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Preface to ”Agroforestry and Sustainable Agricultural

Production”

Our ability to feed the future world population with current agriculture production practices

has been questioned. Intensification has been the usual option taken by modern agriculture, but it

still has a limited potential to meet the increasing food demand without degrading the environment.

The consequences of intensification include a loss of biodiversity, a decline in soil fertility, and the

collapse of agroecosystem functions. There is a large consensus that innovative practices and more

sustainable approaches of farming production are needed, but to what extent they have the potential

to fill the yield gap is still unclear.

This book collects original contributions on innovative agroecological practices that seek

to maximize production as well as deliver multiple services to society, including biodiversity

conservation. This book places a special focus on agroforestry because of its known potential to

deliver ecological benefits with a wide range of products and services, while at the same time

maximizing resource usage. Overall, this book collects several case studies that address the potential

of agroforestry to foster food production while minimizing the negative effects on the environment,

thereby empowering local communities and building resilience against future climate scenarios.

Vı́ctor Rolo

Editor
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Editorial

Agroforestry for Sustainable Food Production

Víctor Rolo

Forest Research Group, INDEHESA, University of Extremadura, 10600 Plasencia, Spain; rolo@unex.es

Agricultural production is considered to be among the largest drivers of global envi-
ronmental degradation. Agricultural activities are behind a substantial share of greenhouse
gasses emissions, occupy a large amount of the Earth’s land surface, consume vast quan-
tities of freshwater, and are responsible for the degradation and fragmentation of forests
and the loss of biodiversity. At the same time, feeding an increasing global population
in the coming decades will be a global challenge. The lack of suitable arable land in the
scenario of climate change is argued as the main factor that will increase the gap between
food production and demand. The food production gap is magnified by persistently poor
management that has degraded the soil in many areas of the world, limiting the land
available for agriculture. In this context, there is an increasing interest in the adoption
of practices that maintain the productive capacity in a changing climate and limit the
degradation of the environment.

Agroforestry, defined as the deliberate combination of woody vegetation with crops
and/or animal systems, has been proposed as a suitable method for agricultural manage-
ment capable of facing the current environmental challenges. The ecological and economic
benefits resulting from the integration of various elements that are part of an agroforestry
system can foster the multifunctionality of agricultural lands and limit the various trade-
offs associated with food production. Agroforestry has been shown to benefit carbon
sequestration, reduce soil erosion, limit negative effects on biodiversity, reduce greenhouse
gas emissions and nutrient leaching, buffer extreme weather events for crops, and increase
the temporal stability of crop production. Moreover, agroforestry systems increase the
provision of sociocultural benefits. Nevertheless, there are several challenges, such as a
perceived negative view of trees in agricultural lands, poor definition and policy support, or
the lack of know-how to manage complex systems, which prevent the widespread adoption
of agroforestry systems.

This Special Issue of Sustainability on Agroforestry and Sustainable Agriculture Pro-
duction gathers several studies on agroforestry systems from around the world, including
a variety of types of agroforestry systems, from traditional wood-pastures to tropical
cocoa-based systems, and approaches, from literature reviews to state-of-the-art ecological-
economic models. The Special Issue highlights the potential of agroforestry as a promising
approach for the creation of multifunctional landscapes able to face contemporary environ-
mental challenges.

The loss of soil quality due to decades of mismanagement is a major concern for food
production in many areas of the world. The negative consequences of soil loss are especially
relevant in uplands, where high slopes can amplify erosive processes. In these locations,
the presence of woody elements has proven to be an effective measure for soil conservation.
Hussain et al. [1] provide an example and show how soil loss is substantially reduced in an
intercropping system of maize–chili and leucaena (Leucaena leucocephala) trees hedgerows,
while the productive potential of the land increases, all with a minimum usage of tillage
and fertilizers. The increased usage of fertilizers is a common approach to reverting the
negative effects of soil degradation on crop yields in agriculture. Xing et al. [2] tackle this
challenge in the Loess Plateau in China. They propose a soil quality index to evaluate
soil fertility and assess the availability of nutrients for sustainable production in potato
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farmlands. It is well-known that trees have a positive effect on soil fertility, in part due
to their ability to uptake nutrients from an extended volume of soil that are incorporated
into the soil via litterfall or root decay. Karagatzides, Wilton, and Tsuji [3] provide an
example of the positive effect of trees on nutrient availability. By using in situ ion exchange
membranes, they found that agroforestry plots had a higher availability of PO4, Ca, and Zn,
which were positively related to crop yield. This pattern is also observed in Mediterranean
silvopastoral systems; however, in this system, tree’s long-term persistence is jeopardized
by the lack of successful regeneration. López-Sánchez et al. [4] report the potential negative
effect of high stocking rates on tree regeneration. They argue that only by allowing for
the presence of nurse shrubs and through the adequate management of livestock will the
sustainability of trees be guaranteed.

The positive effect of the trees of the agroforestry systems on soil’s organic carbon
content, as well as on the carbon stored in their above- and below-ground biomass, can
stimulate the sequestration of atmospheric C in agricultural landscapes. However, the
presence of trees can reduce yields if the interaction between vegetation layers is mainly
competitive. Ballesteros-Possú, Valencia, and Navia-Estrada [5] assess the potential of
various agroforestry settings of cocoa (Theobroma cacao) with Melina (Gmelina arborea) trees
to improve yields and carbon sequestration as compared to traditional systems. They
develop a series of allometric equations, measure the soil’s organic carbon content, and
calculate several indices of economic returns. They conclude that alternative agroforestry
settings can improve yields and the carbon-sequestration potential of traditional systems.
For sensitive crops to endure climate change, by contrast, the presence of trees can be an
opportunity to ameliorate less favorable climatic conditions due to their provision, for
instance, of shade. This may be the case with coffee plants that naturally originated from
the understory of an African forest, but that are currently mainly cultivated under the
sun. The negative effects of shade on yields are a concern, but mixed results and a lack of
knowledge of the effect on different coffee varieties are the norm. Ehrenbergerová et al. [6]
assessed various yield components of coffee plants growing under the shade and did not
find significant differences as compared to those growing in full light. In addition, they
reported a positive effect on the soil water content, which can help to build resilient systems
in a future drier climate scenario.

Agroforestry can ease the negative effects of the scarcity of arable land for food
production because it increases the productivity per unit of land. The lack of arable land is
of particular concern in developing countries, where the expansion of agriculture activities
is associated with a shear increase in forest degradation and fragmentation. Traditional
agroforestry has been practiced for decades in these locations, but they are usually small
systems and manage as a subsistence practice in many households; therefore, they do not
unlock the full potential of agroforestry. There are still many barriers that limit the wide
adoption of agroforestry or that hinder the productive potential in already established
agroforestry systems. Achmad et al. [7] examine the available literature about the factors
that prevent an increase in the productive capacity of smallholder subsistence agroforestry.
The socio-economical background, including the literacy level, financial support, and land
tenure, are the main handicaps to increasing the productive potential of small agroforestry
systems. They report that these barriers are not overcome by the adoption of technological
innovations because of the low literacy level. Octavia et al. [8] performed an analysis
on the same lines and concluded that policies should target the mainstream adoption of
agroforestry systems. They stress that a successful adoption may be achieved by a careful
selection of the species and planting arrangements. The introduction of new species or
the alternative usage of local crops can boost the rural development and resilience of local
communities. Bas et al. [9] report an example of this and argue that the alternative use of a
common crop can enhance the socio-economic resilience and nature conservation of native
forests. They found that involving local communities in the process of decision making is
key to the sustainable development of rural economies.
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In developed countries, the challenges that face traditional agroforestry systems are
completely different. Policies that support nature conservation are common, but they
may still be insufficient to guarantee the long-term persistence of traditional agroforestry
systems. Despite the ecological benefits that this system provides to society, the financial
support offered by nature conservation policies may not fully cover the maintenance cost
of the system. Nishizawa et al. [10] model the effect of subsidies on farmers’ decisions
regarding trees and biodiversity conservation in Orchard meadows in Switzerland. The
authors highlight that the effectiveness of the payments was highly dependent on the
farm type. The integrated model that the authors developed allows them to conclude that
policies would be more effective if target specific farm types instead of offering the same
solution for all farms.

Overall, this Special Issue of Sustainability collects several case studies that address the
potential of agroforestry to foster food production while minimizing the negative effects on
the environment, thereby empowering local communities, and building resilience against
future climate scenarios.
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Abstract: Intensive land use with inappropriate land management is directly degrading South Asian
uplands. A field trial was carried out on the uplands of Western Thailand with a 25% slope to
examine the effect of land use management on soil loss for sustainable crop production during
two consecutive years (2010–2011). Various cropping systems with soil conservation practices were
compared to maize sole cropping (MSC). Results revealed that soil loss was at a minimum in the
intercropping system of maize-chili-hedgerows with minimum tillage and fertilization that was
50% to 61% and 60% to 81% less than MSC and the bare soil plot during both years, respectively.
Yield advantage was at its maximum, as indicated by the highest land equivalent ratios of 1.28 and
1.21 during 2010 and 2011, respectively, in maize-chili-hedgerows-intercropping with minimum
tillage and fertilization. The highest economic returns (5925 and 1058 euros ha−1 during 2010 and
2011, respectively) were also obtained from maize-chili-hedgerows-intercropping with minimum
tillage and fertilization. Chili fresh fruit yield was maximum in the chili alone plot during both years
due to the greater area under cultivation compared with intercropping. Maize-chili-hedgerows with
minimum tillage and fertilization reduced soil loss and increased land productivity and net returns,
indicating its promising features for sustainable crop production on uplands.

