 and 53%, respectively, to upland degradation and lowland groundwater abstraction.
Consequently, current spring restoration efforts support upland agroforestry development while
aiming to reduce lowland groundwater wasting. To clarify spatial and social targeting of lowland
interventions five clusters (replicable patterns) of lowland paddy farming were distinguished from
spatial data on, among other factors, reliance on river versus artesian wells delivering groundwater,
use of crop rotation, rice yield, fertiliser rates and intensity of rodent control. A survey of farming
households (461 respondents), complemented and verified through in-depth interviews and group
discussions, identified opportunities for interventions and associated risks. Changes in artesian well
design, allowing outflow control, can support water-saving, sustainable paddy cultivation methods.
With rodents as a major yield-reducing factor, solutions likely depend on more synchronized planting
calendars and thus on collective action for effectiveness at scale. Interventions based on this design
are currently tested.

Keywords: artesian wells; ecosystem services; landscape approach; Oryza; paddy cultivation;
restoration; rodents; sustainable intensification; water balance; Mount Bromo-Tengger

1. Introduction

Ecosystem services are defined as benefits people obtain from ecosystems [1], directly
as goods or indirectly as regulating, cultural, and supporting services dependent on well-
functioning ecosystems [2]. There is growing evidence of significant adverse impacts
from landscape degradation due to land use/cover changes, population growth, and
anthropogenic pressures, aggravated by the impacts of global climate change, for example
increasing variability of rainfall [3]. These issues deserve attention at the global, regional,
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and national levels; sustainable landscape management is needed, encompassing both
upland and lowland issues, to combat landscape degradation and strengthen the resilience
of communities to climate change.

Sustainable landscape management typically implies the application of a landscape-
scale approach, which has increasingly been recognised as an opportunity to minimize neg-
ative trade-offs and reconcile conservation, agriculture, and rural-to-urban livelihoods [4,5].
A ‘landscape(-scale) approach’ emphasises stakeholder engagement, including smallholder
perspectives on the achievement of multiple objectives: maintaining ecosystem services
and goods while improving livelihoods and addressing ‘development deficits’. It also
implies integrated assessment of upland–lowland relations and flexible implementation [6].
Several landscape management schemes have been introduced to combat landscape degra-
dation and to strengthen the resilience of communities, such as through ecosystem services
co-investment schemes [7]. However, such schemes are still in the pilot stage and usually
end when external support is withdrawn. Thus, ‘upscaling’ technologies and sustainability
of interventions is indispensable. Internalization of externalities has to include the estab-
lishment of new norms of behaviour, beyond economic incentives in the initial phase. Building
on the mixed success of ‘scaling up’ technologies that were successful in the locations where
they were developed, but not as good elsewhere, Sinclair and Coe [8] identified the need for an
‘option by context’ approach to addressing the variability of social, economic, and ecological
issues across geographies for research and development which involves smallholder farmers.
Representing the context to characterize variability of farmer’s practices in managing the land
that is needed to operationalise the evaluation of options.

In the context of production landscapes, agriculture both depends on ‘upstream’
ecosystem services and influences (often negatively) services for stakeholders further
‘downstream’ [9]. For water-related services, the up- and downstream terminology can
be taken literally [10] (i.e., as a spatial geographical location), in other services, it is used
as a metaphor (i.e., upland as the supplier of ecosystem services, while lowland as the
beneficiaries of such services). Land cover type and land use management, including
the status of property rights [11] in the upland and lowland determine the quantity and
quality of the ecosystem services generated and utilized in the landscape. Water availability
that is naturally based on a flow from the uplands to adjacent lowlands, is influenced by
the capacity of the watershed to filter and buffer the flows [12,13] in different parts of a
landscape. Landscape managers have both legal and perceived rights to modify these
flows, such as by abstracting water that may reduce extractable surface and groundwater
flows. This activity may affect the water supply further down in the landscape, which
at the end will raise complex issues of legal and perceived water rights of the lowland
communities. Thus, the understanding of the hydrological relations, is fundamental to
disentangle the social interactions and find solutions that manage conflicts and adverse
trade-offs. The interactions between farmer practices and ecological subsystems need to be
quantitatively understood to manage the overall resource in a fair and efficient way [14].
The scale of the overall resource availability and use needs to be connected to that of farmer
decisions, i.e., access rights and appropriation, and that of collective action, essential for
reliable solutions and interventions.

The Rejoso watershed in the Pasuruan District, East Java Province (Indonesia) has
experienced progressive deforestation on the higher slopes of Mount Bromo-Tengger,
land use/cover changes across all elevations, and unsustainable farming practices due to
rapid population growth and anthropogenic pressures [15]. In combination, these changes
have affected the watershed’s function of maintaining ecosystem goods and services,
including impact on the quality and quantity of water resources, i.e., depleting the water
flows, increasing risks of droughts and floods, soil erosion, and landslides according to
local stakeholders [15]. In addition, the government is implementing a national project
to pipe the water from the Rejoso watershed, i.e., from the Umbulan artesian spring to
supply the adjacent districts and cities, including the metropole of Surabaya, the 2nd
largest city of Indonesia and East Java capital. Artesian conditions develop where the
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hydraulic head (pressure) from a confined aquifer is higher than the topographic surface,
allowing the free flow of groundwater through artesian springs (and/or wells) [16]. There
are both similarities and differences with the well-documented agricultural over-use of
groundwater in India, where a reduction of the energy subsidy for pumps provides at least
some incentives for farmers to only use pumps when needed [17]. The simplest forms or
artesian wells flow 24 hours per day and 365 days per year.

Figure 1 illustrates the upper (>1000 m a.s.l), middle (100–1000 m a.s.l) and lower
(<100 m a.s.l) zones of the Rejoso watershed supplying surface flows (rivers) and ground-
water flows (aquifers). Artesian conditions develop in the lowland zone, where a mostly
impermeable layer inherited from volcanic processes covers and confines the underlying
aquifer (water-rock reservoir). The current data shows that the discharge of the Umbulan
spring has been decreased from about 5000 L/s in 1980 to 3500 L/s in 2020, with a continu-
ous trend towards further decline [18]. The attribution of this decrease across the upper,
middle and lower zone has triggered debates (e.g., climate change affecting all zones vs.
local anthropogenic impact) that led to the current research. In the decline of 1500 L/s,
lowland flowing artesian wells and reduced recharge of aquifer by reduced upper and
middle zone infiltration both may play a role. Sustainable landscape management in the
Rejoso watershed will depend on appropriate incentives, rules and motivation across all
zones, based on a detailed diagnosis and co-investment by stakeholders [15,19].

Figure 1. The simplified block diagram of the landscape and zone-specific water balance, illustrating (A): the historical
reference scheme 1980, and (B): the current situation in 2020.

Through diagnostic studies, broad stakeholder participation and consultations with
government agencies, proposals were formulated for performance based-payment schemes.
These include managing tree and grass strips in horticultural farming systems in the up-
land part, increasing tree density and building of infiltration/sediment capture pits in the
agroforestry farming systems of midstream smallholders [16]. Activities here target in-
creased soil infiltration rates for groundwater recharge, control of soil erosion and increased
on-site sedimentation. According to a study in the upper part of the Rejoso catchment [20],
increasing tree canopy cover to values >55% in the upland and >80% in the midstream
(highest rainfall elevation) qualified as ‘infiltration-friendly’ land use in the watershed,
respectively, and can be expected to reduce runoff below 15% of rainfall. Groundwater
recharge depends mainly on the balance between precipitation, evapotranspiration and
runoff in each zone, but is also influenced by the seasons (wet and dry) [16].

In the lowland area, the Pasuruan district used to be a major sugarcane producer with
good surface irrigation infrastructure, hosting since 1887 the national sugarcane research in-
stitute. However, since the last decades, most of the land has been converted to paddy fields,
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using additional groundwater resources mostly from flowing artesian wells (Figure 1B). In this
zone, reported problems include diminishing areas of fertile soil for farming (rather than
for urban expansion), high intensity of pest and diseases, and low paddy productivity
indicate unsustainable agricultural practices. Furthermore, intensive use of groundwater
to irrigate the paddy fields decreases the aquifer pressure and then the water productivity
of artesian wells and springs as the sources of agriculture and domestic water for local
communities [16]. Hence, better water management in irrigated areas is one of the targets
for improved landscape-wide ecosystem services from a lowland, urban water user per-
spective. Five crucial root causes of unsustainable agricultural in Rejoso watershed have
been identified [17] as unsynchronised planting calendars, inefficient use of groundwater,
high chemical inputs, imbalanced fertiliser application, and conventional, suboptimal planting
patterns. The average rice yield at the district and province level is about 5.8 ton per ha [21],
which is lower than in other provinces, i.e., Bali and Central Java. East Java Province is the
second largest (with about 19%) contributor to national paddy production, with 3% of national
level produced in Pasuruan District [22]. Therefore, addressing the issues by introducing
sustainable paddy cultivation (i.e., optimal use of chemical fertiliser, application of biopes-
ticide, improved water management regimes and planting pattern) to increase productivity
while reducing environmental impacts is essential. Current agricultural practices lead to
high methane (CH4) and nitrous oxide (N2O) emissions, high intensity of pest and diseases
and low agricultural yield. Water-saving techniques are expected to be financially and
environmentally beneficial to smallholders by enhancing their resilience to shocks and
improving the capacity of the production landscape to generate ecosystem services [23].
Nevertheless, introducing sustainable paddy cultivation beyond the current, conventional
practices is a challenge, as behavioural changes and biophysical conditions vary.

Understanding the variability of farmer’s practices in managing the land and cultivat-
ing paddy is, therefore, considered as an initial step towards pilot actions for the lowland
zone with the potential to scale up sustainable paddy cultivation. To contextualize current
practices and propose ‘options by context’ as restoration solutions, we thus needed a de-
tailed characterisation of paddy farming and possible spatial patterns in cropping intensity
and use of river versus groundwater for irrigation. By triangulation of quantitative spatial
data analysis, qualitative insights from the participation of local farmers, communities,
and government agencies, and a targeted, quantitative household survey, we hoped to
understand the rationale(s) of farmers for considering and choosing specific practices.
Scenarios for improved resource management at landscape scale require identification of
the main sustainability risks and local perspectives, at the scale required for impacts to be
noticeable. Our analysis of catchment-level water balance, patterns of land and water use,
and specific practices used in paddy farming tried to answer questions at three levels:

1. Is there quantitative evidence that the lowland practices are co-responsible for the
decrease of the Umbulan spring’s discharge?

2. Is there relevant geographic variation between villages and hamlets in the farmers’
practices in managing land and water in cultivating paddy?

3. Can a participatory survey of paddy cultivation and spatial data analysis for the
development of characteristics identify options by context for upscaling sustainable
paddy cultivation?

We expected that the combined use of quantitative and qualitative methods, together
with the participatory approach used in this study, would enable a subsequent scaling-up
phase that is salient, credible, and legitimate for all segments of the community at village
and district levels.

2. Site Description and Methodology
2.1. The Rejoso Watershed

The Rejoso watershed has an area of 62,773 ha based on the boundaries set by the
Watershed Management Agency (BPDAS). It covers 17 sub-districts: Bugul Kidul, Gading
Rejo, Gondang Wetan, Grati, Kejayan, Kraton, Lekok, Lumbang, Nguling, Pasrepan, Po-
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hjentrek, Purworejo, Puspo, Rejoso, Tosari, Tutur, and Winongan, on the lower, middle and
upper slopes of Mount Bromo-Tengger, East Java, Indonesia. The artesian spring Umbulan
is located in the lowland part of the watershed (Winongan sub-district).

Paddy fields and sugarcane plantations are dominant land covers in the lowland area,
complex agroforest dominates in the mid-stream area, and horticulture and pine plantation
are mostly found in the upland area of the watershed [15]. Inceptisols are the dominant soil
type in the upland, midstream to the lowland area; a small area of Entisols is found in the
lowland area.

Complementing studies in the middle and higher zones, our study developed a
characteristic of paddy farming for the lowland area of the watershed, specifically, in the
eleven villages of two sub-districts (Figure 2), Winongan (4341 ha) and Gondang Wetan
(2692 ha) sub-districts (07◦42′30–07◦43′30” NL and 112◦54′30–112◦57′0” LE). The two sub-
districts were selected based on parameters: the (high) number of artesian wells as one
of the main sources to irrigate paddy fields, (high) area of paddy fields, and (low) yield.
Artesian wells, flowing twenty-four hours per day are a specificity of the volcanic study
area as the hydrogeology is represented by a shallow artesian basin.

Figure 2. Delineation of the study area.

2.2. Annual Water Balance Model of Rejoso Watershed

A simple water balance has at the minimum to include precipitation (P), evapotranspira-
tion (E), and runoff (river flow; Qs), with changes in soil moisture storage potentially negligible
at annual time steps (Figure 3). Evapotranspiration can be expressed as a vegetation-dependent
fraction ε of the climate-driven potential value Epot and be further constrained by the fraction
of P that infiltrates into the soil. Runoff can be estimated as an infiltration-limited (or Horto-
nian) fraction ρ of P, plus a saturation-excess amount max (0; P (1 − ρ) − ε Epot). This is an
alternative (first used in [24]) to the commonly used Fuh–Budyko equation, which tends to
underestimate discharge under low rainfall conditions.
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Figure 3. Simplified schema of the water balance components.

For the current analysis, a distinction is needed between surface flows (QS) and ground-
water flows (QG) based on three possible transfers between surface and groundwater: deep
infiltration (as fraction of water infiltrated, and reducing the saturation-excess river flow),
seepage of water already on the river, and the resurfacing of groundwater in springs and
wells. The annual water balance model (assuming no change in storage terms, expressed
per unit area) linked four zones i (n = 1 to 4), respectively, labelled Upper, Middle, Lower,
and Umbulan spring zone (with areas A[i] in (km2)), and computed as follows:

QSoutflow[i] + QGoutflow[i] = P[i] − E[i] + Qsinflow [i] + QGinflow [i] (1)

with as inputs for each zone i,

P[i] = precipitation (mm/y),

Qsinflow [i] = incoming surface flow (river) corrected for the relative areas of adjacent
zones, defined as (A[i − 1]/A[i]) × QS[i − 1]) (mm/y),

QGinflow [i] = incoming groundwater flow corrected for the relative areas of adjacent
zones, defined as (A[i − 1]/A[i]) × QG[i − 1]) (mm/y),

and as outputs:
E[i] = evapotranspiration defined as ε[i] × Epot[i] with the Eact/Epot ratio ε[i] depen-

dent on tree cover and crop type (mm/y),

QSoutflow[i] = outgoing surface flow (river) (mm/y),

QGoutflow[i] = outgoing groundwater flow (mm/y),

and as internal transfers from groundwater to surface water or vice versa:

QG[i] = A[i − 1]/A[i]) × QG[i − 1] − QG→S[i] + QS→G[i]

In such a framework, we can represent “upland deforestation” as a decrease in ε and
“upland degradation” as an increase in ρ. The shift from upland crops to paddy in the
lowland as an increase in ε, plus wells that transfer ground to surface water. Estimates
of the net transfers from surface to groundwater flows Qs→g[i] in the Upper and Middle
zone were based on measured river discharge at the transition from Middle to Lower zone.
Estimates of the net transfers from groundwater to surface flows Qg→s[i] in the Lower
zone was derived from measured artesian well distribution and flow rates (Figure 4).
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Figure 4. Measured flow of around 450 artesian wells in lowland Rejoso area; data source: [16].

After parameterizing this simple model (Appendix A), we compared five scenarios:
(A) a historical reference scenario, (B) upland degradation, (C) lowland conversion to paddy
with uncontrolled artesian wells, (D) combining the changes of (B + C, E) a restoration
scenario with agroforestry in upper and middle zones and reduced groundwater use in the
lowland paddy zone (Table 1).

Table 1. Scenarios of the Rejoso water balance model; tw indicates the fraction of time the artesian wells are flowing; the
evapotranspiration ratio ε was estimated from land cover composition and known temporal dynamics of Leaf Area Index
of the vegetation; the ρ coefficient from existing runoff data.

Scenario, Description Geographical Zoning ε ρ #Wells (Number) tw

A. Baseline; using landcover data from 1990, before the expansion of
paddy rice cultivation in the lowlands, and with a higher forest fraction

in the middle and upper zone.

Upper 0.71 0.15
Middle 0.72 0.15
Lower 0.81 0.05 10 1

B. Upland degradation; keeping lowland conditions as in 1990, but
reflecting the hydrological degradation in the upland and middle parts
of the watershed that are caused by conversion of forest to horticulture

and agroforestry.

Upper 0.71 0.23
Middle 0.76 0.23
Lower 0.81 0.05 10 1

C. Lowland dominated by paddy field and artesian wells; paddy field
and unmanaged and unregulated artesian wells in the lowland,

combined with upland conditions of 1990.

Upper 0.71 0.15
Middle 0.72 0.15
Lower 0.80 0.05 600 1

D. Upland degradation and intensive lowland for agriculture; using
landcover data from 2015 for all zones, along with the artesian wells in

the lowlands

Upper 0.71 0.23
Middle 0.76 0.23
Lower 0.80 0.05 600 1

E. Applied sustainable interventions in lowland; as negotiated
interventions payment for ecosystem services for tree-based farms and

soil-water conservation techniques are introduced in upland and
middle parts. Water efficient and low emissions paddy cultivation, and

good management of artesian wells are introduced and practiced.

Upper 0.71 0.19
Middle 0.76 0.19
Lower 0.80 0.05 600 0.2

2.3. Selected Villages for the Lowland Characteristic

The selection of the villages was based on the number of artesian wells, area of paddy
fields and its yield, number of low-income families, and number of families with members
of the family as farm labour. The eleven villages were Wonosari, Wonojati, Tenggilis
Rejo, Kebon Candi, Brambang and Bayeman in Gondang Wetan Sub-district, and Gading,
Mendalan, Penataan, Menyarik, and Lebak in Winongan Sub-district (Figure 2). Based
on data of fourteen rainfall stations, the mean annual rainfall is approximately 1350 mm
with relative humidity ranges from 68% to 83%. The rainfall is distributed with a peak in
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January and a dry season in August, and the annual mean of maximum and minimum air
temperatures are 20 ◦C and 34 ◦C, respectively.

2.4. Development of Paddy Farming Characteristic

Figure 5 presents the flow of development of paddy farming characteristic. The
development of paddy farming characteristic used the cluster analysis approach. A cluster
analysis is a process of grouping a set of parameters in such a way that parameters in the
same group (a cluster) are more similar to each other than to those in other groups. Twelve
parameters were collected through spatial data analysis and survey of paddy cultivation
that both were verified through a participatory process reflecting the variability of the
paddy field, farmers characteristics and their cultivation practices in the lowland area of
the Rejoso watershed. These parameters were (1) area of paddy fields, (2) density of the
channel network, (3) fraction of area with crop rotation, (4) intensity of pest (rodents),
(5) rice yield, (6) dose of urea (46% N) fertiliser, (7) dose of compound fertiliser (15%
of N, 15% of P, and 15% of K), (8) number of pesticide types applied, (9) existence of a
water regulatory officer (ulu-ulu), (10) number of artesian wells, (11) river as the main
water source, and (12) number of water sources. The development of paddy farming
characteristic emphasises on the landscape-approach as the methods applied in this study
engage the direct stakeholders, i.e., smallholders with multiple objectives of positive
environmental impacts with substantial livelihood improvement reflecting by the selections
of identified and analysed parameters, as part of the more comprehensive picture of the
Rejoso watershed.

Figure 5. Flow diagram of cluster analysis to develop paddy farming characteristic.

2.4.1. Spatial Data Analysis

Figure 6 presents the workflow of paddy field and irrigation system mapping that
consists of four main steps: (a) data gathering, (b) visual interpretation, (c) participatory
mapping, (d) data analysis, and visualisation.

Primary data collected through a survey and participatory approach and secondary
data were two main data used for the mapping. A drone survey was conducted to obtain
aerial photographs of paddy field, while focus group discussions (FGD) and key informant
interviews were the approaches to obtain locations of artesian wells and detailed infor-
mation of paddy fields. The secondary data were topographic maps at 1:50.000 scale [25],
irrigation systems data [26], and artesian well distribution [16].
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Figure 6. The workflow of participatory mapping scaled 2D mapping techniques.

Data on the area of paddy fields, the area with crop rotation, and irrigation system data
were extracted from the aerial photographs through visual interpretation and convergence
of the evidence approach. To correctly identify surface objects, several visual interpretation
elements such as tone/colour, shape, size, pattern, texture, shadow, site, and associations
were considered [27]. Artesian wells, irrigation systems, and paddy field data were overlaid
with a topographic map and visualised at the village scale to optimise the information
extraction process. The result of this process led to a first tentative map that was completed
and validated through FGD. The FGD was attended by 128 participants (mostly male) from
eleven discussions in eleven villages.

Participatory mapping is a map-making process that attempts to make visible the
association between land and local communities by using the commonly understood and
recognised language of cartography [28]. The participatory mapping method in this study
used a 2D map to allow two-way dialogues between researchers and key informants
to minimise distortions of mapped information [29]. This discussion was focused on
information such as the location of artesian wells, irrigation system, hamlet boundaries,
paddy fields and their owners, crop rotation, and the existence of farmer groups.

Detailed information gathered from the participatory mapping was used as an in-
put for data compilation and first tentative map improvement in digital format using
GIS (Figure 6). The process included (1) scanning the result of participatory mapping;
(2) georeferencing; (3) reinterpreting data; (4) and inputting attribute data. The results of this
process were tentative map 2, which was then validated by eleven key informants from eleven
villages. The validated spatial data was compiled as geodatabase for further analysis.

The spatial data resulted from participatory mapping were (1) hamlets boundary,
(2) percentage of paddy field area in each hamlet, (3) percentage of crop rotation area per
paddy field area in each hamlet, (4) drainage density in each hamlet, (5) and the number
of artesian wells in each hamlet. The length of the channel network was classified by
channel width. Channels with less than 1 m widths were identified as trenches, while
channels with more than 1 m widths were identified as irrigation channels and rivers. The
rivers that cross the study areas are Kedung River, Palembon River, Sumbermade River,
and Umbulan River. Drainage density is defined as the total length of channels (trench,
irrigation channels, and river) per unit area of hamlet.
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2.4.2. Survey of Paddy Cultivation

The survey of paddy cultivation aimed to gather information about paddy cultivation
practices and related issues in the eleven villages of the two sub-districts, Gondang Wetan
and Winongan. The survey was conducted from August to October 2019. The survey
consisted of (1) survey preparation including the development of survey questionnaire
and training on interview technique, (2) respondent selection and interview process, and
(3) data cleaning and analysis.

The questionnaire was designed to survey five main parameters related to paddy
cultivation practices and its issues: (1) yield, (2) dose of fertiliser, (3) number of pesticide
types, (4) water sources, and (5) intensity of pest (rodents). For further analysis, the dose of
fertiliser was divided into (a) urea fertiliser (46% of nitrogen) and (b) compound fertiliser
(15% of nitrogen, 15% of phosphate and 15% of potassium), while water source parameter
was divided into (a) river as the main water source, (b) number of water resources, and
(c) existence of a water regulatory officer (ulu-ulu).

Table 2 presents the distribution and characteristics of respondents by village, age, and
number and size of plots/fields owned/managed. In total, there were 461 respondents, the
respondent’s information gathered from chairs of farmer groups, and applying a snowball
technique. The age of respondents varied from 22 to 83 years old and was 56 years old on
average. The respondents of this study at least owned/managed one plot. The maximum
number of plots owned/managed was 25. The average area owned/managed by the
respondents was 0.25 ha. The smallest was 0.05 ha, and the largest was 2.25 ha.

Table 2. Respondent distribution and characteristic of paddy cultivation survey.

Sub-Districts Villages Number of
Respondents

Age Distribution
Number of Plots

Owned/Managed per
Respondent

Owned/Managed
Area per Plot (ha)

Max Min Avg Max Min Avg Max Min Avg

Gondang Wetan

Bayeman 34 80 31 59 6 1 3 0.80 0.10 0.26
Brambang 32 70 26 51 8 1 4 2.25 0.10 0.27

Tengglis Rejo 38 79 35 60 10 1 5 0.60 0.10 0.23
Kebon candi 67 74 33 55 8 1 3 0.50 0.06 0.22

Wonojati 93 83 22 54 17 1 18 2.00 0.05 0.27
Wonosari 31 80 28 57 12 1 4 0.85 0.07 0.28

Winongan

Gading 31 70 33 55 25 1 8 0.50 0.05 0.18
Lebak 33 73 25 51 6 1 3 1.10 0.09 0.35

Mendalan 34 70 40 56 13 1 3 0.60 0.07 0.24
Menyarik 32 70 29 57 6 1 2 1.33 0.08 0.20
Penataan 36 83 32 56 5 1 2 0.60 0.10 0.26

2.5. Data Analysis

For paddy cultivation data, data analysis was performed after data cleaning is com-
pleted. The cleaning included filtering location of paddy field and domicile of farm-
ers/respondents. We only considered respondents who stay and manage the farm in the
eleven villages. In the data analysis process, the basic statistical analysis was used to
analyse and explore the variation of the data at sub-district, village and hamlet scale. The
basic statistical analysis included an average of yield, dose of fertiliser and number of types
of pesticide; percent of respondents with perception on high intensity of rodent and use
of artesian wells. Once the analysis completed, the result was interpreted by sub-district,
village, and hamlet. Then, we used hamlet as the unit of cluster analysis considering the
social characteristic of paddy cultivation management, the existence of farmer group and
water regulatory officer in each hamlet. The information on hamlet was described on the
spatial maps under the Results section.

As we worked with extensive data set, for the cluster analysis, we applied the K-means
approach to cluster the data and used the elbow method to find the optimum number of
clusters [30]. Before we clustered the data, we conducted a correlation analysis of the twelve
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parameters that were extracted at the hamlet level to verify the statistical independence of
the twelve parameters used (Figure 5).

3. Results
3.1. Water Balance

Parameters for the water balance model were adjusted to account for the approx-
imately 5000 L/s Umbulan spring flow in reference scenario A (see results in Table 3).
Upland degradation alone (Scenario B) would likely lead to increased river flow (due to
increased runoff triggered by lower evapotranspiration in the uplands) and some decrease
of the Umbulan spring flow (due to lower infiltration, i.e., lower recharge on the mountain
slope). Lowland conversion to paddy with current artesian wells (Scenario C) would
decrease both river flow and Umbulan spring flow.

Table 3. Predicted discharge of the Umbulan spring, river and groundwater flow for five land use scenarios: A) a historical
reference scenario, B) upland degradation, C) lowland conversion to paddy with uncontrolled artesian wells, D) combining
the changes of B + C, and E) a restoration scenario with agroforestry in upper and middle zones and reduced groundwater
use in the lowland paddy zone.

Scenario
Predicted

Umbulan (L/s)
Predicted Mean River Flow, (m3/s) Predicted Groundwater Flow, (m3/s)

Upper Middle Lower Upper Middle Lower

A 5087 2.5 6.7 12.4 1.5 5.3 0.05
B 4310 2.7 7.3 12.1 1.3 4.4 0.04
C 4206 2.5 6.7 12.5 1.5 5.3 0.04
D 3496 2.7 7.3 12.1 1.3 4.4 0.03
E 4468 2.6 6.9 12.1 1.4 4.7 0.04

Combining the changes of scenario B and C (Scenario D), river flow would approx-
imate that of scenario B, but the Umbulan flow would be reduced to approximately the
level currently observed (31% reduction). Attribution of this reduction (A–D), with 1.3%
interaction, would be for about 15% to the middle and upper zone, and 17% to the lowland.
The restoration potential in Scenario E is estimated to nearly 4500 L/s, at which the planned
offtake of 4000 L/s still leaves sufficient discharge for local use.

3.2. Area of Paddy Field and Crop Rotation

The paddy fields in eleven villages reached 980.2 ha in both targeted sub-districts,
with 536.1 ha (54.7%) in Winongan Sub-district. The villages Gading, Mendalan, and
Menyarik in Winongan Sub-district had the largest area of paddy fields, with 119.6 (12.2%),
118.7 (12.1%), and 118.6 (12.1%) ha, respectively. On the other hand, Kebon Candi Village
in Gondang Wetan Sub-district had 56.4 ha of paddy fields, the smallest among all other
villages (Table 4). At the hamlet level, Kemong Hamlet in Lebak Village (Winongan Sub-
district) had the largest percentage of paddy fields reaching 91%, which meant that only
9% of the area was used for non-agricultural activities. Areas with smaller percentages of
paddy fields were in Gondang Wetan Sub-districts, starting from 0 to 30.9% (Figure 7A).
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Table 4. Distribution of area of paddy field (ha), the area with crop rotation (ha), number of artesian wells, and drainage
density (km/km2) in each village in two sub-districts.

Sub-Dis-
Tricts

Villages Area of
Paddy (ha)

Artesian
Wells per
Ha Paddy

Artesian Well
Water #,
mm/Day

Length
of Chan-

nels
(km)

Drainage
Density

(km/km2)

Main Water Sources (%
Respondents)

River Artesian
Wells

Gondang
Wetan

Bayeman 97.5 0.73 17.6 13.7 7.4 58 42
Tenggilis Rejo 80.1 0.45 10.9 11.2 7.9 46 54

Wonosari 74.3 0.35 8.5 8.4 5.9 99 1
Brambang 60.5 0.41 10.0 8.3 5.6 38 62

Kebon Candi 56.4 0.41 9.9 7.3 6.1 54 46
Wonojati 75.3 0.25 6.1 9.6 5.9 70 30

Winongan

Lebak 91.4 0.33 7.9 11.2 6.5 90 10
Penataan 87.8 0.33 8.0 10.1 7.9 91 9
Gading 119.6 0.18 4.2 18.5 10.4 100 0

Menyarik 118.6 0.18 4.3 16.6 8.1 94 6
Mendalan 118.7 0.14 3.5 20.3 10.0 67 33

# Assuming a constant (24/365) median well flow rate of 2.8 L/s.

Figure 7. Spatial distribution of the percentage of paddy field area (A) and area with crop rotation (B) at hamlet level.
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Crop rotation is a vital paddy farming practice to reduce the intensity of pests and
diseases, and to improve soil fertility. Different crops rotated with paddy included corn,
beans, taro, chilli, and other crops. Villages in Gondang Wetan Sub-district tended toward
crop rotating more often compared to those in Winongan Sub-district. The area of crop
rotation reached 30.1 ha, and 26.6 ha of it (88.5%) was found in Gondang Wetan Sub-
district. Brambang Village in Gondang Wetan Sub-district was the village with the largest
area of crop rotation with 10.9 ha, while Penataan Village in Winongan Sub-district had
only 0.34 ha, the smallest area compared to other villages (Table 5). At the hamlet level,
Brambang Barat Hamlet in the village of Brambang had the largest area of crop rotation,
reaching 34.6% of the total paddy field area (Figure 7B). Hamlets in Gondang Wetan Sub-
district had a percentage of area with crop rotation between 4.3–11%. Other hamlets were
classified as having a low rotation area, which was less than or the same as 4.2% and it was
relatively common in Winongan Sub-district.

Table 5. Distribution of rice yield (ton/ha), fertiliser application (kg/ha), number of type of pesticides applied, water
sources (% respondent), and intensity of rodents (% respondent) in each village in two sub-districts.

Sub-Districts Villages
Rice Yield

(Ton/ha/Cropping
Season)

Fertilizer Application
(kg/ha)

Area with
Crop Rotation

(ha)

Number of Type
of Pesticides

Applied

Intensity of
Rodents (%

Respondents)
Urea Compound

Gondang Wetan

Bayeman 6.7 354 308 4.7 4 61
Tenggilis Rejo 4.1 601 370 2.5 5 96

Wonosari 5.1 375 299 2.5 5 37
Brambang 5.1 425 315 10.9 6 27

Kebon Candi 4.2 461 348 2.3 6 55
Wonojati 4.5 408 293 3.9 6 36

Winongan

Lebak 4.5 257 231 1.0 5 52
Penataan 5.0 318 252 0.3 5 71
Gading 6.2 411 268 0.9 4 92

Menyarik 4.7 396 309 0.4 5 70
Mendalan 4.3 332 268 0.7 4 94

3.3. Water Sources and Irrigation Systems

Rivers and artesian wells were two primary water sources to irrigate paddy fields in
Gondang Wetan and Winongan Sub-districts. Water from those two sources flowed into the
irrigation channel, but in some cases, the artesian wells were located inside the paddy fields
itself. The total number of artesian wells reached 318 points spread across 11 villages, and
63% of it was found in Gondang Wetan Sub-district (Table 4). In line with this distribution,
89% of respondents in Winongan Sub-district mentioned that the river was more dominant
than artesian wells as a water source to irrigate their paddy fields, while in Gondang Wetan
Sub-district, they were only 61% of respondents (Table 4). Brambang Village was the village
with the lowest percentage of respondents that mentioned river water as the primary source.
Therefore, one paddy field could use river water and more than two artesian wells (shared with
other farmers) (Figure 8D). At the hamlet level, most artesian wells were found in Podokaton
Hamlet of Bayeman Village of Gondang Wetan Sub-district. Some hamlets were identified
to have artesian wells between 8 to 17 wells. Other hamlets had less than eight wells. Nuso
Hamlet at Wonosari Village was the only hamlet without artesian wells for irrigation, relying
almost 100% on river water to irrigate paddy fields (Figure 8A,C).
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Figure 8. Cont.
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Figure 8. Spatial distribution of the number of artesian wells (A), drainage density (B), the hamlets that
use the river as the main water resource (C), and the number of water resources (D) at hamlet level.

Winongan Sub-district had more extended irrigation channels compared to Gondang
Wetan Sub-district, reaching 76.6 km in length (Table 4). Mendalan Village in Winongan
Sub-district was the area with the most elongate irrigation channels (20.3 km). Kebon
Candi Village in Gondang Wetan Sub-district had the shortest channels compared to other
villages (7.27 km). At hamlet level, hamlets in Winongan Sub-districts such as Mendalan,
Sukun, Kurban, Gading, Kalongan, Kletek Lor, Kletek Kidul, Putat, Krajan, Gondang, and
two hamlets in Gondang Wetan Sub-district such as Karangasam and Ngemplak were
classified as the highest drainage density, i.e., 8.5–11.3 km/km2 (Figure 8B).

3.4. Rice Yield and Fertiliser Application

Farmers in Gondang Wetan Sub-district tended to apply a higher dose of fertiliser
compared to farmers in the Winongan Sub-district (Table 5). The average dose of N fertiliser
(Urea) applied by farmers in Gondang Wetan was 436 kg/ha/season and 322 kg/ha/season
for compound fertiliser (NPK), while farmers in Winongan Sub-district applied N fer-
tiliser about 343 kg/ha/season and compound fertiliser about 266 kg/ha/season. How-
ever, Gondang Wetan and Winongan Sub-districts had the same average of rice yield of
4.9 tons/ha/season, with distribution between 4.1-6.7 tons/ha/season (Table 5). Bayeman
in Gondang Wetan and Gading in Winongan were villages that had the highest average of
yield. Tenggilis Rejo in Gondang Wetan Sub-district was the village with the highest use of
fertiliser, which was almost 600 kg/ha/season for N fertiliser and 370 kg/ha/seasons for
compound fertiliser. It was indicated that high yield did not necessarily depend on high
fertiliser rates (Table 5).

At the hamlet level, Krajan in Bayeman Village and Kurban in Gading Village were
hamlets with the highest rice yield (almost 8 tons/ha/season) (Figure 9A). Karang Asem
and Krajan in Tenggilis Rejo Village, and Kebon Sawo in Kebon Candi Village were some
hamlets with the highest use of urea (above 540 kg/ha/season) and compound fertiliser
(more than 348 kg/ha/season) (Figure 9B,C). Hamlets with low yield were Masangan,
Karang Asem, Wulu, Bicaan, and Kebon Candi (Figure 9A).
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Figure 9. Spatial distribution of rice yield (A), urea application (B), and compound fertiliser (C) at
hamlet level.
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3.5. Intensity of Pest/Rodents and Number of Type of Pesticides Applied

Regarding the main problem of paddy cultivation, farmers in both Gondang Wetan
and Winongan Sub-districts agreed that the high intensity of rodent attacks was the major
problem in need of immediate attention. However, the respondents in Winongan Sub-
district mentioned that rodents were the main problem, and their condition was worse than
in Gondang Wetan (Table 5). Figure 10A shows that most paddy fields in Winongan Sub-
district suffered from rodents. In Gondang Wetan Sub-district, only paddy fields in hamlets
or villages next to Winongan Sub-district had a high intensity of rodent attacks, especially
during rainy season. Until this study was undertaken, farmers were still struggling with
how to deal with rodents. In terms of pests and disease control, there were more than 100
brands of pesticides used by farmers. Farmers in Gondang Wetan and Winongan Sub-
districts used at least three brands, but some applied more than seven brands of pesticides
in one season. In general, farmers in Gondang Wetan Sub-district applied more brands of
pesticides compared to farmers in Winongan Sub-district (Figure 10B).

Figure 10. Spatial distribution of the intensity of pest/rodents (A) and number of types of pesticide
applied (B) at hamlet level.
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3.6. Characteristic of Paddy Farming

The twelve parameters (paddy field area, drainage density, number of artesian wells, the
dose of N fertiliser, the dose of compound fertiliser, number of pesticide types, yield, the area
with crop rotation, the intensity of rodents attack, number of water sources, river as the primary
water source and presence of water regulatory officer) are independent to each other. The
cluster analysis of the twelve parameters and the elbow method (Figure 11) allows us to have
five clusters of paddy fields in eleven villages of Gondang Wetan and Winongan Sub-districts.
Figure 12 presents the map of the resulting characteristic of paddy farms in eleven villages, and
Tables 6 and 7 describe the characteristics of each cluster. Cluster 1 was in Gondang Wetan
Sub-district, cluster 2 was mostly in Winongan Sub-district, and cluster 5 was spread evenly in
both sub-districts (Figure 12). Meanwhile, clusters 3 and 4 consisted of only 1 hamlet, which
was located in Gondang Wetan Sub-district.

Figure 11. Dependence of distance level on the number of clusters as basis for elbow method of
optimal cluster number to be used for the characteristic of paddy farming.

Figure 12. Characteristic of paddy farming in Gondang Wetan and Winongan Sub-districts.
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Table 6. The result of cluster analysis and characteristic results for the 12 parameters.

No Parameters Unit
Clusters

1 2 3 4 5

1 Area of paddy field % High
(218 ha)

High
(407 ha)

Low
(9 ha)

Low
(29 ha)

Medium
(230 ha)

2 Flow density (irrigation, river and
trench) km/km2 Medium High Low Medium Low

3 Area with crop rotation % Medium Low High High Low
4 Intensity of pest (rodents) % respondents Medium High Low High Low
5 Rice yield Ton/ha Low Low Medium High Medium
6 Dose of urea fertiliser (46% of N) kg/ha High Low Medium High Low

7 Dose of compound fertiliser (15% of N,
15% of P, and 15% of K) kg/ha Medium Low High High Low

8 Types of applied pesticide Number Medium Low Medium Medium Medium

9 The presence of ‘Ulu-ulu’ as a water
regulatory officer

Existing/not
existing Exist Not exist Exist Not exist Exist

10 Artesian wells Number High Medium Low High Medium
11 River as the main water source % of respondents Medium High Low Low High
12 Types of water sources Number High Low High Medium Low

Table 7. Description of each paddy field type.

Clusters Description

1

High paddy field fraction, medium drainage density, and a high number of artesian wells. The dose of application of N
fertiliser is high, and use of compound fertiliser is medium, but rice yield is low. The number of pesticide types is medium.

The area with crop rotation and intensity of pests (rodents) is medium. The paddy field area with rivers as the main sources of
water is medium, but still have a high number of water resources. There is an ‘Ulu-ulu’ as the water regulatory officer.

2

High paddy field fraction and drainage density, with a medium number of artesian wells. Doses of application N and
compound fertiliser are low and rice yield is relatively low. The number of pesticide types is low. The area with crop
rotation is low, hence the intensity of pests (rodents) is high. The rivers have a very important role as the main water

source so that the number of other water sources is low. There is no ‘Ulu-ulu’ as the water regulatory officer.

3

Low paddy field fraction, low drainage density, and few artesian wells. Doses of application of N fertiliser are medium
and those of compound fertiliser high while yield is at a medium level. The number of pesticide types is medium. The
area with crop rotation area is high, and the intensity of pests (rodents) is low. The rivers have a small role as a source of

water so that the number of other water sources is high. There is an ‘Ulu-ulu’ as the water regulatory officer.

4

Low paddy field fraction, with medium drainage density and a high number of artesian wells. The rate of application of
N and compound fertiliser is high and followed by high yield. The number of pesticide types is medium. The area with
crop rotation is high, but the intensity of pests (rodents) is still high. Rivers have a small role as a source of water, but

the number of other water sources is medium. There is no ‘Ulu-ulu’ as the water regulatory officer.

5

Medium paddy field fraction, with low drainage density and a medium number of artesian wells. The dose of
application of N and compound fertiliser is low, but yield is medium. The number of pesticide types is medium. The
area with crop rotation is low, hence the intensity of pests (rodents) is low. The rivers have a critical role as the main

water source so that the number of other water sources is low. There is an ‘Ulu-ulu’ as a water regulatory officer.

4. Discussion
4.1. Relevance of Reducing Groundwater Use in Lowland Zone

Our first question was seeking quantitative evidence that the lowland practices are
co-responsible for the decrease of the Umbulan spring’s discharge. The estimated total
outflow of the artesian wells (over 2400 L/s in 450 measured wells; currently there may
be 600 wells) does not fully account for the observed decline in the Umbulan spring
flow record (from 5000 to 3500 L/s with a declining trend). The water balance results of
Table 3 suggest that the lowland paddy production through its reliance on unconstrained
artesian wells has been the major contributor to the observed decline of the Umbulan
spring, but changes in the upper and middle zone also contribute. The water balance
model includes some interactions between surface and groundwater flows, but models
at a higher temporal resolution that include seasonal patterns of rainfall could refine the
results in future. The attribution of effects as 55% lowlands, 49% upland and 4% interaction
is, at the current level of detail in the analysis, only indicative; however, it is consistent
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with process understanding. Models that operate on a daily time step and at higher spatial
resolution will be needed [31,32], but tend to require parametrization efforts that challenge
current data availability.

4.2. Groundwater-Wasting Irrigation Methods: Understanding Farmer Decisions

The second question sought relevant geographic variation between villages and
hamlets in the farmer’s practices in managing land and water in cultivating paddy. The
shift from rainfed sugarcane to irrigation-based paddies in Pasuruan district got a boost
when relatively cheap groundwater drilling with bore holes of 10–100 m (or more) provided
additional water, year-round. Without any control valve to manage the well’s flow, excess
groundwater was channelled back to the river and then lost to the sea. Agronomically,
the water supply is considerably in excess of crop demand, with the average 10 mm/day
of well supply per unit paddy area, two to three times the potential evapotranspiration
rate, even without accounting for rainfall and river-based irrigation water. The high
crop frequency, approaching three crops per year and currently reaching five crops per
two years leaves short time for a break between crops. As the landscape as a whole is
permanently saturated, the rice crop does not ripen off well and the harvested product
is only of medium quality. Crop rotations with other crops are applied to only a small
part of the area. Despite abundant water availability and intensive fertilization, however,
rice yields of around 5 ton per ha in the survey were below the 5.8 ton per ha reported
for the district [19] and representing a nearly 50% yield gap relative to the potential yield
for irrigated rice in Indonesia of around 9.5 ton per ha [33]. Within our data, there was
no indication that variation in yields were related to variation in fertilizer level (either
Urea or compound fertilizer, the two were strongly correlated). Rodents were widely seen
by farmers as the main yield-reducing factor, and despite ample use of pesticides, could
not be controlled at farmer level. It appears that the current intensification pathway is
reaching a dead end, where they produce large volumes of a medium quality product
at considerable environmental costs and, even if these externalities are ignored, modest
farmgate profitability.

Investment in closing the existing wells and replacing them by wells with improved
design that can be turned off when not needed appears to be a cost-effective way for
external stakeholders to recover the flow at the Umbulan spring (and the millions of
households that can thus be supported). In addition, the irrigation from artesian wells
only during the night can avoid water wasting from evaporation process during the day.
A substantial reduction of groundwater wasting seems to be feasible without risking water
shortages in critical periods for the crop. However, for a free flowing well the only decision
is in its construction, whereas a controlled well requires agreements among farmers about
when it will be opened.

4.3. Collective Action Aspects of Solutions

The third question was whether a participatory survey of paddy cultivation and
spatial data analysis for the development of characteristic can identify options by context
for upscaling sustainable paddy cultivation. Sustainable agriculture within a sustainable
landscape context is beyond food production, it safeguards the increasing capacity of
rural people to be self-reliant and resilient when facing changes and shocks and building
strong rural institutions, including landscape governance, and their economies [34]. A well-
known analysis of the Bali water temples in Indonesia, or ‘subak’ in the local language,
highlights the importance of local institutions that secured synchronous rice planting [35].
Synchronous rice planting ensured landscape-wide breaks between cropping seasons in
the traditional system, that effectively controlled rodents. When the water temples were
abandoned and technical irrigation allowed for an increased cropping frequency, rodent
problems came to the fore in Bali. It appears that with the unconstrained artesian wells in
Rejoso, an even easier year-round availability of habitat and food supports rat populations
beyond control.
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Following this line of interpretation, we suggest that in the Rejoso watershed context,
the lack of strong farmer institutions imply an inability to synchronise planting calendars
and that this has become one of the principal causes of aggravating rodent pest attack.
When farmers can collectively dry their paddy field, this cycle of fallow can reduce the
rodent pressures. Thus, the management of rodent pest problems (which directly link to
yield and income) can be considered as a collective driver to strengthen local institutions,
which at the end leads to better water management and may allow win–win solutions of
water-saving and yield increase to be feasible.

4.4. Sustainable Paddy Cultivation and Its Relevance to Global Agenda and Practices

Our efforts to understand existing constraints to a sustainable production landscape
in the Rejoso watershed showed that among the eleven villages in the Gondang Wetan
and Winongan Sub-districts, a substantial variation in farmer’s practices in managing
the land could already be found. Given this variation, a one-size-fits-all solution is not
likely to work. Our current understanding of such variations of the paddy field enables
the landscape managers and decision-makers to identify the potential area for upscaling
specific solutions and to ensure that the adoptions of interventions run smoothly because
the process has embraced potential constraints and solutions according to the perspectives
of smallholders and local communities.

Our approach aligns with a global agenda. The innovations of sustainable production
landscape management consider the dual goals of reducing environmental impacts while
increasing productivity. Discussion of the interconnected dimensions of sustainable produc-
tion landscape is not new, while understandings and solutions towards actions to transform
the environmentally sustainable food production systems are still unresolved [36].

The research by Pretty et al. [37] on the adoption of practices and technologies for
environmentally sustainable with substantial benefits for the rural poor hold promising
advances. The 208 projects were derived from 52 countries of the South resulted in approxi-
mately 8.98 million household farming 28.92 million ha representing 3.0% of the 960 million
ha of arable and permanent crops in Africa, Asia and Latin America, adopted and practised
sustainable agriculture. Knowledge from the literature confirms that increasing paddy
productivity while reducing environmental impacts is doable. Likewise, it is attainable
that farmers practice more efficient water use [38] and emit less CH4 and N2O [39,40].

4.5. Potential of Development of Paddy Farming Characteristic for Intervention Scenario and Upscaling

The five clusters identified here represent variation of farmer’s practices in managing
the land and cultivating paddy. Each cluster provides unique information with different
degrees of the constituent parameters, yet still presenting the whole targeted landscape. In-
tervention scenarios might include incentives for sustainable cultivation, such as insurance
of stable agricultural inputs, microcredit, agricultural insurance, market transparency, and
capacity strengthening in farmer group management. Table 8 presents the analysis and the
risks for intervention and upscaling in each paddy field cluster. Clusters with high risk,
when targeted for conducting innovative interventions, will provide ‘gold standards’ of
success, compared to the ones with low risks.

The proposed characteristic of paddy farming that considers the variation of farmer’s
practices in managing the land and cultivating paddy corresponds to the requirement to
implement an ‘options by context’ approach [8]. Rather than selections based on proximity
to the central power, or ‘low-hanging fruit’ ones, we expect that through the ‘options by
context’, a more robust selection of locations and intervention scenarios allow for higher
adoption rates with expected results and calculated risks of the innovations at each cluster.
However, ongoing implementation efforts will have to provide the test of effectiveness. We
identified some limitations in the methods applied.
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Table 8. Analysis and risk for intervention and upscaling of each paddy field cluster, based on feedback in local focus
group discussions.

Clusters Analysis and Risk

1

Analysis: Cluster 1 has the potential for upscaling as there are large areas of paddy fields and high numbers of artesian
wells. Another interesting fact is to understand the high level of fertiliser use, but the yield is low. The risk of
technology failure due to pest is medium, and there is a potential for crop rotation to increase soil fertility.
Institutionally, the potential for better water management can be explored by the presence of an ‘Ulu-ulu’.
The risk for intervention and upscaling: Medium to low.

2

Analysis: Similar to Cluster 1, Cluster 2 has the potential for upscaling. Contrary to Cluster 1, Cluster 2 is lower in yield
as most of the agricultural inputs are low, but the pest prevalence is high. There is no ‘Ulu-ulu’ in this area.
The risk for interventions and upscaling: High, but when the intervention is successful, this will provide a high
standard for successful upscaling as well.

3

Analysis: With less paddy field area, low drainage density, and a low number of artesian wells, Cluster 3 might not be
promising for intervention and upscaling. No obvious challenges regarding paddy cultivation.
The risk for interventions and upscaling: Medium to low, but with a limited area of paddy field, interventions might
not be attractive.

4

Analysis: Similar to Cluster 3, the size of the paddy field area is the limiting factor for upscaling. Factors contributing to
high yield interesting to analyse: is it about the fertiliser? Or crop rotation? Cluster 4 may function as a learning site,
especially for the application of crop rotation.
The risk for interventions and upscaling: High to medium due to pest intensity.

5
Analysis: Cluster 5 can provide another option for intervention and for upscaling with average, mild conditions on
several aspects of paddy cultivation. The role of ‘Ulu-ulu’ might be interesting to be observed.
The risk for interventions and upscaling: Low.

4.6. Implications for Methodology

From the survey of paddy cultivation, identification of respondents by combining
available information of farmer group and its member and a snowball technique is an ideal
approach. However, the unavailability of up-to-date farmer group data was a challenge,
and the impacts were on the length of time in finding a respondent and level of respondent
representation in each hamlet. During the data analysis, the domicile of the farmer and
the location of the paddy field can be unmatched. The domicile of some respondents can
be outside of the eleven villages. Considering that the interventions would be delineated
according to the sub-district jurisdictional boundary, the data of seven percent of the
respondents who stayed outside the eleven villages were eliminated. Hence, we suggested
that the filtering process in selecting respondents should be better from the beginning, and
the number of respondents in each hamlet should be adequately represented if resources
allow. Apart from the above limitation, we ensured that information gained from the
farmer representatives were well obtained, and a structured questionnaire complemented
the interviews.

Analysis of spatial data based on aerial photograph/drones produced a high-resolution
image. However, the direct georeferencing method that we applied referred that orthorectifica-
tion was processed without ground control point (GCP) and independent checkpoints (ICP),
resulting in a mild shift of location and take effect of Root Mean Square Error (RMSE) value.
Although the shifting is about 2–2.5 m compared to orthorectification using GCP and ICP [41],
in the future, we suggested applying GCP and ICP for similar analysis to increase geometric
accuracy when resources allow. Other analyses to increase the degree of spatial data accuracy
focused on verification of the area of paddy fields with annual crop rotation. Multi-temporal
images should be used, or a detailed survey of farmers should be conducted to obtain more
accurate area estimates of paddy fields with annual crop rotation.

5. Conclusions

The production landscape of the Rejoso watershed has problems of unsustainable
agricultural development, particularly on its lowland part, where paddy is the primary
land use. The unrestricted use of artesian wells to irrigate rice paddies is reducing the
pressure on and water yield of artesian wells for urban water users, while the actual rice
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yields achieved are below potentials achieved elsewhere. The introduction of water-saving
technology, with modification of conventional paddy cultivation, and better design and
management of artesian wells more control over the wells, can target yield improvement as
well as positive environmental impacts. Considerable variation was found to exist within
this paddy-dominant production landscape. Our analysis of the variation of farmer’s
practices in managing the land and cultivating paddy was based on a survey of paddy culti-
vation and spatial data analysis complemented and verified by the participatory approach
indicating the application of landscape-approach in its development. The characteristics of
paddy farming as the results reflect the requirement to implement an ‘option by context’ ap-
proach within a landscape for targeting effective, yet efficient, interventions and upscaling
technological improvement. The characteristic of paddy farming encompassed five clusters
of paddy farms. Clusters were characterised based on the relative area of paddy fields,
the density of irrigation networks, area with crop rotation, rice yield, the dose of fertiliser,
number of pesticide types, water sources, and the intensity of pests/rodents. Hamlets
within a cluster are similar in characteristics of farmer’s practices and have unique, contex-
tual conditions. We discussed the potentials and risks of such characteristics for further
implementation and upscaling. Clusters with high risk, when targeted for conducting
innovative interventions, will provide ‘gold standards’ of success, compared to the ones
with low risks. The information is expected to be useful for the landscape managers and
decision-makers in targeting, considering, and budgeting the interventions that are relevant
for sustainable landscape management. Future applications of a spatially differentiated
intervention approach to innovate in the direction of sustainable paddy cultivation based
on water saving is expected to reduce environmental impacts while increasing productivity.
On-the-ground empirical action research activities engaging research organisations, private
sectors and financing institutions are ongoing.
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Appendix A. Calibrating the Annual Water Balance Model

Data for mean of annual precipitation (P) were obtained from 13 rainfall stations in
lower zone (7 stations), middle zone (5 stations) and upper zone (1 station) (Table A1).
Precipitation for each zone (lower zone < 100 m a.s.l., middle zone 100–1000 m a.s.l. and
upper zone m a.s.l.) was then generated based on correlation of elevation and annual
mean of rainfall (Figure A1). Potential evapotranspiration Epot were generated using
Thornthwaite equation using temperature data of Accu weather (Table A2).
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Table A1. Mean of annual rainfall for 13 rainfall stations.

Stations Zone Elevation (m a.s.l.) Mean of Annual
Rainfall (mm/year) *)

P3GI Lower 5 1143.49
Kedawung Lower 7 1041.40

Gondang wetan Lower 8 1000.30
Kawis rejo-Rejoso Lower 8 1138.33

Winongan Lower 10 1259.06
Gading-Winongan Lower 12 1307.53

Ranu Grati Lower 14 1242.07
Sidepan-Umbulan-Winongan Lower 25 652.33

Wonorejo-Lumbang Middle 100 1590.71
Lumbang Middle 137 1485.71

Panditan-Rejoso Middle 600 2255.14
Puspo Middle 640 2243.86
Tosari Upper 1045 1539.27

*) 1990–2015.

Figure A1. Correlation between mean of annual rainfall and elevation of 13 rainfall stations.

Table A2. Potential evapotranspiration of three zones.

Zones
Mean of Annual Temperature (◦C) Total Potential Evapotranspiration

(mm year−1)
1990 2015 2020 1990 2015 2020

Upper 17 17 17 770.4 770.4 770.4
Middle 25 25 25 1367.8 1367.8 1367.8
Lower 27 27 27 1726.8 1726.8 1726.8

Parameter estimates for actual/potential evapotranspiration (ε) and runoff coefficient
(ρ) were derived as area-weighted average from estimate for the specific land use types in
the GenRiver model, calibrated for a number of Indonesian watersheds [29].
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Abstract: Rapid expansion of unsustainable farming practices in upland areas of Southeast Asia
threatens food security and the environment. This study assessed alternative agroforestry systems for
sustainable land management and livelihood improvement in northwest Vietnam. The performance
of fruit tree-based agroforestry was compared with that of sole cropping, and farmers’ perspectives
on agroforestry were documented. After seven years, longan (Dimocarpus longan Lour.)-maize-forage
grass and son tra (Docynia indica (Wall.) Decne)-forage grass systems had generated 2.4- and 3.5-fold
higher average annual income than sole maize and sole son tra, respectively. Sole longan gave
no net profit, due to high investment costs. After some years, competition developed between
the crop, grass, and tree components, e.g., for nitrogen, and the farmers interviewed reported a
need to adapt management practices to optimise spacing and pruning. They also reported that
agroforestry enhanced ecosystem services by controlling surface runoff and erosion, increasing soil
fertility and improving resilience to extreme weather. Thus, agroforestry practices with fruit trees
can be more profitable than sole-crop cultivation within a few years. Integration of seasonal and
fast-growing perennial plants (e.g., grass) is essential to ensure quick returns. Wider adoption needs
initial incentives or loans, knowledge exchange, and market links.

Keywords: fruit tree-based agroforestry; economic benefits; ecosystem services; farmer perspectives;
resource competition; systems improvement; uptake and expansion

1. Introduction

The United Nations sustainable development goals and Agenda 2030 include poverty eradication,
ending hunger, and environmental restoration, among other objectives [1]. Related targets are to
implement resilient agricultural practices that increase productivity and production, and to maintain
ecosystems that strengthen the capacity for adaptation to climate change and risks and improve land
health [2]. Agroforestry, a planned combination of trees and crops with or without livestock on the
same land, is increasingly being recognised as a sustainable system to reconcile agricultural production
and environmental protection [3,4]. When combined with contour planting on sloping uplands,
agroforestry is an effective land-use system to reduce soil erosion and maintain soil fertility [5,6].
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In addition, as an integrated and more permanent farming system, agroforestry can generate diverse
economic, ecological, and social benefits [3,7] beyond those provided by sole-crop farming systems.

Mountainous areas in the lower Mekong region are experiencing severe forest and land degradation,
driven by expansion of unsustainable farming practices [8]. For example, in northwest Vietnam,
sole-maize cultivation is widespread over hills and fragile sloping land [9,10]. The northwest region is
home to ethnic minorities with a poverty rate of about 14% in 2016, or 8% higher than the average
poverty rate at the national level, according to the 2017 statistic book of Vietnam. Around 60% of land
in the region has a slope of ≥ 30% [11]. Soil degradation in the region is acute, resulting in low crop
productivity [12–16].

Driven by high economic benefits, smallholder fruit-tree cultivation has recently expanded in
several provinces in northwest Vietnam [17]. For example, the total area of fruit-tree plantations in
Dien Bien, Yen Bai, and Son La provinces reached 58,464 ha in 2018, a 51.4% increase compared with
2015. The main fruit commodities are longan (Dimocarpus longan Lour.), mango (Mangifera indica L.)
and plum (Prunus domestica L.). There is also some production of son tra (Docynia indica (Wall.) Decne),
also called H’Mong apple, which is native to the region and one of 50 special fruits of Vietnam [18].
Son tra is a multipurpose tree, restoring natural forest cover and producing fruit [19].

Despite recent developments, farmers in the northwest region generally lack technical knowledge
of agroforestry [9,20], including fruit tree-based agroforestry, in terms of adequate species composition,
optimal plant arrangement and spacing, and management practices to optimise delivery of products
and ecosystem services over time. Good management could better utilise potential economic, social,
and environmental benefits of diversified tree-based farming systems. Farmers in the region usually
develop “temporary” agroforestry by combining fruit trees and annual crops such as maize or cassava,
and vegetables, in the early years of planting before tree canopy closure, most often in the first to
third year after tree planting [21]. Reliable scientific-based information on permanent combinations of
fruit trees and annual crops is necessary to promote agroforestry systems that can offer long-term and
diverse income sources through product diversification to farmers in the region.

This study assessed the performance of two fruit-tree agroforestry systems in order to obtain
knowledge on sustainable farming systems for the region. Quantitative and qualitative approaches
were used to assess the agroforestry systems: longan–maize–forage grass and son tra–forage grass.
Specific objectives were (i) to evaluate the productivity and profitability of agroforestry systems
compared with sole-tree and annual crop systems over the seven years after establishment and (ii) to
survey farmers on the performance of fruit tree-based systems to identify possibilities for improvement
and wider-scale development.

2. Materials and Methods

2.1. Site Description

On-farm experiments with two agroforestry systems, longan (Dimocarpus longan Lour.)–maize
(Zea mays L.)–forage grass and son tra (Docynia indica (Wall.) Decne.) –forage grass, were carried out
on three farms each, using farms as replicates. The farms were situated in Van Chan district (21.56◦ N,
104.56◦ E; 374 m a.s.l.) in Yen Bai province and Tuan Giao district (21.56◦ N, 103.50◦ E; 1267 m a.s.l.) in
Dien Bien province, northwest Vietnam (Figure 1). The climate at both sites is sub-humid tropical,
with a rainy season from April to October and a dry season from November to March. Mean annual
temperature is 18.6 ◦C and 21 ◦C; and annual rainfall is 1200–1600 mm and 1700–2000 mm in Tuan
Giao and Van Chan, respectively. Mean slope of the experimental plots was 27% at both sites.
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Figure 1. Location of the agroforestry experiments with longan-maize-forage grass in Van Chan 
District, Yen Bai province, and son tra-forage grass in Tuan Giao District, Dien Bien province, north-
west Vietnam. Replicate trials were established on three farms in each district. 

The soil profile at each site was characterised at the start of the experiments. The soils at Van 
Chan were silty clay loams, with, on average, pH 4.7, 1.7% soil organic matter (SOM), 0.12% total 
nitrogen (N), 0.02% total phosphorus (P), and 0.50% total potassium (K). The soil at Tuan Giao was 
silty clay, with, on average, pH 4.6, 3.8% SOM, and total N, P, and K of 0.24%, 0.02%, and 0.85%, 
respectively. SOM and total N, and P, and K were determined by the Walkley–Black method [22], 
Kjeldahl method [23], and digestion with mixed strong acids [24,25], respectively. Available soil P 
(Bray II) [26] was 5 mg kg−1 at Van Chan and 9.2 mg kg−1 at Tuan Giao. 

2.2. Field Experiment Design 

Both experiments were designed as randomised complete blocks with three replicates on three 
different farms. At Van Chan, the experiment lasted seven years (2012–2018). The agroforestry system 
consisted of longan, maize and guinea grass (Panicum maximum Jacq.) (LMG) and was compared with 
sole-crop maize (SM) and sole-crop longan (SL) (Figure 2a). The sole-crop longan was planted with 5 
m row spacing and 5 m spacing between trees within rows (400 trees ha−1). In the LMG system, longan 
was planted at 5 m spacing in double rows along contour lines, with 15 m between two double rows 
(240 trees ha−1). Guinea grass was planted in double rows 0.5 m from the trees, and the distance 
between two rows was 0.5 m. The seed rate, row spacing, and distance between plants for sole-crop 
maize was 15 kg ha−1, 0.65 m, and 0.3 m, respectively. The seed rate was 10–20% lower in the LMG 
system, since maize was not sown in the grass strips or within 0.5 m from the canopy of longan, so 
maize plants were sown with the same row spacing and plant distance in both systems. The longan 
variety used in the experiment was late maturing. The maize variety used in all cropping systems 
was the hybrid PAC 999. 

Figure 1. Location of the agroforestry experiments with longan-maize-forage grass in Van Chan District,
Yen Bai province, and son tra-forage grass in Tuan Giao District, Dien Bien province, north-west
Vietnam. Replicate trials were established on three farms in each district.

The soil profile at each site was characterised at the start of the experiments. The soils at Van
Chan were silty clay loams, with, on average, pH 4.7, 1.7% soil organic matter (SOM), 0.12% total
nitrogen (N), 0.02% total phosphorus (P), and 0.50% total potassium (K). The soil at Tuan Giao was
silty clay, with, on average, pH 4.6, 3.8% SOM, and total N, P, and K of 0.24%, 0.02%, and 0.85%,
respectively. SOM and total N, and P, and K were determined by the Walkley–Black method [22],
Kjeldahl method [23], and digestion with mixed strong acids [24,25], respectively. Available soil P
(Bray II) [26] was 5 mg kg−1 at Van Chan and 9.2 mg kg−1 at Tuan Giao.

2.2. Field Experiment Design

Both experiments were designed as randomised complete blocks with three replicates on three
different farms. At Van Chan, the experiment lasted seven years (2012–2018). The agroforestry system
consisted of longan, maize and guinea grass (Panicum maximum Jacq.) (LMG) and was compared with
sole-crop maize (SM) and sole-crop longan (SL) (Figure 2a). The sole-crop longan was planted with
5 m row spacing and 5 m spacing between trees within rows (400 trees ha−1). In the LMG system,
longan was planted at 5 m spacing in double rows along contour lines, with 15 m between two double
rows (240 trees ha−1). Guinea grass was planted in double rows 0.5 m from the trees, and the distance
between two rows was 0.5 m. The seed rate, row spacing, and distance between plants for sole-crop
maize was 15 kg ha−1, 0.65 m, and 0.3 m, respectively. The seed rate was 10–20% lower in the LMG
system, since maize was not sown in the grass strips or within 0.5 m from the canopy of longan,
so maize plants were sown with the same row spacing and plant distance in both systems. The longan
variety used in the experiment was late maturing. The maize variety used in all cropping systems was
the hybrid PAC 999.
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application, with a topdressing with urea (46% N) and potassium chloride (48.6% K) at maize stage 
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2.3.1. Tree Growth and Tree/Maize/Grass Yield Determination 
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Figure 2. Design of field experiments: (a) Van Chan: sole-crop maize (SM), sole-crop longan (SL),
and longan–maize–forage grass (LMG), U: upslope grass strips, D: downslope grass strips, B: between
grass strips. The plot area was 300 m2 for sole-crop maize, 600 m2 for sole-crop longan, and 900 m2 for
the LMG agroforestry system; (b) Tuan Giao: sole-crop son tra (SST), son tra–guinea grass (STG), and
son tra–mulato grass (STM). Plot area was 500 m2.

The experiment at Tuan Giao lasted six years (2013–2018) and comprised three treatments:
sole-crop son tra (SST), son tra–guinea grass (STG), and son tra–mulato grass (Brachiaria sp.) (STM).
In all treatments, son tra was planted with 5 m row spacing and with 4 m spacing between trees within
rows (500 trees ha−1). Seven rows of guinea grass or mulato grass were planted between two rows of
son tra in the STG and STM system, respectively (Figure 2b). The distance between the grass rows was
0.5 m and the strips were 1 m from the son tra rows. Grafted son tra seedlings were used, while guinea
grass and mulato grass cuttings were obtained from a nursery.

Mineral NPK fertiliser was applied annually to maize in SM and LMG (NPK 5–10–3) as a basal
application, with a topdressing with urea (46% N) and potassium chloride (48.6% K) at maize stage
6–7 fully expanded leaves (50%) and before silking (50%). In the SL and LMG treatments, 15 kg of
composted animal manure and 1 kg of mineral fertiliser (NPK 5–10–3) were applied per longan tree in
year 1. In years 2–7, 1 kg mineral fertiliser (NPK 5–10–3) was applied per tree, while in years 5–7, 20 kg
of animal manure were applied per tree. In SST, STG, and STM, son tra received 15 kg composted
animal manure and 1 kg mineral fertiliser (NPK 5–10–3) per tree in year 1 and an annual topdressing
of 0.9 kg mineral fertiliser (NPK 5–10–3) per tree in years 2–6. In both experiments, the purpose of
planting grass strips was to utilise nutrients in runoff, and therefore no nutrients were applied to the
forage grasses. For more information about the experiments in Van Chan and Tuan Giao, see Table S1
in Supplementary Materials (SM).

2.3. Data Collection in the Field Trials

2.3.1. Tree Growth and Tree/Maize/Grass Yield Determination

Eight longan and nine son tra trees in each plot were measured every three months for the whole
experimental period to determine base diameter (consistently measured at a height of 10 cm from soil
surface because the trees were still small in the early years of experiments), canopy diameter, and plant
height. Fresh weight biomass production of forage grasses was measured monthly by harvesting a
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5 m forage grass strip per plot and weighing the biomass. Maize grain production was measured
by harvesting a 5 × 20 m sub-area within each plot, air-drying the cobs outdoors before shelling
and weighing. Fruit yield per plot was determined by collecting and weighing the fruit of all trees
at harvest.

2.3.2. Competition for Resources in the Longan–Maize–Forage Grass System

An in-depth study of the variation in plant N concentration, growth, and productivity was carried
out in year 7 of the experiment at Van Chan. Maize stover (stems, leaves, cobs, and covers) and
grain were harvested at physiological maturity and weighed to determine their fresh weight. Fresh
sub-samples of these materials were weighed and dried to constant weight. The ratio between fresh
and dry weight was calculated and used to calculate the total harvested dry weight of each material.
Within the LMG plots, measurements and sampling were performed in duplicate patches at three
positions on the plots; 2.5 m upslope of the grass strips, between grass strips (4 m distance), and 2.5 m
downslope of the grass strips (marked U, B, and D, respectively, in Figure 2a). The sampled area of
each patch was 2.5 × 5 m. Similar sampling of patches was carried out in SM.

Plant N status was monitored in LMG and SM using a soil plant analysis development (SPAD)
502 Plus chlorophyll meter to determine the amount of chlorophyll present in plant leaves [27], as a
proxy for N concentration [28]. The SPAD readings and maize plant height measurements were carried
out at four vegetative stages of the maize crop (3–4, 6–7, and 10–11 fully expanded leaves, and silking).
In each sampled patch, five maize plants along a diagonal were used for measurements on each
occasion. The third, sixth, ninth, and index leaves were used as standard leaves for the stages 3–4, 6–7,
and 10–11 fully expanded leaves and silking, respectively. The SPAD readings were taken at two-thirds
of the distance from the leaf tip towards the stem [29]. In grass, the SPAD readings were carried
out on 10 new fully expanded leaves [30] and height measurements were made on 10 grass plants
every month in a 5 m section of each grass strip before cutting during the maize season. For longan,
the SPAD readings were taken on eight longan trees within LMG and SL (Figure 2a) at the beginning
and end of the maize season. One fully expanded mature leaf on the east, west, south, and north
side of each tree was selected. The third leaflet position from the terminal leaf of each fully expanded
mature leaf was used as the standard leaf for SPAD readings [31].

2.3.3. Land Equivalent Ratio

A land equivalent ratio (LER) was used to compare yields in the different treatments, with LER
greater than 1.0 indicating that the mixed system (intercrop) was more advantageous than the sole
crop. LER was calculated as [32]:

LER = Intercrop1/Sole crop1 + Intercrop2/Sole crop2 + . . . . . . (1)

The fresh yield of sole-crop guinea grass and sole-crop mulato grass was calculated from their
average reported dry biomass yield, i.e., 30 ton ha−1 year−1 [33] and 18.5 ha−1 year−1 [34], respectively,
assuming a dry matter content of 23% [35] and 21% [36], respectively. The LER of the LMG, STG,
and STM systems was calculated annually.

2.3.4. Profitability

Cost-benefit analysis was performed for each agroforestry and sole-crop treatment, taking into
account details of investment costs, maintenance costs, and revenue from products sold across
monitoring years. Net profit was calculated by subtracting all input costs from gross income. Annual
inputs included fertiliser, pesticide, labour, planting materials, etc. Total annual income was calculated
based on yield and the price obtained for the different products at harvest. Data on the cost of inputs
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and market prices for products were obtained from the provincial extension departments covering the
study sites (see Table S2 in Supplementary Materials). Net profits of each system were calculated as:

N = T − I (2)

where N is net profit, T is total income, and I is total cost of all inputs, all in USD ha−1 year−1.

2.4. Selection of Participants for Farmer Group Discussions

Farmers’ perceptions and aspirations for the agroforestry systems involving longan–maize–forage
grass (in Yen Bai) and son tra–forage grasses (in Dien Bien) were documented in group discussions
carried out in January 2020. For each agroforestry system, two villages were selected: one village
that hosted an experiment (experiment-hosting village) and a nearby village (non-hosting village)
(Table S3 in Supplementary Materials). In each village, farmers who were familiar with or had
observed the agroforestry system in the field experiment were selected and divided into three groups
based on resources and gender (poor female, poor male, non-poor mixed female and male). Farmers
hosting the experiments were interviewed individually, using the same open-ended questions as in
the group discussions. In total, there were six different farmer groups at each study site, three in the
experiment-hosting village and three in the non-hosting village, plus the three farmers hosting the
experiments at each site (experiment-hosting famers). The Vietnamese government’s poverty scale [37]
was used to capture responses from farmers experiencing different levels of poverty. The questions (see
Table S4 in Supplementary Materials) were posed by an interview team, including three researchers
from World Agroforestry (ICRAF) in Vietnam who served as facilitators. All interviews were recorded
and the responses were transcribed and translated into English by the researchers after each group
discussion. The responses from farmers belonging to the different groups were then analysed to
identify the consensus or most common responses to each question within each group. Thus, responses
from individual farmers are not presented. The main ideas expressed in responses were identified and
grouped into themes/categories reflecting farmers’ perceptions of the two agroforestry systems tested
in terms of tree, maize, and grass performance related to competition for resources, economic and
ecological benefits, markets, constraints to adoption, and potential of agroforestry as a future option
for the region.

2.5. Statistical Analysis

The software R (version 3.6.1) was used for all statistical analyses. Repeated measures ANOVA
with the mixed model was used to assess the effects of the different treatments on maize, grass, and tree
performance; yield; and profitability over the years. Log-transformation was used to normalise the
data where necessary. When a significant difference was indicated in F-tests, lsmeans was used to
identify significant (p < 0.05) differences between means. Repeated measures ANOVA was also applied
to compare SPAD values and growth of maize in LMG and SM plots in year 7 of the experiment at
Van Chan. ANOVA was used to compare the yield of maize at different positions relative to the grass
strips within LMG in the last year, and then Tukey’s HSD test was used to identify positions that were
significantly different from other positions.

3. Results

3.1. Tree Growth

There was a significant effect by cropping systems on growth of longan trees. Base diameter,
canopy diameter, and height in the sole-crop (SL) system were significantly greater (p < 0.05) than in
the LGM system (Figure 3a). By the end of year 7, the base diameter of longan in SL and LMG had
increased by 9 and 7 cm, respectively, since planting, and the height of longan trees was about 148 cm
in SL and 121 cm in LGM, i.e., a height increase of 36 and 32 cm year−1 in SL and LGM, respectively.
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Figure 3. Regression lines describing tree growth (mean and standard error): (a) Growth of longan in
the sole-tree system (SL) and longan–maize–forage grass (LMG) system; (b) growth of son tra in the
sole-tree system (SST), son tra–guinea grass (STG) system, and son tra–mulato grass (STM) system.

The base diameter of son tra trees was significantly greater (p < 0.05) in the sole-tree system
than in the systems with forage grass (STM and STG) (Figure 3b). Both tree height and canopy
diameter were affected by the cropping system, with an interaction between cropping system and year
(p < 0.05). Three years after planting, the canopy diameter and height of son tra trees were similar in
the agroforestry and sole-tree systems. However, from year 4 to 6, canopy diameter and tree height
were significantly higher (p < 0.05) in the sole-tree and STM systems than in the STG system (Figure 3b).

3.2. Yield and Land Equivalent Ratio

During the first three years, the products in LMG were primarily maize cobs and forage-grass
biomass (Table 1). The grass started yielding from year 2. The products became more diversified from
year 4, when longan started to bear fruit, and yield increased during subsequent years. There was no
significant effect from the cropping system, or interaction between treatments and year, on maize yield.
However, the yield of longan was significantly higher in the sole-tree system than in LMG, and there
was a significant interaction between treatment and year (p < 0.05). From year 2 to 7, LER of the LMG
system ranged from 1.1 to 1.9 (Figure 4a).

In the STG and STM agroforestry systems, the guinea grass and mulato grass were harvested
from year 2 (2014), with high yield (Table 1). The agroforestry practices had more products from year 3,
when son tra started to bear fruit. However, there was a significant effect from the cropping system on
the productivity of son tra (p < 0.05), with fruit yield being significantly lower in agroforestry than in
the sole-crop system. LER of the agroforestry practices from year 2 to 6 ranged from 0.5 to 1.1 for STG
and 0.6 to 1.8 for STM (Figure 4b).
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p-value <0.001 p-value  0.09 

Different letters indicate significant differences (p < 0.05). 

The height of maize upslope, downslope, and between grass strips in LMG during year 7 was 
not significantly different from the height of maize in SM at the stages of 3–4 and 6–7 fully expanded 
leaves (Figure 5a). However, in later development stages, maize growth was significantly higher (p < 
0.05) between two grass strips than immediately upslope or downslope of the grass. In stages 6–7 
and 10–11 fully expanded leaves and silking, the SPAD readings of maize between grass strips were 
also significantly (p < 0.05) higher than those upslope and downslope of grass strips. The average 
SPAD readings for longan trees were not significantly different between LMG and SL (Figure 5a). 
Meanwhile, the average SPAD readings of guinea grass recorded 43.4 within LMG. This indicates 
that competition for N took place at positions where trees, crops, and grass were close to each other 
within the LMG system. 

Figure 4. Land equivalent ratio (LER) of the agroforestry practices in each year of the experiment,
expressed as mean and standard error (bars): (a) Longan–maize–forage grass (LGM); (b) son tra–guinea
grass (STG) and son tra–mulato grass (STM).

3.3. Leaf Nitrogen Content and Competition in LMG

The SPAD value was significantly higher in sole-crop maize than in the LMG system (p < 0.05)
from maize development stages 6–7 to silking, while maize plant height was significantly higher from
10–11 fully expanded leaves to silking (Table 2). However, the biomass of maize, including grain and
stover, was not significantly different between the sole-crop and agroforestry systems.

Table 2. Dry yield, height, and SPAD readings of maize in the longan–maize–forage grass system
(LMG) and the sole-crop system (SM) in year 7 of the experiment.

Maize Growth Stage At Maturity

Cropping
System

3–4
Leaves

6–7
Leaves

10–11
Leaves Silking Cropping

System
Dry Yield

(Ton Ha−1)

SPAD SM 38.0 44.6a 52.1a 57.7a Grain SM 4.6
LMG 38.5 41.3b 47.8b 54.3b LMG 4.2

p-value <0.001 p-value 0.25
Height (cm) SM 28.4 65.2 112.1a 230.4a Stover SM 5.6

LMG 26.9 61.4 96.3b 218b LMG 4.9
p-value <0.001 p-value 0.09

Different letters indicate significant differences (p < 0.05).

The height of maize upslope, downslope, and between grass strips in LMG during year 7 was
not significantly different from the height of maize in SM at the stages of 3–4 and 6–7 fully expanded
leaves (Figure 5a). However, in later development stages, maize growth was significantly higher
(p < 0.05) between two grass strips than immediately upslope or downslope of the grass. In stages 6–7
and 10–11 fully expanded leaves and silking, the SPAD readings of maize between grass strips were
also significantly (p < 0.05) higher than those upslope and downslope of grass strips. The average
SPAD readings for longan trees were not significantly different between LMG and SL (Figure 5a).
Meanwhile, the average SPAD readings of guinea grass recorded 43.4 within LMG. This indicates that
competition for N took place at positions where trees, crops, and grass were close to each other within
the LMG system.

In LMG, the yield of maize grain between grass strips was 24% higher (p < 0.05) than in SM and
about 62% higher than in upslope and downslope maize in LMG (Figure 5b). Yield of stover was also
significantly higher (53–59%) between grass strips than for maize upslope and downslope of grass
strips. Overall, the results clearly showed competition between grass, longan, and maize upslope and
downslope of the grass strips within the LMG system in year 7.
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of maize growing in different positions (upslope, between, downslope) relative to the grass strips 
within LMG in year 7. Values are means and standard errors. Bars with different upper case (stover) 
and lower-case (grain) letters indicate significant differences (p < 0.05). 

Figure 5. (a) Height of the tree and crop components and SPAD (soil plant analysis development)
readings in the longan–maize–forage grass (LMG), sole-longan (SL) and sole-maize (SM); (b) dry yield
of maize growing in different positions (upslope, between, downslope) relative to the grass strips
within LMG in year 7. Values are means and standard errors. Bars with different upper case (stover)
and lower-case (grain) letters indicate significant differences (p < 0.05).
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3.4. Profitability

Sole maize had a mean annual investment cost of 670 USD ha−1, while that of the sole-longan and
the LMG system was 3.7-fold and 3.2-fold higher, respectively. The average maintenance cost of SL
and LMG was 300 and 863 USD ha−1 year−1, respectively (Figure 6a). The net profit was related to
the cropping system, with an interaction between cropping system and year (p < 0.05). The mean net
profit of LMG (1018 USD ha−1) was 2.4-fold higher than for SM, while the SL system only achieved a
positive profit from year 6 (Table 3). The trend of decreasing net profit of SM across year was partially
due to the decreasing selling price of maize over time (presented in the Supplementary Materials Table
S2) and lower maize yield in the subsequent compared to the initial years of experiment. From year 2,
the net profit from LGM was equal to that from SM, while from year 4 the net profit from LGM was
significantly (p < 0.05) higher than for SM and SL. In addition, the cumulative profit from LMG was
positive from year 2 and higher than that from SM from year 4 (Figure 6a). In contrast, the cumulative
profit from SL was still negative in year 7.

Table 3. Net profit from the agroforestry systems and the corresponding sole crop/tree.

Net Profit (USD ha−1)

Cropping System 2012 2013 2014 2015 2016 2017 2018 Mean (±SE)

SM 1118a 611a 388a 246b 233b 196b 190b 425.9 (±118.9)b
SL −2463c −355b −229b 40b −41b 112b 947ab −284.4 (±336.8)c

LMG −391b 839a 1550a 1179a 1380a 1404a 1168a 1018.2 (±231.6)a
By cropping system p-value < 0.001

Cropping system x year p-value < 0.001
SST na −1422 −290 42 2120 538 3238 704.5 (±632.4)b
STG na −1772 3297 2853 3069 2381 3570 2232.9 (±746.6)a
STM na −1772 2661 3018 4067 3147 4773 2648.7 (±857.1)a

By cropping system p-value = 0.005
Cropping system x year p-value = 0.72

SM: sole-crop maize, SL: sole-crop longan, LMG: longan–maize–forage grass, SST: sole-crop son tra, STG: son
tra–guinea grass, STM: son tra–mulato grass; na: not applicable since the experiment was established in 2013. Values
are means; different letters indicate significant differences (p < 0.05).

In the year of establishment, the total input costs were approximately 1772 USD ha−1 for both STG
and STM, but lower (1422 USD ha−1) for SST. In the following years, STG and STM required higher
investment than the sole-tree system, mainly deriving from labour costs for forage-grass harvesting
(Figure 6b). There was a significant effect (p < 0.05) of cropping system on net profit, with the mean
net profit in STG (2233 USD ha−1) and STM (2649 USD ha−1) being around 3.2- and 3.7-fold higher,
respectively, than in SST (Table 3). The SST system gave a positive net profit from year 3, but the
cumulative profit from STG and STM was positive and higher than from SST from year 2 (Figure 6b).

3.5. Farmers’ Perceptions and Aspirations for Fruit Tree-Based Agroforestry

3.5.1. Tree and Crop Performance in Agroforestry

Most farmers were fully aware of possible effects of competition for resources (light, water,
nutrients) on the performance of tree and crop components within the agroforestry systems (Figure 7).
All interviewees in Van Chan noted that growth and productivity of maize in the longan–maize–forage
grass system were lower than in sole-maize cultivation. They attributed this to close distance between
trees, crops, and grass leading to competition in the agroforestry system. However, non-hosting village
groups claimed that longan trees performed better in agroforestry than in sole cultivation since they
believed that longan trees utilised the nutrients applied to the maize. However, the experiment-hosting
village, the experiment-hosting farmers in Van Chan, and all interviewees in Tuan Giao reported
that growth and productivity of trees in both agroforestry systems were lower than when trees were
grown separately.
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The interviewees also suggested that the agroforestry systems could be optimised through better
management of trees and crops (Figure 7). The groups proposed different solutions to improve the
efficiency, such as adding more fertilisers to plants suffering from nutrient deficiency in areas where
trees, crops, and grass affected each other’s nutrient availability, reducing tree density and pruning to
reduce shading. In addition, modifying the planting distance between trees and grass was suggested
by groups from both sites. The farmers interviewed also suggested less-competitive crops for the
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agroforestry systems, e.g., legume species with biological N-fixation such as soybean and groundnut
in LMG in Van Chan (3 of 7 groups), and upland rice or cucumber in STG and STM in Tuan Giao (2 of
7 groups).
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Figure 7. Farmers’ perception of the performance of trees and crops in the agroforestry experiments in
Van Chan and Tuan Giao compared with that of sole crops/trees. Open-ended questions were used in
group interviews with non-hosting and experiment-hosting villages; experiment-hosting farmers were
interviewed individually.