Keywords: land use options; soil conservation; intercropping; hedgerows; minimum tillage

1. Introduction

A large proportion of agricultural land (around 2 billion ha) in the world is already
affected by soil erosion [1], whereas around 10 million hectares of land are destroyed every
year due to soil erosion, directly impacting world food production [2].

The land area of Thailand is 514,000 km2: 41% for agriculture, 31% for forest and 28%
unclassified. Most of the small holders cultivate maize for food, while some concentrate
on cash crops such as chilies. However, in both cases, cultivation is often carried out
on uplands with varying slope degrees (10–40%), which encourages deforestation and
ultimately soil erosion [3]. Soil erosion has been a very common problem from decades,
and concerns about conserving the soils on uplands are increasing. Soil loss is mainly
caused by improper farming methods, low soil cover, extensive tillage and mono-cropping
systems, whereas rainfall intensity, slope gradient, soil stability, crop management and
conservation practices are considered to be the main factors that directly affect soil ero-
sion [4–8] in Thailand and other parts of Asia. These Thai hillsides have moderate to steep
(10–30%) slopes and are dominated by natural bamboo forests.

Heavy rainfalls at the time of crop harvest or just after harvest causes soil erosion,
ultimately reducing soil fertility. Land degradation and soil loss due to heavy rainfall and

Sustainability 2021, 13, 6477. https://doi.org/10.3390/su13116477 https://www.mdpi.com/journal/sustainability5
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improper cropping has already affected the livelihood of the farmers and led them to adopt
alternate income-generating sources rather than farming. Most farmers in the region have
already left farming and started off-farm jobs in various mills, factories, and institutions.
Knowledge of proper soil use and management to preserve available resources is a big
challenge [9] for farming communities living in soil-loss hotspot areas.

Sustainable crop production is most important for regional food security and creating
better livelihoods for the farming communities, whereas sustainable crop production
on the uplands is not possible without soil conservation practices/conservation tillage.
Conservation tillage has vital role in soil conservation, crop production and food security
on slopes with tropical weather conditions. Conservation tillage is a noninversion tillage
system in which around 30% of crop residues are always kept on the soil surface. Cropping
systems with conservation tillage/soil conservation practices directly reduce soil loss,
maintain soil fertility and enhance farm productivity on uplands [5–8,10]. In Western
Thailand, most of the farmers follow a mono/sole cropping system without any soil
conservation practices. The crops (like maize and chili) are grown under sole cropping
at a wider distance, encouraging soil loss due to heavy rainfall. Sole cropping offers
limited opportunities for sustainable agricultural production, especially under degraded
soil configurations with the fragile and unusual nature of tropical weather [11]. Instead
of sole/monocropping, intercropping has many advantages, such as yield stability [12],
efficient use of above and below ground resources, soil conservation, [13], increasing
productivity and land use efficiency [14]. In addition, intercropping systems that are
blended with soil conservation practices are more stable and less risky for farmers as these
reduce the risk of crop damage [10]. Intercropping with soil conservation methods includes
agroforestry systems, grass barriers and contour hedgerows.

Agroforestry is a land use that allows trees and crops and/or livestock production
from a single piece of land to achieve ecological, economic, cultural, and environmental
benefits [15]. These systems originated from developing countries, where the population
pressure is high with limited land resources. They differ from traditional forestry in term of
their economic and social benefits along with water and soil sustainability and act as buffers
to extreme climatic conditions. Hilger et al. [16] indicated the effectiveness of hedgerows
in the reduction of fertile soil loss on uplands. Slogans of proper land use and land use
management for maintaining soil fertility are increasing over time in many regions of the
world. This not only inspired governments but also led farmers to explore proper soil
conservation practices in upland agriculture for maintaining soil productivity and structure.
Similarly, various government and non-governmental organizations are also active in
Thailand, creating awareness about land degradation issues among farming communities.

Minimum tillage with Jack bean relay cropping was suggested as a soil conservation
combo under conservation tillage on uplands, reducing soil loss and improving crop
productivity on the uplands of Northeast Thailand [17,18]. In minimum tillage, no tillage is
carried out except for on soil where the seed is sowed while Jack bean relay cropping covers
the soil during the fallow period and is also left in the field after harvest [17]. No till or
minimum till can compact the soil, which can reduce soil loss but also reduce the infiltration
rate of rainwater. Minimum tillage coupled with Jack bean relay cropping reduces soil
compaction, increases infiltration, and reduces soil loss [18].

Farmers in upland regions are reluctant to adopt conservation practices such as
hedgerows, intercropping, and minimum tillage coupled with Jack bean relay cropping,
despite many benefits. They perceive that soil conservation practices increase input cost,
reduce the land area of crops and increase resource competition. To address farmers’
concerns about soil conservation techniques and the benefits of best-suited land use on
hillsides, a field experiment was conducted on the uplands of Western Thailand with
a specific objective: to explore the role of land use with soil conservation practices like
intercropping, hedgerows and minimum tillage coupled with Jack bean relay cropping as
conservation tillage for soil loss, water runoff reduction and yield improvement. It was
hypothesized that cropping systems with hedgerows and conservation tillage (minimum
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tillage coupled with Jack bean relay cropping) with proper fertilization would reduce
soil loss, as well as enhancing land productivity and net economic returns for small land
holding upland farmers in Western Thailand.

2. Materials and Methods

2.1. Study Site

The experiment was performed at Ban Bo Wai Village (13◦28′ N, 99◦15′ E), Ratchaburi
Province, Western Thailand. The soil was loamy-skeletal, siliceous, isohyperthermic Kan-
haplic Haplustults with shallow and stony nature, often prone to soil erosion. The region
receives rainfall of about 1200 mm annually from May–October each year. The average
annual temperature is about 28 ◦C and 14 MJ m−2 d−1 solar radiations. Climatic variables
were automatically recorded at the research site (Figure 1). Soil was analyzed for physio-
chemical properties, shown in Table 1. The locality is mostly hilly with moderate to steep
slopes mostly covered by maize cultivation. Other crops include cassava (Manihat esculenta
Crantz) and chili (Capsicum annuum L.). The cultivation of the maize crop starts just after
the onset of the rainy season in June and ends in late September to mid-October.

Table 1. Main soil physiochemical properties of the study site before planting.

Soil
Depth

* Soil
Texture

Sand
(%)

Silt
(%)

Clay
(%)

* pH
* SOC

(g·kg−1)
* Total N
(g·kg−1)

Extractable P
(mg·kg−1)

Extractable K
(mg·kg−1)

BD
(g·cm−3)

0–15 cm Loamy soil 38.8 40.2 21 5.8 13 1.6 12.5 220.6 1.7

* Soil texture was measured by the pipette method, pH as soil: water = 1:1, SOC= soil organic carbon measured by the Walkley-Black
method, total nitrogen was measured by the Kjeldahl and steam distillation method, extractable P by the Bray II method, extractable K by
1 N NH4OAc, and BD = bulk density by core methods.

 

Figure 1. Climatic conditions of the study area during both years of the study.

2.2. Experimental Layout

The study presented here was carried out over two consecutive years of planting
(2010 and 2011) on land where treatments were established in 2008–2009 to allow time for
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soil conservation treatments to express the effect. A randomized complete block design
(RCBD) with three replicates was used for execution of the experiment. The plot size was
13 m × 4 m with a 20–25% slope gradient. The treatments were:

T1: Maize sole cropping with tillage and fertilizer application;
T2: Maize intercropped with chilies having fertilizer application and tillage;
T3: Maize intercropped with chilies with minimum tillage, Jack bean (Canavalia

ensiformis (L.) DC) relay cropping with fertilizer application;
T4: Maize intercropped with chilies and leucaena hedgerows with minimum tillage,

Jack bean relay cropping with fertilizer application;
T5: like T3 with no fertilizer application;
T6: like T4 with no fertilizer application.
In addition to these treatments, two bare soil plots were also established along with

two sole chili plots. Maize sowing was carried out on 22 June 2010 and 29 June 2011.
One-month old chilies were also transplanted on 22 June 2010 and 29 June 2011. Tillage
was carried out manually on the tillage plots to a depth of about 20 cm, in which the
soil was disturbed fully up to 20 cm depth, whereas minimum tillage was also practiced
manually with minimal disturbance of the soil during seeding only (the upper 0–5 cm
soil is disturbed at the place where seeds were sown). In minimum tillage treatments,
all management practices from planting to harvesting were carried out with minimal soil
disturbance. Jack beans were planted as relay cropping on 15 September in both years in
the minimum tillage treatments only. Nitrogen was applied to the maize crop in the form
of urea in two splits of 31 kg ha−1 each, first at 30 days after planting and second at two
months after planting. Phosphorus was applied as triple super phosphate at 22 kg ha−1

and 36 kg ha−1 of K, as potassium chloride was banded at one-month after planting maize.
The chilies received nitrogen at 92 kg ha−1 at the time of transplanting in an equal amount
to top dressing one month after transplanting. T1 had 17 maize rows, whereas every
intercropping treatment had eight maize rows (two maize rows followed by two chili rows).
Chili rows were six in T2, T3 and T5, while two rows were planted in T4 and T6 (Figure 2).