3.5.2. Benefits of the Agroforestry Systems

All famer groups in Van Chan and Tuan Giao shared the opinion that the experimental agroforestry
systems produced earlier and more diverse products and gave higher economic benefit than the sole
crop/tree (Figure 8a). Most interviewees reported that after 3–4 years, when the trees began to bear fruit,
the income from agroforestry was much higher than from sole-crop cultivation. They also reported
ecological benefits of the agroforestry systems in terms of reduced erosion, weed control, enhanced soil
moisture and fertility, and greater resilience to extreme weather conditions (drought, snow, and frost)
compared with sole-crop cultivation (Figure 8a). However, no group mentioned any benefits regarding
pests and diseases, while only one group (the host farmers in Van Chan) mentioned terrace formation
as an advantage (Figure 8a,b). Female and mixed groups in Tuan Giao claimed that the soil was
less fertile and soil moisture lower in agroforestry than sole-tree cultivation, because the very dense
forage grass used much water and nutrients within the agroforestry system (Figure 8b). Only the
groups in Van Chan and the host farmer group in Tuan Giao expressed appreciation of the reduced
labour requirement for harvesting forage from the grass strips in the agroforestry system (Figure 8b).
These groups mentioned the possibility of using the forage to feed livestock, produce green manure,
and provide earlier income when sold on the local market.
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3.5.3. Constraints to Uptake of Agroforestry

Most of the farmer groups recognised and listed constraints to the uptake of agroforestry and
proposed possible solutions to improve uptake in the local region (Figure 9). At both Tuan Giao and
Van Chan, all groups indicated that the investment costs were higher than for sole-crop cultivation,
making it difficult for poor households to adopt agroforestry. Management of pests and diseases in
agroforestry was also more complicated, with more tree and crop components. An unstable market
and low prices for products were other constraints to the uptake of agroforestry in the region.

All groups in Van Chan indicated that harsh weather events such as drought and lack of awareness
among farmers of the benefits of agroforestry (4 of 7 groups) were the main drawbacks to the uptake
of agroforestry. In Tuan Giao, all farmer groups considered that it would be difficult to combine
traditional free grazing of livestock on crop residues with agroforestry. The forage grass was not
considered valuable, since in this area with only free-grazing livestock farmers are not accustomed to
collecting fodder. Extreme weather such as snow and frost and lack of techniques for implementing
agroforestry were reported as other constraints to the adoption of agroforestry.

The farmers interviewed proposed solutions to address these issues (Figure 9). At Van Chan and
Tuan Giao, all farmer groups mentioned training in agroforestry techniques, support in obtaining
seedlings and fertilisers, and financial support or access to low-interest loans/credits as important
incentives for implementing agroforestry. Development of market links for agroforestry products and a
stable market were also considered key factors for agroforestry adoption by all farmer groups, but the
suggested schemes differed. In Van Chan, the interviewees envisaged creating a stable market by
building a farmers’ cooperative to improve product quality to meet market demand and a processing
factory to produce secondary products from longan fruit. The interviewees wanted maize replaced
with other, higher-value annual crops. In Tuan Giao, the interviewees wanted a market link to a
processing factory that would buy and add value to son tra and create a stable market.

All farmer groups in Van Chan and Tuan Giao saw a need for plant protection interventions to
control pests and weeds as a way to reduce the labour costs of implementing agroforestry. According to
farmers in Tuan Giao, shifting from free grazing to captive grazing and promoting livestock production
to utilise the forage grass would increase the feasibility of agroforestry in the region. Although drought
is a major concern in Van Chan, only the experiment-hosting farmers and the female farmer groups
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mentioned construction of water storage facilities as a solution. They saw a need for an electric pump
and water tanks on the top of hills to supply water for tree/crops during drought periods.Land 2020, 9, x FOR PEER REVIEW 16 of 24 
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experiment-hosting villages; experiment-hosting farmers were interviewed individually.

All farmer groups interviewed mentioned a need to reduce the investment costs of agroforestry
(Figure 9), e.g., by producing their own fruit-tree seedlings (3 of 7 groups in Van Chan and male
groups in Tuan Giao). Some groups suggested offsetting the investment costs by planting higher-value
crops to replace maize in Van Chan (4 of 7 groups) and forage grasses in Tuan Giao (2 of 7 groups).
In addition, all farmers in Tuan Giao and 3 of 7 groups in Van Chan (Figure 9) indicated that resource
allocation strategies could help reduce the maintenance cost of implementing agroforestry. They
believed that during the first three years of the experiments, when the trees had not yet produced fruit,
the farmers prioritised the annual crops and grasses to generate annual income. Later, when the trees
were maturing and bearing fruit, farmers prioritised the trees.

3.5.4. Factors Enabling Expansion

The farmers at both Van Chan and Tuan Giao indicated that large-scale annual crop production
on sloping land is an unstable system (land degradation, low yield). However, the ownership of land
by local farmers is suited to implementing agroforestry. In addition, agroforestry has potential in
both areas because it can bring economic and ecological benefits for local farmers. The local climate
conditions are suitable for longan trees in Van Chan and for son tra trees in Tuan Giao, so both species
can produce high yield. Recently, many farmers in Van Chan have shifted from sole-maize production
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to fruit trees and intercropping of fruit trees with annual crops, while farmers in Tuan Giao expressed
interest in grafted son tra seedlings because they start to produce fruit rapidly. Local farmers saw
potential for intercropping high-value trees (e.g., longan, mango, plum) and high-value crops (e.g.,
medicinal plants, soybean, green bean) in Van Chan, or amomum (Amomun xanthioides Wall.) in Tuan
Giao (Figure 10).
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However, based on the interview responses, techniques to implement agroforestry, a stable market
for products, and financial support for farmers in the establishment year(s), in combination with
expansion of livestock production, would be required to expand agroforestry in northern upland areas
of Vietnam (Figure 10).

4. Discussion

4.1. Effects of Competition for Resources on Tree and Crop Performance in Agroforestry and Ways to Improve
the Systems

Total income was higher in the agroforestry systems than in the sole-cropping systems studied,
but individual crop components generally grew more slowly in agroforestry systems than in
sole-crop/tree systems, most likely due to competition for light, water, and nutrients [38]. The tree
species in maize agroforestry systems may contribute differently to tree–crop interactions, e.g.,
leguminous tree species have been shown to compete less with maize for N than non-leguminous
species [39–41]. The presence of tree roots, especially in the maize-cropping zone, also affects the
competition with maize, and is determined by e.g., inherent rooting patterns, management, and soil
conditions [41,42]. Conversely, maize restricts root development of trees in the cropping zone of
agroforestry systems. A study on maize-based agroforestry systems in the sub-humid highlands
of western Kenya indicated that the length of fine roots of intercropped trees (Grevillea robusta and
Senna spectabilis) decreased in the maize root zone because of competition and damage to tree roots
during weed hoeing [43]. In addition, maize uses the C4 photosynthetic pathway and is sensitive to
shading [44] and may therefore be more negatively affected by tree shading in agroforestry systems
than C3 species. Such competition was evident in the LMG system in our study, with slower growth
and lower yield of longan and maize in areas where trees and crops were close to each other. This was
particularly evident in year 7, when SPAD measurements showed competition for N between trees,
crops, and grass growing close to each other (Table 2 and Figure 5).

170



Land 2020, 9, 451

In our experiments, the grass component of the agroforestry systems was competitive and
negatively affected N uptake and growth of trees and maize. A previous study of maize intercropped
with guinea grass in northwest Vietnam [45] found that aboveground biomass of maize at positions
downslope and upslope of grass strips was around 60% and 40% lower, respectively, than that of maize
3 m from grass strips and sole maize, as we found for the LMG system (year 7). The farmer groups
interviewed confirmed that maize downslope and upslope of grass strips showed lower growth and
yield compared with maize farther from grass strips and sole maize, and that longan also had lower
growth and yield as an intercrop than as a sole crop.

In our experiment, the yield from sole-longan planting was 2–4-ton ha−1 at the seventh year after
tree planting. However, higher yield can be expected with e.g., improved irrigation. For example,
in Hung Yen province of the Red River Delta region of Vietnam, the longan yield could reach
20 ton per ha−1 in the eighth year after tree planting [46]. Thanks to better market access including for
export, partially due to the proximity to Hanoi as the country’s capital and urban centre, the farmers
in the province could derive high income from selling longan, and they partially allocate the income
to improving irrigation systems [46]. The farmers in the province have been cultivating longan
for decades.

However, the degree of competition may differ between grass species. A study in Costa Rica
showed that when guinea grass and mulato grass were planted 0.9 m from Eucalyptus deglupta they
produced similar grass biomass, but root length density (RLD) at 0–0.4 m depth was up to three-fold
higher under guinea grass than under mulato grass [47]. At 0–0.4 m depth but 0.45 m from E. deglupta
trees, RLD of guinea grass was up to four-fold higher than that of mulato grass. Thus E. deglupta
growth was significantly reduced by the presence of guinea grass, and to a lesser extent by mulato
grass, compared with sole-crop E. deglupta [47]. The STG and STM systems in our study confirmed the
competition from guinea grass and mulato grass strips with the trees. In these systems, the forage
grasses were planted 1 m from son tra rows, resulting in lower growth and yield of son tra trees with
guinea grass than with mulato grass or sole-tree cultivation, while the two grasses produced similar
grass biomasses.

It is possible to reduce competition between trees and crops by pruning the trees [41], as
proposed by farmer groups in our study. Another option may be to intercrop C3 crops instead of
C4 crops, as previous studies have indicated that yields of C3 crops are less reduced in agroforestry
systems [48,49]. In our study, farmer groups suggested improving the efficiency of the agroforestry
systems by planting legume species such as soybean and groundnut instead of maize in LMG, and by
planting upland rice or cucumber to replace forage grasses in STG and STM. Greater planting distance
between trees, crops, and grass strips would reduce competition. Supplying more fertiliser to plants
suffering from nutrient deficiency in competition zones was also suggested in the group interviews.

4.2. Productivity Benefits and Ecosystem Services of Agroforestry Systems

Evaluation of the agroforestry systems tested in this study indicated that they provided earlier
products than sole-tree systems and more diverse products than sole-maize systems. They also gave
higher total productivity for farmers than the sole-crop systems from the second year onwards. During
the first three years, total productivity was mainly from forage grasses and maize, with the LMG, STG,
and STM systems giving forage-grass biomass for farmers from the second year. The products became
more diverse from year 4, when the trees started to bear fruit, with yield increasing in subsequent years.

We found that the LMG agroforestry system was more productive than sole maize and longan
from year 2 onwards, as indicated by LER ranging from 1.1 to 1.9 (Figure 4a). In a previous study on
agroforestry systems based on apple (Malus domestica), e.g., apple/maize, apple/peanut, and apple/millet,
LER was found to be 1.2–1.3 after the apple trees started bearing fruit from year 6 [50]. In our study,
LER of the STM system was >1.0 from year 3, when the son tra started bearing fruit. However, in the
STG system LER was <1.0, which can probably be explained by competition, as previously shown [47].
Other studies on forage grasses have reported that guinea grass [33] produces more biomass than
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mulato grass [34] in sole-grass cultivation. It may therefore affect the LER of the STG agroforestry
system. Management of tree and crop components of a fruit tree-based agroforestry system thus
needs to change from the year of establishment to when trees are maturing and high-producing, so
that farmers can overcome competition effects and optimise the efficiency of land use [50]. In this
study, the farmer groups interviewed suggested that a resource allocation strategy could improve the
productivity of different components of the agroforestry systems. In the first three years, when the
trees had not yet produced fruit, their main priority was the annual crop and grasses, whereas they
paid more attention to the trees when they started bearing fruit. The farmers needed the short-term
income from annual crops to support the long-term benefits from the fruit trees.

Growing forage grasses can be an incentive to improve smallholder livestock production by
improved the daily weight gain of cattle and reducing labour in finding feedstuffs [51]. In this
study, farmer groups confirmed that growing forage grasses reduces the labour requirement for
finding/collecting feedstuffs for livestock in areas where captive grazing is common practice. This may
be particularly beneficial for rural women in the study region, as 60% of the workload in farming
is carried out by women [11]. In areas where free grazing is common practice like in Tuan Giao
district, farmers will be less motivated/perceive less benefit from growing forage grass. This can be a
“temporary” constraint for agroforestry adoption in the areas because along with population growth
and higher demand for agricultural lands, the area of free-gazing lands will become more limited in
the future. Therefore, we strongly considered fodder grass as one of main components of the tested
agroforestry systems. Moreover, agroforestry systems with grass have been identified as the most
suitable practice for northwest Vietnam to reconcile livelihood and erosion control [9].

Sole-maize cultivation on steep slopes in the northwest region of Vietnam produced annual soil
loss that reached up to 174 ton ha−1 [15]. However, growing forage grass along the contour lines can
play a significant role in reducing soil loss, especially on the steep slopes of the study region [15].
All experiments in our study were conducted in lands with about 27% slope, and measurement of
soil erosion was not part of our study. However, a study in the northwest region that measured
and compared soil erosion rate in agroforestry and sole-crop plantations clearly showed that soil
erosion was substantially reduced in agroforestry [52]. The study found that the erosion rate in
longan–mango–maize–forage grass agroforestry was 43% lower than that measured in sole-maize
cultivations, and the rate in son tra–coffee–forage grass was 34% lower than that measured in sole-coffee
plantations. All agroforestry systems and sole-coffee plantations observed in the study were three
years old. A higher reduction in the soil erosion rate can be expected in more mature agroforestry such
as in our experiments that have larger tree-canopy cover.

Ecological benefits or ecosystem services noted by farmers in this study were the effect of grass
strips in reducing soil erosion and maintaining soil moisture and fertility, but also in forming terraces
on the steep slopes [52]. In steeply sloping areas, the terraces formed could significantly increase
agricultural productivity and enhance water-use efficiency when combined with other agricultural
techniques [53].

4.3. Economic Benefits of Agroforestry Systems and Possibilities for Improvement

The agroforestry systems evaluated here showed higher profitability than the sole-crop systems
from year 2 onwards. However, the initial investment cost for agroforestry was high: 2122 USD ha−1

for LMG and 1772 USD ha−1 for STG and STM. Farmers in the region lack the financial resources to
shift to new practices [10]. New practices thus need to be shown to be safe and ensure food security
before smallholders risk changing from their current system. The main incentive for farmers to adopt
agroforestry is increasing yield and stable prices for their products. When comparing production and
profitability, a cycle of some years must be considered, because it takes longer to establish perennial
trees than annual crops and the financial input is higher in agroforestry systems. Therefore, initial
investment funding (possibly organised by farmers themselves), subsidies, or loans will be necessary
to compensate for the high investment and maintenance costs in the first few years of agroforestry [16].
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The farmer groups interviewed proposed some ways to make implementation of agroforestry more
profitable. First, the establishment of agroforestry will require financial support or access to low-interest
loans/credits. In addition, implementing agroforestry with fodder-grass strips would become more
beneficial for local people if changing from free to captive grazing were promoted. To achieve both
in the study region, local farmers can seek support from the Vietnamese government through e.g.,
the National Target Programme (NTP) on New Rural Development [54] or the NTP-Sustainable
Poverty Reduction and 135 Programme [55]. In addition, they can seek loans (low interest rate) from
formal actors such as the Vietnam Bank for Agriculture and Rural Development, the Vietnam Bank for
Social Policy, and People’s Credit Funds [56].

Second, the farmers interviewed suggested producing their own low-cost tree seedlings to reduce
the investment cost. These could be grown in community nurseries, where all members share costs and
provide inputs [57]. The project Agroforestry for Livelihoods of Smallholder Farmers in Northwest
Vietnam (2012–2016), together with relevant stakeholders, has provided training for farmers on the
establishment and management of smallholder and group nurseries, producing tree seedlings by
seedling propagation, grafting, and marcotting techniques. The project has published various technical
extension materials on producing different tree-species seedlings suitable for local conditions. These
technical sources could be useful for local farmers producing their own tree seedlings [58].

Third, the interviewees believed that they could achieve stable production by forming growers’
cooperatives and could improve product quality to meet market demand. The cooperatives could
provide production services, including inputs for farm households, fertilisers, feed ingredients, plant
protection chemicals, and vaccines for livestock. They could also mediate between entrepreneurs and
farmers, representing and protecting the rights of farmer members in contracting to supply raw materials
to processing enterprises and export agricultural products [11]. In rural development work, agricultural
service cooperatives can make a significant contribution [11]. Recently, the Vietnamese government
introduced a programme to develop 15,000 cooperatives and effective agricultural cooperative unions
in rural areas, with the government providing institutions, mechanisms, and policies to support the
programme [59]. This offers an opportunity for farmers in the region to develop cooperatives to ensure
stable production of agricultural products.

5. Conclusions

Agroforestry systems based on fruit trees, grass, and crops had higher productivity, higher
profitability, and earlier returns on investment than sole-crop fruit systems, but also higher initial
investment costs. The agroforestry systems produced a diversity of products and provided ecosystem
services such as erosion control and soil fertility improvement. However, challenges such as higher
investment cost and an unstable market for agroforestry products make it uncertain whether agroforestry
can be easily promoted in the area.

During development of the agroforestry systems, there were negative effects on growth and
productivity of the different components, most likely due to competition. There was evidence of
competition for nitrogen between tree, grass, and crop components at positions upslope and downslope
of the grass strips. These competition effects need to be considered when designing agroforestry
systems and formulating management regimes.

Future fruit tree-based agroforestry systems should apply adaptive management while the
agroforestry system is maturing and consider measures such as widening the planting distance
between trees, crops, and grass; supplying fertiliser to plant components suffering from nutrient
deficiency; and pruning trees in competition zones. Introducing high-value crops or biological N-fixing
species to reduce competition and support the growth of trees can also be considered in order to
optimise the systems.

To enable uptake and expansion of agroforestry in northwest Vietnam, financial support to meet
the higher investment costs for agroforestry and for better value chains with market stability are
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prerequisites for farmers. Local farmers can produce their own tree seedlings to reduce the investment
cost for agroforestry in the region.
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Abstract: In recent decades in northwest Vietnam, Arabica coffee has been grown on sloping land
in intensive, full sun monocultures that are not sustainable in the long term and have negative
environmental impacts. There is an urgent need to reverse this negative trend by promoting good
agricultural practices, including agroforestry, to prevent further deforestation and soil erosion on
slopes. A survey of 124 farmers from three indigenous groups was conducted in northwest Vietnam
to document coffee agroforestry practices and the ecosystem services associated with different tree
species used in them. Trees were ranked according to the main ecosystem services and disservices
considered to be locally relevant by rural communities. Our results show that tree species richness
in agroforestry plots was much higher for coffee compared to non-coffee plots, including those
with annual crops and tree plantations. Most farmers were aware of the benefits of trees for soil
improvement, shelter (from wind and frost), and the provision of shade and mulch. In contrast,
farmers had limited knowledge of the impact of trees on coffee quality and other interactions amongst
trees and coffee. Farmers ranked the leguminous tree species Leucaena leucocephala as the best for
incorporating in coffee plots because of the services it provides to coffee. Nonetheless, the farmers’
selection of tree species to combine with coffee was highly influenced by economic benefits provided,
especially by intercropped fruit trees, which was influenced by market access, determined by the
proximity of farms to a main road. The findings from this research will help local extension institutions
and farmers select appropriate tree species that suit the local context and that match household needs
and constraints, thereby facilitating the transition to a more sustainable and climate-smart coffee
production practice.

Keywords: agroforestry coffee; ecosystem services; shade tree species; pairwise ranking; Vietnam

1. Introduction

Coffee is the one of the most important commodities globally and contributes to the income of
millions of smallholder farmers. Approximately twenty-five million farmers grow coffee in sixty
developing countries [1]. There are approximately 10.5 million ha of coffee around the world consisting
of both Arabica (Coffea arabica) and Robusta (Coffea canephora) varieties [2]. Vietnam is the second
largest world producer after Brazil [3]. It is also the largest producer of Robusta coffee, accounting for
14.5% of global production and a share of about 40% of global trade [4].

Coffee was first introduced to Vietnam by the French in 1857. Between 1975 and 2010, the area of
coffee planted in Vietnam increased from 134,000 ha to 513,000 ha. By 2016, the total area of coffee had
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reached 650,000 ha [5]. Vietnam exports over 90% of its total production but the value remains low
mainly because low-quality beans rather than processed coffee are exported at a low price. The annual
export volume was approximately 1.8 million tons with a value of USD 3.5 billion in 2018 [6].

Whilst Robusta is the most popular coffee variety grown in Vietnam, it is mainly Arabica
that is cultivated in mountainous areas, generally at elevations above 600 m above sea level
(masl). Arabica production accounts for approximately 7% of the total coffee area of Vietnam [7],
including approximately 3995 ha in Dien Bien [8] and 17,128 ha in Son La [9] provinces in 2018.

Smallholder farmers have converted large areas of annual crops to coffee in northwest Vietnam,
which has transformed their livelihoods from subsistence to commercial commodity dependent [10].
Most of the Arabica plantations in the northwest are full sun monoculture on sloping land, which is
not sustainable in the long term because of soil degradation. The long-term sustainability of unshaded
coffee is likely to be limited given climate change, resulting in higher temperatures and more variable
weather patterns. Increasing temperatures, uneven precipitation and increased frequency and severity
of extreme weather events such as storms, floods or frost may have negative impacts on Arabica
coffee production.

Coffee was originally cultivated under moderate to heavy shade in Ethiopia, which was gradually
changed over much of the area, grown under light or no shade to increase coffee yield, at least in the
short term. However, reducing shade in coffee plots makes them more vulnerable to water run-off [11]
and soil erosion [12] biodiversity loss [13] and climate change [14]. Shade coffee, which is a form
of agroforestry where coffee is cultivated under a tree canopy [15], is generally considered to be
more environmentally friendly. Studies have shown increased biodiversity, higher levels of natural
pollination [16], greater erosion control, and higher carbon sequestration [13,17–19]. Boundary tree
planting in coffee farms has potential for climate mitigation and adaptation [14,20].

Expanding the area of shaded coffee in Northwest Vietnam offers a potential mechanism to
provide more sustainable cultivation, both economically and environmentally, when compared with
either unshaded coffee or other monoculture crops such as maize. There has been an increased interest,
globally, in shaded coffee given the sensitivity of coffee, particularly Arabica, to climate change [21,22].
Coffee cultivation, with between 20 to 40% shade and appropriate species and management, has been
found to have a regulated microclimate which, in turn, leads to high coffee yield and quality [23].
However, poorly designed tree cover in coffee can lead to low coffee productivity [24]. Shade systems
provide additional benefits beyond the direct impacts on coffee production in the shape of a more
balanced supply of ecosystem services [25,26]. Shade trees in coffee can increase the sustainability
of coffee production as well as the economic resilience of households to agricultural price volatility
through production and revenue diversification. Furthermore, they facilitate the adaptation of rural
communities to climate change via the adoption of more ‘climate-smart’ farming practices.

There have been a number of studies looking at farmers’ knowledge about coffee agroforestry
[27–29] however, to date, there has been no study assessing farmers’ attitudes and knowledge associated
with coffee agroforestry in northwest Vietnam. Understanding farmers’ knowledge of the benefits that
trees potentially provide alongside any trade-offs or disservices is critical for developing interventions
that enable more resilient landscapes [30], whilst reconciling production and conservation objectives.
This is particularly important in the context of northwest Vietnam given the broad spectrum of
ethnicities at play and the way in which factors such as gender might influence tree species selection.

To address this knowledge gap, the principal aim of this study was to explore farmers’ perceptions
of the range of benefits associated with shade trees in coffee systems and then to use this information
to customize a decision-support tool (the ‘Shade Tree Advice tool’ developed by researchers from
World Agroforestry, French Agricultural Research Centre for International Development (CIRAD) and
International Institute of Tropical Agriculture (IITA)) to local conditions in Vietnam. The original tool
was developed using data from Uganda, Ghana and China; http://www.shadetreeadvice.org [31,32].
The ‘Shade Tree Advice’ tool is aimed primarily at extension services, members of farmers’ cooperatives
and non-governmental organizations working in northwest Vietnam. The tool supports farmers in
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selecting the most appropriate tree species that are both adapted to local ecological conditions and
match household needs and constraints.

2. Materials and Methods

2.1. Study Sites

Son La and Dien Bien are the only two provinces in northwest Vietnam where coffee is planted,
and Son La is the second largest Arabica coffee producer in Vietnam. This study was conducted
in seven communes of Son La and Dien Bien (Figure 1). The criteria for commune selection were
coffee planting area, ethnicity, proximity to main road to compare the different characteristics of
coffee agroforestry practices, and willingness to share perceptions about tree services and tree species
ranking. Information on these criteria were provided by district extension workers. The communes
were selected from the most well known coffee planting areas in two provinces. Coffee agroforestry
households were suggested by commune extension workers. As Thai, H’mong and Kinh are the major
ethnic groups in the region, households from these three ethnicities that were actively involved in
coffee agroforestry were selected for the surveys with specific care taken to ensure gender balance
amongst interviewees. The Kinh are the largest ethnic group in Vietnam but account for less than 30%
of the population in the northwest. Kinh people generally live at lower altitudes (below 600 m) while
Thai people are generally found at altitudes of 500 to 800 m and H’mong people generally live in areas
above 800 m. The proximity to main roads were categorized into three levels: 0–2, 2–5 km or further
than 5 km. As farmers often sell their fruit products, such as mango or plum, along the main road,
this represents an indicator of their proximity to markets.
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The elevation of the study sites ranges from 300 to 2000 masl on 5 to 50% slopes. Annual temperature
ranges from 21 to 24 ◦C, and annual precipitation ranges from 1500 to 2500 mm. Rainy season is from
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April to September. The main soil type is Ferrasols, and average soil layer thickness ranges from 50 cm
to 1 m. These natural conditions are favorable for Arabica coffee. The upper limit frost in winter is the
most serious constraint for Arabica coffee cultivation at high elevations. In addition to coffee, the main
agricultural land uses are annual crops (upland rice (Oryza sativa), maize (Zea mays), fruit tree plantations
such as longan (Dimocarpus longan), plum (Prunus salicina), and mango (Mangifera indica). There are also
limited areas of planted forest and secondary natural forest.

2.2. Data Collection

Data were collected through two rounds of surveys between March to May 2018, following a
well established tree attribute ranking methodology [31,33]. The first survey consisted of a household
interview and tree inventory in coffee agroforestry farms in March 2018. A total of 124 households
were surveyed; consisting of 16 H’mong farmers, 25 Kinh farmers and 83 Thai farmers (with those
proportions largely representative of the ethnic distributions at the study sites). Sicty-eight men and
56 women participated in the interview process. A sub-section of 50 farms were inventoried to provide
a baseline of potential shade tree species found in existing coffee agroforestry plots. The survey
questions captured social and economic characteristics, coffee plot descriptions, including information
about trees in agroforestry plots, including those with coffee as the major crop and non-coffee plots
(where annual crops or tree plantations were the main productive component), the benefits that trees
provide to coffee, and coffee management. Additional information on farmer perceptions of ecosystem
services and disservices was captured via focus group discussions. These were also used to explore
how perceptions might vary in relation to farmers’ age, ethnicity and gender.

From the first survey, all the tree species on coffee farms were documented and the most dominant
25 species were selected for the second survey in May 2018. Based on the initial discussions with farmers,
the perceived benefits of shade trees were grouped into 11 broad topic areas (which effectively acted as
proxies for ecosystem services). These topics were tree effects on: coffee production; soil moisture,
soil fertility, soil erosion, biodiversity, micro-climate regulation, wind control, frost control, effects of
and on shade provision, the value of mulch provision and effects on the use of fertilizer (which relates
to soil fertility and greenhouse gas emission). The same farmers involved in the previous survey
were invited for the second set of interviews. There were 118 farmers from three ethnic groups Kinh,
Thai and H’mong, of which were 64 men and 54 women, that were involved in the second survey.
The second survey interview focused on ranking exercises [33]. Interviewees were asked to select up
to 10 preferred species to grow with coffee. They must have been managing, or at least been familiar
with these selected species. Pictures of both tree species and tree services were printed on cards with
which farmers then ranked the performance of their selected trees for each topic area (stating whether
their effect was positive or negative). Results of from individual farmer ranking of trees were recorded
in the ranking sheet for later analysis. During this exercise, farmers also provided the explanation for
their rankings.

A final workshop was conducted in July 2018 in Mai Son district (Son La) and Muong Ang district
(Dien Bien) with 25 farmers to feedback the analysis results.

2.3. Data Analysis

The results of tree species inventory were analyzed using the principles of BiodiversityR packages
in R studio and combined with Excel for visualization. Species accumulation was presented with
the trendline of a data plot using logarithm function and first order Jackknife asymptote [34].
Several species accumulation analyses were made for three ethnic groups, coffee farms and non-coffee
farms (for example, maize, rice, orchard plantation) to compare the biodiversity among Thai, H’mong,
Kinh farms, coffee and non-coffee agroforestry plots. Coffee monoculture plots were excluded from
analyses, as there were no tree species in those plots.

Following the ranking in the second survey, an analysis was undertaken using the Bradley–Terry
model in R studio [35]. Ranking was converted into pairwise comparison as input data for the model.
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The model was run for eleven tree services for three ethnic groups, three distances to road (near,
medium and far), and gender (male and female). Species, ranked less than 10 times, were excluded
from the results. The scores reflect the comparison of performance rather than the absolute values.
Scores were normalized to values between 0 and 1, where 1 is the maximum value for the best tree
species. Ranking data was uploaded to the online database at www.shadetreeadvice.org. This study
followed the same methods as those used for other databases from Ghana [31] and China [32] to ensure
that the results were comparable.

3. Results

3.1. Farm Characteristics of Coffee Agroforestry Systems

All the interviewed farmers were between 25 and 50 years old with a mean age of 39 years.
Among the three ethnic groups, Kinh people had the highest mean annual income while Thai farmers
had the next highest and H’mong the lowest at approximately USD 1762 per year. Mean farm size was
about 1.5 ha; Kinh farmers have smaller cultivation areas compared to those of the H’mong group.
Coffee was cultivated on about two thirds of their lands (approximately 1 ha on average) and the
remaining areas were dedicated to annual crops for family and livestock consumption. Almost all their
coffee areas were ‘shaded’ coffee, i.e., coffee intercropped with trees such as fruit trees, timber trees,
nut trees or L. leucocephala (Table 1). These were considered coffee agroforestry plots. Fruits were often
sold at home or on the side of the main road. Timber and coffee were collected by middlemen at home
or sometimes at the local market. All the Kinh villages were near the main road, at a distance of 0–2 km.
Thai farmers typically lived at distances of 0–5 km from a main road. H’mong farmers mostly lived far
from main roads (5–7 km) except for the H’mong group in Toa Tinh commune, Dien Bien province,
because of the newly built highway near their village.

Table 1. Social and plot characteristics of the coffee farms; data are the mean values with standard errors.

Social and Farm Characteristics Total Population Kinh Thai H’mong

Total number of respondents 124 25 83 16

Mean agricultural income
(USD/year/household) 4571 ± 390 8762 ± 1286 3810 ± 324 1762 ± 276

Mean farm area (ha) 1.50 ± 0.09 1.60 ± 0.26 1.30 ± 0.10 1.90 ± 0.30

Mean number of coffee plots 2-3 2-3 2-3 2-3

Mean area of coffee plots (ha) 1.00 ± 0.09 1.10 ± 0.16 1.00 ± 0.08 1.20 ± 0.20

Mean area of agroforestry coffee plots (ha) 0.80 ± 0.06 1.00 ± 0.12 0.80 ± 0.07 1.00 ± 0.21

Mean distance to main road 0–2 km 0–5 km
0–3 km (Tuan Giao
district) or 5–7 km

(Muong Ang district)

3.2. Tree Species Inventory in Coffee Agroforestry Systems

Forty-seven tree species were identified during the farm inventories. These included fruit trees,
timber trees, nut trees, and shade trees. All inventoried farms were located from 580 to 1000 masl.
Two native timber tree species could not be botanically identified and are only referred to by their local
name. Nearly half of the tree species were native (Table 2). Frequencies of tree species were calculated
by dividing the number of farms a tree species was observed on by the total number of farms inventoried
and expressed as a percentage. Many species were quite rare (37% were encountered on only 1% of the
coffee farms while a further 37% were found on 2–10% of coffee farms). The most abundant species,
found on 13–46% of farms, constituted 26% of the total species encountered. The majority of the most
abundant species were commercial fruit and nut trees except for the leguminous L. leucocephala and
Melia azedarach (a valuable timber tree). There were 25 exotic species out of the 48 species recorded.
Longan and mango are native species, however, only grafted hybrid varieties are being planted
on farms.
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Table 2. Characterization of the tree species mentioned by farmers as growing on their coffee farms
and observed during the farm inventory in the provinces of Son La and Dien Bien, northwest Vietnam.

No. English Name Scientific Name Dominant Function Exotic/Native Frequencies of
Species (%)

1 Longan Dimocarpus longan Commercial fruit Exotic 46

2 Plum Prunus salicina Commercial fruit Native 43

3 Mango Mangifera indica Commercial fruit Exotic 42

4 Leucaena Leucaena leucocephala Shade Exotic 23

5 Jackfruit Artocarpus heterophyllus Family consumption/
Commercial fruit Native 22

6 Pomelo Citrus grandis Commercial fruit Exotic 22

7 Melia Melia azedarach Commercial timber Exotic 20

8 Peach Prunus persica Commercial fruit Native 15

9 Macadamia Macadamia spp. Commercial nut Exotic 15

10 Avocado Persea americana Commercial fruit Exotic 13

11 Docynia indica Docynia indica Commercial fruit Native 9

12 Guava Psidium guajava Commercial fruit Native 8

13 Orange Citrus sinensis Commercial fruit Exotic 6

14 Lime Citrus aurantifolia Family consumption Native 6

15 Litchi Litchi chinensis Commercial fruit Exotic 6

16 Eucalyptus Eucalyptus spp. Commercial timber Exotic 6

17 Vernicia montana Vernicia montana Commercial timber Native 6

18 Apricot Prunus mume Commercial fruit Native 5

19 Tamarind Tamarindus indica Family consumption Native 4

20 Chukrasia Chukrasia tabularis Commercial timber Exotic 4

21 Dalbergia Dalbergia tonkinensis Commercial timber Exotic 4

23 Manglietia Manglietia conifera Commercial timber Exotic 3

22 Michelia Michelia mediocris Commercial timber Exotic 3

24 Local pear Pyrus granulosa Family consumption Native 2

25 Oroxylum indicum Oroxylum indicum Timber/flowers Native 2

26 Lucuma Pouteria lucuma Family consumption Native 1

27 Fig Ficus auriculata Timber/fruit Native 1

28 Baccaurea sapida Baccaurea sapida Timber/fruit Native 1

29 Bischofia javanica Bischofia javanica Timber Native 1

30 Papaya Carica papaya Family consumption Native 1

31 Star apple Chrysophyllum cainito Family consumption Exotic 1

32 Star fruit Averrhoa carambola L. Family consumption Exotic 1

33 Pomegranate Punica granatum Family consumption Exotic 1

34 Indian Jujube Indian Jujube Family consumption Native 1

35 Pine Pinus latteri Commercial
timber/resin Exotic 1

36 Styphnolobium
japonicum

Styphnolobium
japonicum Timber Native 1

37 Teak Tectona grandis Timber Exotic 1

38 Alstonia scholaris Alstonia scholaris Timber Exotic 1

39 Syzygium nervosum Syzygium nervosum Timber/leaf/flower Exotic 1

40 Khaya senegalensis Khaya senegalensis Timber Exotic 1

42 Dillenia Indica Dillenia Indica Timber Exotic 1

43 Tea Camellia sinensis Leaf Exotic 1
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Table 2. Cont.

No. English Name Scientific Name Dominant Function Exotic/Native Frequencies of
Species (%)

44 Zanthoxylum rhetsa Zanthoxylum rhetsa Seed/timber Native 1

45 Agarwood Aquilaria malaccensis Timber/resin Exotic 1

46 Schima wallichii Schima wallichii Timber Native 1

47 Local timber
tree (mý) * Timber Native 1

48 Local timber
tree (thro) * Timber Native 1

* Scientific names of those species that have not been identified.

Trees were planted in different settings such as in rows or scattered within the coffee plots or
along plot boundaries. Coffee–tree intercropping practices were characterized as four common types
including: coffee–fruit trees, coffee–timber trees, coffee–nut trees, and coffee–L. leucocephala that could
be combined on one farm. In all instances, trees were planted at regular spacing in rows if there
were one to two species being intercropped with coffee. Trees were planted at 5 m × 5 m for plum or
mango, macadamia, L. leucocephala, and up to 10 m × 10 m for avocado. If more than three species
were intercropped with coffee, farmers often planted them scattered between coffee rows or along
the boundaries of the coffee plots. Most of the coffee-multiple fruit tree systems were found in home
gardens and coffee—native timber trees were more frequently planted on plots far from the homestead.
Tree products in both cases were for family consumption. Coffee with commercial trees were planted
at medium to close distance to home for the ease of management, harvest and transport.

3.3. Tree Species Richness in Coffee Farms

There were significant differences in the species and area accumulations between coffee agroforestry
plots and non-coffee agroforestry plots (n = 124, Figure 2). Non-coffee plots were fields with annual
food crops or tree plantations as the main productive component. First order Jackknife asymptote
showed that the extrapolated value of the total tree species richness of agroforestry coffee plots was
48. All tree species encountered during the inventories also appeared in coffee agroforestry plots.
Species richness and the accumulated area of coffee agroforestry plots were almost double those of
non-coffee plots as was the species richness per ha.
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Higher species richness was found on Thai farmers’ coffee agroforestry plots compared to those
of the Kinh and H’mong ethnic groups. First order Jackknife asymptotes from Kinh coffee plots was
the same as that of H’mong coffee plots (Figure 3). This reflects the higher number of tree species in
coffee plots of the Thai group in comparison to other groups as the Thai people live at mid-elevation
which is suitable for most of the species encountered at all elevations (Table 2).
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3.4. Variation in Shade Tree Species Composition of Coffee Farms in Relation to Proximity to Main Roads

When farmers selected tree species to be intercropped with coffee in agroforestry plots, the primary
factor that influenced their selection was their commercial value, i.e., their value for the provision of
fruits or timbers that could be sold. There was a number of variables related to this factor including
market price, proximity to market (indicated in the present study, by proximity to a main road because
farmers usually sold fruits on the side of the main road). Among the three ethnic groups, the H’mong
were generally at the furthest distance from the road compared with the other two groups. The Kinh
people had good road networks because they live in the lower altitudes. The proximity to the road
was identified as a critical factor for determining tree species selection by farmers. Fifty-two of the
sampled farms were in communes near the main road (0–2 km), 54 farms were at medium distance
to the main road (2–5 km) and 18 farms were were far from the main road (5–7 km) (Figure 4).
High-value commercial species (fruits, timbers and nuts) were commonly integrated with coffee in the
close and medium distance farms (accounting for 81 and 66% of the total trees species, respectively).
Commercial species were less commonly (54%) far from the main road. In these farms, more native
timbers were intercropped in the coffee plots. The leguminous species, L. leucocephala, was more
common in the farms far from the main road.

3.5. Farmer Perspectives on Ecosystem Services Associated with Trees in Coffee Systems

Farmers had in-depth knowledge of the benefits trees provided to coffee. Most of them were aware of
observable ecosystem services such as reducing soil erosion, improving soil fertility, enhancing biodiversity,
preventing damage from wind and frost, and providing shade and mulch.

Some ecosystem services were linked to one another, such as shade provision, mulch provision
and soil moisture or frost control and wind control. Trees with big leaves and wide crowns were most
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generally associated with these benefits. Interestingly, farmers had limited experience or knowledge
on the effects of tree species on coffee quality. In addition, their responses suggest that they were not
highly knowledgeable about the light and nutrient interactions compared to other services with more
than half of their answers consisting of ‘don’t know’, indicating knowledge gaps (Figure 5).
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When taking ethnicity into account in the analyses, the proportion of four answers were quite
similar among the three ethnic groups, except for coffee production, soil fertility, use of fertilizers
(Kinh farmers were more negative about these), wood production (H’mong farmers were more positive
about this), biodiversity (H’mong farmers were more negative about this), and climate regulation
(Thai and Kinh farmers were more positive about this) (Appendix A).

3.6. Tree Species Pairwise Ranking

Among 48 tree species encountered in coffee plots, only 25 species were intercropped in more
than 2% of coffee farms. These species were selected for tree pairwise ranking exercises. Accumulated
values for each species are shown in Figure 6. The leguminous shade tree species (L. leucocephala) was
the highest valued species based on its services provided to coffee. Dimocarpus longan was the second
highest valued species but was the most common species intercropped across coffee farms, followed by
mango due to the high commercial value of their fruit. Timber trees were not preferred as farmers
stated that timber trees compete for nutrients and water with coffee. Details on the ranking for each
tree service are presented in Appendix B.
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Figure 6. Accumulated tree species ranking scores for various ecosystem services based on the
whole group of interviewed male and female farmers in the provinces of Son La and Dien Bien,
northwest Vietnam.

Variation in how ranking changed in relation to distance to road was also analyzed and showed
differences in tree ranking for coffee production (Table 3). The farmer group living near the main road
ranked fruit trees such as plum and longan highly because the fruit selling prices were high, and it was
easy to sell them by the roadside. They also liked the shade provided by these trees. They explained
that the economic value of L. leucocephala was much lower than commercial fruit trees, although this
tree species was good for coffee. Therefore, when their coffee farms were far from the main road,
where market forces held less sway, they generally grew more L. leucocephala with coffee.
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Table 3. Best tree species ranked by farmers with respect to the tree services provision to coffee in
agroforestry practices (grouped by ethnicity and proximity to main road).

Tree Services
By Ethnic Group By Proximity to Road

Overall Ranking
Kinh Thai H’mong Nearby Medium Far

Coffee production Leucaena * Leucaena Leucaena Plum Leucaena Leucaena Leucaena

Soil fertility Leucaena * Leucaena Leucaena Leucaena Leucaena Leucaena Leucaena

Shade provision Longan Leucaena Leucaena Longan Leucaena Leucaena Leucaena

Climate regulation Longan Leucaena Mango Longan Leucaena Leucaena Leucaena

Soil moisture Longan Leucaena Leucaena Jackfruit Leucaena Leucaena Leucaena

Soil erosion Longan Longan Longan Longan Longan Longan Longan

Wind control Longan Longan Longan Longan Longan Longan Longan

Frost control Longan Leucaena Longan Longan Leucaena Longan Longan

Mulch provision Plum Leucaena Longan Longan Jackfruit Leucaena Longan

Biodiversity Longan Longan Mango Longan Longan Longan Longan

Use of fertilizer Jackfruit Leucaena Leucaena Leucaena Leucaena Peach Leucaena

(Note: Leucaena: L. leucocephala, Longan: D. longan, Jackfruit: A. heterophyllus, Plum: P. salicina, Peach: P. percia;
Mango: M. indica) (*) indicates low level of confidence in ranking results.

The leguminous tree, L. leucocephala, was introduced in coffee plantations first by the French
since they introduced coffee cultivation in Vietnam in the 19th century. In the 1980s, L. leucocephala
was promoted to be intercropped with coffee by Son La coffee company in Son La and Dien Bien
provinces. After the company went bankrupt, farmers continued planting shade trees by themselves.
More recently, some of them still keep L. leucocephala in their coffee plantations while an increasing
number of them replaced it with commercial fruit trees. Farmers in Son La replaced L. leucocephala
with fruit trees such as plum and longan which provide more immediate and constant income.

Ninety percent of L. leucocephala was found in Dien Bien province and grown by Thai farmers
(n = 29). A few H’mong farmers also planted L. leucocephala intercropped with coffee and other trees.
Some H’mong farmers stated that they learned the technique and took the seedlings from fellow
farmers in Thai villages. Son La province is famous for fruit production while fruit tree cultivation has
not been well developed in some areas of Dien Bien province despite some fruit tree support programs
from the local government. Farmers in Dien Bien said that it was hard to manage fruit trees as young
seedlings and fruits during harvesting season were often stolen. Harsh weather like drought and frost
were also mentioned as major constraints in planting fruit trees. Most fruits for domestic consumption
in Dien Bien were imported from Son La and other provinces.

Results of pairwise comparisons between men and women did not show any significant difference
with the overall ranking. Men and women had quite similar average ranking for the best tree species
with respect to all tree services. The main differences in their ranking were related to timber trees
with respect to soil erosion, mulch provision, use of fertilizer and coffee production (Appendix C).
Rankings from the three ethnic groups showed remarkable differences, mainly for timber trees and the
local fruit tree son tra (D. indica) (Appendix D).

Longan (D. longan) was a highly popular fruit tree species in the northwest. From the tree
inventory, D. longan was the most abundant species, appearing in 46% of surveyed farms. Most of
the D. longan trees were planted by Kinh and Thai farmers. D. longan was highly ranked for coffee
agroforestry practices because of its good services to coffee such as providing shade, litterfall to keep
the soil humidity, reducing wind and frost impact.

All ranking data were uploaded to the online tool supporting decision-making process for selecting
shade tree species on coffee farms together with data from other countries. The tool is available at
https://www.shadetreeadvice.org/. Vietnamese data can be found under the Vietnam country category,
northwest region, Arabica variety and medium zone. After the users select the ecosystem services
that they wish to prioritize, the tool produces outputs suggesting appropriate shade tree species to be
considered to be integrated into their coffee practices.
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4. Discussion

4.1. Tree Diversity in Coffee Agroforestry Systems

Shaded coffee systems were well recognized for biodiversity enhancement according to the
farmers’ perception. Tree species richness from agroforestry coffee plots was almost double that of
non-coffee plots, supporting the notion that shaded coffee systems have higher tree diversity compared
to other agricultural land uses [23]. The highest diversity of trees found on coffee plots were associated
with Thai farmers (Figure 3), which can be explained by the favorable conditions of their mid-elevation
location for various tree species compared to other two groups. Thai people generally live at a medium
elevation from 600 to 800 m and are near or at medium distance to main roads.

Among 48 recorded species from the tree inventory, 10 species are the most abundant as being
planted in more than 10% of total inventoried coffee plots. This is relatively low compared to the
162 tree species found in the Yunnan, China [32], 165 tree species in Mount Kenya [36] and 100 species
associated with coffee in Muranga, Kenya, 29 of which were sufficiently abundant to be ranked [28].
However, this finding was similar to the 36 species that farmers had knowledge of in coffee farms
in Costa Rica [27] and the number of species found by Nyaga et al. [37] in agroforestry in the Rift
Valley in Kenya with 44 species (55% native). However, the primary functions of trees in Vietnam were
commercial fruits with a ready market while the most abundant species in the Rift Valley in Kenya
were firewood and fast growing fodder or fertilizer species [37].

4.2. Tree Ranking and Farmer’s Perception on Tree Services or Disservices

In northwest Vietnam, farmers did not like planting timber trees with coffee. They only planted
timber trees when they had no other choices for fruits (either because of unsuitable conditions or
distance from the market). Farmers’ ranked timber trees lowest indicating competitive rather than
complementary relationships with coffee. This was consistent with the tree frequencies (Table 2)
where timber species appeared in less than 6% of surveyed farms. Farmers were knowledgeable
about the benefits that trees can provide to coffee as documented in other continents [33,38]. In this
study, farmers could confidently describe the effects of trees on climate regulation, soil erosion,
shade provision, mulch provision, frost and wind control.

Unlike in the Central Highlands of Vietnam where coffee was blamed for deforestation [39], in the
northwest, most coffee farms were established on annual crop land or fallow land [10]. Therefore,
farmers could clearly explain the benefits, based on direct observation, of integrating trees on their
coffee farms on steep slopes, such as soil becoming soft and moist, and having darker brown color
compared to a more yellow color in the past. Farmers were much less clear about tree shade interactions
with the coffee plants, particularly with regard to the competition between coffee and trees for light and
water (Figure 5), although they were aware that ‘too much’ shade made coffee beans take too long to
ripen, and that the coffee produced fewer cherries but the size of the cherries was bigger. Coffee quality
remains a big knowledge gap because farmers do not drink the coffee they produce. These are areas
where better information about the effects of different shade species on the quality of the coffee may
lead to the greater diversification of shade trees—provided that quality influences the price farmers
receive for their coffee.

4.3. The Relevance of Tree Knowledge and Tree Biophysical Suitability

Nitrogen-fixing species are common in many coffee regions of the world such as Erythrina spp.
and Inga spp. in Central America, although they have no timber values [40]; and L. leucocephala was
ranked as best species for most ecosystem services, but was only planted in 23% of coffee fields,
mainly in Dien Bien. As observed by farmers, L. leucocephala grew well with coffee and provided good
shade as its leaf size was not too small or too large. Furthermore, L. leucocephala leaves were soft,
which was good for soil fertility because they decompose quickly. Although legume species are good
for coffee, this also depends on the management of legume trees on farms [12]. Farmers in Dien Bien
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expressed their concern about too much shade from L. leucocephala trees. Coffee density under shade
was not discussed with farmers while it appeared as a factor significantly influencing performance.
Medium intensity coffee management under shade is recommended in Central America [38].

Fruit tree cultivation in coffee farms is also popular in other countries thanks to their high profit.
Farmers in Yunnan ranked fruit trees including D. longan quite high [30]. Dimocarpus longan is restricted
to elevations lower than 600 m whereas Arabica coffee is suitable at elevations of 500 masl and above.
Thai and H’mong farmers ranked D. longan as a good species for some ecosystem services and they
expressed the wish to expand coffee–D. longan systems if they had available land. This raises a concern
about the suitability of D. longan at higher elevations, as it may lead to the low productivity of the trees
and integrated coffee–D. longan cultivation—although farmers stated that D. longan has a large crown
and wide root system which negatively interact with coffee. The farmers’ selection of tree species in
coffee agroforestry systems was highly influenced by the economic benefits of intercropped trees and
market access, particularly the proximity of farms to a main road. The oversupply of D. longan could
lead to market price reduction in the near future. Moreover, the farmers’ choice of trees were just a few
species (L. leucocephala, longan, peach, plum, jackfruit), and hence the low biodiversity of the coffee
landscape can be foreseen.

Farmers ranked timber species as the worst species to integrate in coffee plots. They explained
that timber trees often compete with coffee for water and nutrition, and provide heavy shade and
hence were not good for coffee. Poor quality road networks make farmers reluctant to grow timber
trees as the transportation costs are high. This is quite similar to Central America where timber trees
are also less common in coffee farms although they can provide additional values for farmers [41].
Compared to fruit trees, timber trees provide long-term benefit and could be considered as analogous
to a savings bank account for the next generation. This suggests a need for further studies to focus on
the economic benefits and trade-offs associated with integrating various types of trees in coffee farms,
such as legume trees for shade and fertility versus timber or fruit trees for their commercial value.

4.4. Gender, Ethnicity and Tree Selection

Both men and women farmers from the three ethnic groups: Kinh, Thai, H’mong, ranked L. leucocephala
as the best tree species providing multiple services to coffee. Overall ranking shows that the most preferred
options were D. longan or plum and jackfruit if the farms were close to the main road. Leucaena leucocephala
was preferred if the farms were further away from the road. Thus, market access appears to be a main
driver of tree species selection. Moreover, coffee was produced only for trade, as the farmers did not
consume it themselves and hence had no knowledge about tree species or the management effects on the
quality of the final product; that is, the cup of coffee is mostly consumed in consuming countries. In this
commercial system, market factors seemed to be the most important consideration rather than ethnicity,
gender or the local knowledge about different tree species.

5. Conclusions

This study suggests that integrating trees into monoculture coffee systems can bring multiple
benefits to the environment and rural livelihoods in northwest Vietnam. From the field surveys, it was
observed that most of the smallholder coffee area was under agroforestry, but highly dependent on plot
location, ecological suitability and market access. The tree diversity of coffee agroforestry plots were
double those of agroforestry with annual crops, orchards or timber plantations. There were observable
differences between the three ethnic groups. Thai farms had higher tree species richness in comparison
with Kinh and H’mong groups—but it was not clear the degree to which this was driven by cultural
rather than other contextual factors (such as proximity to roads and elevation). Commercial fruit trees
were more common when farmers lived near or at a medium distance to main roads. Timber trees and
a legume tree, L. leucocephala, were more common on coffee farms which were far from the road.

Farmers had detailed knowledge about observable tree services such as soil erosion control
and mulch provision but they appeared to lack knowledge about the effects of shade trees on soil
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fertility, pest and disease control, and interestingly, on the competition or complementarity between
coffee and trees in respect of light and water capture. This is where integrating local knowledge and
scientific knowledge can provide richer advice to farmers on selecting appropriate tree species for their
coffee farms.

By uploading the data from this research to the online tool http://shadetreeadvice.org,
the information is available to help farmers, researchers and policy makers to choose suitable
tree species according to the services that they can provide. Further improvement of the tool could
include a focus on management aspects with farmers ranking additional information, such as the labor
requirement for species associated with the timing and severity of tree pruning. This could be used to
create a more comprehensive knowledge management system that goes beyond tree species selection.
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Figure A1. Farmers’ perception of tree services for coffee in coffee agroforestry systems by ethnicity. 
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Figure A1. Farmers’ perception of tree services for coffee in coffee agroforestry systems by ethnicity.
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Figure A2. Pairwise ranking of tree species contributing to various tree services in coffee agroforestry
systems with all groups combined.
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Figure A3. Pairwise ranking of tree species contributing to different tree services in coffee agroforestry
systems by gender.
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Abstract: The degree to which the maintenance of carbon (C) stocks and tree diversity can be jointly
achieved in production landscapes is debated. C stocks in forests are decreased by logging before tree
diversity is affected, while C stocks in monoculture tree plantations increase, but diversity does not.
Agroforestry can break this hysteresis pattern, relevant for policies in search of synergy. We compared
total C stocks and tree diversity among degraded forest, complex cacao/fruit tree agroforests, simple
shade-tree cacao agroforestry, monoculture cacao, and annual crops in the Konawe District, Southeast
Sulawesi, Indonesia. We evaluated farmer tree preferences and the utility value of the system for
40 farmers (male and female). The highest tree diversity (Shannon–Wiener H index 2.36) and C stocks
(282 Mg C ha−1) were found in degraded forest, followed by cacao-based agroforestry systems (H
index ranged from 0.58–0.93 with C stocks of 75–89 Mg ha−1). Male farmers selected timber and fruit
tree species with economic benefits as shade trees, while female farmers preferred production for
household needs (fruit trees and vegetables). Carbon stocks and tree diversity were positively related
(R2 = 0.72). Adding data from across Indonesia (n = 102), agroforestry systems had an intermediate
position between forest decline and reforestation responses. Maintaining agroforestry in the landscape
allows aboveground C stocks up to 50 Mg ha−1 and reduces biodiversity loss. Agroforestry facilitates
climate change mitigation and biodiversity goals to be addressed simultaneously in sustainable
production landscapes.

Keywords: carbon storage; cacao agroforestry; farmer tree preference; utility value

1. Introduction

The global relevance of managing landscapes simultaneously for resilient production (climate
change adaptation), carbon (C) storage (climate change mitigation), biodiversity, and watershed
functions has raised interest in the degree to which such functions tend to correlate [1,2], with some
authors claiming causal links beyond correlations [3]. Synergy between combatting climate change
(mitigation) and conserving biodiversity in production landscapes is desirable, and may be attained
in agroforestry systems [4]. Theoretically, there is a positive feedback between biodiversity and
ecosystem functioning [5,6], as trait diversity reduces vulnerability to external shocks, enhances niche
differentiation and productivity [7], and thus carbon stocks. However, there are plateaus for each
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function considered at relatively low diversity levels which can be maintained by a few species in a
particular functional group [8].

Biological diversity promotes various ecosystem functions at multiple spatial and temporal
scales [9]. Within forest ecosystems, it allows species to access more available resources, and facilitate
other species, resulting in enhanced resistance to disturbance and generally enhanced stability [10]
at the system level. Various tree species from multiple aboveground strata provide different types
of litter input, which contribute to soil surface protection and supply organic matter to support the
nutrient cycle. Litter input maintains soil fertility, promotes biomass growth and enhances carbon
dioxide sequestration from the atmosphere. The patterns are more complex within intact tropical
forests [4,6,11,12]. Several studies concluded that there was a positive relationship between biodiversity
and ecosystem services (including C stock) in intact tropical forest [6,12,13], while other studies found
weak [14–16] or even a negative [17] relationships. These differences may be caused by differences in
forest types and the biodiversity metrics that were used [9]. However, the degree of causality and the
relevance of such relationships beyond (modified) natural forests is still uncertain and its relevance in
the face of global climate change is debated [18].

In managed tropical forest landscapes, relationships between biodiversity and C storage may be
less clear. Intact tropical forests are known for both their high biodiversity (including tree diversity)
and high C stocks [12,19]. Converting forests to agricultural use may start with logging and/or land
clearing through slash-and-burn agriculture that reduces plot-level aboveground biodiversity as well as
C stock to zero, but in subsequent recovery the two characteristics are not necessarily aligned (Figure 1).
Logging tropical forests reduces the terrestrial C stock, before it negatively affects biodiversity [20,21]
(the “degradation leg”; Figure 1). Murdiyarso et al. [22] assessed the relationship between relative
C stocks and relative plot-level biodiversity for a range of forest-derived land uses in the humid
tropics, and found that the loss of C stocks was higher than that of plant species richness (data from
3 continents). Restoration can take place through replanting in plantations (low diversity), but high
biodiversity as a result of natural seed dispersal will usually be achieved after C stocks increased (the
“restoration leg”; Figure 1). Natural regeneration (secondary succession) can simultaneously increase
C stocks and diversity over time, but C stocks recover faster than diversity [23]. Agroforestry systems
are expected to occupy an intermediate position between the degradation and restoration leg, because
they support a higher diversity.

Figure 1. Relationship between carbon stocks and biodiversity across forest-derived land uses with
agroforestry intermediate to degradation and restoration legs (modified from [22]).

The agroforestry literature for various climatic and biogeographical zones covers three orders of
magnitude of tree diversity: 1–10, 10–100 and 100–1000 tree species [24]. Agroforests in Indonesia
can harbour hundreds of tree species where a high influx of seeds from surrounding forests provides
opportunities for farmers to selectively retain what appears to be of value. Forest conversion to other
land-use systems at the forest/agriculture interface in Sulawesi [25] has followed a dual economy track
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of providing for local needs as well as income [26], with limited outsourcing of local food production
when market-based income became reliable and the terms of trade favourable [27]. While becoming
the largest cacao producing region of Indonesia, Sulawesi boomed in cacao-based land-use systems
after 1980 [28], with further increased from 55,000 ha in 1990 to 230,000 ha in 2010, particularly in South
and Southeast Sulawesi [29]. Due to its suitability to a broad range of climatic conditions, cacao may
be as great a threat to tropical rainforests [18,30] as the more widely debated oil palm. Subsequent
intensification in cacao agroforestry systems leads to shade tree removal, shifting the systems to become
monoculture. The loss of diversity influences litter production, which is a major input to soil organic
matter and influences the soil quality of the systems, plant growth and biomass production (including
C stocks) [31,32]. Therefore, their potential to provide goods and services for local livelihoods, as
well as global environmental services, may be reduced [33]. Expected cacao yield benefits may be
short-lived. By 2013, cacao production in Indonesia decreased to 420,000 tons per year (around 40% of
total production in 1990s) due to pests, diseases, and poor land management [34], and failed cacao
intensification programs.

Cacao is traditionally grown in agroforestry systems with limited fertilizer inputs. Most of the
cacao in Sulawesi is produced by smallholders in agroforestry systems with various shade trees,
including fruit trees, timber and multipurpose tree species (MPTS) such as Gliricidia sepium (‘mother of
cacao’). The diverse mixture of trees in agroforestry systems has great potential for climate change
mitigation through increased carbon storage, biodiversity conservation, and economic benefits from a
range of products from shade trees [35]. Including shade trees may also maintain other ecosystem
services that forests provide, such as temperature and humidity regulation, input of organic matter [36],
and water and nutrient cycling [37].

However, management intensity directly affects stand composition and structural complexity [33],
which influences the ecosystem services provided by agroforestry systems. The way farmers cultivate
and integrate trees and cacao is likely tightly linked to their knowledge [30]. Farmers also determine
how long agroforestry systems persist in the landscape. In addition, different knowledge, experience,
and strategies of male and female farmers may lead to different shade tree management choices [38].

In this study, we explore the potential of agroforestry systems in Indonesia for supporting
biodiversity maintenance and carbon storage, accounting for farmer preference in tree selection. We
address the following research questions: (1) To what extent do cacao-based agroforestry, remaining
forest and cacao monoculture systems differ in C stocks and species diversity? (2) What are the shade
tree preferences based of male and female farmers? (3) Do C stocks in agroforestry systems correlate
with tree diversity? We hypothesize that tree diversity and C stocks in agroforestry systems are
positively related and that they are distinct from forest degradation and restoration curves due to
farmer management actions (Figure 1).

2. Materials and Methods

2.1. Study Site

Field work was conducted in the Konawe District, Southeast Sulawesi, Indonesia, in the Konaweha
watershed (3◦15′0”–5◦13′0” S and 121◦22′30”–122◦31′0” E), where cacao (Theobroma cacao) is commonly
cultivated. In the greater study area, forests have been converted to intensive agricultural systems.
After a few years of annual crop cultivation (maize, paddy and patchouli), land is often converted to
cacao monoculture systems or simple cacao agroforestry systems. In the older plots (complex cacao
agroforestry), fruit trees were inter-planted with cacao to increase income and address daily needs.
Cacao is spaced at 3m × 3m, and the age of cacao ranges from 9–14 years. The average annual rainfall
recorded is generally 1500–1900 mm [39] and the average temperature varies from 24 to 31 ◦C.

We selected plots using stratified sampling methods. We conducted initial rapid surveys in
three villages (Lawonua, Wonuahoa, and Asinua Jaya) to characterize land-use system domination
by analysing 45 land use system points. Based on this, we selected five land-use systems which
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represented the whole watershed: degraded forest (DF), complex cacao agroforestry (CAF) combined
with fruit trees, simple shade cacao agroforestry (SAF), monoculture cacao (CM), and annual crops
(CR). Per land-use system, three plots of 20 × 100 m were included in the study, based on common
criteria: a minimum cacao age of 9 years, slope ranging from 0% to 15%, and similar soil texture (silt
loam to silty clay loam). Subplots of 20m × 20m (sub-plot) were used for C stocks measurements for
trees with 5–30 cm DBH. If a big tree (with DBH > 30 cm) was found in a subplot, then we extended
the plot size to 100 m × 20 m (plot) for measuring the large tree component only (tree or necromass for
trees > 30 cm DBH). Tree diversity was measured in the plot of 100 m × 20 m.

2.2. Plot Measurements

In each plot, the diameter at breast height (1.3 m above soil surface; DBH) of all trees with DBH
> 5 cm was measured, and trees were identified by species. All trees < 5 cm DBH were included as
understorey. Tree density was calculated based on the number of trees per ha. Plot basal area, the

proportion of the area occupied by trees per ha, was calculated (m2 ha−1) as
( 1

4π
∑

i DBH2)

land area , where DBHi
is the DBH of tree i. Cacao agroforestry systems were selected in which cacao contributed less than
80% to the total basal area of the system [40]. We included both cacao and shade trees when calculating
tree density, basal area, tree diversity and C stocks in the plots. Biodiversity was estimated using the
Shannon–Wiener diversity index (H) = −∑s

i=1(pi)(ln pi), where pi is the proportion of the number of
individuals of species i divided by the total number of individuals [41].

2.3. C stock Estimation

We assessed C stocks using the RaCSA (Rapid Carbon Stock Appraisal) protocol [42], by quantifying
five carbon pools including tree biomass, understorey biomass, necromass, litter and soil organic C [43].
Aboveground tree biomass was estimated using the allometric equation for humid tropical forest [44]
and species-specific allometric equations for some plant species found in agroforestry systems, such
as cacao [45], banana [46], and palms (Table 1). Wood density (WD) values were obtained from the
wood density database of the World Agroforestry Centre (http://db.worldagroforestry.org/wd). Ten
samples of understory biomass and litter (leaves and branches) were collected within each plot using
a 0.5 × 0.5 m frame (Figure 2). Litter samples were oven-dried for 48 hours at 60 ◦C. Root biomass
was estimated using the default shoot:root ratio of 4:1 in the tropics [47]. Biomass was converted into
carbon by multiplying by 0.46 [42]. Ten soil samples per plot were collected at the same point beneath
the understorey and litter frame at 3 depths (0–10 cm, 10–20 cm, and 20–30 cm). A composite soil
sample for each plot was used to determine soil organic C. Soil C content was determined based on the
Walkley and Black method [48]. The soil C stock was calculated by multiplying soil C content (%) with
the bulk density (g cm−3). Total C stocks (Mg ha−1) were calculated as the sum of aboveground C (tree
biomass, understorey biomass, necromass) and belowground C (roots and soil C stock (Mg ha−1)).

Table 1. Allometric equations for several plant species (AGBest = estimated aboveground biomass (kg);
D = diameter at breast height (cm); WD = wood density (g cm−3).

Plant species Equation Source

Tropical trees (moist forest) AGBest = WD*exp(−1.499 + 2.148ln(D) +
0.148ln(D) + 0.207(ln(D))2 − 0.0281(ln(D))3) Chave et al., 2005

Cacao AGBest = 0.1208 D1.98 Yuliasmara, 2008
Banana AGBest = 0.030 D2.13 Arifin, 2001
Palms AGBest = 0.118 D2.53 Brown, 1997
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Figure 2. (A) The distribution of tree diameter for degraded forest (DF), cacao complex agroforestry
(CAF), cacao simple agroforestry (SAF), and cacao monoculture (CM); (B) Number of trees based on
wood density (WD) classes.

2.4. Farmer Preferences for Shade Tree Species

Informal in-depth (semi-structured) interviews of approximately 90 minutes were conducted
with each farmer to assess whether farmers have preferences for certain tree species. We selected 20
agroforestry farm families from three villages using purposive sampling technique, which included
farmers who managed the included agroforestry systems. We separately interviewed male and female
farmers from each household. The preferences of both men and women determine what plant species
are planted, as both male and female are actively involved in land management. In total, 40 farmers
were interviewed, some of the farmers were Tolaki people (local people) and the others were Bugis
people (immigrants from another province). Each interview consisted of two parts, with approximately
50 minutes focused on the question which trees farmers selected to maintain (remnant forest trees),
plant, or tolerate in their agroforestry systems. The second part of approximately 40 minutes focused
on the utility value of their shade trees, which ranged from 1 (not important) to 4 (very important).

2.5. Compilation of C Stocks and biodiversity Data from Previous Research

We evaluated additional published [15,49] and unpublished [50–54] data on tree diversity and C
stocks that were collected using the same methodology, in order to compare the relationship between
C stocks and tree diversity across a broader range of land-use systems. Data for 7 plots in primary
forest, 23 plots in degraded forest, 42 plots in agroforestry systems, and 18 plots in plantations from
Indonesia were included.

2.6. Data Analysis

Tree diversity, basal area and carbon stocks were compared among cacao agroforestry systems,
degraded forest, and cacao monocultures (land-use systems) using a one-way ANOVA. Post hoc
multiple comparisons between land-use systems were performed using Fisher’s protected LSD. Prior to
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analysis, basal area, tree biomass, understorey biomass, necromass and litter biomass were log (base10)
transformed to meet the normality assumption for analysis of variance. Differences were regarded as
significant at α = 0.05. We used linear and power regressions to evaluate the relationship between C
stocks and tree diversity in agroforestry systems (at the local and regional scale). All statistical analyses
were performed using Genstat (18th edition).

3. Results

3.1. Tree Diversity

Tree diversity was significantly different (P < 0.05) among land-use systems. The highest
tree diversity (number of species and species diversity) was found in DF followed by cacao-based
agroforestry systems. The Shannon–Wiener index (H) in DF was low (2.36), ranging from 2.26 to 2.52,
but was substantially higher than values in cacao agroforestry and monoculture (Table 2). A total of 28
species were recorded in DF, dominated by Myrtaceae, Fagaceae, Salicaceae, Clusiaceae, Elaeocarpaceae,
and Primulaceae. The five dominant tree species were Sloanea sp., Castanopsis buruana, Fagraea fragrans,
Homalium foetidum, and Metrosideros petiolata. In contrast, only 18 species were found in CAF and SAF,
where most species were fruit trees planted by farmers such as Durio zibethinus, Lansium domesticum,
Nephelium lappaceum, and Mangifera indica. The shade tree Gliricidia sepium was also common. Other
species, such as Albizia procera and Fagraea fragrans, were remnant forest trees.

Table 2. Structure and diversity of cacao systems compared to degrded forest (H = Shannon index;
DF = Degraded forest; CAF = Cacao complex agroforestry; SAF = Cacao simple agroforestry; CM =

Cacao monoculture).

Land Use
Systems

Tree
Density,

Trees ha−1

Total BA,
m2 ha−1

Number of
Species H Dominant/Codominant

Species Benefit

DF 1275a 18.42a 28 2.36a Metrosideros petiolata,
Homalium foetidum Timber

CAF 1317a 9.14b 18 0.93b
Theobroma cacao,

Durio zibethinus, Lansium
domesticum

Fruits

SAF 1267a 7.63b 4 0.58b Theobroma cacao, Gliricidia
sepium

Fruits,
Fodder

CM 900b 8.32b 2 0.24c Theobroma cacao Fruits

Note: Values not followed by the same letter were statistically different at P < 0.05.

3.2. Vegetation Structure

The highest tree density (including both cacao and shade trees) was found in CAF (1317 trees
ha-1) followed by DF and SAF (Table 2). Most of the shade trees in CAF were fruit trees, such as
D. zibethinus, L. domesticum, N. lappaceum, and M. indica. Shade trees were planted less frequently
in SAF than in CAF. Most of the shade trees planted in SAF were G. sepium, which is an important
fodder resource for livestock. Total basal area significantly (P < 0.01) differed among land-use systems.
The highest tree basal area was recorded in DF followed by the cacao agroforestry systems and
monoculture (Table 2). Trees from 5 to 20 cm DBH (approximately 85% of all trees) dominated the DF
plots (Figure 2A), but some trees were larger (> 20 cm DBH; 14% of all trees). Larger trees belonged
to species medium-to-very-heavy WD, such as H. foetidum and M, petiolata. Cacao-based land-use
systems were dominated by trees from 5 to 10 cm DBH (57% of all trees) and 10 to 20 cm DBH (42% of
all trees). A few large trees (DBH > 30 cm) were found in CAF and SAF, but these accounted for just
1% of the total number of trees. However, almost 20% of the trees in CAF had high WD, which were N.
lappaceum (WD > 0.9 g cm−3) and Citrus sinensis (WD 0.78 g cm−3) trees of 10–20 cm DBH (Figure 2B).
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3.3. Tree Biomass, Necromass and C Stocks

The highest total tree biomass found was in DF (Table 3), whereas tree biomass in CM had the
lowest value because of its low shade tree density. The total necromass found in CAF was relatively
high compared to the other two cacao systems (41.5 Mg ha-1). Land management was less intensive,
because farmers did not transport the necromass. Ethnicity influenced the way farmers managed
their cacao systems. Most of the CAF was managed by Tolaki people who tend to minimize the
intensification of their land because of the lack of labour. In contrast, the Bugis people had more
intensely managed cacao systems. Average litter biomass in cacao agroforestry systems was 5.6 Mg
ha–1 and ranged from 4.3–7.0 Mg ha–1. Thus, biomass stored in the litter layer contributed little to
aboveground biomass across all land-use systems.

Table 3. Tree biomass, understorey biomass, necromass, and litter in cacao-based agroforestry systems
(DF = Degraded forest; CAF = Cacao complex agroforestry; SAF = Cacao simple agroforestry; CM =

Cacao monoculture; CR = Annual crops).

Land Use Systems Tree, Mg ha−1 Understorey, Mg ha−1 Woody necromass, Mg ha−1 Litter, Mg ha−1

DF 288.41a 0.64b 137.54a 6.98a

CAF 52.64b 0.27b 41.53ab 7.02a

SAF 54.00b 0.11b 5.68b 5.51a

CM 35.25bc 0.19b 3.31b 4.26a

CR 0c 0.91a 0b 0b

Note: Values not followed by the same letter were statistically different at P < 0.05

The total C stock differed significantly (P < 0.01) among land-use systems. Total C stock was
highest in DF (282 Mg ha−1), followed by CAF (89 Mg ha−1), SAF (75 Mg ha−1), CM (56 Mg ha−1) and
CR (40 Mg ha−1) (Figure 3). Aboveground C stocks (tree biomass, understorey biomass, necromass,
and litter) contributed 80% to the total in DF, more than half of the total C stock (62%) in CAF, 48% in
SAF and 43% in CM. Shade trees (fruit trees) in CAF contributed almost 30% of the aboveground C
stock, while in SAF, the contribution was higher (almost 40%). Larger trees were found in SAF, but
they had lower WD compared to CAF.

Figure 3. Total carbon stock in cacao-based agroforestry systems in 5 C pools compared to degraded
forest and annual crop systems (DF = Degraded forest; CAF = Cacao complex agroforestry; SAF =

Cacao simple agroforestry; CM = Cacao monoculture; CR=Annual crops).

Belowground C stocks (roots and soil organic matter) accounted for 18% of the total in DF, 41%
in CAF, 52% in SAF and 57% in CM. Soil organic carbon was on average 38.4 Mg ha−1 and did not
significantly differ (P > 0.05) among land-use systems.
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3.4. Relationships between C Stocks and Tree Diversity in Agroforestry Systems

Within the cacao-based agroforestry systems in this study, we found a strong and positive
relationship between the total C stock and tree diversity (Figure 4A). However, there was a weak
relationship between tree diversity and soil C stock (R2 = 0.33). When comparing the relationship
between C stocks and tree diversity across a larger range of agroforestry systems in Indonesia
(Figure 4B), variation was larger, but C stocks and tree diversity tended to be positively related.

Figure 4. (A) The relation between total C stock and tree diversity (H index) in the cacao-based
agroforestry systems in this study; (B) In agroforestry systems across Indonesia (primary data
plus [15,49,52–54]).

We assessed whether C stocks and diversity were related across a wider range of land-use systems
in Indonesia: plantations, agroforestry systems (complex and simple), and degraded and primary
forest (Figure 5). The wide envelope of points appears to be bounded by an upper degradation leg and
a lower restoration leg. We found a positive and relatively strong relationship between C stocks and
diversity in primary and degraded forest (R2 = 0.50) but weak relationships for agroforestry systems
(R2 = 0.034) and plantations (R2 = 0.032). However, most of the agroforestry systems were in the
area between the degradation and restoration leg, as agroforestry systems had higher diversity than
monocultures (plantations).

Figure 5. Total C stock and tree diversity (Shannon–Wiener index) in different land-use systems, n = 102
(primary data plus [15,49,52–54]).
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3.5. Farmer Tree Preferences and Utility Value of Cacao-based Agroforestry Systems

The major reasons for selecting tree species in the systems were economic benefits and production
for subsistence, but preference for certain species differed between male and female farmers (Table 4).
Female farmers preferred shade tree species that provide food, such as fruit trees and vegetables,
and/or social and cultural services. Banana and coconut, for example, are not only food crops, but
are also used as traditional ceremonial ornaments. Male farmers preferred species with long-term
economic benefits such as timber (Tectona grandis and Anthocephalus cadamba) and fruit trees of high
economic value such as D. zibethinus, L. domesticum, and N. lappaceum. Most of the selected tree species
preferred by male and female farmers had medium to high WD (WD > 0.6 g cm−3).

Table 4. Top-ranked plant species in cacao agroforestry systems that are preferred by male and female
farmers in the Konawe District, Southeast Sulawesi.

No Species Main Benefits
Frequency
(% of Plots)

Farmer’s Preference (Rank)

Male Female

1 Theobroma cacao (cacao) Bean 100 1 1

2 Pogostemon cablin
(patchouli) Oil 78 2 2

3 Gliricidia sepium (mother
of cacao)

Fodder (leave), climbed
tree for pepper 78 11 9

4 Musa sp (banana)
Fruits, vegetable (flower),

cultural services (leaf),
toys (trunk)

67 - 4

5 Cocos nucifera (coconut)
Fruits, cultural services
(leaf), roof (leaf), toys

(trunk)
56 - 5

6 Capsicum annum (chili
pepper) Vegetable/spice 56 - 7

7 Piper nigrum (pepper) Vegetable/spice 44 10 6

8 Fagraea fragrans
(tembesu) Timber 44 3 10

9 Tectona grandis (teak) Timber 44 4 11

10 Anthocephalus cadamba
(jabon) Timber 44 5 -

11 Durio zibethinus (durian) Fruits 44 6 3

12 Lansium domesticum
(langsat) Fruits 22 7 -

13 Mangifera indica (mango) Fruits 22 8 -

14 Nephelium lappaceum
(rambutan) Fruits 22 9 -

There were, in total, nine species of remnant forest trees in cacao-based agroforestry systems,
23 species of planted trees and four species of crops, according to the farmers. Almost 90% of the
remnant trees that are maintained by the farmers are timber species such as F. fragrans, Calophyllum
sp., A. procera, Agathis sp., and Acacia sp. Arenga pinnata, a palm species, was maintained for palm
sugar production.

Farmer perspectives on the value of cacao agroforestry systems varied. The utility value of
cacao-based agroforestry systems was considered to increase with time (next 30 years), especially in
terms of providing food, medicine, handicraft, and recreation with an average score of 3 (Figure 6).
Most farmers argued that in the future, they can no longer depend on forests because of continuous
degradation. Farmers begin to recognize the importance of agroforestry systems in the provision of
daily necessities. On the other hand, supply of firewood, handicraft, and decorations/ rituals were
thought to become less important. Most of the respondents claimed that within the next three decades,
firewood will not be required anymore because of the planned distribution of gas stoves for cooking.
Likewise, some farmers predict a decrease in the production of handicrafts (woven bamboo hats and
bags) due to competition from inexpensive imported products, as well as a decrease in the production
of plant material for rituals and decoration because of less demand.
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Figure 6. The utility value of cacao-based agroforestry systems based on its products 30 years ago,
currently, and 30 years ahead based on farmer interviews.

4. Discussion

4.1. Land Use Affects Tree Diversity and C Stocks

Forest conversion to intensive agricultural systems led to a significant decrease in biodiversity
and C stocks due to the loss of trees. However, planting shade trees, thus the establishment of (simple
and complex) agroforestry systems, can gradually increase tree diversity. Compared to another study
of cacao-based agroforestry systems in mid-west Ghana, the diversity in Konawe was still low [55], but
systems had higher tree density than cacao plantations in Talamanca, Costa Rica (149 shade trees ha−1

and 475 cacao trees ha−1) [35].
C stocks in annual crop systems were nearly 85% lower than in DF due to tree biomass removal

(Figure 4). The higher tree density and diversity in cacao-based systems resulted in higher carbon
stocks. Cacao land-use systems can increase from a total carbon stock of 56 Mg ha−1 in a monoculture
to 75–89 Mg ha−1 if cacao is planted in a more complex agroforestry system. Shade trees played an
important role in contributing to C stocks in agroforestry systems [56]. These results are similar to
the C stocks of cacao-Gliricidia plots (56 Mg C ha−1) in Central Sulawesi [31]. Nevertheless, we found
lower C stocks than in a cacao agroforest in Mekoe, southern Cameroon, which reached a C stock of
250 Mg ha−1 [57]. Cacao-based agroforestry systems in Konawe had also lower carbon stocks than
much older agroforestry systems in Central America (117 ± 47 Mg ha−1) [58].

Soil C stocks in the Konawe district were relatively low (38 Mg ha−1) compared to DF and another
cacao study in southern Bahia, Brazil which had more soil carbon (57 Mg ha−1) [36]. Land-use change
from forest to cropping systems can decrease belowground C through soil surface exposure, a decrease
in organic matter input and soil organic C degradation. Changes due to conversion of degraded forest
into agricultural systems (CR) caused a soil C loss of approximately 8.5 Mg ha−1 in the top 10 cm. The
relatively large soil C debt in Southeast Sulawesi, as we showed here, agrees with results of a recent
global study by Sanderman et al. [59].

Above- and belowground C stock are linked in a virtuous cycle where organic matter accumulation
(from litter and roots) increases the buffering to climate variability through a relatively stable
microclimate and additional soil water storage, further enhancing plant growth. The type of tree
species, and their abundance, will influence litter quality and quantity, which in turn affects soil organic
matter, soil fertility and tree growth [32]. However, the estimation of the belowground part of biomass
remains uncertain, with other authors estimating lower aboveground stocks for cocoa assuming an
above-:below- ground biomass ratio of 7:1 [60]. We found no significant relationship between tree
diversity and soil C stocks. A recent review that included our case study data suggested that increases
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in soil bulk density tended to conceal changes in C concentration per unit soil dry weight, as C stocks
are the product of these two parameters [61]. This result aligns with Wartenberg et al. [62] who also
found that there was no relation among tree diversity, soil C-content and total soil N level.

A recent summary of soil C data for Indonesian forest transitions that included the current data
points concluded that increased bulk density partly conceals changes in soil organic C concentrations
(per unit dry soil) within the globally agreed accounting of changes in soil C stock in the top 30 cm of
the soil [61].

4.2. Gendered Tree Preferences Increased Diversity, C Stocks and the Utility Value of Agroforestry Systems

Farmer preferences on shade tree species relate to the enhancement of their livelihood and are
represented in their land management [8]. Gendered species choices for shade trees resulted in
species-rich agroforestry systems because male and female farmers have different knowledge on, and
experience with, land management and utilization [38]. Similar results were found in another study in
the southern Philippines, where male smallholder farmers favoured fruit trees, while female farmers
preferred food crops [63]. Overall, tree selection by farmers was influenced by how much benefit the
trees provide [64,65], ease of maintenance, and their drought tolerance to avoid income loss as a result
of climatic fluctuations.

Differing WD, as represented by farmers’ choices, not only enriches the diversity but also
contributes to C sequestration. Compared to other agricultural systems, the diversity of shade trees
will remain in agroforestry systems for a long time since farmers usually plant a new tree before the
old tree is harvested, which maintains C stocks. The longer trees persist in the system, the more C
they will store as they increase in size [55]. Management practices geared towards high shade tree
density in cacao agroforestry systems can maintain ecosystem functions that forests provide, such
as aboveground C sequestration [56], enhancing the belowground C stock through organic matter
addition from litter and roots, and increase resilience against changes to climate change [66].

4.3. Relationships between C Stocks and Tree Diversity within and Across Land-use Systems

The relationship between C stocks and tree diversity within agroforestry systems in our research
site was positive but not as strong as that within forests. A positive relationship between C stocks
and biodiversity in forests has been demonstrated at different sub-climate [9] and global scales [67].
The relation between C stocks and diversity in natural forests is driven by ecological processes: high
diversity allows more niches to be occupied, supporting a higher level of plant productivity [8]. In
agroforestry systems, in contrast, farmers select the trees in the system, and therefore determine the
diversity of agroforestry systems.

Forest degradation through logging reduces carbon stocks before affecting diversity [20,21], while
a sustained loss of tree biomass leads to species loss and gradually decreases biodiversity. In terms of
restoration, increases in biodiversity will usually be achieved after increases in C stocks have been
achieved [23]. People tend to choose the most productive species in plantation systems to rapidly
increase C stocks over time, resulting in the restoration leg with relatively high C stocks and low
diversity (Figure 5). Our results suggest an intermediate position for agroforestry systems, between
forest decline and restoration responses (Figures 1 and 5), with some plots demonstrating intermediate
diversity and low C stocks, and some intermediate C stocks but low tree diversity, breaking the
hysteresis pattern.