Maize rows were planted at a 0.75 m distance, while the row distance from maize
to chili and the inter-row distance from chili was 1 m, and the distance from maize to
hedgerow was 0.25 m. There were 16 maize plants per line in all treatments. Each chili
row had four chili plants in the intercropping treatments. In T4 and T6, three hedgerows
of 1 m width were planted at the top, middle and bottom end of each plot. The leucaena
hedgerows were planted in 2008–2009. Hedges were pruned four times during 2010: one
week after maize sowing, 30 and 60 days after maize planting and one month after maize
harvest. These were pruned six times during 2011, three times before planting the maize
crop in January, May, and June. The remaining prunings were carried out 30, 60 and
105 days after maize planting. Leucaena hedges were always kept to a height of 50 cm
during the maize cropping season. Weeding was manually carried out at regular intervals
in all plots. Jack beans were planted in all minimum tillage treatments, between all rows,
a month before the maize harvest. During dry season, Jack beans were kept in the plots,
and their remains were left as mulch on the soil surface. The maize stalks were cut and left
as mulch in all treatments. The pruning material of the hedgerow treatment was uniformly
dispersed within the respective plots and used as mulch. In 2010, 2.5 and 2.2 kg m−2 of
leucaena residues were applied at T4 and T6, respectively, and in 2011, around 3.5 and
3.0 kg m−2 at T4 and T6, respectively. Each maize row was harvested individually in
each treatment during the field experiments of 2010 and 2011. For soil loss and water
runoff measurements, a collection tank (150 L) was connected at the base of each treatment
(Figure 2). Two bare plots were also established and used as a reference for soil loss without
vegetation along with a chili sole cropping plot. All the treatments have a collecting channel
at the base of the plot with concrete boundaries established to keep each plot separated
and to prevent water coming in and out from the sides of the plot. Measurements of
soil loss and water runoff from each treatment were carried out after every rainfall event.
The collection tanks were indirectly connected to treatments, with one of the outlets of
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a divisor box placed between the plot and collecting tank (Figure 2). A divisor box with
equal size outlets (8 outlets) was used to minimize the quantity of runoff water going into
the collecting tank, in case of heavy rainfall events. After each rainfall event, the volume
of runoff water was measured by a meter rod, which was then multiplied by the number
of outlets of the divisor to reach the total volume of runoff water. The quantity of lost
soil was measured on the basis of suspended and heavier sediment fractions from each
plot. The collecting channels developed at the lower end of each plot provided the heavy
sediment fractions, which were collected and weighed, whereas suspended fractions were
collected from the sediment and water collecting tanks. Thereafter, subsamples were taken
and dried to obtain the dry weights of the suspended fractions.

Figure 2. Experimental setup with treatment allocation (a) T1: maize mono-cropping (farmers’ practice, control,) with
tillage and fertilization; (b) T2: maize intercropped with chilies with fertilization and tillage; T3: maize intercropped with
chilies with mini. tillage, Jack bean relay cropping with fertilizer application; T5: like T3 but without fertilizer application;
(c) T4: maize intercropped with chilies and leucaena hedgerows with mini. tillage, Jack bean relay cropping with fertilizer
application; T6: like T4 but without fertilizer application.
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2.3. Productivity Evaluation

Land equivalent ratio (LER) was used to evaluate the productivity of each cropping
system. The following formula was used for LER calculations:

LER =
MGY1

(
t ha−1)

MGYs (t ha−1)
+

CFY1
(
t ha−1)

CFYs (t ha−1)
(1)

where MGYI, MGYs, CFYI, and CFYs are the maize grain yield produced under intercrop-
ping and sole cropping, and the yield of chili fruit under intercropping and sole cropping,
respectively. Two chili sole crop treatments were additionally established at the test site to
provide data on the yield of sole cropped chilies for this assessment. All 17 maize rows were
harvested at T1 (control), while all eight maize rows were harvested at both hedge intercrop
treatments (T4 and T6). Each line was placed separately. Subsequently, samples from each
line were weighed and separated into leaves, stems and grain components. Subsets from
each component were dried, and above ground biomass (AGB) was calculated for each
treatment. The fresh fruit yield of chilies was taken from time to time, when fruits were
established from each plant. Subsequently, the area-corrected yield of maize and chili were
calculated for each treatment.

Maize equivalent grain yield was computed as:

EYM = MYi + [(CYi ∗ CP)/MP] (2)

where EYM is maize equivalent grain, MYi is maize grain yield in intercrop, CYi is chili
fruit yield in intercrop, CP is the price of chili fruits, and MP is the price of maize grains.

2.4. Economic Analysis

Economic analysis of the all the treatments studied was carried out as net return/profit
to estimate the economic profitability of various land use options:

NR
(

EUR ha−1
)
= GR

(
EUR ha−1

)
− PC

(
EUR ha−1

)
(3)

where NR is the Net Return, GR is the Gross Return, and PC is Production Cost. The eco-
nomic analysis was carried out in euros. One EUR was equal to 40 Thai Baht during 2010–
2011. The average price of chili fruits in 2010–11 in Thailand was 80 Thai Baht (THB) kg−1,
while for maize grain, it was around 10 THB kg−1. The average cost for maize production
(sole cropping) was around 850 euros ha−1, 1400 euros ha−1 for maize-chili-intercropping
with conventional tillage, and 1100 euros ha−1 season−1 for maize-chili-hedgerows inter-
cropping with minimum tillage. The above-mentioned costs of production are inclusive of
all cost from sowing to harvesting.

2.5. Statistical Analysis

Statistical analysis was done in SAS, V-9.2 (SAS Inc., Cary, NC, USA). The RCBD was
used in the field study for both years. The bare soil plot was used in soil loss comparisons,
while chili sole crop plots were used to compare the chili yield under sole and intercrop
conditions. Bivariate techniques were used for analyzing intercropping trials per year [19].
Pairwise comparison of treatments was carried out using Tukey’s Honest Significant
Difference test at p = 0.05.

3. Results

3.1. Soil Loss and Water Runoff

Total soil loss from various land use options was statistically significant (Table 2).
A maximum soil loss of 30 t ha−1 was observed from the bare plot, followed by T1, T2 and
T5 during the 2010 growing season, whereas the minimum quantity of soil (11.6 t ha−1) was
lost from fertilized-hedgerow-intercropping-minimum tillage treatment (T4). Hedgerows’
inclusion within maize-chili-intercropping with fertilizer application (T4) reduced soil
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loss by 61% and 53% compared with the bare soil plot and the farmers’ practice (maize
alone (T1)), respectively. Moreover, hedgerows’ inclusion within maize-chili intercropping
without fertilizer application (T6) reduced soil loss by 50% and 39% compared with the
bare soil plot and the farmers’ practice (maize alone (T1)), respectively. Soil loss trends
observed during the 2011 growing season were similar to those of the 2010 growing season,
but the quantity of soil loss was less in 2011 compared with 2010. Maximum total soil was
again lost from the bare soil plot compared with the rest of the treatments during 2011.
Minimum soil (3 t ha−1) was lost from the fertilized-hedgerow-intercropping-minimum
tillage treatment (T4), followed by the maize-chili intercrop with hedgerows but without
fertilizer application treatment (T6) with 3.31 t ha−1. During the 2011 cropping season,
T4 reduced 60% of soil loss, followed T6, which reduced soil loss by 55% compared with
T1 (farmers’ practice).

Table 2. Cumulative soil loss and water runoff from various maize-based cropping systems.

Treatments
Soil Loss (t·ha−1) Water Runoff (m3·ha−1)

2010 2011 2010 2011

T1 24.7 b 7.50 b 4091 1227
T2 24.4 b 7.70 b 3955 1268
T3 22.7 b 7.88 b 4431 1429
T4 11.6 c 3.00 c 3980 1123
T5 23.7 b 7.92 b 4004 1111
T6 15.0 bc 3.31 c 3948 1069

Chili sole crop 22.7 b 10.12 b 4392 1533
Bare soil plot 30.0 a 16.10 a 4474 1681

p value ≤0.005 ≤0.05 NS NS
Figures with different small letters are indicating statistically significant differences between the treatments.
T1: maize mono-cropping (farmers’ practice, control,) with tillage and fertilization; T2: maize intercropped
with chilies with fertilization and tillage; T3: maize intercropped with chilies with mini. tillage, Jack bean relay
cropping with fertilizer application; T4: maize intercropped with chilies and leucaena hedgerows with mini.
tillage, Jack bean relay cropping with fertilizer application; T5: like T3 but without fertilizer application; T6: like
T4 but without fertilizer application.

Water runoff measurements also showed statistically significant differences among
various land use options during both years (Table 2). During 2010, maximum total water
runoff (4474 m3 ha−1) was observed in the bare soil plot, which was 9.4, 13.1, 0.97, 12.4,
11.7, 13.3 and 1.87% higher compared with T1, T2, T3, T4, T5, T6 and chili sole cropping,
respectively. The lowest water runoff during 2010 was observed in both maize-chili-
intercropping with hedgerows and with and without fertilizer application treatments
(T4 and T6, respectively). In 2011, the total water runoff was similar to that of 2010.
Maximum water runoff (1681 m3 ha−1) was observed in the bare soil plot as observed in
2010. Total water runoff from the bare soil plot was 37, 32.5, 17.6, 49.6, 51.3, 57.2 and 9.7%
greater than T1, T2, T3, T4, T5, T6 and chili sole cropping, respectively.

Soil loss measured after each rainfall event during both years from each treatment
showed variable trends (Figure 3). All treatments showed variable trends of cumulative
soil loss. During early 2010, cumulative soil loss trends were similar with the onset of the
rainy season, but later, variability among the treatment increased. Maximum cumulative
soil loss during all rainfall events was observed in the bare plot closely followed by the
maize alone plot (T1), whereas minimum cumulative soil loss after each rainfall event
occurred in the maize-chili intercrop with hedgerow treatment with and without fertilizer
application (T4 and T6). Event-based soil loss was maximum at the end of the growing
season in all treatments when there were heavy rainfall events. Overall cumulative soil
loss in intercrop treatments was lower than in maize sole cropping and the bare soil plot
during 2010.
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Figure 3. Time series cumulative soil loss from various maize-based cropping systems, T1: Maize
monocropping (farmers’ practice, control,) having tillage, and fertilization; T2: Maize intercropped
with chilies having fertilization and tillage; T3: Maize intercropped with chilies having mini. tillage,
Jack bean relay cropping with fertilizer application; T4: Maize intercropped with chilies and leucaena
hedgerows having mini. tillage, Jack bean relay cropping with fertilizer application; T5: like T3 but
without fertilizer application; T6: like T4 but without fertilizer application.

Cumulative soil loss in all the treatments during 2011 was lower than that of 2010.
There were three distinct sets of cumulative soil loss trends in 2011. The highest soil loss
occurred in bare plot soil after each rainfall event, followed by maize alone and intercrop
treatments with minimum tillage and Jack bean relay cropping (T1, T2, T3, and T5), whereas
the lowest cumulative soil loss at each rainfall event was observed in T4 and T6.
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3.2. Maize Yield (t ha−1)

Maize-based cropping systems significantly affected maize grain, equivalent and
biological yield (area corrected) (Table 3). Maize grain yield ranged from 2.45 to 6.86 t ha−1

during the 2010 growing season. The maize sole cropping treatment (T1) attained the
highest grain yield statistically, compared with the rest of the treatments (p < 0.001).
Fertilized-hedgerow-intercropping-minimum tillage (T4) yield was highest among all the
intercrop treatments, closely followed by T6, which was statistically on par. The lowest
grain yield was observed in T5, which was statistically on par with that of T5. During 2011,
T1 produced the highest grain yield statistically, compared with the rest of the treatments,
but was lower compared with 2010. T4 produced the highest grain yield statistically among
intercrop treatments, which was greater than 2010. The lowest grain yield was observed
in T5. Maize equivalent grain yield was at its maximum (19.48 t ha−1) under maize-
chili intercrop conditions (T2), whereas both intercrop treatments with soil conservation
treatments T3 and T4 were statistically on par with equivalent yields of 14.78 t ha−1 and
14.77 t ha−1, respectively, during 2010. The lowest maize equivalent yield was 10.94 t ha−1,
observed in T6. During 2011, the maximum maize equivalent grain yield (6.91 t ha−1) was
observed in T4, which was statistically on par with T2. Minimum maize equivalent grain
yield (4.94 t ha−1) was observed in T5.

Table 3. Maize grain, biological and equivalent yield, chili fresh fruit yield and land equivalent ratio obtained from various
maize-based cropping systems.

Treatments

Maize Grain Yield
(t·ha−1)

Maize Biological Yield
(t·ha−1)

Maize Equivalent Grain Yield
(t·ha−1)

Chili Fresh Fruit Yield
(t·ha−1)

Land Equivalent
Ratio

2010 2011 2010 2011 2010 2011 2010 2011 2010 2011

T1 6.86 a 6.41 a 14.97 a 11.84 a - - - - 1.00 c 1.00 b
T2 3.06 c 2.97 d 6.84 b 5.46 b 19.48 a 6.54 a 3.28 b 0.71 b 1.23 a 1.17 a
T3 2.57 d 2.69 e 5.55 c 4.97 c 14.78 b 5.79 b 2.44 c 0.62 c 1.08 b 1.03 b
T4 3.33 b 3.78 b 6.71 b 5.51 b 14.77 b 6.91 a 2.29 c 0.62 c 1.28 a 1.21 a
T5 2.45 d 2.33 f 5.03 c 4.13 c 13.06 c 4.94 c 2.12 c 0.52 cd 0.90 d 0.88 c
T6 3.31 b 3.25 c 6.61 b 4.83 c 10.94 d 5.46 b 1.52 d 0.44 d 0.92 d 0.94 c

CSC - - - - - - 6.47 a 1.19 a 1.00 c 1.00 b

p value ≤0.005 ≤0.05 ≤0.005 ≤0.005 ≤0.05 ≤0.05 ≤0.005 ≤0.005 ≤0.005 ≤0.05

Figures with different small letters indicate statistically significant differences between treatments. T1: maize mono-cropping (farmers’
practice, control,) with tillage and fertilization; T2: maize intercropped with chilies with fertilization and tillage; T3: maize intercropped
with chilies with mini. tillage, Jack bean relay cropping with fertilizer application; T4: maize intercropped with chilies and leucaena
hedgerows with mini. tillage, Jack bean relay cropping with fertilizer application; T5: like T3 but without fertilizer application; T6: like
T4 but without fertilizer application; CSC: chili sole cropping.

Maize biological yield was statistically highest in T1, closely followed by T2, which
was statistically on par with that of T4 during the 2010 growing season. The lowest maize
biological yield (5.03 t ha−1) was attained by T5, which was statistically on par with T3.
Similar trends of statistically significant biological yield were observed during 2011 but
were lower than 2010 in all treatments.

3.3. Chili Yield (t ha−1)

Chili fresh fruit yield was statistically significant in both growing seasons (Table 3).
During 2010, chili sole cropping produced the highest chili fresh fruit yield statistically,
compared with intercropping treatments with and without soil conservation techniques.
Among intercrop treatments, T2 produced a higher chili fresh fruit yield, while the lowest
chili fresh fruit yield was observed in T6, where chili was intercropped with maize and
hedgerows with zero fertilization. During 2011, maximum chili yield was obtained from
chili sole cropping as observed during the 2010 growing season. Moreover, chili production
under the intercrop condition was at its maximum in T2, where chili was intercropped
with maize, minimum tillage and fertilizer application, while minimum chili fresh fruit
yield was observed in T6, as observed in 2010. Overall, chili fresh fruit yield was many
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folds higher during 2010 compared with the 2011 growing season in all treatments due to
an insect attack.

3.4. Cropping System Productivity Evaluation and Economic Analysis

Cropping system productivity evaluation was carried out by calculating the land
equivalent ratio (Table 4). During 2010, statistical analysis showed that the maximum land
equivalent ratio (1.28) was observed in maize-chili-intercropping with leucaena hedges,
minimum tillage, Jack bean relay and fertilizer application (T4), which was statistically
on par with maize-chili-intercropping (T2). The lowest land equivalent ratio (0.90) was
observed in T5, which was statistically on par with maize-chili-intercropping with leucaena
hedges, minimum tillage, and Jack bean relay but without fertilizer application (T6). Similar
trends of land equivalent ratios were observed during 2011, while the values were slightly
lower than in 2010. Statistical analysis showed that the maximum land equivalent ratio
(1.21) was observed in maize-chili-intercropping with leucaena hedges, minimum tillage,
Jack bean relay and fertilizer application (T4), which was statistically on par with maize-
chili-intercropping (T2). The lowest land equivalent ratio (0.88) was observed in T5, which
was statistically on par with maize-chili-intercropping with leucaena hedges, minimum
tillage, and Jack bean relay but without fertilizer application (T6).

Table 4. Economic analysis of investigated land use treatments during both cropping seasons.

Treatments Maize Return Chili Fruit Return Gross Return Production Cost Net Return

2010

T1 1715 - 1715 850 865
T2 765 6560 7325 1400 5925
T3 643 4880 5523 1100 4423
T4 833 4580 5413 1100 4313
T5 613 4240 4853 1100 3753
T6 828 3040 3868 1100 2768

2011

T1 1603 - 1603 850 753
T2 743 1420 2163 1400 763
T3 673 1240 1913 1100 813
T4 945 1240 2185 1100 1085
T5 583 1040 1623 1100 523
T6 813 880 1693 1100 593

The cost and net return values present in the table are Euros/hectare (1 Euro = 40 Baht). T1: maize mono-cropping
(farmers’ practice, control,) with tillage and fertilization; T2: maize intercropped with chilies with fertilization and
tillage; T3: maize intercropped with chilies with mini. tillage, Jack bean relay cropping with fertilizer application;
T4: maize intercropped with chilies and leucaena hedgerows with mini. tillage, Jack bean relay cropping with
fertilizer application; T5: like T3 but without fertilizer application; T6: like T4 but without fertilizer application.

The crops present in the intercropping condition provided greater economic returns
compared with farmers’ practice (Table 4). During 2010, maximum net return (EUR 5925)
was obtained from T2, followed by T3, T4, T5 and T6, respectively, while the lowest net
return (865 EUR) was obtained from T1, where maize was planted as sole cropping, whereas,
during 2011, maize-chili-intercropping with leucaena hedgerows and fertilizer application
(T4) produced the highest net return value (EUR 1085) followed by T1. Minimum net
return was obtained from T5. Economic analysis of the land use options also indicated that
the net return values were higher during 2010 compared with 2011.

4. Discussion

4.1. Effect of Various Land Use Options on Soil Loss and Water Runoff Dynamics

Soil health is essential for sustainability productivity. In Thailand, no strict laws are
available to restrict farmers using uplands without thinking about soil health. Soil degra-
dation has accelerated over the last decade [20]. Maize sole cropping (T1) reduced soil
loss by around 18–50% compared with the bare soil plot during 2010–2011, respectively.
This reduction in soil loss was due to soil covered by maize plants. Soil loss between
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T1 and intercrop treatments with and without conservation tillage were non-significant.
This means that intercropping and minimum tillage effects were like maize sole cropping
and tillage. Maize was planted in rows 75 cm apart, which provided enough soil cover to
reduce soil loss compared with intercropping with conservation tillage. In intercropping
treatments, maize rows were planted at 75 cm apart, but chili rows were planted 1 m apart,
which favored soil loss even under conservation tillage.