5. Conclusions

The diverse mixture of shade trees with medium to high wood density contributes to C stock
maintenance in cacao-based agroforestry systems. We found a positive relationship between C stocks
and tree diversity, which suggests that management practices in cacao agroforestry systems increase
both C stocks and tree diversity. Gendered species preferences for shade tree species in cacao-based
agroforestry systems contributed to increasing the tree diversity of the system. Farmer preferences for
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tree species depended on the benefit that shade tree species provide, where male and female farmers
prioritized economic benefits and subsistence production, respectively.

Agroforestry systems with a mixture of diverse tree species provide more functions, both for
the environment and the local people in fulfilling daily needs, including income generation. Less
forest area in the future will increase the importance of trees in agroforestry systems [68]. Looking
30 years ahead, in or beyond the lifetime of the trees currently planted, farmers saw a greater need
for agroforests to provide products that so far were derived from forests, and a necessary need for an
increase in shade tree functional diversity. The maintenance of C stocks, biodiversity conservation and
locally relevant ecosystem services (protection of the soil surface through a litter layer) will benefit
from such choices.
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Abstract: Knowledge transfer depends on the motivations of the target users. A case study of
the intention of Indonesian coffee farmers to use a tree canopy trimming technique in pine–based
agroforestry highlights path-dependency and complexity of social-ecological relationships. Farmers
have contracts permitting coffee cultivation under pine trees owned by the state forestry company
but have no right to fell trees. A multidisciplinary international team of scientists supported
farmers at the University of Brawijaya Forest in East Java to trial canopy trimming to improve light
for coffee production while maintaining tree density. Data were collected using surveys through
interviews, case study analysis using in-depth interviews, focus group discussions and nonparticipant
observations. Using the Theory of Planned Behavior, we found that though farmer attitudes toward
trimming techniques were positive, several factors needed to be scrutinized: perceived limited
socio-policy support and resources. While there is hope that canopy trimming can improve coffee
production and local ecosystem services, a participatory and integrative extension and communication
strategy will be needed. In the relationship between farmers as agents and forest authorities as
principals, any agroforestry innovation needs to incorporate knowledge and concerns in the triangle
of farmers, policymakers and empirical science.

Keywords: agroforestry; innovation transfer; trimming; intention; participatory and integrative
research-extension; stakeholders

1. Introduction

Innovators—and especially developers of innovations that others are supposed to use—may
assume that once innovations are transferred they are inherently beneficial and accessible to the
potential adopters [1–4]. In other words, they are subject to a “pro-innovation bias”. By starting
from the needs of the targeted adopters a different design of an innovation process may lead to
alternate outcomes [5–8]. How benefits and costs of any innovation are distributed is key to the
acceptance of innovations, but groups, rituals, affiliation, status and power are major drivers of human
decision-making in a social context [9]. In a context of agroforestry, trees and farmers interact, at the
plot, landscape and policy scales [10]. Ecological interactions between trees and other agroforestry
components, both complementary and antagonistic, can be a mirror for the social interactions between
forest institutions and farmers. This is especially true in a specific form of agroforestry where forestry
institutions own the land and are interested in permanent tree cover and timber harvests. While farmers
may benefit indirectly or directly from timber production, they are primarily benefiting from and
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interested in understory crops leading to potentially antagonistic relationships. The principal–agent
theory, as developed in institutional economics, analyses the strategic interactions between principals
who delegate, often limited in time or scope, a conditional grant of authority to an agent [11,12].
An agent (e.g., farmers or farmer groups) is an individual or entity that has the authority to act on
behalf of the principal (party or parties, e.g., forestry institution) who has power over the agent.
A dispute—namely the principal–agent problem—arises when the actions of agents pursue different
interests or even are in conflict with those of the principal [12]. Forms of “social forestry” (locally
known as “tumpangsari” and internationally as “taungya”) as implemented on densely populated
Java (Indonesia) have such “principal–agent” interactions between the forestry principals, who
under the social forestry program have granted increased authority to farmer to act as “agents” for
the “principal” [13]. This principle–agent interaction faces the inherent challenges of this type of
relationship, with little harmony in management objectives expected and strict enforcement of forestry
rules essential, but not always feasible leading to the risk of agent shirking and slippage. Analysis [14]
suggests that other types of benefit-sharing arrangements are needed before a much wider range
of locally adapted solutions can be found, which more fully exploit the opportunities of tree–crop
synergy. Social forestry programs in Indonesia have tried to bring more balance to the stakes of the
forestry principals and farmer agents, including timber sharing arrangements [15]. However, technical
innovation may still be constrained by the institutional context and its history (path dependency),
as our case study explores.

For many decades, the interaction between Indonesian forest authorities and forest-edge farmers
who have tried to expand their coffee into existing forests has been strongly antagonistic in Indonesia,
as also evident elsewhere [16–18]. Only after the 1997 “reformasi” period and the 1998 forestry law, the
“tumpangsari”—contracts that allow farmers to grow annual food crops among newly planted trees for
a few years—were extended to allow longer-term shade-tolerant perennials such as coffee or fodder for
a cut-and-carry system to be grown [19–21]. For the state forest company authorized to manage these
lands, the survival and growth of the tree plantation has been the priority and farmers risked being left
out of future contracts if trees were found to have been damaged. The intercrops were contractually
treated as a “share-crop”, with around one-third of the yield belonging to the “landlord,” (in this
case, the state forest company). These rules gave the state forest company a stake in the productivity
of intercrops (different from when a fixed “land rent” would have been charged) but reduced the
profitability for the farmer. Any intervention, such as social innovations from forest authorities or
technical innovations from development agencies can destabilize the agent–farmer economic structure
and cause disputes with the existing authority-principal policies, which cause resistance towards
agroforestry innovation [22,23]. A balance needs to be found between agents (or principals) who
may be profiteers, prove-it accountants or visionary prophets [24,25]. Profiteers are profit agents
(entrepreneurs) as part of the national economy; prove-it accountants are intermediary agents that
encourage transparent processes for mutual benefit. Prophets see themselves as representative of the
local community to voice their interests, needs and perspectives in the complexity of the external
environment. The roles of NGOs (prove-it accountants) as an intermediary for marginal groups to
negotiate with the authorities (profiteers) have been identified [26,27]. On the other hand, efforts to
put forward local forest community interest (“the prophet”) form a challenge [28] that open spaces for
more a deeper study.

Our case study focuses on an area of forest on the slopes of the Arjuna volcano in Malang regency,
Java where principal–agent interactions had been ongoing for two decades. The forest management
was handed over to Brawijaya University (UB) to be operated as an “education forest” and the new
university management team proposed a change in forest-farmer relations. Rather than trying to
collect the coffee share crop revenue directly, they asked all farmers to sell their coffee (purportedly for
going market prices) to the new university UB-Forest Management company. It was anticipated that
through better coffee processing and targeting other market segments enough profit would be made
to offset the foregone sharecropping payments. UB-Forest management was also looking to return
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profit or benefit to the farmers in other ways, e.g., community electricity provision which may not be
fully recognized or thought valuable by the farmers. In practice, farmers quickly reverted to selling
most of their coffee to outside traders, as they could achieve a better price than selling to the UB-Forest
Management company.

As part of the wider interaction between UB and the forest community, UB researchers independent
of the UB-Forest management team proposed to address technical constraints around farmer yield
and income (Figure 1). One such constraint was the low levels of light for the promotion of healthy
understory coffee growth due to the overlying dense pine forest canopy. Our overarching hypothesis
was that while farmers perceived the introduced innovation positively, some individual and external
factors may hamper their intention to practice it.
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Figure 1. Coffee plants under the pine forest canopy and the interdisciplinary science experts.

Our specific research questions were (1) what farmers thought about innovative efforts to provide
more light to understory crops, (2) how this relates to their knowledge and expectations and (3) under
what conditions it could be sufficiently profitable for them to undertake this innovation. We explored
these questions with reference the theory of planned behavior, as we will describe here, before providing
details of the site and specific research methods.

2. Methods

2.1. Theory of Planned Behavior

The theory of planned behavior (TPB) (Figure 2) can reveal the cognitive, affective and motivational
dynamics of farmers facing new techniques. TPB is commonly employed in the fields of health and
economics [29,30], but rarely in the field of agroforestry, agriculture or environmental management.
A recent study using TPB in such a field was carried out in Serbia [31]. Some researchers argue that
self-efficacy is interrelated with the three antecedent variables to measure intentions [32,33]. For this
reason, we included self-efficacy as part of the variable of perceived behavioral control.
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Figure 2. Theory of planned behavior, adapted from [32], showing the three antecedent interacting
aspects: (1) attitude towards behavior/behavioral beliefs; (2) subjective norms/normative beliefs; and
(3) perceived behavioral control, intention and behavior/action.

The single construct of intention may be compared with the three antecedent variables of intention.
In addition, as can be seen in the model, Perceived Behavioral Control (PBC) is a unique variable that
acts as an antecedent for intention and actual behavior as well. Intention is interpreted as volitional
control or willingness to take certain actions [34–36]. In this study, intention variables were treated as
the consequence or impact of attitudes, subjective norms and perceived behavioral control. We also
measure intention solely (as a single variable), to be exemplified farmer intentions in applying trimming
techniques; the score can be compared with the three antecedent variables of intention.

Typically, previous studies used “perception” and/or “attitude “as a determinant of adoption
[37–40]. The TBP allows the variables of attitudes, subjective norms, and, perceived behavioral
control to be combined as determinants of intention [41,42]. Furthermore, the self-efficacy variable
(self-confidence) may be added to TBP to predict intentions. Hence, TBP can describe the behavior that
is influenced by external factors (nonvolitional behavior) and self-efficacy as the individual’s internal
factor [43].

In the context of agroforestry, we expect that an intention to use pine trimming is associated
with a positive attitude (expectations of benefit), strong social support and perceived low constraints
of farmers to implement such techniques. In practice, the possible low scores of intention variables
can lead to the rearrangement of social and communicative interventions to increase the adoption
of trimming techniques. Given the current challenges and opportunities in the UB-Forest, there are
simultaneous efforts to explore: (1) techno-ecological options for pine–coffee agroforestry revitalization
(such as increasing light intensity, improving crop and soil management (trimming leaves used as
litter/organic fertilizer); (2) socioeconomic options (the integration of stakeholders, such as to the
financing of production factors); and (3) renewing the existing Indonesia’s forestry policy framework
to overcome past conflicts (sharing systems, alternative marketing channels and land management
regulations) and achieving effective joint management (involving farmers, local governments and
forest authority).

2.2. Place, Location and Research Participants

Currently, a variety of collaborative schemes on community forest management exist in Java.
The collaboration is between forest management and members of the surrounding communities.
UB-Forest management inherited contracts made by the state forest company in response to massive
forest land annexation by the community at the end of the 20th century due to political reforms.
Cultivation of coffee under pine (or mahogany) trees is common in UB-Forest. At the end of
2015, The UB-Forest management through the University of Brawijaya (UB) received the mandate to
administer the forest on behalf of the Indonesian Minister of Forestry and Environment. This production
forest—which is located on the slopes of Mount Arjuno (altitude 1200–1900 m in the Karangploso
District, Malang regency) has three specific objectives: education, research and ecotourism. Historically,
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the pioneer farmers settled around the UB Forest in the 1920s and the present farmers are the
descendants from the early farmers. Their livelihoods are highly dependent on the agroforestry system,
in which they also cultivate food crops and vegetables along with the coffee under the pine trees.

The research location was the Sumbersari Hamlet in the enclave area of UB-Forest (Figure 3).
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Figure 3. Research location UB Forest in East Java, Indonesia.

The hamlet is located in the Kalisari Watershed of Malang Regency, East Java. Data were collected
in the period of March–May 2019. The senior researchers were those from the fields of agricultural
extension/communication, soil science and agroforestry. Communication was established with a local
key person to get wider access to the sites and respondents. Approval for this study was obtained from
the management of UB-Forest and local regional authorities. Anonymity and voluntary participation
of the participants were ensured. The research participants for the survey comprised 22 farmers out of
an overall 30 within the hamlet, who were cultivating coffee under the pine. The research participants
were verbally informed about the purpose, use and possible impacts of the research; in the local context
written consent was not deemed to be required. Several members of the hamlet, including its leader,
were involved in testing the innovation in the forest.

2.3. Research Design and Methods

The research design used the four stages of the action research approach (Figure 4): plan, act,
observe and reflect [44]. It used mixed methods, during the observation stage combining quantitative
(through a survey) and qualitative data collection (case study).

Plan—Preparations, site visit. Researchers from UB-UKCEH-ICRAF conducted site visits and a
series of discussions under the umbrella of the agroforestry research group at UB to identify issues
to be solved through action research. UB and UKCEH accessed funding through different research
funding schemes to support the project.

Act—Intervention on-site and communicate with farmers. To overcome low coffee productivity
under the pine trees, canopy pine trimming techniques were disseminated. This technique was
considered new, as it had never been applied by local farmers. Strategies to communicate this
innovation was by (1) “advocacy” through personal communication to a key farmer as the gatekeeper
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to gain trust; (2) “behavior development” through group meetings with farmers followed by a
demonstration of pine trimming techniques on the site. The communication for the advocacy strategy
was designed to ensure the key farmer understood the intended benefits of using the technique.
Then, he acted as the “innovation endorser”—influencing other farmers to adopt the technique. For
this reason, he was also asked to demonstrate the techniques to his peers.Land 2020, 9, x FOR PEER REVIEW 6 of 21 
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Observe—Collection data on sites/evaluate evidence. Farmer responses were measured using a
mixed-methods sequential explanatory design [45]. This design covers two phases: (1) quantitative
data collection through a “survey” of the coffee growers (executed March—April 2019); (2) qualitative
data collection using a single instrument case study (May 2019) regarding the grower perceptions of the
trimming technique in the context of UB Forest management. The qualitative data collection helped to
get a deeper understanding of the quantitative database. This was especially important when dealing
with extreme cases or demographic factors that may be associated with farmer intentional behaviors.

Reflect—Reflection was based on the research findings/evidence, which was applied through
(1) individual/researcher evaluation; (2) discussions between researchers; and (3) stakeholder views
through research finding seminar (involving resource person; a representative from university,
governmental agents, NGOs, etc.); this is also a way to increase external validity. Subsequently,
assertions/affirmation was conducted by clarifying the findings using the theory of planned behavior
and other references and followed by giving options for further study and intervention approach.

2.4. Research Instruments

For the survey, a closed questionnaire (quantitative database) was administered to all participants
(22 farmers), covering variables of intention that were (1) attitude toward trimming (6 indicators,
e.g., covering statements such as “I believe that pine trimming . . . is necessary because the litters can
become mulch”; (2) subjective norms (8 indicators, e.g., “In my opinion . . . local community supports
trimming”; and (3) perceived behavioral control (9 indicators, e.g., “I am confident to trim, because . . .
it is easy to trim at 10 m high”. The five-point Likert scale technique was employed: “strongly disagree”
(score 1), “disagree” (2), “neutral” (3), “agree” (4) and “strongly agree” (5). The statements were based
on theoretical concepts and adjusted with pine–coffee agroforestry issues as exposed by a key farmer
(Appendix A); Additional questions were about farmers” demographic status (age, education, farming
systems and experience, source of coffee farming information). The related questions for in-depth
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interviews can be seen in Appendix B. To reduce nonresponse error, respondents were interviewed
face-to-face to overcome their unfamiliarity to fill out the questionnaire.

2.5. Data Validity

For the quantitative data, content validity and reliability tests were managed by experts, discussions
with farmers and statistical tests. The steps to develop indicators for intentional aspects: (1) the
variables were derived from published theories [46–48] and indicators arranged based on discussions
with peers and leading researchers and (2) from extracting key concepts from key farmers during
initial interview sessions. The validity of the statement items in the questionnaire was justified
by members of the research team. Questions were then tested for clarity in a pilot study with 10
farmers following which sentences within the questionnaire were revised to increase participants”
understanding. Statistically, item validity is measured by the correlation coefficient between an item’s
score and the total score of all items at a certain significant level (10%). The validity of the intention
related items was tested with the SPSS statistical package resulting in a Pearson’s correlation value (r)
of > 0.36, indicating the items have high validity.

As a measure of the reliability of items, internal consistency was also tested. This technique
examines the correlation between multiple items to measure a construct. The calculation of Cronbach’s
alpha Coefficient was rendered for item sections in the TBP questionnaire. The high instrument
reliability was indicated by a coefficient of more than 0.80; any item coefficient of less than 0.30 need to
be eliminated to avoid an unreliable indicator [49]. The Cronbach’s alpha value was 0.85, indicating
high reliability of the items.

2.6. Data Collection Methods

As a follow-up, after analyzing quantitative data, the researchers interviewed key farmers again to
cross-check noteworthy quantitative data (such as the mode or extreme data) as a case for presentation
(embedded analysis) [50]. Other techniques were used to triangulate: (1) nonparticipant observation
(by observing the agroforestry setting/location); (2) member-checks” that is discussions with the key
farmer and other farmers regarding the findings; (3) focus group discussions (FGD). The first FGD was
conducted with 12 coffee farmers at the local meeting house to discuss the technical and social aspects
of pine–based agroforestry cultivation. The second FGD was carried out in the local village meeting
hall (Balai desa), by inviting key farmers (those who were the first to grow coffee or “the innovators”)
and coffee farmer representatives (those who planted coffee afterward or “the followers”) and the
stakeholders (representatives of the neighborhood and citizen associations, village officer, rural forest
community member, village and sub-district officers, UB Forest employee, Perhutani/state-own forestry
company agent and UB agroforestry research group members). In this activity, farmers were welcome
to express their views on various issues, such as the relationship between the local community and
the forest management authority, the history and quality of partnership, farmer economy and policy.
These steps were useful to explore and describe sensitive issues and complexity of farmer livelihoods
as the context which may influence their intentional behaviors. Field notes, camera imagery, and audio
recordings were used to record the data. The data were recorded on a CD for storage only while useful
for further intended research. Data are presented in an anonymized way to protect respondents.

2.7. Data Analysis

For the data analysis, descriptive statistics (frequencies, percentages, mean scores and standard
deviations) were calculated to summarize the survey data. Separate tabulation was applied to capture
qualitative data. The qualitative findings (statements, observation, photos) being used to validate and
provide context to the qualitative results. Research findings were also presented in a series of seminars
with members of the research team and stakeholders as part of the reflection and interpretation process.
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3. Results

3.1. Social Context and the Demographic Factors

The agroforestry land in the UB-Forest area managed by the respondents of this study totaled 33.04
ha and the total area of UB-Forest is 544 ha. All respondent-farmers managed crops both in UB Forest
13.5 ha (pine-coffee agroforestry), but also in the state-owned forest (Perhutani) 18 ha (pine-vegetable
agroforestry) and other forested areas 1.5 ha (pine-vegetables). Although, the survey data shows that
the average of land areas managed by the respondent was relatively limited, at 1.2 ha (in Perhutani
land); 0.7 ha (in UB Forest) and 0.5 ha (in farmer home gardens). The demographic data (Figure 5)
show that 15 of 22 farmers (68%) have been farming within the agroforestry scheme for more than 20
years. Most respondents (41%) were in the >50-year age class and 77% of the farmers have had limited
access to education being educated only to the elementary school level.
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Figure 5. Demographic characteristics of respondents (n = 22).

Moreover, living in relatively remote areas (enclave) had become a constraint for their economic
development. The results of an interview with a farmer revealed that in the past (especially before the
reform era) the forest authorities did not allow farmers to grow coffee under the pine canopies, arguing
that “forests cannot be turned into gardens.” The coffee planted by farmers as an agroforestry system
was the result of farmers” struggles to survive in these enclaved forest areas, despite causing conflicts
with the forest authority at that time. In a lower level of preference, farmers also cultivate other types
of crops, such as horticulture and food staples in sufficient quantities for their daily needs. The current
use of chemical fertilizers from outside is still difficult as before, though they need it. One farmer
stated, “apart from being far away from obtaining fertilizer, it is also expensive,” indicating their high
dependence on local efforts to obtain adequate coffee yields.

We asked the respondents about their experience in accessing the information on coffee cultivation.
The data on Table 1 shows that 19 of 22 respondents (86%) had participated in extension activities
discussing coffee cultivation. The sources of information were from public agricultural workers and/or
from Perhutani personnel or experts from UB. Only 4 of 22 farmers (18%) received information on
coffee cultivation from farmer groups and 7 of 22 (32%) received the information from other sources.

Table 1. Transfer of information on coffee cultivation (n = 22).

No Source of Information Number of Respondents Receiving the Information

1 Office of agriculture 19
2 State forest Company/Perhutani 19
3 University staff 19
4 Forum/farmer Group 4
5 Others 7

3.2. Attitudes toward the Trimming

As has been noted, the primary aim of this study was to measure the intention levels of farmers
to adopt pine trimming techniques. We calculated the supporting variables: attitudes toward the
trimming, subjective norms (social supports) and perceived behavioral control (obstacles in doing
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trimming) using a Likert scale from one (strongly disagree) to five (strongly agree). The study showed
that 79% of respondents agree or strongly agree that pine trimming “provides benefits” for farmers
(item #5; Table 2). The perceived benefits primarily related to the pine litters being transformed into
mulch (item #1); and to a lesser extent benefits were expected to arise from fertilizing the soil, increasing
light at the level of the coffee canopy or use of branches as firewood (items #1, #3 and #6). Moreover 83%
of respondents agreed or strongly agreed that trimming can “increase coffee production” (#2).

Table 2. Attitudes towards pine trimming (n = 22), value based on a Likert scale from one (strongly
disagree) to five (strongly agree).

No Statements:
I Believe that Pine Trimming . . .

% “Agree” or
“Strongly Agree”

Means (M) of
Attitudes

Standard
Deviation (Sd)

1 � . . . is necessary because the leaf
litters can be made into mulch. 84.55 4.23 0.53

2 � . . . increases coffee production. 82.73 4.14 0.64
3 � . . . fertilizes the soil. 81.82 4.09 0.68
4 � . . . increases the incoming light. 81.82 4.09 0.87
5 � . . . provides benefits. 79.09 3.95 0.72

6 � . . . is useful because the branches
can be used as firewood 78.18 3.91 0.68

It is worth noting that the mean score of “provides benefits” (#5) is slightly lower than most of the
other indicators (except benefits of getting firewood), indicating the possibility that the farmers are not
just considering the direct “benefits” to coffee yields, as is the objective of the question, but are instead
considering the balance between benefits and risks (Table 2).

As seen in Table 2, there is a considerable variation in the perception scores. An in-depth
interview with a farmer revealed some uncertainty as to the level of benefit of pine trimming, “If it is
only trimmed, then it does not have much effect . . . only the number of leaves on the coffee plants
increases.” This indicates that although considered generally useful, there is an uncertain view of the
trimming technique.

3.3. Subjective Norms of Trimming

Farmers were asked about the level of social support related to pine trimming, which reflects
the subjective norm variable (Table 3). When confronted with the statement “experts help farmers
know how to trim through demonstration” (item #2), 81% of respondents said agree or strongly agree.
This is consistent with the response to the statement “I understand the discussion about trimming (#1):
83% expressed agree or strongly agree. To a lesser extent, there were only 75% of respondents who
agreed or strongly agreed that “hamlet personnel support trimming” (indicator #8). It is interesting
to note that a relatively moderate response was given regarding the perceived support by UB-Forest
management, both in terms of support for trimming and especially for land maintenance (indicators #5
and #7).

The findings show that respondents felt that they received support not only from
UB-UKCEH-ICRAF personnel, but also from the local community and their families. On the other
hand, the support from the UB-Forest management and local officers (hamlet personnel) were moderate
or even considered limited. This is likely because of perceived problems of the newly revised coffee
sharing mechanism and also possible latent conflicts in the community. Moreover, a complicated
relationship was experienced by farmers with Perhutani, the former state forest management entity.
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Table 3. Subjective norms/social supports of pine trimming (n = 22).

No Statements:
In My Opinion . . .

%“Agree” and
“Strongly Agree”

Means/M of
Subjective Norms

Standard
Deviation/Sd

1 � . . . I understand the discussion
about trimming. 82.73 4.14 0.35

2 � . . . experts help farmers know how
to trim through demonstration. 81.82 4.09 0.53

3 � . . . the local community supports
trimming. 80.91 4.05 0.38

4 � . . . my family supports trimming. 80.91 4.05 0.58
5 � . . . UB Forest supports trimming. 79.09 3.95 0.58

6
� . . . discussions with friends

encourage me to look for additional
information about trimming.

78.18 3.91 0.81

7 � . . . UB Forest takes care farmers to
take care of the agroforestry lands. 76.36 3.82 0.40

8 � . . . hamlet personnel support
trimming 74.55 3.73 0.70

A key farmer expressed the historical context plainly:

“These coffee plants . . . in [the year of] 96 was very difficult because at that time the Perhutani did not
allow us to plant coffee under the shade . . . under the stands of pine.“

“The reason was that the forest cannot be used as a garden. However, I think because we live in a forest
area . . . the impression is that it destroys the forest, but we must earn a livelihood for our survival.”

“For this reason, I tried to plant whatever crops I planted at that time. The plant that was able to grow
and produce just coffee. It means that the people here are still looking for income in the forest area.”

Hence, this study shows that farmers receive various levels of support from different parties.
Relatively high support from the UB-UKCEH-ICRAF is probably because of the action of disseminating
the trimming techniques through site demonstrations and discussions with farmers on some occasions.

3.4. Perceived Behavioral Control of Trimming

We noted that perceived behavioral control influences farmer intentions to undertake to trim.
We use two primary variables to measure this self-efficacy (individual factors) and non-self-efficacy
(other factors). The indicators of self-efficacy covering aspects of farmer confidence to trim because of
expected improvements in their livelihoods, easiness of trimming techniques or suitability with local
conditions, etc. Meanwhile, the indicators of non-self-efficacy include the availability of finance, time,
information or other resources. The results are presented in Table 4.

When confronted with the statement “if funds are available” (item #1) and “the demonstration
by experts encourages me to trim” (#2), 83% and 80% of respondents stated “agree”/A and “strongly
agree”/SA, respectively. Furthermore, the number of respondents who strongly agreed or agreed
however is reduced when responding to the statement “it helps improve my life” (#3); and “it is easy
to understand” (#4).
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Table 4. Perceived behavioral control/PBC of trimming (n = 22).

No Statements
“I Am Confident to Trim . . . ”

%“Agree” and
“Strongly Agree”

Means/M
of PBC

Standard
Deviation/

Sd

1 � . . . if funds are available. 82.73 4.14 0.35

2 � . . . because the demonstration by
experts encourage me to trim. 80.00 4.00 0.76

3 � . . . because it helps improve my life. 77.27 3.86 0.64
4 � . . . because it is easy to understand. 76.36 3.82 0.85

5 � . . . because I will do trimming in
the farming land. 76.36 3.82 0.91

6 � . . . because trimming is suitable
with local condition. 75.45 3.77 0.69

7 � . . . because it is easy to do. 70.00 3.50 1.10
8 � . . . because it is cheap. 67.27 3.36 1.05
9 � . . . it is easy to trim at 10 m high. 56.36 2.82 1.05

The more statements cover aspects of follow-up or practicality, the less the farmer’s intention to
do the trimming (“I will do trimming in the farming land”: agree or strongly agree = 76). Less than
77% of respondents agree or strongly agree to practice the trimming. To exemplify suitability to local
conditions (#6); availability of funds (#8) and time (#7). These responses are also consistent with a
finding in our study, in which 75.45% of respondents stated “my time is limited to trim. “The lowest
agreement is for the ease of trimming at a height of 10 m (#9), indicating the potential safety risk of this
work (Figure 6). The key farmer highlighted this case:

“As you get older . . . you only dare [to go up] in part . . . If you go up maybe up to three to five trees
you can still be brave, but not for the whole day . . . If more than that [five trees] I start to tremble . . .
often slides. It means that the conditions are not possible to carry out all day . . . even though one
hectare has more than 600 trees.”
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Only a moderate number of farmers (76%) “will do trimming in the farming land” (#5, M = 3.82;
Sd = 0.91). However, further analysis shows that proper extension methods may increase the farmer’s
intention to seek additional information—or apply trimming. Among these methods were interpersonal
communication, such as discussions with friends on pine trimming (#6); especially discussions with
the experts; and provision of demonstration plots (#2).

Last, but not least, there are strong indications that external factors were also key points to raise
the level of farmer intention. The statement “if funds are available”, then they will be confident to trim
(A/SA = 83%). Similarly, when the trimming is associated with other external resources, such as local
condition (#6), easiness to do (#7), money (#8) and potential risk (#9) (agree or strongly agree < 76%).
These indicators suggest the conditions that may hamper the application of trimming, as expressed
by a farmer: “To be honest, if I trim it, I’m not happy . . . the pine remains small, but high. Aside
from work safety, the risk is falling . . . “suloyo” [local term for “sluggish, weak or helpless”]. Don’t let
it happen.”

4. Discussion

The process to change individual behavior, commonly seen in an innovation/technological transfer,
tends to pro-innovation bias [3]. The assumption is that new technology is better than the previous
one. One of the problems is that for targeted individuals the nature of technology is perceived as
complicated, as is evident in this study. Nevertheless, our findings have compiled evidence that shows
trimming is complex from a farmer’s perspective. An individual’s intentions are also influenced
by considerations of individual capacity, including technical complexity and resource availability to
operate. This is particularly evident when such innovation is interfaced with marginal farmers, as in
the case of pine–based agroforestry community in Java. We have used the theory of planned behavior
as the lens to understand farmer intention to undertake the innovation of pine canopy trimming.
We found that the value of the three factors of intention varied.

The attitude/behavioral beliefs—Measurements of the theme or aspect of attitude indicate that,
to some extent, the economic benefit is an important element in forming farmers” attitudes towards
pine trimming. However, income stability and production costs are also significant factors, regardless
of plant productivity. The additional cost for trimming could be a sensitive factor as limitations of
family labor and the age of farmers would necessitate the employment of outside labor to complete the
trimming. The sensitivity of the extra costs for a small enterprise has long been identified as a sensitive
factor for marginal farmers [50].

From the ecological perspective, trimming is perceived useful for (1) increasing light intensity
for coffee plants; and (2) fertilizing and mulching the soil to retaining moisture. The literature
shows the significant roles of mulch for improving microclimates for plant growth while suppressing
weeds [51,52]. Retaining soil moisture is particularly valuable for dry land agroforestry such as in the
UB Forest. Therefore, from the techno-ecological views, farmers are responsive to the innovation; their
motivation is to increase productivity under the pine trees—vegetables, food crops, and especially
coffee plants. The current pine canopy has suppressed coffee growth; the optimum light intensity
should be 60–80% [53] but is lower in UB due to over-shading by the pine. This can result in the
mortality of coffee tree branches and problems of shortening the harvesting period [54,55].

The subjective norms—We have noted that subjective norms are a belief to fulfill the social
expectation. The support from the UB-UKCEH-ICRAF is shown in the trimming demonstration site
to help farmers’ awareness of and interest in the trimming. However, limited assistance from the
UB-Forest management, possibly because of limited involvement at the early phase of the project,
is a potential challenge although engagement with this UB-UKCEH-ICRAF project is now ongoing.
Moreover, farmers are unhappy as their previous proposals to the forest management to get agricultural
inputs were neglected, as expressed during an interview session. Farmers have never practiced
trimming, perhaps because of the perceived strict rules on the treatment of the pine tree by the former
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and current forest management. Hence, the trimming technique itself may be simple in practice,
but there are socio-psychological barriers due to the considerations of past rules.

Perceived behavioral control—As mentioned, self-efficacy is a belief to do something. We use
this concept to measure farmer confidence to apply the trimming technique to predict the adoption
in the future [56]. Generally, farmers are confident to trim because it may improve their livelihoods
and due to the availability of information on trimming [57]. In our case, the information brought
by the UB-UKCEH-ICRAF personnel is understood to dictate that trimming is only for the lower
dry branches on the trees to a height of 10–12 m. However, in practice, farmers are uncomfortable
trimming to 12 m. The data show that most farmers were seniors, which may have physical and health
constraints. The old farmers were only able to trim three to five trees per day roughly, as revealed in
the interview sessions; and only one to three trees for those above 7 m. Furthermore, farmers were
unsure of their ability to perform trimming over a large area, with an area of one hectare containing 600
trees, regardless of their long experience of farming (over 20 years). In summary, it is easy for farmers
to understand the trimming procedures, but not to practice it. Furthermore, the non-self-efficacy
factor—that is the combination of externality aspects [33,58]—is also a significant consideration for
intentions. We found that trimming is perceived to be expensive (when done by somebody else) and
time-consuming; though having ecological benefits.

Hence, the trimming technique is perceived as complicated because of sound technical problems
and limited supports from the stakeholders, regardless of the plant productivity and ecological benefits.
Hence, the question is with the farmers” resource scarcity and social supports, will they be willing to
apply the technique in the future? Discussions with the farmers revealed suggestions for the option
of loans (from the forest management) to pay workers to trim. The other alternative is to using
machinery to fasten the trimming process, which is probably cheaper, faster and safer. The use of
machinery is something that researchers will investigate as part of any future forest management
strategy, for example, telescopic pruners can reach 8 m in height. In-depth discussions reveal an
interesting thing; farmers had proposed alternative techniques beyond trimming—such as pine
thinning by removal of selected trees. The advantages proposed by farmers were (a) increasing light
intensity for coffee plants (just as the trimming); (b) no need to add fertilizers; (c) no need to climb pine
trees at extended heights; and (d) cheap and easy to do. A leading farmer experienced that without
thinning, the soil fertility and strength of pine trees would decrease with time, as exemplified at a
certain forest location (identified as plot #84); plant growth as stunted and at the risk of falling during
heavy rains. He argued that it would be dangerous for individuals under the trees and considering
that the forest is an also educational and recreational destination. He recommends that thinning needs
to be accomplished every 10–15 years. The research team also heard of other farmers” innovative
techniques on agroforestry management that are beyond our study at this stage.

5. Implications

Based on our experience at UB Forest, the trimming innovation has a prospect to be adopted,
but with caution. On one side there is a sound theoretical basis that trimming can increase the
productivity of pine–coffee agroforestry and improve the microclimate, suggesting the innovation has
productivity-ecological benefits. However, it may be hampered by limited support and scarcity of
farmer resources and conditions (such as old age), indicating issues on psycho-social burdens and
practicality. The theory of planned behavior is a useful theoretical lens to identify the opportunity and
obstacles of applying trimming techniques from the farmer’s point of view. Furthermore, we have
shared these issues with stakeholders (researchers, local government officers, UB forest management,
key farmers, etc.) through a series of seminars. As a reflection, the attendance and engagement of the
stakeholders including the government agents were high at every seminar and showing support to the
research team and the findings of this study.

For the implications, the trimming program, which has been employed over two years, we
have highlighted options: keep the innovation by (1) providing subsidy or loans for the farmers to

235



Land 2020, 9, 363

hire workers to trim or buy trimming machinery, and/or (2) integrate with the farmer techniques.
The first option has conditional acceptance because of perceived financial and technical burdens.
The second option has a higher chance of acceptance and implementation by farmers, first, for one
reason, it would better align with the farmer’s needs and capabilities. For other reasons, it would also
enhance collaboration between researchers and farmers. Both options, however, have a challenge of
how to cooperate with the stakeholders. For this reason, the plan and knowledge learned from action
research need to be shared with the stakeholder from the beginning of any agroforestry innovation
development. To reflect, this experience has improved the understanding of researchers and the
collaborative options that would enhance the capacities for all the social actors in the agroforestry
system. Based on this research we would encourage the application of the second option in the future.

We learn that technical constraints (the majority were senior farmers and low income) and lack of
optimal external support may be important limitations in the future if there are no specific interventions.
The new intervention should be not only on technical assistance, but also the sharing of information
or knowledge and collaborations between stakeholders. To sustain, the communicative intervention
processes require a participatory and integrative approach. Co-management of agroforestry innovations
may be developed throughout the stages, from the creation, pilot/local implementation and scaling
up. We need to explore any aspirations and local knowledge, contemplating the specific demographic
conditions and needs of the marginal farmers at the UB Forest and the demand for stakeholder
integration. Our experience may be useful as a lesson learned for policymakers and executives to
comprehend the social-ecological dynamic of agroforestry management, let alone the Javanese farmers
who reside close to forest lands.

As a reflection, this action research is useful, but needs improvement. We notice that the process
of transferring agroforestry innovation cannot only consider innovation and farmers, but also the
forest management authority. The key to accelerating the innovation transfer process is the use of
an integrated communication and extension strategy. For this reason, it is necessary to establish
connections between external scientists as initiators of innovation, farmers as practitioners and relevant
authorities [59,60], in the case of our study is the UB Forest management. Moreover, a study shows
that farmers” knowledge is often overlooked in the transfer of innovation [61,62]. In our case, farmers
can observe biophysical problems in the context of their socioeconomic complexity. A farmer revealed:

“Regarding the soil . . . the farmers should fertilize it every six months . . . the nutrients have been
reduced because [it has been absorbed by] pine roots. I have tried like that [fertilizing], and then I
calculated the maintenance costs. I calculated and the results were even. Finally, I let it go, I did not
care—‘simalakama’!” (emphasis added).

Simalakama is the name of a bitter fruit for traditional medicinal ingredients. People usually
say, “as if eating simalakama fruits,” a local parable to express a dilemma when someone wants to do
something or not.

More than this, farmers—through various considerations—have their rationality and solution
preference. The results of in-depth interviews and FGDs show that outside of trimming, farmers have
crop management preferences through thinning techniques. After 10 to 15 years, it is believed that pine
plants need to be sparsely spaced, with a spacing of twice the current one (currently in 2× 3 m). Farmers
recommend a 2 × 6 m spacing for pine trees because with more incoming sunlight, then—according to
farmer experience—there are simultaneous benefits. The advantages for productivity and ecology are:
“soil fertility is increasing”; “reduced acidity”; “better coffee plant growth”; “bigger plant”; “sturdy,
when exposed to the wind the plants will be stronger” and “groundwater storage is better”. For social
benefits, farmers framed it as: “both [parties] can get [benefits]; forestry gets, the community gets
too.” Other techniques, vice versa, jargonized as “Sana untung, sini buntung” [the party over there gets
profits, the community is in disadvantaged]” (results of in-depth interviews and an FGD with farmers).

Consequently, the transfer of innovation does not only come from scientists focused on
productivity-ecological aspects [63], but also those embracing the aspirations of farmers and the interest
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of powerholders. Therefore, knowledge of practical and political interests is needed simultaneously.
This means that various modes of innovation transfer can be combined: from scientists (linear,
top-down), farmers” needs (bottom-up) and interests from politics/UB Forest (lateral). Since its
inception, bidirectional extension and communication strategies [64] or participatory strategies need
to be developed although previous studies have shown that it is not easy for change agents to do
so [6]. Included in the method action research is the need to apply transdisciplinary research, where
farmers” local knowledge needs to be examined, confirmed and incorporated with those from scientific
knowledge [65]—as an agroforestry knowledge pool. To sum up, efforts to balance the distinct
roles of the tripartite agents for profit—prove-it—prophets may be more easily achieved through the
participatory-collaborative approach [56,66].

Specific types of land management contracts between forest authorities and farmers looking
for land to grow their food crops became known in 19th Century southeast Asian teak growing
traditions under the name “taungya”—originally referring to indigenous swidden-fallow practices.
The current pine–coffee management contracts represent considerable development since the earlier
schemes [14,67], but the unequal power distribution of the past is still loading the dice against schemes
that are both fair and efficient.

6. Conclusions

Based on the study, the adoption of the trimming innovation is prospective, though it needs
adaptations. On one hand, on some levels trimming is believed to increase the productivity of
pine–coffee agroforestry and maintain the microclimate, suggesting the productivity-ecological benefits
of the innovation. However, this may be hampered by limited support and scarcity of farmer resources
and conditions, indicating issues on psychosocial burdens and practicality. We have shared these
issues with stakeholders (researchers, local government officers, UB forest management, key farmers,
etc.) through a series of seminars. Practically, the trimming program that has been managed for two
years, has two main options: keep the innovation by providing subsidy or loans for the farmers,
and/or integrate with farmer techniques. Further options for innovation are necessary, including direct
pruning of coffee and crop fertilization strategies, some of which are being tested now.

We learned that technical constraints (most senior farmers and low income) and lack of optimal
external support may be an important limitation in the future if there are no specific interventions. a new
intervention should be not only on technical assistance, but also the sharing of information or knowledge
and collaborations between stakeholders. Sustaining the communicative intervention processes
requires a participatory and integrative approach. Co-management of agroforestry innovations
may be developed throughout the stages, from the creation, local implementation and scaling-up.
This approach is crucial because stakeholders have roles and specific rights or interest in making
decisions. Moreover, we had limited initiatives from farmers to be integrated with agroforestry
innovation development. For these reasons, we need to explore more any local knowledge and
practices to meet with the specific conditions and needs of the marginal farmers and their unique
relations with forest management. Considering that this study had only a relatively small number of
participants, a larger number of participants is needed to increase the generalizability of the results.
However, our experience may be useful as a lesson learned for policymakers and executives to
comprehend the social-ecological dynamic of agroforestry management, as well as the Javanese farmers
who reside adjacent to forest lands.
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Appendix A. Survey Instruments Used for Measuring Farmer Intention

NO.
Could you please respond (V) to the following statements with

one of the answer options?

Answer options

1 = strongly disagree
2 = disagree
3 = do not know (neutral)
4 = agree
5 = strongly agree

1 2 3 4 5
I believe that pine trimming . . .

1. . . . provides benefits.
2. . . . increases the incoming light.
3. . . . fertilizes the soil.
4. . . . is necessary because the leaf litters can be made into mulch.
5. . . . is useful because the branches can be used as firewood.
6. . . . increases coffee production.

In my opinion . . .
7. . . . I understand the discussion about trimming.
8. . . . experts help farmers know how to trim through demonstration.
9. . . . my family supports trimming.

10.
. . . discussions with friends encourage me to look for additional
information about trimming.

11. . . . the local community supports trimming.
12. . . . hamlet personnel support trimming.
13. UB Forest takes care farmers to take care of the agroforestry lands.
14. UB Forest supports trimming.

I am confident to trim, because . . .
15. . . . it is easy to understand.
16. . . . it is easy to do.
17. . . . it is easy to trim at 10 m high.
18. . . . it is cheap.
19. . . .

20. . . .

21. . . . it helps improve my life.
22. . . . the demonstration by experts encourage me to trim.
23. I will do trimming in the farming land.
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Appendix B. Guideline Questions for In-Depth Interviews

1. What types of plants or crops do you grow under the pine shade?
2. What are the responses from the forest management when you grow coffee under this shade?
3. Give your thoughts on the pine trimming technique recommended by the experts.
4. Please describe your experience when trimming pine.
5. How do you feel when trimming?
6. What obstacles do you face when you want to do trimming?
7. Do you have any experiences other than trimming to increase your coffee production?
8. What are the advantages of these alternative methods?
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Abstract: Migration connects land use in areas of origin with areas of new residence, impacting both
through individual, gendered choices on the use of land, labor, and knowledge. Synthesizing across
two case studies in Indonesia, we focus on five aspects: (i) conditions within the community of
origin linked to the reason for people to venture elsewhere, temporarily or permanently; (ii) the
changes in the receiving community and its environment, generally in rural areas with lower
human population density; (iii) the effect of migration on land use and livelihoods in the areas of
origin; (iv) the dynamics of migrants returning with different levels of success; and (v) interactions
of migrants in all four aspects with government and other stakeholders of development policies.
In-depth interviews and focus group discussions in the study areas showed how decisions vary
with gender and age, between individuals, households, and groups of households joining after
signs of success. Most of the decision making is linked to perceived poverty, natural resource
and land competition, and emergencies, such as natural disasters or increased human conflicts.
People returning successfully may help to rebuild the village and its agricultural and agroforestry
systems and can invest in social capital (mosques, healthcare, schools).

Keywords: coffee; cocoa; Java; livelihoods; rural–urban; remittances; returning migrants;
Sumatra; Sulawesi

1. Introduction

Contrary to the long-term attachment to place that prevails in “myths of origin” and cultural
constructs of place-based identity [1,2], humans have a history of dispersal and migration [3], as reflected
in our complex DNA and linguistic signatures [4]. Migration has been the demographic basis of the
expansion of our species spreading to all parts of the world, adapting to a wide range of circumstances
and learning how to cope with variability and diversity. Both cultural and genetic evidence suggests
that human dispersal and migration were not a one-way process and that links to areas of origin were
maintained through any means of communication and transport that was accessible in given periods of
human history and development. Cultures have absorbed newcomers while migrants kept a cultural
attachment to areas of origin, creating the rich “unity in diversity” fabric that characterizes many Asian
countries [5]. Human dispersal and migration have had ethnobotanical consequences, with a large
number of semi-domesticated trees and crops spreading along with humans as well as the knowledge
of how to use them [6,7]. Working across Indonesia, anecdotes of how agroforestry and local forest
management practices were inspired by experiences elsewhere during “circular migration” or were
traced back to migrants from other parts of the country are commonly heard [8] but appear not to have
been systematically analyzed. In the current “lockdown” response to the COVID-19 pandemic [9],
both positive and negative aspects of such human movement call for a more nuanced analysis as part
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of the Sustainable Development Goals [10]. Migration can involve a radical decision to uproot and try
one’s luck elsewhere for a variety of social, political, economic, and environmental reasons [11,12] or
be a more gradual process wherein temporary and circular migration precedes “permanent” migration
at the individual or household level, with family members potentially following suit [13]. The decision
to migrate circularly or permanently is usually taken step by step in response to perceived success
or failure and interacting with external circumstances, such as policies in both the area of origin and
area of the temporary new residence. While many studies have zoomed in on specific parts of the
decisions to move and/or return, a holistic perspective requires a human life-cycle approach that is
not easy to obtain experimentally but can be constructed by combining separately studied pieces of a
larger puzzle.

Each year, around half a million Indonesians travel abroad to work, half of those to the Middle
East. They are typically women from small cities or villages with primary education and limited work
experience, hired to perform domestic work [14]. Econometric analysis of data on emigration rates
of countries at different stages of economic development has revealed inverse U-shaped responses.
With a GDP per capita at purchasing power parity of USD 3893 in 2018 [15], Indonesia as an
emerging lower-middle-income country is approaching the income level at which international
migration is expected to peak (USD 5–10,000). Although merely based on cross-sectional evidence,
the “migration hump” is widely interpreted as a causal relationship. However, this interpretation is
contested [16,17]. The fact that income growth increases the opportunity cost of migration and also
eases liquidity constraints—two opposite forces at play—may explain the “hump”. Further analysis
of a migration matrix for all of Indonesia [18] found roles for ethnic networks in groups such as the
Sundanese from West Java and the Buginese from South Sulawesi that reduced the fixed costs of
international migration from rural areas of Indonesia and contributed to the recorded way income
elasticity of migration varies depending on the exposure of the given type of landholdings to variability
of rainfall and rice prices. Although these ethnic communities may be isolated from native ethnic
populations when residing outside their historical homelands, they still have strong ties to the broader
Sundanese and Buginese networks with the potential for connections to international labor markets.
The choices involved in internal migration within large countries like Indonesia may, however, differ
from those for international migration. A study in East Java found that individuals with access to water,
health insurance, or markets, or those living in villages that have a large proportion of non-irrigated
land being used for non-agricultural activities, were less likely to seek employment elsewhere [19].

Internal migration in Indonesia has been linked to productivity growth [20]. Between 1979 and
1988, the Transmigration Program relocated 2 million voluntary migrants (hereafter, transmigrants)
from the Inner Islands of Java and Bali to newly created agricultural settlements in the Outer Islands
(with Sumatra, Kalimantan, Sulawesi, and Papua being the largest). The success rate depended on
the agro-ecological similarity between the areas of origin and migration targets [21], while diverse
communities, rather than migrants from a single origin, could be linked to stronger integration and
success in the new environment [22].

Migration decisions relate to gender-specific expectations and have gender-specific consequences
for those who move, those who stay behind, and those who return. The latter can enrich local
livelihoods with new knowledge, norms, and expectations, apart from the financial resources they
may have. However, returning migrants will need to invest in social capital to earn their place back in
the local community. In cases where males are primarily involved in migration to Africa and South
Asia, effectson the source areas may be a “feminization” of agriculture [23,24], however, the opposite
case—where females preferentially engage—is common in Asia as well. Distinct feminization
of labor migration in Southeast Asia, participating in gender-segmented global labor markets,
has significantly altered care arrangements, gender roles and practices, as well as family relationships
within households [25]. Elsewhere, youth migration has become an issue [26]. What these all have in
common is that selective migration of either gender or age segments leads to a reshuffling of roles
in local livelihoods and households, with a gradual change in associated “identities”. Burgers [27]
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described the consequences of female migration for the matrilineally inherited rice fields in Kerinci,
Sumatra with a complex adaptive change to customary rules.

Anecdotal evidence, as reflected in journalists’ accounts and literary reflections, suggests that the
full spectrum of success to failure and exploitation exists. Policy responses that try to minimize risks
of exploitation and trafficking need to be constructed without reducing opportunities for livelihood
benefits, which is no easy task. Our analysis of case studies was aimed at obtaining a more complete
understanding of the drivers and consequences of migration from densely populated rural parts of
Java in Indonesia to overseas urban and rural target areas, using a gender lens. Gender-specific aspects
can be expected to apply to the decision to move (for young males, young females, families); their roles
and opportunities in the new areas of temporary residence interacting with local communities and
businesses; their relations back home, including remittances, invitations to join, sharing of knowledge
and experience; the consequences of their migration on those who stay behind; and the consequences
in case they decide to return home with any assets they may have acquired, their new skills, and norms
of behavior, as shown in Figure 1. Each of these aspects deserves a fully fledged study but, even with
the limited evidence available, a system approach to the whole picture is needed to guide policy
development and to inform public discourse, where strongly polarized opinions pro and con tend
to dominate.
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Figure 1. Gender-specific aspects before, during, and after (circular) migration decisions concerning
land use in the area of origin.

While migration decisions—leaving and returning—are part of a large body of ethnographic
studies, few studies have analyzed both the source and target areas of specific rural-to-rural migration
patterns in Indonesia. We here describe two such cases, which allowed us partial answers to the
following questions.

(1) What are the gendered patterns of movement concerning age and life histories in both source
and target areas? Do gender norms of behavior influence land-use patterns differentially in source and
target areas?

(2) How do (temporary) migrants compare the positive and negative aspects of home and
temporary abodes?

(3) How do returnees reintegrate and modify land use, gender norms, and culture of the areas
from which they originated?

We will first describe the two cases as such and then draw comparisons between them. The discussion
will also touch on interactions with the government and other stakeholders concerning development policies.
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2. Methods and Locations

2.1. Methods

This paper is based on anthropological fieldwork by the first author analyzing gender aspects
of social development across Indonesia and, in particular, in two cases where migration source areas
(West Java and South Sulawesi) could be linked to specific migration target areas (Lampung and
Southeast Sulawesi, respectively), as shown in Table 1. Details of some of the field studies synthesized
here have been published elsewhere [28–30]. Their post hoc combination into a single study, based on
emerging opportunities rather than prior design, is new here.

Table 1. Characteristics of migration in the study area.

Study Area Source Area of Destination Ethnicity Type of Migration Type of Work in the
Destination Area

West Java Ciamis Sumberjaya, West
Lampung Sundanese Temporary Land-based

and off farm

Southeast
Sulawesi

Bone, Bulukumba, Soppeng,
Sinjai, Wajo, Jeneponto, Maros in

South Sulawesi

Kolaka and Konawe in
Southeast Sulawesi

Bugis Temporary Land-based
and off farm

Bugis Permanent Land-based

The two case studies were each explored in two phases. Phase 1 aimed at understanding the
migration context in the origin areas; Phase 2 on understanding the in-migration pattern and challenge
in receiving communities. The West Java study was conducted in 2016 while the Southeast Sulawesi
study was conducted in 2013.

In-depth individual interviews, individual structured interviews through a household survey,
participatory observation, and structured group discussions were the methods used to obtain primary
data used for this paper. The primary data could explore migration phenomenon, networks, patterns,
and challenges at micro- and meso-levels. Specific to Southeast Sulawesi, the migration network was
deeply analyzed at these levels. Stratified purposive sampling was applied for each method, for the
individual structured interviews and structured group discussions.

From the characteristics of migration in each area, as shown in Table 1, we identified each
community household according to some typologies considering the status of migration (migrant or
stayer), the reason for migration and its destination areas and, most importantly, the gender aspect.
In the case study of South to Southeast Sulawesi, we interviewed 65 respondents—in the Southeast
Sulawesi we only interviewed migrants and in South Sulawesi we interviewed both migrant and
non-migrant families. In the case study of West Java to Lampung, we interviewed in West Java alone
120 respondents, categorized as migrant and non-migrant.

Snowball sampling was used in particular for in-depth individual interviews and social network
analysis. In-depth interviews were conducted to understand the historical and social realities that
described the established migration chain and network. Secondary data, such as the results of a
population census by the Central Statistical Bureau (Biro Pusat Statistik: BPS) [31,32], related literature
and documentation, were used to support an explanation of the migration phenomenon, mainly at
meso- and macro-levels.

The results of the household surveys were analyzed using descriptive statistics and interpreted
qualitatively combined with information from focus group discussions and in-depth interviews
to explain migrants’ and non-migrants’ characteristics, social typology, and actors involved in the
migration chains. T-test statistics were employed to determine the significant differences between
males and females and differing situations of migration. The analysis of migration or social networks
was conducted using NodeXL software, which can measure and visualize the relationships of actors.

2.2. Study Sites: Background and Context

2.2.1. Indonesia

Indonesia is an archipelagic nation with the world’s fourth-largest population (around 260 million
people). The nation has recently reached lower-middle-income status. The average annual population
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growth was 1.27% for 2005–2010 and is expected to decline to 0.82% for 2020–2025. In 2015, 52.6%
of the population lived in urban areas. Urban growth is, at 4.1% y−1, the highest in Southeast Asia.
The sex ratio of recent migration has been 110.3 (males per 100 females).

In terms of human population density, the largest contrast is between (i) densely populated,
volcanic Java and Bali, with fertile soils and wet-rice agricultural traditions; (ii) Sumatra with population
densities around the national average and strong tree-crop traditions, with coffee in the mountains and
rubber and oil palm in the lowlands; and (iii) the rest of the archipelago with lower human population
densities, with the exception of South Sulawesi, which approximates Java. Gender roles in agriculture
tend to vary with regional contexts [28,29]. In upland areas, farming systems have mostly shifted from
rice swiddens to a reliance on tree crops, such as cocoa, coffee, and rubber [33] and oil palm in areas
with suitable rainfall.

2.2.2. Case Study One: The South to Southeast Sulawesi Connection

Our first case study analyzed migration histories, patterns, and networks from South to Southeast
Sulawesi and other areas in rural areas in Indonesia and abroad. Cocoa began to boom and experience
a “golden age” in Lawonua around 1997–1998 following the rise of prices worldwide, owing to a
decrease in production in the Ivory Coast that led to global shortages. Li [34] described the same
condition in Central Sulawesi, which also experienced a large arrival wave from South Sulawesi during
the same period. Indonesia became a promising candidate for “major cocoa producer” at the time.

Working in the context of a regional development program underway at the time, we found that
Lawonua Village in Besulutu Sub-district, Kolaka District, Southeast Sulawesi, with ongoing cocoa
expansion, was a destination area for migrants from South Sulawesi. In the area, we had contacts that
allowed surveys to be undertaken. The migrant percentage and composition in Lawonua were similar
to that of the sub-district as a whole. The flow of migration into the village had been continuous over
the preceding few years, which assisted our study in tracing the identity of the migrant community
at origin. The tracing was conducted in the context of creating a community profile, which included
physical, social, and economic conditions. The tracing was not only conducted at the location of
migration (their current place of living) but also included the conditions (physical, social, and economic)
in their origin village.

From the tracing process in Lawonua, 60% of migrants (which consisted of 40% of the total village
population) came from Kalobba Village in Tellu Limpoe Sub-district, Sinjai District, South Sulawesi,
as shown in Figure 2. Kalobba, characterized by limited resources and medium agricultural technology,
is classified as a “suburban” area with limited land resources owing to pressure from outsiders.
Competition for land causes a fairly high number of outgoing migrations from this village.Land 2020, 9, x FOR PEER REVIEW 6 of 19 
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2.2.3. Case Study Two: The West Java to Lampung Connection

Our second case study analyzed migration patterns, dynamics of migrant and stayer communities,
migration decision making, and gender relations, with a focus on Ciamis District, West Java, where there
is a close migration connection to coffee-growing landscapes in West Lampung District, Lampung,
as shown in Figure 3. In Ciamis, the study was conducted in two villages in Panjalu Sub-district and
two villages in Rajadesa Sub-district. Panjalu is in the northwest of the district and is the capital of
Ciamis. Rajadesa is in the eastern part. Both villages are categorized as agricultural communities that
rely heavily on farming as their source of livelihoods.
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3. Results

3.1. Migration Decision Making

Within the community of origin, decisions to migrate or stay in the village were mainly due to
economic opportunity. Many migrants chose to migrate based on the capital they had, the support
provided by their extended family and neighbors who could reduce the need for money for taking
care of family members who stay in the village, or even the cost of living in the migration destination.
There were four types of migrants in the community of origin.

(1) Off-farm out-migrants without capital. This group of out-migrants had low–middle economic
status and were landless or had low levels of land ownership. They usually tried to find work to
meet their daily needs as well as accumulate capital to establish farms. Their migration destinations
were mostly in urban areas nearby, both in Sulawesi and West Java. This out-migrant group generally
consisted of some family members (either women or men); however, most were male. Most women
who out-migrated were typically unmarried. When they married, they usually chose to stop working
for money, preferring to take care of their children and the household instead. Other family members
who did not migrate and chose to remain in their village usually maintained businesses and/or
cultivated farms.

(2) Off-farm out-migrants with capital. This group of middle–up out-migrants owned medium-
sized areas of land. They usually had capital from previous work, from the sale of crops, or from
inheritance. This out-migrant group could feature entire families migrating to cities or other prospective
rural areas, who would only return to their village of origin for holidays. Most of these out-migrants
were male. If there were women who out-migrated, they usually went with other family members.
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They were mostly interested in off-farm livelihood sources, e.g., selling secondhand iron in West Java,
while in Lampung and Southeast Sulawesi, selling clothes and other household items. The success of
previous out-migrants in this line of work, as well as the networks created, attracted others from their
village to do the same.

(3) and (4) Land-based out-migrants with and without capital. Land-based migrants without
capital consisted of low–middle economic status who were mostly landless or had limited land in
the origin community. They moved to the destination as on-farm labor, mostly working on their
relatives’ land, with some developing patron–client relationships. Rajadesa Village members in West
Java migrated to Sumberjaya, Lampung to support their relatives in growing coffee. In Sulawesi,
the relationship between a landowner and their followers became one of the doors through which
a large number of migrants arrived. Landowners (land-based out migrants with capital) had some
funds to open cocoa plantations and recruit followers from their home village to clear the land, plant,
and care for the cocoa. When the plantation began to produce—after five years—a sharing system was
implemented. The landowners maintained relationships with their clients to support their economic
activities as well as maintain the power of their networks. The patrons’ clients, who generally came
from lower socio-economic groups, had better income sources through the patron compared to those
in their home village, which no longer attracted their attention. Furthermore, through the patron’s
support, their migration to the new area became lower in risk and the cost required to migrate was
reduced. The reciprocal relationship (reciprocity), although it was not entirely symmetrical (it was
often highly asymmetric), was still able to improve their income. A summarized excerpt from an
interview that illustrates this pattern follows.

Around 1997, HS, a landlord from South Sulawesi, purchased a large amount of land in Southeast
Sulawesi. HS [a patron] later recruited his men [clients] to manage his land. His men were given
approximately four hectares each for cocoa plantations. During the first six months, HS’s men were
given a living allowance of approximately 20 kg of rice per month, salted fish, and a few other staples.
After six months, HS’s men subsisted on seasonal crops grown in their plantations. After producing
cocoa—after about 5 years—the harvest was divided: one part for the landowner and another part for
the workers. Nowadays, the land here still belongs to the landlord, the clients may get a small part of
the land as theirs, though the other land was still owned by HS. [30]

3.2. Social Network, The Instrument of Migration Decision Making

As detailed elsewhere [30], three main network models reflected strategies used by migrants in
their decision to migrate. The first model was a kinship-based network of either close relatives or
immediate family, as well as distant relatives or extended family (53.84%). This strategy was commonly
deployed by migrant communities who tended to be more mature, had sufficient capital to start
migrating, as well as knowledge of cocoa or coffee cultivation as a requirement for planting. However,
some landless people also decided to migrate as on-farm labor for other migrant communities who
had established their farming practices in destination areas. Those migrants could be temporary,
permanent, or seasonal. An excerpt from an interview that illustrates this pattern follows.

Mr T, a resident of T, Lawonua Village, stated, “I was visited by my uncle . . . and he said, come
on, move . . . What are you doing staying in this village? You can plant a cocoa plantation there and
the price of the land is cheap, not as expensive as here. Sell your plantation or cows here, it’s enough to
buy land there”. [30]

The second was a network set up to gain profit (44.12% of the total network). This network was either
run in balance or not and built through a patron–client mechanism. A capital owner who later acts
as a patron needs workers who are his inferiors as clients. The patron provides jobs and financial
support, including the cost of migrating and supporting the clients’ living needs in the early days of
migration. These clients need the patron to improve the economic conditions of their families through
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managing their land as well as minimizing their migration risks. In this type of relationship, often the
client’s decision to migrate was not voluntary but forced owing to economic pressure and the vertical
relationship with the patron.

The third network is a pattern of relationships that emerge owing to similarity of purpose.
Generally, this pattern is characterized by identity, location of origin, and current residence similarities
and was generally found in migrant communities who had been pioneer settlers in Southeast Sulawesi
and Lampung. These groups built a network of neighborhood or identity similarity among community
origin who had the same goal of increasing the number of plantations by expanding to villages that
still had available land.

In the case of West Java, the first settlers in Lampung joined the transmigrant program in the early
1960s [35]. With their success in managing coffee systems apparent by the late 1980s, migrants joined
from West Java originally as laborers and opened new coffee plots when they had access to capital [36].

These various relationship patterns often overlapped. A vertical relationship pattern, such as
the patron–client relationship, could be reinforced by the patterns of kinship and neighborhoods,
which were horizontal. For example, in the patron–client relationship, the kinship between the two
often enlarged the client’s decision to migrate not only because of economic need but also reluctance to
reject an offer from a relative. Moreover, the overlapping relationship was also enforced by brokers,
intermediaries, or ones who bridge the various groups of migrants from different regions to select land
and encourage them to move. An intermediary or broker is an actor who can bridge and build the trust
of the individual or group of individuals who initially were not interconnected. They facilitate social
interaction, increase a community’s economic activity, and minimize the risks of migration. On the
other hand, the broker or intermediary is often associated with exploitation, transfer of risk into profits
for intermediaries, and the accumulation of profit.

3.3. Type of In-Migrant

Migrant characteristics in receiving communities vary, however, among (1) new migrants (first-time
movers), (2) recurrent migrants (multiple movers), and (3) follow-up migrants (family movers), as shown
in Table 2. New migrants (pioneer migrants) are categorized as migrants who come directly from the
area of origin to the receiving community and who have not migrated to other areas before. They may
have a connection to the receiving community, through their family or neighbor who has lived in those
areas, or they just decided to move, driven by the motivation to obtain land and increase their incomes.

Recurrent migrants or multiple movers are those who have already moved into, and out of,
the region in surrounding receiving communities more than once. They may have some experience
abroad in Malaysia or in Kalimantan, Indonesia. Recurring migrants in Southeast Sulawesi were
generally migrants moving from an area near to their current receiving communities but decided to
move to other areas in the same province to find better economic opportunities. A summarized excerpt
from an interview that illustrates this pattern follows.

P, 68 years-old, a cocoa farmer from Kampala Village in Sinjai District, South Sulawesi sailed to
Konaweha, Kolaka District, Southeast Sulawesi in the 1970s. He crossed the Gulf of Bone with
his youngest child, aged 6 years, bringing five sacks of rice, two cows, and money amounting to
IDR 35,000 (≈USD 3.50). After sailing for three days and two nights, he arrived at Kolaka and
immediately visited his uncle who had already moved to Konaweha Village. He was helped by his
uncle to look for flat land to be used to grow rice. After two days, he found land owned by a native
resident who had received the land from the government but was unable to cultivate it. The land was
sold cheaply to P. Over time, P’s desire for land increased, especially for providing land for his children
to equip them for the future. In 1995, P sought land in Lawonua (their current location) assisted by
SF. Once the land was obtained, P did not move to Lawonua but still lived in Kolaka. However, in
2000, P finally decided to move to Lawonua with his wife and child. [30]
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These recurring migrants migrated with the motivation to increase the amount of land they owned.
Some of them had financial difficulties and intended to sell land in Pinanggo or Konaweha to overcome
their problems. Land in the area was more expensive than land in Lawonua. Selling the land in their
area and looking for land in a cheaper place could solve their problems. Some other migrants who
were able to accumulate capital deliberately looked for land in new areas to increase the number of
their plantations. Recurring migrants usually owned land. The acquired land was later shared as
inheritance or dowry for the marriages of their offspring.

Follow-up migrants are descendants of migrants who have lived for a long time in receiving
communities. Most of them were born in their origin areas and later moved to the receiving communities
as toddlers or teens after their parents had already moved there. They are follow-up migrants who
have not received a share of the family land nor been able to obtain their own.

3.4. Gender Relations in Communities of Origin

In describing the gender and age specificity of migration patterns, we used distinctions based on
the status of who had migrated, as shown in Table 3. From the two case studies, we could see that for
land-based livelihood options, youth or single men and adult or married men migrated by themselves
and left their families in the origin area, who might join later. However, the discussion has shown that
no married women left their villages for land-based options but perhaps to work in urban areas.

Table 3. Livelihood options based on the type of migration, age, and gender.

Gender of the Migrant Age Classification Livelihood Option Type of Migration Condition in Origin Areas
Off-Farm Based Land-Based

Only men migrated
Youth

(un-married)
Industrial work in urban and

rural areas abroad
Business (sales)

Plantation labor SeasonalPermanent - Abandoned land
- Spouse or an extended family

member manages the landAdults (married) Sharecropping
Land-rent Seasonal

Only women migrated Majority youth and
unmarried

Industrial and domestic workers
(urban and abroad) No Seasonal

- Spouse or an extended family
member manages the land

Men migrated first,
women following Adults (married) Starting a new

business–urban areas

Sharecropping
Land-rent

Land-purchase

Permanent (combination
with seasonal)

- Spouse or an extended family
manage the land

- Abandoned land

Whole family migrated All ages (family) Industrial
Starting new business

Sharecropping
Land-rent

Land-purchase
Plantation labor

Permanent - Abandoned land

Source: Household survey in West Java, Southeast and South Sulawesi, and focus group discussions in West Java
and South Sulawesi.

From the case study in West Java, of the family members left behind in the origin communities,
some were maintaining their agricultural systems and there were some changes in the roles of family
members—when men migrate, the women or other family members maintain their agricultural plots.
Statistical analysis of the difference in women’s roles showed that women’s decision making was
significantly increased in paddy rice cultivation and regular maintenance; in particular, for fertilizer
and pesticide purchasing, as shown in Table 4. Decision making on other agricultural practices was
slightly increased although not significantly. Although women’s roles increased in maintaining plots,
decision making regarding timber cultivation was still considered to be the man’s domain. An excerpt
from an interview illustrates this pattern.

“When father migrated, I had the responsibility to cultivate our timber garden. Usually, I weed the
plot. To me, cultivating a timber garden is not so difficult, just weeding. If we need to harvest it,
we need to wait for my husband, who usually knows how to calculate the timber prices and who can
negotiate the price. I don’t know anything about selling timber and how to calculate the price of
timber” (in-depth interview, Rajadesa Village, West Java).

When we compare the situation of land-based out-migrant and off-farm out-migrant situations,
the role of women in decision making is greater in the off-farm, in which the men move to urban areas
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and have less involvement in agriculture. For land-based out-migrant communities, men and women
still worked together on agricultural practices and most decisions were made jointly, or by the man
alone, as shown in Table 5.

Table 4. Women’s workload and power related to decision making based on different periods, West Java.

Category Activity and
Decision Making When Male Stayed When Male

Out-Migrated p-Value Significance

All All decisions 4.48 5.01 0.00
√

Farming

Paddy rice 4.11 6.79 0.00
√

Annual crops 2.78 3.11 0.44

Trees 2.78 3.11 0.44

Planting 3.64 4.05 0.25

Farm labor 4.24 4.78 0.18

Fertilizer/pesticide
application 3.20 3.44 0.54

Purchasing
fertilizer/pesticide 3.01 3.93 0.05

√

Marketing products 4.03 4.49 0.27

Household

Daily consumption 8.52 9.12 0.04
√

Schooling 5.09 5.48 0.08

Purchase house 4.41 3.64 0.02
√

Purchase land 4.53 3.94 0.03
√

Purchase vehicle 4.33 3.63 0.02
√

Sell land 4.67 4.00 0.08

Financial
management 6.17 6.53 0.37

Home and childcare 7.76 8.71 0.00
√

Source: Household survey, West Java (2016).

Table 5. Women’s workload and power related to decision making based on the type of migration,
West Java.

Category Activity and
Decision Making

Off-Farm Based
Out-Migration

Land-Based
Out-Migration p-Value Significance

All All decisions 4.95 4.43 0.00
√

Farming

Paddy rice 5.08 5.87 0.19

Market products 4.88 3.60 0.02
√

Farm labor 4.79 3.90 0.08

Annual crops 4.27 2.91 0.00
√

Purchasing
fertilizer/pesticide 4.19 2.43 0.00

√

Planting time 4.02 3.21 0.07

Fertilizer/pesticide
application 4.02 2.50 0.00

√

Trees 3.59 2.04 0.00
√

Household

Daily consumption 8.76 8.93 0.62

Schooling 5.28 5.23 0.87

Purchase house 4.00 4.05 0.91

Purchase land 4.21 4.17 0.89

Purchase vehicle 4.12 4.04 0.82

Sell land 4.83 4.07 0.08

Financial
management 6.58 6.04 0.28

House and childcare 8.55 7.83 0.07

Source: Household survey, West Java (2016).
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We might see that this migration owing to land-based activities does not improve women’s role
in decision making. However, we could see that this means less burden for women. When the male
migrates and women are responsible for the land, the extended family may be involved, or the woman
hires labor. However, for a poor family, women’s work in agriculture will be increased. We see that in
land-based migration, women can still make decisions in certain cases but for more strategic decisions
they needed to discuss it with the man, as the land manager. Additionally, in land-based migration,
at certain times, i.e., in seasons when source areas need more labor, the male might return to the village
to help while for off-farm migrants, opportunities to return to the village were less.

3.5. Returnee Migrants

Some of the migrants who had accumulated considerable capital moved back to their place of
origin, cleared land, and started to cultivate. The remittances and investment of the returnee migrant
could be in various forms, such as building a mosque or road for the villages of origin. In the West
Java study, some of the migrants once back in their village, in addition to managing their agricultural
land there, kept their land in Lampung or other destination areas, employing landless farmers from
their village of origin to cultivate it. Hence, inducing follow-up migrants.

In West Java, returnee migrants from Lampung used their collected capital and skills they built
during the migration experience to manage the coffee system in the Gunung Sawal protected area
under a community-based management scheme. De Royer [37] stated that while there seems to be
no clear correlation between the beginning of the community forestry program in 2008 and the mass
return of migrants, the program has been perceived by migrants as a great opportunity to make money
from the skills they obtained in Lampung while re-establishing themselves in West Java. The Gunung
Sawal region has since developed into the coffee hub of West Java with a very well-developed market.
Here we can see a clear link between the return of migrants and the rapid expansion of land under
coffee cultivation during the last two decades. People converted their mixed tree gardens into coffee
gardens; those who were not migrants learned from those who were.

In Sulawesi, returnee migrants did not move back to cultivate their land. Some of them tried to
find better luck elsewhere with cheaper, or any available, land, thereby creating multiple-time migrants.
A few of them used their network and their knowledge of land information to connect people from
the origin areas to available land in destination areas, acting as intermediaries or brokers. However,
the legality of such land in the market is often “grey”. Some land “ownership” does not have a strong
legal basis supported by a letter or certificate from the National Land Agency.

4. Discussion

These various observations can be interpreted as pieces of a larger puzzle in which migration
decisions become linked at human life-cycle scales, as shown in Figure 1, based on the five questions
raised in the introduction. We split the first question (“What are the gendered patterns of movement
concerning age and life histories in both source and target areas? Do gender norms of behavior
influence land-use patterns differentially in source and target areas?”) into two parts.

4.1. Q1A. Which Conditions within the Community of Origin Have Been the Main Trigger for People to Try
Their Luck Elsewhere (Overseas, Urban, or Rural), at Least Temporarily?

In the two study cases, economic needs were the main trigger for migration. The lack of arable
land and lack of capital to intensify farming systems pushed the pioneer farmers in West Java and
South Sulawesi to search for land elsewhere. The choice of target areas was usually decided through
existing kinship or neighborhood networks. The broker or intermediary mechanism was formed
through informal relationships and occurred at almost all stages of migration. In South Sulawesi,
during the era of crop development implemented by government programs (the “Green Revolution”,
agricultural intensification, and agricultural extension), migration occurred spontaneously into those
communities that wanted to improve their livelihoods by attracting more labor [38]. Kinship networks
were so strongly binding that the functions of intermediaries were not visible. After the boom in cocoa
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commodity development in Sulawesi, the rate of migration rapidly increased, the primary purpose
of which was to improve incomes through the expansion of cocoa plantations. Migration increased
massively and spread to other areas; migrants from different villages began to arrive. The roles
of intermediaries became stronger during this phase, using networks of kinship, neighborhood,
and friendship.

What occurred in the two study areas was similar to that described in a study of motivations to
migrate conducted by Amacher and Hyde [39] in remote areas in the Philippines. They indicated
that the direction of migration to remote areas was largely determined by the availability of land
that was accessible for migrants, resulting in a preference for areas with low population density.
Accessible in this context meant that the land had no clear ownership status so that they could easily
start cultivating it.

4.2. Q1B. What Effects Did Migration Have on Gender-Specific Land Use and Livelihoods in the Areas of Origin?

Feminization of agriculture as described elsewhere [40] under dominantly male migration patterns,
appeared to be less common in the two study areas. What occurred was often a pattern where elderly
people or other extended family members taking care of grandchildren stayed behind and struggled
to maintain their agricultural practices. In the case of the West Java study, male farmers still had the
decision-making power on tree-based farming in the origin area. Male farmers would return during
harvesting or for any other activity that required their presence. Vice versa, females could undertake
temporary migration to help harvesting or other laborious activities. However, in the day-to-day
decision making in managing households and annual crops, there were significant differences in
decision making compared to when the male was not on migration. Despite the changing roles in
the households of a migrant community, balancing the needs of agricultural labor, work seasons,
and family needs might be achieved through mutual adjustments of marriage partners [41]. This could
be the key to the success of livelihood actions in the areas of origin adapting to change.

Hecht (2015) [42] indicated that off-farm labor migration could result in changes in land uses
and forest dependence, following shifts in gender and generational relations. Our findings indicate,
though not significant, that women’s burden was heavier in the off-farm-based migration situation
and abandonment of land could occur more readily. Further exploration is needed to see patterns of
work and the success of working relationships in non-land-based migration.

4.3. Q2. How Do (Temporary) Migrants Compare the Positive and Negative Aspects of Home and
Temporary Abodes?

The influx of migrants into new areas can change the type of farming systems. For example,
the Bugis migrants entering Southeast Sulawesi in the era of the rice-focused Green Revolution began
to switch their interest to cocoa cultivation. It became easier for them to find new areas that were
suitable for planting cocoa because of their migration experience, under the schemes inspired by the
Green Revolution, which turned out to be compatible with cocoa cultivation. New technology (such as
herbicides and hand tractors) introduced in the Green Revolution for rice fields reduced the length of
time on the farm, and therefore, the opportunities to manage more land became greater. Their mobility
was increased as well, owing to less time being consumed on-farm and were motivated even more to
look for land and manage cocoa plantations in other places. In some of the cases, experience with more
intensified land use in the source area (e.g., West Java) enriched agriculture and agroforestry in the
new environment (e.g., South Sumatra).

The influx of migrants also triggered a new type of job. The farmers in Southeast Sulawesi who
were no longer interested in farming and planting began to turn to other sources of income (off-farm).
Those who understood land matters later became intermediaries in land markets, drawing on the pool
of people they knew, be they relatives or neighbors, to buy land. Absorption of new labor can start
as paid labor and a patron–client relationships or share-cropping but also involve land renting and
buying within customary ownership rules (rarely involving formal land certification).
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In both Southeast Sulawesi and Lampung, migrants from more densely populated South Sulawesi
and Java, respectively, did not arrive on an empty slate but in landscapes where local farming
communities of Semendo (a southward expansion of a group in the neighboring province of South
Sumatra) and Tolaki ethnic identity had converted forests for extensive land use. The migrants
brought traditions of more intensive agroforestry management of coffee and cocoa, leading to a synergy
where the group with longer presence opened forest and the newcomers bought existing gardens and
intensified them before they returned to fallow vegetation. In the surveys of local ecological knowledge
in Sumberjaya in Lampung, the two groups were distinguishable in knowledge and concepts [43].

Similarly, experience in farming cultivation can have an impact on the farming systems in the
origin areas. Such is the case with the West Java migrants who, upon returning from Lampung and
gaining access to forest land through a social forestry scheme, were able to manage coffee systems that
were considered to be more environmentally friendly than timber systems, which were the traditional
farming systems in the area.

4.4. Q3. How Do Returnees Reintegrate and Modify Land Use, Gender Norms, and Culture of the Areas from
Which They Originated?

There is a tendency that migrants who have failed may find other land uses or urban labor
elsewhere, rather than returning home. For those who succeed, these land-based migrants may return
home if arable land still exists, as in the case of the West Java study. The migrants, returning or
not, will continue supporting the home villages by building a mosque or supporting other social
infrastructure development, such as building schools or daycare centers.

In the case of South Sulawesi, the migrant farmers continued exploring other regions to gain more
land. In current circumstances, there is very little forest area left that is accessible to migrants. Most of
the accessible land is already owned by local communities or is in areas in which conflict between
companies, governments, and communities has already emerged. Acquiring land requires contracts
with (and payments to) the native or migrant communities who have access (de facto and/or de jure).
The actions of land brokers and the migration process grew rapidly, spreading to areas where ample
land was available with less population density and less strict local institutions. Simbune Village in
Kolaka District firmly rejected migrants. The village head stated that a ban on selling land to new
settlers was strictly implemented. It was proven to be the case by the lead researcher of this study,
who visited the village in 2014. All land was still controlled by residents.

Ruf [44] analyzed the effects of cocoa development on migration. The model of migration for the
development of cocoa plantations was mostly adopted by Bugis migrants and several other groups.
Various methods were used to facilitate migrants in obtaining land for cocoa plantations, especially
for those who had limited capital. The systems included informal “forest rent” payments to forest
authorities, share-cropping, and patron–client relationships. This situation strengthened migrant
desire to gain more land in other areas, when they felt to have failed in migrating a previous time or
when they needed to expand their livelihood.

4.5. Interactions with Development Policies?

Overall, our analysis suggests that positive aspects in both areas of origin and receiving areas
may prevail, with the exchange of knowledge between areas of different land-use intensities spreading
agroforestry practices. The latter may well be more effective than the routes through formal knowledge
and extension and in some cases is combined with tree germplasm exchange. Feminization of agriculture
through preferentially male-based migration is not common in Indonesia but age-based consequences
are common, in both urban (or overseas) migration and dispersal to areas of lower population density.

Costs and benefits of social capital in the context of rural–urban migration are organized by
gender [45]. Opportunities for urban jobs tend to be gender-specific, with higher perceived success
for unmarried women to work in the export factories of West Java so as to remit money to their natal
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households and, at the same time, gather experience of modernity, has had consequences for the young
men that stayed behind [46].

Spontaneous and organized population movements have long been used as a means of promoting
a country’s goals of development and national integration. At the local level, on the other hand,
these movements have frequently done the opposite, fueling local grievances, sharpening group
distinctions, and at times creating “sons-of-the-soil” conflicts [47]. In different policy phases associated
with environmental governance in Lampung in Indonesia, migrants were defined initially as pioneer
entrepreneurs, bringing progress to Indonesia’s hinterland but, subsequently, as forest squatters,
threatening the cultural and ecological integrity of the province [41]. Rural migrants attempted
to resolve their problematic positioning through multi-local livelihoods, which combine access to
non-local income through temporary migration with the maintenance of a foothold that signals
belonging and legitimate entitlement to state resources.

Migrants coming from more densely populated areas with more intensive agriculture bring
know-how and customs that can be new to the areas where they settle but also differ from
government regulations. In an irrigation-based Balinese migrant society in Sulawesi, the traditional
(“subak”) institutions for water management linked to synchronized cropping cycles clashed with the
state-regulated water users’ association that separated technical water management from the wider
scope of subak. Adjustment of perceived property rights to land, water, and irrigation infrastructure
was feasible within a transmigration setting but conflicts persist where farmers of different ethnic and
religious backgrounds farm close together [48].

Bilocality—in which an individual will spend part of the year in a rural area and the other in
an urban area—is increasingly common in Central Java, addressing lack of income in rural areas.
It generates remittances but also contributes in limited ways to the commonly anticipated rural
development outcomes [49].

A review of the literature on remittances [50] concluded that land use as a driver of migration,
livelihood strategies, and the use of remittances in investment in land use need to be studied more
coherently than has commonly been the case. Financial remittances are only part of the way relationships
are maintained, as may be clear from our case studies.

5. Conclusions

Synthesizing across two case studies in Indonesia, we focused on five aspects of (circular) migration.
(1) The conditions within the community of origin that encourage people to migrate are diverse.

Most of the decision making to migrate is linked to natural resource and land competition and
emergencies, such as natural disasters or increased human conflict. However, decisions are facilitated
by networks that take over existing social obligations within the community.

(2) The effect of migration on land use and livelihoods in the areas of origin mean extensification
or lowering of the labor/land ratio. Feminization of agriculture, as reported elsewhere, appears to
be less common in the study areas. There are differences in decision making between women with
migrating and non-migrating spouses but not in managing tree-based systems.

(3) The changes in the receiving community and its environment generally imply intensification.
A new way of managing more efficient farming systems was commonly found in both study areas.
Absorption of new labor as follow-on migration through expansion of the agricultural area encourages
the existence of new jobs as a land broker owing to increases in land renting and buying.

(4) Migrants return with different levels of external success. People coming back with success
may help to rebuild the village and its agricultural system and could invest in social capital (mosques,
healthcare, schools). Some who have failed may find other land uses or urban labor options elsewhere.

(5) The interaction of migrants with the government and other stakeholders concerning
development policies is largely implicit. Government programs on rural and agricultural development
often support migrants in the initial phases of migration with the technical know-how of new
commodities or farming systems that migrants practice in the origin areas. The development of good
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transportation infrastructure allows successful farmers to easily manage agricultural land in both the
origin and target areas. Overall, circular migration facilitates the exchange of know-how within the
broader Indonesian agroforestry traditions of rural land use on the forest margins, with substantial
reliance on economically important tree crops.
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Abstract: With growing global demand for food, unsustainable farming practices and large greenhouse
gas emissions, farming systems need to sequester more carbon than they emit, while also increasing
productivity and food production. The Kenya Agricultural Carbon Project (KACP) recruited farmer
groups committed to more Sustainable Agricultural Land Management (SALM) practices and
provided these groups with initial advisory services on SALM, farm enterprise development and
village savings and loan associations. Recommended SALM practices included agroforestry, cover
crops, mulching, composting manure, terracing, reduced tillage and water harvesting. The effects
of the KACP on the uptake of SALM practices, maize yield, perceived food self-sufficiency and
savings during the initial four years were assessed comparing control and project farmers using
interviews, field visits and measurements. Farmers participating in the KACP seemed to have
increased uptake of most SALM practices and decreased the use of practices to be avoided under
the KACP recommendations. Agroforestry and terraces showed positive effects on maize yield.
During all four years, the KACP farms had higher maize yield than control farms, but yield differences
were similar in 2009 and 2012 and there was no overall significant effect of the KACP. In 2012,
the KACP farms had higher food self-sufficiency and tended to have higher monetary savings than
control farms.