On the other hand, intercropping treatments with hedgerows and conservation tillage
practices (T4) reduced soil loss by many folds (61.33% and 53%) compared with the bare
soil plot and farmers’ practice (T1) during both growing seasons. Hedgerows reduced
soil loss in two ways: first, Leucaena pruning provided the soil with additional cover,
which reduced the direct abrasion of splash raindrops; and second, it enhanced the organic
matter of the soil. Minimum tillage directly reduces soil loss compared with conventional
tillage [21]. In maize alone (T1), the soil was tilled, which may have also reduced the soil’s
capacity to conserve moisture to some extent and may have facilitated soil loss, while
minimum tillage associated with Jack bean relay cropping and subsequent mulching with
leucaena hedgerow pruning in the soil conservation treatment may have improved soil
structure, which reduced soil loss [18]. Better moisture conservation by hedgerows as
they slowed down water runoff additionally facilitated water infiltration and ultimately
reduced soil loss [5,17].

Cropping systems with soil conservation practices and conservation tillage may create
sustainability in production, plays an important role in increasing land use efficiency on
a long-term basis, and has increased interest of the farmers due to its potential benefits
of increasing yields and reduction of soil erosion risks. Pansak et al. [17] indicated that
intercropping systems with leucaena hedgerows along with conservation tillage (minimum
tillage and Jack bean relay cropping) not only reduced soil loss but also water runoff, except
during the hedgerows’ establishment phase.

4.2. Effect of Land Use Options on Crop Productivity

Low maize yield in all the treatments during 2011 was due to reduction in soil fertility
due to fertile soil loss over time compared with 2010 (Table 2). Most cultivation on uplands
is carried out on freshly cleared forests, and it has been observed that, over time, the fertility
of land decreases because of land mismanagement (heavy tillage/conventional tillage),
high loss of fertile topsoil, low fertilizer inputs and intensive land use.

Soil analysis data of the field experiment showed reductions for organic matter and
extractable P from 2010 to 2011 (2010: 10.6 mg kg−1 extractable P, 1.97% soil organic matter
vs. 2011: 9.5 mg kg−1 extractable P, 1.76% soil organic matter at a soil depth of 0–45 cm) [10].
This argument was further supported by the grain nitrogen concentration values of the
same experiment, which were lower in 2011 compared with 2010 [6]. Grain nitrogen
concentration is directly related to nitrogen availability and its utilization. If there is low
availability of nitrogen, then the uptake of plants is low, and low concentrations are found
in the grains.

Maize grain and biological yield were highest in maize alone/farmers’ practice land
use due to the optimum area under the maize crop. Whereas land use options with
intercropping and soil conservation practices occupied some space, which reduced the area
under the maize crop but was compensated with the yield of the intercrop, which increased
land use efficiency. Among intercropping land use options (T2–T6), maximum maize grain
yield and biological yield were observed in T4, where maize was intercropped with chili
along with soil conservation practices (hedgerows and minimum tillage) during both years,
closely followed by T6 and T2. Soil conservation methods with minimum tillage or no
tillage can reduce fertile soil loss [21], which ensures sustainable crop production. The lower
values of the equivalent maize grain yield during 2011 were due to lower chili fresh fruit
yield because chili plants were infested by cercospora leaf spot at around 15–20 days after
transplanting, which later created defoliation of chili plants [5,7,8]; similarly, it also reduced
the net economic return.
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The intercropping of maize with chili in soil conservation practices was economically
and environmentally viable on uplands for crop production, indicated by the high values of
maize equivalent grain yield under intercrop land use options [22]. Moreover, conservation
agricultural practices always have a positive impact on system productivity [23]. Land use
options with intercropping in soil conservation practices would provide a sustainable
solution to soil loss management on uplands with economic benefits. The soil conserva-
tion measures improved soil fertility, lowered soil loss and also provided higher organic
inputs from leucaena prunings and Jack bean harvest residues, and additional N through
biological N fixation by Leucaena leucocephala hedgerows (28 kg ha−1 y−1 N added to soil
as biological fixed nitrogen).

Crop productivity was good even under non-fertilized land use treatments with and
without hedgerows, probably due to minimum tillage associated with legume relay crop-
ping, which enhanced the organic matter of the plots by biological N fixation and residue
incorporation [24]. Positive effects of minimum tillage in combination with mulching and
growing a relay cover crop (legumes) on crop yield have been documented in several
studies [25,26]. Moreover, chili fresh fruit yield compensated maize production in intercrop
and soil conservation practices (with hedgerows) and fertilizer application. Zuazo et al. [27]
and Quinkenstein et al. [28] testified that grass barriers and hedgerows are quite effective
for soil conservation and sustainable agricultural production on slopes.

Farmers’ choice of cultivation on the uplands of Western Thailand depended on two
main points: the first focus is household food security, and the second focus is the market
demand of a specific crop. Most smallholders grow maize as domestic food, while some
also concentrate on growing cash crops like chilies due to their high market value. Wider
space between chili plants and rows (1 m2) makes the soil prone to soil loss if chili is
grown alone as sole crop. In this study, we successfully practiced intercropping with soil
conservation practice to provide an option for farmers to grow both food for their families in
terms of maize grain and earn cash by selling green chilies without compromising through
loss of land resources. Maximum chili yield was obtained in the intercrop treatment with
soil conservation practice is another indication of sustainable soil productivity in soil
conservation land use treatments. [5], while carrying out productivity analysis of the same
treatments indicated that all intercrop treatments with fertilizer application showed that
3 to 21% more land area would be required for a sole cropping system to reach the yield
of an intercropping system [25,29]. Higher land equivalent ratios are an indication of the
yield advantage of intercropping over sole stands due to the judicious use of available
environmental and land resources for plant growth [11].

4.3. Crop Productivity Evaluation and Economic Return

The land equivalent ratios (LER) were higher than ’one’ in fertilized intercropping
systems during both years (Table 3). This is an indication of yield advantage over sole
cropping conditions. This was attributed to the judicious utilization of water, light and
nutrients for plant growth [11]. Land equivalent ratios of T2 to T4 were 1.08 to 1.28 in
2010 and 1.03 to 1.21 in 2011, indicating a better LUE of intercrops than those of sole crops.
This means 8 to 28% and 3 to 21% extra land is required by a sole-cropped system to attain
yield equal to an intercropping system [30,31]. This is a clear indication of better land
resource utilization in intercropping systems compared with sole/monocropping. Higher
values of LER in maize-chili-intercropping with leucaena hedgerows, minimum tillage,
Jack bean relay cropping and proper fertilizer application (T4) would be convincing for
upland farmers to adopt these types of cropping systems to increase land productivity
along with soil conservation.

Modern agriculture around the globe is focused on economics. Sustainable production
and economic profitability gains are more important when the land holding is small.
The intercropping systems with soil conservation techniques showed greater net returns
compared with sole cropping conditions due to better market incentives for chili as a cash
crop (Table 3). Earlier studies carried out in various environments also mentioned the
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superiority of intercropping in raising farm income and soil fertility restoration compared
with the mono/sole cropping of component crops [14], because chili and maize grains are
an important part of daily cuisines in Thailand. Chili is consumed in its fresh and dried
forms and has the highest market value due to its high consumption, which increases the
net return of soil-conservation-based intercropping land uses. The net return was less
during 2011 due to the infestation of chili plants by cercospora leaf spot around three weeks
after transplanting, which led to the defoliation of chili plants and ultimately reduced chili
yield [5].

5. Conclusions

The role of cropping systems in conservation practices is very crucial in reducing
soil loss and improving sustainable crop production on uplands. Fertilized-hedgerow-
intercropping with minimum tillage reduced fertile soil loss, which ensured sustainable
crop production. Minimum tillage and Jack bean relay cropping proved to be the best
conservation option on the tropical uplands for reducing soil loss, increasing land uti-
lization and economic returns. They acted as a buffer against soil loss and water runoff
to save the fertile topsoil and optimize the soil moisture conditions for sustainable crop
production on the uplands. Experiments emphasizing the nuances of land use with soil
conservation options are useful for yield maximization and livelihood uplift for upland
farming communities in Southeast Asia. Long-term experiments on crop production with
soil conservation on uplands should be initiated locally at a government level to address
farmers’ concerns that are visualized while practicing soil conservation techniques during
cropping. This will ultimately enhance confidence in farmers to use soil conservation
techniques for sustainable crop production on uplands.
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Abstract: Soil nutrients are essential nutrients provided by soil for plant growth. Most researchers
focus on the coupling effect of nutrients with potato yield and quality. There are few studies on
the evaluation of soil nutrients in potato fields. The purpose of this study is to investigate the
soil nutrients of potato farmland and the soil vertical nutrient distributions, and then to provide
a theoretical and experimental basis for the fertilizer management practices for potatoes in Loess
Plateau. Eight physical and chemical soil indexes were selected in the study area, and 810 farmland
soil samples from the potato agriculture product areas were analyzed in Northern Shaanxi. The
paper established the minimum data set (MDS) for the quality diagnosis of the cultivated layer
for farmland by principal component analysis (PCA), respectively, and furthermore, analyzed the
soil nutrient characteristics of the cultivated layer adopted soil quality index (SQI). The results
showed that the MDS on soil quality diagnosis of the cultivated layer for farmland soil included
such indicators as the soil organic matter content, soil available potassium content, and soil available
phosphorus content. The comprehensive index value of the soil quality was between 0.064 and
0.302. The SPSS average clustering process used to classify SQI was divided into three grades: class I
(36.2%) was defined as suitable soil fertility (SQI < 0.122), class II (55.6%) was defined as moderate
soil fertility (0.122 < SQI < 0.18), and class III (8.2%) was defined as poor soil fertility (SQI > 0.186).
The comprehensive quality of the potato farmland soils was generally low. The proportion of
soil nutrients in the SQI composition ranged from large to small as the soil available potassium
content = soil available phosphorus content > soil organic matter content, which became the limiting
factor of the soil organic matter content in this area. This study revolves around the 0 to 60 cm
soil layer; the soil fertility decreased gradually with the soil depth, and had significant differences
between the respective soil layers. In order to improve the soil nutrient accumulation and potato
yield in potato farmland in northern Shaanxi, it is suggested to increase the fertilization depth (20 to
40 cm) and further study the ratio of nitrogen, phosphorus, and potassium fertilizer.