Keywords: adaptation; carbon sequestration; Kisumu; Bungoma; payment for ecosystem services;
village savings and loan associations

1. Introduction

Managing the trade-off between short-term provision of human needs in terms of water, food,
shelter and fibre for a growing population and maintaining the capacity of the planet to provide these
services in the future is a growing global challenge [1–3]. World agriculture is currently both contributing
to global environmental change [3,4] and being severely affected by it [5]. It is, therefore, necessary and
urgent to transform farming systems from primarily focusing on productivity to instead having social,
economic and environmental sustainability at the core of their development [6]. Most food production
world-wide is currently unsustainable and needs modification [7–10]. For example, nutrients need
to be recycled, external inputs reduced and farming systems diversified [7,10–12]. Simultaneously,
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anthropogenic CO2 emissions are changing the global climate and will continue to do so throughout
the 21st century [13]. Crop production and carbon sequestration are ecosystem services with great
potential for generating synergies in agricultural landscapes worldwide. Crop production can maintain
higher levels of soil carbon through, for example, more perennial crops or returning more crop residues
and organic material to fields, and this higher soil carbon level can increase yield [14,15].

The increasing concentration of atmospheric CO2 is largely attributable to emissions from fossil
fuel combustion or land-use change, in the latter case mainly through soil organic carbon (SOC)
depletion [13]. Conversion of natural land to agriculture and subsequent soil degradation from, for
example, erosion have resulted in average losses of 50–70% of the original SOC pool in agricultural
soils [16]. In some areas, this has led to declining yield. There is thus a need for sustainable
intensification, where production can increase while the environmental footprint of agriculture
decreases [17,18]. This is particularly relevant in developing countries, where most emissions are
land-based and where carbon sources can be turned directly into sinks [19]. Sub-Saharan Africa is an
area with considerable opportunities for sustainable intensification [17]. Kenya, as a fast-developing
country in East Africa, has the potential to take the lead in reaching the Paris Agreement goals on
climate change mitigation [20]. In Kenya, 70% of the rural population relies on agriculture for their
employment and more than a quarter of the gross domestic product is derived from agriculture [21].
The Kenyan National Climate Change Action Plan 2018–2022 sets goals for agriculture where the
main mitigation actions proposed for climate change are limited burning in croplands and more
use of conservation tillage and agroforestry [21]. Kenya has the goal of converting 281,000 ha of
existing arable and grazing land into agroforestry by 2030 as a climate change mitigation action, and of
making climate change-related information and advice an integral part of the Kenyan agricultural
advice system [22]. Kenyan smallholders are aware of agroforestry and other sustainable management
practices [23] that could increase the soil carbon pool [15,24] and help increase production and
income [22,25–28]. The Clean Development Mechanism, which allows countries with carbon emission
reduction commitments to implement these reductions in developing countries, can create incentives for
smallholders in developing countries to sell carbon sequestered in, for example, agroforestry systems
to industrialised countries [29]. Similar incentives can be created within developing countries, through
the nationally determined contributions [30]. Engel and Muller [31] identified climate-smart agriculture
(e.g., agroforestry) as the most promising practice to be promoted by Payments for Ecosystem Services
(PES) among smallholders with limited income. However, the use of carbon finance to incentivise this
type of bio-carbon storage is still very low, due to the absence of institutional frameworks, reliable
sources of carbon finance and involvement of public and private sector actors [19,32,33]. The number
of smallholders needed to achieve an area of land large enough to compensate for project transaction
costs also makes carbon finance projects practically unattainable at the current market price for
carbon [34,35]. Low carbon prices mean that the incentive for farmers is not the carbon payment, but
the benefits arising from emission-reducing farm management. Mbow et al. [36] question whether
smallholder farmers can benefit from carbon payments at all and how advisory services can succeed in
effectively promoting climate-smart agriculture. More research is needed to identify suitable types of
climate-smart agrosystems for different user groups and their results and impacts [36].

The Kenya Agricultural Carbon Project (KACP), a soil and tree carbon project implemented by
the non-government organisation (NGO) Vi Agroforestry within the Lake Victoria basin, is targeting
small-holder farmers (with <2.5 ha). A majority of the farmers are aiming to be self-subsistent from
their farming, largely depending on maize, beans and dairy production, while some are combining the
agriculture with off-farm employment or casual jobs. The aim of the KACP is carbon sequestration
through the uptake of Sustainable Agricultural Land Management (SALM) practices, enabling
smallholder farmers to access the carbon market, as well as increasing yield and productivity and
enhancing resilience to climate variability and change [37]. SALM practices include, for example, cover
crops and agroforestry to increase biomass production, use of biomass for mulching and composting
instead of burning, and avoiding soil erosion through, for example, terracing, reduced tillage and

262



Land 2020, 9, 389

water harvesting [38] (Table A1). The project provided a dedicated advisory package to promote the
use of SALM practices. It also included training in farm enterprise development and village savings
and loan associations (VSLA), a microfinance intervention for the accumulation of regular savings
within a group and rotating credit opportunities, following definitions by, for example, Bouman [39].
The VSLA system is based on trust among people who know each other and is run by the people
themselves in one-year cycles with no outside support except for the initial training. A number of
studies have reported on the KACP as a novel type of intervention [40–46]. However, no previous
study has examined the effects of different SALM practices on maize yield or the actual maize yield
response on farms taking part in the project.

The overall aim of this study was to assess the effects of the KACP on farm productivity and
livelihoods during the initial four years (2009–2012) using the uptake of SALM practices, maize yield,
food self-sufficiency and savings as indicators. Specific objectives were to (i) assess the level and type
of SALM implementation among farmers participating in the KACP over time and compare it with
that of neighbouring non-participating farms (control farms); (ii) determine the relationship between
SALM practices and maize productivity, and compare the productivity over time and between the
KACP farms and control farms; and (iii) quantify the level of food self-sufficiency and savings of the
KACP farmers and control farmers. Mechanisms for the spread of knowledge and practices between
neighbouring farmers were also discussed.

2. Materials and Methods

2.1. Characterisation of the Study Areas and Background to the KACP

The Kenya Agricultural Carbon Project started in 2009 and was implemented in two areas of
Kenya, both with around 22,500 ha of potential project area (Figure 1). These were Kisumu (southern
part including Kisumu and Siaya counties) and Bungoma (northern part including Bungoma county),
with 28 administrative locations (Table A2). The region has a bimodal rainfall pattern with two
cropping seasons, normally March–July and August–December (Figure A1). The KACP methodology
was developed together with the BioCarbon Fund of the World Bank [37]. In the KACP, smallholder
farmers receive carbon credits for soil carbon, which makes it unique since most other community and
smallholder carbon projects only support carbon sequestration through tree planting [46]. However,
the participating farmers were not given any financial support from the KACP during the study period
(2009–2012) and the benefits of using SALM practices were instead emphasised, while the carbon
revenue was small and presented to farmers as a co-benefit. Carbon credits were generated and
claimed using the approved Verified Carbon Standard methodology, based on background data on
soils and climate together with data on the management practices used by the farmers, instead of
analysing carbon content in soil samples [47,48]. Carbon revenues were post-paid to farmers in 2014
for the years 2010–2014. Validation and verification were conducted periodically by external teams on
emission reductions reported within the KACP [47].

From 2009 to 2012, the advisory system had a fixed number of 28 Vi Agroforestry field advisors,
with one advisor in every administrative location, covering approximately 70 km2. These field advisors
offered advisory services to farmers and facilitated monitoring. They identified registered farmer
groups or facilitated group formation, and recruited, informed, trained and contracted smallholder
farmers to implement a free choice of SALM practices on their farms. Regular interaction and
monitoring of project activities by advisors proved important to avoid misunderstandings and identify
risks and challenges in agricultural production as early as possible. No new farmer groups were
recruited after 2013, so the number of advisors was reduced to four by 2017, to maintain the information
flow. The monitoring data were consolidated in maps and tables at the farmer group level for internal
monitoring by farmers. They were also collated at the end of each cropping season and entered in
databases and ArcGIS for monitoring and evaluation by Vi Agroforestry.
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2.2. Farm Sampling and Data Collection

The project started with 660 farmer groups involving 10,873 voluntary farmers [49]. By the end of
2012, the KACP had recruited 1555 verified farmer groups with 26,535 farmers, who implemented
SALM on 16,490 ha of eligible cropland or grazing land. Among the initial 10,873 project farms, 200
were selected and monitored more closely by the KACP field advisors, in permanent farm monitoring
(PFM). To select the 200 PFM farms (100 in each of the project areas), the areas were stratified into
agro-ecological zones (AEZ) and the number of farms in each zone was decided in relation to the zone
size. A systematic grid of 1.5 × 1.5 km2 for unaligned systematic sampling was applied and the area
was divided into clusters formed by the areas between four intersection points of the grid. PFM farms
were randomly selected within the clusters according to the agro-ecological stratification [48].

In this study, the PFM (hereafter called “project”) data collected by Vi Agroforestry between 2009
and 2012 were used to determine the uptake rate and correlations of SALM practices to maize yield
(Figure 2). In addition, in 2012 a set of 160 control farms (80 in each project area) was selected from the
28 locations of the KACP for the purposes of the present study. When selecting control farms, the project
farms were used as reference points and the second farm to the north of the project farm was selected
if the owners consented. If that farmer belonged to any group that had worked with Vi Agroforestry,
it was skipped and the next farm to the north was asked instead, and so on. Thus, only farms that had
not previously worked with Vi Agroforestry were selected as control farms. Data collected from all
360 farms (200 project and 160 control farms) included field size, yield and SALM methods used for all
maize fields on the farms during two seasons and four years (2009–2012). However, for the control
farms, SALM data were only collected for 2012 and maize yield data for 2009–2011 were obtained
retrospectively through farmer recall interviews in 2012 (Figure 2). Data on species, numbers and sizes
of farm trees were collected, and months of food self-sufficiency and amount and frequency of savings
were ranked by the farmers themselves for 2012 only. All parameters were compared between project
and control farms except the effects of individual SALM practices on maize yield, which was done
across all farms. The project farmers were monitored for two more years (2013–2014) after this study
and the project was then converted to a solely self-monitoring system by all farmers.
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Figure 2. Available data for project and control farms over the years analysed and the scale of the
analysis. All data were compared between project and control farms when possible, except for the
effects of SALM and trees on maize yield.

2.3. Data Analysis

All statistical analyses were conducted in R 3.4.2 [50]. Correlations between SALM practices and
yield were analysed on the field level and for all available years (2009–2012 for project farms, 2012
for control farms). The effects of each SALM practice on maize yield were examined at the field level.
For all nine management practices, a linear mixed effect model (the lme function in the nlme package
in R) was created, with maize yield as the response variable, usage (or not) of the nine practices,
area, year and season as fixed factors, and farm and pair of farms as random factors. The model
included recommended SALM practices, such as (1) no tillage, (2) crop residues for direct mulch,
(3) raw manure composting, (4) cover crops, (5) terracing and (6) water harvesting structures, and
practices to be avoided due to higher carbon emissions, such as (7) removal of crop residues from
fields, (8) applying raw manure to fields and (9) burning of residues. Interactions between different
practices were not considered, due to large variations in the degree of implementation of each practice.
A model simplification procedure was then used to compare and select the model that best explained
the variation in the data. The model comparison was carried out using a step-wise Akaike information
criterion (AIC) (allowing both forward and backward comparisons). The best-fit model was run using
the lmer function in the lme4 package in R to identify potential significant effects of SALM practices.

The effects of agroforestry SALM practices, represented by the number and function/s of farm
trees, on maize yield were analysed in a similar way as described above for the SALM practices.
The only difference was that the maize yield data used were farm averages from 2012 for each of the
two rainy seasons and study areas. For trees, the fixed factors included were area, season and the total
number of trees, fodder trees, timber trees and fruit trees. Farm was included as a random factor.

For comparisons of mean seasonal maize yield per farm over time, a linear mixed effect model
(lmer function in lme4 package) was used, with four fixed factors (treatment, area, year, season), which
were tested as direct effects and with all two-way interactions included in the model. Only project
and control farms forming pairs were included in that analysis, which resulted in 78 pairs of farms in
Kisumu and 79 in Bungoma. Both individual farms and pairs of farms (project and control) were set as
random factors in the model. The paired farms were analysed for four years (2009–2012), and two
seasons per year. Contrasts were used to compare the differences in 2009 and 2012 between project and
control farms.

The data on food self-sufficiency were categorised into four levels: <6 months food self-sufficiency,
6–7 months, 8–9 months and 10–12 months. A Chi-2 test was used to identify dependencies between
food self-sufficiency and KACP participation. The significance level for all analyses was set to p < 0.05.
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3. Results

3.1. Uptake of SALM and Other Practices

Uptake of SALM was studied for all four years for project farms, but only for 2012 for control
farms (Figure 2). Project farmers responded well to the advisory services within the KACP and started
to implement several of the SALM practices (Figure 3). In 2012, about 60% of the fields were under
mulch and terracing, compared with 25% and 40%, respectively, in 2009. Water harvesting increased
from around 10% in 2009 to 40% in 2012 and composting of raw manure increased from 50% to 65%
(Figure 3). The three most popular SALM practices among project farmers were using crop residues as
mulch, composting raw manure before application and terracing fields (Figure 3).
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Figure 3. Diagram showing SALM uptake and implementation in fields in the two areas of Kisumu
and Bungoma by project farmers and control farmers between 2009 (project start) and 2012. Data for
control groups only available for 2012. Data for project farms in Kisumu in 2009 were lost due to a
computer malfunction. N = 183 for control 2012, n = 208 for project 2009, n = 481 for project 2010,
n = 591 for project 2011 and n = 495 for project 2012.

Some measures never became commonly used, such as no tillage and cover crops. Cover crops
increased from 10% in 2009 to 55% in 2011 but decreased again to 10% in 2012. Information on the use
of SALM practices on control farms was only available for 2012, at which time crop residues were used
for direct mulching on around 50% of control farmers’ fields, compared with 25% on project fields
in 2009 and 60% in 2012. Raw manure composting was also quite common on control farms, while
terracing, use of cover crops and creation of water harvesting structures were rare. The measures to be
avoided according to the KACP recommendations were reduced on project farms. Removal of residues
decreased from 50% to 20%, raw manure application from 30% to 10% and burning of residues from
30% to close to zero. On the control farms, removing residues from fields and burning of residues were
still used to a relatively high degree. In general, by 2012, the project farms had on average more of
the promoted practices and fewer practices to be avoided according to the KACP recommendations
compared with both the start of the project in 2009 and with the control farms.

Tree planting, especially agroforestry, was another promoted practice taken up by farmers.
The majority of trees (counted only in 2012) on the farms were young and planted within the project
period. On average, farms in Bungoma had a higher number of trees (98 for project farms, 57 for control
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farms) than farms in Kisumu (74 for project farms, 40 for control farms) (Figure 4). Most trees on the
farms were timber trees (64% on project farms, 75% on control farms). Apart from having on average
more trees (86) per farm compared with control farms (48), project farms also had a larger average
proportion (19%) of fodder trees than control farms (4%) (Figure 4). In terms of species, on average
control farms had more Eucalyptus spp. and project farms had more N-fixing species like Sesbania
sesban, Acacia spp. and Calliandra spp. The most common species overall were Grevillea robusta,
Markhamia spp. and Albizia spp.
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Figure 4. The average number of trees per farm on project and control farms in 2012, divided between
fodder, fruit, medicine, timber and other tree types. In total, 65% of all trees were 10 cm or less
in diameter at breast height, meaning that they were probably planted within the project period
(since 2009). Eucalyptus comprised 4.6% of trees on control farms and 2.7% on project farms. Data
from a tree survey in Kisumu (n = 37 control farms, n = 90 project farms) and Bungoma (n = 38 control
farms, n = 60 project farms).

3.2. Effects of SALM Practices on Maize Yield

Among the recommended SALM practices, only terracing had a significant (p = 0.0004) positive
effect on maize yield. However, the management effects were small compared with the highly
significant differences (p < 0.0001) between years, seasons and regions. Terracing was the only practice
that was part of the best explanatory model, together with area, season and year (Yield ~ Area + Year
+ Season + Terracing + (1|Place/Farm)). When analysing effects from trees, first-season maize yield
was not affected by any factor other than region, with Bungoma having a higher yield. Second-season
maize yield had the best-fit model that included region and the total number of trees per farm (Yield 2
~ Region + Total trees + (1|Farm)). Second-season maize yield increased with the increasing total
number of trees (p = 0.02).

3.3. Maize Productivity

Maize yield varied widely between the areas and was on average 1572–2675 kg ha−1 in Bungoma,
compared with 725–1661 kg ha−1 in Kisumu, among project farms in the first season of the four
years (Table 1). There was also a wide variation in second-season yield, which was 518–1054 kg ha−1

and 152–678 kg ha−1 for Bungoma and Kisumu control farms, respectively. Maize productivity
analyses showed higher yield (p < 0.0001) for project farms than control farms, higher first-season
than second-season yield (p < 0.0001) and higher yield (p < 0.0001) in Bungoma than Kisumu (Table 1,
Figure 5). The four study years also differed (p < 0.0001) in terms of yield, with mostly increasing trends
(Figure 5). Apart from the main effects, there were three significant interactions (Figure 6): (1) yield
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differences between project and control farms were larger (p < 0.0001) in 2010–2011 than in 2009 or
2012 (Figure 6a); (2) first-season yield increased more (p = 0.004) than second-season yield in 2012
(Figure 6b); and (3) there was a larger difference (p = 0.005) in the first-season yield compared with the
second-season yield between the regions (Figure 6c). Project farms increased their yield mostly in 2010
when the first-season yield declined in control farms. The second-largest increase for project farms was
in 2011, while control farms had a one-year lag with their largest increase in 2011 and second-largest in
2012 (although the yield was still lower than on project farms). However, in total, the difference in
yield between project and control farms was similar in 2009 and 2012 (p = 0.15), and therefore the yield
gap between project and control farms did not change significantly during the four initial years of
the KACP.

Table 1. Maize yield (kg ha−1) for all project and control farms (measured on field level) in Bungoma
and Kisumu. Values are mean ± standard deviation for all four years (2009–2012) and both seasons
(1 and 2); n = number of farms included in the analysis.

Year Season
PROJECT
Bungoma
N = 96

CONTROL
Bungoma
N = 55

PROJECT
Kisumu
N = 85

CONTROL
Kisumu
N = 44

ALL FARMS
N = 280

2009 1 1572 ± 1211 1169 ± 741 725 ± 572 494 ± 397 1069 ± 981
2010 1 1925 ± 1356 1141 ± 934 1055 ± 1037 266 ± 166 1239 ± 1203
2011 1 2647 ± 1756 1222 ± 994 1371 ± 907 702 ± 390 1724 ± 1479
2012 1 2675 ± 1384 2015 ± 1279 1661 ± 1406 1075 ± 840 1939 ± 1397
2009 2 1094 ± 1206 518 ± 411 565 ± 532 321 ± 249 638 ± 781
2010 2 1416 ± 1431 706 ± 469 902 ± 1023 152 ± 101 900 ± 1105
2011 2 1646 ± 1052 783 ± 526 957 ± 757 354 ± 297 945 ± 862
2012 2 1563 ± 941 1054 ± 714 937 ± 744 678 ± 567 982 ± 784

3.4. KACP Effects on Savings and Food Sufficiency

Project farmers added to their savings more often on average than control farmers (Figure 7a)
and also added larger amounts per occasion (Figure 7b). More than 45% of project farmers added to
savings two or more times per month, while the corresponding figure for control farmers was 21%.
Project farmers saved to a larger extent (72%) than control farmers (52%) and Kisumu farmers saved
on average more than Bungoma farmers. In the VSLAs within the KACP, farmers were able to borrow
up to three times their savings to use for investments.

Among Bungoma farmers, 39% had farm inputs as their main expenditure, compared with just
14% for Kisumu farmers, 60% of whom had food as their main cost. In Bungoma, there was a difference
between project and control farmers in that 51% of project farmers spent most on education for their
children, while 25% of control farmers still had to spend most on food and thereby only 27% had
education as their main expenditure. The majority of farmers in both Kisumu and Bungoma had their
main source of income from agricultural products.

Only 4% of control farmers in Kisumu (31% in Bungoma) had enough food for 10–12 months,
compared with 16% of project farmers in Kisumu (51% in Bungoma). Moreover, 46% of control farmers
in Kisumu and 25% in Bungoma had enough food for less than six months, while the corresponding
values for project farmers were 19% and 7%, respectively. In general, farmers in Bungoma had more
months of food sufficiency than farmers in Kisumu. Chi-2 tests revealed that food sufficiency was
significantly higher (p < 0.001) overall for project farmers than control farmers.
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Figure 7. (a) Percentage (y-axis) of project and control farm households saving money on different
numbers of occasions per month in 2012. (b) Percentage of project and control farm households saving
different amounts on every saving occasion in 2012.

4. Discussion

4.1. Mulching, Terracing and Trees More Popular Than No Tillage

By 2012, there was a large difference in the use of terraces between project (60%) and control fields
(25%) (Figure 3). Terraces can greatly enhance soil moisture recharge [51] but require major initial
labour inputs [52]. Cover crop uptake among project farmers increased until 2011, but declined to the
initial level in 2012, possibly due to crop rotation patterns or to dissatisfaction with the practice itself
(Figure 3). Cover crops/green manure grown for six weeks (planted two weeks earlier than maize), and
then incorporated into soil can significantly improve soil fertility by adding nitrogen, increasing maize
yield in the same season [53]. However, convincing farmers to grow cover crops mainly for soil fertility
reasons was apparently difficult in the KACP (Figure 3), as in other projects [54]. Different SALM
practices had different degrees of uptake, for example, mulching and terracing became popular, while
no tillage did not. Minimum tillage practices have varying and sometimes negative or contradictory
outcomes for smallholders in the region [55,56] and the willingness to use minimum tillage is lower
than, for example, mulching [57]. It is also debatable whether minimum tillage options can act as a
carbon sink [58,59].
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Advice on SALM practices to be used, and practices to be avoided, seemed to be adhered to
more by project farmers in 2012 compared with the initial use in 2009, and also compared with control
farmers and with the uptake of practices in a similar study [60]. Use of soil fertility management
practices is generally low among smallholders in Western Kenya [60] but is influenced positively by, for
example, plot size, market and labour access, off-farm earnings and knowledge [60,61]. This implies
that the poorest farmers may have less possibility to use such practices.

Trees in the agricultural landscape, that is agroforestry, can have both positive and negative effects
on production and other ecosystem services, but most studies show a net positive effect [62]. Fodder
trees were promoted by the KACP advisors, which can explain why project farms had a larger share of
leguminous fodder trees than control farms (Figure 4). A lack of fodder trees on control farms could
also explain the lower use of crop residues for mulch, as more crop residues might be needed for
livestock feed. The larger number of trees per farm in Bungoma than Kisumu may be because the
farms were larger in Bungoma. It is also easier for tree seedlings to survive in Bungoma since most
farmers control their grazing animals and prevent them from browsing on tree seedlings.

4.2. Terraces and Fodder Trees Increased Maize Productivity

Of the six SALM practices and three non-SALM practices analysed, only terraces had a significant
positive effect on maize yield. The differences in SALM practices between 2009 and 2010 (when the
yield increase was largest for project farms) were mainly the increased use of cover crops and water
harvesting structures. However, neither practice showed any significant correlation with yield.
The four-year study period can be expected to be sufficient to reveal the effects of most management
practices [63]. While the main aim of SALM practices in the KACP is to reduce greenhouse gas
emissions and sequester more carbon, they can also improve water availability for crops and soil
fertility, both of which improve yield [17,64]. However, few SALM practices showed any significant
effects on maize yield in this study. One drawback related to terraces is the relatively high labour
demand needed upon establishment, which may restrict farmers from using the measure.

The intensity of the different SALM practices was not studied (since data was not available),
but differences in intensity could have masked relationships between management and yield. Most
recommended practices are dependent on the type, quantity and quality of, for example, mulch,
compost, water harvesting or cover crops. Project farmers, for example, reduced burning and removal
of residues (for fodder or fuel) in order to use more as mulch, but 40% of residues were still used for
purposes other than mulching in 2012 (Figure 3), suggesting that much is used as fodder and could
be returned as manure. Mulching is known to increase and stabilise maize yield [55,57]. However,
practices related to crop residues (mulching, composting, green manure, etc.) require trade-offs
between several uses, and the end-use often reflects more immediate concerns such as feeding livestock
rather than improving soil fertility in the longer term [65,66]. With more fodder trees on the farm, feed
and fuel could come from sources other than crop residues.

The use of agroforestry SALM practices was popular in project farms, which had on average
around double the number of trees as control farms. A possible drawback with tree–maize intercropping
is competition for light, water and nutrients unless the trees are adequately pruned above and below
ground [67]. However, the number and type of trees did not have any effect on the first-season maize
yield. Timber trees, which were the most common type used, are often planted in woodlots and
therefore rarely interfere with crops, while fodder trees are more often intercropped within fields. In this
study, second-season maize yield was positively affected by the total number of trees, possibly because
farms with many trees had a larger share of fodder trees that are leguminous and can fix the nitrogen
from the atmosphere, which has been found earlier [67,68]. Apart from increasing second-season
maize yield, trees could provide other services (animal feed, fruits, timber and firewood) which were
not considered in this study. Further, a combination of trees and grass is effective in holding and
maintaining the soil on hillslopes and terraces [69]. Agroforestry is known to be both knowledge and
labour intensive which can limit the uptake of the practice [70].
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4.3. Maize Productivity Increased but SALM Practices Only Part of the Explanation

Average maize yield on small, subsistence-focused farms in western Kenya was 0.9 tonnes ha−1

during the study period [71]. Nation-wide, mean annual maize yield in Kenya in the four years
2009–2012 was 1294, 1725, 1584 and 1737 kg ha−1 [72], compared with 1707, 2139, 2669 and 2921 kg ha−1

for both seasons and all farmers in this study. The first cropping season usually has more rain days
and larger amounts of rainfall (“long rains”) than the second season (“short rains”) in both study areas,
which largely explains the higher productivity in first-season maize (Figures 5 and A1). Farmers who
composted their manure applied it to fields once per year at the beginning of the first season, which
may be another factor in the yield differences between seasons. Overall, Bungoma had higher amounts
of rainfall and a cooler climate (Table A2 and Figure A1), leaving more water available for crops instead
of being lost through evapotranspiration. Therefore, productivity was significantly higher in Bungoma
and the pattern was the same for all years and seasons (Figure 5).

Water is not the only limiting factor for maize growth in Western Kenya, as nitrogen and phosphorus
are also main limiting factors [64]. Small-scale farms with subsistence-focused production tend to have
resource flows showing net nutrient export and low values of carbon and nitrogen especially [71].
Smallholders in the KACP were encouraged to practise integrated soil fertility management, with
careful use of inorganic fertiliser and more focus on organic fertilisers. This advice is debatable since
many researchers view inorganic fertilisers as important in increasing yield and boosting biomass
production for higher carbon cycling [73,74]. The use of inorganic fertilisers may partly explain the
different yield patterns for project and control farms (Figure 6a). However, the use of inorganic
fertilisers was not included in this study and therefore needs further studies for a better understanding
of its effects with or without SALM practices.

The reason why the first-season yield increased more than second-season yield in 2012 (Figure 6b)
was likely that yield actually decreased in 2010 for control farms, and also that SALM use was higher
for first-season crops and high for both project and control farmers in 2012. The greater yield increase in
Bungoma than Kisumu for first-season crops (Figure 6c) could be because Bungoma farmers concentrate
on agriculture, while Kisumu farmers were traditionally fishermen and also have more off-farm job
opportunities close by, making them less dependent on farming [66]. Farmers who are more focused
on farming are likely to be more eager to invest in their farm and use new practices. The Bungoma
area (known as “Kenya’s breadbasket”) also has more responsive soils and a more favourable climate
than the Kisumu area.

4.4. Role of Control Farms in Interpreting Results

Immediate effects from SALM practices related to water-holding capacity [64,75] could explain
the initial higher yield increases for project farms. Possible reasons why the control farms increased
their yield more than project farms in 2011–2012 (Figure 6a) could be reductions in inorganic fertiliser
use in project farms, control farms copying practices from project farms or project farmers paying more
attention to their crops during the first years of the project, but then relaxing. Learning from neighbours
and friends (farmer-to-farmer) is often the most common [76] and most effective [77] way of learning
new practices in this region, which could explain both the relatively high SALM uptake in 2012 and
delayed yield increases on control farms compared with project farms. Farmer-to-farmer uptake within
the KACP areas was reported by Hughes et al. [42], who found significant uptake of certain practices
within the project area (not only among the targeted farmer groups) than in neighbouring areas outside
the project. However, this does not mean that advisory services were not worth the effort. Farmers
generally want better access to advisory services [78], especially in the early stages of adoption [77].

The project and control farmers were all within the KACP areas and lived in the same villages. For
control farms, the use of the different SALM practices was only studied in 2012 and by then their use
of practices recommended by the KACP was on average higher than the initial (2009) use on project
farms. Maize productivity at the start of the project (2009) was higher on project farms than control
farms and, while maize yield increased over the years, the difference between project and control farms
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was similar in 2012. Thus, comparisons of maize yield initially and at the end of the monitoring period
showed no overall difference between project and control farms. The value of having control farms in
addition to the baseline production in 2009 was to ensure that the yield differences were not normal
annual fluctuations due to weather patterns. Control farms were two or three farms away from their
paired project farm, so soils and weather conditions were probably similar. However, there might be
other differences between project and control farms.

Participation in the KACP was voluntary and participants were generally both asset-poor and
income-poor. However, earlier research has found higher adoption of SALM practices among the less
poor in the project [41]. This may indicate that it is not the poorest of the poor that risk venturing
into such projects, as has been found elsewhere [79]. However, they can perhaps not be expected to
participate unless they are specifically targeted with up-front financial support to overcome their risk
aversion. In earlier studies, the main factors limiting uptake of SALM practices within the KACP were
found to be lack of labour to implement SALM practices, knowledge on how to implement them and
land availability [41,44]. In addition, women had problems finding the time to attend training [43,44].

4.5. KACP Farms Had Higher Savings and Food Sufficiency

Kisumu farmers were able to save on average more than Bungoma farmers. This was most
likely partly due to more off-farm income opportunities in Kisumu and partly because the yield was
lower in Kisumu, so farmers needed cash savings to buy food. On average, project farmers saved to
a larger extent, more often and in larger amounts than control farmers, probably because the VSLA
concept in the KACP provided opportunities to save (Figure 7a,b). The VSLA methodology has earlier
shown positive results for several household indicators, such as the development of income-generating
enterprises and access to education and food [80]. Preliminary data from a study in 2016 also indicated
higher income from tree products, better fuelwood access and higher milk yield among the KACP
farmers compared with neighbouring control areas [42]. All of these can increase the scope of cash
savings by households.

Project farmers at both sites had significantly higher food sufficiency than control farmers. This can
be directly related to differences in maize yield, but maize is just one of many food crops. The improved
food sufficiency may also be attributable to other farm commodities such as sorghum, beans and
cassava, yields of which probably also benefit from terracing and other SALM practices. Improved
yields and better food sufficiency among the KACP farmers have been reported in an earlier study of
women and men farmers [44]. The higher level of food sufficiency in Bungoma most likely reflects the
greater farm size and higher average yields in this area than in Kisumu. Agroforestry practices could
have added to food sufficiency through, for example, fruits. Earlier studies report maintained yields in
combination with such additional benefits from agroforestry [81].

4.6. Limitations of the Study

It is a strength that control farms were included in the study, rather than just monitoring changes
over time from the baseline on the project farms. However, the study has some limitations partly
related to the control farms. A possibility of farmers participating in the KACP being different, perhaps
better-off, than those who did not participate emerged early in the project, so an attempt was made to
avoid potential self-selection bias by adding a control group of farmers in 2012. However, this meant
that no control farms were monitored from the beginning of the project and there is uncertainty in
the data on maize yield based on control farmer recall for the first three years (2009–2011). Moreover,
uptake of SALM practices on control farms was only assessed in 2012 and thus data were lacking for
2009–2011. The identified control farms were also perhaps too close to project farms, which may have
given a non-representative control group. Another limitation of this study was the “weak definitions”
of uptake of practices. The uptake data were binary (practiced or not practiced) and the quantities of
mulch, manure, etc. applied were not recorded, which created large variation in the effects of farmers’
uptake of practices.
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4.7. Implications and Recommendations

Overall, the KACP had a tendency for positive effects regarding uptake and effect of certain SALM
practices, development of maize yield, food sufficiency and savings. However, to obtain stronger
evidence that the results are due to the intervention, large-scale projects like this would need to include
control farms in the design from the beginning, together with clearly defined quantitative indicators of
uptake of practices. This could be done jointly by development agencies and research institutions, in
order to achieve an optimal design and reduce the costs of monitoring and evaluation. Some of the
practices promoted in the KACP were also questionable (e.g., no tillage and careful use of inorganic
fertiliser), especially considering the relatively poor target group. A primary aim of the advisory
services in such projects should be yield and productivity increases and building resilience, while
climate change mitigation objectives should be viewed as a secondary goal [41]. The target group
should not be expected to take any risks. Of the SALM practices promoted, only terraces and trees
showed positive (but relatively small) effects on yield. Thus, other parts of the advisory services, for
example, micro-credit access [82], might have played a greater role in the increased maize yield and
savings and need to be explored in future research.

5. Conclusions

This is the first research study on the yield effects of promoted practices in an agricultural
soil carbon project for smallholders in sub-Saharan Africa. Advisory services provided to farmers
participating in the KACP appeared to increase the uptake of some of the soil management and tree
planting (especially fodder trees) practices and to lower the use of non-sustainable practices. Indications
of some uptake through farmer-to-farmer horizontal learning were observed for control farmers.

Higher inclusion of trees (agroforestry) and the use of terraces were the only practices that
correlated positively with higher maize yield. The lack of effect of practices was likely due to vague
definitions of the practices within the project. Maize yield increased from the start of the KACP and
continued over the four years studied and was higher among project farmers than control farmers
during all years. The yield increase was similar for project and control farmers but the timing differed,
since project farms achieved their main increase during the first years, while control farms obtained
their main increase during later years.

Participants in the KACP had higher food self-sufficiency and the results indicated greater ability
to save money, both more frequently and in greater amounts. Thus, apart from carbon revenues, the
KACP farmers seemed to use more sustainable management practices, had higher maize yield, had
better food self-sufficiency and tended to save more money than control farmers. This improved the
preparedness of the smallholder farmers participating in the KACP and increased their resilience for
future challenges. However, it was not possible to determine whether those farmers were already on
this path to improvement before joining the KACP.
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Appendix A

Table A1. Sustainable Agricultural Land Management (SALM) practices promoted and implemented
in the Kenya Agricultural Carbon Project (KACP) (after [31]).

SALM Categories SALM Practices

Nutrient management Mulching, composting, cover crops, nitrogen-fixing crops, manure, restricted chemical
fertilisers and chemical management

Soil and water conservation

Terraces, contour bunds, broad beds and furrows, semi-circular bunds, trash lines,
diversion ditches and cut-off drains, retention ditches, pitting, trenches, tied ridges,

grass strips, irrigation, roof catchment, ground surfaces and rocks, irregular surfaces,
tanks, birkas, pans, ponds, dams, wells and boreholes, ecological sanitation,

kitchen water

Agronomic practices Crop rotation, intercropping, green manure, contour strip cropping, relay cropping,
use of improved crop varieties

Agroforestry
Plant trees amongst crops, trees and livestock, trees, crops and livestock, trees and

insects, trees and water animals, woodlots, boundary planting, dispersed interplanting,
fruit orchards

Tillage and residue management
No-tillage/zero-tillage, reduced tillage, pitting systems, stubble and residue mulch

tillage, dibble stick planting, strip and spot tillage, ripping, ridge and furrow tillage,
residue management

Land restoration and rehabilitation Natural regeneration, assisted natural regeneration, enrichment planting, fire
management, agroforestry

Integrated livestock management Improved feeding and watering, housing, stall management systems, improved waste
management, pest and disease control, improved breeding practices

Sustainable energy Biomass, biogas, farm residues, energy-efficient stoves, sustainable charcoal production

Integrated pest management
Biological pest control, use of crop-resistant varieties, alternative agricultural practices

(spraying, use of fertilisers, pruning), mechanical pest control, pesticides, cultural
methods, pest management plan

Table A2. Characteristics of the Kenya Agricultural Carbon Project (KACP) sites at Kisumu
and Bungoma.

Parameter Kisumu Site Bungoma Site Data Source

Counties Siaya, Kisumu Bungoma [83]

Divisions Wagai, Kombewa, Madiany Bumula, Malakisi, Sirisia [83]

Location

South Gem, West Gem, North West
Gem, North East Gem, South West
Gem, South Central Seme, North
Central Seme, South West Seme,

West Seme, West Uyoma, Central
Uyoma, East Uyoma, South Uyoma

Bumula, Kabula, Mabusi, South
Bukusu, Khasoko, Siboti, Mukwa

Kimaeti, Napara, Kibuke, Malakisi,
Namubila, Lwandanyi, Sirisia,

Namwela

[83]

Agro-ecological zones 1 LM1, LM2, LM3, LM4 UM1, UM2, LM1, LM2, LM3 [84]

Soils Clay content about 39% Clay content about 20% [85]

Altitude (m above sea level) 1200–1500 m 1200–1850 m [86]

Major crops Maize & sorghum Maize & sugarcane Data from project farms
n = 200

Average farm size 0.7 ha 1.1 ha Data from project farms
n = 200

Average household size 3.6 adults and 3.2 children 3.7 adults and 4.4 children Data from project farms
n = 200

Mean temperature range and
mean annual precipitation 17.4 ◦C–29.8 ◦C; 1326 mm 14 ◦C–27.6 ◦C; 1884 mm [83]

Project locations 0◦7′45.53′′ N, 34◦23′38.56′′ E;
0◦23′34.29′′ S; 34◦17′58.55′′ E

0◦27′0.12′′ N, 34◦31′14.87′′ E;
0◦48′18.13′′ N, 34◦24′54.61′′ E [83]

Population density
(persons km−2)

333 and 465 in Siaya and Kisumu
County, respectively 454 in Bungoma County [87]

1 LM1 = Lower Midland 1; LM2 = Lower Midland 2; LM3 = Lower Midland 3; LM4 = Lower Midland 4; UM1 = Upper
midland 1; UM2 = Upper midland 2.
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Abstract: Silvopasture is a type of agroforestry that could deliver ecosystem services and support
local livelihoods by integrating trees into pasture-based livestock systems. This study modeled the
financial returns from silvopastures, planted forests, and conventional cattle-pasture systems in
Amazonas, Peru using capital budgeting techniques. Forests had a lower land expectation value
(USD 845 per hectare) than conventional cattle systems (USD 1275 per hectare) at a 4% discount rate.
“Typical” model silvopastures, based on prior landowner surveys in the Amazonas region, were most
competitive at low discount rates. The four actual silvopastoral systems we visited and examined
had higher returns (4%: USD 1588 to USD 9524 per hectare) than either alternative pure crop or tree
system, more than likely through strategies for generating value-added such as on-site retail stands.
Silvopasture also offers animal health and environmental benefits, and could receive governmental or
market payments to encourage these practices.

Keywords: silvopasture; economics; financial analysis; carbon payment; Peru

1. Introduction

Expanding forest cover remains a global priority to combating trends in deforestation and
global climate change. Countries in Latin America, where the livestock sector generates 58–70%
of overall agricultural emissions, are particularly interested in mitigating climate change through
integrating forest cover into agricultural production systems [1]. Agroforestry operations combine
forest or horticultural species and pasture or cropland to make mixed land-use systems that produce
commercial benefits to landowners [2]. Silvopasture, a branch of agroforestry, is a strategic and managed
agroecosystem in which livestock, forage, and trees or shrubs are integrated to help improve individual
components [3,4]. Silvopastoral systems (SPS) diversify earnings to landowners by generating products
on various harvest schedules, from daily as in the case of milk and cheese to multi-year for forest
products such as fuelwood, posts, and boards [5].

As such, silvopasture has been identified as a key integrated landscape approach that could
potentially increase returns to landowners by generating timber and non-timber products, while also
improving conditions for forage production and cattle [6]. This most likely occurs when the components
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of the system have complementary relationships such that tree and cattle–forage production are mutually
beneficial, which has been found true at low tree densities in the USA [7]. However, this may not be
the case in the absence of established markets and technical knowledge networks. In other words,
without access to knowledge and markets, silvopastoral practices may not achieve the social and
environmental benefits they have been documented to produce [8].

Recently, the Peruvian government defined its Nationally Determined Contributions,
which contemplate reducing 30% of the greenhouse gas emissions projected for the year 2030.
The government recommended considering strategies such as the recovery of degraded soils with SPS
in the Peruvian Amazon. Incorporating SPS in the Peruvian Amazon has the potential to mitigate
1344 metric tons of CO2e through intervention on 102,000 hectares [9]. Peru also committed to restore
3.2 million hectares as part of the Bonn Challenge’s mission to restore 150 million hectares of the
world’s degraded and deforested lands by 2020 [10]. Silvopasture is one strategy aimed at increasing
forest cover in agricultural systems, augmenting a region’s carbon sequestration potential, especially
in deforested and degraded ecosystems [1].

Amazonas, a jurisdiction of Northeastern Peru, has an economically disadvantaged rural
population that depends on agriculture and animal husbandry as primary income sources. Poverty rates
exceed 50% and malnutrition levels are 30% or more in parts of Amazonas [11], suggesting a need for
governmental intervention aimed at improving the livelihoods of the lower income populace. The rural
population of Amazonas, encompassing over half of the total population [12], has opportunities to
improve the welfare of landowners, farmers, and associated laborers. Rural landowners, both onsite
and absentee, may generate additional income flows from timber and non-timber products by
incorporating trees into their agricultural systems. Rural households may also become eligible for
payments for ecosystem services through helping to expand tree cover and thereby provide habitat,
sequester carbon, or provide other benefits.

The main goal of this paper is to evaluate the financial returns of Peruvian production systems,
including silvopasture, typical cattle-pasture operations, and planted tree monocultures, through the
application of discounted cash flow and capital budgeting analyses. The main hypothesis of SPS states
that mixed-use systems can diversify farm income, reduce biophysical and financial risks, and perhaps,
increase total farm returns by providing timber and non-timber products in addition to forage for
livestock production. We postulated that the degree of tree and forage competition determines the
profitability of SPS. In other words, at a modest tree density, trees may complement forage systems;
however, at high tree densities, the production of forage will decline due to competition for resources,
especially light. The collaborative team determined productivity data as well as prices of inputs and
outputs as reported by local silvopasture practitioners and industry experts to model whole-system
cash flows. Finally, we assessed the potential impact of incentive payments on a range of actual and
typical landowner income for both absentee and onsite landowners. The rest of this paper is structured
in the following five sections: (i) a review of the literature on silvopasture, particularly in tropical and
subtropical regions; (ii) the methods we utilized to determine cash flows for multiple land-use systems;
(iii) the results of the discounted cash flow and capital budgeting analyses; (iv) a discussion on the
profitability of different land-uses; and (v) concluding remarks.

2. Literature Review

Loker [13] modeled low-input agroforests to determine their suitability as alternative, sustainable
production systems for small-to-medium farmers in the Amazon Basin, as landowners in the region are
attracted to cattle management for its multiple economic benefits. Landowners in Uruguay recognized
that shelter from silvopasture benefits cattle, fostering increased calving rates [14]. In Argentina,
small-scale farmers perceived cash flow diversification through the sale of livestock and forest products
as the main advantage of silvopasture [15]. Silvopastures also likely provide better microenvironments,
reducing climatic-induced stress, such that grazing animals are “happier” and gain weight at a faster
rate than when grazing in traditional open pastures [3]. For many species of livestock, deviations in
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core body temperature more than 2 to 3 ◦C negatively impact performance, productivity, and fertility,
potentially leading to decreased successful pregnancies [16]. Faster and increased weight gain from
improved microenvironments as well as augmented crop growth may lead to higher profits for
landowners, as well as better animal welfare in Amazonas.

Agroforests potentially sequester more carbon than pastures or field crops growing under similar
ecological conditions [17]. Oliva et al. [18] measured 337.2 tons of carbon stored in Pinus patula
silvopastures with 8- to 10-year-old trees in Amazonas. Dube et al. [19] reported that silvopastures in
Patagonia, Chile, as well as in Minas Gerais, Brazil [20] required less time than a plantation monoculture
to reach similar carbon gains above and below ground. The researchers attributed gains in carbon to
the positive interactions between cattle, tree, and pasture components, including increased tree growth.
Cubbage et al. [21] reviewed global SPS in eight regions, including areas in Argentina, Uruguay, Chile,
and Brazil, and reported that silvopasture is financially competitive with alternative land-use systems
and offers biophysical and financial diversity and resilience, attributes critical with the increased
occurrences of extreme weather events due to climate change.

Payments for ecosystem (environmental) services (PES) compensate landowners for managing
their property to sequester carbon, protect biodiversity, or provide watershed services. Some scientists
have argued that in tropical systems the greatest potential for carbon sequestration is through the
establishment of tree-based systems on degraded pastures [22]. Programs that provide incentives
for forest management on degraded productive lands and supply additional sources of revenue may
aid profitability as well as conservation of land-use systems in Amazonas. Orefice et al. [23] found
that silvopastures in the U.S. North were financially superior to open pasture or thinned forests.
Bruck et al. [24] observed that SPS are less financially profitable than pasture in the southern and
western U.S. The study, however, did not account for any animal welfare or joint output effects.

Silvopastures can also shift forage production for livestock and soil quality, resulting in an
expanded grazing season and livestock diets higher in protein [3,23]. Livestock provides essential
elements such as nitrogen, phosphorus, and potassium through nutrient cycling to fertilize forages and
trees, which may reduce dependence on additional external inputs [25,26]. Pent and Fike [25] suggested
there is a complementary biophysical relationship between forage production for livestock and trees,
assuming a modest tree density. Silvopastoral systems with relatively low tree densities required
reduced weeding, provided increased available nitrogen, improved the microclimate, reduced erosion
control costs, and fostered better animal health such as increased pregnancy success rates [26].

3. Methods

The Molinopampa district, located in the northeastern section of the Chachapoyas Province, in the
southern portion of the Amazonas Region, has an oceanic climate (dry forest lower montane tropical
according to Holdridge’s Life Zone) [27]. Approximately 75% of the population in Molinopampa
make a living in agriculture, ranching, hunting, and silviculture [28]. The Huayabamba Valley, in the
Rodríguez de Mendoza Province, is characterized as having a tropical savanna and warm-humid
climate (moisture forest premontane tropical according to Holdridge’s Life Zone) [27]. Past surveys of
the study area [28–31] found that 61% and 43% of the silvopasture producers in the Molinopampa
district and the Huayabamba Valley, respectively, own farms that are on less than 10 hectares (ha).
Conversely, 10-ha to 30-ha (30-ha+) farms represented 28% and 42% (11% and 16%) of the surveyed
systems in the Molinopampa district and the Huayabamba Valley, respectively. The field sites for this
study, which participated in the past surveys, are located on privately-owned farms, are managed
as part of cooperatives with multiple institutions, and range from 10-ha to 65-ha in size [28–31].
Therefore, our sample farms are among the larger size class ownerships for these similar regions,
but still within a representative range.

Universidad Nacional Agraria La Molina (UNALM), El Porvenir Research Station (INIA),
the Universidad Nacional Toribio Rodríguez de Mendoza de Amazonas (UNTRM), and North
Carolina State University (NCSU) have been collaborating with private landowners over the past
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five years to better understand the dynamics of applied agroforestry systems [28]. In July 2017,
the collaborative team interviewed three landowners and one land manager well-known locally for
practicing silvopasture and who have established relationships with the local university UNTRM.
We selected these farms since they have established connections to the researchers and are most
likely local leaders in their farm practices. Analyzing examples of successful programs may help to
illuminate cost-effective characteristics and strategies that could be adapted throughout Amazonas.
Cash flow estimations based on the four landowner responses, as well as average costs and benefits
from discussions among co-authors, were predicted for each site in addition to “typical” model systems
representing average farms in the region documented in the previously mentioned surveys [28–31].

The study collaborators gathered production function data for the case studies and typical model
systems, organized in a database, to estimate values from soils, crops, and grazing. We estimated
the associated economic impacts of inputs and outputs over a 25-year time horizon, both to calculate
Net Present Value and Land Expectation Value. We then performed analyses in Microsoft Excel for
Microsoft 365 using discounted cash flows associated with SPS, conventional grazing, and planted
forests. The spreadsheets included necessary measures of productivity, product prices and costs,
and management schedules, among other site-specific information, to calculate the net returns of
annual activities. The operations were modeled as whole land-use regimes due to their complexity
and the available information.

Tools in capital budgeting analysis such as Net Present Value (NPV), Land Expectation Value
(LEV), Annual Equivalent Income (AEI), and Benefit-Cost Ratio (BCR) allow for comparison of land-use
systems. Real discount rates of 4%, 8%, and 12% were used in all financial formulas to represent
a range of the opportunity cost of the next best investment. Discount rates account for the future
value of income that would equate to income earned in the present through representing preferences
for incurring costs and benefits now or in the future, i.e., they capture the opportunity cost of the
investment. Since discount rates are often unknown to landowners, most analyses use the internal rate
of return of the next best option for comparisons, such as a bank investment [32]. The Internal Rate
of Return (IRR) was not relevant and inapplicable for this analysis for ongoing farms since annual
benefits always exceeded costs. We excluded land values from NPV and LEV calculations. As such,
each metric represents use-values, or income-based values, of the land. We then compared these
metrics to the alternative values, market prices for land in the region, to facilitate a discussion on the
financial competitiveness of different land-use systems.

NPV measures the amount of capital that an investment returns at a given discount rate through
summing the total expenditures and subtracting them from total income [33]. Formula (1) demonstrates
how NPVs are calculated in terms of farm and forest costs and revenues.

NPV =
t∑

i=0

(B−C)

(1 + i)t (1)

where B and C represent the annual total benefits and costs, respectively, of the land-use system,
i signifies the interest or discount rate, and t is the year of the cash flow.

Similar to NPV, LEV utilizes expenditures, income, and a discount rate to measure the expected
cash flow of a land-use in perpetuity. LEV has four assumptions to be viable: (1) identical costs and
revenues in all rotations; (2) land-use will be maintained in perpetuity; (3) land requires identical
regeneration costs at the beginning of each rotation; (4) the land value does not enter the calculation.
In other words, landowners must replicate the following activities, including identical costs of inputs,
prices of outputs, and cash flow schedules, into the future: purchase inputs, produce goods and
services, extract products, and use or sell products. LEV allows researchers to compare systems of
different rotation ages as well as how much an investor is willing to pay for the land at a given discount
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rate by assuming land-use will be continued indefinitely [26]. Formula (2) describes the method of
estimating a production system’s periodic and perpetual net returns in the present value [34].

LEV = NPV + NPV
(1+i)T−1

Or LEV = Vn

[(1+i)n−1]
(2)

where NPV equates to the net present value of the system, T is the final year of the system’s rotation,
Vn equates to the net future value of the system at n number of years per period, and i again signifies
the interest or discount rate.

AEI expresses NPV or LEV in annual payments equally distributed over the life of the investment
(Formula (3)). AEI allows comparison of long-term timber investments with seasonal returns from
agriculture by expressing the income of each alternative in annual payments [32].

AEI = LEV ∗ i (3)

where LEV represents the system’s land expectation value and i signifies the interest or discount rate.
BCR relates the total discounted benefits to the total discounted costs. The relation describes

present value benefits and costs as a unitless proportion rather than as a difference such as in the case
of NPV. The proportion (Formula (4)) reveals the return landowners receive per dollar invested [26].

BCR =

∑t
i=0 Bp

∑t
i=0 Cp

(4)

where Bp and Cp represent the benefits or revenues and costs or expenditures, respectively, in present
value terms.

For price transformations of Peruvian wood products, the co-authors converted from Nuevo Sol
per product to USD per cubic meter of wood product. Derived residual stumpage prices, equating to
50% of the roadside value, were calculated to account for logging and transportation when not given
labor amounts for transport and/or sale. As a result, the income generated by the primary landowner
as well as additional laborers is captured. For this reason, primary landowner labor was not included
in the analysis. In other words, the determined income includes earned income from self-employment
of the primary landowner. However, for farms with more than 15 heads of cattle, average annual
income data were used to proportionately increase income to outside laborers, additional landowners,
and/or land managers, bore as a cost in the modeled scenarios. The average annual income of a
farm laborer in Amazonas at the time of the study was USD 11,111.11 [28–31]. The most common
land-uses in Amazonas, Peru are dual-production systems of cattle and dairy and cultivation of
horticultural and forest products such as coffee, guava, citrus fruits, eucalyptus, and cedar [29,30].
Agroforestry systems in Amazonas are increasingly incorporating multi-strata systems and improved
fallows [29,35,36]. The study collaborators represented this trend through the selection of field sites of
various production complexity.

4. Results

Table 1 summarizes the operations based on actual farms and survey observations. The first three
rows review typical model systems defined by our project cooperators and previously completed
surveys [28–31]. The last four rows describe systems observed in field visits. Both typical and actual
farms included a variety of predominantly exotic cattle breeds including Brown Swiss and Holstein
and planted non-native Eucalypts and pines.
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Table 1. Description of evaluated scenarios in Amazonas, Peru.

Scenario Management
Intensity * Tree Species Tree Growth

(m3ha−1 year−1) Cattle Breeds Number of Cattle
(Lactating Cows)

Typical Model Systems (based on prior surveys)

10-ha Planted
Forest Only Low Pinus patula 5 - 0

(0)
10-ha

Cattle-Pasture
Only

Medium - 0
Brown Swiss,
Simmental,

Holstein

16
(5)

10-ha SPS Medium
Alnus acuminata,

Eucalyptus globulus,
P. patula

5
Brown Swiss,
Simmental,

Holstein

16
(5)

Actual Systems (field sites)

10-ha Cattle +
Trees + Fruit Medium E. globulus 5 Holstein 21

(6)

25-ha Cattle +
Trees + Fruit +

Store
High

P. patula, Cupressus
macrocarpa, E.

globulus, A.
acuminate

5
Holstein,

Simmental,
Brown Swiss

38
(8)

30-ha Cattle +
Trees High E. globulus, A.

acuminate, P. patula 5 Brown Swiss 49
(24)

65-ha Cattle +
Trees +

Restaurant
Medium P. patula, C.

macrocarpa 5 Brown Swiss 38
(11)

* In terms of inputs including labor.

The income from the typical and actual SPS predominately comes from the production of
agricultural and horticultural products. Table 2 separately identifies the present value income
(at a 4% discount rate) from wood products as well as agricultural and horticultural products for the
one SPS scenario based on the past surveys and the four actual systems. Table 3 displays the capital
budgeting results for the typical and actual regimes. Returns for the modeled systems varied from
positive to negative net profits depending on management choices, local markets, and the discount rate.

Table 2. Total present value income by product type (discounted at 4%).

SPS Scenario
Total Income at 4%

Wood Products Ag. and Hort. Products

Typical SPS USD 3369 USD 148,060
10-ha C + T + F USD 2616 USD 322,077

25-ha C + T + F + S USD 4657 USD 715,614
30-ha C + T USD 2616 USD 217,352

65-ha C + T + S USD 2322 USD 67,951

C—Cattle; T—Trees; F—Fruit; S—Store (25-ha farm) or Restaurant (65-ha farm).

Table 3. Net present values (NPV) and land expectation values (LEV) of the evaluated scenarios.

Scenario
NPV (USD/ha) LEV (USD/ha)

4% 8% 12% 4% 8% 12%

Typical Forest 527.87 −210.61 −583.94 844.74 −246.62 −620.44
Typical Cattle-Pasture 796.88 318.64 69.53 1275.25 373.12 73.87

Typical SPS 992.52 321.91 2.52 1588.33 376.96 2.68
10-ha C + T + F 5794.18 4045.62 3040.01 9272.43 4737.36 3230.01

25-ha C + T + F + S 3626.78 1433.91 276.45 5803.93 1679.08 293.73
30-ha C + T 5951.49 1840.67 −261.03 9524.17 2155.39 −277.35

65-ha C + T + S 4603.27 2615.55 1555.65 7366.60 3062.77 1652.88
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For the three regimes modeled based on prior farm owner surveys [28–31], pure timber investments
provided the lowest returns to landowners (LEV: 4% = USD 844.74; 8% = −USD 246.62; 12% = −USD
620.44 per ha). Dual-purpose cattle grazing systems earned about 50% more than the returns of
plantation forests at the lowest discount rate (LEV: 4% = USD 1275.25; 8% = USD 373.12; 12% = USD
73.87 per ha). The “typical” silvopasture scenario based on survey findings generated the highest
landowner profitability of the hypothetical regimes (LEV: 4% = USD 1588.33; 8% = USD 376.96;
12% = USD 2.68 per ha). At a 12% discount rate, however, the wait for timber income was penalized
more. Consequently, the ranking of systems in respect to landowner profitability changed, signaling
conventional cattle–forage regimes to earn more net income than conventional SPS.

The four actual agroforestry systems that we surveyed in Amazonas provided landowners high
returns. Again, it is worth noting that these farms were selected by the project co-investigators,
and probably are local leaders in their farm practices. The 10-ha farm including planted trees for fruit
and timber production and cattle grazing earned relatively high net returns (LEV: 4% = USD 9272.43;
8% = USD 4737.36; 12% = USD 3230.01 per ha). The second smallest farm visited, a 25-ha
system with planted timber and fruit trees, cattle grazing, and a store on-site for sale of final
products, provided acceptable, positive returns at low discount rates (LEV: 4% = USD 5803.93;
8% = USD 1679.08; 12% = USD 293.73 per ha). The second largest agroforest, a management-intensive
30-ha cattle grazing regime with a “living-fence” of planted trees, generated positive returns at low
discount rates but failed to return positive earnings at a 12% discount rate (LEV 4% = USD 9524.17;
8% = USD 2155.39; 12% = −USD 277.35 per ha). The largest property analyzed, a 65-ha farm with
multiple cattle grazing paddocks and tree plantations, produced acceptable incomes at all discount
rates (LEV: 4% = USD 7366.60; 8% = USD 3062.77; 12% = USD 1652.88 per ha).

Figure 1 demonstrates the AEI of the conventional and monoculture regimes. At 4%, the values
of all typical systems in Peru ranged from USD 33.79 to USD 51.01/ha/year. Forest monocultures
experienced negative returns at higher discount rates. Figure 2 shows the AEI values for mixed land-use
regimes. Typical silvopastures experienced positive annual returns at all discount rates. The calculated
annual net revenue of actual systems ranged between USD 134.33 and USD 378.99/ha/year at 8%.
The AEI may be multiplied by the number of acres to estimate the system’s annual income, including
earned income for the self-employed primary landowner. Only the two largest actual operations,
the 30-ha (4% discount rate) and 65-ha systems (all discount rates), earned more than the average
annual income for farmers in Amazonas when accounting for total net system returns. Thus, the two
larger systems were the only scenarios that support sustainable livelihoods for the landowner(s).Land 2020, 9, x FOR PEER REVIEW 8 of 16 
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Figure 1. Annual equivalent income (AEI) of traditional forest and cattle systems.

289



Land 2020, 9, 353

Land 2020, 9, x FOR PEER REVIEW 8 of 16 

 
Figure 1. Annual equivalent income (AEI) of traditional forest and cattle systems. 

 

Figure 2. Annual equivalent income (AEI) of agroforestry systems. 

Figure 3 displays the BCRs, a measure of the financial returns received per dollar spent in an 
investment, of all systems analyzed in the study. Tree plantations offered profitable returns per dollar 
invested at the lowest discount rate, as observed in its BCR, 1.27. At 8% and 12%, the BCR of forest 
monocultures was less than 1, signifying a loss per dollar invested (0.87, 0.61), due to the rapid 
diminution of future values. Dual-purpose cattle–forage regimes were cost-intensive and generated 
approximately USD 1.11 per dollar invested at the lowest discount rate (BCR: 4%= 1.11, 8% = 1.07, 
12% = 1.02). The returns per dollar invested in silvopastures included a combination of costs and 
benefits from each industry (BCR: 4% = 1.16, 8% = 1.08, 12% = 1.00). The returns per dollar invested 
in the 10-ha actual farm increased as the discount rate increased (BCR: 4% = 1.62, 8% = 1.66, 12% = 
1.71). The 25-ha mixed-use farm required high management intensity and generated just over a dollar 
per dollar spent at 12% (BCR: 4% = 1.27, 8% = 1.15, 12% = 1.04). The 30-ha silvopasture with an 
absentee landowner lost USD 0.02 per dollar invested at the highest discount rate (BCR: 4% = 1.24, 
8% = 1.11, 12% = 0.98). The 65-ha silvopastoral system with a restaurant and timber sale on site 
generated over USD 2 per dollar invested at all discount rates (BCR: 4% = 2.54, 8% = 2.33, 12% = 2.12). 

-$100
-$80
-$60
-$40
-$20

$0
$20
$40
$60

Typical Forest Typical Cattle-Forage

D
ol

la
rs

 p
er

 h
a 

pe
r y

ea
r

Scenario

Monoculture Scenarios: AEI

4%

8%

12%

-$50.00

$0.00

$50.00

$100.00

$150.00

$200.00

Typical
SPS

10-ha C +
T + F

25-ha C +
T + F + S

30-ha C +
T

65-ha C +
T + S

D
ol

la
rs

 p
er

 h
a 

pe
r y

ea
r

Scenario

Agroforestry Scenarios: AEI

4%

8%

12%

Figure 2. Annual equivalent income (AEI) of agroforestry systems.

Figure 3 displays the BCRs, a measure of the financial returns received per dollar spent in an
investment, of all systems analyzed in the study. Tree plantations offered profitable returns per dollar
invested at the lowest discount rate, as observed in its BCR, 1.27. At 8% and 12%, the BCR of forest
monocultures was less than 1, signifying a loss per dollar invested (0.87, 0.61), due to the rapid
diminution of future values. Dual-purpose cattle–forage regimes were cost-intensive and generated
approximately USD 1.11 per dollar invested at the lowest discount rate (BCR: 4%= 1.11, 8% = 1.07,
12% = 1.02). The returns per dollar invested in silvopastures included a combination of costs and
benefits from each industry (BCR: 4% = 1.16, 8% = 1.08, 12% = 1.00). The returns per dollar invested in
the 10-ha actual farm increased as the discount rate increased (BCR: 4% = 1.62, 8% = 1.66, 12% = 1.71).
The 25-ha mixed-use farm required high management intensity and generated just over a dollar per
dollar spent at 12% (BCR: 4% = 1.27, 8% = 1.15, 12% = 1.04). The 30-ha silvopasture with an absentee
landowner lost USD 0.02 per dollar invested at the highest discount rate (BCR: 4% = 1.24, 8% = 1.11,
12% = 0.98). The 65-ha silvopastoral system with a restaurant and timber sale on site generated over
USD 2 per dollar invested at all discount rates (BCR: 4% = 2.54, 8% = 2.33, 12% = 2.12).Land 2020, 9, x FOR PEER REVIEW 9 of 16 
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equal choice between land uses. Mixed systems, both hypothetical and actual, experienced higher 
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The production systems analyzed required varying degrees of establishment intensity (Table 4).
Of the three model scenarios, pure forest investments demanded the least in establishment inputs
(USD 1130.50/ha). However, due to the longer turn-around time before generating a positive net
income, forest monocultures also were associated with the longest payback period, in non-present value
terms (8 years). While traditional cattle-pasture regimes required higher cost inputs for establishment
(USD 1197.53/ha), they produced positive net returns sooner than planted forests (3 years). Establishing
the typical cattle-pasture operation and the typical SPS required similar costs, differentiated only by the
inputs needed to plant trees in the SPS. Cattle purchases were not included in this metric as they occur
after pasture and trees are established. Establishment costs of hypothetical and actual silvopastures
ranged from USD 623.99 to USD 1183.10 per ha and required 1 to 5 years to pay back, in non-present
value terms.

Table 4. Establishment costs (not discounted) and payback periods for all scenarios.

Scenario Establishment Cost (USD/ha) Payback Period (Years)

Typical Forest USD 1130.50 8
Typical Cattle + Pasture USD 1197.53 3

Typical SPS USD 1203.35 4
10-Ha C + T + F USD 915.56 1

25-Ha C + T + F + S USD 1183.10 1
30-Ha C + T USD 1082.35 5

65-Ha C + T + S USD 623.99 5

Cost-share payments at various rates pay landowners part of the establishment costs necessary to
develop a tree plantation or other conservation practices. These are common in the United States now
and were in Latin America in the past, and increase the net present value exactly by the amount paid
in year 0, as well shorten the payback period needed to generate positive net earnings. An assumed
one-time 50% cost-share payment during the first years of USD 87.61 per hectare increased the LEV of the
typical silvopasture scenario to USD 90.29 per hectare at a 12% discount rate. The cost-share payments
in the initial years increased the NPV or LEV by the amount of the payment, ceteris paribus. Payments
for environmental services (PES), such as carbon sequestration and water quality protection, can help
increase the returns of agroforestry systems and provide landowners an equal choice between land
uses. Mixed systems, both hypothetical and actual, experienced higher returns than the monoculture
alternatives at discount rates of 4% and 8%. At 12%, typical silvopastures earned USD 71.19 per
ha less in present value terms than conventional cattle–forage systems and required an annuity of
USD 12.60 per ha for 10 years to breakeven.

Using a growth rate of 5 m3/ha/year and an approximate biomass volume of 42.7% dry wood
volume [18], we estimated the net carbon flow of each tree-based land-use system. The baseline
comparison to show additional carbon storage was traditional cattle–pasture systems. The derived
aboveground carbon accumulation rate for pure planted forests in Amazonas was 2.56 tons/ha/year
(9.4 metric tons CO2e/ha/year). Typical silvopastures with 15–20% trees store 0.38–0.51 tons of
carbon/ha/year (1.39–1.88 metric tons CO2e/ha/year). In a 25-year rotation, landowners may sequester
34.75–47 metric tons CO2e/ha.

5. Discussion

In Amazonas, Peru, we modeled three representative crop, forest, and silvopasture systems
(SPS) based on previous farm owner surveys, interviewed four landowners or land managers as
empirical case studies, and estimated their financial returns using capital budgeting techniques.
The case study systems included dual-purpose dairy cattle with some forests, and often with on-farm
retail stands. The span of systems analyzed in this study provided a mix of inputs and returns.
The increased profitability of complex agroforestry scenarios to private landowners may have resulted
from the reduced management costs, compared to monoculture systems, and the resulting increased
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system productivity through complementary biophysical characteristics. Some owners also made
and sold cheese, yogurt, and jams at their farms—adding value and a handy outlet for their raw
products. The “typical” model systems identified by the co-authors and based on past surveys [28–31]
were moderately profitable. The actual operations visited demonstrated that with increased system
complexity, and some home stores with added value for the products, returns could increase as well, at
least by the best landowners. With a limited sample of farms, more replications are required to better
determine impacts from returns to scale and added value products.

Planted forests appeared to have the most opportunity to be cost-effective for landowners with
limited capital, generating the highest ratio of returns in proportion to total expenditures, as seen
through the system’s BCR. Low-input land-use methods may be appealing to those interested in
systems with moderate profitability and limited costs. However, tree plantations earned relatively
low returns at all discount rates, compared to cattle or mixed-use systems, required longer payback
periods to cover establishment costs, and had less certain and established markets. PES incentives
such as cost-share payments encourage landowners to invest in land-use systems by reducing initial
costs and increasing income sooner. The calculated cost-share payment necessary to breakeven with
conventional cattle systems was less than the U.S. national average rental payment, USD 133.86 per ha,
offered in the Conservation Reserve Program (CRP) [37]. With PES, the payment amount needs to
be at least the difference in returns between incorporating forest cover through silvopasture and the
conventional more profitable use to provide an equal choice to landowners.

The returns for the 10-ha dairy–fruit SPS were the greatest in our small sample in Amazonas.
However, we did not include on-farm home labor of the primary landowner as a cost, whether active
onsite or absentee. The profits essentially represented the landowner income, so their returns per
hectare were high, but the total area was relatively small. Nevertheless, only the 30-ha and the
65-ha farms earned a greater annual income than the average annual income of farmers in the region.
Generally, systems utilized family labor when possible. As system size increases, the need for additional
labor increases. The 25-ha and 65-ha systems, including a store and restaurant, respectively, did not
earn as high of returns as the 10-ha and 30-ha systems at the lowest discount rate. The 10-ha and
65-ha systems used mostly family labor, while the other two systems employed more outside laborers.
Nonetheless, salaries were deducted from the returns to represent the opportunity cost of all necessary
laborers, both familial and hired, outside of the primary landowner in the analysis.

The varying results suggested that different mixes of production systems along with management
intensities play a role in determining landowner profitability. Both the 10-ha and 65-ha regimes were
associated with relatively low-intensity management, in terms of inputs, including but not limited
to their self-sufficiency in labor. However, the 10-ha farm, both smaller in size and less profitable
per dollar invested, generated higher net returns in present value terms than the 65-ha system at
all discount rates. This smaller farm along with the larger 25-ha farm sold fruit and home-made
cheese, which increased returns. This corroborated that larger investments with more value—added
can increase discounted present values, but they required more technical and managerial time and
skill. The relationship between the resource variables and the capital budgeting results requires more
analysis to determine their marginal impacts on returns per unit of land.

Small landowners often have limited capital and need frequent streams of income, which limits
long-term investments. In addition, all systems other than the two largest actual farms earned less
than the average annual income for farm laborers. Likewise, it took more time to cover establishment
costs in forest systems when compared to cattle and agroforestry systems. Tremblay et al. [38] found
fruit-bearing agroforests generated positive profits after 7 years, reinforcing this study’s estimates.
The difference in returns as well as the turn-around time for landowners to generate positive profits
represent challenges that governmental policies can alleviate in order to encourage investment in
expanding forest cover in agricultural systems [39].

For example, PES such as offsets for forest carbon storage have the potential to increase and
diversify returns as well as make less profitable land uses more attractive. The average price of
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offsets for carbon stored in forests in 2016 was USD 5.10 per ton CO2e [40]. This means that with
favorable carbon markets, silvopasture practitioners in Amazonas may be able to earn USD 177–USD
240/ha per 25-year rotation. Governmental intervention may be necessary through PES programs
such as payments for carbon sequestration to make less profitable land-use systems competitive with
conventional cattle-forage systems [39]. This would be consistent with the ambitions announced by
the Peruvian authorities, in their plans to reduce net carbon emissions in the country. PES may also
supplement annual income to landowners to make their profits comparable to income earned by
workers in the farming industry, thus, ensuring an adequate income to landowners of rural lands.

Moreover, since the cost of land purchase was not considered in the analysis, we were able to
compare LEV values with the average sale price of land to determine if the expected returns from the
systems correlated with market prices for agricultural land. The average price of productive land for
sale in Northern Peru, based on three lots on the market at the time of the study, was quite expensive,
at USD 9618 per hectare [41]. At a 4% discount rate, our typical systems based on prior farm surveys
and expert opinion earned less, but the four actual systems met or exceeded that level. None of the
LEVs were greater than USD 9618 at the 12% discount rate.

Accordingly, using discount rates of 4%, 8%, and 12% provided a range of potential returns
from land-use systems with various opportunity costs. Without the established literature and known
landowner discount rates, using multiple discount rates allowed us to estimate returns with multiple
preferences in mind. For instance, lower discount rates give more weight to long-term returns and less
weight to short-term costs and benefits. Meanwhile, higher discount rates represent higher opportunity
costs of alternative investments and/or involve riskier investments. For the scope of the study, we were
able to see which land-use practices were more sensitive to high discount rates. Forests, which returned
periodic, long-term revenues and required high establishment costs, experienced negative returns at
8% and 12% discount rates. Conventional cattle–forage systems in Amazonas appeared more resilient
to high discount rates with relatively high returns at each discount rate. The lower-input case studies,
the 10-ha and 65-ha regimes, maintained high returns at all discount rates, unlike the input—intensive
25-ha and 30-ha systems.

To our knowledge, no other projects have analyzed the economic returns of SPS compared to
planted trees monocultures and traditional cattle grazing regimes in Amazonas, Peru. Our findings
from Amazonas compare favorably with those of other global SPS research. In the Amazon lowlands
of Ecuador, SPS featuring traditional and improved species of forage earned negative NPVs at 8%,
−USD 356.17 per hectare and −USD 206.58 per hectare, respectively, but higher returns than traditional
cattle ranching [42]. Other studies also highlighted the potential of added value from fruit–tree-based
systems. For example, Tremblay et al. [38] recognized the economic advantages of silvopasture as
a sustainable alternative land-use for small-scale agriculture in the Tapajos region of the Brazilian
Amazon. At a 10% discount rate, the net present values of the agroforests returned USD 17,800 for the
medium-sized orchard and USD 21,844 for the larger orchard. In addition, Hoch et al. [43] estimated
positive NPVs at 3% and 12% discount rates for successful intercropping studies in Brazil, Bolivia,
Peru, and Ecuador as part of a non-governmental agency’s initiative.

Silvopasture systems are posited to provide significant risk reduction benefits because they
produce at least two different commodities, which would have different, uncorrelated market price
cycles given their different product life-cycle time spans [21]. In financial investment portfolio theory,
any two or more uncorrelated investments will lead to larger overall investment returns. There is not
much empirical literature on such financial risk benefits of silvopasture systems, and the complexity of
finding historical returns and distributions and using them to estimate risk was beyond the scope of
this study. We could have varied input costs and output prices for sensitivity or risk analyses, but given
the many different factors of production and the lack of empirical cost distributions for any of our
inputs, varying some arbitrary combination of these would not be supportable for this research.

Frey et al. [15] surveyed small-scale farmers in northeast Argentina, and found they believed
that diversified cash flows, and thus, less risk of single commodity price fluctuations, were significant
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advantages of silvopasture. The mixed-use systems analyzed by Dube et al. [19,20] in Chile and Brazil
showed positive potential for benefits by risk reduction from multiple products and carbon storage
benefits. Similar approaches could be facilitated in Peru with financial assistance. Comparable studies
acknowledged establishment costs to adopt silvopasture as well as increased labor as barriers for
landowners with limited income [38,43,44]. A trade-off exists between the benefits of diverse mutually
compatible species and its increased demand of specialized labor [13]. However, they also recognized the
potential of timber sales to cover upfront and additional management costs [44], in addition to increased
social and conservation benefits that are not always financially captured from silvopastures [38,45].

6. Conclusions

We estimated the financial returns for silvopasture systems in Amazonas, Peru based on previous
farm surveys and representative models and four selected case studies of successful SPS farms based
on local contacts with the co-authors. Pure cattle-pasture systems had larger returns in the synthetic
calculations, but for the four integrated case studies that had pasture, forests, and some processing or
retail parts of the value chain, silvopasture systems all had the greatest returns. However, the markets
for wood are local and informal, so prices and quantity purchased depend on farm labor and individual
negotiations, not established timber markets.

We made the analyses using the best available market prices or the estimated market equivalent
of factor costs and output prices. We did not estimate social welfare or shadow prices for factors of
production or output. Per strict economics jargon, we performed a financial analysis using discounted
cash flows and capital budgeting criteria. We have referred to the research as an economic analysis as
well, using the terms interchangeably per common usage [32]. Purists suggest that comprehensive
economic analyses should include all the social (e.g., shadow prices, social welfare, non-market values)
estimates of goods and services, but we used the most common convention and term of an economic
or financial analysis for market prices, as is applied almost universally.

The sampled landowners captured excellent economic returns through SPS systems and diverse
farm product sales, but they were exceptional opinion and business leaders. Achieving similar success
for silvopasture with smaller typical landowners will require more research into the best practices for
limited income farmers, extension advice, and implementation of good farm management practices as
well. The opportunity cost of alternative investments will determine whether diversifying land-use
through agroforestry will increase landowner returns.

Government support through direct payments could increase the profitability of silvopastures in
order to gain ecosystem service benefits such as carbon storage or improved water quality. Cost-share
payments may make land uses that expand forest cover more desirable to landowners by reducing
establishment costs. Cost-share payments also have the potential of shortening payback periods so
limited income landowners can reach a net positive cash flow sooner. When cost-share payments are
not enough to make silvopasture more profitable, other PES, such as carbon storage, may be employed
to provide a stream of annual benefits over some time period, e.g., the first ten years when revenue
is at its lowest. Payments to landowners for carbon sequestration represent a promising solution
to the low profits of silvopasture regimes at high discount rates. However, with low carbon prices,
the absence of mature markets, and competitive resource relationships, carbon payments may not
be sufficient to make silvopasture competitive with conventional cattle-pasture systems. In these
cases, multiple forms of aid may be necessary to encourage landowners to adopt land-uses such as
agroforestry. Overall, mixed-use systems in Amazonas represent essential models of land-use regimes
which can be altered and/or replicated to produce supportable livelihoods for landowners.
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Abstract: Nine Latin American countries plan to use silvopastoral practices—incorporating trees
into grazing lands—to mitigate climate change. However, the cumulative potential of scaling up
silvopastoral systems at national levels is not well quantified. Here, we combined previously
published tree cover data based on 250 m resolution MODIS satellite remote sensing imagery for
2000–2017 with ecofloristic zone carbon stock estimates to calculate historical and potential future
tree biomass carbon storage in Colombian grasslands. Between 2000 and 2017, tree cover across all
Colombian grasslands increased from 15% to 18%, with total biomass carbon (TBC) stocks increasing
from 0.41 to 0.48 Pg. The range in 2017 carbon stock values in grasslands based on ecofloristic zones
(5 to 122 Mg ha−1) suggests a potential for further increase. Increasing all carbon stocks to the current
median and 75th percentile levels for the respective eco-floristic zone would increase TBC stocks by
about 0.06 and 0.15 Pg, respectively. Incorporated into national C accounting, such Tier 2 estimates
can set realistic targets for silvopastoral systems in nationally determined contributions (NDCs) and
nationally appropriate mitigation actions (NAMAs) implementation plans in Colombia and other
Latin American countries with similar contexts.

Keywords: agroforestry; carbon sequestration; climate change mitigation; grazing management; land
restoration; nationally determined contribution; silvopastoral; tree cover

1. Introduction

The ability to limit global warming below 2 ◦C, the target set by the Paris Climate Agreement,
is predicated on significant greenhouse gas (GHG) emission reductions in the agriculture and land
use sector (AFOLU) [1,2]. While land use accounts for nearly 25% of net annual anthropogenic GHG
emissions [3], it also offers many options to mitigate climate change. Estimates suggest that land use
interventions could generate up to 30% of the emission reductions and carbon sequestration needed to
meet the Paris Agreement’s ambition [4,5]. Most agriculture and land use mitigation interventions
target the reduction of emissions from livestock systems, rice systems, deforestation, and nitrogen
fertilizer. However, the integration of trees in crop and pasture lands, also known as agroforestry,
is another potentially significant intervention option [6].

Nine Latin American countries have identified silvopastoral systems (SPS), agroforestry systems
where trees are managed or planted in pasturelands, as a priority action to mitigate climate change
within their nationally determined contributions (NDCs) to the United Nations Framework Convention
on Climate Change (UNFCCC) [7,8] and the Nationally Appropriate Mitigation Actions (NAMAs),
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two documents that prescribe national climate response priorities. The focus on livestock in Latin
American countries is due to the economic importance of the sector and its leverage on national
emissions. Indeed, the livestock sector accounts for 58–70% of the overall agricultural emissions in Latin
America [9], making greening milk and meat production a critical aspect of meeting national goals.

Silvopastoral systems sequester carbon in biomass increasing the amount of carbon in the
landscape. Silvopastoral systems accumulate more than 2 Mg C per ha per year above and below
ground biomass and additional 0.5 Mg C per ha per year in the soil [10]. Grazing grasslands occupy
more than 550 million hectares of land in Latin America. Therefore, scaling up silvopastoral systems
would seemingly have the potential to increase carbon in the landscape despite the modest change per
unit of land. Estimates of the climate change mitigation benefits of scaling up silvopastoral systems at
the national level, however, are largely unavailable. Zomer et al. [11,12] provided a first estimate of t C
stocks in tree biomass in crop lands at global scale but did not specifically consider trees in grasslands
(i.e., silvopastoral systems). Griscom et al. [5], on the other hand, estimate silvopastoral C but mix
these estimates together with other land management options to estimate a total mitigation potential of
land restoration. However, countries need estimates of silvopastoral potential to set targets for climate
action [13].

This study estimated the climate change mitigation benefits of expanding silvopastoral systems in
Colombia to inform realistic inclusion of silvopastoral systems in NDC and NAMA planning options
for Colombia and other Latin American countries with similar contexts. Expanding on the earlier
analysis for agricultural lands [11,12], we explored historical C stocks for Columbian grassing lands in
2000 and 2017, before considering options to increase C stock density with the silvopastoral systems in
the local context. Specific questions were: (i) What changes in tree cover in Columbian pastureland
are evident from satellite imagery? (ii) What changes in C stock do such changes in tree cover imply,
using ecofloristic-zone-specific C density estimates? (iii) Evaluating the existing statistical distribution,
which further changes may be feasible?

Colombia was selected because of its active promotion of silvopastoral systems. For example,
the Colombian government and National Livestock Federation (FEDEGAN) have a strategy to reduce
GHG emissions from the agricultural sector by 13.46 Mt CO2e yr−1 by 2030. The conversion of current
grasslands to SPS is among the priority mitigation activities [14]. Importantly, Tapasco et al. [15] also
identified SPS as the most promising policy option for achieving this goal, and Lerner et al. [16] notes
that the country is in an ideal position to create integrated plans for sustainable cattle intensification,
including SPS, conservation, and restoration initiatives.

2. Methods

2.1. Conceptual Approach

For this analysis, a methodology earlier applied to agricultural lands [8] was adapted to spatially
quantify carbon sequestration from tree cover in grasslands and estimate potential carbon stocks under
widespread implementation of SPS. The steps were to define the extent of grasslands in the target area;
derive the current level of tree cover; estimate the carbon stocks in above and belowground biomass;
estimate the potential increase with shifts in tree cover from the current to the 25th percentile, median,
and 75th percentile of 2017 biomass carbon stocks; and quantify the difference between current and
potential tree cover and carbon sequestration (“silvopastoral carbon gap”). A detailed description of
the methodology used for this analysis is found in Zomer et al. [11,12].

2.2. Study Area

Given that both the Colombian government and independent researchers have identified SPS as a
priority in achieving Colombia’s agricultural emission reduction goals [15], we focused on Colombia
as a case study. As of 2015, Colombia had more than 12 million ha of grassland (13% of the national
land area) scattered throughout tropical moist deciduous forests (77% of grassland), tropical rainforest
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(12%), and other ecofloristic zones (Figure 1). The largest grazing areas are found in the sparsely
populated Llanos Orientales and Orinoquia regions of the Orinoco River basin. In other regions of
the country, smaller grassland areas are interspersed with various land uses, including croplands
and settlements.
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2.3. Data Collection and Analysis

Grassland area was derived at 300 m spatial resolution from the European Space Agency’s (ESA)
annual global land cover data. Per ESA recommendations, the ESA land use classes grass land, mosaic
herbaceous cover > 50% and tree and shrub < 50% were combined to produce the grassland designation
used in this analysis [17]. Percent tree cover was derived from previously published tree cover data
based on the 250 m resolution Moderate-Resolution Imaging Spectroradiometer (MODIS) 44B Version
6 Vegetation Continuous Field remote sensing product [18]. This product is a continuous, quantitative
representation of global land surface cover at 250 m spatial resolution. Ground cover gradations are
based on percent tree cover, percent non-tree cover, and percent non-vegetated (bare) [18]. A detailed
description of the methodology used for this analysis is found in Zomer et al. [11,12].