Keywords: potato; minimum data sets; soil nutrient; soil fertility index

1. Introduction

Soil is an important natural resource, and soil nutrients are key to contributing to
food security, human health, and sustainable development. Soil plays a special role in crop
growth and reproduction, such as nutrient storage, nutrient transformation and circulation,
rainwater conservation, biological support, stability, and as a buffer of environmental
changes [1–3]. The core of soil science research is soil fertility, and soil nutrient content
is an important indicator of soil fertility [4]. Soil nutrients have the characteristics of
flow and migration in soil. Therefore, the analysis of the soil nutrient content and spatial
distribution, the classification of soil nutrient levels and the comprehensive evaluation of
soil nutrients are the most effective means to develop a scientific and reasonable fertilization
program [5,6]. It is also the main measure to reduce the excessive application of fertilizer,
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improve the utilization efficiency of fertilizer and protect the sustainable development of
the environment.

Soil nutrients play an important role in the growth of the plant and any imbalance in
soil fertility affects the crop productivity as well as posing severe environmental hazards [7].
In the agricultural ecosystem, human regulation plays a dominant role, and the main source
of nutrients is fertilizer application. According to statistics from 2000 to 2015, it is estimated
that the quality of arable land in China is poor, and low- and medium-yield farmland
occupies 72% of the total arable land area [8]. The soil degradation in the black soil region of
northeast China was severe, and agricultural production capacity was lost in some areas [9].
Many researchers have carried out soil nutrient evaluation in order to ensure the soil
water supply and fertilizer capacity and prevent blind fertilization [10–12]. Soil nutrient
assessment is essential to the basic investigation and research of efficient agriculture [13].
Precision agriculture requires a combination of crop yield components and national policies
to reasonably regulate the use and dosage of fertilizers input into the farmland ecosystem,
which is conducive to meeting the production conditions of marginal effect and achieving
the maximum utilization rate of fertilizers [14].

Soil nutrient assessment refers to the monitoring and evaluation of soil properties, soil
functions and soil conditions. Soil quality is usually assessed through the measurement of
selected soil properties. The evaluation of soil quality is difficult due to the heterogeneity of
soil, and the physical, chemical, and biological properties of soil vary greatly in different re-
gions. Thus, to comprehensively assess soil quality, a soil quality index (SQI) that integrated
soil properties into an overall index was established and has been used widely. Many
researchers have selected multiple soil evaluation indexes such as pH value, salinity, and
clay weight [15,16]. Some researchers selected multiple soil evaluation indexes such as pH
value, C/N, and soil nematode to establish the minimum data set of soil evaluation [17,18].
Some researchers used soil material indexes such as porosity and three-dimensional aggre-
gate characteristics to evaluate farmland soil quality [19,20]. Some researchers selected soil
quality evaluation indexes from three aspects of soil physics, chemistry, and microorganism,
and established the microbial community and enzyme activity evaluation system [21,22].
Therefore, it is particularly important to select appropriate evaluation indexes scientifically,
and soil indexes that mainly affect crop growth should be considered simultaneously. In
addition, soil quality and soil fertility assessments have also been carried out because their
selection indexes are similar to the easily confused methods of evaluation, which leads to
the tendency to evaluate soil fertility in soil quality assessment.

The limiting factors of soil nutrient vary with land use modes, land types, ecosystems,
locations, and soil parent materials [23,24]. Therefore, the selection of appropriate indexes is
particularly important for the results of soil assessment. The assessment of soil quality could
lead to new methods and practices that could be applied to more sustainable development.
The establishment of a minimum data set (MDS) is a convenient process for selecting
soil quality indicators and evaluation [25]. The MDS can reduce data redundancy by
selecting the most appropriate metric among preselected metrics. In addition, the weight
of selected indexes can be generated during the establishment of MDS, which reduces
the subjective influence of human factors on soil quality and is conducive to subsequent
soil quality evaluation [26]. Many researchers have conducted soil quality assessments
based on MDS [27–29]. The MDS of soil quality indicators has been used to evaluate the
relationship between the indicators and their effects on soil properties and crops [30]. There
are many methods to construct the minimum data set, such as the grey correlation method,
principal component analysis (PCA) method, and correlation coefficient method, etc. The
PCA method has strong objectivity and can ensure the minimum loss of original data
information to reflect the impact of indicators on soil quality [31]. The four indicators
extracted from the MDS were significantly correlated with the fertility indicators established
by all indicators [32]. The MDS can well reflect the regional differences and is suitable for
soil nutrient evaluation [25].
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The Loess Plateau is one of the most advantageous potato producing areas in China.
In recent years, about 50% of the potato yield in northern Shaanxi reached the middle
level, and the ratio of high potato yield was less than 6% [33]. The land resources in the
Loess Plateau were affected by unreasonable fertilization, which resulted in soil quality
degradation and threatened the local ecological security [34]. Research on the soil quality
of potato fields in the Loess Plateau has been relatively rare in recent years. There are two
problems in previous studies. One is that many studies only use statistical data on the
sample scale, and the results are not extended to the whole region. Second, most of the
studies focus on regional ecosystems and do not evaluate specific land use types.

The purpose of this study was to evaluate the soil quality of potato cropland on the
Loess Plateau, based on soil nutrient indicators from 2017 to 2018. This study attempts
to use principal component analysis and correlation analysis to determine the MDS of
soil nutrient evaluation in this region, and the fuzzy mathematics membership function
method to establish a soil nutrient evaluation index. The results are useful for local potato
field scientific fertilization and soil protection.

2. Materials and Methods

2.1. Site Description and Soil Sampling

The experiments were carried out in 10 counties (36◦28′–39◦37′ N, 108◦21′–109◦55′ E,
altitude of 762 to 1340 m above sea level) in the Loess Plateau region of China from 2017
to 2018 (Figure 1). The region is a typical hilly landform of the Loess Plateau and belongs
to an arid and semi-arid continental monsoon climate. The climate is mild and semiarid,
with an annual average temperature of 9 ◦C, a monthly average maximum temperature
of 22 ◦C (July), and a monthly average minimum temperature of −4.6 ◦C (January). The
average annual sunshine duration of 2200 h exceeds 158 days without frost and the mean
annual radiation is 490 KJ/cm2. From 1990 to 2018, the annual average precipitation in this
region was 480 mm. The soil type is loess soil, which is classified as Inceptisol according
to the USDA soil classification and Cambisol according to the World Reference Database
System [21]. The average sand (2.00 to 0.02 mm grain size), silt (0.02 to 0.002 mm), and
clay (<0.002 mm) contents in the 0- to 80-cm soil profile was measured with a laser particle
size analyzer (Dandong Haoyu Technology Co., Ltd., Dandong, Liaoning, China), and the
values were 62%, 25%, and 13%, respectively.

Figure 1. The map depicts the collection area of soil and plant samples on the Loess Plateau of China.
These circles indicate the location of the experiment site. The thick line represents the city boundary
and the thin line represents the county boundary.

2.2. Sample Collection and Determination Methods

Soil samples should be collected from farmland or test plots with an area greater than
600 m3. Soil cores were collected using an auger with a 25 mm inner diameter. Five sample
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points were randomly collected from the same test plot at 0- to 60-cm soil depths. The
soil temperature ranged from 12.3 to 17.4 ◦C when we collected the soil samples. The soil
samples were air-dried, homogenized, and hand ground to pass through a 2-mm sieve for
the determination of soil physical and chemical index. The soil depth from 0 to 60 cm was
determined as S, 0 to 20 cm as S1, 20 to 40 cm as S2, and 40 to 60 cm as S3.

The soil organic matter content was determined by the potassium dichromate volumet-
ric method (external heating method) [33]. The soil available potassium was determined by
the flame photometry method with NH4OAc extraction [33]. The soil available phospho-
rus was determined by the molybdenum antimony anti-spectrophotometry method with
NaHCO3 extraction [33]. The soil acidity (pH) was measured in an aqueous soil extract in
de-ionized water (1:2.5 soil:water) [33]. For the soil electrical conductivity 1:5 soil-to-water
ratio solution, 50 g of soil was mixed with 250 g of distilled water, and repeated three times,
shaking manually four times every 30 min for 1 min and standing for 4 h to achieve balance.
Once the 1:5 soil–water solutions reached equilibrium, the soil’s electrical conductivity
was measured by inserting an Accumet 50 m (Fisher Scientific, Hampton, NH, USA) into
the solution [35]. The content of soil alkali-hydrolyzable nitrogen was determined by
conductance titration; 0.5 g soil samples were distilled with 2 mol L−1 NaOH for 5 h, then
treated with 10mol L−1 NaOH for 7 min, and then treated with 40 g L−1 boric acid for
NH3, which was absorbed and released by direct steam [36]. The soil water content was
determined using the gravimetric method. The soil nitrate N content was measured using a
spectrophotometer (UV-2600, Shanghai Hengping Scientific Instrument Co. Ltd., Shanghai,
China). First, 0.5 g of fresh soil was transferred to a 100-mL Erlenmeyer flask, and then
50 mL of a 2-mol L−1 potassium chloride solution was added to the Erlenmeyer flask. Next,
the mixture was oscillated for 30 min using a shock machine until reaching uniformity.
Finally, the solution was filtered, and then 5 mL of the solution was measured using a
spectrophotometer at a wavelength of 210 nm [10].

2.3. Establishment of Minimum Data Set MDS

What comes first is to screen soil nutrient indicators, in order to avoid the influence
of redundant data and complex multiple correlations of indicators on the constructed
soil quality assessment index. Principal component analysis (PCA) was used to reduce
dimensionality and representative soil measurement indexes were selected to establish
MDS. When performing the principal component analysis, the extract principal components
had eigenvalues greater than 1. The index with the same principal component load � 0.5
is divided into one group. If the load of a soil parameter in two principal components is
higher than 0.5 at the same time, the parameter should be merged into the group with a
lower correlation with other parameters.

Second, to solve the vector normal, the vector normal of the evaluation index was
calculated. The vector normal is the length of the vector normal mode of the index in a
multi-dimensional space composed of components. The longer the length, the greater the
comprehensive load of the indicator in all principal components, and the greater its ability
to interpret comprehensive information. The vector normal is calculated as follows:

Nik =

√√√√ k

∑
i=1

(
u2

ik·λk
)

(1)

In the formula, Nik is the comprehensive load of the i-th index on the first k principal
components of the eigenvalue; uik is the load of the i-th index on the k-th principal
component; λk is the eigenvalue of the k-th principal component.
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2.4. Establishment of Soil Nutrient Evaluation Index

To calculate the soil quality index (SQL) for different data sets [37–39], the calculation
formula is as follows:

SQL =
k

∑
i=1

Wi·Ni (2)

In the formula, SQI is the soil nutrient evaluation index; Wi is the weight of the i-th
index; Ni is the membership of the i-th index. The weight calculation formula is as follows:

Wi =
Mi

∑ Mi
(3)

Mi =
∑k

i=1

(
uik√
λk
·θik

)

∑k
i=1 θik

(4)

In the formula, Wi is the weight of the i-th index; θik is the variance percentage of the
i-th index on the k-th principal component. The membership degree rising function f(x)
calculation formula is as follows:

f(x) =

⎧⎪⎨
⎪⎩

1.0 x > x2
0.9(x−x1)
(x2+x1)

+ 0.1 x1 < x ≤ x2

0.1 x < x1

(5)

In the formula, x1 is the minimum value of the soil index threshold; x2 is the maximum
value of the soil index threshold.

2.5. Data Processing Methods

SPSS 22.0 statistical software and Sigma Plot 14.0 were used for statistical analysis and
data plotting, respectively. Tukey’s multiple comparison test was used to detect differences
among treatments at the 0.05 significance level. In addition, the relationships among all the
parameters (soil nutrient content) were calculated using a bivariate correlation analysis
(Pearson correlation coefficient and double-tailed significance test).

3. Results and Analysis

3.1. Soil Physical and Chemical Properties

The soil organic matter content in soil layer S1 was significantly different from that in
soil layer S2 and S3, but there was no significant difference between S2 and S3 (Figure 2A).
The organic matter content in the soil layer S1 was up to 8.4 g kg−1 on average, which was
30% and 40.7% higher than that in higher than that in S2 and S3, respectively. The available
potassium content in soil layer S1 was significantly different from that in soil layer S2 and
S3, but there was no significant difference between S2 and S3 (Figure 2B). The available
potassium content in soil layer S1 was the highest at 69.1 mg kg−1 on average, which was
19.7% higher than that in S2 and 26% higher than that in S3. The soil available phosphorus
content in soil layer S1 was significantly different from that in soil layer S2 and S3, but
there was no significant difference between S2 and S3 (Figure 2C). As the depth of the soil
layer decreased, the available phosphorus content showed a decreasing trend. The soil
available phosphorus content in soil layer S1 was the highest at 16.9 mg kg−1 on average,
which was 49.3% and 58.7% higher than that in S2 and S3, respectively. The soil pH in S1
soil layer is significantly different from S2 and S3 (Figure 2D). As the depth of the soil layer
decreased, the pH value increased. The average soil pH value of the S3 soil layer was 8.6,
which was 1.9% and 0.3% higher than that in S1 and S2, respectively.
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Figure 2. The relationship between soil depth and soil organic matter content (A), soil available potassium content (B), soil
available phosphorus content (C), soil pH (D), soil electric conductivity (E), soil alkaline hydrolyzable N content (F), soil
water content (G), and soil nitrate N content (H). 0 to 20 cm was determined as S1, 20 to 40 cm was determined as S2, and 40
to 60 cm was determined as S3. The different letters indicate significant differences at p < 0.05.

There is no significant difference in the electrical conductivity among soil layers
(Figure 2E). The soil alkaline hydrolyzable N content in soil layer S1 was significantly
different from that in soil layer S2 and S3, and the difference between S2 and S3 was
significant (Figure 2F). The soil alkali-hydrolyzable N content decreased with the decrease
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of soil depth. The soil alkali-hydrolyzable N content in soil layer S1 was the highest
at 28.5 mg kg−1 on average, which was 32% and 45.2% higher than that in S2 and S3,
respectively. The soil water content in soil layer S1 was significantly different from that
in soil layer S2 and S3 (Figure 2G). The soil water content of soil layer S2 (12.18%) and
S3 (12.14%) was higher on average, which was 14.4% and 19.1% higher than that of S1.
There was no significant difference in the soil nitrate nitrogen content between the soil
layers (Figure 2H).

3.2. The Establishment of the Minimum Data Set MDS

Based on the results of principal component analysis (Table 1), the eigenvalues of the
first three principal components are greater than 1, and the cumulative contribution rate of
the three principal components is 64%.

Table 1. Eigenvalue and contribution rate in principal components analysis.

Component

Initial Eigenvalues Extract the Sum of Squares and Load It

Total
Variance

(%)
Accumulation

(%)
Total

Variance
(%)

Accumulation
(%)

1 2.386 29.825 29.825 2.386 29.825 29.825
2 1.591 19.89 49.715 1.591 19.89 49.715
3 1.142 14.269 63.984 1.142 14.269 63.984

According to the principal component analysis load matrix (Table 2) and the screening
criteria, the final soil organic matter content, soil pH value, soil electric conductivity, and
soil alkaline hydrolyzable N content entered PC1, thesoil available potassium content and
soil nitrate N content entered PC2, and soil available phosphorus content and soil water
content entered PC3.

Table 2. Principal component loading matrix and calculated vector normal.

Indicator
Principal Component

Vector Normal
PC1 PC2 PC3

SOM 0.854 0.067 −0.069 1.324
K 0.362 0.673 −0.161 1.031
P 0.480 −0.021 0.685 1.042

pH −0.556 0.492 0.226 1.087
EC 0.532 −0.292 −0.015 0.901

SAN 0.811 0.118 0.096 1.266
SWC 0.191 0.546 −0.602 0.988
SNN −0.088 0.703 0.468 1.027

Note: SOM, soil organic matter content; K, soil available potassium content; P, soil available phosphorus content;
EC, soil electric conductivity; SAN, soil alkaline hydrolyzable N content; SWC, soil water content; SNN, soil
nitrate N content.

The vector normal of each indicator is shown in Table 2, and selects the indicator whose
vector normal is in the range of 10% of the highest total score in each group. The indicators
entering MDS are the soil organic matter content, soil available potassium content, and
soil available phosphorus content. Correlation tests between soil indicators were used
to screen MDS indicators. Highly correlated indicators with the highest vector normal
entered the smallest data set. Low correlations entered the same group of indicators into
the MDS. It can be known from the Table 3 that the MDS index has a significant correlation
with each soil nutrient index (p < 0.05), which satisfies the comprehensive evaluation of
nutrients instead of all soil indicators. Therefore, the indicators that finally entered MDS
were the soil organic matter content, soil available potassium content and soil available
phosphorus content.
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Table 3. Correlation coefficient between matrix among soil fertility indicators.

Indicators SOM K P pH EC SAN SWC SNN

SOM 1
K 0.322 ** 1
P 0.278 ** 0.069 1

pH −0.355 ** 0.034 −0.178 ** 1
EC 0.403 ** −0.06 0.112 −0.210 ** 1

SAN 0.601 ** 0.254 ** 0.346 ** −0.312 ** 0.292 ** 1
SWC 0.158 * 0.300 ** −0.139 * 0.014 −0.018 0.142 * 1
SNN −0.051 0.213 ** 0.111 0.365 ** −0.111 0.039 0.112 1

Note: ** Significant correlation at level 0.01 (both sides); * Significant correlation at level 0.05 (both sides); SOM,
soil organic matter content; K, soil available potassium content; P, soil available phosphorus content; EC, soil
electric conductivity; SAN, soil alkaline hydrolyzable N content; SWC, soil water content; SNN, soil nitrate
N content.

3.3. Comprehensive Evaluation of Nutrients

According to the results of the principal component analysis, the weight of the soil
nutrient index of MDS was calculated, and the results were shown in Table 4. The weights
of soil indexes mainly included soil organic matter (0.176), soil available potassium (0.164),
and soil available phosphorus (0.192). The soil organic matter, available potassium and
available phosphorus in this survey all had a positive effect on the growth of potato, which
belonged to the ascending membership function. The turning point value of the function
curve and the determination of index membership are shown in Table 4.

Table 4. Communality and weight of soil quality indicators in the MDS.

MDS
Common Factor

Variance
Weightiness

Turning Point Membership
FunctionX1 X2

SOM 0.260 0.176 6 40
Distribution curve of

upper ring type
K 0.242 0.164 20 200

P 0.283 0.192 3 40
Note: SOM, soil organic matter content; K, soil available potassium content; P, soil available phosphorus content.