We used the default Intergovernmental Panel on Climate Change (IPCC) Tier 1 total carbon stock
values for each ecofloristic zone as the minimum potential carbon stock values for 0% tree cover [19]
(Table 1). We then estimated the total carbon sequestration potential of SPS by ecofloristic zone using
the methodology recommended by IPCC Tier 1 and detailed in Zomer et al. [12]. The biomass carbon
value of the equivalent (or most similar) Global Land Cover (GLC) 2000 Mixed Forest class [19] was
used as a surrogate aboveground biomass carbon value for each ecofloristic zone to simulate full
tree cover (100%). Belowground carbon sequestration potential was calculated using aboveground
sequestration potential values and the root/shoot ratio for each of the ecofloristic zones as per IPCC Tier
1 values (Table 1) [19]. Below and aboveground C sequestration potential values were then summed to
determine total potential carbon stock values for 100% tree cover. A carbon fraction value of 0.47 was
uniformly applied to determine the carbon content of dry woody biomass. We then assumed a linear
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increase in biomass carbon from 0% to 100% tree cover for each ecofloristic zone. We used the Tier 1
value when tree cover was 0% and the maximum value for Mixed Forest when tree cover was 100%.

Table 1. IPCC Tier 1 values of above ground carbon stocks in grassland under different ecofloristic zones.

Ecofloristic Zone Area Above Ground Carbon Stocks Mg ha−1
Root to Shoot Ratio

ha % Minimum Maximum

Tropical dry forest 67,758 0.6 4 126 0.28
Tropical Moist deciduous forest 9,487,070 77 8 128 0.24

Tropical mountain system 1,076,967 8.8 6 87 0.27
Tropical rainforest 1,469,597 12 8 193 0.37
Tropical shrubland 206,495 1.7 4 126 0.28

Total 12,307,887 100

We used the 2015 grassland area as a basis for 2000, 2008, and 2017 tree cover and biomass
assessments to control for any change in grassland area over time. We used the 2017 25th, median,
and 75th percentile carbon stock values in each ecofloristic zone to calculate carbon gaps and the
current carbon sequestration potential. We identified areas with carbon stock values below the 25th
percentile in each ecofloristic zone as those with the greatest potential to increase carbon stock. Similarly,
we considered areas with carbon stock values between the 25th percentiles and medium values as
having medium potential and areas between the median and 75th percentile values as having low
potential to increase carbon stocks. Areas with greater than the 75th percentile tree cover values were
considered as not suitable for increasing carbon stocks. This approach is particularly useful for spatially
targeting SPS-based mitigation actions [20].

3. Results

3.1. Estimates of Tree Cover on Grassland in 2000, 2008, and 2017

Tree cover increased between 2000 and 2017. For presentation purposes, we classified these results
into tree cover classes (Table 2). Land area with tree cover greater than 10% increased from 55% in 2000
to 74% in 2008 and 73% in 2017. The percentage of grasslands with tree cover > 30% increased with
time, from 10% in 2000 to 12% in 2008 and 13% in 2017. Total tree cover across all grasslands increased
by about 20% from 2000 to 2017.

Table 2. Grassland (ha) tree cover (%) in 2000, 2008, and 2017.

Tree Cover (%) 2000 2008 2017

ha (%) ha % ha %

≤10 5,507,090 45 3,210,585 26 3,319,775 27
11–20 3,883,571 32 4,861,344 39 4,700,027 38
21–30 1,715,737 14 2,708,461 22 2,709,611 22
>30 1,201,488 10 1,527,496 12 1,578,474 13

Total 12,307,887 100 12,307,887 100 12,307,887 100

Tree cover increased on grassing lands between 2000 and 2017, but tree cover dynamics and the
relative increase or decrease depended on the location. Colombian grassing lands show between 0%
and 84% tree cover (Figure 2). The relative change on any given parcel increased up to 76% over this
period while others decreased by 80%.
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Figure 2. Tree cover change from 2000 to 2017 in grasslands.

3.2. Biomass Carbon Stocks

The TBC stock increased by 17% from 2000 to 2017 (Table 3). TBC stocks in Colombian grassland
were 0.41 and 0.48 petagrams (Pg) C in 2000 and 2017, respectively (Table 3).

Table 3. Average and total biomass carbon stocks on Colombian grassland in 2000 and 2017.

Biomass Carbon Average (SD) (Mg ha−1) Total (Pg C)
2000 2017 Change 2000 2017 Change

Above ground 27 (14) 31 (14) 4 0.33 0.38 0.05
Total biomass 34 (18) 39 (18) 5 0.41 0.48 0.07

Land area with a C stock < 10 Mg ha−1 decreased from 2000 to 2017, and land area with C stocks
of 26–100 Mg ha−1 increased (Table 4).

Table 4. Land area carbon stocks in 2000 and 2017.

Total Carbon Stocks (Mg ha−1) 2000 2008 2017
ha % ha % ha %

≤10 489,333 4 610,508 5 355,760 3
11–25 4,967,851 40 2,715,698 22 3,063,775 25
26–50 4,937,931 40 6,199,358 50 6,207,735 50
51–75 1,185,878 10 1,968,009 16 1,796,833 15
76–100 514,348 4 575,421 5 643,622 5
>100 212,545 2 238,892 2 240,161 2

Total 12,307,887 100 12,307,887 100 12,307,887 100

The grassland biomass carbon stock maps are indicated in Figure 3.
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3.3. Carbon Stock Gaps by Ecofloristic Zones

Average 2017 carbon stock values ranged from 5 and 122 Mg ha−1. The highest average stock
per hectare was recorded in the tropical rainforest ecofloristic zone, which accounts for 12% of total
grassland. The highest carbon stock density and variation occurred in tropical rainforest, while the
lowest carbon stock per hectare and the lowest variation were found in shrubland ecofloristic zones
(Figure 4). About 73% of the total grassland had carbon stocks less than the < 75th percentile. Increasing
these stocks to the current 75th percentile level would increase total stocks by approximately 0.15 Pg C
(0.57 Pg CO2e). By the same token, about 46% of grasslands have carbon stocks lower than the median
(Figure 4). Increasing these carbon stocks to the median value would increase total stocks by 0.06 Pg C
(0.2 Pg CO2e).Land 2020, 9, x FOR PEER REVIEW 7 of 13 
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Figure 5 indicates the spatial distribution of grazing lands with different levels of biomass carbon
gaps. This helps identify priority areas for silvopastoral system interventions in Colombia.
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4. Discussion

Tree cover across all grasslands showed an increasing trend between 2000 and 2017. Trends in
tree cover in grasslands found here support the same conclusions of more general studies on tree
cover change, e.g., Sánchez-Cuervo et al. [21], who found that woody vegetation showed an increasing
trend from 2001 to 2010 at the national scale in Colombia. This was mainly attributed to woody
regrowth of trees following land abandonment resulting from armed conflicts, economic development,
and increase in rainfall [21,22]. However, Sánchez-Cuervo et al. [21] reported that woody cover
decreased by about 5% between 2000 and 2010, which was mainly due to intensive management
of grasslands. The difference between these earlier results and ours may simply be a result of our
study analyzing a longer time period, and the inconsistency in trends may be a function of changing
management dynamics.

Zomer et al. [11,12] reported that the contribution of trees on global arable land was over 4 times
higher than when estimated with IPCC default values [19]. Chapman et al. [23] also reported that trees
in the global crop and pasture lands store about 3.07 and 3.86 Pg carbon in their aboveground biomass,
respectively. Similarly, this study found that carbon stocks in the grassland of Colombia has likely
also been underestimated. We found mean values of 34 Mg C ha−1 in 2000 and 39 Mg C ha−1 in 2017,
which is more than four times larger than the IPCC Tier 1 global estimate of 8 Mg C ha−1 [19]. On the
contrary, the global study by Liu et al. [24] reported that the TBC in grasslands and croplands did not
show significant change during 1993–2010. Liu et al. [24] used harmonized Vegetation Optical Depth
(VOD) data for 1993 onwards derived from a series of passive microwave satellite sensors to estimate
above ground canopy in forest and non-forest land use types [25].

Zomer et al. [11,12] reported an average biomass carbon stock of 53 Mg ha−1 in Colombian
arable land in 2000, demonstrating that trees in productive systems can significantly increase carbon
stocks in Colombia. In a meta-analysis, Feliciano et al. [26] found that SPS that use controlled grazing
practices and appropriate pasture species can increase average aboveground carbon sequestration
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by 2.29–6.54 Mg ha−1 yr−1. López-Santiago et al. [27] reported that Leucaena leucocephala (shrub
legume) and Panicum maximum grass based SPS contain higher aboveground (19.6 ± 1.6 Mg ha −1)
and belowground (7.7 ± 0.90 Mg ha−1) biomass compared with deciduous tropical forest and grass
monoculture systems in Mexico. This led to a rapid expansion of SPS in Mexico. Our study showed
that average Colombian grasslands contained 34 Mg ha−1 in the same year. While 36% less than that
of arable land, these significant levels of carbon in silvopastoral systems suggest a large opportunity
for climate change mitigation, especially when considering the existing and planned areal extent of
silvopastoral systems in Colombia. About 13% and 12% of the total area of Colombia was grazing and
cultivated lands, respectively, in 2015 [28].

The potential carbon stock of SPS is notable for its ability to accumulate carbon over relatively
short time frames. Increasing soil carbon in Colombian grasslands could take decades [29]. In contrast,
carbon stocks in tree biomass can be accumulated in less than a decade. Trees have the additional
benefit in that they help maintain and increase soil carbon stocks. Given the swift action necessary to
limit global warming below the <2◦ climate change goal (by 2030 according to the IPCC), integrating
trees into multi-use landscapes like SPS is an important pathway to meeting mitigation goals in a timely
manner. Importantly, trees also regulate soil conditions, including organic matter content, fertility,
structure, erosion resistance, and moisture content, during extreme events such as heavy precipitation
and drought. Maintaining a hospitable soil environment has a dramatic effect on the presence of
N-fixing bacteria, which are crucial in cropping systems with little or no N fertilizer inputs [12]. In turn,
all of these mechanisms extend and improve productivity, both in terms of quality and quantity.

Silvopastoral system grasslands go beyond carbon stock potential to offer myriad co-benefits. SPS
have direct positive impacts on the livelihoods of producers and environmental quality [30]. Trees create
micro-climates that help protect crops and livestock from sun, wind, and extreme temperatures [31,32].
SPS have also been shown to reduce plant and animal production seasonality, reduce ruminal methane
production, and increase biodiversity and natural pest control mechanisms as compared to conventional
systems [7]. It is important to note that there may be significant trade-offs associated with integrating
trees into some production systems. Smallholders rely on these systems as their source of livelihood.
As such, increasing tree cover in SPS must be tested locally as one of the suites of potential climate-smart
agricultural solutions with the aim of developing a project portfolio that minimizes tradeoffs and
maximizes co-benefits.

The management of silvopastoral system trees can minimize trade-offs through complementary
uses that augment climate resiliency and diversify household income. Complementary uses may
include, timber plantations, living fences, tree alleys, windbreaks, fuelwood, perennial crops, and fodder
banks [30,33]. For example, Albizia saman (syn. Samanea saman) trees improved forage production
under their canopy [34], and their palatable pods are suitable as a dry season feed supplement [35].
Smallholder agroforestry systems can continue to increase their carbon stocks while also producing
timber through select harvesting of high economic value tree species [36]. Colombian pastoral systems
face serious complications because of climate change. The country is well poised to create national
initiatives around SPS and other mitigation initiatives [16]. Indeed, the Colombian livestock sector will
need to increase carbon efficiency in order to remain competitive on the international market. Our study
reveals significant potential for addressing climate change mitigation and an array of co-benefits
through implementation of SPS in Colombian grasslands. This suggests that SPS can significantly
contribute to the NDCs and NAMAs of Colombia and other Latin American countries, as well as
addressing other national commitments such as the United Nations 2030 Sustainable Development
Goals and national regulatory targets.

However, scaling up SPS will not be straightforward. Calle et al. [37] demonstrated the importance
of adequate technical assistance to farmer adoption of SPS in Colombia. Similarly, it is equally
important to consider the quality and source of genetic material when promoting tree planting
programs [38]. Market incentives including factors related to lower costs and/or higher benefits are
important for silvopastoral system technology adoption [39]. In spite of the growing international
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demand for carbon-efficient and environmentally friendly animal products [16], very few producers
will plant trees in grasslands just for the sake of climate change mitigation [40]. However, awareness
of the implications of land use decisions and the increased productivity and resiliency of SPS over
conventional systems, in conjunction with adequate technical and policy support [15], has been shown
to incentivize adoption [41].

The MODIS data are low-resolution and may overestimate carbon stock estimates in grasslands
by including different land uses like wooded areas and forest patches into grazing land pixels [23].
However, our study showed the potential of SPS to mitigate climate by sequestering more carbon in
woody biomass. We assumed a linear increase in biomass carbon stocks with increasing tree cover,
which may not be accurate in all cases. For example, species functional traits play a role in carbon
dynamics by influencing species productivity [42].

We considered grasslands as proxy for silvopastoral systems as maps detailing silvopastoral
systems were not identified. It is important to considered trade-offs across expected ecosystem services
from increasing tree cover in grassland biomes. For example, a study on the effects of increased
woody vegetation following fire suppression in Brazilian Cerrado reported a decline in plant and ant
species by 27% and 35%, respectively [43]. Bond et al. [44] and Parr et al. [45] also reported that a
large-scale increase in tree cover in grasslands could impact African grassland biomes. Several similar
comments [46,47] were generated by the optimistic analysis of the global tree restoration potential by
Bastin et al. [48].

As discussed in Lusiana et al. [49], however, common measures of pixel-level uncertainty in both
classification and assigned C stock do not stand in the way of fairly narrow confidence intervals for
aggregated data as used in national GHG accounting. The specific reduction of uncertainty with
aggregation depends on the spatial structure of land cover change. For an Indonesian forest margin
landscape, the study concluded that for the 1 km2 scale of aggregation error was reduced below a
defined tolerance. Further studies of this type on SPS in Columbia would be relevant.

The study is not without limitations. Data used in this study were generated on a global scale and
thus may have some inaccuracies when down-scaled to a national analysis. Tree cover was measured
via remote sensing and interpreted from MODIS Vegetation Continuous Fields (VCF) product; as
such, it is an estimate of percentage crown cover, not tree density or tree biomass per se, and is
likely to underestimate or overestimate tree cover [11]. Remotely sensed data should be validated
with ground-level measurements [10], but this was not possible for logistical reasons during this
study. We assumed a linear increase in biomass carbon stocks with increasing tree cover, which
provides an approximation of biomass. We considered grasslands as proxy for silvopastoral systems as
silvopastoral systems are a type of grazing system. Our estimates can inform the potential for further
increase in C storage in SPS, but do not indicate yet what types of policy change and farmer innovation
will be needed to achieve this.

5. Conclusions

We estimated carbon stocks in Colombian grasslands using remotely sensed tree cover data from
MODIS and IPCC Tier 1 values. The results help clarify current and potential grassland carbon stocks at
a national scale. Tree cover and carbon stocks increased significantly from 2000 to 2017. There remains
high spatial variability, and regions with low tree cover have significant potential for increasing carbon
stocks. This approach, along with ground-level data validation, could be useful in creating targets for
planning NDCs and NAMAs in Latin American countries. Co-benefits include improved productivity
and socioeconomic outcomes, climate resilience, and environmental conservation. Moving forward,
it will be essential to create an enabling environment for the implementation of SPS in terms of policy,
land governance, investment, capacity development, and international cooperation.
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Abstract: The Nationally Determined Contributions (NDCs) of several non-Annex I countries mention
agroforestry but mostly without associated mitigation target. The absence of reliable data, including
on existing agroforestry practices and their carbon storage, partially constrains the target setting.
In this paper, we estimate the mitigation potential of agroforestry carbon sequestration in Vietnam
using a nationwide agroforestry database and carbon data from the literature. Sequestered carbon
was estimated for existing agroforestry systems and for areas into which these systems can be
expanded. Existing agroforestry systems in Vietnam cover over 0.83 million hectares storing a
1346 ± 92 million ton CO2 equivalent including above-, belowground, and soil carbon. These systems
could be expanded to an area of 0.93–2.4 million hectares. Of this expansion area, about 10% is
considered highly suitable for production, with a carbon sequestration potential of 2.3–44 million
ton CO2 equivalent over the period 2021–2030. If neglecting agroforestry’s potential for modifying
micro-climates, climate change can reduce the highly suitable area of agroforestry and associated
carbon by 34–48% in 2050. Agroforestry can greatly contribute to Vietnam’s 2021–2030 NDC,
for example, to offset the greenhouse gas emissions of the agriculture sector.

Keywords: agriculture sector; carbon sequestration; cost efficiency; land suitability; potential
expansion areas; representative concentration pathway

1. Introduction

In 2015, all signatory countries of the landmark Paris Agreement pledged to reduce their national
greenhouse gas (GHG) emissions and enhance resilience to climate change. The Nationally Determined
Contributions (NDCs) are the blueprints outlining mitigation and adaptation efforts, and the Paris
Agreement requires each party to prepare, communicate, and pursue their NDCs with domestic or
international support. NDCs describe post-2020 climate programs, and parties can prioritize sectors
which substantially contribute to their national emissions. Most signatory countries submitted their
first NDCs to the United Nations Framework Convention on Climate Change (UNFCCC) by 2016 [1],
with the option to amend before a final submission in 2020.
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Agriculture features prominently in the NDCs of non-Annex I countries, which are mostly
developing countries [2]. About 40% of 148 non-Annex I countries include mitigation measures
for the agriculture sector in their NDCs, with half of these mentioning integrated systems such as
agroforestry [3]. However, the NDCs of many countries do not elaborate these mitigation measures
into concrete actions and associated targets.

Agroforestry, an integrated agricultural system with crops and trees, can substantially reduce GHG
emissions through carbon sequestration [4,5]. Agroforestry also increases farmer adaptation to climate
change through, e.g., diversified products and sources of income, resource use efficiency, and improved
micro-climates [6–9]. Yet the absence of reliable data, including on types and distribution of existing
practices and their carbon storage, partially constrain estimation of mitigation and adaptation potential
from agroforestry at national scale [10].

Agriculture is a significant source of emissions in Vietnam. Total GHG emissions from Vietnam’s
agricultural sector reached an 88.3 million ton CO2 equivalent (mil tCO2e) in 2010, accounting for 35.8%
of total national emissions [11], and are projected to increase to 109 mil tCO2e by 2030 under baseline
conditions. Vietnam’s first NDC submitted to the UNFCCC in 2016 identified 15 mitigation measures
for the agriculture sector but excluded agroforestry. The measures focused on improving the efficiency
of inputs, plot management practices, such as transforming conventional water management in rice to
alternate wetting drying for reducing methane production, and waste treatment, such as converting
livestock waste into biogas, and are expected to reduce the projected 2030 baseline emissions by
6–42% [12]. Vietnam has recently included agroforestry in its revised NDC submitted to the UNFCCC
in 2020 as part of the Land Use, Land Use Change, and Forestry (LULUCF) sector. However, the revised
NDC only specifies the purpose of agroforestry measure, namely for “enhancing carbon stocks and
conserving lands”, without elaboration on activities and associated mitigation or adaptation targets.

A methodological framework for estimating mitigation and adaptation potential of agroforestry
and associated targets at a national or sub-national scale for climate programs such as NDCs is necessary.
In this paper, focusing on the mitigation potential, we describe such a framework that we used to
provide a technical and economic estimate of mitigation potential from agroforestry in Vietnam by
2030 by assessing its capacity for offsetting GHG emissions through carbon sequestration. We took into
account above-ground carbon (AGC), below-ground carbon (BGC), and soil carbon (SOC) sequestered
in existing areas and potential expansion areas of agroforestry across the country. We considered the
impact of future climate change scenarios on the expansion area and carbon sequestration potential
from agroforestry. The economic estimate accounts for the investment cost required to fulfill the
mitigation potential over 2021–2030.

2. Materials and Methods

2.1. Methodological Framework

Agroforestry mitigation potential was estimated at a national scale and can be disaggregated into
a sub-national scale using eight ecological regions (Figure 1a), differentiated based on geographical
characteristics, topographical features, ecosystem types, and climate [13]. These eight regions are
North West, North East, Red River Delta, North Central Coast, South Central Coast, Central Highlands,
South East, and Mekong River Delta. The detailed characteristics of each region, including soil
condition and dominant land uses, are given in [13].
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Figure 1. (a) Eight regions of Vietnam. (b) Methodological framework for estimating mitigation
potential from agroforestry (AF) in Vietnam.

The assessment of agroforestry mitigation potential consists of six steps (Figure 1b). The first
two steps pertain to existing agroforestry areas and the following four pertain to potential expansion
areas for agroforestry. The sequestered carbon in the potential expansion areas was assessed over a
ten-year period (2021–2030), and the impact of future climate scenarios on extent areas for agroforestry
system expansion was investigated using representative concentration pathway (RCP) 4.5 and RCP
8.5 scenarios. The aggregate of sequestered carbon across existing and potential agroforestry areas
constitutes the total carbon contribution from agroforestry by 2030.

We used the information on types and distribution of existing agroforestry practices in Vietnam
from the Spatially Characterized Agroforestry (SCAF) database (http://scafs.worldagroforestry.org/),
as a basis for estimating sequestration contributions from existing areas of agroforestry and for selecting
agroforestry systems for expansion. For the carbon estimation, we used input carbon storage data
reported in the literature or estimated carbon storage per land area using relevant allometric equations,
stem diameter, and crop density data from the literature. The input AGC data are species-specific
and mostly specific to Vietnam. On the other hand, the input BGC and SOC are system- but not
species-specific. For example, the BGC of most of the assessed agroforestry systems was estimated using
the BGC/AGC partitioning factor for agroforestry from [14], and the SOC using the SOC sequestration
rate from [10].

2.1.1. Step 1: Determine Key Existing Agroforestry Systems in Vietnam

The SCAF database provides information on 48 agroforestry practices observed in 2013–2014
across 42 out of the 63 provinces in Vietnam. Most of the 48 practices can be classified into eight
key systems based on their main perennial crop component, excluding the “other systems” (Table 1).
The total area of the eight key systems is 820,000 hectares (ha) or about 91% of the total agroforestry
system area. Examples of the eight key systems are illustrated in Figure 2. We cannot find a more
recent database than SCAF for existing agroforestry systems in Vietnam.
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Table 1. Existing agroforestry systems in Vietnam.

Agroforestry System * Total Area (103 ha) **
Common System

Components Main Regions

Melaleuca (Melaleuca
cajuputi)-based 245.5

Fresh-water inland forest with
paddy rice, sugarcane,

bananas, and fish
Mekong River Delta

Robusta coffee (Coffea
canephora)-based 245.3

Cassia siamea, black pepper,
fruit trees such as durian and

avocado, and nuts such as
macadamia

Central Highlands, South East

Rhizophora (Rhizophora
spp.)-based 149 Mangrove system with shrimp

farming Mekong River Delta

Acacia-based 129.5

Acacia mangium, Acacia
auriculiformis, or hybrid (Acacia

mangium × Acacia
auriculiformis), intercropped

with cassava in the early years
after tree planting until acacia

canopy is closed

North East, Red River Delta,
South Central Coast, Mekong

River Delta

Rubber (Hevea brasiliensis)-based 20.5

Usually intercropped with
cassava or maize in the early
years after tree planting until

rubber canopy is closed

North West, North Central
Coast, Central Highlands

Arabica coffee (Coffea
arabica)-based 10.5

Leucaena leucocephala, longan
(Dimocarpus longan), mango

(Mangifera indica), plum
(Prunus salicina) as shade trees

North West

Cashew (Anacardium
occidentale)-based 10.4 Intercropped with maize, black

pepper, or Robusta coffee Central Highlands, South East

Tea (Camellia sinensis)-based 9.5
Acacia mangium or hybrid,

Cassia siamea, or Illicum verum
as shade trees

North East, North Central Coast

Other systems 79.8
Various fruit- or timber
tree-based systems with

relatively small areas
Spread across regions

* Ordered by total area; ** Total area in the country based on the Spatially Characterized Agroforestry (SCAF) database.
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Figure 2. Examples of key common agroforestry systems in Vietnam: (a) Arabica and leucaena in the
North West region, (b) robusta, cassia, and black pepper in the Central Highlands, (c) tea and cassia in
the North Central Coast, (d) acacia and cassava in the North East, (e) rubber, potato, and maize in the
North Central Coast, (f) cashew, robusta, and black pepper in the South East, (g) melaleuca and rice in
the Mekong River Delta, and (h) Rhizophora and shrimp farming in the Mekong River Delta. Source of
photos, (a–g) (SCAF), (h) (https://nongnghiep.vn/tom---rung-voi-tang-truong-xanh-d233998.html).

2.1.2. Step 2: Estimate Sequestered Carbon in Existing Areas of Agroforestry

The existing areas of agroforestry in Vietnam refer to the 820,000 ha occupied by the eight key
agroforestry systems. Due to a lack of information on crop ages, the total AGC sequestered in these
areas was estimated using time-average AGCs obtained from the literature (Table A1). For the six key
agroforestry systems beside the two in wetlands, we generally used the BGC/AGC biomass partitioning
factor for agroforestry from [14] to estimate the BGC, and the response ratio from [10] to estimate the
time-average SOC assuming all areas of agroforestry were converted from logged-over forests. For the
two systems in wetlands, species-specific BGC and SOC are available from the literature (Table A1).
The aggregate of AGC, BGC, and SOC from the eight key agroforestry systems constitutes the carbon
contribution from existing areas of agroforestry. We assumed the total area and sequestered carbon in
the existing agroforestry systems are constant until 2030.

2.1.3. Step 3: Determine Potential Areas for Agroforestry Expansion

Due to the lack of a recent national land cover map from a reliable institution in Vietnam, we used
Vietnam’s 2018 land cover map from [15] to determine potential areas for agroforestry expansion.
Among other land cover types in the map, we selected croplands as potential areas for agroforestry
expansion. The croplands are defined by [15] as “lands with herbaceous and shrubby crops followed
by harvest and bare soil period”. They exclude orchards, annual crops with trees, forest plantations,
and wet and low-land paddy fields. We excluded wet paddy lands because they are the main source of
staple food for Vietnam, forest plantations and other tree-based systems because they are high-biomass
land uses, and barren forest lands because they can be used for forest restoration. Croplands are spread
across the country and have a total area of about 3.6 million ha (Figure 3a). Due to the absence of a
spatial boundary around existing agroforestry areas, and because croplands exclude all systems with
trees, we assumed the existing areas of agroforestry and croplands (hereafter called the expansion
domain) are thoroughly separated.
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2.1.4. Step 4: Select Agroforestry Systems for Expansion and Land Suitability Analysis

We selected five out of the eight key agroforestry systems for expansion, excluding rubber-,
Rhizophora-, and Melaleuca-based systems. For rubber, the Vietnam’s Master Plan on Agricultural
Production Development to 2020 vision to 2030 focuses on strengthening the processing industry
instead of area expansion. This orientation also applies to robusta coffee and tea; however, coffee- and
tea-based agroforestry provide diverse products such as timber, nuts, or fruits, for which the country is
still unable to meet national demand. We excluded Rhizophora- and Melaleuca-based systems because
considerable further research is necessary. Spatial data for determining their potential expansion areas
is scarce and we lack information such as inundation frequency, water salinity, and tide intensity, that is
crucial for land suitability analysis of wetland systems e.g., see [16]. Moreover, we could not find facts
about the suitable growing conditions of these two systems from a reliable institution in the country.
The most popular acacia-based system in Vietnam is the short-rotation (3–5 years) type for pulp and
paper with annual crops such as cassava in the first or second year after tree planting [17]. However,
the system for expansion is long-rotation (8–12 years) for timber purposes to help minimize Vietnam’s
dependence on timber importation. For the cashew, the selected system for expansion is alley cropping
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with annual crops such as maize, not the perennial shade system with coffee. In the alley cropping
system, cashew plants have a higher density to maximize production for national and export markets.

Based on the guideline of land evaluation from [18,19] and the available spatial data, the land
suitability analysis for each agroforestry system for expansion considered the topographical,
soil, and climatic conditions within the expansion domain. We used slope as an indicator for
topographical conditions, soil depth and type for soil conditions, and average annual temperature and
precipitation for climatic conditions. The suitability of areas within the expansion domain depends
on the indicator values. The assignment of suitability levels involved two steps: first, the indicator
values within the expansion domain were compared with thresholds of the growing conditions of
the agroforestry systems. We utilized thresholds from a three-tiered ranking of growing conditions
reported by reliable institutions in Vietnam (Table 2). Ranking s2 implies little to no limitation of
enabling factors for sustaining crop productivity; s1 indicates moderate to severe limitation of such
factors, requiring modest or substantial additional inputs or plot management practices for sustaining
crop productivity; and s0 describes conditions in which the specified crop cannot grow even with any
additional inputs or plot management practices. Subsequently, each area was classified as “highly
suitable” if all its indicators met the s2 growing condition, “not suitable” if all indicators met the s0
growing condition, and “less suitable” if all indicators met the s1 growing condition, or if not all
indicators met the s2 or s0 condition. For simplicity, we only assessed the suitability of the main
perennial crop species in each system, e.g., tea for the tea-based system.

Table 2. Growing condition of the main crop species of selected agroforestry systems for expansion.

Acacia * Cashew Robusta Arabica Tea

Reference [20,21] NIAPP ** (data
unpublished)

NIAPP (data
unpublished)

NIAPP (data
unpublished) [19]

s2

Soil type *** Ac, Fl, RhFe, Gl RhFe, Fe, Ac RhFe, XaFe, Fe,
Ac RhFe, Fe RhFe, Fe

Soil depth (m) >1 >1 >1 >1 >1

Slope (◦) <8 <8 <8 <8 <8

Annual rainfall (mm) 1500–2500 2100–2500 1600–2000 1000–2000 >1800

Annual temperature (◦C) 23–26 22–25 22–24 18–22 >22–25

s1

Soil type Lu, Fe Ac Ac, Fl Ac Ac, HuFe

Soil depth (m) 0.5–1 0.5–1 0.5–1 0.5–1 0.5–1

Slope (◦) 8 to 35 8–<25 8–20 8–20 8 to 20

Annual rainfall (mm) 800–<1500;
>2500–3500

1300–<2100;
>2500

1200–1600;
>2000

800–1000;
>2000 1000–1800

Annual temperature (◦C) 20–<23; >26 18–<22; >25 –8–22, >24 14–<18; >22–24 15–22; >25–35

s0

Soil type Others Others Others Others Others

Soil depth (m) <0.5 <0.5 <0.5 <0.5 <0.5

Slope (◦) >35 >=25 >20 >20 >20

Annual rainfall (mm) <800; >3500 <1300 <1200 <800 <1000

Annual temperature (◦C) <20 <18 <18 <14; >24 <15; >35

* Common thresholds for Acacia mangium, Acacia auriculiformis, Acacia crassicarpa, or acacia hybrid, ** Vietnam
National Institute of Agricultural Planning and Projection (NIAPP), *** Ac: acrisols; Fe: ferrasols; RhFe: rhodic
ferralsols; XaFe: xantic ferralsols; Fl: fluvisols; Gl: gleysols; HuFe: humic ferralsols.

We used the 1960–1990 climate data from WorldClim 1.4 [22] as the baseline climate (Table 3).
The World Meteorological Organization recommended 1960–1990 as the baseline period [23].
To investigate the impact of future climate on suitable areas for agroforestry expansion, we selected
the CNRM-CM5 climate model under RCP 4.5 and RCP 8.5 for the period 2041–2060, also from the
WorldClim 1.4, which is available at 30 arc seconds resolution. WorldClim 2.0 provides climate data
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for the period 2021–2040 but at coarser resolution, and a stronger impact of climate change on the
area for expansion and carbon sequestration potential from agroforestry can be expected using the
2041–2060 data. CNRM-CM5 is one of the best climate models for South East Asia [24]. Because we only
considered the main perennial crop component of each agroforestry system for expansion in the land
suitability analysis, the impact of future climate was also assessed for the main crop component only
to represent the impact on each agroforestry system, neglecting the potential of agroforestry to modify
micro-climates through an integration of multiple plant components that can reduce the intensity of
climate change impact. Due to the absence of a spatial boundary to existing areas of agroforestry,
we only investigated the impact of future climate on the potential expansion areas. All spatial inputs
were standardized into one arc second, considered as a suitable resolution for country analysis.

Table 3. Input maps used for the land suitability analysis.

Input Maps Resolution Coordinate System Date Source

Land cover 1 arc second Lat/Long World Geodetic
System (WGS) 84 2018 [15]

Digital Elevation Model
(DEM) 1 arc second Lat/Long WGS 84 2019

Advanced Land Observing
Satellite (ALOS) Global
Digital Surface Model
(AW3D30) version 2.2

Slope 1 arc second Lat/Long WGS 84 2019 Generated from DEM

Soil type 1: 1,000,000 WGS 84 UTM Zone 48N 2010 NIAPP

Soil depth 1: 1,000,000 WGS 84 UTM Zone 48N 2010 NIAPP

Baseline average annual
precipitation and

temperature
30 arc seconds Lat/Long WGS 84 1960–1990 WorldClim 1.4

Future average annual
precipitation and

temperature
30 arc seconds Lat/Long WGS 84 2041–2060 WorldClim 1.4

Based on the baseline climate data from WorldClim 1.4, the northern part of the country
generally has lower average annual temperatures and precipitation than the central and southern
parts (Figure 3b,c). A similar pattern was reported by, e.g., [13]. This pattern will potentially change
in the future, especially under the RCP 8.5 scenario, due to substantial increases in temperature and
precipitation in the northern part of the country (Figure 3d).

2.1.5. Step 5: Estimate Sequestered Carbon in Potential Expansion Areas

We estimated the carbon sequestered through agroforestry expansion by subtracting the AGC
and BGC stored in croplands from the total carbon accumulated over ten years in areas suitable
for agroforestry expansion. We used the average AGC of croplands of 5 tC ha−1 for “cropland
containing annual crops” according to the Intergovernmental Panel on Climate Change (IPCC) [25]
and a BGC/AGC partitioning factor of 0.05–0.2 for “permanent cropland” [14]. The SOC is 53–158 tC
ha−1 for “permanent cropland” [14]. We assumed that the conversion of croplands into agroforestry
retained the SOC in the soil, but we excluded this SOC from the estimation of accumulated SOC in the
ten-year agroforestry expansion. All input AGC, BGC, and SOC data for the five agroforestry systems
for expansion are given in Table A1.

There were five scenarios of agroforestry expansion, one for each agroforestry system. In each
scenario, the system expands into highly suitable areas only, or into 10% and, at most, 25% of the
less suitable areas. We assumed that agroforestry systems that have expanded into less suitable areas
accumulate AGC, BGC, and SOC at the same rates as in highly suitable areas.

The highly and less suitable areas for expansion were gradually converted into agroforestry across
the ten years at a constant conversion rate. Therefore, in the first year, only 10% of suitable areas
was converted into agroforestry, to reach the total suitable area in the tenth year. For simplification,
we applied a constant carbon accumulation rate across the years for AGC, BGC, and SOC.
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To assess the advantages of using agroforestry to offset the GHG emissions from the agriculture
sector, we compared the accumulated carbon levels in the expansion domains from agroforestry and
from sole crop plantations. We used three commodities in the comparison, namely arabica coffee,
robusta coffee, and tea. Acacia and cashew crops were not considered because the sole plantation of the
two commodities are forestry, not agricultural systems. The comparison was made for highly suitable
areas and AGC only because the BGC and SOC input data are not species-specific. All estimated
carbon values were converted into CO2e with a factor of 3.67.

2.1.6. Step 6: Estimate the Cost Efficiency of Agroforestry Expansion

We defined cost efficiency as the investment cost required to sequester one ton of CO2 equivalent.
We calculated cost efficiency using the total investment cost to establish and maintain agroforestry
systems for ten years under the baseline climate conditions. The cost efficiency will not change under
the future climate conditions because the change in investment cost is proportionate to that in the
potential expansion area. We estimated all investment costs according to their monetary worth in 2019
(Table 4) by using the annual inflation rate of Vietnam. We compared cost efficiency among agroforestry
expansion scenarios, and between agroforestry and sole plantations of arabica, robusta, and tea.

Table 4. Input investment costs for agroforestry and sole crop expansion.

System Investment Cost (USD ha−1 year−1) Source

Acacia agroforestry 173 ± 4.6 [26] for the case of South Central Coast
Arabica agroforestry 2587 SCAF database for the case of North West
Cashew agroforestry 213 SCAF database for the case of South East
Robusta agroforestry 2124 ± 574 SCAF for the case of Central Highlands

Tea agroforestry 2806 SCAF database for the case of North East
Arabica sole plantation 1835 [27] for the case of North Central Coast
Robusta sole plantation 941 ± 24 [28] for the case of Central Highlands

Tea sole plantation 2642 [29] for the case of Central Highlands

3. Results

3.1. Sequestered Carbon in Existing Areas of Agroforestry

The total (TOC) of sequestered AGC, BGC, and SOC in the existing areas of agroforestry,
from the eight key systems in Vietnam, reaches 1346 ± 92 mil tCO2e. The two systems in wetlands,
namely Rhizophora- and Melaleuca-based, contribute about 82% to the TOC (Figure 4) thanks to their
high carbon storage per hectare and large areas. About 52% of the TOC is SOC, 27% is BGC, and 21%
is AGC. The share of TOC from BGC is higher than from AGC due to a large contribution from the
root biomass of the Rhizophora-based system. The AGC, BGC, and SOC sequestered by agroforestry
systems are shown in Table A2.
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3.2. Suitable Areas for Agroforestry Expansion

Highly suitable areas for the five agroforestry systems for expansion range from 24 to 419 thousand
ha nationwide under the baseline climate (Table 5). Cashew has the most limited area, while acacia has
the largest. However, in terms of aggregate of highly and less suitable areas, the most limited is arabica.
Neglecting the capacity of agroforestry system to modify micro-climate that can reduce the impact
of climate change especially warming climate, the highly suitable areas for agroforestry expansion
were substantially affected by the potential change in climate (Table 5). For example, large areas
across the country are projected to have an increase in average annual temperature by 1.8–2 ◦C by
2050 under RCP 8.5, and this reduces the highly suitable area of the arabica coffee-based system by
89% compared to baseline. For most of the agroforestry systems, the change in climate transformed
the highly suitable areas into less suitable areas for expansion. The two coffee-based systems are the
most severely affected, while acacia is relatively resistant to the climate change. On average, for all
agroforestry systems, the highly suitable areas are potentially reduced by 34% and 48% in 2050 under
RCP 4.5 and RCP 8.5, respectively.

Table 5. Suitable areas for agroforestry expansion under baseline and future climate conditions.

Acacia Arabica Robusta Cashew Tea

Highly suitable (thousand ha)
Baseline 419 54 189 24 181
RCP 4.5 435 15 36 21 170
RCP 8.5 389 6 32 17 127

Combined (highly and less) suitable (thousand ha)
Baseline 2407 937 1985 1789 1787
RCP 4.5 2447 362 1980 1761 1784
RCP 8.5 2468 268 1997 1827 1797

Impact of climate change on highly suitable area (%)
RCP 4.5 4% −72% −81% −14% −6%
RCP 8.5 −7% −89% −83% −32% −30%

Among the eight regions, Central Highlands contains the largest area that is highly suitable for
agroforestry expansion (Figure 5a) due to favorable soil and climate conditions for crop cultivation.
The South Central Coast and Mekong River Delta have the smallest suitable areas due to higher
temperatures, lower precipitation, or unsuitable soil types for agroforestry systems’ expansion. These two
regions, along with the Red River Delta, also have the smallest suitable area for agroforestry expansion
when both highly and less suitable areas are combined (Figure 5b). Suitable areas for agroforestry systems
organized by region under baseline and future climate conditions are given in Table A3.
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3.3. Sequestered Carbon in the Agroforestry Expansion Areas

Among the five scenarios, expansion using arabica- and cashew-based agroforestry in highly
suitable areas accumulated the smallest TOC over the ten-year expansion period under baseline climate
conditions (Figure 6). Acacia-based AF accumulated the highest TOC that reaches 44 ± 4.5 mil tCO2e
by 2030. The inclusion of 10% or 25% of the less suitable areas substantially increased the TOC on
average by a factor of 3.3 and 6.8, respectively (Figure 6b,c), compared to the TOC from highly suitable
areas only. The sequestered TOC values under baseline and future climate conditions with or without
the inclusion of less suitable areas are provided in Table A4.Land 2020, 9, x FOR PEER REVIEW 12 of 26 
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3.4. Cost Efficiency of Agroforestry Expansion

The investment cost for agroforestry expansion in the highly suitable areas under baseline
climate conditions ranges from USD 28 to 2790 million for the ten-year period (Figure 7a). The cost
doubled when the combined suitable areas were included. Among the five agroforestry systems,
the expansion of tea-based systems into the total highly suitable area of 180,000 ha requires the
largest investment cost. For the purpose of sequestering carbon, neglecting potential economic
returns, acacia- and cashew-based systems are the most cost efficient among the five agroforestry
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systems for expansion. The cost efficiency of the two systems is USD 8–12 per tCO2e. The cost
efficiencies of sole crop plantations are USD 9121, 1041, and 934 per tCO2e for arabica, robusta, and tea,
respectively. Agroforestry expansion is 1.3–17 times more cost-efficient for sequestering carbon than
sole crop plantations.Land 2020, 9, x FOR PEER REVIEW 13 of 26 
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Figure 7. (a) Total investment cost and cost efficiency of the five agroforestry expansion scenarios,
(b) mitigation contribution from agroforestry expansion for removing greenhouse gas (GHG) emission
of Vietnam’s agriculture sector.

3.5. Mitigation Contribution to Agriculture Sector

The sequestered TOC in the existing areas of agroforestry that reaches 1346 ± 92 mil tCO2e can
thoroughly offset the projected GHG emissions of the agriculture sector by 2030. However, if only
the carbon contribution from post-2020 programs is considered, the sequestered TOC in agroforestry
expansion areas under baseline climate can remove 15–88% of the total GHG emissions of the agriculture
sector compared to if 25% of the less suitable areas is included in the carbon assessment (Figure 7b).
The acacia-based expansion provides the largest contribution, while the arabica-based provides the
smallest. If the 15 mitigation measures in Vietnam’s first NDC provide the minimum contribution of
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6%, about 6–79% of projected emissions by 2030 would remain unremoved. A higher contribution
from agroforestry can be expected if more than 25% of the less suitable areas were considered in
the assessment.

4. Discussion

4.1. Agroforestry in Vietnam’s 2020 NDCs

In Vietnam’s 2020 NDC1, agroforestry is mentioned in Section 2.4.3 as part of measures for the
LULUCF sector. Agroforestry and forest protection and restoration are most likely placed as part
of the same sector due to their potential usefulness for carbon sequestration and land conservation.
Agroforestry-related activities and targets will likely be elaborated in the NDC action plan that is still
under development by the government at this time.

To offset sectoral emissions, it is, however, more effective to include agroforestry as part of the
agriculture sector. By 2010, in Vietnam, forests and other land uses, excluding agriculture, such as
grasslands had generated a net negative emission of 19.2 mil tCO2e with a projected emission of −42.5
and −45.3 mil tCO2e by 2020 and 2030, respectively [11]. Moreover, the country has committed to
the UNFCCC’s Koronivia Joint Work on Agriculture (KJWA) to promote and enhance investment in
climate-smart agriculture such as agroforestry [30]. Enhancing terrestrial and soil carbon is among the
priorities of the KJWA [31], along with improved nutrient and water management for food security
and resilience to climate change, for which agroforestry can also generate relevant benefits.

As in its first NDC, Vietnam’s 2020 NDC focused on improving the efficiency of inputs,
plot management practices, and waste treatment as mitigation measures for the agriculture sector.

4.2. Agroforestry Systems for Expansion and Impact of Climate Change

Several studies in the literatures [32–35] also projected a strong impact of climate change on
suitable area and production of arabica and robusta coffee. Globally, climate change potentially
reduces the suitable area for coffee by 50% across climate scenarios, and Vietnam is one among several
coffee producing countries that will be severely affected [32,34]. The change in climate, especially
warming temperature beyond the optimal threshold for growth, affects the coffee biological process
that results in reduced photosynthesis, a slower or halted ripening process, or flower abortion [36].
In addition, the change in temperature can trigger pest and disease outbreak. The impact of climate
change on suitable area and production of other species, such as tea, has also been reported in the
literature [37–39].

Our study only assessed the impact of climate change on the main perennial crop species of each
agroforestry system for expansion. However, the projected impact does not necessarily represent
impact on agroforestry that uses that species as the main crop. The presence of other plant components
in agroforestry can potentially modify the micro-climate, which reduces the intensity of climate change
impact. For example, shading trees or ground cover crops in coffee agroforestry systems can keep soil
moisture high and soil temperature low, and these benefits are absent in sole coffee plantation [40–42].
The role of coffee agroforestry systems for mitigating the impact of a warming climate has been
demonstrated in the southeast Brazil [33]. The suitable area for sole coffee plantation is projected to
decrease by 60% in 2050, driven by a 1.7 ◦C ± 0.3 increase in the average annual temperature. However,
coffee agroforestry systems with a 50% shade cover can reduce the average annual temperatures within
the systems, and 75% of the total area of coffee agroforestry in the region will still be suitable for
production by 2050. Therefore, the strong impact of the warming climate on robusta and arabica coffee
projected in our study clearly suggests the need for prioritizing coffee agroforestry rather than sole

1 https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Viet%20Nam%20First/Viet%20Nam_NDC_2020_Eng.pdf
submitted on September 2020.
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coffee plantation for expansion in Vietnam and promoting a gradual conversion of existing sole coffee
plantations into agroforestry. The projected impact of the warming climate on other species such as tea,
as shown in our study, also suggests the need for modifying the micro-climate through agroforestry.

Vietnam’s Master Plan on agricultural production development to 2020, vision to 2030, specifies
the Central Highlands, South East, and North Central Coast as the main production regions for robusta
coffee. Our land suitability analysis shows that the three regions have suitable, both highly and less
suitable combined, areas for robusta coffee, each above 200,000 ha, and thus supports the specification.
The other regions such as the North West and North East also have large suitable areas for robusta
coffee. However, the Central Highlands has been the production house of robusta coffee in Vietnam for
decades, with strong market access, role of private sectors, and supporting infrastructure, including
the processing industry [43]. Therefore, the Plan is likely focusing the production of robusta coffee in
regions around the Central Highlands. The Plan also specifies main production regions for tea, namely
the North East, North West, and Central Highlands. Our land suitability analysis suggests that the
South East and North Central Coast are also suitable for tea expansion. Therefore, aside from existing
infrastructures and market access for tea that are currently concentrated in the North East, North West,
and Central Highlands [44], expansion of tea agroforestry in the other two regions can become an
option. For cashew, the Plan specifies the Central Highlands, South East, and South Central Coast.
As for robusta coffee and tea, the specification likely considers existing infrastructures and access to
market as main factors. Putting those factors aside, our analysis shows that other regions such as
North West, North East, and North Central Coast have larger suitable areas for cashew than that of the
South Central Coast. Another factor that drives the Plan to consider the South Central Coast is likely its
territorial bordering with the Central Highlands. The Plan does not specify regions for arabica coffee
and acacia. According to our analysis, three regions, namely the North West, North East, and Central
Highlands, have suitable areas for arabica coffee, each above 180,000 ha, and according to [43], the main
arabica cultivations in Vietnam can be found in the North West and Central Highlands. Therefore,
the expansion of arabica-based agroforestry can target the North West and Central Highlands, with the
North East as an option. Acacia can grow in a wide range of terrain, soil, and climate conditions and
is relatively easy to manage [45]. In addition, it is a nitrogen-fixing species that can help restore soil
fertility. Our analysis shows that acacia is suitable in all regions except the Mekong River Delta.

Rhizophora-based agroforestry should be considered as an agroforestry system for expansion,
although our study could not assess its potential area for expansion and sensitivity to climate change
due to lack of input data. Rhizophora-based agroforestry can potentially reconcile mangrove restoration
and livelihood improvement through combining mangrove plantation and shrimp farming. The area
of mangrove forests in Vietnam, especially in the Mekong River Delta, has decreased by 35,000 ha,
or 32% of their initial area, during the past three decades (1988–2018) [46], mainly due to anthropogenic
activities. About 7300 ha of degraded mangrove forests have been regenerated from 2013 to 2018,
but stronger efforts for mangrove restoration in Vietnam are necessary to counter the escalated
impact of sea water intrusion amidst livelihood pressure from surrounding populations. By 2050,
about 13% of existing rice agricultural areas in the Mekong River Delta are likely to be converted to
shrimp farms due to the high economic benefit and impact of sea water intrusion [47]. An effective
land share between mangrove plantations and shrimp farms within Rhizophora-based agroforestry
systems has been suggested by several studies, e.g., [48,49], for the purpose of optimizing economic
return from the shrimp farming and ecological contribution from the mangrove. A recent study [49]
claims that mangrove density has no ecological impacts on shrimp farming, and the recommended
mangrove coverage for shrimp farming is about 60%. Rhizophora-based agroforestry systems are also
a solution for restoring mangrove biodiversity and coastal food chains [49], apart from their substantial
contribution to carbon sequestration for GHG removal.
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4.3. Advantages of Using Agroforestry Rather than Sole Crop Plantation for NDCs

Our study shows that agroforestry is more cost efficient in sequestering carbon than sole crop
plantation (see also [12]). Consequently, the cost required to remove GHG emissions is lower when
using agroforestry than sole crop plantation. For example, expansion of robusta-based agroforestry in
Vietnam can potentially remove 41% of total GHG emissions of the country’s agriculture sector by
2030 (see Figure 7b), equivalent to about 45 mil tCO2e. The expansion requires an investment cost
of about USD 6.3 billion (see Figure 7a). Removing a similar amount of GHG emissions using sole
robusta plantations will require an additional cost of about USD 41 billion. For the case of arabica
coffee and tea, the required additional costs are about USD 145 billion and 20 billion, respectively.

Agroforestry can offer more climate change mitigation and adaptation co-benefits as compared to
sole crop plantations. For example, robusta-based agroforestry systems in the Central Highlands region
were reported to sequester, on average, 0.16 tCO2e per ton coffee produced thanks to sequestered
carbon in shade trees and contribution from nitrogen-fixing trees to reduce chemical inputs. On the
other hand, sole coffee plantations were net GHG emitters with, on average, 0.37 tCO2e per ton
coffee produced [50]. In terms of economic return, crop diversification in agroforestry can increase
and stabilize farmers’ incomes [7]. For example, in the Central Highlands, the net income of a
robusta-macadamia (Macadamia integrifolia) system reached USD 2500 ha−1 year−1 compared to USD
1793 ha−1 year−1 for sole robusta plantations [29]. For tea, the net annual income from a sole tea
plantation in the Central Highlands was USD 720 ha−1 year−1 [29], while a tea-Acacia mangium system
in the North East generated USD 1688 ha−1 year−1, as reported in the SCAF database. There is also
evidence of agroforestry’s role in stabilizing farmers’ annual incomes from fruit tree-based systems in
the North West [51] and acacia-based systems in the North Central Coast [26,52]. Higher and more
stable incomes from agroforestry mean that farmers can reinvest in improved adaptation strategies.

4.4. Caveats in the Carbon and Cost Assessment for Agroforestry

In our study, due to limited information from the literature, we assumed that the sequestered
carbon per ha of agroforestry in highly and less suitable areas, when used as inputs for the national-scale
estimation of carbon potential from agroforestry expansion, are comparable. Likewise, the input
investment costs per ha for agroforestry expansion were assumed to be comparable for all suitable
areas. To overcome the scarcity of input data, future studies can consider the use of tools for
simulating soil–climate–crop interaction in agroforestry—e.g., see [53]—to obtain projection of plot-level
sequestered carbon and investment cost in different growing conditions, for example, in highly and less
suitable areas. The projected carbon and cost per ha can be used to better estimate carbon sequestration
potential and associated cost of agroforestry expansion. For example, if the projected carbon per ha
of agroforestry in less suitable areas is reduced by 10% compared to that in highly suitable areas,
agroforestry expansion under baseline climate can remove 13–83% instead of 15–88% of the total
GHG emissions of the agriculture sector by 2030 if 25% of the less suitable areas were included in
the calculation. Future studies on the return on investment from agroforestry that include sensitivity
analyses of climate change impacts are also necessary. For such assessment, the studies can use the
projected impact of future climate on suitable areas for agroforestry expansion as described in the
current study and the projected plot-level investment cost, including level of crop production from the
simulation tools for highly and less suitable areas of agroforestry.

4.5. Ways Forward to Foster Agroforestry in Vietnam’s NDC

Vietnam’s 2020 NDC outline national climate programs spanning from 2021 to 2030, with an
update to the UNFCCC required by 2025. Among efforts needed to enhance the role of agroforestry
in climate mitigation and adaptation informed by the revised NDC, including the inclusion of
agroforestry as part of measures for the agriculture sector, are continuous improvement of the database
on agroforestry practices, further investigation on their potential mitigation and adaptation benefits,
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and the development of reliable monitoring, reporting, and verification systems. Vietnam’s 2020
NDCs also emphasize that proposed measures need to demonstrate synergy and co-benefits among
climate change adaptation, mitigation, and sustainable development goals, including the promotion
of gender equality. For the agriculture sector, Section 3.1.4 of the country’s NDC underlines that
“women’s decision-making power within the family is often limited which constrains them to apply
their experience and knowledge to selecting varieties and cultivation techniques”. Additional scientific
evidence is needed to demonstrate advantages of agroforestry over other agricultural practices in
contributing to such synergies, including empowering women in decision making. Several studies
have shown certain gendered preferences when selecting tree species for agroforestry, e.g., [54–56].
Similar studies for investigating such preference in Vietnamese farmers are necessary. Understanding
the reasoning and factors that drive these preferences can have long-term impacts on interventions for
climate change mitigation and adaptation, as well as enabling progress on gender equality.

The inclusion of agroforestry in mechanisms that can reward carbon sequestration can also foster
agroforestry in Vietnam’s NDC. For example, some studies claimed that agroforestry can be a direct
or indirect target of Reducing Emissions from Deforestation and Forest Degradation (REDD+) [57],
which, to date, remains as the UNFCCC’s sole framework that suggests a carbon-reward mechanism.
Globally, about half of the 73 developing countries that have REDD+ strategies cited agroforestry as a
potential measure for reducing forest degradation and deforestation [58]. Vietnam’s REDD+ action
plan for 2030 does not, however, explicitly mention agroforestry. Agroforestry is likely relevant for
measure 4.1.2 on “promoting sustainable and deforestation-free agriculture”2, but no elaboration of that
measure is provided in the action plan, which creates uncertainty on the relevancy. Recently, Vietnam’s
national policy on payments for forest ecosystem services is under amendment to include forest carbon
in addition to water services. The policy applies a mandatory payment to beneficiaries of forest water
service and, very much in the same way, the proposed scheme of payment for carbon services suggests
large GHG emitters such as the cement industry and coal-generated power plants would have to pay
forest communities and landowners to support forest protection and expansion [59]. Some types of
agroforestry, such as acacia-based systems for timber purposes with temporary intercrops, probably
classify under the category of forestry land uses that can receive such payments. A verification
from relevant authorities is, however, necessary for timber-based systems with permanent intercrops.
Furthermore, a feasible monitoring, reporting, and verification system to track progress towards
agroforestry mitigation and adaptation targets should be developed to foster agroforestry in Vietnam’s
NDC. In the current study, the variety and areas of existing agroforestry practices in Vietnam were
known from the SCAF database, relying on provincial partners as the principal data sources. Technical,
financial, and institutional challenges for developing a monitoring, reporting, and verification system
for agroforestry in Vietnam should be identified and properly addressed.

5. Conclusions

The suitable area of each agroforestry system for expansion at the national and sub-national scales
and the estimated mitigation potential under baseline and future climate conditions described in this
study can support Vietnam in specifying agroforestry activities, mitigation targets, and associated costs
for developing the action plan of its 2020 NDC. Among the crop species assessed for = agroforestry
expansion, the two varieties of coffee, namely robusta and arabica, will be the most severely affected
by climate conditions in 2050. To reduce the impact of climate change, future agricultural expansion in
Vietnam should consider these crop species in agroforestry, which has potential to modify micro-climates
and has other co-benefits such as being more cost efficient in sequestering carbon compared to sole
crop plantation. Thanks to these benefits, agroforestry will bring less investment risks than sole
crop plantation.

2 http://vietnam-redd.org/Upload/CMS/Content/Library-GovernmentDocuments/419%20NRAP%202030%20En.pdf
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The 2020 NDC for Vietnam includes agroforestry as part of measures for the LULUCF sector.
However, for the purpose of offsetting sectoral GHG emissions, it is more effective to include
agroforestry as part of agriculture sector. Excluding the sequestration contribution from the existing
areas of agroforestry, the total AGC, BGC, and SOC sequestered in the potential areas for agroforestry
expansion can remove 15–88% of the total GHG emissions of the agriculture sector. This is achieved
when both highly suitable and 25% of less suitable areas for agroforestry expansion were included in
the carbon assessment.
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Efforts to foster the implementation of Vietnam’s NDC through agroforestry would benefit from
continuous data provision for estimating agroforestry’s mitigation and adaptation benefits, capacity to
achieve synergy and co-benefits between climate change adaptation, mitigation and sustainable
development goals, and to promote gender equality. In addition, a reliable monitoring, reporting,
and verification system is necessary to track progress towards agroforestry’s mitigation and adaptation
targets. If all these further efforts generate at least preliminary outputs accessible to relevant authorities
within the next 3–4 years, we can expect agroforestry to have a broader role in climate mitigation and
adaptation, informed by Vietnam’s revised NDC by 2025.
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Abstract: With 15–20% of Indonesian oil palms located, without a legal basis and permits, within the
forest zone (‘Kawasan hutan’), international concerns regarding deforestation affect the totality of
Indonesian palm oil export. ‘Forest zone oil palm’ (FZ-OP) is a substantive issue that requires
analysis and policy change. While spatial details of FZ-OP remain contested, we review literature
on (1) the legal basis of the forest zone and its conversion, (2) social stratification in oil palm
production (large-scale, plasma and independent growers), and (3) environmental consequences
of forest conversion to FZ-OP, before discussing policy options in a range of social and ecological
contexts. Policy options range from full regularization (as FZ-OP stands could meet international
forest definitions), to conditional acceptance of diversified smallholder plantings in ‘agroforestry
concessions’, to gradually phasing out FZ-OP and eviction/destruction. A nuanced and differentiated
approach to FZ-OP is needed, as certification of legality along supply chains is vulnerable to illegal
levies and corruption. Corporate actors trading internationally can avoid use of uncertified raw
materials, effectively shifting blame and depressing farmgate prices for domestic-market palm oil,
but this will not return forest conditions or stop further forest conversion. We discuss an agenda for
follow-up policy research.

Keywords: certification; deforestation; palm oil; forest classification; Jambi; legality; independent
smallholders; agroforestry concessions; Sumatra; West Kalimantan

1. Introduction

A reader cannot safely assume to understand what the word ‘forest’ means in any new context, as
the ecological (vegetation-based) and social (institutional, rule-based) meanings of the word ‘forest’
only partially overlap [1,2]. There can be ‘trees outside a forest’ [3] and ‘forests without trees’ [4].
Conversion of natural forest to plantation forestry is not considered to be deforestation, an issue that
sparked debate when the UNFCCC climate change convention considered forest-specific policies [5].
What is excluded from the ‘tree’ concept, at the heart of common forest definitions, also matters:
rubber (Hevea brasiliensis) can be considered to be a forest tree when grown for timber, or an agricultural
commodity when tapped for its latex [6]. A number of global studies, however, have included the
conversion of rubber monoculture (regardless of its primary purpose) to an oil palm monoculture
under global ‘deforestation’ statistics [7]. The debate whether or not palms are included under the
‘tree’ concept has direct implications for whether or not the conversion of natural forest to an oil palm
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monoculture can be called ‘deforestation’ [8] and for how much a ‘deforestation-free’ commitment
of the palm oil industry means [9]. National definitions of the tree and forest concepts can differ
from the global ones [10,11]. At the social-ecological system scale of a landscape, the concept of
‘agroforest’ describes tree-based vegetation managed by farmers, who often see labeling this as a forest
as a threat [12,13]. Institutionally such land use may be legalized under ‘community-based forest
management’ rules [14], but these arrangements may maintain forest authorities in the ‘landlord’
role, expecting a share in any harvestable goods or sellable services that the land may generate [15].
The absence, at least until recently, of formal recognition for agroforestry as a valid form of land use
intermediate to ‘forest’ and ‘agriculture’ has not prevented the existence and spread of such land uses
that defy the rules [16] (Figure 1).

Figure 1. Forest-Agriculture interface with the current segregated policy interpretation distinct from
the more fluid ‘integrated’ reality in the landscape, with consequences for the meaning of ‘deforestation’
and ‘loss of forest functions’ [17].

In the international debate over consequences of tropical commodity production, ‘forest’ is
primarily seen as a vegetation type or ecosystem, observable through remote sensing [18], with a
rather arbitrary tree cover threshold used in a dichotomous classification. Global data sets based on
a continuum interpretation with tree cover as metric are available and have been used to monitor
changes in tree cover in agricultural lands [19]. Concerns about deforestation, and the concomitant loss
of biodiversity and net C emissions, have led to institutional support in the climate change convention
for government action to support ‘reforestation’ [20] and ‘reducing emission from deforestation and
forest degradation’ [21,22]. In parallel, citizens in importing countries expressing concern about
the footprint of their consumption have induced corporate actors to dissociate themselves from
deforestation-linked supply chains [23]. Palm oil has been a primary target for the emergence of
voluntary private standards [24,25]. The Roundtable on Sustainable Palm Oil (RSPO) and related
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institutions have triggered responses in Malaysia and Indonesia (jointly around 85% of global palm
oil production) that saw their national sovereignty at risk in international markets [26]. A study of
RSPO impacts in Kalimantan suggested that it increased forest conversion in agricultural lands but
decreased such within the forest estate [27].

Recent estimates, discussed below, show that, based on remote sensing, 15–20% of Indonesian oil
palms are located within the ‘forest zone’ (Kawasan hutan), a primarily institutional indication of land
status. We indicate these as Forest Zone Oil Palm (FZ-OP). The FZ-OP percentage can be interpreted in
multiple ways. To an international audience that has come to believe that most, if not all, of Indonesian
palm oil is linked to deforestation, the number may seem to be small. To the Indonesian palm oil sector,
it may give the impression of some bad apples that need to be dealt with, as they spoil the good name
of the vast majority of those falsely accused of deforestation. To the forest authorities, the numbers are
a clear sign of illegality, as current rules do not allow oil palm to be planted within the forest zone
as FZ-OP. Actually, oil palms are the most readily recognizable of the four major tree crops (coffee,
cocoa, rubber and oil palm) that occur both outside and inside the forest zone [28], but part of the
smallholder oil palm may be part of a finer-grained mosaic and not as easily noticeable. Key questions
regarding FZ-OP are: (1) What came first: local land use or designation of the land as part of the forest
zone?, (2) How does the land use with tree crops relate to the primary designated forest function
in (A) production forest (income generation), (B) protection forest (watershed protection) and (C)
Conservation areas (Biodiversity), with recent additional interests in restricting drainage of peat soils
in the production forest zone, (3) How do the various stakeholders along the palm-oil value chain
respond to the lack of legality of forest-based oil palm production?

Issues related to oil palm (and its product palm oil) require an understanding of the whole
value chain, as concerns of end-users, often based on limited or biased information they have access
to, inform the product manufacturers, who want to be able to claim a ‘clean’ product, and their
suppliers, the partly refined products derived from Crude Palm Oil (CPO), processed from Fresh Fruit
Bunches (FFB) transported from farmgate to mill, and grown by smallholders or large-scale plantations.
Current leverage on ‘illegal’ palm oil may primarily come from making mills responsible for their
source areas. However, it is not clear whether these efforts mostly lead to ‘shifting blame’ [29,30] or
whether they actually contribute to changing land-use and effectively protecting forests.

While uncertainty over the exact numbers and locations on FZ-OP continues, we set out to
formulate lessons from earlier interactions between forest authorities and the other tree crops (coffee,
cocoa, rubber) and to contextualize and analyze policy options and how these might be applied to the
various contexts that contribute to the overall issue. We will review the available data and literature on:

• The history of forest legality and oil palm expansion in Indonesia as context for current forest-related
issues of local land use versus designation of the land as part of the forest zone;

• Spatial analysis of FZ-OP at the intersection of forests and tree crops for Indonesia as a whole and
zoomed in on two provinces with higher-resolution data;

• Social and economic concerns on oil palm expansion and the role of smallholders in FZ-OP;
• Environmental concerns on tree crops in relation to the primary designated forest function in

(A) production forest (income generation), (B) protection forest (watershed protection) and (C)
Conservation areas (Biodiversity);

• Policy options linked to forest-related contexts, informed by the responses of various stakeholders
along the palm-oil value chain to FZ-OP.

We conclude by formulating more specific policy research questions as a follow-up.
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2. Methods

2.1. Literature Review

Starting from several recent reviews of oil palm in Indonesia, we used a ‘snowball’ method
to identify more recent papers citing these sources and followed up on the citation network thus
established to document a synthetic view on the various sub-topics.

2.2. Maps

For a more detailed analysis of the different forest designations within the forest zone and for the
time frames of expansion within the forest zone, we compiled data for Jambi, a province in Sumatra
around the Equator, and West-Kalimantan. The two provinces were selected to represent the two
islands where oil palm is major (Sumatra and Kalimantan) while they had different historical settings on
traditional land use of agroforest and its dynamics. Availability of the data also determined the choice
of the two provinces. We traced the development of oil palm and agroforestry areas in the 2000–2020
period in each of the Forest-zone categories and sought the trajectories of changes and observed
interlinks between oil palm, forest and agroforestry. Where the data were available, we incorporated
the other major agroforestry tree-crops; otherwise, we utilized the common class of ‘mixed agricultural
tree-crops’ mapped in most datasets. The following dataset was utilized for the analyses (Table 1).

Table 1. Maps utilized for case studies.

No Map Title Year (s) Extracted Class (es) Source

1 Peta Penutupan Lahan Indonesia
(Indonesia Land Cover Map) 2000, 2009, 2018 Agroforest [31]

2 Ecological Vegetation Map of West Kalimantan 2019
Agroforest

Rubber plantations
Oil palm plantations

[32]

3 Global map of smallholder and industrial
closed canopy oil palm plantations 2019

Oil palm plantations
Independent smallholder

oil palm
[33]

4 National Main Commodity Maps in Indonesia 2019 Oil palm
Rubber [28]

5
Kawasan hutan Provinsi Kalimantan Barat

(Forest-zone Lands of
West Kalimantan Province)

2014 [34]

6 Kawasan hutan Provinsi Jambi
(Forest-zone Lands of Jambi Province) 2014 [35]

2.3. Public Consultation

In a webinar in September 2020, attended by 374 participants, the issue of overlap between
Indonesian forest estate and oil palm was highlighted and a number of the basic data presented;
the questions and discussions formed the start of this manuscript. Specific aspects discussed are listed
in Appendix A at the end of this manuscript.

3. Indonesian Context

3.1. Forest Legality

While efforts to agree on a forestry law during the Colonial period stranded [36], the post-
independence (1945) constitution clarified that all the country’s resources were for the benefit of the
Indonesian people—with subsequent debate on the degree to which the Government of Indonesia has to
respect prior claims of customary communities (‘Masyarakat Hukum Adat’) [37]. The Basic Agrarian Law
of 1960 that recognizes colonial period documents as a basis for valid rights to land and the Forestry Law
of 1967 was considered to be complementary but had gaps between them [38]. The 1999 revision of the
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Forestry Law specified that state ownership claims within the designated ‘forest zone’ (‘Kawasan Hutan’)
required completion of a gazettement procedure (verifying that there are no valid pre-existing claims),
which has been very slow to implement [39], leaving doubts on the legality of government forestry policies
that treat the Forest-zone as government-owned.

The total area of forest-zone lands in Indonesia (63% of total land area) is subdivided by primary
function, as ‘Production Forest’ (68.8 M ha; 36.1% of the country), ‘Protection Forest’ (29.7 M ha;
15.6% of the country) and ‘Conservation Areas’ (22.1 M ha; 1.6% of the country) [40]. Logging is only
allowed in the production forests, with further restrictions in part of the zone, and conversion to
monocultural plantations for the pulp and paper industry in other parts. Although logging-based
economic interests prevail in this zone, the production forests still have a recognized role in biodiversity
conservation, carbon storage and maintenance of watershed functions. Most of the Protection Forest
(the Indonesian term could also indicate ‘(watershed) protecting’ forests) are on mineral soils and
have been defined through a scoring system emphasizing slope and similar criteria for soil and
water protection. For peatland areas, there are separate criteria for determining a Protection Function
(‘Fungsi Lindung’) indication, based on peat depth and the peatland moratorium policy [41]. The total
area of Protection Function in Indonesia’s peatlands is 12.3 M ha [42].

Building on the specific example of the damar agroforests in Krui (West Lampung, Sumatra)
where government ownership claims to forest-like vegetation could not be substantiated [43,44], it was
realized that ‘agroforests’, of various specific histories and intensities of management, were included
in the Forest-zone, either with Production or Protection Forest designations, but also claimed by
local communities as existing before the Forestry law was formalized [45]. Since then, a government
commitment to ‘community-based forest management’ and ‘village forests’ has allowed some conflict
zones to be resolved, but much remains to be done [46,47]. Meanwhile, calls to redefine the
Indonesian forest estate and get the boundaries of its Forestry Regulatory Framework and Agrarian
rules right [12,48–51] were largely unheeded. Global interest in and country-level expectations of,
new financing mechanisms through Reducing Emissions from Deforestation and (forest) Degradation
(REDD+) created a new dynamic where issues of ‘forest legality’ obtained new relevance [52,53].
Indonesia’s challenge to balance the new global environmental agenda on forest conservation, with the
existing development deficits is part of a wider global pattern [54].

3.2. Complexity of Frontier Situation

In Southeast Asia’s long engagement with global markets, cocoa, coffee, fast-growing trees,
oil palm, rubber and shrimp have all had periods of rapid expansion or ‘booms’ when the region
proved to be a low-cost producer in which land, labor, know-how, and market access could be rapidly
mobilized [55]. The ‘land grab’ literature tries to answer key questions on who seeks to exercise control
over land to grow export-oriented crops under boom conditions, how would-be producers navigate
regulatory powers and market forces to gain control over land, and how booms differentially affect
areas with secure and insecure land control relations.

Since the 19th century, commodities such as rubber [56], coffee [57] and cocoa [58] have boomed
in specific parts of Indonesia, creating new ‘forest frontier’ conditions, involving local people,
attracting investors to come in, but also stimulating people from other location to move in, spontaneously
and/or in government-sponsored transmigration [59]. The relationships between spontaneous migrants,
large-scale plantation companies, local communities and various branches of government have become
complex in many locations [60–63]. Due to its location, boom crop production is closely associated
with the issue of deforestation and environmental degradation [64].

Indigenous people and local communities (jointly described here as IP/LC) in forest frontier
areas have had a long tradition of a ‘dual economy’ [65] where food security continued to depend
on swiddening, while cash-crop agroforestry (rubber, coffee, resin trees and now oil palm) provided
a financial basis for their livelihoods [66]. Where the terms of trade were sufficiently favorable,
staple food production could be ‘outsourced’ [67]. Accordingly, most of the oil palm grown by IP/LC,
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just not to say smallholders, has not been a direct cause of deforestation as they developed in a village
environment of orchards, old rubber groves and swidden fallows. Smallholders also tend to use
fertilizer sparingly, as they are unable to access subsidized fertilizer supplies that are monopolized by
larger plantations [68].

While global policies and markets are often held responsible for accelerated deforestation in the
tropics [69], local knowledge is generally assumed to lead to overall positive outcomes in matters of
conservation [70,71]. Even in matters of primary forest conversion, local communities are usually
presented as the best managers to reconcile conservation and development [69]. Increased attention
for forest protection in the context of REDD+ may have increased pressure on converting agroforests
outside the forest zone to become oil palm monocultures [72].

The Indonesian forest frontier is home to approximately 26 thousand villages (often defined as
‘forest villages’) and more than 37 M peoples, with some 18% still struggling to escape from poverty
based on the national standard [73]. Most of the forest villages are also not formally registered yet,
as nationally only 30% of villages are already registered, mostly in Java. They have no clear and
defined boundary and are dominated by state forest land, with formal restrictions to use for crops
to generate food or income. In such landscapes, boom crop production, such as oil palm, has taken
place. Expansion of agriculture into the forest area, often following onto a logging phase that brought
people and road access (however poor) into the forest zone, is considered because of these complexities,
that for decades have remained unresolved.

3.3. Total Oil Palm Area

According to the most recent official figure, the oil palm area in Indonesia was 14.7 M ha in 2019 [74].
Several organizations have also mapped oil palm areas for different objectives and with a range of
methods (Table 2). Bahktiar et al. [75] claimed a substantially larger area (16.8 M ha), by including
areas cleared for oil palm but without stands recognizable by remote sensing yet. The lowest recent
estimate was 11,530,000 ha [33], in a study that only included fully-developed stands. Time-series
data of oil palm for Borneo were analyzed for forest loss or deforestation [76] and biodiversity
impacts [77]. The breakdowns of oil palm areas varied, with one study differentiating ‘industrial’ and
‘smallholder’ oil palm [33], while another study [75] focused on oil palm areas within forest zone
lands. Condro et al. [28] mapped major commodities including coffee and cacao, and obtained area
estimates close to the data from the Ministry of Agriculture. Across Indonesia, the largest oil palm
areas are in Sumatra and the second largest in Kalimantan, covering respectively 6.4 M ha and 4.9 M ha
in 2018 [74], while another study [75] mentioned 10.5 M ha and 5.7 M ha, respectively, for these
two islands. Oil palm is expanding in W and SE Sulawesi, and in Papua, but current areas remain
relatively small.

Table 2. Published estimates of the total area of oil palm in Indonesia.

No Oil Palm Hectarage Year Approach and Methods Notes Reference

1 16,800,000 2015–2017 Multi-data analyses Including unplanted area for industrial oil
palm within forest zone [75]

2 14,896,964 2019 Automatic classification using
multi-data in GEE

RS methods;
Oil palm and other major commodities [28]

3 14,724,420 2019 Using trade statistics and
yield data as a basis

Official Oil Palm statistics; industrial
(private and state) and smallholders [74]

4 11,530,000 2019 Automatic classification of
sentinel imageries with NN

RS methods;
Differentiation of industrial

and smallholders
[33]

5 11,100,000 2015–2017 Visual interpretation of
Landsat imageries Oil palm and deforestation [78]

The distribution of oil palm in Indonesia is uneven and strongly related to climatic conditions.
In North Sumatra (Figure 2A), the province with the most even rainfall distribution and virtually

342



Land 2020, 9, 531

no dry season oil palm can reach up to 50% of the area at district (Kabupaten) level; elsewhere in
lowland Sumatra and the southern half of Kalimantan it can reach up to 30% of the area, but in most of
Indonesia, oil palm forms less than 10% of the landscape or is virtually absent. For Indonesia as a whole
oil palm covers about 8% of the total land area. The fraction of oil palm under smallholder ownership
(see below for the distinctions within this category) is approaching 50% for Sumatra, but half of that
in most of Kalimantan (Figure 2B). The recent expansion of oil palm, indicated by relatively young
stands, is evident outside of the areas that already have a large oil palm fraction (Figure 2C).

Figure 2. Maps on 2017 oil palm distribution at the district level in Indonesia, highlighting Jambi
and West Kalimantan provinces; (A) Area fraction under oil palm; (B) Share of oil palm cultivated by
smallholders; (C) Share of oil palm that does not yield yet as it is too young (usually less than three
years old); Sources: Own maps, oil palm data from [79]; district boundary and area data from [80].

Several authors have quantified oil palm development within the forest zone in Indonesia [76,78].
Estimates vary from 2.5 [76] to 3.4 M ha [75]. This implies that 15–20% of Indonesian oil palms
grow within the designated forest zone. The dataset of [75] allows some further exploration of the
geographical patterns of Indonesia’s Forest-zone oil palm (FZ-OP). The relative share in Indonesia’s
FZ-OP at the province level does not match shares in total oil palm production. With 31.5% of
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Indonesian oil palm, the two provinces of Riau + C Kalimantan have 66.8% of its FZ-OP (Riau 20.7%
OP, 42.1% of FZ-OP; C. Kalimantan 10.9% of OP and 24.7% of FZ-OP). With 41.2% of Indonesian OP,
the rest of Sumatra has 24.0% of its FZ-OP; with 23.7% of Indonesian OP, the rest of Kalimantan has
7.7% of its FZ-OP and with 3.6% of Indonesian OP, Eastern Indonesia + Java have 1.4% of its FZ-OP.
Across Indonesia, 2.96% of FZ-OP is designated as conservation area, 4.71% as (watershed) protection
forest, 15.15% as production forest with restrictions, 45.4% as regular production forest, and 34.8%
as production forest indicated for conversion. The total area of FZ-OP is 2.88 times the amount of
production forest indicated as ‘conversion forest’ (planned, legal deforestation).

For further exploration of that pattern as well as to showcase the development of oil palm gardens
as part of agroforestry pathways, we focused on two provinces, one each in Sumatra (Jambi ranked #7 in
oil palm production and #5 in FZ-OP) and Kalimantan (W. Kalimantan, ranked #3 in oil palm production
and #6 in FZ-OP). Both are outside the historical oil palm core area in N. Sumatra, but they were part of
the expansion since the 1990s; the district-level presence of oil palm within these provinces varies from
0–30%. The two provinces have harmonized their Kawasan Hutan areas with the provincial planning
(RTRWP) with ministerial decrees that legalized the status of ‘Forest-zone lands.’ Therefore, issues of
agroforest and oil palm practices in these two provinces are not burdened by different interpretations
of forest legality between the central government (MoEF) and the provincial governments.

4. Oil Palm in the Forest Zones of West Kalimantan and Jambi

4.1. Data by Province and Forest Category

The total area of Forest-zone lands, encompassing all Conservation Areas (National Park and
forest reserves), Protection Forest and all Production Forest status (HP, HPT, HPK) in West Kalimantan
is 8.1 M ha or 56% of the province area, while for Jambi it is 2 M ha or 43% of the province.

For West Kalimantan, agroforest area occupied 38% of all Production Forest status and 16% of
Protection Forest areas [31], while according to [32], agroforest covered <10% (Table 3). Some of the
agroforests in [32] are mapped by [31] as disturbed forest, and that was the main differentiating factor
of forest and agroforest areas in the two maps. Major commodities of oil palm and rubber are negligible
in West Kalimantan’s Forest-zone lands, the highest being oil palm in Production Forest areas (4%)
mapped by [28].

Table 3. Areas of agroforest and major tree crops in West Kalimantan and Jambi in 2018–2019.

Agroforest and Major Tree Crops Source Production Forest (ha) Protection Forest (ha) Conservation Areas (ha)

West Kalimantan, total area 4,444,111 2,295,424 1,423,567
Agroforest [32] +# 318,521 (7%) 66,631 (3%) 10,576 (1%)

[31] + 1,676,606 (38%) 363,714 (16%) 35,053 (2%)
Rubber plantations [32] 7889 * 14 *

[28] 8157 * 764 * 264 *
Oil palm plantations [32] 80,771 (2%) 6663 * 1852 *

[28] 186,037 (4%) 29,753 (1%) 4610 *
[33] 29,382 * 3017 * 59 *

Independent smallholder oil palm [33] 8267 * 906 * 53 *

Jambi, total area 1,235,639 180,170 634,431
Agroforest [31] +# 231,112 (19%) 12,463 (7%) 35,594 (6%)

Rubber plantations [28] 735 *
Oil palm plantations [28] 99,848 (8%) 2964 (2%) 20,065 (3%)

[33] 40,399 (3%) 337 * 902 *
Independent smallholder oil palm [33] 38,164 (3%) 1032 (1%) 1915 *

+ processed/reclassified for this paper, # utilized for further analyses, * percentage lower than 1% of the respective
forest-zone land category.

In Jambi, agroforest occupied 19% of the land with Production Forest status, and <10% for
Protection Forest and Conservation Areas [31] (Table 3). Rubber and oil palm monocultures were <10%
in all Forest-zone land categories in Jambi [28,33]. A breakdown of FZ-OP by elevation and forest
category (Figure A1) shows most are below 100 m above sea level.
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Taking the total amount of palm oil produced in each of the provinces as point of references,
the likely source areas differ between the two provinces, and according to three data sources specified
in Table 4, with 6–17% derived from the forest zone. Within the forest zone, the fractions derived from
production forest are highest (even after correction for the total area), followed by protection forest and
conservation areas.

Table 4. Likely source area of palm oil produced in West Kalimantan and Jambi according to three
spatial data sources, expressed as %, assuming homogenous productivity per unit land.

Province West Kalimantan Jambi
Data Source [75] [33] [28] [33] [28]

Non-forest land 93.65 96.30 89.93 89.05 83.05
Production forest 5.70 3.30 8.44 10.40 13.78
Protection forest 0.47 0.34 1.35 0.18 0.41

Conservation areas 0.13 0.01 0.20 0.37 2.77

4.2. Data by Time Period—Land Cover Changes Involving Agroforest and Smallholder Oil Palm

Agroforest in West Kalimantan was mostly as rubber gardens and tembawang (Dayak traditional
land-use system) having been practiced for generations [81,82]. Inside the Forest-zone lands in West
Kalimantan, the majority (76%) of 300,000 ha agroforest areas in 2019 was already agroforest in 2000,
and only 11% was forest (Figure 3)

Figure 3. Land cover trajectory (2000) of 2019 agroforest in each Forest-zone class in West Kalimantan
(analyzed from [31,32]).

The development of independent smallholder oil palm was closely linked to the conversions of
the locally managed agroforest areas due to the lucrative oil palm market in the vicinity of the villages
and the decreasing popularity of rubber due to its volatile price [82]. That trend is observed in the
land cover trajectory of independent smallholder areas in West Kalimantan, i.e., 57% of which was
agroforest in 2000 and 54% in 2009 (Figure 4). Only 13% and 6% of independent oil palm was a forest
in 2000 and in 2009, respectively.

Figure 4. Land cover trajectories (2000 and 2009) of 2019 independent smallholder oil palm in each
Forest-zone class in West Kalimantan (based on [31,33]).
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For Jambi, agroforest was originally developed by local communities with rubber as the major
crop introduced in the beginning of the 1900s during the Dutch period [56,82,83]. It dominated private
lands (APL), but its growth reached the areas designated as Forest-zone lands. The 2018 agroforest in
Jambi’s Forest-zone lands was equally agroforest (44%) and forest (44%) in 2000 (Figure 5), proving the
historical presence of this locally managed land use in state’s lands.

Figure 5. Past land cover types of agroforest in Forest-zone lands in Jambi (analyzed from [31]).

Expectations of high profitability of conversion to oil palm attracted many agroforest rubber
farmers in Jambi, also signifying the changes from food sufficiency to cash-cropping [84], in addition
to the volatile price mentioned earlier. Independent smallholder oil palm in Jambi’s Forest-zone
lands was 39% agroforest and 15% plantations in 2009, while in 2000 it was 11% agroforest and 21%
plantations (Figure 6). These demonstrate the development of independent smallholder oil palm in
Forest zone lands involving agroforest and plantations, mostly rubber. Growth of oil palm also reached
degraded areas, shown by 15% shrubs in 2000 and 34% in 2009 (Figure 6), which included peatlands in
the lowland areas [85,86].

Figure 6. Land cover trajectories (2000 and 2009) of 2019 independent smallholder oil palm in each
Forest-zone class in Jambi (based on [31,33]).

Agroforest that has long been managed by local communities has evolved in Forest-zone lands,
with the highest proportions and areas in Production Forest status (Figures 4 and 6). With the
long history, this land use had faced unresolved forest zone issues since before the 1999 Forestry
Law (see Section 3.1) until now, under the Kawasan Hutan officiated in 2014 for the two provinces.
Since the past decade, oil palm has emerged to become part of the dynamics of this local farming,
including in Forest-zone lands. The data show that these dynamics mostly occupied the Production
Forest status (Table 3), the class allocated to support various production functions. Looking at the
‘predecessor’ cash-crop of rubber as part of the ever-evolving mixed-crop agroforest land use [56,81,82],
independent oil palm might grow similarly, spatially and or temporally, as part of community-based
production functions in land with Production Forest status.
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5. Social Dimensions

5.1. Overview Indonesian Oil Palm Sector

The palm oil value chain has a distinct hourglass shape (Figure 7). Upstream there are vast
conglomerates that own plantations covering hundreds of thousands of hectares and may be involved
in all stages of the value chain. At the other extreme are millions of smallholders that own only a small
plot and sell their produce at the farmgate. In between are many shades of grey, ranging from smaller
groups, independent large-scale plantations, investors owning a hundred hectares, farmer groups
and independent farmers who accumulated multiple small plots over time. Their produce is
eventually processed in just over 1000 mills [87], subsequently sold to a few dozen refinery companies,
which subsequently supply a few trading companies, that sell their products to a vast number of
stakeholders as consumer goods companies and retailers [88].

Figure 7. Schematic structure of the oil palm value chain [26].

5.2. Heterogeneity and Expansion amongst Oil Palm Smallholders

Starting on Sumatra’s east coast plantation belt, oil palm has been cultivated commercially in
Indonesia since 1911 [89]. Smallholders, however, were not involved in oil palm cultivation till the late
1970s, when the New Order regime assigned State-owned plantation companies to develop oil palm
plantations that included smallholder farmers. This policy was directed to support the socio-economic
development of new settlers and local people in Indonesia’s outer islands1 and develop export
commodities that reduce dependency on mineral oil exports. Whereas smallholders first appeared

1 Outer islands usually refer to islands beyond densely populated Java, Madura and Bali islands.
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in oil palm statistics in 1979, covering a mere 3125 ha [90], by 2018 their area covered an estimated
5.8 million hectares, which is equivalent to 40.6% of Indonesia’s palm oil area [79]. Whereas oil palm
smallholders are often categorized in national statistics as a single entity it is increasingly clear that this
vast sub-sector is highly heterogeneous and there is a need for targeted policy measures to improve
the environmental and socio-economic performance of the different types of smallholders [91,92].
A key differentiation amongst oil palm smallholders is the scheme vs. independent smallholder
dichotomy [93,94].

Scheme smallholder plantations, often also referred to as plasma or ‘kemitraan’, are smallholder
plantations that have been developed by a plantation company and usually involve company credit for
plantation establishment and other agro-inputs, knowledge sharing, and a take-off agreement between
smallholders and partner company. Smallholders are usually allocated 2–3 hectares [95]. However,
partnership agreements can be highly diverse depending on the regulatory framework present at the
time of partnership development, and the negotiations between stakeholders [95,96]. For example,
early schemes allocated 60–80% of the plantation to smallholders, but under the influence of World
Bank policies and to accommodate private sector investments, this shifted to 40% for smallholders in
the late 1980s and 1990s [97,98]. In 2007 the new plantation law stipulated that companies needed
to allocate 20% of their concession to smallholders within their concession boundary, and in 2013
this was changed to 20% for smallholders with land possibly outside the company concession [68].
Many companies do not reach this target, however, and this requirement may well be deleted in the
new ‘omnibus’ law that Indonesia is currently preparing [99].

Whilst in some partnerships smallholders are strongly involved in plantation management
decisions, participate in plantation labor, and may even outperform their partner company in terms of
yields [100], in other arrangements smallholder plantations are fully managed by the company. This last
category is often referred to as one-roof management, in which smallholders are effectively mere
shareholders [96,101]. Whereas production levels in schemes are generally close to company plantations
and thus relatively high for smallholder producers, such schemes frequently suffer transparency issues
and especially beneficial to companies [68,102]. Over time government policy regarding oil palm
smallholders has increasingly shifted from being a poverty reduction strategy towards one that
strengthens industry interests and requires minimal government investments.

Independent oil palm smallholders quickly emerged once the benefits of oil palm cultivation
by scheme farmers became obvious. Mills started buying produce outside their plasma and own
plantations, and basic infrastructure developed by logging, plantation, and mineral oil companies
opened up lands that were previously uneconomic to develop [103,104]. Findings from Jambi
indicate that direct economic profits of independent oil palm plantations were significantly higher
than forests [105]. Also, oil palm demands less labor compared to competitor cash-crops as
rubber, thus allowing for more land to be cultivated or freeing time to engage in other economic
activities [106,107]. Independent smallholders generally have no direct links to mills and do
not receive extension services from the government or companies. Subsequently, independent
smallholders generally have limited knowledge of good agricultural practices, use poor planting
material, apply minimal and unbalanced fertilizer regimes, receive low prices for their produce,
and suffer yields well below companies and plasma farmers [96,108,109].

The independent oil palm smallholder sector is highly heterogeneous, with many different layers
in society engaging in smallholder oil palm development. The independent oil palm smallholders
sector includes small local farmers with a few dozen oil palms, migrants attracted by cheap land,
oil palm company employees investing in nearby land, local government officials and shop owners
looking for investment opportunities and purchasing 5–10 ha, local or urban elites that engage in
semi-corporate oil palm plantations and everything in between [93,101]. Multiple typologies on
independent oil palm smallholders in Indonesia have been developed [93,101,110], showing presence
and ratios between types of smallholders differ in different landscapes. For example, remote peat
frontiers often involve relatively large investors whilst transmigration areas or traditionally relatively
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densely populated areas have a relatively large share of smaller farmers that converted their traditional
land uses [93,101].

Whereas land rights and land ownership documentation are generally well arranged in plasma,
this is often not the case amongst independent oil palm smallholders [93]. Krishna et al. [111] suggested
that especially indigenous populations can obtain forested land and develop oil palm or cash crops in
the forestry domain, but sales of such land are limited as it is undervalued due to lack of marketability.
Although migrants often do not have nationally recognized land ownership, they require more
security in land titles and pay higher prices for land. These authors [111] therefore warn that land
titling programs may well lead to the increasing value of land, indigenous people selling their land,
claiming new land, and thereby triggering new deforestation [112]. Purnomo et al. [113] provide a
detailed analysis of the stakeholders involved in the conversion of land into independent smallholder
oil palm plantations in Riau and highlight the considerable profits that accrue to those involved at
different stages of the land conversion, including the land mafia. It is increasingly clear that the diversity
amongst smallholders and the different landscapes in which they operate needs to be acknowledged
for developing adequate policies that foster more sustainable landscapes.

Although reliable current data on plasma vs. independent smallholder are not available,
smallholders in plasma schemes were numerically overtaken in 2005 by ‘independent’ smallholders
(including those in various partnership schemes) [114]. Since then some existing plasma plantations
have transformed into ‘independent’ smallholder plantations and oil palm sector growth rates between
2015 and 2018 show that private sector large-scale oil palm plantations grew by 1.91 million ha and
that smallholder oil palm area increased by 1.28 million ha [79]. If companies meet their plasma
obligations, this would mean a 382,345 ha increase in plasma area and a 901,143 ha increase in
independent smallholder area, highlighting that it is especially the independent smallholder sector that
is expanding. Whereas companies and associated plasma smallholdings are relatively easy to identify,
monitor, and sanction due to the size of their plantations and relative ease of targeting managements,
this is not the case with independent smallholders. These independent smallholders are huge in the
number of management units that occupy relatively small areas, making it highly complex to manage
independent smallholder oil palm expansion. With limited external support and little monitoring,
the independent smallholder oil palm has developed into a cheap buffer for the industry; this relates to
setting sustainability standards as well as organizing a supply chain.

6. Ecological Dimensions

The economic benefits of oil palm production reviewed above have been discussed in tradeoff

with negative impacts on ecosystem services [25,115–117]. However, specific issues of FZ-OP have
not been discussed as such in the literature we reviewed. Oil palm cultivation, but especially its
continued expansion, has led to severe negative effects on environmental quality such as biodiversity
depletion [118,119], loss of hydrological function [118,120–123], increased carbon emissions [85,124],
and reduction of water and soil quality [116,118,121,125,126]. The magnitude, and sometimes the
sign, of the changes in ecosystem service levels, depend on what land cover is compared to oil palm,
and to a smaller extent on the specific way oil palm is grown. Where conversion of natural forest
to oil palm represents a drastic change in conditions, comparison of oil palm with the monocultures
of fast-growing timber for the pulp- and paper industry, a legal change within production forest,
may come out in favor of oil palm in several ecological dimensions. Although the Indonesian rules for
logging in the production forest were supposed to secure sustainability across multiple harvest and
recovery cycles, there are very few examples where such has been actually achieved in the reality of
social-ecological systems.

6.1. Biodiversity

The conversion of natural forests to oil palm plantations threatens biodiversity according to many
authors [115,127–129]. Forest fragmentation and large-scale homogenization landscape, whether for the
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development of plantation forestry or oil palm, pose a serious threat to tropical biodiversity [118,130,131],
reducing species richness [128,132,133] and leading to a strongly declined functional diversity [134,135].
However, the response of biodiversity to land-cover change depends upon the extent to which natural
habitat features are replicated while the sensitivity of species to change varies [130].

Several global studies have highlighted that past and predicted expansion of oil palm
plantations into forest areas threatens mammal [136] and bird species with extinction [134,137,138].
In Indonesia, both Sumatran and Bornean orangutans (Pongo abelii, P. pygmaeus) and proboscis monkeys
(Nasalis larvatus) population trends are decreasing due to the expansion of large-scale oil palm
plantations [139–144]. Herds of elephants, tigers and rhinos are reported to be critically threatened due
to this expansion [137,145]. In peat swamp forests, the expansion of oil palm monocultures is likely to
have negative effects on, among others, macrofungal biodiversity [146].

A study [131] quantifying the impact on the herpetofauna of the Pacific lowlands of Costa Rica
found that total species richness of amphibians and reptiles was reduced to 45–49% compared to
forest area due to the almost complete absence of leaf litter, understory vegetation, and woody debris
and the more open canopy. However, different research [147] conducted in Sumatra (Indonesia)
showed different results. Rare amphibians were much more abundant in riparian forests and common
amphibians were more prevalent in oil palm plantations. Indeed, reptile richness and abundance were
higher in oil palm plantations than in all other habitats. Surprisingly, a meta-analysis [137] found
that average invertebrate species richness did not differ significantly between oil palm and forest sites
when published studies were compiled. It is commonly found that different aspects of biodiversity are
influenced in opposite ways during land-use change [148].

Protection of any forested habitats and enhancing understory vegetation can help improve
opportunities for some species [131]. Forest patches, even when small, fragmented and degraded,
i.e., riparian sites, doubtlessly are required to sustain the species in human-transformed landscapes [139,146].
Substantial biodiversity loss can only be avoided if future oil palm expansion is managed by
avoiding deforestation and cultivating non-forested and abandoned areas for sustainable oil palm
cultivation [78,143,149]. The small-scale oil palm production due to greater vegetation heterogeneity
is also likely to provide greater ecosystem services provision and should be considered as one of the
strategies for achieving sustainable oil palm production [150]. By reducing deforestation and ecosystem
degradation, stopping land clearing techniques by land burning, and stopping the development of oil palm
plantations on unsuitable land, sustainable palm oil management can be achieved [120].

6.2. Watershed Functions

Oil Palm plantations are known to alter the hydrology of the subwatersheds in which they
develop, by increasing the risk of flooding, increasing soil erosion (especially in the planting phase) and
nutrient leaching, polluting ground- and surface water [124]. Once established, oil palm-dominated
landscapes are ‘water greedy’ [122], responsible for decreasing local water tables and water supplies as
well as changes in streamflow levels and water quality [118,122,151]. Several studies reported that
the conversion of forests to young plantations initially decreased evapotranspiration (ET), but also
decreased infiltration rates [122,124]. Researchers in Brazil [152] reported that water shortages have
occurred more often since oil palm cultivation has become the dominant land use and large-scale
deforestation has taken place. A study of land-use change impact on flooding frequency in Batanghari
Watershed, Indonesia, showed that land cover change from forest to rubber and oil palm plantation
contribute to the higher flooding frequency [153].

Though water availability, air, and water quality were perceived to be the most heavily impacted
ecosystem services by oil palms [151], there is a knowledge gap about the magnitude of these
ecohydrological changes and their variations over the oil palms lifetime [118,123]. It is unclear
whether young and mature plantations have similar or different ET rates when compared to
native forests [118,123]. The impacts of oil palm on the major components of the hydrological
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cycle (e.g., total water yields, dry season baseflow, streamflow dynamics, evaporative return to the
atmosphere) are still at an early stage [118,121,152,154,155].

The constraint is that in general, countries with large oil palm plantations are developing countries
with limited resources to assess the impact of plantations throughout the growing period of oil palm on
hydrological functions [119]. Moreover, oil palm plantations are generally homogeneous monoculture
stands of various age classes, with varying water use characteristics [154]. Most of the hydrological
studies in oil palm plantations are carried out at the plot scale, while oil palm plantations can reach
thousands of hectares across several watersheds [121]. Indeed, research on the hydrologic impacts of
oil palm plantations at the scale of watersheds is rare [153].

Quantitative data from field measurement on the relationship between water availability at each
stage and water yield are still limited as well as the actual water use of oil palm at the field level, and the
minimum amount of water needed to optimize oil palm productivity [156]. Research on the impact of
oil palm cultivation on hydrology is still focused mainly on the study of plot-scale ecohydrological
fluxes, such as the impact of tree age on canopy rainfall interception [157,158] and transpiration rates
in palms with varying ages and grown on different slopes [152,159].

However, in general, large scale conversions of forests to intensively managed plantations, result in
significant changes in the hydrological cycle including periodic water scarcity [122,160]. In natural
ecosystems, such as forests, most of the rainfall water is absorbed by the soil and plays a role in
increasing plant transpiration and replenishing groundwater. In oil palm monoculture plantations,
water does not penetrate the eroded and compacted soil properly [122]. Decreased infiltration reduces
water storage [124] and increases surface runoff [121] potentially reducing the access to usable water
and increasing the risk of flooding [161].

It is well known that highly productive monoculture stands are dependent on an abundant supply
of water over time [150]. Indeed, drainage on oil palm plantations can lead to a substantial reduction
in streamflow during dry seasons or droughts, soil subsidence, and potentially increasing future flood
risks [162]. Thus, the expansion of oil palm plantations will affect water consumption which, in the
long term, could affect local water resources [118]. Rather than to high water use of oil palms per se,
local water scarcity seems connected to the modified redistribution of water after precipitation at the
landscape scale, reducing effective buffering [122].

There may be a potential trade-off between water use and management intensity of oil palm
plantations [154]. Optimizing water use and oil palm production and increasing cultivated varieties
can result in more efficient land use and reduced conversion of natural landscapes [153]. The practices
of retaining old palms during crop rotation and cultivating ground cover crops can mitigate some of
the impacts [118]

Retaining a riparian buffer zone helped reduce the negative impacts of oil palm plantations on
streams [163,164]. A good riparian zone with dense native vegetation of complex structure adjacent to
the streams that flow through the plantations can help restrict the transport of soil, sediment from
the oil palm land, and in preventing chemicals pollutant from reaching waterways. They can also
serve as valuable natural habitats for riparian and terrestrial species, as well as carbon storage areas.
Appropriate riparian zone management, combined with effective monitoring, is essential to maintain
or enhance the ecological function and biodiversity of stream ecosystems [165].

6.3. Greenhouse Gas Emissions

Forest conversion to oil palm is responsible for significant net greenhouse gas (GHG)
emissions [116,124,128,139,166]. However, information of net carbon emissions throughout the life of
the oil palm plantation, especially on peat soils, is still very limited [167]. Aboveground C stocks in oil
palm plantation are, averaged over a plantation life-cycle, around 40 t C ha−1, which is lower than most
predecessor vegetation (unless this is ‘grassland’), leading to a ‘carbon debt’ in the first cycle [168,169].
On mineral soils, good-practice management can maintain soil carbon levels over a production cycle
(compensating for early losses) [170]. Intensive use of fertilizer to increase yields adds greenhouse
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gas emissions as well, and the environmental optimum, minimizing the footprint per unit of palm oil,
depends on context [171]. A synthesis of peat-oxidation emission values for tropical peatland by the
Intergovernmental Panel on Climate Change [172], suggested default values of 51 Mg CO2 ha−1 y−1

for smallholder systems, 55 Mg CO2 ha−1 y−1 for commercial plantations (oil palm, industrial timber),
and 10 Mg CO2 ha−1 y−1 for disturbed secondary forest. A recent study in smallholder oil palm on peat
soils in Jambi suggested values may be higher [173] than that. While the ‘moratorium’ has restricted
large-scale oil palm development on peat soils, smallholder expansion continues and becomes a more
prominent part of the overall problem.

7. Policy Responses and Options

7.1. FZ-OP as a Policy Issue

From the evidence so far, we conclude that FZ-OP is a substantive issue that cannot be denied
or ignored at the policy level. Credible spatial data sets indicate that 15–20% of Indonesian oil
palms are growing within the forest zone, with FZ-OP identified in all provinces in which oil palm is
grown. FZ-OP is, however, unevenly distributed in Indonesia, with the provinces of Riau and Central
Kalimantan, where agreement between provincial and national authorities over the boundaries of the
forest zone was only reached in 2014, as the main contributor. But even if these two provinces are seen
as a ‘policy anomaly’, the case studies in the neighboring provinces of Jambi and West Kalimantan
showed that FZ-OP is real, but of mixed history and characteristics that need to be understood before
appropriate policies can be designed. FZ-OP is most common within the ‘production forest’ category,
but also includes ‘watershed protection forest’ and ‘conservation areas’. The probability that a unit of
land in the elevation and climate zone suitable for oil palm has been converted to oil palm varies from
more than 10% to around 1% in conservation areas (Figure A1). Taking palm oil production as a point
of reference for the two case-study provinces, up to 14% may derive from 14% production forests and
up to 3% from protection forests and conservation areas. As there is no legal basis for oil palm presence
within the forest zone, any FZ-OP indicates a lack of legality. Whether it indicates a loss of forest
functions or not depends on the comparator land cover—which in the case of production forest can be
an industrial timber plantation, with properties similar to oil palm, but should be naturally established
in the protection and conservation forests, with substantially higher diversity. Meanwhile, three types
of oil palm owners (large-scale plantations, tied or vertically integrated smallholders, and independent
smallholders) represent different social contexts and likely require differentiated policy responses.
Such responses can focus on rights and permits in land use and water management, or on the transport
and processing stages of the value chain.

7.2. Institutional Responses

Given the importance of palm oil exports for the Indonesian economy (around 7% of total export
value), the initial ‘denial’ phase of environmental issues around its production was promoted by the
industry and its supporters in the Ministry of Economic Affairs. Yet, with 15–20% of the production
area (and a probably lower share of the harvested produce) potentially spoiling the national reputation
of all palm oil, the phase of ‘shooting the messengers’ ended, and communication efforts shifted to
demonstrating active responses, while emphasizing the social dimensions of smallholder interests in
escaping from rural poverty [26].

7.2.1. RSPO—Market Segmentation (‘Shifting Blame’)

The Round Table for Sustainable Palm Oil (RSPO) is a private sector-led initiative set up in 2004
to counter environmental and social concerns surrounding the rapid expansion of oil palm. It is
often regarded as the most credible sustainability scheme in the oil palm sector and has among the
most stringent and explicit principles and criteria [174,175]. Still, more critical analyses emphasize
that RSPO certification merely provides a technical managerial solution to satisfy mainly Northern

352



Land 2020, 9, 531

sustainability concerns but does not touch upon the underlying social relations in the production of
the commodity that needs to be improved for truly sustainable palm oil production [176]. Examples of
this are land and labor rights issues in Indonesia, unequal distribution of profits, but also the fact
that even RSPO-certified oil palm monocultures present a huge loss of biodiversity compared to
the forests, whether primary, secondary, or agro-forestry systems [171]. Moreover, the RSPO is
voluntary and in 2015 covered an estimated 15% of Indonesia’s oil palm area. With plenty of ‘brown’
supply chains to accommodate plantations that do not join RSPO, it is clear that this initiative cannot
change the sector as a whole [88,177]. Santika et al. [178] also note that RSPO certification has not
improved the wellbeing of local communities. They associate this with the considerably larger
size of RSPO-certified plantation compared to non-certified plantations, which leaves little space
for, especially forest-dependent, communities to maintain their livelihoods. Although the RSPO
acknowledges that the inclusion of small and medium-sized growers is a key target [179], these small
and medium actors are struggling with the costs, knowledge and institutional requirements needed
for certification. With RSPO definitions of sustainability, there appears a clear risk that especially
large corporate actors are classified as ‘sustainable’, as these are better able to fulfill RSPO criteria.
Smaller actors on the other hand run the risk of being marginalized and blamed for the broader
ills as land management and poor rural development strategies, for which oil palm is only one of
many accelerants.

7.2.2. ISPO—National Sovereignty

Transnational business initiatives as the RSPO do not include governments. The Government of
Indonesia, as well as the Indonesian Palm Oil Association (IPOA/GAPKI), regarded such initiatives
as primarily reflecting Northern concerns, hollowing out the role of the State, and threatening
the socio-economic development within Indonesia [180,181]. Therefore, in 2011, the Indonesian
government launched the Indonesian Sustainable Palm Oil (ISPO) initiative to regain momentum
and authority in sustainability discussions and to develop a sustainability framework that bypasses
hard-to-comply-with sustainability criteria that are not demanded in key Southern markets such as
China, India, and Indonesia itself [182]. However, ISPO requires compliance with existing legislation
and whereas at first it is only mandatory for company palm oil plantations, with the latest update in
2020 it will obligatory for smallholders in five years, as well. The large area of smallholder SF-OP
cannot be certified by ISPO under current rules and will prevent the target of full ISPO coverage to be
achieved—unless the rules change and existing SF-OP can become legal. This will require the Ministry
of Environment and Forestry and the Ministry of Agriculture to reach an agreement on how this can
be done.

From the start, the ISPO organization suffered a lack of capacity to implement its mandate [183],
and its principles and criteria are often deemed insufficient for guaranteeing sustainable
development [169,184]. Although ISPO has been revised and supposedly strengthened in 2015
and 2020, the latest update of ISPO still poorly addresses human rights issues, lacks protection
for non-primary forests, and lacks clear definitions, procedures and independent monitoring [185].
Again, as with RSPO, current smallholder certification only reaches a fraction of the total number of
smallholders and smallholder exclusion looms.

7.2.3. Deregulation and Crisis Responses

Recently the Indonesian parliament adopted an ‘omnibus’ law that, to facilitate business
development and job creation, removes legal obligations for environmental impact assessment,
simplifies procedures for obtaining permits, and abolishes the requirement for plantations to support
smallholder producers as part of their land concessions. The law has been critiqued as both
environmental and social (worker rights) concerns appear to lose existing safeguards. Its consequences
for the SF-OP issue are not yet clear.
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7.3. Current Policy Options Based on Land and Water Management

Several policy options have been discussed in the public debate so far, summarized in Table 5.
Just as ‘stop the bleeding’ is the first line of medical defense in dealing with injuries, the first efforts
made, through a ‘moratorium’ are efforts to stop a further expansion of tree crops within the forest
zone. Once some opportunity has been created for evaluating longer-term options, these can be linked
to the diversity of contexts, in a ‘policy options by context’ table (Table 5), that requires an evaluation
from the full range of relevant stakeholders before negotiations can progress and decisions with a
chance of implementation success can be made. The options can target the land-base for oil palm
production and/or the transport and entry into the mills and further value chains (compare Figure 7).

7.3.1. Legalize by Including Oil Palm in Forest Definition

The simplest solution to any illegality issue, at least from a formal governance perspective, is to
legalize it. As the internationally used forest definition is ambiguous as to the ‘tree’ concept that
underpins quantitative criteria about canopy cover and spatial scale, an argument can be made that
palms, including Elaeis guineensis, are included in the woody perennial category, while quantitative
criteria on potential tree height, the density of the canopy cover and longevity are easily within
the range of what are commonly understood to be ‘forestry trees’. Such an approach would avoid
complexity, but not address any of the environmental and social concerns of the status quo. It would,
however, put the pulp and paper industry, supported by Forestry authorities as core economic activity,
and the oil palm industry on a level playing field. It will make all oil palm production deforestation-free
by definition and greatly help in achieving the target that all of the Indonesian palm oil can be
ISPO-certified, without major changes on the ground.

However, as simple and attractive as the option may seem in the short term, it would severely
undermine Indonesia’s international standing as a country balancing development and environmental
concerns. It would also open the door for a much further expansion of oil palm within forests,
without legal means to control such expansion.

7.3.2. Grandfathering

As part of an overall policy package, a grandfathering approach here refers to defining a cut-off

date that tolerates (although not fully legalizes) oil palm cultivation in the forest zone if started before an
agreed date. It is a common practice where ‘new’ regulations emerge, such as the RSPO standards that
refer to the time standards were published. It would normally be restricted to the current plantation
cycle and not allow replanting of oil palm.

A ‘grandfather’ approach could be a policy option that shares responsibility for the status quo
and its path dependency where government agencies have been involved in the facilitation of illegal
activities. Where smallholders from the local or indigenous communities shifted to oil palm from past
rubber involvement in their swidden/fallow rotations they may have done so on land that is classified
as ‘production forest’ but has not been formally gazetted. In the two provinces with the highest fraction
of forest-zone oil palm, the designation of forest zone has remained contested between provincial and
national forest authorities until 2014, creating a grey zone in which law enforcement was a low priority.

A case could also be made for migrants who moved to the frontier area for income generation,
not for investment and capital accumulation (as ‘white-collar’ farmers). Part of these migrants (or their
parents) were mobilized by the government through the “transmigration program” and looked for
opportunities to increase their land, acquiring land from informal local land markets that disrespect
forest zone categorization. Where this happened in the past, a ‘generic pardon’ or grandfather rule
could close the books on it—but at risk of setting precedents that current rules can still be breached.
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7.3.3. Evict Farmers, Destroy the Crops

On the other side of the spectrum from a blanket legalization of all forest-zone oil palm, there are
voices for strict law enforcement. Evicting farmers and destroying their crops, to prevent their return,
has been implemented before, e.g., in the 1990s in coffee encroachment areas in Sumatra. However,
this sparked further conflicts, while the uprooting may have aggravated environmental issues in the
short term, as did the type of reforestation with fast-growing exotic tree species in the longer term
from an environmental perspective, as documented for Sumberjaya in Lampung (Sumatra) [185] and
Manggarai (Flores) [186].

During the ‘New Order’ regime (1965–1998) military enforcement of government-set rules was
common, but not free from corruption where economic interests were involved. After the regime change
in 1998, reliance on court procedures, prisons and fines has shifted to the role of local governments
in illegal procedures. However, attempts to sue provincial authorities in C Kalimantan and Riau for
transgressing forest-zone rules backfired when the court found the forest zone in these provinces had
not been gazette according to the prevailing Forestry Law [187].

In areas where production forests have been largely transformed into oil palm plantations for many
years, such as in parts of Riau [91], it is unlikely that evicting small farmers, local upper-middle-class
families, elites and companies with vested interests is feasible. They are not going to accept the
destruction of their investment, and therefore this option may well be politically unachievable and
risky. Already there have been cases where ‘farmer groups’ have held captive inspectors from the
national authorities [188]. As highlighted elsewhere [111], the land mafia is making large profits
with land conversion and in certain frontiers, this goes well beyond poor farmers looking for a
few hectares of land [91]. Furthermore, the mere destruction of crops will not necessarily lead to
increased environmental performance as oil palm plantations capture considerably more carbon than
the degraded lands and Imperata (alang-alang) fields that destroyed plantations are likely to turn into.
Heavily degraded lands without clear ownership and proper management are prone to fire and a key
source of repeatedly occurring mass forest fires in Indonesia, with their detrimental effect on GHG
emissions and human health [111,189].

7.3.4. Charge Land-Owner Benefit Shares to Pay for Forest Management Elsewhere

In Indonesia ‘share-cropping’ has a long tradition of arrangements where a land owner allows
others to use farmland, based on a share of the crop yield obtained. Such arrangements are often
preferred by both parties over hired labor or land rent contracts; the land owners share of the yield,
the payment for and accounting of agricultural inputs tend to vary with local circumstances and
the supply–demand balance for contracts. Often patron–client relations are involved with social
dimensions beyond economic rationality. Rules can apply to trees, as well as to land as a production
factor [190]. In the tradition of the Java Social Forestry program, forest authorities allowed farmers
to grow annual crops, perennial fodder grass, or low-stature tree crops such as coffee under similar
rules of a yield-share for the forest authorities [15]. Reference to such a system could lead to a financial
charge on oil palm in the forest zone, for example within production forest lands where gazettement
has been completed and the state is the legal owner.

Currently, forest management, from protected areas to production forests that are in the recovery
phase, is severely restricted by lack of funding. Charging a land owner’s share of palm oil produced
within the production forest zone could provide funding for forest management elsewhere.

Of the 3.4 M ha oil-palm (OP) plantation in state forest areas, 700,000 ha is smallholder OP [75].
Rules may have to be differentiated by scale, for example, distinguishing between oil palm farm sizes
of >100, 25–100, 5–25, and 0–5 ha, as only the last category is likely to be a family farm without external
labor. Such differentiation could be part of the Social Forestry (SF) and Agrarian Reform (AR)/UUCK
schemes. A legal basis for such charges could be found in Law 32/2009 on Environment protection
and management.
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If ways can be found to implement this, it will be attractive to local forest authorities—possibly
too attractive and providing incentives for further oil palm expansion within the forest zone.

7.3.5. Agroforestry Concession

Peru, dealing with similar issues of past undocumented and illegal agricultural encroachment into
forest zones, has created a legal category of an ‘agroforestry concession’ [191]. These schemes allow for
agreements that re-establish government authority over forest lands but allow current tree-based land
uses to continue, within agreed conditions. They resolve the issue that the current illegality of the land
use is a bottleneck for government support of any type in the area, including a lack of extension services
that restrain the development of socially and environmentally desirable practices. Similar issues have
been noted in Riau, where support for companies and especially oil palm farmers in the forestry
domain has been minimal to non-existent as illegal activities cannot formally be supported [91,92].

Agroforestry concessions as a legal instrument would complement current ‘community-based
forest management’ and ‘village forest’ schemes, without claims that oil palm plantations are considered
‘forests’. They would also allow investment in upgrading different types of production systems,
systems that are more acceptable than mere oil palm monocultures. Current research interests in
testing diversified oil palm agroforestry systems are opening new perspectives that might match farm
economies [192–194].

7.3.6. Swaps with High-Value Legal Deforestation Locations

Side-by-side with the 3.6 M of illegal oil palm in the forest zone, there is still a substantial area
(1.2 M ha by recent estimates [195]) of old-growth forest that has been legally transferred (PKH/release)
to large scale oil palm development (as a land bank), but has not yet been converted into oil-palm
plantations. Earlier efforts under a ‘land swap’ umbrella to exchange land for companies with such
concession rights have not had much impact [196], but in combination with a substantial landowners’
charge on existing illegal forest-zone oil palm, it may be feasible to recover high-value forest while giving
up (from a forestry perspective) production forest land already converted. The challenge is, however,
that such swaps usually involve locations in different districts or even provinces. Other high-value
locations that deserve priority in resolving existing forest-zone oil palm are riparian zones and
ecological corridors.

Specific ideas have been formulated on how such swaps could, in the context of the Oil Palm
moratorium, return existing non-converted OP concessions to government control. It could be
implemented by buying out rightsholders using funds obtained by charging FZ-OP units of more than
25 ha based on Law 32/2009 on Environmental protection and management, charging land-rents to ‘big
smallholder OP’ (5–25 ha), while ‘real smallholder OP’ (<5 ha) could be exonerated in a Social Forestry
(SF) and Agrarian Reform (AR)/UUCK perspective.

What has yet to be explored, however, is how the records on spatial boundaries of forest zone
would be adjusted to ‘legalize’ the FZ-OP for the longer term. Moreover, it is unclear how such
swaps would be understood internationally, and whether the smallholder OP can, after such swaps,
enter international markets within a ‘deforestation-free’ label. One would have to explain that the oil
palms were planted on illegally deforested land, but became legalized because elsewhere deforestation
had been legalized, did not happen and its rights were withdrawn. This will be quite a mouthful
of legalese, that only has a chance if the Government that implements such schemes has a record of
transparency beyond what currently exists.

7.3.7. Rewet Peatlands

Specific solutions are needed for peatland forests converted to oil palm. The current situation of
illegality makes it hard for government agencies to engage. For example, oil palm plantations located
in Riau peatlands that were part of the Forestry Domain suffered severe water table management
issues, with larger farmers just digging canals without coordination, leading to drought and flooding,
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leaving the area prone to peat fires [91]. Such undesirable practices, which are relevant in other
landscapes as well [92], may be countered by (partial, temporary or full) legalization of their plantations,
charging farmers for their activities in the forestry domain and using these proceeds to finance and
coordinate proper water table management. Such an approach may lead to landscape-wide improved
water table management and associated reductions in draught, fire, flooding and associated GHG
emissions. The government rules about maintaining groundwater tables in peatlands no deeper than
40 cm below the surface are not incompatible with growing oil palm—at least not under smallholder,
non-mechanized management.

7.4. Policy Options Based on Transport and Processing

7.4.1. Impose Legality Checks at the Mills

Current sustainability initiatives as RSPO and ISPO heavily depend on legality checks at the
mill, restricting certification to mills with adequate traceability of the fresh fruit bunches they obtain.
However, supply chain characteristic for especially independent smallholders, who usually sell to
middlemen that mix and may resell their produce to other traders, are unable to fully trace all produce
that enters the mills. This system appears to benefit especially the larger actors, who have the most
integrated value chains, shifting blame and costs to others. As noted elsewhere [29,30] certification
may solve problems of guilt for downstream users who do not want to be part of value chains
with negative social and environmental consequences, but it may primarily shift blame, rather than
transforming other means of production, unless economic signals, accounting for increased transaction
costs, are sending a clear message.

7.4.2. Apply a Transport Permit System

Forestry has a long history of trying to control illegal logging by applying transport systems and
road checks. As documented for charcoal trade in Africa [197], it can increase transaction costs by legal
and illegal levies, with little impact other than reducing farmgate profitability at the sites of production.
This approach thus suffers similar drawbacks as legality checks at the mills. It is prone to corruption.
In areas where there are a lot of roads, this becomes cumbersome. However, in some contexts where
there is less infrastructure, it may work to some extent.

7.4.3. Segment Markets

Legality checks at the mills and chain of custody rules [93], potentially supported by transport
permit systems, can support the bifurcations into ‘green’ and ‘brown’ supply chains, targeting different
market segments (e.g., international and domestic). It will not solve the issue of illegal forest-zone
oil palm, but it may affect the profitability of the lower-grade production system if transaction costs
of the certification are controlled or subsidized. The new EU anti-deforestation policy and RSPO are
heading in this direction, recognizing that importing countries have to respect the sovereignty of
producing countries within world trade rules. Keep your own street clean and shift blame for existing
problems to others. The EU with its deforestation-free supply chains is picking the low-hanging fruits,
with a ‘grandfather’ cut-off date for deforestation before 2008, which can easily cover EU demands,
whilst leaving the tougher issues to other parties.

7.5. Follow-Up Policy Research

Table 5 provides an early assessment of ten policy options for four subcategories of FZ-OP,
from three overarching perspectives. The tentative evaluation of options could be the start of a further
process of stakeholder consultations, that may modify perspectives on expected effectiveness and
acceptability by main stakeholder groups. As some of the options proposed, especially the ‘agroforestry
concession’ idea would be new to the Indonesian forest management framework, deeper analysis of
legal opportunities and consequences will be needed before specific recommendations can be made.
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8. Conclusions

Up to one-fifth of oil palms in Indonesia are located within the ‘forest zone’ (Kawasan hutan),
especially in lands indicated as production forest, with smaller fractions in protection forest and
conservation areas and substantial variation between the provinces and islands. Two (out of 34)
provinces are responsible for two-thirds of the forest-zone oil palm, while harboring nearly one-third
of Indonesian oil palms. While state-owned and private large-scale plantations dominated in the early
expansion phase of oil palm, smallholders have become prominent, especially in Sumatra, where 60%
of oil palm capacity is located, especially those without a contract with mills (‘independents’).
Part of the smallholder oil palm within the forest zone has been derived from earlier agroforests
(often rubber-based).

As there is no legal basis for oil palm within the forest zone, one-fifth of Indonesia’s oil palms
cannot meet current criteria for sustainability certification, whether the voluntary international RSPO
standard or the domestic ISPO standard. Solutions for the ensuing policy problem will have to
differentiate between the primary forest functions indicated for different parts of the forest zone,
with the smallest gap between desired function and current reality in the production forest zone,
where most of the oil palms are located, and largest gap for the small fraction (<1%) of oil palms
in conservation areas. Policies will have to differentiate between the scale of the production unit,
the opportunities to charge a ‘land owner’s’ share by forest authorities, the history of the conversion
process, and the expected impact through discouraging further expansion.

Policy options for dealing with forest-zone oil palm can focus on the land where oil palms
are grown and/or on the transport and mills that are processing the fresh fruit bunches produced.
Where mill-based regulation can be effective in segregating the market and ensuring that part of the
supply chain is ‘deforestation-free’, it is unlikely to close marketing channels for forest-zone oil palm
products. Land-based options will have to explore a middle ground as neither blanket legalization of
oil palm as a forest commodity, nor evictions and destroying of the crops are realistic in the institutional
context. Combinations of financial charges and permits for agroforestry development may be the most
feasible basis of a negotiated policy package. Further policy research and stakeholder consultations
will be needed before specific policy recommendations can be made, adjusted to the legal environment
and responsibilities of national, provincial and district-level government authorities, as well as likely
responses of international trade and domestic industry.
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Appendix A

Appendix A.1. Details of the Initial Stakeholder Consultation

The webinar “The Future of Agro-Commodities in Forest Areas” on 26 September 2020 had
373 registered participants. They attended the on-line event geographically spread over 33 (out of 34)
provinces; institutionally, 30% represented government agencies (local, national; forestry, non-forestry),
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3% research organizations, 44% universities, 11% private sector, 13% NGO’s. Demographically 35%
was female and 27% below 25 years of age.

As first speaker the Director General of Natural Resources and Ecosystem Conservation (KSDAE),
Ministry of Environment and Forestry (KLHK), Ir. Wiratno, MSc, marked the shift from a timber focus
in the past to a much wider range of economic commodities as potentially derived from and grown in
forests, as long as the societal functions of forests can be secured. Speakers from NGO’s reviewed data
on forest-associated poverty levels (around 21% of poor people in Indonesia are forest villagers) and
presence of tree crops, with most specific debate about oil palm.

The discussion focused on the reliability of data of various sources and on opportunities to resolve
issues through implementation of Law No.34/2014 on Soil and Water Conservation and Government
Regulation No.46/2017 on Environmental Economic Instruments. Panelists emphasized a need for the
involvement of government agencies in intensive assistance for large-scale plantations and smallholders
in forest areas, and for law enforcement for deliberate occupation in forest areas and resolving tenure
issues. The various strands of discussion informed the current manuscript.

Appendix A.2. Analysis of FZ-OP by Elevation Zone and Forest Class

The spatial data on FZ-OP and oil palm on non-forest lands are differentiated by forest class and
elevation in Figure A1.

Figure A1. Probability of land having oil palm as land cover at four elevation zones (0 = 0–100;
1 = 100–300; 2 = 300–1000; 3 = >1000 m a.s.l.) in two provinces ((A–C), West Kalimantan; (D,E) Jambi),
for specified land use designations outside and inside the forest-zone, according to three data sources
((A) [75]; (B,D) [33]; (C,E) [28]); (NB log scale on the X-axis).
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Abstract: Restoration depends on purpose and context. At the core it entails innovation to halt ongoing
and reverse past degradation. It aims for increased functionality, not necessarily recovering past system
states. Location-specific interventions in social-ecological systems reducing proximate pressures, need to
synergize with transforming generic drivers of unsustainable land use. After reviewing pantropical
international research on forests, trees, and agroforestry, we developed an options-by-context typology.
Four intensities of land restoration interact: R.I. Ecological intensification within a land use system,
R.II. Recovery/regeneration, within a local social-ecological system, R.III. Reparation/recuperation,
requiring a national policy context, R.IV. Remediation, requiring international support and investment.
Relevant interventions start from core values of human identity while addressing five potential
bottlenecks: Rights, Know-how, Markets (inputs, outputs, credit), Local Ecosystem Services (including
water, agrobiodiversity, micro/mesoclimate) and Teleconnections (global climate change, biodiversity).
Six stages of forest transition (from closed old-growth forest to open-field agriculture and re-treed
(peri)urban landscapes) can contextualize interventions, with six special places: water towers,
riparian zone and wetlands, peat landscapes, small islands and mangroves, transport infrastructure,
and mining scars. The typology can help to link knowledge with action in people-centric restoration
in which external stakeholders coinvest, reflecting shared responsibility for historical degradation
and benefits from environmental stewardship.

Keywords: assisted natural regeneration (ANR); co-investment; ecosystem services; environmental
stewardship; equity; forest and landscape restoration (FLR); landscape approach; rights-based
approach; tree planting; water

1. Introduction

With the Bonn Challenge (2011) [1], the New York Declaration on Forests (2014) [2] and the UN
Decade on ecosystem restoration [3] launched in March 2019, forest and landscape restoration (FLR)
is gaining traction on the global political agenda. Within the goal of reversing centuries of damage
to forests, wetlands, and other ecosystems, getting it right will be key to putting the planet back on
a sustainable course. However, despite the high level of political engagement; despite the number
and diversity of actors and institutions involved, from public and private sectors, civil society and
local communities, research, and academia, at all levels, from local to global; and beyond some success
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stories, restoration is not happening at scale. As agriculture is a major driver of degradation but
remains a primary source of rural livelihoods, international agricultural research can be part of the
solution, contributing to the design of successful restoration approaches to be implemented at scale in
the coming years.

As part of the international agricultural research consortium (CGIAR) as food security-oriented
international agricultural research body [4], the partners in the Forests, Trees and Agroforestry
(FTA) program, building on many decades of research, identified the need to uncover the diverse
understandings and perspectives about ‘restoration’ and to construct a typology that can help to clarify
contrasts, similarities and possible synergies across the many starting points for targeted interventions
that are currently propagated and implemented under the common heading of ‘restoration’ of forests,
landscapes and/or land. The aim of such typology is to better describe links between evolving
knowledge, stakeholder-driven action, and achievement of Sustainable Development Goals.

As a first step toward such a typology of restoration as part of international agricultural research,
three Common Research Programs (CRPs) of the CGIAR—Forests, Trees and Agroforestry (FTA),
Policies, Institutions and Markets (PIM) and Water, Land and Ecosystems (WLE)—conducted a joint
stocktaking of CGIAR work on forest and landscape restoration [5]. They covered a wide range of
field projects and case studies, decision making supporting tools, modeling, mapping, conceptual
approaches, and frameworks across the geographical area of interest of the CGIAR, i.e., the tropics
and sub-tropics in Africa, Asia, and Latin America. They covered a broad range of issues directly
or indirectly related to restoration, including sustainable land and water management; seed supply
systems and genetic diversity; climate change adaptation and mitigation: land tenure security and
land governance reform. They showed how restoration efforts could contribute to SDG2 by supporting
smallholder farmers’ ability to increase food production, while also addressing SDG15 “protect, restore
and promote sustainable use of terrestrial ecosystems” and “halt and reverse land degradation”,
contingent on SDG16 “peace, justice and strong institutions”, assist with SDG6 “availability and
sustainable management of water and sanitation for al”, and most, if not all the 17 sustainable
development goals [6]. They unveiled the many drivers of land degradation, not only biophysical,
but also socio-economic, political, and institutional and the variety of actors involved. They suggest
different ways to categorize restoration interventions.

Building on the results of this survey, the main objective of this paper is to elaborate a typology
of restoration options by context applicable in a wide range of situations across the tropics and
sub-tropics. We adopt here a people-centric nature-based perspective focusing on land restoration
through agroforestry. For that purpose, Section 2 discusses the underlying concepts and definitions and
presents our approach. Section 3 focuses on land degradation, its symptoms, drivers, and indicators.
Section 4 suggests and discusses a possible typology of restoration options by context.

2. Underlying Concepts, Definitions and Approach

2.1. Beyond Tree Planting, the Various Aspects of Restoration

Tree planting as a way to restore local ecosystems appeals to many farmers, local communities,
national policymakers, and private companies, for a variety of reasons. Tree planting ceremonies as a
symbol of peace and commitment to stability and prosperity have an important place in the diplomatic
world and national policy agendas for post-disaster contexts [7]. The ‘tree planter hero’ portrayal
has strong emotional appeal [8–10]. Claims of the millions, billions [11,12] or trillions [13] of trees
planted capture the public imagination and get news headlines. More than seven billion humans
share the planet with approximately three trillion trees [14] 46% less trees than at the start of human
history. Approximately 1.36 trillion of these trees exist in tropical and subtropical regions 0.84 trillion in
temperate regions and 0.84 trillion in the boreal region; overall nearly one-third are outside forests [15].
Tree diversity in agroforestry landscapes varies over three orders of magnitude, from 1–1000 [16].
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Enthusiasm for tree planting only partially aligns with the focus of thousands of experts around the
world who have dedicated their professional lives to the protection and restoration of ecosystems [17].
Guidelines for restoration include recommendations to first consider and deal with root causes of
degradation, to work with nature, rather than against it with technical means, and to work with people.
The guidelines suggest that experts can provide advice on where and how tree planting can be helpful.
The idea, however, that planting trees is at the core of restoration ignores the expertise of millions of
agroforesters (practitioners) around the world who learned that people-centric and nature-based land
restoration through agroforestry can be as simple as ‘assisted natural regeneration’, with selective
retention of the right trees growing in the right places [18,19]. While the practice may be as old as
agriculture, agroforestry as a branch of applied science started four decades ago. ‘Restoration’ was
and still is one of its main motivators [20–23]. Where it is ecologically and socially feasible [24–27],
approaches such as assisted natural regeneration need to be upfront part of a ‘restoration typology’
message and list of options to be considered for any given context. In a more comprehensive ‘options
by context’ typology for restoration a wider spectrum of activities beyond ‘tree planting’ is needed,
as we will explore in this contribution.

The growing consensus on the relevance of a social-ecological systems perspective has seen
restoration ecology [28–30] and forestry-oriented implementation guidelines [31–33] evolving to
restoration science [34–37]. This meant a stronger social orientation [38–40], with attention to success
factors for community forestry [41,42]. Yet agendas on food security [43] and public health [44] remain
poorly connected to the dominant restoration discourse. A gap still exists between Land Restoration
from an agricultural perspective, as perceived in CGIAR efforts [9], and the main ideas in Forest
and Landscape Restoration. The wording of principles of Forest and Landscape Restoration [45],
such as “Engage stakeholders and support participatory governance”, “Taylor to the local context
using a variety of approaches”, “Manage adaptively for long-term resilience” suggest a genuine
attempt to connect with bottom-up farmer perspectives, but also serious challenges to actually achieve
that. Principles such as “Restore multiple functions for multiple benefits” may be redundant if local
stakeholders have a real say in what happens on the ground. A list of common governance challenges
for Forest and Landscape Restoration in a recent review [46] included (1) Poor alignment across levels
and sectors of government, (2) Environmental and social heterogeneity, (3) Lack of enabling conditions
and implementation capacity. A non-involved reader might wonder whose agenda such type of
restoration actually is. Thus, a recent review of FLR practice concluded that “Existing guidelines and
best practices documents do not satisfy, at present, the need for guiding the implementation of Forest
and Landscape Restoration (FLR) based on core principles. Given the wide range of FLR practices
and the varied spectrum of actors involved, a single working framework is unlikely to be effective,
but tailored working frameworks can be co-created based on a common conceptual framework” [47].
While FLR is supposed to support sustainable agricultural production, there is very little discussion on
how this can be achieved. When farmers are asked about their own decision making with regards to
landscape restoration, responses may be surprising. Recent efforts to obtain a deeper understanding
of farmer decision making for landscape restoration in Malawi revealed that the expectations that
‘planting more trees will attract reliable rains’ figured prominently in local perspectives, before expected
benefits for soil fertility or beekeeping [48]. One of the milestones of restoration science is the “reference
ecosystem”, specifying the desired successional stage of recovery, the species (or group of species)
that are the target of rehabilitation and the expected time of recovery of the degraded ecosystems
after initial treatment (change in management). Follow-up questions are whether the time involved is
socially accepted, economically feasible and ecologically reasonable.

One of the key propositions of the paper is to advance restoration science to a more complex
set of objectives and functions to be restored and to put local land users at the center of the process.
The confrontation, managing synergies, and trade-offs between such functions, and at nested scales,
is fundamental to the challenge, and in line with decades of analysis of landscape multifunctionality
and integrated natural resource management in international agricultural research [49,50]. Rather than
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a static reference ecosystem continued change and agility will be needed as a vision for multi-functional
restoration [51]. Therefore, we propose to extend the concept of “reference ecosystem” to the “reference
social-ecological system” and resulting functions.

Innovation, development, intensification, adaptation, rejuvenation, and restoration appear to refer
to different actions, with emphasis on the new, the existing or the past. In practice, however, similarities
exceed the differences as all need to deal with motivation, rights, know-how, markets, environment
from local environmental effects to global effects through bio-geochemical and hydrological cycles and
their global teleconnections [52–54]. This means that all efforts need to match options for interventions
to context at the nested scales of farms, landscapes, nation-states, and the changing global context.
This means involving a multiplicity of actors: farmers, communities, private sector, public sector,
and global investors [55–59]. Interventions also range from projects and programs to wider policies
at national or even international (regional) level [60]. Unless these are people-centric, however,
their chance of sustainable success is small [61,62]. Land restoration, as we present it and contrarily to
what the word often means in other contexts, is not backward-looking but forward-looking. Innovative
restoration (or restorative innovation) reconciles historical path-dependency of the degraded status quo
with forward-looking theories of induced change that are empirically grounded, rather than wish-lists
of over-optimistic planners. It requires science-based and across-scales diagnosis of the underlying
causes (‘driving forces’) that shaped current context, mobilizing a wide range of conceptual frameworks
to understand social-institutional constraints, drivers of change and sustainers of long-term action.
It then relates that context to options for interventions. Common interventions in land restoration
focus on modifying land cover or structural land surface properties but are aimed at improvement of
land use and functionality in support of multiple goals.

Land cover change can be achieved through natural regeneration (with various degrees of
human assistance and farmer management), tree and grass planting (with its dependence on seed
supply and nursery value chains), or remediating management of soil and water. Land-use change
depends on who is allowed to be a user, for what purpose and for what use, their motivation,
preferences, restrictions, the know-how of managing land in local contexts, market opportunities,
concerns about local environmental impacts and external co-investment in land stewardship. Across
all modes of regeneration there are tree genetic resources issues [63–65], agronomic options in
context [66,67],value chains [68–70], hydrology [71], global teleconnections through climate [72,73],
and biodiversity [74–76], as well as policy reform of rights [77], cross-scale incentive systems for
stewardship [78–80], and distributional and process concerns over equity and inclusiveness [81].
Key constituencies (including policy-makers, funders, local stakeholders, scientists) need commonly
understood metrics to achieve progress [82,83]. Restoration is commonly differentiated by geographic
contexts, such as China [84], Southeast Asian fallow to forest transitions [85], East and South African
drylands [86], Horn of Africa [87], or Brazil [88]. Still, a more incisive way of describing similarities
and differences is needed.

2.2. Definitions

The Society for Ecological Restoration (SER) [89], in line with the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES) [90] defines ecological restoration as “any
activity with the goal of achieving substantial ecosystem recovery relative to an appropriate reference
model, regardless of the time required to achieve recovery. Reference models used for ecological
restoration projects are informed by native ecosystems, including many traditional cultural ecosystems”.
Both the SER and the IPBES distinguish ecological restoration from rehabilitation. The latter refers
to restoration activities that aim at “reinstating a level of ecosystem functioning for renewed and
ongoing provision of ecosystem services potentially derived from nonnative ecosystems as well” [79]
but may “fall short of fully restoring the biotic community to its pre-degradation state” [80]. Both see
restoration activities as a continuum, from rehabilitation to ecological restoration, aiming at initiating
or accelerating the recovery of an ecosystem from a degraded state. These various acceptances of the
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term ‘restoration’ reflect the various perspectives, motivations and behaviors of the different actors
involved. While ecologists, scientists, and activists might focus more on ecological restoration as the
return to a pristine state of natural ecosystems, governments and economists may be more interested in
a discourse focusing on regaining ecological functionality in degraded landscapes in order to enhance
food security and livelihoods, reduce poverty and contribute to sustainable development. In line with
this latter perspective, in the context of the Bonn Challenge, the International Union for Conservation of
Nature (IUCN) and other partners adopted the following definition [91]: “Forest landscape restoration
(FLR) is the ongoing process of regaining ecological functionality and enhancing human well-being
across deforested or degraded forest landscapes. FLR is more than just planting trees–it is restoring
a whole landscape to meet present and future needs and to offer multiple benefits and land uses
over time”.

For the purpose of this paper, the term ‘restoration’ encompasses the whole continuum of
restoration activities, from rehabilitation to ecological restoration, covers any kind of ecosystems
(natural forest, agroforest or agricultural landscapes) and gives a central place to the concept of
‘ecological functions’ (Figure 1), i.e., the functions that allow ecosystems to generate various regulating,
supporting, provisioning and cultural benefits to people or ‘services’ [92], including those generating
direct economic value.

Building on these considerations, this paper adopts the following definitions:

• Degradation: Loss of functionality of e.g., land or forests, usually from a specific human perspective,
linked to a change in land cover with consequences for (at least one category of) ecosystem services,

• Degraded lands: Lands that have lost functionality beyond what can be recovered by natural
processes and existing land use practices in a defined, policy-relevant time frame,

• Syndrome: Set of concurrent diagnostical indicators or symptoms that can be the result of different
and often interacting causes or drivers,

• Restoration: Efforts to halt ongoing and reverse past degradation, by aiming for increased
functionality of ecosystems supporting land use (not necessarily recovering past system states)

Restoration covers a broad range of changes (innovations) relative to the current system state—from
land use practices and land cover changes to physical infrastructure and institutional changes.
As highlighted above, the objective here is to regain ecological functionality and enhance human
well-being, not necessarily to go back to the initial ecosystem state or function. That may simply
be impossible in some places because of the change in local demographic conditions. Living with
the current 7 billion people on the planet would not allow that. Moreover, the final ‘restored’ state
of the ecosystem shall be self-sustaining. This means that in a particular context, given the set of
ecological functions to ‘restore’, restoration interventions need to lead to social, economic, and ecological
benefits lasting in the long-term. While in other aspects of human life binary classifications have
been recognized as being problematic, past distinctions between ‘Nature’ (ecosystems, wilderness)
and human endeavors (agro-ecosystems, plantations, (peri)urban systems) remain evident in the way
‘ecological restoration’ is distinguished from ‘forest and landscape restoration’. Under the heading
‘land restoration’ we aim to bridge this divide. Therefore, we propose here a broader umbrella to clarify
the full perspective of ‘stopping degradation plus recovering damage’ and addressing in a sustainable
way the underlying drivers, including those related to the production function of the lands and to
the needs of people living in it and from it. Reconciling these perspectives is critical to the sustained,
long-term success of land restoration and especially relevant in the pan-tropical domain. Dealing with
the generic drivers of degradation, rather than area-specific pressures, builds on decades of policy
development, although progress on Aichi 2020 target of the Convention of Biological Diversity on
pollution control is less than that on target 11 achieving an increase in protected areas. [93].
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2.3. The Social-Ecological Cascade Framework

The distinctions between land cover (as structure) and land use (as a set of services derived)
are compatible with a Social-Ecological System (SES) cascade (Figure 1A) [94]. Mainstream ‘forest’
definitions combine aspects of scale (minimum area), structure (tree cover, tree size), function (primary
designated purpose) and institutional control by forestry agencies, segregating trees into ‘forestry’ and
‘agricultural’ ones [95,96]. Important parts of the structure are also the condition of the topsoil (including
its soil organic matter [97], protective litter layer, macroporosity [98] and soil biota), while the related
functions include processes such as rainfall infiltration and (absence of) surface runoff and erosion [99].

Feedback options from ‘stakeholders’ based on the values at stake for them to ‘actors’ in the
landscape make the cascade flow into a social-ecological system with self-adjustment or learning ability.
These feedbacks link ‘bio-geo-physical’ units, social actors and institutions, across scales. Many changes
in the landscape increase some and decrease other functions and values, and as such they are either
degradation or restoration depending on the weight given to various functions by stakeholders, or the
strength of their voice in public discourse. Post-logging forest management to increase the growth
of the most desirable species, may imply degradation from an ecological perspective, for example.
Draining swamps for improved public health, implies ecological degradation, as a second example.
The feedback loops that aim to shift ongoing degradation toward restoration require specific ways of
linking knowledge (on options in context) with action (getting societal traction on issues and agreement
on goals) (Figure 1B). Five issue cycle steps depend on and strengthen the knowledge-action linkages:
A. Agenda setting, B. Better and shared understanding of what is at stake, C. Commitment to common
principles, often based on coalitions, D. Devolved details of design and delivery, dealing with trade-offs,
and E. Efforts to evaluate, and where necessary restart [50,100].
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The SES cascade framework and the above-mentioned knowledge-action linkages are conceptually
close to a third commonly used framework, which depicts how Drivers, Pressures, State change, Impact
and Responses (DPSIR) interact in a feedback loop, with responses addressing the immediate pressures
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and/or the underlying causes (drivers) (Figure 1C). Often Drivers, Pressures and Impacts operate in
nested scales, necessitating Responses (including ‘restoration’) to do the same to be effective.

2.4. Our Approach

Interventions to support the restoration of the functionality of lands, forests and landscapes can
be many folds, and operate at different scales (local, national, global), involve various combinations
of private and public initiatives and investment, relate to the rights and authority of local actors and
stakeholders in multiple ways (ranging from eviction to full consultation and respect of Free and
Prior Informed Consent (FPIC) or public and private support for local initiatives). These interventions
seek various entry points into Social-Ecological Systems other than directly addressing land cover
(e.g., by tree planting), such as modified rights, enhanced know-how, supported markets, or incentive
systems. These are always related to specific contexts that are in turn very diverse depending on the
social-ecological system in place and its historical path-dependency.

The dual purpose of our proposed typology is:

1. to allow a more effective exchange of knowledge and experience between settings where
restoration (of any kind) is initiated, planned or in process, based on recognized similarities and
contextualized differences, enabling a better confrontation and/or integration of the corresponding
evidence-base, and

2. to assist planning and priority setting, especially where scarce public resources are involved.

The first purpose is to reflect an actor-centric (bottom-up) perspective, the second a planner
(top-down) one.

As typologies of goals and issues can be derived from other frameworks, such as the set of
Sustainable Development Goals (SDG) targets and indicators (or any other national or local level
framework), we focus here on the knowledge side of the interaction and thus on a combined typology of
intervention options and contexts, within the main steps of issue cycles, as illustrated in Figure 1B [102].

Restoration interventions are chosen out of a wide array of options, supposedly finetuned to
the local context. Therefore, to elaborate a typology of restoration options by context, we cross two
different typologies:

• a typology of contexts/situations, focused on types and levels of ecological degradation in their
social contexts, at the system state level of DPSIR, but with attention to the pressures, drivers and
impacts as levels of analysis;

• a typology of options for restoration interventions that address symptoms of ecological degradation
and/or its drivers, and/or support the social conditions that sustain further improvement.

The resulting ‘restoration’ typology positions (combinations of) interventions in a specific context,
expecting considerable ‘endogeneity’ in what is attempted and has success where. Endogeneity is one
of the main obstacles to interpreting observable patterns of associations (e.g., forest cover and human
well-being) in terms of replicable mechanisms and generic theories of change. Real learning from track
records of any intervention elsewhere requires contextualization of its initiation and operationalization.

A technical perspective on restoration takes ‘ecosystem structure’ as the direct target for
interventions, triggering the cascade (Figure 1A) to function, services and human benefits, but a
social-ecological perspective starts from the Response part of the DPSIR cycle (Figure 1C) and identifies
leverage points (preferably at Driver level), leading to land use change that leads to changes in
ecosystem structure (Figure 2).
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Figure 2. Relating the cascade and DPSIR concepts of Figures 1A and 1C, respectively, in social-ecological
systems that shift from degradation to restoration; the social pentagon is shorthand for rights, know-how,
markets, local ES issues and teleconnections.

3. Land Degradation: Symptoms, Drivers, and Indicators

3.1. Symptoms, Syndromes and Diagnostics

In a social-ecological system interpretation, the importance of breaking current trends of
degradation (loss of functionality) emerges in many different contexts, with a wide range of ‘entry
points’ that get issues inscribed into an agenda for action. These starting points can be compared with
‘symptoms’ in the medical tradition, signs that something is amiss with system health, but requiring
diagnosis. As in the medical tradition a determined set of symptoms can appear concurrently,
a syndrome, giving further indications for diagnosis. Diagnosis aims to identify the location-specific
pressures (Table 1) and their underlying generic drivers as targets for interventions beyond the
symptom level.
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Table 1. Examples of diagnostic links between symptoms along the SES cascade and the underlying
pressures (that themselves respond to generic ‘drivers’ outside the targeted landscape).

Starting Point Symptom Example of Contributing Pressures

Structure Loss of land cover Uncontrolled conversion
Loss of perennials Overgrazing
Loss of tree cover Overlogging, overharvest

Loss of plant diversity Specialization, markets
Skewed tree age distribution Lack of rejuvenation investment
Loss of soil structure, carbon Over-cropping

Function Reduced primary production Local climate change, soil fertility loss
Disturbed hydrology: quantity, quality,

timing of river flow;
freshwater retention

Local climate change, loss of filter and
buffer functions by vegetation

Loss of soil retention, downstream
sedimentation, landslides

Loss of effective land cover, increased
rainfall intensity

Spread of uncontrolled fire Loss of functional fire-breaks
Increase of pest, disease, weed pressures Disturbed ecology and food-webs

Services Loss of harvestable and marketable
production (‘provisioning services’)

Loss of productivity, consumer trust in
responsible production

Decline in usable water, increased floods Disturbed hydrology
Loss of net greenhouse

gas sequestration Loss of soil functions, vegetation

Loss of human health Loss of healthy ecosystems
Loss of cultural and spiritual value Loss of respect and recognition

Benefits Loss of local livelihoods Loss of harvestable/marketable production
Loss of secure and trusted value chains Production costs, market prices, loss of trust

Loss of existence value of
global biodiversity Awareness of existence and threats

Value Increased resource use conflicts Lack of rights, lack of law implementation
Increased inequity and gender inequity Lack of voice in decisions

Loss of options for young people Land shortage, lack of livelihood options
Loss of local ecological knowledge, rules Lack of attention, respect and rejuvenation

Behind the location-specific pressures that lead to degradation in Table 1, there are generic
underlying causes (such as population growth, economic growth ambitions, globalization, urbanization
and changes in diets and lifestyles) that require generic responses [103]. Such ultimate causes of land
degradation cannot be ignored by restoration scientists and practitioners. However, a long history of
claims that intensifying agriculture, especially in the tropical forest margins, would by itself reduce
environmental impact (known as the ‘Borlaug’ hypothesis) [104,105] was rejected based on evidence
from the field. Agricultural land abandonment, providing space for restoration, may be expected in less-
favorable conditions where agricultural labor moves to cities [106], rather than as a direct consequence
of intensified agriculture elsewhere. Population policies, both the migration and birth rate side of them
are closely linked to national identity issues, and hardly modifiable by directly environmental concerns
or agricultural research [4]. SDG 12 “responsible production and consumption” may be the closest
approximation among the SDGs to deal with market-related drivers of degradation and restoration,
but the goal is largely aspirational, with weak operationalization [107].

3.2. Structural Indicators: Tree Cover Linked to Ecological Functions

Restoration issues can start with any of the five elements of the SES cascade of Figure 1: structure,
function, services, benefits, or value, and need to identify where ‘lack of’ function is caused by ‘loss of’
function. At the highest level of this cascade is the category Land or Land Health, as vegetation and
surface soil are parts of the structure—which also is most readily observed. Remote sensing has so far
had a dominating role in informing top-down priority setting for restoration interventions, but it does
not always allow separating anthropogenic change from natural patterns of variation. Anthropogenic
changes (over time) in land cover and surface soil structure such as tree cover transitions (also known
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as forest transition (FT)) interact with two other dimensions of tree cover variation: latitude and
topography, jointly shaping climate and soils. The natural spatial distribution of vegetation types
responds to climate and soil, with temperature and rainfall varying by both latitude (from tropics to
boreal) and topography and water availability in any given climate by topographical variation in water
acquisition and drainage (Figure 3).
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Figure 3. Three major sources of spatial variation in tree cover: latitude, topography and place-based
anthropogenic tree cover transition in interaction with rainfall regimes as the cause of water excess,
shortage or well-buffered conditions (modified from [54]).

Tree cover in itself cannot be a universal proxy for land degradation or restoration, or for assessing
the human influence in the SES cascade. For example, vegetation with 20% tree cover could be the
natural vegetation in semi-arid conditions or on mountain slopes but indicates human influence
elsewhere (e.g., increased fire frequency in anthropogenic savanna conditions). With several of the
worst effects of ‘degradation’ related to disturbed hydrology (e.g., floods and droughts), one needs to
unpack anthropogenic effects from natural background variation.

The forest transitions (FT) typology [108], illustrated in Figure 3 and presented in more detail in
Section 4.4, clarified that the highest human population densities (FT6) in a pantropical study were
associated with around 30% tree cover at sub-watershed scale (Figure 4A), while areas with less tree
cover (e.g., open-field agriculture) are associated with lower population densities (Figure 4B). Within
the humid and (per)humid tropics there is a strong negative relationship of the ‘more people, less forest’
type (Figure 4D), but in arid and semiarid an opposite trend (more people, more trees) can be noted
(Figure 4C).
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Figure 4. (Left panel): area and human population size in the tropics in five climatic zones (defined
on the basis of the ratio of precipitation P and potential evapotranspiration Epot and the water tower
configuration as defined in [108]); (Right panel): pantropical relationships at sub-watershed level
between human population density and tree cover, for six identified stages of forest transition FT and
the six climate zones as defined in [108]; (A) for all sub-watersheds differentiated by forest-transition
stages; (B) only for sub-watersheds of stages 1–5; (C) for sub-watersheds within (hyper-) arid and
semi-arid zones; (D) for sub-watersheds in the remaining agro-ecological zones.

Reductions, rather than the expected increases, in streamflow are a common result of tree planting
and forest restoration [109] that do not have to come as a surprise. Depending on the environmental
conditions an intermediate tree density can be optimal from a groundwater recharge perspective [110],
while desirable effects on flood-causing peak flows can be stronger than undesirable reductions in
annual water yield [111,112]. Flood control may depend on using trees as part of river restoration [113]
rather than blanket reforestation of landscapes. Increasing attention to the rainfall-generating effects of
high evapotranspiration [114,115] justifies renewed attention to the savanna-forest hysteresis theory of
local climate influences [116,117].

3.3. Social Indicators: Services, Benefits And Values

At the lower part of Table 1 we see closely connected, primarily socially defined, indicators of
services, benefits, and value. While there are many ways to unpack the complexity further (e.g., the ‘five
capital’ framing), we found five aspects that operate at the landscape scale and capture important
dimensions of human well-being. These five aspects illustrated by the ‘social pentagon’ (Figure 5),
are discussed in more detail in the next section.
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Figure 5. Representation of six key attractors of attention in Social-Ecological Systems that relate to
both degradation and restoration phases.

4. Typology of Interventions

4.1. The Social Pentagon as a Starting Point for a Typology of Restoration Options

At the heart of the social pentagon (Figure 5) a lost or modified sense of identity may be the
worst impact of degradation and has to be on the basis of any success in restoration. Human identity
(self-image) relates to local institutions (that include education, religion, cultural values, collective
action), motivation, usually stratified by age- and gender, as well as to other dimensions such as social
stratifiers of wealth and influence (e.g., caste, social class, patronage, entrepreneurship, or other aspects
of political ecology).

Identity and the human capacity to adapt to gradual degradation processes can be the main
obstacle to transformative change or to tackling the underlying degradation drivers, often requiring an
external event such as a disaster to trigger or catalyze the needed transformative changes. As noted
in a review for Southeast Asia, many examples of locally led restoration have a dearly paid locally
learned lesson of a disaster (including landslides, floods, drought, fire) as their turning point in local
history, generating the energy needed to overcome vested interests and status quo degradation [118].

Identity interacts with rights (as defined at national scale in laws governing forests, tenure and
inheritance rules, and land-use planning, or in local bylaws clarifying stewardship and collective
action), know-how (accumulated in local knowledge and interacting with externally supported ways
of knowing), markets (for both inputs such as planting materials and products), local ecosystem
service issues (often with water, microclimate, agrobiodiversity and fire as focal points of concern) and
global teleconnections, interactions and feedback loops (especially those regarding climate change and
biodiversity conservation).

A substantial body of case studies and action research engagements in Africa and Asia tested
several ecological, economic, social, and governance propositions on the way ‘Payments for Ecosystem
Services (PES)’ may have to be renamed ‘Co-investment in Environmental Stewardship’ to understand
sensitivities and misunderstandings that arise from the most commonly used terminology [119].
The risk of ‘crowding’ social motivation for pro-environmental behavior by a focus on financial
transactions was demonstrated to exist experimentally [120] but depends on the communication of
programs and opportunities for local re-interpretation of terms [121].

The social pentagon interacting with identity defines not only the ultimate effect of degradation,
it also forms the starting point of interventions for change (Figure 6), challenging the neat two-way
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options by context typology by emphasizing that it needs to be considered along an issues-cycle of
awareness, motivation for change and steps toward a break with the past.
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While specific ‘development’ organizations take rights-, knowledge-, or market-based approaches
as their starting point for restoration interventions in local social-ecological systems, trying to nudge
current degradation into a restoration and innovation trajectory, ‘conservation’ organizations have
focused on globally important teleconnections (climate, biodiversity, footprints of commodity trade)
and/or local ecosystem services and associated local livelihoods. Regardless of the starting point,
however, the relevance of an integrative livelihood orientation that relates to all five aspects has become
clear to all actors. For example, lessons learned in the past ‘Integrated Conservation and Development’
projects were (partially) learned in designs for subsequent ‘Reducing Emissions from Deforestation
and forest Degradation’ (REDD+) efforts [122], and lessons learned in REDD+ pilots can inform current
Forest Landscape Restoration efforts [123]. Policy reform in community forestry was more difficult to
achieve then was expected, as the balance between visionary ‘prophets’, a practical profit orientation
for the main stakeholders and the transparency requirements of ‘prove it’ agencies (within and outside
of formal government, at local, national and international scales) is hard to achieve [124]. Long-term
efforts to get operational programs to reduce emissions from deforestation and forest degradation
(REDD+) have had much less success than expected, revealing complexities in implementing ideas
that at first had large appeal [125].

Engagement in the Sumberjaya landscape in Indonesia, a hot spot of degradation and conflict
around 2000 and an inspiration for watershed restoration and resolution of similar conflicts elsewhere
went through three phases: first addressing tenure conflicts in the forest margins, then providing
incentives for ‘river-care’ efforts to reduce sediment loads by engagement with the hydro-power
company, and thirdly support for marketing environment-friendly products (especially coffee) through
more rewarding channels [126].

A case study on restoring traditional water harvesting structures in India showed that groundwater
recharge could indeed be enhanced, facilitating an extra crop and fruit tree production, while reducing
the need for seasonal migration to a nearby urban center, but negative impacts on water capture by a
downstream dam suggest that tradeoffs across scales are complex [127].
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Some of the appearances of integrated approaches, however, may be informed by opportunities
to tap into financial incentive streams that focus on specific entry points that represent current
donor/investor priorities. Although many projects claim to be ‘people-centric’, their trust in specific
‘theories of change’ and publicly declared targets in terms of area or number of trees planted can be at
odds with adaptive management and local control over process and speed.

4.2. Land-Use Change as the Target of Interventions

While land cover refers to the (bio)physical cover observed on the Earth’s surface (FAO, 2005),
land use is characterized by all “the arrangements, activities and inputs people undertake in a certain
land cover type to produce, change or maintain it” [128–130]. As an important interface between ‘actors’
and ‘land cover’, the concept of ‘land use’ integrates social, economic and ecological aspects. It thus
forms the target of restoration interventions. Only where land use is functional from a local perspective,
restoration efforts, including land cover changes and changes in the ecosystem structure, will have
a chance to be sustainable. Typologies of land use systems have to deal with life-cycle accounting,
e.g., in swidden/fallow cycles, or rotational plantation or grazing management, and environmental
impacts that are time-dependent.

Based on the level of land degradation, and the intended impact of restoration on land use and
land-use changes, we suggest distinguishing here the following four intensities/levels of restoration:

• R.I. Ecological intensification: where improvements to the resource base are possible within
existing land use by combining provisioning, regulating and regenerative aspects of agro-ecosystem
functioning, within a context of supportive input and output markets. It may include a re-integration
of livestock on farms that specialized into arable-only types of farming, as ‘leys’ as part of a rotation
can be both productive and support the recovery of desirable soil properties.

• R.II Recovery/regeneration: where forms of fallow, resting land, exclosures from grazing,
fire control and assisted natural regeneration can bring back conditions within which ecological
intensification is possible. This level often entails a change in land use, at least temporarily.

• R.III Reparation/recuperation: where more intense action than recovery/regeneration is performed
(e.g., tree planting), with additional external support, e.g., by creating access to nurseries for
diversified germplasm, knowledge not locally available, inputs (including soil amendments)
not currently used, supporting local institutions (and bridging social capital with institutions
outside the landscape) not currently effective and/or changing tenurial relations with the state or
private sector.

• R IV. Remediation: where past activities such as long-term unsustainable land use, mining,
soil pollution or deep drainage have substantially or completely destroyed the ecosystem,
preventing its natural functioning or its sustainable exploitation for forestry or agricultural
production. This level requires intense specific, typically externally supported, and financed
efforts and economic reparation of past damage, e.g., by those who benefited from the unsustainable
resource exploitation.

The overarching goal of restoration is to progress across this restoration intensity scale down to
the first level. In other words, the aim is to disrupt existing degradation spirals and transform lives
and landscapes to bring them progressively back into the domain were ‘ecological intensification’ (R.I)
becomes possible again.

The degree of needed intervention/support is likely to increase across the four levels, and so does
the perimeter of the system and the reach of main institutions to be mobilized. Ecological intensification
(R I) is generally applicable within the current local land use system at the farm or landscape scale.
Recovery/regeneration (R II) within a local social-ecological system; reparation/recuperation (R III)
within a broader national policy context; while remediation (R IV) usually requires a stronger external,
or even international support and investment (Figure 7).
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system perspective.

Enabling actions can be identified across these four levels that relate land use to current farm-gate
profitability, additional local efforts to internalize externalities, changes in the national policy mix
that influence the profitability of alternative land uses and allow sustainable land use planning and
integrated landscape management, and/or global co-investment and efforts to address global challenges
and strengthen global value chains. Responses at one scale (for example local SES) may help to ‘scale
up’ to another scale, via pressures to national policies or international support, or by the cumulative
effect to global drivers.

4.3. Reconciling Bottom-Up and Top-Down Restoration Initiatives

The strength of local motivation for change is probably the switch for any ‘restoration’ success,
but often external support is needed to make change sustainable. Where ‘restoration’ is to be managed
as a program or project, it requires ‘metrics’ as markers of progress and clarity on targets. To do so it
needs to link bottom-up local initiatives and drives for return/increase of ecological functionality with
the understanding of local social-ecological systems that are needed to define the elements of project
designs that can attract funding and investment.

Some of the interventions targeting the surface soil structure (such as stone-rows, Zai pits and
terracing in Sahelian agriculture [131]) are aimed at modifying lateral flows of soil and water in the
landscape. Their effectiveness is likely to depend on scale and position on a topo-sequence, as they
combine water harvesting source and sink zones. Physical interventions in surface soil structure tend
to be labor demanding, with limited opportunities for mechanization, triggering a search for low-labor
alternatives such as the naturally vegetated strips (started by not-plowing contour strips in intensively
used slopes in the Philippines) as an alternative to tree planting and hedgerow pruning.

Local preferences are also an important aspect of obtaining the right mix between three primary
ways of obtaining a change in land cover:

• Leave alone: rely on seed banks and seed rains (depending on the dispersal mode of (tree) seeds,
distances to ‘mother’ trees, and presence of flying or walking animals as dispersal agents) as the
basis of a diverse, locally adapted vegetation,

• Assisted/managed natural regeneration of vegetation or of land infrastructure: dealing with fire,
grazing and other pressures and selective retention of desirable trees that can still derive from
seedbanks and seed rain,

• Tree and grass planting, land infrastructure building: taking full control of the vegetation and
infrastructures that will form the next land cover.

Especially a choice for the latter has important implications for local input markets, in terms of
tree seeds and/or local nurseries that can provide diverse and good quality planting materials at an
affordable cost. The widespread tendency to provide cost-free externally produced planting materials
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is now seen as a way to achieve short-term success (and project deliverables) at the cost of the long-term
sustainability of solutions. Reconciling such with a gradual shift to lower intensities of restoration
(toward the RI level) is important.

4.4. Typology of Contexts

Our typology of contexts (‘theory of place’) is based on the forest transition concept as applied to a
pantropical dataset at the subwatershed level by Dewi et al. [108]. The classification relied primarily on
(i) forest fraction, (ii) forest configuration (core, edge, and mosaic forest) and (iii) the logarithm of human
population density. Stage 1 represents sub-basins where core forest covers around 80% of the total area
of the sub-basins and population density is below 1 km−2. As population density increased, the fraction
of core natural forest tended to decrease while the fraction of non-forest increased, and the ratio of
planted to natural tree cover (both classified as forest in national statistics) increased. While some may
envision a ‘transition’ to have distinct stages, in a large data set these are markers along a continuum
of gradual change. In a parallel paper [132] the typology is applied to thirteen pantropical landscapes
(from up-river Suriname in FT1 to densely polluted East Java in Indonesia in FT6, with key issues
in the forest-water-people nexus identified for each landscape but changing in character. Generic
aspects of degradation that occur across a range of forest transition stages are discussed elsewhere for
a range of landscapes in Southeast Asia [118]: Forest classification conflicts in FT2-4, Over-intensified
monocropping in FT3-5, Degraded hillslopes in FT3-6 and Fire-climax coarse-grass lands in FT3-6.

Beyond this general typology of contexts, six ‘special places’ have so far been identified that
deserve specific attention in the analysis of pressures, drivers, and restoration options, because of their
specific importance in the interactions between ecosystem functions and human activities:

Water towers—areas that generate river flow for neighboring landscapes but tend to have an
above-average human population density and opportunities to supply local markets with vegetables
and other commodities, as well as providing the highest quality types of coffee to global markets [108].
These are prominent in East and West Africa and various parts of Asia, often with substantial
downstream areas depending on the rivers that originate in such water towers. They can include
‘cloud forests’ that capture moisture beyond what precipitation gauges register.

Riparian zone & wetlands—As riparian zones often have fertile soils, sedimented from uphill
erosion over long periods, offer easy ways of transport and access to water for irrigation and human
use, as well as fishing as a complementary source of food security and nutrition, they have been the
parts of the landscape with the longest settlement history in many parts of the world. Exceptions,
with a ridge-based settlement pattern can be related to either prevalence of human disease vectors,
or invading human enemies using the same river. Controlling disease vectors has often been a
primary reason for draining wetlands, further allowing for increases in human population density.
Many of the problem-solving interventions, however, displace pressures, such as the increase in
downriver flood frequency if local flooding risk is reduced by increased drainage or removal of
riparian vegetation that slowed down river flow. Restoring upstream water storage capacity and
flow buffering is one of the primary targets of watershed restoration, but typically requires new
upstream-downstream coordination of land use patterns and redistribution of economic benefits
(‘payments for ecosystem services’).

Peat landscapes—Limited in area but now recognized in Congo and Amazon basin beyond
their better-studied examples in Southeast Asia, they are disproportionately important in terrestrial
carbon storage. Peat domes and lowland peat areas developed where drainage was restricted, and a
year-round level of water saturation reduced organic matter decomposition to rates below the annual
above- and belowground inputs [133]. Current understanding is that restoration focus should be
on the peatland hydrological units (from dome to the river) essential for the continued function of
peat domes including riparian zones that are not classified as peat soils themselves, spanning all land
from river to river across the dome [134,135]. Beyond a ‘zoning’ perspective, focused on conservation
of the dome, restoration should target the landscape, as human livelihoods in the riparian zone are
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both part of the problem (as the starting point for exploitation of the peat) and at the core of any
livelihoods-focused solution.

Small islands, and mangroves in coastal zones—Small islands are miniature universes, where sectors
of society are not as divergent as in larger on main-lands, even when national structures promote
segregation. Small islands often have limited sources and supplies of freshwater, which is particularly
challenging when tourism discovers the attraction of coastal zones and possibly adjacent coral reefs [136].
Developing tourism increases pressure on natural resources but may also provide a financial basis
for restorative innovation, as seen in pioneering mangrove restoration on the tourist island Bali in
Indonesia. Similar issues and opportunities to link terrestrial and marine ecosystems exist in the
mangroves and other coastal vegetation of larger islands and continents. Attractive economic returns on
mangrove destruction, e.g., for shrimp farming, as drivers of degradation affect the disproportionately
high concentrations of people in coastal areas, exposing them to sea level rise, and surges due to
typhoons and tsunami’s [137–139].

Mining scars—areas where economic interests sparked particularly destructive change, especially
where open-cast mining is used, leaving scars in the landscape where all vegetation and soil is disturbed
to such a degree that natural recovery tends to be very slow. As there are frequently high metal
concentrations in mine spoils affecting downstream water quality, remediating action is urgent [140].
While large-scale mining permits, and international pressure on transnational mining companies
have ‘internalized’ such externalities by obligations to leave landscapes behind in a multifunctional
condition, past mining and small and medium scale enterprises are not effectively bound by the same
rules. External involvement in cleaning up the mess left by rogue mining companies can have a ‘moral
hazard’ aspect, as the costs should morally be borne by those who benefited from the destruction.

Transport infrastructure—High investments in roads, canals and power lines make such, typically
linear, landscape elements specifically vulnerable to floods, landslides, and similar disasters—to which
they often contributed by disturbing hydrology and cutting into mountain slopes. As for the mines,
engineers and constructors have a specific responsibility to avoid and mitigate such effects, but some
of the past damage may require external ‘restoration’ support.

4.5. A Typology of Restoration Intervention Options by Context

Table 2 combines the two typologies developed in the previous sections (typology of contexts in
Section 4.4; and typology of restoration options in Section 4.1), giving further specification at cell-level
(possible options for a specific context), and identifying some among the special “hotspots”.

Further descriptors of context that are likely to be relevant for restoration are the climatic zones
(Figure 4A) and soil properties. Soil quality is a key context parameter for restoration: it is determined
by soil type, texture and depth (as it relates to hydrology and erosion), topography (slope angle and
length) and indicators of current soil condition relative to what could be expected for soil in a given
location under undisturbed conditions, such as the ratios of current soil carbon and bulk density,
to their reference values [141–143]. Such characteristics can be complemented by a characterization of
the social, institutional, and economic context that often conditions both the drivers of degradation
and the possibility to overcome them, often linking to goals. As the relations between tree cover,
soil quality, and human population density within a given climatic zone are fairly strong, we can
similarly identify areas where tree cover is above or below what would be expected for the same
demographic condition (e.g., with a 10% bandwidth around the expected value). Further classification
within the six columns for options are needed and can build on existing assessment methods and
typologies for (gender-specific) rights, knowledge, and market access, and for ecosystem services and
associated co-investment prototypes.
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As the option-by-context cells are mostly of a target ‘land use’ nature (see Figure 6 and Section 4.2),
existing efforts to achieve generic classifications of land-use systems and intensity of land use, such as
used and further developed in the ASB matrix studies can help [144,145]. Participatory land use
planning methods and the LUMENS (land use for multiple environmental services) procedures are
relevant here [83,146].

4.6. Discussion: Linking the Options in Context Typology to Issues and Goals Across Scales

With a basic option-by-context typology (Table 2), we can revisit the links with an issue-and-goals
level typology (as indicated in Figure 1B). Figure 8 suggests how the six critical enabling or resulting
dimensions/aspects of degradation and restoration (earlier indicated as a social pentagon) relate across
scales to the 17 sustainable development goals (SDGs). Most, if not all, goals relate to conditioning factors
for restoration success (e.g., SDG16 on governance and rights, SDG4 on education or SDG5 and 10 on
gender and generic equity), but also as policy domains that can benefit from the successful restoration of
the land and livelihoods base of national economies. The challenge of coordinated approaches, however,
exists within international organizations, as much as it does within national governments [147].
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Figure 8. Cross-scale (local, national, global) linkage of the five determinants of local livelihoods,
and the local institutional core needed to achieve the 17 sustainable development goals (SDGs).

Boundary work to relate the spheres of knowledge to the arenas of action [148] is needed to take
steps from the ‘symptoms’ (Table 1) to potentially effective restoration actions (Table 2). Figure 9
suggests key researchable questions that can support a shared understanding among stakeholders
of existing land users and use (who?, where?, how?), its consequences (so what?), stakeholders
(who cares?) and the underlying drivers and pressures that need to be tackled (Why?), across scales
(compare Figure 8).
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Figure 9. Questions that can drive efforts to understand theories of place and change for local social
-ecological systems and their connections with higher-level pressures and drivers.

The boundary work to link existing and emerging knowledge to desirable action to make a
difference on the ground has to recognize the different pace and dynamic of the five steps indicated in
Figure 1B: A. Agenda setting (bridging between existing global and national ‘restoration’, ‘climate
change adaptation’ or other ‘sustainable development’ initiatives), B. Better and shared understanding
of what is at stake locally, but also in a wider (e.g., regional) perspective and how it interconnects with
others, C. Commitment to common principles (e.g., specific targets within the SDG agenda and/or
national development strategies, Nationally Determined Contributions to the Paris agreement on
climate change, Aichi targets in the Convention on Biological Diversity (CBD)), D. Devolved details of
design and delivery, dealing with trade-offs (what institutional change is needed to provide the essential
context for change on the ground), and E. Efforts to evaluate and provide a basis for adjustments.
Ten-point progress markers have been proposed for these steps [50].

Development of integrated policy responses [149] in the face of trade-offs [150],has to effectively
deal with anticipating actor choices in response to proposed policies [151] and the diversity of opinions
and interpretations of current system state, trends and leverage factors [152], including the balance
between what can be locally achieved versus what is determined at national scale [153].

Finally, efforts can be presented as ‘innovative restoration’, strengthening the livelihoods dimension
of existing restoration efforts, or as ‘restorative innovation’, supporting the integrative aspects of SDGs,
pursuing restoration as an enabler (and co-benefit) of other key objectives. These are two sides of
the same coin. International public-funded research programs such as FTA can support knowledge
and implementation gaps in both aspects. Lessons learned from past research for development work
in the restoration area suggests that a priority for future research investments is to co-develop with
stakeholders system-level knowledge, combining pattern and process type understanding, to provide
real solutions to actors on the ground, and the agility to answer to new, emerging issues.

5. Conclusions

Restoration is increasingly an object of interest for a multitude of institutional actors and groups
of interests with specific objectives and perspectives as well as of diverse scientific disciplines and
approaches. Each category of actors, each scientific approach has its own definition of restoration
modeled by its specific perspective. This multiplicity of definitions, of ideal visions of what restoration
should be is a significant impediment to collective, long-term engagement.

The typology presented in its paper can support a broader and more precise understanding of
the very notion of restoration, in its diversity, generated by the diversity of contexts, objectives and
solutions. Moreover, because it is precisely grounded on the interests, objectives and perspectives of
the actors engaged in restoration it can help the diverse categories of actors to be involved understand
the diversity of their objectives and find common ground uniquely adapted to the specificity of
the situation.
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The following are some of the key points arising from the assessment and analysis presented in
the study.

• There is no single generalizable approach to restoration despite the general notion underlying all
restoration interventions is improving or rehabilitating the functionality of the system. Restoration
involves multiple entry points most of which arise from either the state of the social-ecological
systems or the choices of the people who depend on it.

• Despite the goal similarity (see point 1 above), the entry points to restoration also vary widely.
The entry points are defined based on the specific contexts (both the place and its social-ecological
aspects) of the system to be restored. It is thus important to understand how the identified entry
point could lead to the desired state of the landscape or location and what benefits (e.g., ecosystem
services) should be generated from the process of restoration for the effort to be characterized as
being impactful.

• Progress along the recovery trajectory in a given landscape or location needs to embrace structural,
functional, and social attributes all of which are required to form an agile system with its own
improved structural, functional, and social ‘identity’ or characteristics.

• The typology proposed in this paper is a useful one in view of the lack of such structured
interpretations of the typologies. It can support further studies on the effectiveness of interventions
in different contexts.

• The framework can facilitate extrapolations from a single case, combining an intervention in a
context, to other potential combinations. Such a framework can facilitate the establishment of
sound research findings, public goods applicable in a diversity of cases, from a reduced number
of well- studied cases in the long-term. This multiplication factor is particularly important given
the length of restoration projects that increase both the time to observe results and the risks of non
or bad intervention.

• Such a typology, grounded on the two axes of contexts and intervention options, can also orient
comparative studies in order to support decision making. In particular, it could facilitate estimations
ex-ante of costs and benefits, whether marketable or not, of a specific intervention in a specific context
by comparison with past comparable interventions in comparable contexts. Such evidence-based
estimations are necessary for actors to engage in long-term actions that are often disrupting established
interests and to attract long-term investments of external actors, public and private.

• It is also important to move the restoration beyond the forest and agricultural systems and include
the ‘special’ places of high social and ecological values. Such places may include water towers,
riparian zone and wetlands, peat landscapes, small islands, and mangroves in coastal zones,
mining scars and transport infrastructure. The global emphasis on greenhouse gases and food
security has given generic forest and agricultural land issues high visibility in claims of tens or
hundreds of Mha of restoration, while other critical ecosystems are not getting sufficient attention
for their specific needs, which may imply higher costs per unit of land for greater societal benefits.
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Abstract: With the increase in demand for landscape restoration and the limited resources available,
there is need for economic analysis of landscape restoration to help prioritize investment of the
resources. Cost-benefit analysis (CBA) is a commonly applied tool in the economic analysis of
landscape restoration, yet its application seems limited and varied. We undertake a review of CBA
applications to understand the breadth, depth, and gaps. Of the 2056 studies identified in literature
search, only 31 met our predefined criteria. Three studies offered a global perspective, while more than
half were conducted in Africa. Only six countries benefit from at least 2 CBA studies, including Brazil,
Ethiopia, Kenya, Vietnam, South Africa, and Tanzania. About 60% focus on agroforestry, afforestation,
reforestation, and assisted natural regeneration practices. Only 16% covered all cost categories,
with opportunity costs being the least covered. Eighty-four percent apply direct use values, while only
16% captured the non-use values. Similarly, lack of reliable data due to predictions and assumptions
involved in data generation influenced CBA results. The limited number of eligible studies and the
weaknesses identified hereinabove suggest strong need for improvements in both the quantity and
quality of CBA to better inform planning, policies, and investments in landscape restoration.

Keywords: cost-benefit analysis; landscape restoration; global; stocktake

1. Introduction

There is a growing demand for restoration globally aimed at stopping further degradation and
reversing degradation. Forest degradation, soil erosion, peatland, wetland drainage, and salinization
have been the leading causes of land degradation globally over the past 50 years. According to
the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services [1], 75% of
the global land surface is significantly degraded, 66% of the ocean area is experiencing increasing
cumulative impacts, and over 85% of wetlands have been lost. This has affected almost a quarter of
the world’s total land area, and the damage is felt through the loss of ecosystem goods and services.
The damage costs the world an estimated USD 6.3 trillion a year in lost ecosystem service value,
which includes climate regulation, clean air, recreational opportunities, freshwater, and fertile soils [2].
Besides, due to land degradation, the livelihoods of about half a billion people, especially poor
people who depend on agricultural and forestlands, are jeopardized. Decreasing land productivity
threatens water and food security, destabilizes sustainable development, and results in civil conflicts
and human migration.

Global efforts have been put in place to stop further degradation and reverse degradation
through restoration of forest and landscapes ecosystems. Over the last decade, there have been global
restoration initiatives, including ‘The Bonn Challenge’ and ‘The New York Declaration on Forests
(NYDF)’. The Bonn Challenge is a global effort to bring 150 million hectares of the world’s deforested
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and degraded land into restoration by 2020, and 350 million hectares by 20302, while the NYDF is a
political declaration among governments, companies, indigenous peoples, and civil society to take
action to halve the loss of natural forests by 2020 and halt it by 20301. Within Africa, the African Forest
Landscape Restoration Initiative, AFR100 aims to restore 100 million hectares of land in Africa by
20303. Specific countries have also set definite restoration goals; for example, Kenya has committed to
restoring 5.1 million hectares of degraded land4, and Malawi committed to about 4.5 million hectares
of land by 2030 [3].

Restoration is generally a costly undertaking, partly because it often begins after the environmental
degradation is well-advanced and expensive to reverse, and is often labor and resource-intensive [4].
Funding sources for investment in landscape restoration include (1) Private finance, where capital is
managed mainly to earn a financial return for the investor. (2) Public finance where funding comes
from the government bodies. Public finance can further be divided into international donor support
and domestic public expenditure. In public finance, public investments are largely made to generate
economic, environmental and social benefits for the public. However, there may be a return to the
government. (3) Philanthropic finance, which is charitable giving by individuals or organizations,
typically with no intention of earning a financial return [5].

Numerous environmental, economic and social benefits are generated when degraded lands are
restored. These benefits may range from conservation of biodiversity, creation of jobs, improvement in
agricultural productivity, and so on. Despite the numerous benefits accruing from restoration, funding
for landscape restoration falls short by about USD 300 billion a year [2]. Investment is inadequate for
several key reasons, among them: (1) many of the benefits are public goods, which are difficult to
monetize; (2) the long-term nature of investments does not match investors’ desire for liquidity, i.e.,
restoration usually requires large investments upfront and has long lags before generating benefits,
and (3) landscape projects are perceived to be risky. Overall, landscape restoration activities are
often misunderstood as involving high up-front costs and low rates of return, and these ideas persist
because few evaluations of restoration activities include a comprehensive and objective accounting
of restoration’s ecological and economic impacts. Economic analysis can encourage investment in
restoration by clearly laying out the benefits and costs of restoration projects and their distribution
among stakeholders. It is also instrumental in prioritizing scarce resources accordingly.

Cost-benefit analysis (CBA) is the commonly applied approach in the economic analysis of
landscape restoration. However, compared to the significant number of landscape restoration
projects and studies globally, relatively few CBA studies have been conducted on restoration projects.
Reference [6] conducted a review of the rehabilitation of degraded dryland ecosystems. They found
that, while numerous studies have been undertaken on restoration and rehabilitation of degraded
ecosystems, there remains a gap in cost-benefit analysis of these interventions. They largely attributed
this to missing data on the benefits and costs accruing from the restoration projects. Similarly, in a
review of more than 2000 restoration case studies, the “The Economics of Ecosystems and Biodiversity
(TEEB)5 “2009 study found that less than 5% of the case studies provided meaningful cost data,
and none provided an analysis of both costs and benefits [7].

While CBA continues to be a primary approach of economic assessment, adequate use of the tool
requires a clear understanding of its limitations and pitfalls. Thus, the paper seeks to understand the
breadth and depth of existing CBA studies. It also highlights gaps in the existing CBA studies on
landscape restoration and how further studies can address these gaps.

2 www.nydfglobalplatform.org
1 www.bonnchallenge.org
3 http://afr100.org/
4 https://afr100.org/content/kenya
5 http://teebweb.org/
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2. Background

2.1. Brief Background on Landscape Restoration

Ecological restoration is the process of assisting the recovery of an ecosystem that has been
degraded, damaged, or destroyed [8]. The goal is to repair the ecosystem to its integrity and its
health and to reverse land degradation, increase the resilience of biodiversity, and deliver important
ecosystem services [9,10]. Ecological restoration also includes forest and landscapes restoration, which
is a process that aims to regain ecological integrity and enhance human well-being in deforested or
degraded forest landscapes. A key feature of forest and landscapes restoration is that a combination of
forest and non-forest ecosystems, land uses, and restoration approaches can be accommodated within
a landscape to achieve sustainable food production, ecosystem services provisioning, and biodiversity
conservation [11].

Landscape restoration is not just a matter of planting trees but also involves assisting the recovery
of a damaged or destroyed ecosystem. The restoration activities range from small local activities
carried out by individuals or community groups through to regional, country, and even global-scale
activities involving multiple agencies and large numbers of people [12]. Restoration can either be
achieved through natural regeneration or active restoration. For example, natural forest regeneration
is the spontaneous recovery of native tree species that colonize and establish in abandoned fields or
natural disturbances. This process can also be assisted natural regeneration, whereby it is assisted
through human interventions, such as fencing to control livestock grazing, weed control, and fire
protection [13]. Active restoration, on the other hand, involves human involvement in a range of
ways and involves a considerable cost in terms of labor and time [14]. It may require planting of
nursery-grown seedlings, direct seeding, and/or the manipulation of disturbance regimes (for example,
thinning and burning) to speed up the recovery process. This is often at a high cost to establish the
vegetation structure, reassemble local species composition, and/or catalyze ecological succession.

Effective restoration should aim at the reestablishment of fully functioning ecosystems. To ensure
effective restoration and achieve sustainability and resilience into the future, Reference [15] advocates
for four principles of restoration; (1) restoration should increase ecological integrity (2) restoration
should be sustainable in the long term (3) restoration ought to be informed by the past and future,
and (4) the restoration benefits and engages society through direct participation. Ecological integrity has
been defined as the “ability of an ecosystem to support and maintain a balanced, adaptive community
of organisms having a species composition, diversity, and functional organization comparable to that
of natural habitat [16].

Several factors ought to be considered while deciding on the restoration strategy to be employed;
the specific ecosystem resilience, the land-use history, the landscape context, the goal for the restoration,
and available resources [14]. In addition, depending on the level of land degradation, and the intended
impact of restoration on land use and land-use changes [17] distinguishes four intensities/levels of
restoration; ecological intensification, recovery/regeneration, reparation/recuperation, and remediation.
Table 1 presents a summary of some of the commonly practiced landscape restoration options/strategies
in different land use or ecosystem types adapted from Reference [18,19]. A detailed explanation of
most of these landscape restoration practices and their restoration goals is provided by Reference [19].

Table 1. Landscape restoration options for different land-use types.

Land Use/Ecosystem Type Landscape Restoration Options/Strategies

Forest land

- Afforestation and reforestation
- Planted forests and woodlots
- Natural regeneration
- Silviculture
- Assisted natural regeneration/Reclamation/Rehabilitation
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Table 1. Cont.

Land Use/Ecosystem Type Landscape Restoration Options/Strategies

Agricultural land

- Agroforestry
- Integrated soil fertility management
- Climate-smart agriculture
- Improved fallow
- Extended rotations in plantations
- Farmer managed natural regeneration (FMNR)

Protective land and buffers

- Mangrove restoration
- Watershed protection
- Erosion control
- Bamboo planting along water bodies and wetlands

Urban areas - Green and blue infrastructure in urban areas

Wetlands - Wetlands restoration and conservation

Freshwater (Rivers/lakes)

- River and lake restoration
- Sediment management
- Pound restoration
- Integrated watershed management

Grasslands and Shrublands - Assisted natural regeneration
Adapted from Reference [18,19].

2.2. Economic Cost-Benefit Analysis of Landscape Restoration

Generally, cost-benefit analysis can be either financial or economic; there are similarities and
differences in both. In both analyses, the net benefits of a project investment are estimated, and the
estimation is based on the difference between with-project and without-project situations. While
conducting both analyses, the assumption of constant prices is made and, the techniques of evaluating
costs and benefits through the discounting method remain the same. However, in financial CBA of
projects, benefits and costs are compared to the enterprise, while, in economic CBA, benefits and costs
are compared to the whole economy.

The true value that a project holds for society is highly considered in economic analysis. It considers
all members of society and measures the project’s positive and negative impacts in terms of willingness
to pay (WTP) for units of increased consumption and to accept compensation for foregone units of
consumption. Importantly, the economic analysis covers even the costs and benefits of goods and
services which have no market price. In financial analysis, the project’s sustainability and balance of
investment is checked using market prices. In economic analysis, the legitimacy of using national
resources to a certain project is measured using economic price, which has been converted from
the market price by excluding tax, profit, subsidy, etc. In financial analysis, the taxes and subsidies
included in the price of goods and services are integral parts of financial prices, but they are treated
differently in economic analysis.

There is also a significant difference between financial and economic analysis in the way they treat
their external effects (costs and benefits). Such externalities, health effects and non-technical losses
tend to be valued in economic analysis. Both financial and economic analyses are supposed to include
such externalities (side effects). In addition, economic and financial returns in both analyses do not
converge. This is because what counts as a benefit or a cost to the project operator does not necessarily
count as a benefit or cost to the economy. When restoration is viewed through a financial accounting
lens that ignores public values and the inter-generational nature of restoration, the conclusions that
are drawn tend to favor investing in less restoration than society would prefer [20]. For this review,
we consider those studies that conducted an economic CBA.

There are nine steps for conducting an economic cost-benefit analysis for landscape restoration as
outlined by Reference [21]: (1) Specify the set of restoration transitions: Define which degraded land
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uses will be restored and the activities that will be used to restore them, (2) Define the stakeholders
who will be impacted by restoration, (3) Catalogue the impacts and define how they will be measured:
Which impacts matter most to the stakeholders, who will be impacted by restoration and what units of
measurement are most useful for measuring them? (4) Predict the impacts quantitatively over the time
horizon of the project: Use ecosystem service models, household surveys, stakeholder engagement,
and other estimation methods to quantify the expected impacts of restoration activities, (5) Monetize all
of the impacts: Use appropriate direct and indirect methods to value the estimated impacts, (6) Discount
benefits and costs to obtain present values: Select appropriate discount rates to make streams of future
benefits and costs comparable at the present moment, (7) Calculate the Net Present Value (NPV) of
each alternative: Subtract the discounted stream of implementation, transaction, and opportunity costs
from the discounted stream of benefits as shown in the equation.

Net Present Value =
n∑

t=0

Bt

(1 + r)t −
n∑

t=0

Ct

(1 + r)t ,

where Bt is the benefits from restoration at time t; r is the discount rate, and Ct is the total restoration
costs at time t.

(8) Perform sensitivity analysis: The results of the CBA depend on assumptions, and the
sensitivity of the results to changes in the underlying assumptions should be evaluated, (9) Make policy
recommendations: From a Pareto-efficiency perspective, the restoration activities with the largest NPV
should be recommended.

Overall, several categories of costs and benefits ought to be accounted for in a comprehensive
CBA. The total cost of landscape restoration depends on how degraded a site is and how difficult it is
to restore. Additionally, costs vary according to geography, degradation category, the objectives and
contexts of specific restoration activities, and the types of restoration methods that are used. There
are three investment phases involved in forest and landscape restoration: (1) Phase 1 is the initial
readiness investment or up-front investment. During this phase, investments flow towards designing
projects, planning, stakeholder engagement and participation, developing safeguards and capacity
building. (2) Phase 2 is the investment for actual implementation. During this phase, it may involve
policy reforms, implementation of the restoration of degraded lands, educational activities, land-use
zoning and strengthening of capacities. (3) Phase 3 focuses on sustained financing for landscape
ecosystem services and product services, for self-sustaining funding of the project’s long-term running
costs [5,18].

Similarly, these costs can be broadly categorized into three: (1) Implementation costs (usually very
high); these costs include costs of raw materials, such as tree seedling, fencing, labor costs, transport
costs, and other costs. In addition, this includes costs incurred in capacity building and training the
local stakeholders. They are mostly the direct costs incurred in the project. Land users usually incur
these costs, or they can be covered by the project. (2) Opportunity cost: this represents the cost of
foregone opportunities and, represents the tangible goods and services that were foregone to make
restoration possible. To capture the opportunity cost, it is necessary to conduct a baseline before
implementing the project. (3) Transaction costs; transaction costs represent the cost for landowners
and implementing agencies to identify viable land to restore and negotiate over terms that ensure
restoration meets both local and national priorities [21]. These may include monitoring costs, as well.

Additionally, for a comprehensive economic CBA on restoration, the benefits to be considered
ought to include both use and non-use values, as well as private and public benefits arising from
the restoration, i.e., the total economic value of the restoration. The total economic value (TEV)
of an investment attempts to estimate and monetize all economic impacts of the investment [22].
TEV recognizes that benefits and costs radiate far beyond the landowner or investor to the global
effects. The TEV approach accounts for both the use and non-use benefits values [22].

The use-values are categorized into:
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(a) Direct use values: These relate to the benefits obtained from the direct use of an ecosystem.
Most of the direct products have market values, such as timber, poles, charcoal, gum arabica,
and medicine, as well as other non-timber forest products (NTFPs), such as wild fruits, honey,
fodder, crop harvests, recreation value, and others. They are the most straightforward benefit
category to capture and account for since the data on quantities and value is available for most of
the restoration projects.

(b) Indirect use values: These are usually associated with regulating services. These may include
services, such as carbon sequestration, water treatment and regulation, soil erosion control,
pollination, and so on.

(c) Option values: These include valuing ecosystem services for the option of future use, such as
medicinal purposes.

Non-use values, on the hand, are categorized into:

(a) Bequest value: This captures the value arising from the satisfaction of knowing that future
generations will access nature’s benefits. This value is concerned with intergenerational equity.

(b) Altruist value: This value concerns intragenerational equity, i.e., the satisfaction of knowing that
other people can also access nature’s benefits.

(c) Existence value: This value is derived from the satisfaction of knowing a certain species exists.
For example, indigenous trees, endangered species, and medical trees.

Direct use values are relatively easy to identify and value since they are tangible and usually
have market values. On the other hand, indirect use and non-use value pose a challenge in valuation,
and the valuation methods employed are often time and resource intensive. Several studies,
such as Reference [23–25], detail how to adequately value these benefits through a wide range
of valuation methods, including: production methods, choice experiments, contingent valuation
methods (CVM), hedonic pricing, travel cost methods, cost-based approaches, benefit transfer,
and mean-variance analysis.

3. Materials and Methods

Reviews aim to identify the most reliable research on a given question in a manner that minimizes
selection biases in the literature search and screening process [26]. A comprehensive review of studies
was conducted on cost-benefit analysis for landscape restoration by following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)6 guidelines. Figure 1 shows the process
of the review followed. The first step was a keyword search using the “publish or perish”7 software.
We searched for a combination of three phrases (1) “Cost-benefit analysis” and “Landscape restoration”
(2) “Economics” and “Landscape restoration” (3) “Cost-benefit analysis” and “Land restoration”.
The search for “Cost-benefit analysis” and “Landscape restoration” generated 522 studies, while the
search for “Economics” and “Landscape restoration” generated 922 studies and that of “Cost-benefit
analysis” and “Land restoration” generated 612 studies.

For step two, the total 2056 publications were filtered down by titles and abstracts, resulting in
102 relevant publications. For the 102 publications, after reading through the full text, 31 publications
were found that either entirely focused on CBA of landscape restoration or had a component of CBA
of landscape restoration. The 31 publications are the ones that have been considered in the review,
and a summary of these studies is presented in the Appendix A (Table A1). The summary is based
on restoration options/strategies, country of focus, the year the study was conducted, data sources,
the time considered in the CBA analysis, benefits and costs components, sensitivity analysis conducted,
and the reported NPV. These variables are discussed in detail in Section 4 under results.

6 http://www.prisma-statement.org/
7 https://harzing.com/resources/publish-or-perish/windows
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Figure 1. Review process of the studies on cost-benefit analysis (CBA) of landscape restoration.

4. Results

From the review process explained in the materials and method section, we found 31 publications
of CBA on land restoration. In this chapter, we discuss these publications based on several attributes.

4.1. Country of Focus and Study Year

The 31 studies under review were conducted in about 20 countries distributed across five regions:
Africa (10), Europe (2), N. America (2), S. America (3), and Asia & Middle East (3). Almost all the
31 studies reviewed, were conducted in a single country and only five focused on multiple countries.
Of the five, three studies focused on a global perspective [18,27,28], while one focused on multiple
African countries8 [29], and one focused on several countries in Latin America9 [7]. As shown in
Figure 2, countries that have had the most CBA studies conducted there over the years had, on average,
three studies and include South Africa, Brazil, Tanzania. Ethiopia, Kenya, and Vietnam, where each
have had two CBA studies conducted.

8 Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, Central African Republic, Chad, Congo, Côte D’Ivoire, Djibouti,
DR Congo, Egypt, Eritrea, Ethiopia, Gabon, Ghana, Guinea, Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania,
Morocco, Mozambique, Namibia, Niger, Nigeria, Rwanda, Senegal, Sierra Leone, South Africa, Sudan, Swaziland, Togo,
Tunisia, Uganda, UR of Tanzania, Zambia, Zimbabwe.

9 The focus Latin America countries include: Mexico, Argentina, and Chile.
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Figure 3 presents a trend of the year studies on restoration under review were conducted.
The oldest study we reviewed was conducted in 1997 in France and focused on landscape restoration
using hedgerows [30]. The was no study under review conducted between 1997 and 2005. The most
recent studies were conducted in Kenya by Reference [31] and in Brazil by Reference [32].
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4.2. Landscape Restoration Options

As shown in Table 2, the CBA studies we reviewed were conducted for different types of
restoration options/strategies, including: reforestation & afforestation, agroforestry, biofuel agroforestry,
participatory forest management, woodlots establishment, sustainable land management practices,
natural regeneration, assisted natural regeneration, mangrove restoration, clearing of invasive alien
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species, urban area restoration, and buffer areas restoration. The specific studies are presented in
the Appendix A in Table A1. Some studies focused on only one type of restoration, while others
conducted a comparison of different restoration options depending on the land use type. One of the
most comprehensive CBA study we reviewed was conducted in Kenya by Reference [31] and compared
returns for several landscape restoration strategies, including: afforestation or reforestation of degraded
natural forests, rehabilitation of degraded natural forests, agroforestry in cropland, commercial tree and
bamboo growing on potentially marginal cropland and un-stocked forest plantation forests, tree-based
buffer zones along water bodies and wetlands, tree-based buffer zones along roads, and restoration
of degraded rangelands. Overall, the most popular landscape restoration options for which CBA
studies were conducted include: reforestation and afforestation (8), agroforestry (7), farmer-managed
natural regeneration/Assisted natural regeneration (5), soil and water conservation practices (5),
and establishment of woodlots (4). Further still, Reference [20] assessed the net present value of the
Bonn Challenge, which is a global effort to restore 350 million hectares of degraded forest landscape.

Table 2. Landscape restoration options considered in the CBA studies reviewed.

Landscape Restoration Options Number
of Studies Countries of Focus

Reforestation and Afforestation 8 Brazil, Chile, Ethiopia, Kenya, Uganda,
USA, Chile, Tanzania

Agroforestry 7 Brazil, Ethiopia, Kenya, Sudan,
Tanzania, Uganda, Malawi

Participatory forest management/FMNR/ANR 5 Brazil, Ethiopia, Malawi, Vietnam,
Tanzania

Soil and water conservation measures and SLM practices,
e.g., bunds, terracing, zero tillage, 5 Ethiopia, Kenya, Malawi, Vietnam,

multiple countries in Africa

Establishment of woodlots 4 Ethiopia, Malawi, Uganda, Tanzania,
Rwanda

Mangrove restoration (protective and planting) 3 Mozambique, Philippines, Vietnam
Natural regeneration 2 Uganda, Rwanda

River restoration/habitat restoration for river catchment 2 Israel, UK
Dryland forest restoration 2 Latin America, Chile

Alien vegetation clearing for water yield and tourism 2 South Africa (2)
Biofuels agroforestry or biofuel for energy, thus reducing

deforestation 1 Tanzania,

Landscape restoration using hedgerows 1 France
Urban area restoration (green and blue infrastructure in

urban areas) 1 Multiple countries

Tree-based buffer zones along water bodies and wetlands 1 Kenya
Tree-based buffer zones along roads and riparian land 1 Kenya

Restoration of degraded rangelands 1 Kenya
Subtropical thicket restoration 1 South Africa

Figure 4 below shows reported NPV (positive or negative) by the various CBA studies for the
different landscape restoration options. For some of the restoration options, all the studies conducted
reported positive NPV; agroforestry (8 studies), soil and water conservation (5), mangrove restoration
(3), and alien vegetation clearing (3). However, for some of the restoration strategies, some of the studies
reported negative NPV; for reforestation and afforestation, the number of studies that reported positive
NPV (4) was equal to those that reported negative NPV (4). For other restoration options—FMNR/ANR
and woodlot establishment, the number of studies that reported positive NPV was higher than those
which reported negative NPV. None of the restoration strategies had more studies that reported
negative NPV compared to those that reported positive NPV.
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4.3. Age of Restoration in the CBA Studies

Figure 5 shows the time in years for which different studies under review considered. A higher
number of CBA studies, (8) covered restoration benefits and costs for 16–20 years. Another six
studies covered between 21–25 years. The maximum duration that was considered was 100 years
by two studies, Reference [33] in Mozambique and [30] in France. A further three CBA studies,
Reference [34–36], covered restoration benefits and costs for 50 years.
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4.4. Data Source

The CBA studies we reviewed sourced data from different sources; 12 studies used primary data,
11 applied secondary data, and the remaining 8 used both primary and secondary data. For primary
data, various studies applied different data collection methods and techniques, as shown in Figure 6.
Approximately seven studies used expert discussions, key informants’ interviews (KIIs) or focus group
discussions (FGDs). Others employed other data collection techniques, including: surveys, reviewing
budgets, spatial analysis, and field observations.
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For those studies that considered indirect use and/or non-use benefits in their analysis, different
approaches were applied in valuing these benefits since they mostly do not have a market value. Three
studies applied the contingent valuation method, and at least one used either hedonic analysis, travel
cost method, or benefit transfer method.

4.5. Benefits and Cost Components in the CBA Studies

Figure 7 shows the proportion of studies that considered different benefits and cost categories.
Most of the studies accounted for the use-values only (either direct use, indirect use, or both) and only
around 16% accounted for the total economic value of the project (both use and non-use values). About
half the studies accounted for both direct and indirect use-values. Of these, the indirect use benefit that
was mostly considered in these restoration studies was carbon sequestration. Other indirect use benefits
that were accounted for include: erosion control, stormwater control, air regulation, temperature
regulation, recreational value, avoided nutrient loss, nitrogen fixation, soil fertility improvement,
and aquifer recharge. Non-use values that the reviewed studies accounted for include: aesthetic value,
bequest (inheritance) values, and existence value.

The studies applied different valuation methods to value the respective benefits, as shown in
Table 3. A more detailed explanation of these benefits by the specific study is provided in Appendix A,
Table A1. The provisioning services were considered in almost all the studies. They were commonly
assessed by collecting primary/secondary data on the quantities of these goods and valuing them at the
current market price. Carbon sequestration was valued by either spatial analysis (e.g., Reference [7,37])
or sourcing the quantities from secondary data and valuing them at the market price of carbon.
Contingent valuation method was applied by several studies in valuing benefits, including: air pollution
& regulation [38], public benefits [30], cultural, aesthetic & recreation values [35], and inheritance and
bequest values [39].
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Table 3. Valuation methods applied across various benefits.

Benefits Valuation Methods

Timber, wood fuel, non-timber forest products
(NTFPs), livestock, yield benefits

- Primary data valued at existing market price
- Expert opinion

Tourism - Value of tickets paid at the entrance
- Travel cost method

Carbon sequestration
- Spatial analysis
- Secondary data valued at the market price

of carbon

Public benefits - Contingent valuation methods, i.e., assessing
willingness to pay for these benefits

Air pollution and air regulation
- Hedonic method
- Contingent valuation method
- Benefit transfer

Stormwater control/reduction - Hedonic methods
- Benefit transfer

Increased soil fertility - Replacement cost method
- Benefit transfer

Soil erosion control - Avoided cost
- Benefit transfer

Temperature regulation - Benefit transfer

Cultural, aesthetic and recreation - Contingent valuation method; assessing
willingness to pay

Positive health effects - Benefit transfer

Biodiversity recovery - Secondary data with simulations
- Benefit transfer

Inheritance and bequest values - Contingent valuation methods

Total economic value for global studies - Secondary data and benefit transfer particularly
from the TEEB valuation database

Benefit transfer method was frequently applied in valuing many indirect use benefits, such as
air pollution & regulation, biodiversity improvement, soil fertility, soil erosion control, temperature
control, positive health effects, recreation, and stormwater control. A comprehensive example of the
use of benefit transfer is in Reference [27], where they used data collected from 94 studies, from which
they created a database of benefits and costs for conducting CBA in seven biomes. In addition,
Reference [18] used secondary data and the comprehensive TEEB database due to Reference [40] in
valuing benefits while assessing the CBA of forest landscape restoration within the Bonn Challenge
for six different biomes. In the absence of site-specific valuation information, benefit transfer is an
alternative to estimating non-existing values. It adapts existing valuation information to a new context
(location or time), and it is principally useful when there are budget and time constraints with the
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collection of primary data [24]. However, there is a need to ensure that the ecological conditions are
the same; otherwise, the value may be overstated or understated.

Hedonic pricing method was the least frequently applied valuation method; only one study used
the approach in valuing stormwater control and air pollution control [34]. The study employed the
hedonic models through controlling for the price of housing in different locations. The reason the
hedonic method is rarely applied is that the data required can be quite intensive. Similarly, this method
works well if markets can pick up quality differentials, which may not be the case for agricultural and
forest land, due to the non-observability of some attributes [23]. Further still, Reference [31] applied
the replacement cost approach to value the soil fertility and the avoided loss approach to value soil
erosion control.

Three cost categories were considered in the studies we reviewed, as shown in Figure 8:
implementation costs, maintenance costs (mostly annual costs of maintaining the restoration
infrastructure), and opportunity costs (cost of foregone opportunities). All the CBA studies we
reviewed considered implementation cost since this is the most direct cost in restoration and is easily
captured. Approximately 25% considered only the implementation costs, and a further 45% covered
both implementation and maintenance costs—only 16% of the reviewed studies included all the three
cost categories. Implementation and maintenance costs were mostly sourced from the costs incurred
in the projects. Implementation costs included the investment costs, such as seedlings, materials,
and other inputs labor, and training costs, among others. Maintenance cost includes monitoring
and transaction costs. For opportunity cost, on the other hand, the studies had to conduct baseline
assessments to ascertain the value of foregone opportunities. For example, Reference [41] assessed
the baseline situation of agriculture and grazing, which was translated into the opportunity cost of
the land.
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4.6. Sensitivity Analysis

The uncertainties in the entire CBA process, such as fluctuating prices, discount rates, and unseen
events within the restoration lifetime, can affect the estimated results especially when the CBA is
conducted ex-ante. Hence, after conducting a CBA, it is necessary to conduct a sensitivity analysis
by altering various parameters of the estimation, such as the discount rate or prices. Alternatively,
one may conduct a Monte Carlo simulation. A Monte Carlo simulation is similar to sensitivity analysis
in that it demonstrates how a project’s profitability varies. However, instead of altering one input
variable and analyzing how that changes in that variable affects the project viability, a Monte Carlo
simulation attempts to model uncertainty across multiple inputs assumptions. The model is run
thousands of times to understand different possible outcomes and the likelihood of them occurring [19].
Hence, it is more rigorous and robust compared to regular sensitivity analysis.
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Figure 8 shows the proportion of studies under review that conducted a sensitivity analysis to test
the validity of their results. Of the 31 studies we reviewed, none of the studies applied the rigorous
Monte Carlo simulation. Approximately 23% of the studies did not conduct any form of sensitivity
analysis. The majority of the studies (about 35%) conducted a sensitivity analysis by varying the
discount rates only. Additionally, a further 19% varied the discount rates and other parameters, such as
carbon prices, products prices, maintenance costs, and so on. Approximately 13% tested the validity of
the CBA results by varying the best- and worst-case scenarios by assuming a very optimistic scenario
where most of the assumptions hold and a very pessimistic scenario where most of the assumptions
do not hold. Still, 10% of the reviewed studies only varied other parameters without varying the
discount rate.

5. Discussion

We present a discussion of the results with respect to the quantity and quality of CBA for landscape
restoration and the implications for moving forward with restoration in terms of planning, policies,
and investments. There is a need to grow the quantity of evidence in specific areas, as well as economic
evidence to make restoration attractive to investors. A number of areas for improvement emerge from
our analysis. These include capturing all costs categories; going beyond direct use values; capturing
public benefits; sensitivity analysis; and the need for standardization and or guidance. We briefly
discuss each below.

5.1. Capturing All Costs Categories

Most of the studies do not account for all the costs associated with restoration, thus overstating the
profitability of restoration. All the reviewed studies accounted for implementation costs, but relatively
few covered all the cost categories (16%). The least accounted for cost category is the opportunity cost;
probably because it is often difficult to estimate this cost since it is not a direct cost. Estimating the
opportunity cost requires a baseline assessment to identify the foregone uses of the land. For example,
Reference [41] assessed the baseline situation of agriculture and grazing, which was translated into
the opportunity cost of the land. Most of the studies do not conduct baseline assessments since this
involves committing more resources and time, making it challenging to provide an estimate of the
opportunity cost. In addition, for some land uses, the opportunity cost may be negligible, especially if
the land is highly degraded. However, degraded lands with high surface runoff can be used for water
harvesting, providing a positive externality that may get lost if infiltration and vegetation water use
increase as a result of landscape restoration [42].

In addition, there is a need to include maintenance and monitoring costs in accounting for the
total economic costs. Most restoration projects fail to account for maintenance and monitoring costs
since they view restoration as a one-time cost activity as opposed to a continuous activity—for example,
tree planting as opposed to tree growing [43]. Tree planting is a one-time cost activity where only
the implementation cost will be significant. On the other hand, tree-growing is a continuous activity,
implying that maintenance and monitoring costs are significant and accountable, as well. Hence, all the
three cost categories ought to be accounted for, in order for a cost-benefit analysis to reflect the actual
economic viability of a restoration project.

5.2. Going Beyond Direct Use Values

A major challenge in conducting an economic CBA is that it is difficult and controversial to
monetize social and environmental benefits. Environmental benefits are valued differently by different
stakeholders, which disputes the findings of the analysis. For instance, greenhouse gases (GHG)
mitigation, which is a global ecosystem service, maybe prioritized over reducing soil erosion which is a
local benefit. Additionally, the value of some environmental benefits, such as supporting biodiversity,
are often excluded because monetizing them is challenging [19]. However, it is still possible to include
non-monetized values, such as biodiversity, in the decision-making.
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Based on the stocktake, a significant proportion of existing CBA studies do not account for indirect
use benefits, and an even more substantial proportion do not account for non-use benefits (84%). This is
mostly because most of these benefits are “invisible” and do not have a market value, thus making
valuing them quite challenging. Some of the studies that included the indirect and non-use values
applied various methods for evaluating them, including: benefit transfer, contingent valuation method,
travel cost method, hedonic pricing models, replacement cost, avoided loss, and spatial analysis.
Benefit transfer and contingent valuation methods were frequently applied compared to the other
methods. This is probably because, these methods can be applied in the valuation of almost all the
benefits, such as air pollution control, biodiversity, inheritance and bequest value, cultural and aesthetic
values, and so on [23,24]. Similarly, benefit transfer is generally cost-effective and is commonly applied
when there is limited budgetary allocation.

On the other hand, some of the other methods (e.g., hedonic models, avoided loss, replacement
costs) are data-intensive and, cannot be universally applied for most of the benefits. For example,
only one study, Reference [34], employed the hedonic models in valuing stormwater control and air
pollution control through controlling for the price of housing in different locations. This method works
well if markets can pick up quality differentials, which may not be the case for agricultural and forest
land, due to the non-observability of some attributes [23]. Hence, there is a need for understanding the
methods that can be used to reasonably value the specific benefits arising from the project depending
on the nature of the benefit/ecosystem services data availability, time and cost constraint, and so on.
Conducting a comprehensive economic CBA for restoration is costly and time-consuming; thus, there
is a need for restoration projects to budget for this.

5.3. Capturing Public Benefits and Implications for Government Investments in Restoration

In addition„ some of these benefits are public benefits attributable to other stakeholders beyond
those directly targeted by the restoration projects. A comprehensive economic CBA ought to account
for all these benefits. Otherwise, the estimated NPVs for these restoration projects are undervalued.
Hence, to present a true picture of the profitability of restoration projects, future CBA studies should
aim to capture all the benefits arising from the restoration projects—use and non-use benefits, as well
as private and public benefits. This particularly useful for large-scale restoration projects where the
benefits accrue to the broader public beyond the targeted stakeholders. Reference [20] also found that
when the value of public goods and services are accounted for in the cost-benefit analysis, the benefits
of large-scale restoration outweigh the costs and targets like the Bonn Challenge can be met efficiently.

There is also a need for information on public benefits to drive government investments in
restoration. Investors require good information on costs and benefits for investment proofing and
decision-making. To this end, there is a need for a cost-benefit analysis (CBA) database compiling
existing data on landscape restoration costs and benefits more so information on indirect and public
benefits [18].

5.4. Improving Sensitivity Analysis

CBA of restoration attempts to model or estimate the future; therefore, a certain degree of
uncertainty is involved. For example, unforeseen events and climate change may affect productivity in
ways that are difficult to predict, and they should be considered. Similarly, applying a discount rate is
also an inherently subjective decision, but it is important for prioritizing near-term benefits versus
long-term benefits [19]. Thus, CBA is based on certain assumptions that vary in their degree and level
of confidence. The assumptions made during CBA include political and/or social assumptions that
may not necessarily hold.

This calls for the need for sensitivity analysis in the CBA process to provide a robustness check
for the results. While conducting sensitivity analysis, almost all the existing studies we reviewed
conducted a direct sensitivity analysis by varying only one or just a few variables, mostly the discount
rate, e.g., Reference [7,27,32] or carbon prices, e.g., Reference [35]. None of the studies applied a
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more rigorous sensitivity test, such as the Monte Carlo simulation approach. For more robust and
comparable results, future CBA on restoration should consider more rigorous approaches for sensitivity
analysis, such as the Monte Carlo simulation.

5.5. The Need for Standardization and Guidelines

During CBA of land restoration, it is difficult to monetize social or political considerations.
Restoration options selected during CBA should produce maximum benefits for all, but this is usually
not the case. Due to political reasons, benefits to one group may be valued more than the benefits of
another group and such is not usually included in the CBA [19]. Data collection to be used for CBA of
restoration can be time-consuming and expensive since the impacts of restoration transitions are felt
over long-time periods. One requirement for a comprehensive CBA is to quantify all the impacts for
each land use (degraded and restored) for the relevant time horizon of the project [21]. Predictions
about the levels of inputs (i.e., costs) and the production of ecosystem services must be made for each
year and each land use in a restoration transition. This can be the most challenging aspect of CBA
because there is not always a complete scientific understanding of how complex natural systems work,
especially when significant changes to their structure are made.

Closely related, lack of reliable data owing to poor data-keeping during the restoration period also
affects the CBA results. It takes time to realize the actual profitability of these restoration investments
since returns to landscape restoration projects are not immediate. For example, in the studies we
reviewed, the restoration age considered was even up to 100 years for some projects, with the minimum
being seven years. This requires data over several years, and most projects do not keep a record of this
data. Hence, even for ex-post CBA evaluations, a lot of predictions and assumptions are involved in
data generation. Thus, there is need to adopt standardized methods of data prediction if the results are
to be comparable across different restoration projects in deciding the allocation of funds. Similarly,
the Food and Agriculture Organization (FAO)“The Economics of Ecosystem Restoration” (TEER),
points to need for a comprehensive tool on costs and benefits of Ecosystem Restoration (and FLR)
interventions10. In an on-going project, TEER aims to “offer a reference point for the estimation of
costs and benefits of future ecosystem restoration projects in all major biomes, based on information
from comparable projects on which data are collected through a standardized framework”. Of course,
the question of whether a standardized approach is feasible remains, considering the diversity in
landscapes and land-use practices. But such an initiative is a good starting point for providing
the missing database on all costs and benefits categories, particularly the indirect use and non-use
benefits, as well as maintenance and opportunity costs categories, which are rarely captured in CBA.
It can also provide guidelines to be used broadly by supporting donors, investors, and a wider range
of stakeholders10.

5.6. Economic Attractiveness of Restoration and Implications for Private and Impact Investments

From the analysis, proportionately, more studies reported positive NPVs for most of the restoration
strategies. In fact, for some restoration options, all the studies conducted reported positive NPV:
agroforestry, soil and water conservation, mangrove restoration, and alien vegetation clearing. None of
the restoration strategies had more studies that reported negative NPV compared to those that
reported positive NPV. Positive NPV and economic viability, as confirmed in these studies, is a good
starting point for promoting investments and financing. Investors will only be attracted to landscape
restoration if their risks are covered, or at least mitigated to an acceptable level [18]. CBA is a first step
in documenting the economic viability of landscape restoration and providing empirical evidence that
in the long-term, benefits accruing from restoration outweigh the vast investment costs associated with
landscape restoration.

10 https://www.vi-med.forestweek.org/sites/default/files/presentations/docs/c5-teer-garavaglia.pdf
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5.7. Insufficient CBA Evidence on Landscape Restoration

Compared to the relatively large number of restoration projects and studies, few have conducted
comprehensive CBA. These studies were skewed towards some regions and some restoration options.
For example, almost half of the existing studies were conducted in Africa. Similarly, substantially more
studies focused on reforestation & afforestation and agroforestry; this is probably because these are
among the common landscape restoration options. However, there remains a gap in CBA studies for
other popular restoration options, including soil and water conservation practices and establishment
of woodlots.

Nonetheless, some of the studies took a global focus, and some assessed and compared CBA
results over many restoration strategies. For example, one of the most comprehensive CBA study
we reviewed was conducted in Kenya by Reference [31] and compared returns for several landscape
restoration strategies in different landscapes. In addition, Reference [20] took a global focus by assessing
the net present value of the Bonn Challenge. Such studies form a good starting point for building a
comprehensive CBA database upon which resource allocation in restoration can be based.

Overall, a major reason for the relatively few CBA studies is because most restoration projects do
not budget for a CBA study. This may be due to an assumption that such projects always yield positive
gains which may not necessarily hold. However, owing to scarce resources and the growing global
demand for restoration, CBA studies can provide empirical evidence of restoration options with good
returns on investment under different landscapes. Conducting a comprehensive economic CBA for
landscape restoration is costly, data-intensive, and time-consuming; thus, there is a need for restoration
projects to budget for this adequately.

6. Conclusions

This study set out to understand the breadth and depth of current CBA applications in landscape
restoration, in a bid to find ways of improving its usefulness in planning, investments, and policies
related to land restoration. Thirty-one out of 2056 studies were found to meet the CBA study selection
criteria, i.e., they had conducted an economic CBA on at least one landscape restoration strategy. Three
of these studies were of global character, while more than half covered African countries, with about
two each covering Europe, Asia, Latin America, and the Middle East, respectively. Agroforestry,
afforestation, reforestation, and assisted natural regeneration seem to be the most studied with at least
five studies each. Other forms of land restoration are lagging. Most studies show a positive NPV
for at least one restoration option, pointing to and confirming that restoration can be a viable private
investment. Because most studies do not capture public benefits, evidence for public investments
remains thin and could potentially hamper prioritization of government investments where resources
are scarce. The study also identifies a number of areas for improvement in CBA from the stocktake.
These include capturing all costs categories, including opportunity costs and maintenance and
monitoring costs; going beyond direct use values; capturing public benefits; conducting thorough
sensitivity analysis; the need for standardization and or guidance; and the insufficient CBA evidence
on landscape restoration. Overall, the limited extent and depth in landscape restoration CBA studies
suggest a great need to improve both quantity and quality in order to better inform planning, policies
and investments in landscape restoration.
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Abstract: Location-specific forms of agroforestry management can reduce problems in the
forest–water–people nexus, by balancing upstream and downstream interests, but social and ecological
finetuning is needed. New ways of achieving shared understanding of the underlying ecological
and social-ecological relations is needed to adapt and contextualize generic solutions. Addressing
these challenges between thirteen cases of tropical agroforestry scenario development across three
continents requires exploration of generic aspects of issues, knowledge and participative approaches.
Participative projects with local stakeholders increasingly use ‘serious gaming’. Although helpful,
serious games so far (1) appear to be ad hoc, case dependent, with poorly defined extrapolation
domains, (2) require heavy research investment, (3) have untested cultural limitations and (4) lack
clarity on where and how they can be used in policy making. We classify the main forest–water–people
nexus issues and the types of land-use solutions that shape local discourses and that are to be brought
to life in the games. Four ‘prototype’ games will be further used to test hypotheses about the four
problems identified constraining game use. The resulting generic forest–water–people games will be
the outcome of the project “Scenario evaluation for sustainable agroforestry management through
forest-water-people games” (SESAM), for which this article provides a preview.

Keywords: boundary work; ecohydrology; forest–water–people nexus; landscape approach;
participatory methods; scenario evaluation; social-ecological systems; tropical forests

1. Introduction

1.1. Agroforestry and the Forest–Water–People Nexus

Current understanding of the term agroforestry links plot, landscape and policy aspects of
the ways farmers interact with trees [1]. We present early results and planned next steps of a new
interdisciplinary research program on scenario evaluation for sustainable agroforestry management,
focusses on the (agro) forest–water–people nexus and exploring how serious games can help bridge
the science–policy divide, as adequate supplies of clean water are a key development challenge while
the roles of trees and forest in modifying ecohydrology are context specific and often contested. A
top-down policy perspective needs to be reconciled with a bottom-up farmer understanding, while
social, cultural aspects may be as important as ecological, technical ones. To unpack the context
dependence of past research results, a comprehensive diagnosis has to be the basis for any comparative
study. We restrict ourselves here to a pan-tropical perspective.

The 2030 agenda for Sustainable Development, adopted by all United Nations member states in
2015, provides a shared blueprint for peace and prosperity for people and the planet, now and into the
future [2]. As desirable as this sounds, there was a long way to go to achieve these goals even before
the emergence of the SARS-CoV-2 virus showed the fragility [3] of the increasingly globalized and
interdependent world. As part of the Sustainable Development agenda, land use, often a mix of forests,
agroforestry, agriculture and built-up areas, has to meet many and partly conflicting needs, including
the provision of food, energy, water as well as environmental protection from floods, droughts and
biological extinctions. The interconnected global social-ecological system needs to be understood as a
dynamic feedback system before ‘leverage points’ [4] can be used wisely to shift development to more
sustainable trajectories understanding the forces working in opposite directions. By understanding
the landscape as a social-ecological system [5], the ecological pattern of ‘land cover’, its hydrological
consequences and the social overlay of ‘land use’ and ‘water use’ can be analyzed as part of multiple
feedback loops [6].

The nexus of forest–water–people interactions is central to the landscape as social-ecological
system; it is not restricted to institutional forest definitions, but relates to actual tree cover of different
quantity, quality, age and spatial pattern [7]. Many authors have noted that current drivers and
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pressures lead to partial-interest decisions, suboptimal and often contested consequences, including
disturbances of hydrological cycle and flow regimes [8,9]. Diagnosing the issue, from plot-level soil
effects to continental hydro-climates [10], is a relevant first step, but unless it contributes to decisions
and actions that correct the system, it remains an academic exercise. Socially, the ecological impacts
can increase conflict, aggravating land mismanagement (Figure 1). Rather than trying to redress the
symptoms one by one, a more incisive analysis is needed of the social-ecological system as a whole.
Change will require a concurrence of local, national and international decisions translated into actions,
and as such will be helped by a shared understanding of issues, commitments to achievable goals and
action at appropriate temporal (immediate improvement plus long-term results) and spatial scales.
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Regional planning for resilient landscape forest-water management that can adapt to change and
that can incorporate a diversity of knowledge has been shown to be more effective when collective
approaches for problem-solving are employed [11]. However, while active stakeholder participation
has become a main approach in problem solving and solution exploration [12–15], methods are less
commonly used for supporting stakeholders to explore and evaluate alternative scenarios and facilitate
(social) learning [16].

1.2. Use of Serious Games: Issues Arising

An innovative participatory approach to learn about, discuss and explore the complexity of the
various dimensions of complex contested landscapes to facilitate social learning among stakeholders
can be best described by the keyword ‘serious gaming’ [17]. Serious games are emerging as a valid
possible intervention tool [18–20]. In multi-stakeholder settings, games function as (social) learning
tools and boundary objects to discuss local voices and concerns. A game-based approach can stimulate
participants, in a safe space, to explore system behavior through scenario evaluation and to support
negotiations in local contexts. Shared experience and jointly acquired knowledge in scenario evaluation
games may help in the emergence of coalitions for change in the real world. In this context, playing
games has shown to provide information that can support better-informed decision making [21,22].

While the use of serious games has become increasingly popular in research and
development projects, there still are relevant methodological questions that remain unanswered [23].
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The development and use of these games appear to suffer from a number of drawbacks that will be
addressed in this paper:

(1). Games are commonly ad hoc, case dependent with poorly defined extrapolation domains for
responsible use, and therefore less relevant of applicable in other contexts;

(2). Games often require heavy research investment from intervention experts to be constructed in
ways that are relevant for important local discussions;

(3). Games have untested cultural limitations in where and how they can be used [24];
(4). Game users lack clarity on where and how games relate to policy making in local and/or global

issue cycles, negotiations and reforms of governance instruments.

Here, we review these four identified drawbacks of serious gaming as background to the Scenario
Evaluation for Sustainable Agro-forestry Management (SESAM) program (2019–2025), which includes
15 PhD research projects, geared at credible, salient and legitimate action research (Figure 2). The
overall SESAM program and the individual PhD projects within it are designed to (1) be systematic
in their coverage of the pantropical forest–water–people nexus in its main manifestations and issues,
using generic forest and tree cover transitions as continuum description rather than forest–agriculture
dichotomies; (2) use well-established hydrological, ecological, social and economic concepts to
complement local empirical knowledge; (3) be cognizant of the main dimensions in which cultural
contexts of inter-human and human–nature relations vary to guide responsible game use; and (4) be
explicitly adapted (or adaptable) to different stages of local and global issue (policy) cycles [25], where
issues become part of a political agenda, get debated and (partly) resolved (often sowing seeds for the
next issue to emerge).
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Figure 2. The three spheres in which SESAM will operate to ensure credible (based on current
understanding), salient (actionable in terms of public and/or private governance) and legitimate
(aligned with stakeholder interests) games, used appropriately.

These four targets are highly ambitious when taken one by one but tackling them jointly may
prove to tap into synergies. In this early stage of confronting reality and our ambitions, we will
describe (A) Steps to make games less ‘ad hoc’ by a selection of existing frameworks that can be
used in a systemic understanding of forest–water–people nexus issues, human decision making in
cultural contexts, and constructing games, (B) Link generic understanding of pantropical variation
in forest–water–people configurations to the current set of landscapes/sub-watersheds that form
the primary contexts and a list of emerging issues for more efficient linking of scientific, local and
policy-oriented knowledge, (C) Place the set of landscapes in the known geography of cultural variation
as background for exploring cultural limitations in game re-use, (D) Present a set of game prototypes
that can match stages of issue cycles in policy making in local to global issue cycles, negotiation support
and reforms of governance instruments.
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2. Frameworks for Understanding Social-Ecological System Change

A central issue in todays’ Sustainability Science is how knowledge, power and values interact in
decision making and how long-term impacts and planetary responsibility can be woven into existing
institutions. While there are hard trade-offs that lead to difficult choices in prioritizing one goal
over another, existing space for multifunctionality is missed due to incomplete understanding of
positive and negative consequences of land and water management decisions, oversimplified ideas
of a forest vs. agriculture dichotomy (missing out on intermediate land uses with trees), ‘free and
prior informed consent’ and inadequate stakeholder involvement. Therefore, ‘game-changing’ ways
to involving diverse types of knowledge, plural values, multiple voices and heterogeneous stakes
are needed. Science has always contributed to ‘environmental issue cycles’, but current concepts of
“Boundary work’ across the science–policy interface include roles in agenda setting, understanding
patterns and processes, exploring options and scenarios, commitment to principles and implementation
decisions in a complex reality of issues and concerns. Boundary work aims for salient, credible and
legitimate information and understanding [26], avoiding being ‘normative’ in presenting insights and
results. Three research traditions and their tools may need to be combined for effective boundary work
(Figure 3):

1. The environmental science tradition of analyzing Drivers, Pressures, System states, Impacts and
Responses (DPSIR) as multi-scale phenomena that can be studied one by one, but need to be
understood jointly [27–29].

2. The natural resource governance ‘issue cycle’ concept [30,31] in five boundary work steps that
clarify the R of DPSIR: (a) Agenda setting, (b) Better and widely shared understanding of what is
at stake, (c) Commitment to principles, (d) Details of operation, devolved to (newly created or
existing) formal institutions that handle implementation and associated budgets, and (e) Efforts
to monitor and evaluate effects (‘outcomes’); it thus relates to the ‘Responses’ part of DPSIR, and

3. The social side of human decision making based on Groups, Rituals, Affiliation, Status, Power
(GRASP) [32], as will be further discussed in Section 5.
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Figure 3. Drivers, pressures, system state, impacts and responses (also known as DPSIR) of landscape 
level change, with a decision cycle (A–E) closing various feedback loops interacting with knowledge, 
power and human sociality and its GRASP determinants. 

Figure 3. Drivers, pressures, system state, impacts and responses (also known as DPSIR) of landscape
level change, with a decision cycle (A–E) closing various feedback loops interacting with knowledge,
power and human sociality and its GRASP determinants.
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With the ‘system state’ (S) of land cover/use as starting point, one can analyze the ‘pressures’
(P) that the landscape actors respond to (e.g., food production, income generation, health, water and
energy requirements, protection from disasters), or look at underlying drivers (D) that lead to the
pressures (e.g., demographic trends, international markets, national policies). One can also focus on
the impacts (I) that the system state has on social and ecological well-being, or on the responses (R)
that are triggered. These responses can lead to a change in the S→I relationship, the often spatially
explicit P→S relationship, the often-generic D→P relationships, or challenge the drivers themselves.
Such decisions can be labelled as adaptive, mitigative, transformative and re-imaginative, requiring
increasingly drastic change in the existing social-ecological system (deeper roots of the problem tree
in Figure 1). While the ‘adaptive’ decisions can be taken individually or in small groups, the others
depend on collective action (especially the mitigative ones) and policy-level institutional change.

Basic questions in any landscape approach [33] are the ‘Who?’, ‘What?’ and ’Where?’ of current
land use, in a temporal perspective (‘When?’), as a start for exploring ‘Why?’ questions of drivers
and pressures. Impacts (‘So what?’) are the entry point to ‘Who cares?’ stakeholder analysis, and
opportunities to close the loop if those who care can directly change the who/what/where of land use,
or at more fundamental level the why of drivers and pressures. These questions lead to a further
elaboration of the DPSIR framework defining the breadth of the type of drivers and pressures that we
may need to understand on the human side of the eco-hydrological-social system that deals with the
forest–water–people nexus issues. (Figure 4).
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Figure 4. State variables and processes relevant for change in eco-hydrological-social systems
in the forest–water–people nexus grouped in a DPSIR (drivers, pressures, system state, impacts,
responses) framework.

The System-state variables (at the heart of DPSIR) deal with ecosystem structure and function on
the (hydro-) ecological side, and with identity, (collective) culture, and economic indicators on the social
side (Figure 4, center of the diagram). On the Impacts side, the most relevant indicators can be grouped
as livelihoods and local ES, Markets and global ES. Among the pressures, migration (rather than birth
rates), rights and know-how, relate to underlying drivers that include legal frameworks, demography
and knowledge systems. Responses can include land and water use plans (linked to rights within a
legal framework), trade reform and climate action, emphasizing relations between the local system and
global change. Part of the latter are attempts to make incentive structures at the land-user level more
aligned with ‘downstream’ impacts, via Payments for Ecosystem Services (PES) [34]. The recent PRIME
(Productivity, Rights, complementary Investments, Market access and Ecosystem services) framework
of the World Bank that has helped conceptualize forests’ contribution to poverty reduction and guide
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intervention design [35] is compatible with the middle hexagon in Figure 4. Further conceptual framing
will be presented after the portfolio of landscapes are briefly introduced.

3. Representativeness and Diagnostic DPSIR Analysis of the SESAM Landscape Portfolio

Brief descriptions of the 13 landscapes in which SESAM will diagnose issues, develop games and
test their relevance for local decision making are provided in Appendix A. In this section, we will
consider the degree to which the portfolio can be expected to include major variation in pantropical
manifestation of forest–water–people nexus issues and apply a DPSIR analysis to identify the major
issues at stake.

A pantropical typology of forest–people interactions [36] has proposed six recognizable stages
of a ‘forest transition’, starting with landscapes with >80% of core forest and human population
densities below 1 to over 1000 km−2. All forest transition stages can be found in any of five ecoclimatic
zones, that link to a forest water analysis, and are based on the ratio of rainfall (precipitation, P) and
potential evapotranspiration (Epot). This typology separates drylands and semi-arid zones (P/Epot

< 0.5; 35% of tropical area, 20% of people) from a dry–sub-humid zone (0.5 < P/Epot < 0.65; 10% of
area, 11% of people). On the wetter side, we can distinguish (relatively) high ‘water towers’ with
P/Epot > 0.65 and generating streamflow to lower, drier parts of the same watershed (11% of area; 15%
of people), a lowland (non-water tower) humid forest zone (0.65 < P/Epot < 0.9; 19% of area, 22% of
people) and a per-humid lowland forest zone (P/Epot > 0.9) with 25% of pantropical land area and
32% of its human population. Human life in the drier zones depends on rivers (or groundwater flows)
that originate in wetter areas, especially in the ‘water tower’ configuration where the wetter part is
higher in the landscape. All eco-climatic zones can contain all stages of the forest transition, although
in the drier parts of the tropics climate and human agency are not easily disentangled as causes of
low tree cover vegetation. Forest transitions are defined by a phase of declining cover of (natural)
forest, an inflection point and a phase of increasing forest cover (secondary forest in landscapes with
rural land abandonment and urbanization, and, more commonly, planted forests). The pantropical
classification at sub-watershed level [35] forms a basis for judging pantropical representativeness of
our SESAM landscapes. Summary statistics of the various SESAM landscapes (Table 1) show that the
landscapes include all five ecoclimatic zones (dryland/semiarid; dry-sub-humid; water tower; humid
per-humid lowland) and all six forest transition stages. On further analysis, the forest–water–people
nexus issues in each of the landscapes involve plot-level aspects that relate to lack or presence of
trees, hillslope and watershed hydrological relations (and associated water rights), and policies for
agriculture, forestry, land-use rights (Table 2). These three issues match the three current agroforestry
paradigms at plot/farm, landscape and policy scales, within a common definition of agroforestry as the
interaction of agriculture and trees, including the agricultural use of trees [37].
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4. Unpacking the Forest–Water–People Nexus

A large number of ‘issues’ in the case studies relate to water and need to be understood in their
landscape context (Figure 5). They all relate to the way water flows from mountains ultimately back
to oceans, unless it follows the atmospheric ‘short cycle’ downwind route back to rainfall over land.
Along the streamflow pathway, water changes in quality (sediment load, pollution), quantity (annual
water yield to reservoirs or lakes), and flow regime (regularity of flow, flood risks), affecting settlements,
agriculture, fisheries and human health. A major theme is the upstream versus downstream (with the
‘water tower’ configuration of freshwater sources for lowlands specifically challenging), complemented
by upwind versus downwind for rainfall recycling, and specific features such as riparian wetlands
and forests, peat swamp forests and mangroves protecting the coastal zone, while supporting marine
fisheries. The scientific debate on the mechanisms and patterns of ‘biological rainfall infrastructure’ is
undecided [6,38]. While the ‘biotic pump’ theory suggests forests cause the flow of moist air towards
them, observations of windspeeds show that rainforests are associated with relatively low wind speeds
that imply the ‘short cycle’ can remain relatively local, with transport distances during the mean
atmospheric residence time of 8 days of hundreds rather than thousands of kilometers [39].
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functions’ are indicated in Figure 6 and described in Table 3. These functions (or ‘services’) can be 
used to analyze site-specific differences between land cover types, relating the actions of roots in soil 
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Figure 5. A first synthesis of eco-hydrological relations across the various landscapes in Table 2.

Where issues relate to forests and/or trees outside the forest, the cascade of processes that start with
rainfall, are followed by canopy interception, infiltration into the soil or overland flow and contribution
to local water storage and/or direct response of streams and rivers (Figure 6). Ecosystem structure
interacts with hydro-ecological processes, jointly shaping a set of ‘ecosystem services’ that relate to
benefits humans derive from well-functioning systems. A typology of nine such ‘watershed functions’
are indicated in Figure 6 and described in Table 3. These functions (or ‘services’) can be used to analyze
site-specific differences between land cover types, relating the actions of roots in soil to landscape-level
streamflow [40].

The principal concept in all of ecohydrology is that of the water balance, where input (precipitation
P or snowmelt in cooler parts of the world) is related to two main pathways out of the system: back to
the atmosphere via evapotranspiration (E) and streamflow Q (surface or groundwater flows) and to
changes in the ‘buffer’ of water held inside the system (Figure 7). At timescales of a year or more this
buffering can be ignored (except for interannual climate variability), but at the timescale of a rainstorm
it is key to reduce downstream flooding risk [41,42].
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Figure 7. Basic elements of a water balance at patch, watershed and precipitationshed scale levels, that
can form a biophysical basis for forest–water–people nexus games, with expected changes in terms
with increasing/decreasing forest cover.

We can now relate a typology of ‘watershed functions’ (W1–W9) to an understanding of ecosystem
structure and function, across the various landscapes (Table 3). Decisions on adding landscapes to the
SESAM portfolio were made with this representation in mind. Probably the most contested in this list is
W9, the influence of vegetation on rainfall regimes at landscape and continental scales [38,43–46]. Three
of the Latin America landscapes are at the start of the Amazon rainfall recycling system, one is at the
receiving end, and one in the much drier Andes range that depends on left-over atmospheric moisture.
The two East African water towers are part of the complex hydro-climatic system, influencing rainfall
further North (including to some extent that in the Burkina Faso landscape, along with water coming
in from the Atlantic Ocean).
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Table 3. Reference (V, major, or v, relevant) to nine ‘watershed issues’ across the various landscapes
[47,48].

Locations
Watershed Functions

W1 W2 W3 W4 W5 W6 W7 W8 W9

Water
Trans-

mission

Buffering
Peak
Flow

Infiltra-
tion

Water
Quality

Slope/
Riparian
Stability

Sedi-
men-

tation/
Erosion

Micro-
Climate

Coastal
Protec-tion

Rainfall
Trigger-

ing

Upper Suri-
name River v V v V v

Madre de Dios,
Peru v V V V V

Mangrove coast,
Suriname V V V

Para, Brazil v V v V v
Ketapang,
peatland v V V V V v

Singkarak Lake v V V V v
Mount
Elgon V V V V

Mount Kenya v V V v V
Peruvian Andes v V v
Mossi plateau V V V

Kali Konto v V V v V
Rejoso

Watershed v V V V V v

Upper Brantas V V V V V

Beyond the ‘provisioning’ and ‘regulating’ services captured in W1 . . . W9, there also are ‘cultural’
services based on ’relational values’ between Humans and Nature. The two interact when visits by
domestic (or international) tourists to the mangroves of Nickerie district in Suriname or the mountain
resorts in East Java increase pressure on freshwater resources. At the global scale the ‘Ecosystem Service’
(ES) language is currently embedded as ‘instrumental values’ in a wider ‘relational values’ paradigm
on ‘Nature’s Contributions to People’ (NCP) [49]. The way cultural relations with a landscape and
its forest and water aspects is expressed varies with history and religion. The springs in the upper
Brantas still are sacred places, where mountain spirits are brought offerings to secure the gift of fresh
water continues. On densely populated Java, the wayang tradition re-tells stories of the past. All stories
start with the gunungan or mountain symbol (Figure 8), a tree of life connecting forest animals and
creatures to people’s homes and lives. The flip-side, shown occasionally for dramatic effect, shows
demons and fire: social conflict and mismanaging human–nature relations destroys human livelihoods.
Throughout human history, perspectives on spirits, deities, personified nature or a single Almighty
have been described in metaphors of words that also describe human–human relations in terms of
(A) family, such as ancestors, (grand-) parents (Mother Nature), siblings, offspring, partners, in-laws),
(B) neighbors, friends, business partners, (C) adversaries, competitors, armed attackers and defenders,
(D) servants or (E) educators. A subset of these relations (the providing mother of NCPs and ES
servants) can be interpreted as ‘instrumental’, directly supporting human goals and objectives, but
even those imply that there will have to be a two-way (rather than unidirectional) relationship to
maintain or support what is relevant to people because it cannot be taken for granted [50].

Across the various landscapes we can now understand that debates about increasing/decreasing
forest cover and/or tree cover in agroforestry or other land uses, can have both instrumental and wider
relational aspects. Technical solutions to local issues may increase problems if they do not lead to
shared understanding and negotiated trade-offs. Such effects will have to be represented in applicable
games at a reasonable level of detail and accuracy, and in their cultural context.
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Figure 8. Instrumental as part of relational values of nature from a human perspective as exemplified
in the Javanese gunungan representation with its idyllic harmony and fearful disaster side, and the UN
Sustainable Development Goals; NCP = Nature’s contributions to people, PCN = People’s contributions
to nature.

The immediate issues of public concern to which landscape management contributes (or can
help solve) are very diverse among the SESAM portfolio, even though they all relate to the same
water balance. Upstream on the Suriname river, increasing deforestation (gold mining) and forest
degradation (logging) in the Guiana Shield will need to be managed in a better way. Increasing food
security, and water security during the long dry season, depends on maintaining and restoring the flow
buffering aspect of the river, along with sustained biodiversity as a basis for other forest ecosystem
services beneficiaries depend on for subsistence and income. In Madre de Dios (Peru) focus is on
reduced water shortages for agriculture and household use (including fruit production) in the dry
season, but also on fire prevention during the dry season. In Pará State, water recycling is reduced
by deforestation and land degradation and water quality undermined by chemical inputs used on
large-scale monocrop plantations, pointing to the need for restorative and climate-smart agroecological
practices including agroforestry. In the Ketapang peatlands (Indonesia), reducing public health impacts
of haze episodes due to peat-swamp forest fire may align with an interest in reducing agricultural
damage due to flooding during the rainy season by restoring the water storage capacity of peat domes
and reducing the speed of drainage. Restoring the mangrove forest in Suriname will protect the coastal
zone from saltwater intrusion and floods, while the mangrove ecosystem provides services to coastal
fisheries, beyond its direct products.

Water resources management in water towers of Kenya and Uganda involves better crop selection,
caution in increasing middle-zone tree densities and attention to water distribution for downstream
users. It also involves reducing landslides, minimizing population displacement and deaths, loss of
fertile land and famine. Reducing flooding in the downstream area during the rainy season can go
hand in hand with reducing drought (severe dry Spells).

In the densely populated Brantas river basin in Indonesia, the targets are water security and water
quality for domestic use and tourism, and irrigation water for dry-season paddy rice production (three
or even four crops per year). Similarly, around Lake Singkarak there’s a need for increasing water
availability for irrigation and hydropower during the dry season, but also a need for maintaining the
local endemic fish habitat due to maintained water quality. In the Rejoso Watershed, beyond these
points, reducing water use in lowland rice paddies may be needed to secure groundwater for a nearby
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metropole. Before using these insights, however, the cultural context needs to be considered as it may
call for different ways of constructing games, despite hydro-ecological similarity.

5. Cultural Diversity in Response to Forest–Water–People Nexus Issues

The response options chosen in any society and any point in time are under the influence of culture,
as a layer between generic human nature and individual personality. Research on geographic variation
in culture at any point in time (Figure 9A) and cultural change as part of economic development can
be reconciled in identifying at least two (but up to six) main axes of variation [51]. In the simplest
portrayal (Figure 9B) a collectivism–individualism axis aligns with distance to the equator, and a
monumentalism-flexibility axis on which Latin America and East Asia are the bookends.
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Figure 9. Geography of cultural dimensions: (A) Global map with red signs indicating landscapes
where SESAM is active; (B) Two main axes of cultural variation and the relative position of countries
(based on national surveys) and country groupings [52]; (C) Comparison of six Hofstede dimensions
for two contexts in which the ‘so long sucker’ game was played; (D) Hofstede dimensions for the
countries (or where such data are lacking regions) involved in SESAM [53].

People follow any of four directions in addressing any (new) issue, with preferences depending
on culture [54]: hierarchy (clarity on power in decision making), unleashing private initiative (aiming
for efficiency and public benefits via an ‘invisible hand’), (perceived) fairness of social outcomes and
(public) transparency (accountability, anticorruption). Forestry issues follow this general pattern
around the globe. The high degrees of private (agro)forest ownership in Scandinavian countries reflect
a low sense of hierarchy and belief in private initiative as opposed to a history of centralized control in
much of the (formerly colonized) tropics. Recent responses to the COVID-19 pandemic may confirm
basic cultural patterns of relying on central authority versus citizen responsibility, and in orientation
on long-term goals versus immediate gratification.

A simulation game of an agroforestry landscape is a model of a socio-ecological system, clarifying
components, actors, interactions, roles and rules. A run of such a game puts that system into action.
Some of the components will have been designed, while others are implicitly embodied in the
participants, making the game dependent on the players. This mixed composition is crucial for how
the game unfolds. In doing so, we may need to refer to the six culture dimensions identified in [52,55],
although the axes are only partially independent of each other in a statistical sense.
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As an illustration of the way this matters in how a single game can be interpreted differently,
consider some intercultural experiences with the game ‘So Long Sucker’ [56]. This board game allowed
four players to form coalitions, rapidly eliminating one another until one remained. It had been
designed in the USA to show how an incentive structure can lead to selfish behavior. When a class
of Taiwanese came for a visit and groups from this class played the game, they managed to turn
the dynamics around, using exactly the same rules to create a sustained group of participants that
played for hours until the facilitator intervened. The reason for this is that the Taiwanese used different
unwritten rules, implicit in their culture, than the US students were using, or the US designers of the
game had anticipated. This story reminds us that one game may not fit all cultures [57]. Let us look
at these cultural differences, since they may hold a message for SESAM. The USA and Taiwan have
cultures that are widely apart (Figure 9C) on the six dimensions of culture [52].

For the US players, of individualistic and short-term-oriented mindset, the spirit of the game
was “each one for himself and the devil take the hindmost”. There was no moral penalty on kicking
out your fellow players. For the Taiwanese partners, excluding someone from the game would be
morally wrong and also imply a destroyed future of the game. This made the difference in behaviors of
both types of players rational from their perspective. For SESAM we need to distinguish the inherent
properties of a game from the multiple ways it can be used (re-interpreted) in various contexts.

A further example of the way games can be understood in different ways depending on cultural
context emerged when researchers adopted a game originally developed for university students in
Sudan to understand land degradation due to interaction of grazing pressure and erratic rainfall to
farmers in N. Ghana [58]. The game centers on cattle, grass and watering points, but missed out on an
important consideration of managing grazing pressure in Ghana: Guinea fowl like short grass, and
especially female farmers found that the lack of these animals in the game missed opportunities for
their land management ideas to emerge. The game became a ‘boundary object’ for debating gender
balance in the local context, as much as discussing climate change adaptation.

6. Action Orientation: Game Typology and Prototypes

The game development process is conventionally divided in four major steps: Step 1—Baseline
study of the local landscape and context, diagnosing key issues, Step 2—Game development, Step
3—Game implementation, Step 4—Game impact assessment. In each of the SESAM landscapes,
research will be strongly embedded in participatory action research and executed in close collaboration
with (key)stakeholders. SESAM will facilitate and guide research in the four steps by providing a
toolbox of relevant methods for each of the research steps. The toolbox will be filled with a collection of
existing tools and methods as well as potentially newly developed methods. Inspiration will be taken
from relevant well-established gaming communities, namely companion modelling network [59] and
the International Simulation and Gaming Association [60].

In step 1, a thorough understanding of the complexity and context of the studied landscape will be
developed by identifying and exploring the current social-ecological system. Proposed methods for this
include stakeholder assessment [61], (P)ARDI [62], and fuzzy cognitive mapping [63]. Through these
methods a conceptual understanding of the system will be developed. In addition, the Q methodology
is recommended to identify the current perceptions of various stakeholder groups. In Step 2, the game
will be developed based on the conceptual understanding of the systems developed in Step 1. Key
actors, elements, of the system and their interactions will be represented in the game to allow for
relevant dynamics and patterns to be reproduced. From the initial stakeholder assessment, stakeholders
will be selected to be actively involved in the development and implementation of the game. Step 3
will be part of an initial learning loop with Step 2 in the target area, although it is common to pre-test
games on other target audiences (e.g., students...). If games are re-used beyond their initial place of
origin, Step 3 can follow directly from Step 1. Step 4, the impact of using serious games on (social)
learning and stakeholder opinions will be assessed through qualitative, and semi-quantitative analysis.
Some of the existing innovative methods, e.g., Q-method, to distinguish between concurrent discourses
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and ways of explaining observed phenomena [64,65] are currently being explored in the context of
game impact (before vs. after) assessment. Existing natural resource management frameworks [29] are
also relevant in this context as a way to assess stakeholder understanding, perception, and willingness
to act and adopt improved management options.

Reflecting on the types of games that we may need to develop and test, we may need at least four
types of games (Figure 10): A. games that share the discovery process of a diagnostic stage (Table 4), B.
games that focus on land-use decisions (Table 5), C. games that add hydrological consequences (with
their human impacts) to land-use decisions (Table 6), and D. games that also include responses, where
stakeholders outside the landscape try to influence land-use decisions (Table 7).
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Figure 10. Initial game typology based on scope (A for agenda setting, B for better understanding
land-use decisions, C for consequences of land-use decisions for water flows, D. for driver level
responses by stakeholders external to the landscape considered in B).

Table 4. Prototype of ‘What’s going on’ agenda-setting game (journalist/detective quest), with targeted/

expected endpoints as hypothesis for further corroboration; type A in Figure 10.

Starting Point Dynamic Targeted/Expected End Point

An issue of public concern that
involves water and people, and in
which forests and trees may play a
role.

One or more journalist/detective
teams are formed and have
opportunity to interact with
stakeholders.

The various pieces of the puzzle
come together and start to give an
’emergent’ perspective on what’s
going on.

Multiple stakeholders of the issue
have diverse interpretations of
what is at stake, how it works,
what are (alternative) facts.

Stakeholder groups have their
own interpretation, e.g.,
deforestation, climate change,
technical failures, water grabs, of
underlying causes of the issue and
possible solutions.

A first ‘agenda setting’ conclusion
may well be that the issue is
indeed an important one, that it is
‘wicked’ (no easy way out),
requiring deeper analysis.

There is no consensus on ‘what’s
going on’, tensions may be rising,
conflicts emerging.

If the journalists/detectives
interact appropriately with a
stakeholder group, they may get ‘a
piece of the puzzle’.

Depending on how the process is
managed, an overarching ‘framing’
of the issue may emerge that is
shared by all.

445



Land 2020, 9, 243

Table 5. Prototype of a who? what? where? land and water use game, with targeted/expected
endpoints as hypothesis for further corroboration; type B in Figure 10

Starting Point Dynamic Targeted/Expected End Point

A locally recognizable functional
terminology of land uses along the
forest transition curve.

Land users (farmers, communities)
make choices with direct
consequences for their livelihoods,
leading to an emerging ‘land-use
mosaic’.

Patterns of change in land (and
water) use mosaic that are made
visible along with the multiple
‘causes’ that were at play.

A spatial representation of
topography, soils and water flows
as interaction ‘arena’.

B1: Focus on plot- and farm-level
decisions, including trees and tree
diversity.

Reported experience of players in
various roles, (partially) achieving
their goals.

Characterization of local
livelihoods, on-farm and off-farm,
leading to ‘land use’.

B2: Focus on external agency,
pulling and pushing local land-use
decisions according to various
agendas.

Clarity, within the game, on what
are ‘externalities’ for the various
actors and how this contributes to
an overall result.

Identification of external agents,
influences and pressures that
shape land-use decisions.

B3: Focus on collective action in
land and/or water use and the
decision making that can enhance
synergy.

Depending on physical landscape
context, a better understanding of
its role in shaping land use.

Table 6. Prototype of a so what? who cares? game with eco-hydrological consequences, with
targeted/expected endpoints as hypothesis for further corroboration; type C in Figure 10.

Starting Point Dynamic Targeted/Expected End Point

A climate plus topography
description of abiotic context.

C1: Focus on water quality
(‘pollution’), consequences for
health, sedimentation.

As follow-up to games A and B,
clarify the consequences for a
wider range of ‘stakeholders.

Pre-human vegetation interacting
with abiotic context.

C2: Focus on water quantity and
flow regime: water yield, floods,
droughts.

C1–C5: Identify downstream
people influenced by decisions
made upstream: ‘who cares?’

Human land use modifying
vegetation, soils, drainage
pat-terns (as shaped in games B).

C3: Focus on (blue) water
availability and its allocation to
(appropriation by) competing
users.

C6: Identify downwind people
influenced by decisions made
upwind: ‘who cares?’

Awareness (based on game A) of
the ‘down-stream’ issues land-use
change can influence.

C4: Focus on groundwater
recharge and availability through
springs and wells.

Identify vulnerability to climate
change (trend, increased
variability).

A technical water balance model
that may stay in the background,
but provides ‘ballpark’ rules for
the game.

C5: Focus on wetland and peat
drainage and its consequences for
subsidence and/or fire risk.

Identify the contributors to
‘buffering’ that reduce impacts of
external variability.

Climate variability and climate
change scenarios that provide
challenges to existing land use.

C6: Focus on atmospheric
moisture recycling, downwind
effects on rainfall.

Reflect on the ‘wicked’ nature of
the underlying issue (game A).
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Table 7. Prototype of a ‘closing-the-loop’ game, with targeted/expected endpoints as hypothesis for
further corroboration; type D in Figure 10.

Starting Point Dynamic Targeted/Expected End Point

Current land (and water) use is a
direct cause of problems
downstream/downwind.

D1: Land-use planning and water
use rights negotiations modify
future land-use change and
incentives (incl. PES?).

Unexpected winners and losers of
various ‘feedback loops’,
deepening the sense of ‘wicked’
problems.

Current land use is a resultant of
local + external forces that expect
to benefit from their choices, but
don’t take ‘externalities’ into
account.

D2: Global trade as driver of
land-use change becomes aware of
its social and ecological ‘footprint’
and starts to take responsibility,
e.g., by standards and
‘certification’.

Deeper understanding of
‘common but differentiated
responsibility’ in resolving issues
at landscape, national and/or
global scale.

Those affected by ‘externalities can
take action, depending on power
relations, political and cultural
context.

D3: Global climate action expands
from its current carbon focus to
concerns over water cycles and
downwind effects of tree cover
change.

Need to balance ‘efficiency’ and
‘fairness’ in interacting with
social-ecological systems in a
given cultural context.

7. Discussion: the Four Challenges to Use of Serious Games

Returning to the four issues restricting use of ‘serious games’ in the context of forest–water–people
nexus issues, we need to take stock of how the SESAM program, in our current preview, will address
the critique that games (1) are ad hoc with poorly defined extrapolation domains; (2) require heavy
research investment from intervention experts; (3) have untested cultural limitations in where and
how they can be used; and (4) lack clarity on where and how they can be used in policy making
in local or global issue cycles. In doing so, we will need to return to the perspective of Figure 2,
articulating it further in Figure 11. The figure shows (A) real-world social-ecological systems and their
forest–water–people issues, (B) games as simplified representations of such systems, focused on specific
aspects, and (C) use of these games in real-world contexts (potentially beyond where they were initially
constructed). The match can be viewed from an ecological, a social or policy-oriented perspective.Land 2020, 9, x FOR PEER REVIEW 21 of 37 

 
Figure 11. Real-world forest–water–people nexus issues across scale levels, games that reflect these, 
and game use that can modify the trajectory of real-world issues, where the same game can be used 
in different settings, in different ways, yielding a track record that can be documented. 

SESAM intends to address the four game validity issues raised in the introduction as follows: 

7.1. Providing a Scaffold for Scenario Evaluation Games in the Forest–Water–People Nexus 

In order to address the current rather ad hoc nature of serious gaming studies in agroforestry, 
SESAM aims to develop a scaffold for scenario evaluation games in the forest–water–people nexus 
that could form an example in other fields in which games have been increasingly used. We will build 
up a library of games, describing games based on scope, content, format, track record (experiences) 
and identify games (e.g., as subtitle) by generic issue-in-context (e.g., tropical mountain lake). By 
creating this overview of games, starting from the games developed within SESAM, but not limited 
to the set of SESAM games, the program aims to be able to draw grounded conclusions on the 
interplay at the core of the forest–water–people nexus and the relevance and contribution of a serious 
gaming approach in this context. Through a cross-case study comparative analysis, we aim to identify 
how different interpretations of forest–water interaction influences the understanding, awareness 
and action related to landscape change and management at different levels of governance in different 
locations on a pantropical forest transition curve. 

SESAM will perform a comparative analysis of all games developed and their impact on actor 
learning in different contexts. This will provide insights into larger methodological gaming-related 
questions contributing to the wider application of serious games as a generic approach for decision 
making under high levels of complexity and uncertainty. SESAM will match case-by-case games with 
other landscapes with (a) similar issue, (b) similar ecosystem and social characteristics, (c) same 
country or region, while starting from a ‘User demand’ point of view (‘what is the question?’ rather 
than ‘supply’ ‘we want to disseminate our research results’). The portfolio of games developed within 
the SESAM program should enable a more in depth understanding of (1) The relative value of 
different type of games, e.g., simple vs. complex, or fully defined vs. open, (2) game comfort zones 
linked to cultural context, age, gender and other social stratifiers, and, (3) learning effects (through 
before–after comparison) of game session participants who enter with different levels of knowledge. 
Classifying games and assessing the relative learning impact of gaming participants experienced will 
allow comparing learning from different game sessions with different games in distinct systems and 

Figure 11. Real-world forest–water–people nexus issues across scale levels, games that reflect these,
and game use that can modify the trajectory of real-world issues, where the same game can be used in
different settings, in different ways, yielding a track record that can be documented.

447



Land 2020, 9, 243

7.1. Providing a Scaffold for Scenario Evaluation Games in the Forest–Water–People Nexus

In order to address the current rather ad hoc nature of serious gaming studies in agroforestry,
SESAM aims to develop a scaffold for scenario evaluation games in the forest–water–people nexus that
could form an example in other fields in which games have been increasingly used. We will build up a
library of games, describing games based on scope, content, format, track record (experiences) and
identify games (e.g., as subtitle) by generic issue-in-context (e.g., tropical mountain lake). By creating
this overview of games, starting from the games developed within SESAM, but not limited to the set of
SESAM games, the program aims to be able to draw grounded conclusions on the interplay at the core
of the forest–water–people nexus and the relevance and contribution of a serious gaming approach
in this context. Through a cross-case study comparative analysis, we aim to identify how different
interpretations of forest–water interaction influences the understanding, awareness and action related
to landscape change and management at different levels of governance in different locations on a
pantropical forest transition curve.

SESAM will perform a comparative analysis of all games developed and their impact on actor
learning in different contexts. This will provide insights into larger methodological gaming-related
questions contributing to the wider application of serious games as a generic approach for decision
making under high levels of complexity and uncertainty. SESAM will match case-by-case games
with other landscapes with (a) similar issue, (b) similar ecosystem and social characteristics, (c) same
country or region, while starting from a ‘User demand’ point of view (‘what is the question?’ rather
than ‘supply’ ‘we want to disseminate our research results’). The portfolio of games developed
within the SESAM program should enable a more in depth understanding of (1) The relative value of
different type of games, e.g., simple vs. complex, or fully defined vs. open, (2) game comfort zones
linked to cultural context, age, gender and other social stratifiers, and, (3) learning effects (through
before–after comparison) of game session participants who enter with different levels of knowledge.
Classifying games and assessing the relative learning impact of gaming participants experienced will
allow comparing learning from different game sessions with different games in distinct systems and
contexts around the world. Based on this, recommendations will be developed to facilitate a wider use
of well-documented games with track records.

7.2. Optimizing Research Investment in Game Development

Games currently rely on long-term, expensive prior research involvement. Optimizing research
investment is key to support the broader use of serious games in participatory social-ecological systems
research on the forest–water–people nexus and development of agroforested landscapes. SESAM will
contribute towards optimizing research investments by (i) streamlining the serious gaming process
from start to finish, and (ii) exploring options for the re-using games.

In order to streamline the serious gaming process, SESAM will develop guidelines for the
development, implementation and analysis of games. These guidelines will consist of a standardized
step-wise approach based on a number of complementary methods (see Section 6). By developing these
SESAM guidelines and implementing them in our SESAM case studies, we aim to offer a streamlined
game development process as well as to facilitate communication about games and between research
teams in the serious gaming community. By doing so, SESAM aims to provide a scaffold to build upon
existing knowledge and experience in the field of serious gaming in scenario evaluation and allow for
research teams to connect and share experiences.

In addition, SESAM will address the question of transposability of games by exploring the
use of games in contexts and settings beyond the original case study they have been developed in
and assessing the impact of co-designed vs. off-the-shelf games. Some authors have already been
successfully developing and exploring the implementation of games beyond their place or origin [66,67].
The development of such games that allow for more generic applications, requires the concepts used
to be ‘valid’ and ‘robust’ in a wider range of circumstances, without claiming high accuracy in
any specific location. Within SESAM we will cross-test games between case study areas within the
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comprehensive coverage of the forest–water–people nexus among the sites. SESAM will develop
means of communication to assist in finding existing games and finding out whether they could be of
use in a specific (new) situation. In addition, SESAM will describe how ‘long-term’ adaptability goals
can be reconciled with ‘short-term’ match with data (e.g., by shifting from data-driven heuristics to
first-principles models underlying the game).

SESAM will also develop Agent-Based Models (ABM) in parallel and interacting with game
development, as this provides valuable insights in the adequacy of current process-level understanding
of the social-ecological systems represented in the game [68,69].

7.3. Culture-Sensitive Gaming

Scenario games are artefacts that embody certain perceptions and values, but also allow various
usages, e.g., through selection of player groups, setting of incentives, or usage of group discussions
surrounding game rounds. The larger cultural setting influences these issues [52]. In SESAM we will
have to create games that involve the future of agroforestry and the sustained livelihood of people.
Based on existing national-level data on culture [51], there is a considerable ‘band-width’ for each of
the six culture dimensions across the SESAM countries (Figure 9D), especially if the Netherlands is
included as well. Within countries, there will undoubtedly be further variation, for example between
the mountain and lowland forest people of Peru, the upriver and coastal zone people in Surinam and
the islands (Sumatra, Kalimantan, Java) of Indonesia, within the SESAM portfolio.

The knowledge that unwritten rules of culture play a role implies that SESAM participants will
be playing similar games across sites and looking for potential differences in game dynamics even if
the pre-designed rules and incentives are identical. At design time, cultural differences between the
designers and the intended users can cause blind spots [52]. We will be careful to design games that
are meaningful and acceptable to participants. The local knowledge of our PhD candidates, as well as
intensive contacts with stakeholders, should guarantee this. Dimensions of culture that we expect to
be important for game design and dynamics are individualism and power distance—mentioned in one
breath because they tend to be strongly correlated with tropical countries typically more hierarchical
and collectivist than Western ones; and long-term orientation, which varies across countries in both the
Tropics and the West. In conclusion, while a game is just an artefact and has no cultural awareness, its
design and its usage can be done in culture-aware ways. SESAM intends to do this and document
the results.

7.4. Game Relevance in the Policy Domain

One of the most confounding elements of policy issues is that there is a can of worms (and other
parts of belowground biodiversity) of actors and interests, and nobody has an overview. This is
precisely where games are strong: they provide a shared system boundary and show how actions
of stakeholders impact the overall behavior of the system. In doing so, they also allow emotional
responses to events, as well as joint (collective) action. In terms of system patterns, games allow to
experience patterns such as the Tragedy of the Commons, or a Fix that Fails.

A review of 43 serious games and gamified applications related to water [70], covering a diversity
of serious games, noted the still unsettled terminology in the research area of gamification and serious
gaming and discussed how existing games could benefit early steps of decision making by problem
structuring, stakeholder analysis, defining objectives, and exploring alternatives. Behavioral games on
common pool resources may be used to facilitate self-governance [71], with groundwater a particularly
challenging common pool resource to govern due to its low visibility, resulting in resource depletion in
many areas. Serious games can promote values that transcend self-interest (transcendental values),
based on the contributions of social psychology, but to do so, their design should incorporate the many
value conflicts that are faced in real life water management and promote learning by having players
reflect on the reasoning behind value priorities across water management situations [72,73].
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This implies that potentially, not only playing games but also designing or adapting them can be
very valuable for stakeholders in a policy-setting context [74]. A scenario game of one of the types
in Figure 10 can be contextualized for and by local stakeholders; this exercise will generate relevant
discussion and important learning. Being inclusive in which actors to select, as well as having support
from important local persons, is essential [75]. Games also fit in a movement towards more plural and
participatory approaches to ‘valuation’ of natural capital and ecosystem services [76].

All SESAM games will build on the boundary work tradition of taking the three ‘ways of knowing’
(local ecological knowledge, public/policy knowledge and science-based knowledge) as potentially
complementing each other [32,77], with scope for new solutions to emerge at interfaces.

How can game use trigger policy change? From the five steps mentioned in Figure 3, it is
relatively easy to see how games (including those of type 1) can be used for ‘Agenda setting’ and
raising awareness of issues. Games are also a good vehicle for the ‘Better understanding’ part, as they
offer insights not only into what happens, but how actor decisions contribute to outcomes of the game.

Hypothesis 1. The impact of serious games on ‘agenda setting’ and ‘better understanding’ parts of issue cycles
is reflected in increased consensus about what is important to do and what changes can be expected to result from
actions.

However, more is needed to nudge decisions locally and/or globally into desirable transformative
and re-imaginative (game-changing) directions: commitment to aspirational goals.

Hypothesis 2. Embedding serious games in a stakeholder negotiation process, can contribute to commitment to
aspirational goals for addressing underlying causes (‘drivers’), while addressing immediate symptoms.

Real progress depends, beyond ambitious policy language, on action [6]. Most ‘serious games’,
however, will have limited precision and use an oversimplified problem description. Scenario analysis
at ‘implementation’ level will often require more detailed spatial analysis of tradeoffs.

Hypothesis 3. Games are not a safe basis for operational decisions due to their limited specificity and (spatial)
precision.

We expect that the SESAM studies will provide further evidence to judge the contexts in which
‘boundary work’ in the forest–water–people nexus can be supported through serious games to support
game-changing transformations at ‘driver’ level.

8. Conclusions

Four challenges have been raised to the use of serious games in addressing issues such as those
in the forest–water–people nexus: games so far (1) appear to be ad hoc, case dependent, with poorly
defined extrapolation domains, (2) require heavy research investment, (3) have untested cultural
limitations and (4) lack clarity on where and how they can be used in policy making. Reviewing the
literature and considering a set of case study landscapes, we conclude that these challenges can be
addressed at the design, testing and communication stages of games to be shared in a wider community.

The SESAM program of networked PhD research programs will be geared at credible, salient
and legitimate action research designing, testing and using ‘serious games’, that are meant to (1) be
systematic in their coverage of the pantropical forest–water–people nexus in its main manifestations
and issues, using generic forest and tree cover transitions as continuum description rather than
forest–agriculture dichotomies, supporting easy ‘localization’ of games to match local contexts, (2) use
‘basic hydrological, ecological, social and economic concepts, (3) be cognizant of the main dimensions
in which cultural contexts of inter-human and human–nature relations vary to guide responsible
game use, and (4) be explicitly adapted (or adaptable) to different stages of local and global issue
cycles. The 13 landscapes provide a wide diversity of forest–water–people nexus aspects, as they
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range from low (<1 km−2) to very high (>1000 km−2) human population densities, high (>90%) to low
(<5%) forest cover, five ecoclimatic zones (from drylands, sub-humid, via ‘water tower’ to humid and
per-humid), and have focal issues that range from concerns over groundwater and streamflow depletion,
flood-and-drought flow regimes, erosion and water quality to atmospheric moisture recycling, all
(supposedly) influenced by quantity, quality and spatial pattern of tree cover (‘agroforestry’). Game
prototypes are described for (1) a diagnostic phase where multiple explanations for identified local
issues are explored, (2) a deeper understanding of individual and collective land-use decisions, (3)
explicit consequences for a range of ecohydrological landscape functions of such decisions and (4)
societal feedback to land users based on landscape-level consequences, through land and water use
rights (‘planning’), global trade and climate action. Games are expected (hypothesized) to help in
agenda setting phases, in achieving a common understanding of what is at stake and in political
commitment to solutions—but will need more specific information to guide decisions on actual
solutions. These hypotheses will be tested in the coming years.
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Appendix A. Brief Descriptions of the SESAM Landscapes

Appendix A.1. Upstream Remote Forests of the Suriname River Basin

Suriname, a country on the Guiana Shield in Latin America, is rich in rainforests and freshwater
resources [78,79]. Its average annual rainfall in the area of 2700 mm [80] is an important source of
evaporation that precipitates further inland in South America [41]. The Upper Suriname River Basin
(USRB) is still mostly covered by primary and secondary forests [81]. The USRB is since several
centuries inhabited by the Saamaka afro-descendent groups who, now around 20,000 people [82], live
in 62 villages along the river. The Saamaka do not have legal land tenure rights, permanent electricity
or running water, but live off ecosystem services provided by the forest (e.g., food, water, medicines,
materials for housing and boats) [77]. The main income sources are rain-fed shifting cultivation
and non-timber forest products, especially for the women. However, nature-based tourism has also
become important. Some villages have community forest concessions, exploited by third parties.
Competing interests and the community’s increasing participation in market economies lead to land-use
conflicts and sustainability challenges. There is a clear need for better coordination and improved
capacities to manage the USRB in a sustainable way, benefitting rights and stakeholders. Government
decentralization was only partly successful as district governments have limited capacity and budget,
and coordination between stakeholders remains poor. There have been recent improvements in
forestry policies, but enforcement is a challenge. Forest, water and people in the USRB are inextricably
linked, yet knowledge and understanding are lacking about these interactions and how different
land uses affect them. Sustainably managing forests for their vital role in watersheds, precipitation
sheds [83] and global climate is crucial, especially for vulnerable communities such as the Saamaka.
Our study aims to improve shared understanding on the multi-scale effects of land-use changes on
the forest–water–people nexus and apply gaming as a tool to enhance coordinated management of
the landscape.
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Appendix A.2. Upstream Forests of the Amazon in Madre de Dios, Peru

The Madre de Dios region, in the western part of the Amazon basin, is located in the south-eastern
part of Peru and shares borders both with Brazil and Bolivia. The region is almost entirely covered
(95%) by forest [84] and its mean annual precipitation is 2200 mm [85]. The region’s name originates
from the Madre de Dios river that forms part of the vast Amazon River watershed [86]. The population
of about 150,000 inhabitants is growing at a 2.6% yearly rate, partly due to immigration [87]. This
migration originates mainly in the highlands and is driven by the economic perspectives offered to
rural workers in the sectors of (illegal) gold mining and informal agriculture. Both these sectors have
benefited of the recent pavement of the Inter-oceanic Highway, along which all recent deforestation
hotspots are located [88]. In order to provide economic alternatives to mining, the regional government
has started investing more resources in the agricultural sector. This strategy is mainly focused on cash
crops, i.e., cacao (native to the Amazon) with a cultivated surface that has risen about 100% between
2010 and 2017 [87]. This agricultural intensification is likely to affect most smallholder farmers in the
region and the high agrobiodiversity that is traditionally managed on their land. While small-scale
farming remains little studied in the region, there is a growing need for transdisciplinary research that,
by giving a voice to the farmers, allows them to become part of the conversation about land use. This
case-study aims to provide a better understanding of smallholder farmer’s decision-making processes
and how it is influenced by their systemic perception, i.e., the forest–water–people nexus. In the longer
run, this will provide NGOs and the regional government with tools to better adapt their development
programs to the local farmer’s needs and visions [89].

Appendix A.3. Mangrove Coasts of Suriname

The majority of the population of Suriname resides in the coastal area where also 90% of the
economic activities is concentrated. The 370-km-long coastline harboring the largest and pristine
mangrove forest of the Guianan Ecoregion serves the entire nation with its numerous ecosystem
services. The Districts Nickerie and Paramaribo represent rural and urban parts of this coastal zone.
The Suriname climate is tropical humid, with an average air humidity in the coastal area of 80-90% and
a north-eastern (land inward) wind direction. Poor mangrove forest management and its ultimate
destruction threaten the livelihoods of coastal communities, but also removes flood protection for the
whole coastal zone. The root cause of the problem is lack of awareness about the mangrove ecosystem,
its services and the effects of stakeholder activities on mangrove ecosystem services. Mangrove
management can be achieved with the current legislation; however, the legislation is very much
fragmented and sectoral in its orientation. In 2019, a national mangrove strategy has been developed
for the ministry of Spatial Planning, Land and Forest Management. This study will apply serious games
to increase awareness as well as to stimulate an effective decision-making process among stakeholders.

Appendix A.4. Amazonian Agroforestry Mosaics in Para State, Brazil

Pará State, which comprises a large portion of the Eastern Amazon basin in Brazil, has the highest
level of deforestation of any subnational area in the tropical world [90] and is deemed a critical
hotspot to contain the Amazon dieback [91] (breakdown of rainfall recycling). It thus has become a
priority landscape for corporations to promote deforestation-free supply chains [92]. Nestled along the
Acará river in the mesoregion of Northeastern Pará, the municipality of Tomé-Açu, has a population
density of 10 km−2 and an area of roughly 5000 km2. It is currently dominated by oil palm, pastures
and perennial crops, particularly cocoa, cupuaçu (Theobroma grandiflorum), black pepper, and açaí
(Euterpe oleracea), a native palm, as well as slash and burn agriculture for cassava production, a
mainstay of local livelihoods, and other annual crops [93]. Tomé Açu has seen 56% of its original forest
cleared, mostly dating back to the 1970s and 1980s, whereas some neighboring municipalities still
face high deforestation rates to this day. Since 2010, the municipality has been a hotspot of oil palm
expansion against a backdrop of logging and extensive grazing juxtaposed by clusters of agroforestry

452



Land 2020, 9, 243

innovation. Plummeting prices and fusarium disease that ravaged monocrop black pepper plantations
in the 1960s and 1970s led Japanese settlers [94] to diversify their production systems to reduce such
risks, developing what became known as the Tomé Açu Agroforestry Systems (SAFTAS) supported by
a fruit-processing cooperative (CAMTA) [95]. These commercially oriented systems have become a key
example widely followed by family farmers in Tomé Açu and far beyond in the Brazilian Amazon. This
case study aims to shed light on the factors underlying agroecological intensification and agroforestry
transition pathways in the Tomé Açu landscape, focusing on the constraints and levers for scaling
agroforestry, with and without oil palm, and trade-offs between different agroforestry systems and
other land-use options.

Appendix A.5. Tropical Peatland Restoration in Indonesia

Tropical peatlands form where drainage is limited, and organic matter decomposition cannot
keep up with its production—often in lowland interfluvial locations. In the Ketapang Peatland in
the coastal zone of West Kalimantan, (Indonesia) two Peatland Hydrological Unit (PHU): PHU Tolak
river—Pawan river (948 km2) and PHU Pawan river—Pesaguan river (1048 km2) were selected to
explore options for hydrological restoration. Human population density in these areas is low by
Indonesian standards (20 people km−2 in 2017) and is dominated by people of Malay background,
along with migrants from Java and Bali. Average annual rainfall is 3168 mm [96], but the June—October
period is relatively dry in most years and, especially in El Niño years serious droughts develop.
The area is dominated by logged-over peatland forest and oil palm plantations, with some rubber
plantations and paddy rice fields. Expansion of plantations and agricultural areas has led to massive
canal construction [97]. Besides their functions for log transport and human access, these canals also
drain water from the peatlands so that oil-palm, rubber and crops can grow. As a result, however,
the peatland becomes drier during the dry season and more vulnerable to forest fires, with haze
directly affecting human health and well-being. Drainage can also cause saline seawater intrusion
into the coastal zone. Peatland restoration aims to restore the hydrological function in the peatland
area by increasing and stabilizing the groundwater levels in the peat dome, especially in the dry
season, to reduce fire risk. Understanding the relationship between the environment and people is the
key to build commitment among all stakeholders, so they can engage and cooperate to address the
environmental issues. The objective of this study is to develop communication tools that can use to
increase the level of understanding and to facilitate the communication process among stakeholders.

Appendix A.6. A Tropical Mountain Lake: Singkarak in Sumatra, Indonesia

Lake Singkarak is one of the highland lakes in the Bukit Barisan mountain range that runs the
length of Sumatra. Inflow to the lake derives from an area of 1135 km2 through a number of streams and
rivers, some with smaller natural lakes that provide some buffering. The watershed is home to 440,000
people with intensive horticulture in the upstream areas and extensive paddy cultivation before inflow
to the lake. Located across two districts (Solok and Tanah Datar) the lake provides opportunities for
fishing (an endemic fish, overfished due to high demand), year-round water supply for surrounding
villages and tourism. The outflow of the lake provides irrigation water for downstream farmers and
hydropower for West Sumatra Province. With annual rainfall ranging from 1700–3200 mm there is
enough water for the hydropower plant in average years, but in years with long dry seasons there is a
shortfall, as dropping the water level in the lake disturbs local livelihoods. The W side of the lake is
dominated by forest, mixed gardens (agroforests) and agricultural fields, but the E Side is drier and
dependent on the natural outflow from the lake that was disturbed by the construction in the 1990′s
of the Singkarak Hydro Electric Power Plant [98]. There have been a number of reforestation project
implemented in the area to increase amount of forest cover [99] and the local village surrounding
the lake tried to protect the water quality and endemic fish by setting up their village regulation.
Understanding the water allocation management (between water flows in the original riverbed flowing
East), supporting traditional rice farmers, and the use for hydropower and irrigation schemes west
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of the mountain range [96]. The objective of this study to have a tool to support and enhance social
learning and action by actors involved in multi-level decision-making processes around the nexus, and
to explore how participatory decision-making on water and (agro)forest landscape management can
be improved as part of climate change adaptation.

Appendix A.7. Water Tower for Adjacent Drylands: Mount Elgon, Uganda

Overlapping the international boundary between Uganda and Kenya, Mount Elgon is the 7th
highest mountain in Africa rising to 4320 m a.s.l. It is approximately 100 km North-east of Lake
Victoria. The mean annual rainfall is 1600 mm [100]. Forests in the Mt. Elgon ecosystem have become
restricted to the protected upper slopes (23% forest cover in 2016). With 1000 people km−2 and a 3.4%
annual increase the mid-slope is a densely populated agricultural landscape [101]. The region is a
highly productive agricultural zone, growing arabica coffee and horticultural crops. The watershed
contributes to Lake Victoria (and thus to its outflow, the Nile river), and lake Turkana) [102]. However,
the ecosystem functionality and integrity has been compromised and impacted by climate change.
The population increase has directly raised demand and competition for natural resources including
land and water [103,104]. Due to land inheritance, land fragmentation is common and is expected to
worsen with population increment mounting pressures on resources [105,106]. Besides, the declining
land productivity has led to reduction in food produce thus deficit in food supplies to the continuously
fast-growing human population. The resultant food gap has sparked encroachment into the national
park and on riparian zones of riverbanks, swamps and steep slopes leading to soil erosion, siltation
and flooding. There is overgrazing, destruction of forest for urban extension and high levels of
conflict between the park authorities and locals. Landscape actors with divergent values/interests
include resource users, local government, national conservation agencies, international donors and
NGOs, local politicians, etc. To strengthen local natural resource governance, participatory scenario
evaluation games for supporting and enhancing joint planning and social learning by actors involved
in multi-level decision-making processes around the forest–water–people nexus will be developed
and implemented.

Appendix A.8. Water Tower for Adjacent Drylands: the Ewaso Ng’iro River NW of Mount Kenya

Mount Kenya is located on the equator and rises to 5199 m a.s.l, 180 km north of Nairobi. The
mountain has different zones of influence. The eastern climatic gradient is relatively humid (windward)
and the western climatic gradient (leeward) stretches from humid (upstream) to semi-arid areas
in the downstream. The mountain contributes about 50% of the entire flow of the Tana River, the
largest river basin in Kenya providing water supply to 50% of the Kenyan population and 70% of the
country’s hydroelectric power. Both rainfed and irrigated agriculture are major economic activities
in the upstream. Further downstream many others rely on the river flows for irrigation, energy
generation, pastoralism and hotels/tourism. Problems are related to over-abstraction of water [107],
farm encroachment to fragile lands and deforestation [108]. Over-abstraction of river water in upper
reaches and unwillingness to be held accountable through metering has been a major threat to meeting
downstream flows. Different water management institutions exist, but activities are uncoordinated,
leading to gaps in water resources management. The national government reacts by closing down
water intakes in desperate attempts to resolve downstream water crises. Such orders affect schools,
hospitals and thousands of households in the downstream. The local politicians strongly oppose
the national government and defend the community water projects (most of them are unmetered).
Consequently, an endless cycle of water crises characterizes the Mt. Kenya region [109]. Climate
change and land-use changes continue to exert pressure on limited water resources. There is a need for
increased knowledge and understanding among stakeholders for sustainable solutions. This study
will explore the influence of climate change and land-use changes on downstream hydrology and
apply serious games to explore decision making processes among stakeholders. This will provide a
better understanding and knowledge for sustainable development.
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Appendix A.9. Mountain Farming in the Andes, Peru

The Peruvian region of Puno is located in the south-eastern Peru on the shore of Lake Titicaca
close to the border with Bolivia. The region is poorly covered (0.1%) by forest [84] and the mean
annual rainfall averages 700 mm [110]. The watershed of Lake Titicaca extends for 8490 km2. The
highlands—over 3000 m high—region of Lake Titicaca supports a population density of 5.1 km−2 [87].
In the region of Puno of the Altiplano, in Peru, farmers with their knowledge and practices are growing
the highest quinoa diversity hotspot in the world [111]. The potential of quinoa was promoted by the
United Nations during the International Year of Quinoa (IYQ) in 2013 [112]. However, IYQ-2013 did
not cover aspects of the worldwide spread of and commercial interests in quinoa, and the unbalanced
competition between producers from the Andes and producers from North America and Europe [113].
Collective governance instruments as collective trademark (CT) are used to defend property rights
on trading products and to recognize their anteriority and origin. Co-developing an Andean quinoa
CT rise our research objective: explore the process of co-constructing a CT for recognize and promote
quinoa in the global market. The region of Puno in Peru (the highest quinoa diversity hotspot in the
world) is selected as case study. Participatory games and agent-based models will be developed and
explored to assess the gap between local and regional farmers, and higher level including Andean
quinoa farmers for developing an Andean CT for quinoa. The proposed research will explore the
role CT can play to preserve the Andean generic hotspot of quinoa as well as to provide a potentially
relevant governance tool for other neglected crops that suddenly get global consumer attention.

Appendix A.10. Farming Drylands on the Mossi Plateau, Burkina Faso

The Mossi Plateau in the central part of Burkina-Faso in West-Africa spans the Sudano–Sahelian
climate gradient, with unimodal rainfall from June to September, with an annual average ranging from
400-700 mm [114]. Two villages (Yilou and Tansin) represent this gradient, with sandy clay loam soils,
low in soil organic carbon (0.2 and 0.4, respectively) [115]. Agriculture in this area is challenged by
low and unstable biomass production, limiting farmers’ resilience. Water, nutrients, biomass, labor,
information and money move in the landscape, while many studies focused on biomass production
at farm scale only considering single households [116–118], without their interactions. Biomass
management through farmers’ decisions on biomass allocation [119], include use of crop residues as
livestock feed [120], indirectly influencing manure availability for crop production. At village scale,
biomass production is determined by farmers’ organization, the spatial and temporal interactions
amongst farmers, and between farmers and their biophysical environment (soil fertility), as farmers
can organize themselves in “labor-groups” to till each other’s fields and thus be able to cultivate more
land. As rainfall tends to vary spatially, risk management depends on the collective use of space. A
spatio-temporal modelling approach [121,122] needs to take the various spatial and social interactions
into account. We aim to achieve this by co-designing tailored and realistic biomass management and
organization options to improve farmers’ production and livelihoods through participatory modelling.

Appendix A.11. Upland Agroforestry Mosaics in Kali Konto, East Java, Indonesia

The Kali Konto sub-watershed in East Java contributes to the Brantas river, and covers an area
of approximately 240 km2 with elevation ranging from 600-2800 m a.s.l. The Kali Konto river is
approximately 40 km long and empties into Selorejo reservoir. The average daily temperature is
20–22 ◦C with a mean annual rainfall ranging from 2995–4422 mm [123]. Forest area has significantly
decreased in the last two decades (from 30.5% of forest cover in 1990 to 20.4% in 2005), following the
increased demand for timber, firewood, fodder and other agriculture (and dairy) products [124,125]. On
the other hand, annual crops area increased by 26%. In the last three decades, the population increased
by approximately 20% from 1990 adding more pressure to the system [126]. Intensive agricultural
farming with minimum tree cover in hill slope leads to the increase of soil surface exposure, which is
followed by higher soil erosion and sedimentation (top ‘fertile’ soil washed away) to the river [127]
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and impacts on crop production [128]. The polluted reservoir brings negative consequences for both
the state water management corporation that is responsible for managing water quality and quantity
in the region and downstream ‘water’ beneficiary (HIPAM–drinking water user association) [129].
Efforts have been made by PJT to encourage soil conservation practices. However, it has not yet
accommodated farmers’ choice on the type of land management in the program. It is essential
to understand farmers’ preferences and decision making along with the direct consequences for
livelihoods and environmental impact. It benefits on exploring environmentally friendly management
options based on their preference and increase the awareness on the importance of achieving sustainable
watershed conservation through collaborative action among stakeholders.

Appendix A.12. Water Tower for a Metropole: Rejoso, East Java, Indonesia

The Rejoso watershed stretches from the Mount Bromo volcano crater (summit at 2329 m a.s.l.) to
the Pasuruan coastal area (0 m a.s.l.) covering an area of 62,773 ha. Land in the watershed is used
in a variety of ways: a national park (conservation forests), protected forests (natural jungle forests),
monoculture production forests, agroforestry (production forest + agricultural + livestock), irrigated
lowland agriculture and built-up areas. The watershed covers 14 sub-districts in Pasuruan Regency and
three sub-districts in Pasuruan City with a total population in 2018 of 838,313 people [130,131], with
100,497 people living in the upstream part, 271,908 in the middle zone and 465,728 in the downstream
area. Most of the population, except residents of Pasuruan City, depend for their livelihoods on their
agricultural and agroforestry systems, supported by the ecosystem services provided by land and water
resources, including ecotourism [132–134]. They worked collaboratively (but there are conflicts as well)
with multi-stakeholder institutions in charge of managing natural resources. Since 2003, for example,
residents in all parts who are members of the forest village community (LMDH) collaborate with
Perhutani (a state-owned forestry company) in ‘the Community Joint Forest Management Program
(PHBM). They are allowed to plant (intercropping) various agricultural commodities (horticulture,
food crops, and fruit trees) and fodder in between the stands of production forest trees. They
also get wages and/or profit-sharing after contributing to maintaining the main trees (teak, pine,
mahogany, eucalyptus) which are managed together with Perhutani. There are at least 114 village
communities that use the Perhutani area of 11,713 ha [135]. Before the PHBM was implemented,
conflicts often occurred between communities and Perhutani. In the upstream part, communities
collaborate with national park managers (Ministry of Environment and Forestry (MoEF)), natural
resource conservation offices (MoEF), and tourism agencies authorities. Another collaboration is ‘the
Rejoso-Kita Program’ which implements an integrated watershed management model. Hydrological
analysis suggests that the tree cover required for ‘infiltration friendly’ land uses depends on the
altitudinal zone [136]. The program involved various stakeholders: communities, NGOs, private
sectors, and multi-level governments [137–139]. Although, there have been collaborations, conflicts
have also been reported, including communities and the private sector (mining industry in the middle
and water industry in the downstream). The study to be carried out at this location aims to design
participatory collective action games to strengthen sustainability community–private–government
collaboration in agroforestry management.

Appendix A.13. Rehabilitating a Water Tower Under Pressure: Brantas, East Java, Indonesia

The Upper Brantas sub watershed is the source area of the Brantas river that starts from the
southwestern mountainous slope of active volcanoes of the Arjuna-Anjasmara mountain complex (a
protected forest area). Originating at the Sumberbrantas spring, the river flows southward through the
cities of Batu and Malang, before bending to the West and then North to the Provincial capital Surabaya.
Total area of the sub watershed is 180 km2. Annual rainfall ranges from 875 to 3000 mm [140]. Its
forest fraction is 23.8%. The Upper Brantas sub-watershed population size in 2018 was 207,490, with a
density 1092 km−2 and an annual population growth of 0.95 per year [141]. Forest encroachment was a
serious environmental problem in the 1998–2000 era. Conflicts over state forest land became visible

456



Land 2020, 9, 243

in 1998 during the political reformation, when many local farmers occupied state forest land [142].
In this period power was decentralized to provincial and district levels. This period meant the
end of timber forest management. Over 2003–2007, the settlement area increased by 9%, plantation
and farms increased by 7%, and the forest area decreased by 6%. The watershed response can be
observed through the increasing of run-off coefficient from 0.59 to 0.67 [143] and an increase in peak
discharge (at the outflow of the sub-watershed) from 96.8 m3 s−1 in 2003 to 189.2 m3 s−1 in 2007 [144].
Meanwhile the springs were affected (data to be further collected) and groundwater recharge was
probably reduced. Policy level response to the forest encroachment was a number of new programs.
In 2001 the state forest agency introduced a co-management program, specially focused on forest
resource management. In 2007 the co-management concept became relabeled as community-based
forest management. The objective of the case study is to develop games and simulations of land-use
change of recharge area management for sustainable groundwater supply and demand. There are
many volcanic slope watersheds in Indonesia similar to the upper Brantas sub-watershed.
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Abstract: Agroforestry as active area of multi-, inter-, and transdisciplinary research aims to bridge
several artificial divides that have respectable historical roots but hinder progress toward sustainable
development goals. These include: (1) The segregation of “forestry trees” and “agricultural crops”,
ignoring the continuity in functional properties and functions; the farm-scale “Agroforestry-1”
concept seeks to reconnect perennial and annual, woody and nonwoody plants across the forest–
agriculture divide to markets for inputs and outputs. (2) The identification of agriculture with
provisioning services and the assumed monopoly of forests on other ecosystem services (including
hydrology, carbon storage, biodiversity conservation) in the landscape, challenged by the opportunity
of “integrated” solutions at landscape scale as the “Agroforestry-2” concept explores. (3) The gaps
among local knowledge of farmers/agroforesters as landscape managers, the contributions of social
and ecological sciences, the path-dependency of forestry, environmental or agricultural institutions,
and emerging policy responses to “issue attention cycles” in the public debate, as is the focus of
the “Agroforestry-3” concept. Progress in understanding social–ecological–economic systems at the
practitioners–science–policy interface requires that both instrumental and relational values of nature
are appreciated, as they complement critical steps in progressing issue cycles at the three scales. A
set of hypotheses can guide further research.

Keywords: coinvestment; instrumental values; landscape; relational values; restoration; social–
ecological systems; stewardship; sustainable development goals (SDGs); trees; water

1. Introduction

Agroforestry-based ecosystem services, the title of the special issue this perspective is
part of, refers to an active arena of international agricultural research connected with global
sustainability science at the science–policy interface [1]. This research deals with “theories
of place” (how and why do social–ecological contexts differ from each other as part of
multiscale spatial patterns?), theories of change (how, when, and why does the process
of change happen?), and theories of induced change (how can change processes in their
existing context be nudged into a direction that is deemed to be desirable?) [2]. It also deals
with value plurality as depending on context and stakeholders’ expressions of value that
express “instrumentality” complement those that emphasize “relations” [3]. “Ecosystem
services” (ES), “agroforestry” (AF), and “value plurality” all refer to connections. Their
combination may thus need to clarify the components of all three terms as well as their
interfaces. Ecosystem services is commonly defined as the benefits people derive in various
ways from functioning ecosystems (including agro-ecosystems and forest ecosystems) and
that can be at risk due to human activities from local to global scales. It connects “service
providers” (nature and its guardians) and “service beneficiaries” (e.g., people, companies,
cities, nations). While terminologies and metaphors have been proposed other than that
of a servant, the alternative terms referring to “nature” and “contributions” (voluntary?
appropriated?) may have similar semantic challenges [4]. Ecosystem services as ongoing
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benefit flows have been promoted as reason to appreciate the underlying “natural capital”,
but it may have become (too) strongly associated with economic valuations of these services.
Economic estimates of costs to society of loss of natural ecosystems [5,6] are astronomical
and call for a realignment of economic priorities in achieving progress in human well-being
under the umbrella of sustainable development. Quantitative economic language, however,
has been interpreted as underrating qualitative social dimensions [4]. Current interest
in “relational values” can be understood as emphasizing social (“in-group”) aspects over
economic (costs, benefits) ones [7].

Agroforestry, the word constructed by combining agro- and forestry, has from its start
been concerned with bridging between concepts that appeared to contradict each other [2].
It is currently understood to refer to three nested scales: as “AF1” to the scale of trees, man-
agement practices, plot-level technology, and farm level decisions; as “AF2” to landscapes
with trees and forest (patches) in which productivity (“provisioning services”) interacts
with other ES (“regulating” and “cultural” services); and as “AF3” to the reconciliation of
agriculture and forestry as separate policy domains that interact at “land use” and natural
resource management levels, connecting local knowledge, sciences and policy framing in
“issue cycles” [8]. As partial tree cover in what is classified as agricultural lands is common
(more than a third of such lands has at least 10% tree cover) and appears to be increasing [9],
agroforestry is part of mainstream land use.

As a dominant theory of inducible change, the Sustainable Development Goals have
tried to define a “safe space for humanity” that links local to global concerns and vice
versa. Following the Doughnut model of Raworth [10], these goals can be summarized
as centrifugal expansion in an inner circle of reducing development deficits (essentially
the Millennium Development Goals that have not yet been achieved), with simultaneous
centripetal movement avoiding overshoot of planetary boundaries and restoring functions
that were lost from “degraded” parts of the planet (Figure 1). The Earth is too small to
achieve all SDGs in silos, with separate land allocations for each goal. Provision of water
(of acceptable quality and regularity of flow), food, fiber, and energy may have to be
achieved on the same units of land that also provide jobs and contribute to public health.
Multifunctional landscapes that simultaneously contribute to multiple goals are in demand,
that combine fairness (ensuring that nobody is left behind in reducing development deficits
that contribute to poverty) and efficiency of avoiding planetary overshoot [11]. Rather than
the “productivity gaps” that still are a major focus of agronomy [12], the broader concept of
“multifunctionality gaps” has been the focus of agroforestry in its first four decades [13,14].
To avoid further land degradation and promote land restoration, multifunctional use of
land is needed within the boundaries of the soil–water system; new business models in
robust economic systems are needed based on environmental systems thinking integrating
environmental, social, and economic interests [15].

This leads to the three questions that frame this perspective as a review of relevant
literature: 1. how are value concepts of agroforestry evolving in relation to ES discourse and
sustainability concerns at the multifunctional landscape scale?; 2. how can the interaction
among the three agroforestry scales and concepts (AF1, AF2, and AF3) be understood?;
and 3. what roles can research play in connecting theories of place and change to policies
that aim for applicable theories of induced change, in support of SDGs? The rest of this
paper will review these three questions and then formulate some hypotheses for follow-
up research.

466



Land 2021, 10, 699

Land 2021, 10, x FOR PEER REVIEW 3 of 24 

 
Figure 1. Agroforestry contributes to the various Sustainable Development Goals as safe space for 
humanity, between “development deficits” and “planetary boundary overshoot”. 

This leads to the three questions that frame this perspective as a review of relevant 
literature: 1. how are value concepts of agroforestry evolving in relation to ES discourse 
and sustainability concerns at the multifunctional landscape scale?; 2. how can the inter-
action among the three agroforestry scales and concepts (AF1, AF2, and AF3) be under-
stood?; and 3. what roles can research play in connecting theories of place and change to 
policies that aim for applicable theories of induced change, in support of SDGs? The rest 
of this paper will review these three questions and then formulate some hypotheses for 
follow-up research. 

2. Roots of Sustainability Concepts Relevant to Agroforestry 
2.1. Three Changes of Theory Foundational to Sustainable Development 

Changes in the way human society effectively relates to and values nature, and na-
ture-derived land uses such as agroforestry, require changes in theory, and thus a theory 
of change of theory [16]. IPBES reports record the ongoing loss of biodiversity and identify 
market-based production responding to ever-growing demand as major drivers of de-
struction and a principal theory of change [17]. Three “changes of theory” that originated 
in the 18th, 19th, and 20th century, respectively “the blind watchmaker” (a later metaphor 
for the ideas of Charles Darwin), “the invisible hand” (Adam Smith), and “the not-so-
tragic commons” (Elinor Ostrom), have shaped how sustainability scientists perceive hu-
manity (Figure 2). All three theories connected basic mechanisms at the level of the indi-
vidual to impacts at scales (time, space, systems) many orders of magnitude beyond the 
location and lifespan of the individual. Previous theories lacked mechanisms for change 
in organisms after their creation, which lived in autocratically governed static economies 
where neither individuals nor local communities counted. Although all three changes of 
theory are now mainstream, the radical break with preceding theories of change can 
hardly be overstated. 

Figure 1. Agroforestry contributes to the various Sustainable Development Goals as safe space for humanity, between
“development deficits” and “planetary boundary overshoot”.

2. Roots of Sustainability Concepts Relevant to Agroforestry
2.1. Three Changes of Theory Foundational to Sustainable Development

Changes in the way human society effectively relates to and values nature, and
nature-derived land uses such as agroforestry, require changes in theory, and thus a
theory of change of theory [16]. IPBES reports record the ongoing loss of biodiversity and
identify market-based production responding to ever-growing demand as major drivers of
destruction and a principal theory of change [17]. Three “changes of theory” that originated
in the 18th, 19th, and 20th century, respectively “the blind watchmaker” (a later metaphor
for the ideas of Charles Darwin), “the invisible hand” (Adam Smith), and “the not-so-tragic
commons” (Elinor Ostrom), have shaped how sustainability scientists perceive humanity
(Figure 2). All three theories connected basic mechanisms at the level of the individual to
impacts at scales (time, space, systems) many orders of magnitude beyond the location and
lifespan of the individual. Previous theories lacked mechanisms for change in organisms
after their creation, which lived in autocratically governed static economies where neither
individuals nor local communities counted. Although all three changes of theory are now
mainstream, the radical break with preceding theories of change can hardly be overstated.
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of value (importance, exchangeability, and long-term survival) for sustainability is reflected in the
current set of 17 Sustainable Development Goals (SDGs) and connects the intellectual breakthroughs
of the invisible hand, blind watchmakers, and not-so-tragic commons, attributed to Adam Smith [18].,
Charles Darwin [19], and Elinor Ostrom [20], respectively; human decision making across the social–
economic spectrum depends on the scale (see Figure 3 for the pico–giga terminology) and reflects
different types of values: the intrinsic, instrumental, and relational values of nature and its diversity,
the efficiency of using scarce resources, and the hedonic and eudaimonic improvements of human
quality of life (see below for a further discussion).

A first powerful cross-scale mechanism was found in the invisible hand that effi-
ciently links supply and demand in markets through the self-interest of individuals [21].
Adam Smith also explored [22] how moral sentiments in a society constrain (or should
constrain) this self-interest, but this part of his heritage received less attention than his
ode to market forces. The second mechanism revolutionized biology and its application in
medical agricultural and biotechnological sciences, with the current rate of evolution of a
specific virus remaining headline news. Moderate rates of errors in replication of genetic
code, in combination with sexual reproduction involving recombination, and selective
phenotype survival with feedback to gene frequencies were understood to be the blind
watchmaker’s [23] recipe for the overwhelming biodiversity of our planet. The diver-
sification mechanism interacts with factors such as climate, water, carbon and nutrient
cycles and geomorphology. It also implies coevolution in plant–herbivore, predator–prey,
disease–host, symbionts, pollinator–flower, and seed dispersal–dispersant relations provid-
ing positive feedback loops to ever-increasing diversity levels. These relations between
organisms translate to differential survival, but also lead to interconnected sensitivity to
collapse. Plate tectonics as the source of continental drift supported (was a driver of)
further speciation, but also set up the current sensitivity to “invasive” species overcoming
geographic isolation. Any seed-dispersing animal modifies vegetation in a direction of
fruits it likes to eat, but our species has learned over the past 10,000 years to coevolve and
further work with, rather than against nature, in domesticating the major sources of food,
gradually adding visioning, design, planning, and rationality to the blind watchmaker.
Agriculture, with the option of storing, hoarding, and transporting food, is widely seen
as the start of social stratification and power structures [24,25]. The popular Jenga game,
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where a fair number of blocks of wood can be extracted from a stack before an inevitable
collapse follows, provides a visualization of this risk [26] when the invisible hand is not
constrained in its resource extraction.

Once governments learned to work with, rather than against, market forces, economies
blossomed. They did so well that the invisible hand gradually, and initially imperceptibly
to the blind watchmaker, started to destroy its work. This is the theory of change the IPBES
reports indicate as a major driver behind ongoing trends: market-driven expansion of the
human sphere of influence, destroying habitat. However, the emergence of SARS-Cov-2
at the end of 2019 showed that the opposite, results of the blind watchmakers’ activity
destroying those of the invisible hand, can happen as well [27]. A modified theory of
change has negative outcomes on both sides of the interaction and urges a coevolutionary
path of humans and the rest of the planet’s life forms. The mutual dependence of nature
(N) and humans (H) has gradually dawned on mainstream political systems with current
financial understanding of “nature risk” [28]. The main religions of the world have assigned
H a special, privileged position that, however, comes with obligations for stewardship and
adaptive social–ecological governance [29]. Prioritizing N has also been discussed (and
objected to) as a “dark-green religion” [30].

The third intellectual breakthrough, the revision of what is tragic about the commons,
is the most recent of the three foundations of sustainability science, and it is still in the
process of mainstreaming. To some extent it fills the place left by the failure of a third
theory of change rooted in social concerns over inequity and in the expectation that
political power will (or at least can) shift to (what used to be) the proletariat. In practice
new autocracies emerged where the ideas of Karl Marx were applied [31]. Yet, at the
smaller scale of “commons”, bottom-up institutions have historically and to this day been
able to manage resources, avoiding the free-for-all degradation expected. Where the lack of
private property rights (especially the right of exclusion) had been portrayed as a tragedy
of the commons and as the primary bottleneck to environmental management benefitting
the well-being of local communities, a counter-narrative emerged of the comedy of the
commons [32], to be better understood and heard. Two thousand years ago, Roman society,
the legal thinking of which greatly influenced later European law, was sufficiently interested
in public property (ius publicum) to distinguish various categories within the concept, as
applied, for example, to issues of water at various scales. Debate on the relative merits
of “common law” revolved about a bundle of rights and the roles of community-based
institutions at a scale intermediate between the state and the individual. The “institutional
economics” analyses by Elinor Ostrom [33] brought back respect for the ability of local
communities to develop their own rules, incentives, and narratives to manage resources,
including land, forest, and inland and coastal fisheries. With the concept of commons
broadening from grazing land to various types of land and water use, and more recently the
atmosphere and global climate system, the scale at which resources can be managed needs
to be reflected in the institutions managing it. Private, communal, national, and global
scales all have a role to play. The triple bottom line of these ideas is that working with,
rather than against, nature, markets, and communities is essential to transcend conflicts
and move towards diverse, efficient, and fair societies. The challenge is where to start.

Research on human well-being or qualities of lives has explored two general perspec-
tives [34] that date back to Greek philosophers more than 2000 years ago: the hedonic
(pleasure-oriented) approach, which focuses on happiness and defines well-being in terms
of pleasure attainment and pain avoidance; and the eudaimonic approach, which focuses
on meaning and self-realization and defines well-being in terms of the degree to which
a person is fully functioning [35]. It refers to a perception of social harmony, reflected in
societal concepts as adat in Indonesian cultures [36], satoyama landscapes in Japan [37],
yin-yang in Chinese philosophy [38], or religious concepts such as kosher or halal [39].
Eudaimonic well-being may well be an acquired taste during an individual’s development,
achieved when aspirations, rationalizations, and actions match [40,41]. Self-actualization,
personal expressiveness, and perceived vitality are indicators at the interface of individuals
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and the social groups in which they function. In Bahasa Indonesia, there are two words for
“we”: an “in-group” we (kami) and a “we” (kita) that includes those spoken to, regardless
of the relationship. Adat applies to the first, with a dotted line that is fluid and negotiable;
internalization may strive for widening the kami concept. Grossly simplifying matters: the
heritage of Adam Smith is mostly invoked in market-based efficiency, pursuit of hedonic
values, and defending individual freedom versus “the state”, the ideas of Elinor Ostrom in
balancing rights and responsibilities, eudaimonic values of well-functioning community-
based resource management, and appreciating the institutional dynamics multilayered
governance where fairness concepts are not to be ignored in the search for efficiency.

2.2. Theories of Induced Change

In connection with an analysis of drivers, pressure, system state, impacts, and re-
sponses (DPSIR) change processes can be classified as (1) responsive—connecting (undesir-
able) impacts to a (corrective) response, (2) adaptive—optimizing impacts given a changed
system state, (3) mitigative—given existing pressures reducing (spatially explicit) negative
changes in the state of the system, (4) transformative—given the drivers, reduce (generic)
pressures, or (5) reimaginative—challenge the drivers in view of the overarching goals of
safe human well-being on the only planet we have [42].

Sustainable development that connects local to global scales and vice versa requires
cross-scale analysis. Theories of induced change with mechanisms at pico (brain synapses,
genes), micro (self-interest), and meso (rules) levels can have impacts at macro (national)
and (giga) planetary scales [43] (Figure 3).
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Figure 3. Linking five scales of economic analysis of social–ecological systems to two ways of decision
making instrumental (medium-term goal oriented) and relational [44].

Economic analysis of decision making has long been differentiated by scale. Beyond
the micro (household, enterprise) and macro (state) accounting stance of economics as a
discipline that aims to understand human decisions facing scarcity, three further scales
have been explored in recent decades: meso, giga, and pico [44] (Figure 3). The contrast be-
tween the meso and giga scales has been discussed in the debate of “environmental” versus
“ecological” economics. The first aims for a meso-scale perspective where “market failures”
that are the consequence of explicit valuation of commons (including ecosystem services)
can be addressed (“internalizing externalities”) by facilitating the emergence of new (reg-
ulated) markets that try to get “prices” more aligned with “values at stake”, influencing
household-level decisions and choices both in the consumptive and investment spheres.

Ecological economics (giga), in contrast, is not content with fitting environmental
issues into a mainstream economics perspective but starts from planetary boundary per-
spectives on the types of changes needed to fit humans into what a living planet can deal
with, aiming to stop short of a number of precipices, of which global climate change is
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now probably the best understood for its risks of self-propelling changes. The fifth scale,
pico, refers to synapses in human brains where actual decisions are made, as explored in
behavioral economics, interfacing psychology, neurology, game theory, and choice experi-
ments. The relevance of branding, influencing perceptions, and priming human decisions
had been long understood in marketing research. More formal understanding and aca-
demic recognition within economics only arose in the past three decades. Its application
of “nudging” [45] as a way of less visibly (obnoxiously?) influencing individual- and
household-level decisions aligned with public governance values has been practiced for
less than two decades.

Thus, modification of prices is only one of several ways to internalize externalities
(Figure 4), as human decision-making responds to both rational and emotional clues [46],
and human sociality [47] analyzes decisions in terms that are understood by “influencers”
and social media but have not yet been integrated in standard economic theory.
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2.3. Teleconnections and Distractors

Thirty years ago, the world was, at a conference in Noordwijk, as close as it has ever
been to binding international agreement on combatting climate change [48], but the fossil
fuel lobby successfully obstructed agreements at government level in 1989 [49,50] and
ever since through disinformation and fear campaigns that suggested citizen self-interest
would be better off ignoring the signals of planetary overshoot. Small-scale effects with
global consequences became known as the butterfly effect as part of chaos theory, which
term refers to the positive feedback loops, metaphorically, of a butterfly clapping its wings
triggering hurricanes far away [51].

A stronger, more current story of teleconnections, although other theories are around
as well, is that caged wild animals (illegally traded) in the Wuhan market were in close
enough contact with people to allow a virus to jump the species barrier. The rest is rewriting
history books as we speak, demonstrating that cross-scale theories of change are rightly
known as “going viral”, in the world of memes as well as genes. A single schoolgirl who
decided one day to skip school and sit in front of her parliament with a “Skolstrejk för
klimatet” poster, started a movement now known as the Extinction Rebellion, and, once
she got noticed, was strengthened by her rebuttal of denial and conspiracy theories and
became a role model not only for her own generation but for the world [52]. Her urge to
action focused on the climate change issue the world had been talking about since she was
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born (and before). Planetary anxiety may trigger what technical, solution-oriented talks to
rein in market forces failed to achieve: consumer restraint to reduce footprints to what is
affordable within planetary boundaries. Consumer power may achieve what governments,
subject to its interaction with industry, cannot.

The metaphors used here, the invisible hand that drives global environmental de-
struction in the name of human welfare and that ignores its ticking wristwatch, made
by a blind watchmaker, while understanding the commons, can now be appreciated as a
social–ecological system in need of reimaginative as well as transformative changes beyond
the tinkering of adaptive and mitigative responses. The typology of “leverage points”
that was formulated on the basis of early whole-Earth system models [53] still applies;
the most effective leverage points relate to rules and incentives (#5) and goals (#3) on the
instrumental side and self-organization (#4) and mindsets (#2) on the relational value side.
However, the most powerful leverage point of all, the power to transcend the existing
system (#1), may refer to ways to go beyond the limits of the current valuation debate and
the way it has been framed.

2.4. Value Types

Two main categories of “values” of nature to humans are currently distinguished:
instrumental (goal-oriented, potentially substitutable means to achieve goals) and relational
(based on a two-way interaction that establishes affinity and is not easily substitutable) [7,54]
(Figure 5).
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Figure 5. (A) The ecosystem cascade concept of ecological–social systems, with ecosystem services (alternatively described
as nature’s contributions to people or NCPs) at the interface of the two subsystems and feedback by human actors using,
degrading, and/or restoring the ecological subsystem; (B) Distinction between instrumental (goal-oriented) values of nature
and relational values that are not dependent on material benefits.

When positioned in a feedback loop between human and nature (Figure 6), relational
and instrumental values may have complementary roles with respect to decisions to
improve qualities of human lives. In this interpretation, the degree of substitutability may
not be most important distinction between instrumental and relational values: the first
is counted in terms of benefits and contribution by nature, the second by the investment
in effort. The latter matches the long-term experience that getting school children to care
for plants or animals shapes their values on environmental issues [55]. Stewardship as a
central concept of relational value has emerged in many human societies [56]. This view
on relational values as based on direct engagement may also help to further analyze the
noted gender differences in appreciating landscape elements and land use decisions [57].
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Figure 6. Interpretation of the complementarity of goal-oriented, instrumental and engagement-based, relational values
of nature to humans, with respect to ecosystem services (ES) (or nature’s contributions to people, NCP) and people’s
contributions to nature (PCN).

A substantial share of the words and metaphors that can be used to describe relational
values of nature to humans, are derived from the way relations between humans are
understood, within and outside an in-group or family concept. Tigers may be described
as “uncles” living in Asian forest, not to be disturbed but fair in their retaliatory actions
against human trespassers [58]; nature may be described as a “mother”. The relations
themselves grade from fear and respect, competition, enemies, friends, reciprocity, love and
care, or stewardship. Elaborating on a diagrammatic representation in [42], instrumental
values can be interpreted as part of an overarching relational value concept (with servant
or contributor as a one-direction oriented relation) (Figure 7).
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modified Maslow pyramid of human wellbeing [59] and nature-based solutions [60] to the various SDGs.

In agroforestry the primary relational targets are the tree, the forest and the farmer.
Trees play many symbolic roles, ranging from the “tree of life” to the peace-making
rituals of tree planting as joint relational effort to (symbolically) transcend conflicts [61].
The popularity of tree planting as activity that responds to global climate change and is
expected to protect people from harm has had various instrumental rationalizations but
has relational roots [62,63]. Seeing both trees and forests at the same time is a recognized
challenge. The derivation of the term forest is on the exclusion of local communities of
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resources claimed by the central state power, and despite the interest in community-based
forest management or social forestry, it is still hard to bridge the differences in relational
value expressed by the term forest [64]. Agroforests, as farmer-managed forests, often
with complex bundles of rights for individuals and local in-group customary community
members, have both instrumental and relational values that need to be appreciated.

3. Nested-Scale Agroforestry Concepts in Relation to Ecosystem Services
3.1. Three Agroforestry Concepts

The three agroforestry concepts that relate patch to landscape- and policy-level anal-
ysis (Table 1) relate to both instrumental and relational values—but to different degrees.
Instrumental values of nature to humans have been the basis of (meso- to micro-)economic
analysis that connect the ideas of Adam Smith to those of Charles Darwin; they are relevant
at all three AF concept scales. Relational values may be primarily located at the picoeco-
nomic scale of behavioral economics, bringing in aspects of collective action and commons
and thus the ideas of Elinor Ostrom.

Table 1. Agroforestry (AF) concepts with their social and ecological aspects across scales, in relation to ecosystem services
issues and underlying science.

AF Concept—Scale Social Aspects Ecological Aspects ES Aspects Underlying Science

AF1—patch/farm

Farmer resources,
knowledge, targets,

management choices (~
gender, ~ age, ~

context); input and
output markets; value

chain relations

Tree cover, tree
diversity;

tree–soil–crop
interactions in spatial
and climatic contexts;

response to farmer
management; land

equivalent ratio (LER)
for productivity

Generate, Influence,
Manage

Knowledge types; tree
growth (architecture

and functioning); water,
nutrient, light, and
carbon capture and
cycles; options in

context evaluation;
farm economics

AF2—landscape

Ecosystem (dis)service
perceptions across

stakeholders at local to
global scales;

instrumental and
relational value of
nature as concepts

Lateral flows (water,
organisms, fire,

nutrients, soil, etc.),
buffers and filters;

biodiversity change;
land equivalent ratio
for multifunctionality

(land shparing index) 1

Express, Interact,
Manage

Quantifying scale
relations; instrumental
and relational values
influencing decision

making in issue cycles;
self-regulation of

industry, ~ certification

AF3—policy

Sustainable
Development Goals
(SDGs); reconciling

rights and incentives in
agricultural and

forestry institutional
traditions

Planetary boundaries
linked to land and
water use: climate

change, biodiversity
loss, pollution, land

degradation

Recognize, Regulate,
Reward

Issue cycles;
subsidiarity

(devolution of
governance);
transparency;

environmental and
intergenerational

justice
1 The term shparing indicates that the land sparing versus land sharing debate may have been a false dichotomy, where land sparing can
be achieved through land sharing with land equivalent ratios above 1.0 (as discussed below).

Early analysis of the interactions between trees and crops in agroforestry has built
on the land equivalent ratio concept that emerged from the intercropping literature [65].
Rather than expecting benefits for each component as such, when compared to dedicated
specialized ways of producing any single component, LER provides a metric for how much
land can be spared by combining multiple elements on a single piece of land (Figure 8). If
all relations with tree cover are linear, the LER may be 1.0, but values below 1.0 are possible
when convex relations prevail, and values above 1.0 if concave relations dominate. The
LER index obviously depends on the functions that are included—in the original concept,
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the key function was production per unit area, while more recent interpretations include
many aspects of multifunctionality [66].Land 2021, 10, x FOR PEER REVIEW 11 of 24 
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Figure 8. Schematic relationships of various land functions, either agricultural or forest-related, in
relation to the percentage tree cover on a unit of land [67]; depending on the weights assigned to the
various functions, the LER sum across functions can be convex, with an intermediate tree-density
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3.2. Agroforestry as Part of a Landscape Mosaic

At the AF2 and AF3 scales, ecosystem services of agroforestry are not standalone enti-
ties that can be expressed per unit area and multiplied with the area under agroforestry for
a total contribution to human well-being. Rather, agroforestry at these scales needs to be un-
derstood and appreciated in a spatial context: it may be the recipient of ecosystem services
from “upstream”, providing benefits to people in the agroforestry systems themselves, as
well as passing on (modified) services to those further “downstream” (Figure 9). Landscape
mosaics can be characterized by the relative proportions of the components and the spatial
pattern or grain size of the mosaic, with edge length per unit area and types of neighbors
as distinguishing features. The components are here presented as four categories: forest,
agroforestry (here understood as half-open vegetation with trees, intermediate between
open-field agriculture and closed-canopy forest), agricultural, and urban environments.
Finer-grained mosaics have been associated with land sharing views on multifunctionality,
coarse-grained mosaics with economic specialization and trade globalization.

In this view there are ten types ecosystem services: 1, 2, 3, and 4 provided by the
local environment to people living in forest, agroforestry, agricultural, and urban envi-
ronments, respectively; 5, 6, and 8 provided by forests (and the people living there) to
human beneficiaries in agroforestry, agricultural, and urban environments, respectively;
7 and 9 derived from agroforestry and provided to agricultural and urban parts of the
landscape; and 10 derived from agricultural parts of the landscape and provided to urban
people. Agroforestry thus plays a role in the provisioning services of (domesticated) forest
products [68–70] and the regulating services on water flows [71] or carbon storage [71–73].
Part of these agroforestry services are supported by the presence of forests in the landscape
(arrow 5) and contribute (arrow 7) to the services agriculture in turn provides (arrow 10).

Similar to a value added tax concept that applies to economic value chains, each land-
scape component could be held accountable for the net balance of incoming and outgoing
services. There are some building blocks for such analysis, that include the local forest
typology of Karen in Thailand with a specific word for “forests protecting rice-fields” [74]
and the recent analysis of watersheds where agricultural over-use of ground- or surface
water competes with urban beneficiaries [75]. However, a full analysis along such lines
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does not yet exist. Few studies, if any, have effectively dissected these interactions and clar-
ified the degrees of substitutability between them. Partial compensation of forest-based ES
by agroforestry (including provisioning of medicinal plants and animals, forest fauna and
flora, supporting human food security) has been documented in several landscapes [76–78].
If landscape management is based on local knowledge and experience, such explicit dissec-
tion may not be needed, but where national policies and international incentive systems
and policy support continue to make distinctions between forest and agriculture without
space for intermediate agroforestry that can match both definitions [79], evidence from
well-quantified case studies can contribute to policy change, potentially rediscovering,
reinventing, or reimagining agroforestry [42]. An example where the mosaic concept has
been applied is in the flow persistence metric that translates the plot-level pathways of
peak rainfall events, to the temporal dynamic of rivers and floods [80]. Similar analyses of
the net balance of erosion and sedimentation in landscapes with the existing spatial filter
and buffer elements [74,81,82] defy the simplicity of expressing ES values as entities per
unit area, with a total derived by multiplying area fractions with value per unit area. What
needs to be valued is the mosaic with its structure and functions.
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3.3. Agroforestry and Metrics for Multifunctionality

A central metric for progress towards multifunctionality across all relevant goals and
efficient use of the land available could be that the land equivalent ratio for multifunction-
ality, LERM, exceeds 1.0 [66]. LERM is the sum of the areas of land managed specifically to
achieve any of the various functions that match what multifunctional land use provides
jointly. Examples include the provisioning of food, building materials, firewood, ground-
water recharge, C storage, and belowground biodiversity conservation [66]. A subset of
this index, the land equivalent ratio for productivity (LERP), is commonly found to be in
the range 1.1–1.3 for legume and cereal systems, for example; this may indicate negative
yield gaps when current practice monocultures are taken as point of reference for the
productivity of each component of a mixture. Forms of agricultural/agroforestry land
use that do not maximize productivity as such may achieve high LERM values through
a range of ecosystem services and thus have land sparing properties through their land
sharing [83]. Such land uses contradict the usually inferred contrast between sparing
(by minimizing yield gaps) and sharing as two ways to reconcile production and other
ecosystem services [84]. As the land sparing argument refers to the proportions of land
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required for agriculture and land sharing to the mosaic pattern (Figure 9), the sparing
versus sharing debate may be based on a false dichotomy. Sparing through sharing (or
“shparing”) is feasible when LERM exceeds 1.0.

A recent contribution to the debate on whether or not the promotion of agroforestry
in tropical landscapes is a sensible policy stated [85], “Agroforestry is widely promoted
as a potential solution to address multiple UN Sustainable Development Goals, including
Zero Hunger, Responsible Consumption and Production, Climate Action, and Life on
Land. Nonetheless, agroforests in the tropics often result from direct forest conversions, dis-
placing rapidly vanishing and highly biodiverse forests with large carbon stocks, causing
undesirable trade-offs.” These authors concluded that forest-derived agroforestry supports
higher biodiversity than open-land-derived agroforestry but essentially represents a degra-
dation of forest, whereas open-land-derived agroforestry rehabilitates formerly forested
open land. Ironically, expansion of the first type (forest derived), although associated with
higher biodiversity indicators than the second (restoration based), might be rated as less
biodiversity friendly than the second. Policies that promote the second might need to
be combined with conserving remaining natural forest and maintaining tree diversity in
forest-derived agroforests [86].

3.4. Agroforestry and the Half Earth Debate

Beyond the relational biophilia argument [87], current proposals to formulate targets
for the post-2020 global biodiversity agenda that reserve half of the Earth for Nature blend
a strong intrinsic (moral, ethical) values with reference to the planetary boundaries as
existential risk for all life on the planet. The proposal builds on the relative success in
achieving the Aichi target for increasing protected areas relative to the lower degrees
of progress on other targets [88]. As the initial formulation and support came mainly
from the “fortress conservation” lobbies, groups concerned with the rights, perspectives,
and livelihoods of the people currently living in the areas that would get a primarily
“conservation” designation responded with alarm [89,90]. Some follow-up proposals
referred to 30% of the earth as conservation area, plus 20% under indigenous people’s
management, but the discussion continues. An aspect that is relatively absent from the
debate so far is the spatial consequences and the alternative ways of achieving such targets,
e.g., through spatial segregation of “production” and conservation areas (Figure 10A) or in
a spatially integrated mosaic (Figure 10B) that may have a (fractal) scale distribution.
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The segregated option, with large, protected areas segregated from intensive agricul-
ture and urban domains, may achieve the best outcomes for conservation of threatened
wilderness and associated species (especially those with large home ranges and low toler-
ance of human presence); in the spatially integrated option, more people would experience
nature, or at least natural landscape elements, in their neighborhoods and potentially
benefit from them in various ways. In terms of instrumental and relational values, the
segregated and integrated options [91] thus have different consequences for change rel-
ative to the current mosaic of urban, open-field agriculture (including monoculture tree
crops and short-rotation plantation forestry), half-open agroforestry (including trees out-
side forest), and natural vegetation (with levels of management that match sustainable
use criteria). Many landscapes still are coarsening the grain size of the mosaic [92,93],
influencing the environmental and social interactions between nature and people. The
land sparing versus land sharing debate of the past decades [94,95] has focused on either
closing mono-cultural yield gaps (through conventional intensification) or exploiting land
equivalent ratios (through “ecological intensification”; [52]) as approaches to reconciling
production and conservation needs of society.

A recent economic analysis [96] suggested that half Earth scenarios could be economi-
cally viable if technological progress towards land sparing continues and if the recreational
needs of an increasingly urban and affluent population provide incentives and employ-
ment outside the urban and primary production areas. The authors may not have realized
(and the debate has not picked up) that these arguments refer to a Figure 10B rather than
Figure 10A scenarios. Value arguments have suggested that people move towards na-
ture if nature does not move towards people [97]. In follow-up to the COVID pandemic,
however, the spatial integration of people and nature will have to be reconciled with
relational/instrumental concerns about public health [27]; a main objection to the half
Earth concept is that the half of the planet where people dominate still needs elements of
nature to function [98]. In this debate, the relational and instrumental value categories are
fluid and part of a continuum.

The scope for a more connective agroforestry landscape concept has never been larger
than now, as a key challenge for implementing the landscape approach is that political
processes and conservation initiatives still operate in “silos”, largely disconnected from
farmers and local key agents responsible for tree governance [99]. The recent “making
peace with nature” report [100] urges for a coherent approach to climate change, loss of
biodiversity, and pollution as part of reimagining and transforming the ways in which the
values of humans and nature are reconciled. An ambitious vision of the way agroforestry
can be part of the solution needs to connect local to global scales and vice versa.

4. Roles for and Contributions by Agroforestry Research
4.1. Issue Cycle Stages

The recent “The Future is Now” UN sustainability science report [101] identified
four levers that are essential in opening transformative pathways toward sustainable
development: (1) governance (public decision making, rules); (2) economy and finance
(incentives and investment); (3) individual and collective action (motivation and social
feedback); and (4) science and technology (knowledge and understanding). The boundary
work research tradition has long analyzed how the latter can be more effectively linked to
the first three [1,102]. These levers match, but in different order, the various knowledge-
to-action chains identified along an issue cycle [8]: (a) agenda setting; (b) better and
more widely shared understanding of what is at stake and how it can be monitored; (c)
commitment to common principles and moving on from denial and conspiracy theories;
(d) differentiated responsibility in practice through means of implementation devolved
to (newly created or existing) formal institutions; and (e) efforts to monitor and evaluate
effects, which can be the start of a new issue cycle while allowing for genuine innovation.
Progress markers along these five chains are available [8] (Table 2); bottlenecks in any of the
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chains can slow progress in others, including in the way knowledge of values and decision
making progress.

Table 2. Progress markers (from 1 to 10) for four interrelated knowledge-to-action chains in the issue (decisions) cycle [8]
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Chains A: Agenda Setting
and B: Science-Based

Understanding of Ongoing
Change and Emerging Issues

Chain C: Societal
Willingness to Act—From
Denial to Responsiveness,

Common Goals, and
Responsibility

Chain D: Governability
Pathways to Change from
Blame Games to Taking

Responsibility and Means of
Implementation

Chain E: Technological,
Institutional Innovation:
Real-Life Solutions and

Learning

ab1. Initial guesstimates of
seriousness of impacts of

“emerging issues” based on
current understanding of

“systems”

c1. Steps from “ignoring” to
“denial”, based on conflicting

evidence from “best” and
“worst” cases in public

discourse

d1. Identification of current
rules, incentives, and

motivational instruments as
contributors/aggravators of

the issue at stake, and options
to reform them

e1. Adequate grounding of
potential innovators in
existing knowledge and
theories to explore new

applications, and in lists of
“unresolved questions” for

society at large
b2. Operational definitions of

the entities and processes
associated with the “issue”

(potentially reframing,
splitting and lumping of
issues based on increased

understanding of causation
and/or effects)

c2. Steps from denial to
accepting issues as part of the

concurrent “agenda”,
requiring debate in a multiple

stakeholder context with
multiple knowledge claims

d2. Reflection on an “at least
do no harm” precautionary

principle in the face of
remaining uncertainty and

existing communication
pathways with the wider
stakeholder community

e2. Safe spaces for innovators,
in terms of resources (finances,

facilities) needed and
protection from
micromanagers

b3. Cause–effect mechanisms,
feedback loops and system

dynamics associated with the
issue

c3. Steps from “blaming
others” and “victim roles” to

facing complex reality and
taking shared responsibility

d3. Path dependency of the
issue and opportunities to
deal with the established

context and its spatial
variation

e3. Support for functional
diversity of pathways
explored and delayed,

stepwise selection of increased
support for “likely winners”,

within clear societal goals and
criteria

b4. Agreed methods with
known biases to allow
replicable research and

mapping

c4. Initial estimates of
differential (by geographic

and social strata) vulnerability

d4. Relevance of and steps
towards legal change in rights

and responsibilities in the
existing constitutional

framing

e4. Risk awareness and
compliance with agreed

safeguards by all innovators,
but especially publicly

supported ones

b5. Studies of spatial extent
and temporal change of key

aspects of the issue, its drivers,
and its consequences

c5. Initial estimates of
differential contribution to
“causes” and likely need to
change behavior and/or pay

for damage done

d5. Economic (efficiency)
dimensions of proposed

pathways for dealing with the
issue (at cause and/or

consequence level)

e5. Early awareness of scale
relations (in applicability,
undesired/unexpected

consequences) of emerging
innovations

b6. Articulation of the
planetary boundaries

associated with the issue

c6. Initial estimates of
differential opportunities to
adapt to consequences and

reduce contributions to
“causation”

d6. Motivational and social
(fairness) dimensions of
proposed pathways for

dealing with the issue (at
driver and/or consequence

level)

e6. Effective two-way
feedback where existing
theory (“first principles”)
appears to contrast with

emerging practices (Pasteur
quadrant)

b7. Using understanding of
nonlinearity and feedback

loops, proposition of
thresholds for “safe operating

space”

c7. Articulation of culture-
and religion-based motivation

to act in solidarity or direct
self-interest

d7. Intersectoral integration
across all relevant aspects of
current agendas (i.e., beyond

the focal issue)

e7. Early feedback from
potential users and

stakeholders of potential
consequences that are to be

avoided

b8. Agreed monitoring,
reporting, and verification
tools for collective action at

relevant scales (local to global)

c8. Dynamic coalitions for
change in the face of tradeoffs
and synergy with other issues
in various stages of their own

“cycle”

d8. Polycentric governance
dimensions of rights and

responsibilities across
institutional scales

e8. Opportunities to evaluate
likely wider consequences in

scenario tools that are
sufficiently robust to

extrapolate beyond known
empirics
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Table 2. Cont.

Chains A: Agenda Setting
and B: Science-Based

Understanding of Ongoing
Change and Emerging Issues

Chain C: Societal
Willingness to Act—From
Denial to Responsiveness,

Common Goals, and
Responsibility

Chain D: Governability
Pathways to Change from
Blame Games to Taking

Responsibility and Means of
Implementation

Chain E: Technological,
Institutional Innovation:
Real-Life Solutions and

Learning

b9. Scenario-evaluation tools
to judge likely effectiveness of

proposed and emerging
innovations in their
multidimensional

characteristics (incl. tradeoffs
and synergy)

c9. Prioritization among
concurrent issues and

negotiated trade-offs between
agendas of multiple
negotiating parties

d9. Opportunities for new
public–private partnerships
(covenants, phased change,

clarity on long-term goals and
standards)

e9. Stepwise empirical tests at
relevant scales for “promising

candidates”, with clarity on
standards to be applied for
societal risk management

b10. Regular reassessment
and recalibration of simplified
proxies used for monitoring
compliance and progress in

dealing with the issue

c10. Sufficiently ambitious
goals and adequate

governance instruments (incl.
monitoring compliance and

effectiveness, sanctions) at all
relevant scales in agreements

and plans of action, with
“common but differentiated

responsibility”

d10. Where necessary,
adjusting governance
instruments based on
litigation by specific
stakeholder groups

e10. Adequate recognition
(remuneration, influence) for
past success (recognizing its
limited predictive skill for

future successes)

Taking the values of others, beyond one’s in-group, into account is an important di-
mension of “governability” [103]. This process can be based on moral or ethical values and
(relational) choices, but it can also derive from pragmatic (instrumental) considerations and
experience that the “others” may have the power to disrupt and that they need incentives
to not do so. In the analysis of social systems and their decision making, (reference) groups,
rituals, affiliation, status, and power have been identified as aspects that need to be under-
stood in their interaction [104,105]. Typically, public decisions consist of a declaration of
principles followed by the creation of (or “outsourcing” to existing) institutions mandated
to implement agreed goals, within delineated powers to enforce [106,107]. Communication
and nudging [108] are likely to be central to such a theory of change of theory at the scale
of human societies.

4.2. Methods and Interdisciplinarity of Agroforestry Research

The methods sections of the papers in the special issue on agroforestry-based ecosys-
tem services demonstrate that agroforestry research has derived and embraced methods
from many research traditions, ranging from agronomic trials, ecological, soil science, eco-
nomics, social sciences and policy analysis. This reflects the trends in a recent overview of
agroforestry research methods [109]. Further progress on the appreciation of agroforestry-
based ecosystem services will require, for example,

1. Enhanced quantification of trees-outside-forests [9,110,111] in relation for “forest
function” thresholds such as those for rainfall [112] and infiltration [113];

2. Distinctions between forest-derived and restoration-based agroforestry practices [15,85,86]
and the expected societal costs and benefits [114];

3. Reconciling local, science-based, and policy-oriented ecological knowledge [115,116];
4. Process-level understanding of tree–soil–crop interactions used in bio-economic mod-

els [117] and the dependence on tree cover (Figure 8) of specific ecosystem services in
each context [118–120];

5. Market-oriented domestication of local fruit trees [121], regularization of smallholder
cash-crop production within the supposedly permanent forest estate [122];

6. Further landscape-scale studies of biodiversity impacts beyond plot-level effects on
average farms [123–125];
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7. Location specificity of trade-off management in the food–energy–water nexus [42,66,126]
and in biodiversity [85,127–129], with increased interest in disease risks outside and
within agroforestry [130,131];

8. Balancing the two sides of the doughnut in challenging any siloed interpretation of
SDGs ([8,10,66,132]; Figure 1);

9. Realistic and critical impact assessments of agroforestry-enhancing projects in local
contexts [133–135], in view of livelihood strategies and tactics that include migra-
tion [136] and grasping new economic opportunities [137];

10. Use of participatory methods in scenario development and reimagining desirable
futures a local scale [42,138], reconciled with understanding agent behavior through
“sociality” research [139].

4.3. Research Roles in Theories of Induced Change

In line with the stronger impact orientation of most of the funding sources for applied
or use-oriented research, it is important that “theories of induced change” are explicit in
how research can contribute to the progress of policy issue cycles (Table 3).

Table 3. Achievable goals for researchers interacting with policy issue cycles stages [109].

Policy Cycle Stage Researcher Goals Impact Looks Like . . .

Problem alert

Spotting new social and environmental
problems or phenomena that (someone
believes) limit progress to development

goals such as SDGs

Raised interest and concern among
researchers (and others? Activists?)

Problem scope and basis

Understanding: (A) extent of the problem
(areas, people affected), (B) drivers and
mechanisms, (C) connections to current

or new theory

Either increasing numbers of people
aware of and understanding nature of the

problem
and why it matters,

or (if it turns out to be an unimportant
problem) efforts redirected to areas with

more potential effect

Potential solutions and interventions
Showing that there are actions that will
alleviate the problem and policies that

will promote those actions

Pilot projects that excite people, increase
demands, generate more nuanced

research

Political agenda setting Getting relevant policy makers interested
and pushing towards policy change

Convincing demonstrations that the
problem impacts things policy makers

care about and
that policies proposed will help

Policy formulation
Systematic investigation of a problem
and thoughtful assessment of options

and alternatives
Convincing policy options formulated

Selection Process

Prioritization (decision-making) of
available options given costs/benefits

and compromises across diverse
stakeholder interests

New policies adopted and followed

Implementing Introduce actions based on policy aimed
at changing the problem Change in state of problem

Evaluation and monitoring
Confirm that the problem is under

control (or tracking in the right direction)
and remains so

Problem is solved—extent of “fix” and
role of the policy.

4.4. Hypotheses for Further Research

In each of the three questions, several hypotheses emerged from our exploration
of concepts:
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i. The way plural value concepts of agroforestry evolve in relation to ES discourse and
sustainability concerns at the multifunctional landscape scale.

Hypothesis 1. The broader landscape context influences the roles trees and agroforestry play in
value addition in forest-to-urban land use gradients, with the suggested ten-point classification of
beneficiaries and service providers (Figure 9) largely untested.

Hypothesis 2. Critical tree cover thresholds for ecohydroclimatic functions in the agroforestry–
forest continuum (Figure 8), including rainfall triggering and infiltration, depend on terrain
properties and position relative to global atmospheric circulation patterns.

ii. The interaction between the three agroforestry scales (AF1, AF2, and AF3) and value-
of-nature concepts.

Hypothesis 3. Instrumental, goal-oriented values of agroforestry land uses can be more effectively
expressed in national policy debates in relation to nature-based solutions to a suite of SDGs (such as
those linked to food, health, water, energy, jobs, sustainable cities, and climate change), rather than
purely in economic value (SDG1 only),

Hypothesis 4. Relational values of nature to humans play an under-appreciated role in the
communication of agroforestry options and the concerns in producer–consumer teleconnections of
tropical commodity supply and value chains.

iii. The roles research can play in connecting theories of place and change to policies that
aim for applicable theories of induced change, in support of SDGs.

Hypothesis 5. The complementarity of relational and instrumental value concepts in overcoming
the successive hurdles that hinder progress of public policy issue cycles calls for boundary work
teams with broad sets of analytical and communicative skills.

Hypothesis 6. A healthy research portfolio requires intellectual and financial space to invest in
“high-risk, high potential impact” early stages of emerging issues in which agroforestry plays a role
as cause and/or solution, beyond the more easily plannable later stages of issue cycles.

5. Conclusions and Outlook

This review of a wide-ranging literature suggested that value concepts of agroforestry
are evolving as part of the wider ES discourse and sustainability concerns at and beyond the
multifunctional landscape scale. Basic understanding of the existing and evolving diversity
of living organisms, the strengths and limitations of profit-oriented individual actions
that drive markets, and the relevance and history of local community-scale institutions
are essential now that it is the global commons of reconciling planetary boundaries with
remaining development deficits that drives the agenda at the highest level. Both instru-
mental (goal-orientation, rationality) and relational (social in-group orientation) values
are used in communication and broadening the political platforms for theories of induced
change at landscape and regional scales.

The three agroforestry scales and concepts (farm, landscape, and policy integration)
interact with the way these values can be articulated and, where relevant, quantified. In
terms of the efficient use of land argument, land sparing can be achieved by land sharing if
the latter meets the quantitative requirement that the land equivalent ratio, across relevant
functions, is above 1.0. To evaluate this metric in practice, it is important to understand
how intermediate (partial) tree cover affects a wide range of ecological functions that can
contribute to services from a human perspective.
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Current research on agroforestry and the ecosystem services it provides at local,
national and global scales commonly embraces a social–ecological system framing. Two-
way feedbacks between social and ecological subsystems across scales are at the center of
research interest. Most research has, however, been framed in an instrumental ecosystem
services perspective, where the ecological subsystem serves the social system, rather than
as a two-way relational one, where stewardship enhances and broadens relational values.

Many contemporary studies are both multi- and interdisciplinary in nature, and
they can become transdisciplinary if they explicitly compare farmers’ ecological knowl-
edge with science-based perspectives, farmers’ choices with regard to what economic
analysis suggests as ways to reconcile multiple goals, and/or policy ambitions with the
social–ecological reality of landscapes connected to global trade. Relevant, use-oriented
agroforestry research can play active roles in connecting theories of place and change
to policies that aim for applicable theories of induced change in support of SDGs. The
substantial number of hurdles that need to be taken to link knowledge with action in
environmental issue cycles require both instrumental and relational value arguments to
play out, without suggestions that they are anything but complementary perspectives
rather than separate “values” that would need to be added up to attain a “total value”.
The potential emotional appeal of trees (and especially tree planting) will continue to
be both an opportunity and a challenge for promoting agroforestry unless the relational
and instrumental values of agroforestry are more widely understood as complementary
articulations of a rich and complex reality in plural societies.
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