The soil quality evaluation index (SQI) is shown in Table 5. The SQI of this study
ranged from 0.064 to 0.302, which was classified as Grade I (SQI < 0.122), Grade II
(0.122 < SQI < 0.186), and Grade III (SQI > 0.186). In this study, the soil nutrient eval-
uation index showed moderate variation, among which SQI was 8.2% of Grade III, 55.6%
of Grade II, and 36.2% of Grade I. As the depth of the soil layer decreases, the SQI shows a
downward trend, and the SQI varies significantly between layers. Grade I of SQI in S1 is
relatively high, while Grade II is the lowest. The proportion of Grade II in SQI of S2 layer
and S3 layer is relatively high, while that of Grade III is relatively low, showing that the
proportion of Grade I and II tends to be stable, and the proportion of Grade III tends to 0.

Table 5. Classification of scores for comprehensive evaluation of soil nutrients.

Soil depth
SQI

Rangeability
SQI Mean

SQI
Standard
Deviation

SQI
Coefficient
of Variation

The Proportion of Different Soil Fertility

I II III

SQI < 0.122 0.122 < SQI < 0.186 SQI > 0.186

S 0.064–0.302 0.125 0.043 34.8% 0.362 0.556 0.082
S1 0.083–0.281 0.160 a 0.045 27.9% 0.605 0.173 0.222
S2 0.069–0.302 0.113 b 0.034 30.0% 0.259 0.716 0.025
S3 0.064–0.161 0.101 c 0.025 24.8% 0.222 0.778 0.000

Note: Significant differences in lowercase letters (p < 0.05).
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3.4. Evaluation of Nutrients in Different Soil Layers

The cumulative value of the soil nutrient quality evaluation index based on the
composition of organic matter, available potassium and available phosphorus is shown in
Figure 3. The soil nutrient quality evaluation index is a large proportion of medium-speed
potassium and fast-effect phosphorus, and the minimum of organic matter is the main
problem of soil nutrient in the area.

 
Figure 3. Cumulative histogram of soil quality comprehensive index.

With the increase of soil depth, the proportion of organic matter, available potas-
sium and available phosphorus in the evaluation index all decreased. The proportion of
soil available phosphorus in layer S1 is the largest, and the proportion of soil available
potassium and phosphorus in layer S2 and layer S3 is similar.

4. Discussion

Many researchers use quantitative evaluation and mathematical models to study soil
nutrients [40–42]. In this study, principal component analysis was used to screen eight soil
indicators, and finally soil organic matter, available potassium and available phosphorus
and nitrogen were determined as MDS. The cumulative contribution rate of soil indicators
in the MDS constructed in this study was 63.98%, and correlation analysis showed that
each soil index was significantly correlated with the construction of MDS soil indicators.
Soil organic matter, soil available potassium, soil available phosphorus and soil nitrate
nitrogen play an important role in constructing the MDS of soil nutrient evaluation [43].
Different factors are selected to participate in the evaluation of soil quality, leading to
slightly different key factors in the final evaluation. The soil quality evaluation is sufficient
to study specific land functions and land use types.

The SQI range of this survey is 0.064 to 0.302, which is divided into three levels, namely
Grade I (SQI < 0.122), Grade II (0.122 < SQI < 0.186), and Grade III (SQI > 0.186). The soil
nutrient quality evaluation index of 91.8% in the Loess Plateau was in grade I and grade II,
and the soil nutrient evaluation index was poor overall. Some studies have also shown that
the Loess Plateau belongs to low quality cultivated land, with large topographic fluctuation,
a lack of irrigation conditions, poor soil quality and low soil nutrient content [44,45]. The
scope of this study was 0 to 60 cm soil layer, and the SQI showed a downward trend as the
soil layer decreased, and there were significant differences in the SQI among different layers.
This is similar to the distribution of soil nutrients in farmland by many researchers [46,47].
The proportion of SQI of topsoil S1 in each grade ranged from large to small as Grade I >
Grade II > Grade III; SQI varies with the change of region and the range of change is large
in this study.
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Continuous fertilizer application resulted in the enrichment of soil nutrients in the
topsoil, but the soil nutrients were lost due to ammonia volatilization, runoff and leaching,
etc., resulting in a great change in the content of soil nutrients in the topsoil [48–50]. The
SQI of middle soil S2 and lower soil S3 was higher in Grade II and lower in Grade III.
With the advance of the growth period, soil nutrients slowly migrate downward, and the
amount of nutrients taken away by crops in the middle and lower soils gradually increases,
resulting in the decrease of nutrient content in the middle and lower soils. The same study
showed that the soil nutrient content in the 0 to 40 cm soil layer of sloping farmland on
the Loess Plateau was the highest, and the nutrient content decreased with the increase of
profile depth [51].

In the composition of soil nutrient quality index in this study, soil nitrate nitrogen
and soil available potassium accounted for a large proportion, while soil organic matter
accounted for the smallest proportion, indicating that soil organic matter became the
limiting factor of soil nutrient quality in this region. In the past 20 years, soil nutrient
observation data in the Loess Plateau region showed that organic matter content was still
in a deficient state [52]. Soil organic matter plays an important role in providing nutrients
and improving soil fertility. The results showed that the long-term application of organic
fertilizer significantly increased the content of soil organic carbon, and the combined
application of nitrogen and phosphate fertilizer increased the content of soil available
nutrients [53]. Therefore, it is suggested to increase the input of organic matter in this area
for a long time to improve and enhance soil fertility.

The reasons for the poor soil nutrient quality are poor soil physical and chemical
properties, low input or large nutrient loss. This area is an ecologically fragile area, and
concentrated rainfall leads to the coexistence of soil and water loss and nutrient loss. A
large number of investigations showed that the traditional fertilization situation in this
area was the insufficient application of organic fertilizer, excessive and insufficient input
of nitrogen and phosphorus fertilizer, and less applications of potassium fertilizer. This
study shows that the soil nutrients in this region are in a state of scarcity, so fertilization
measures should be formulated to enhance the soil nutrient content in this region and
prevent serious soil degradation caused by planting. The results show that the adjustment
of the fertilization depth in Loess Plateau is beneficial to improve the utilization efficiency
of fertilizer [54]. In order to improve the effective accumulation of soil nutrients in potato
fields, it is suggested to apply deep fertilizer, increase the input of organic fertilizer and
reasonable N-P-K application in this area.

5. Conclusions

In this study, the MDS evaluation indexes of soil nutrients in northern Shaanxi were
soil organic matter, soil available potassium and soil available phosphorus. The SQI value
range was 0.0638 to 0.469, and the overall soil nutrient evaluation index is poor. The
proportion of soil nutrient indicators in the SQI was in the order of soil available K = soil
available P > soil organic matter, and organic matter has become the limiting factor for soil
nutrients in the region. In order to ensure the soil nutrient accumulation and sustainable
agricultural development of potato farmland in the Loess Plateau, it is suggested to increase
the fertilization depth, especially the potato root layer depth (20 to 40 cm), and further study
is needed to determine the optimal ratio of nitrogen, phosphorus and potassium fertilizer.
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Abstract: To address food insecurity in northern Canada, some isolated communities started garden-
ing initiatives to reduce dependencies on expensive foods flown in to communities. From 2012–2014,
soils in northern Ontario James Bay lowlands were cultivated with bush beans and potatoes, grown
in sole and intercropping configurations, in an open field and an agroforestry system enclosed by
willow trees. The objective of this study was to compare the supply rates of 15 plant-available
nutrients in these soils using in situ ion exchange membranes. After three years of cultivation, the
agroforestry site had significantly greater supply of PO4, Ca, and Zn and these nutrients had positive
correlations with yield. By contrast, the open site had significantly greater supply of Mg, SO4, and
B; these nutrients, and Al, had negative correlations with yield. Whilst there were no differences
between sole and intercropping configurations, significantly greater supply of NO3, Ca, Cu, Fe, and
Zn occurred early in the growing season, compared to significantly greater supply of K, SO4, B, and
Al later in the season. Significantly greater yields have been harvested in the agroforestry site and it
is suspected that the presence of a willow shelterbelt improves the microclimate and plant-available
PO4, Ca, and Zn.

Keywords: nutrient supply rate; subarctic agriculture; agroforestry; bush bean; potato; northern
agriculture management; ion exchange resins; PRS probes

1. Introduction

Agriculture is expanding northwards as global warming increases air temperatures
and lengthens growing seasons in the higher latitudes [1,2]. The forms of northern agri-
culture occurring include intensification within existing areas, and extension to new or
historically cultivated areas [1,3,4]. In some subarctic communities of Canada, agriculture
is being introduced as a climate change adaptation strategy to improve food sufficiency and
mitigate current food insecurities [3–5]. There is also an increasing international interest in
northern food production to abate anticipated global food insecurities [1,2]. Both assess-
ment and development of adaptive northern agricultural practices are currently lacking
yet are imperative for high-latitude food production initiatives to become sustainable
strategies [1,2]. There are concerns that northern agriculture growth, without adapted
practices, would negatively impact environmental health, including the deterioration of
biodiversity, increased carbon losses, and adverse effects on water and nutrient cycles [1,2].
These concerns are compelling as agriculture expands into the boreal ecoregion—which
consists of vast forests and wetlands.

A survey on climate change and northern expansion of agriculture found that in-
vestigating nutrient cycles was voted as highly relevant by participating researchers [1].
Having a greater understanding of nutrient cycles and dynamics for agriculture in the
boreal deciphers the impacts of land conversion and supports the creation of policy and
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best management strategies [1,2,5]. Recently, Kedir et al. [5] assessed nutrient conditions
within sandy, acidic boreal soils under agricultural management across Newfoundland
and Labrador, Canada, and determined N and P inefficiencies. This nutrient assessment
gives guidance for creating a regional nutrient management plan for other regions with
similar soil characteristics but is not transferable to all soil types within the boreal, such as
the contrasting soil pH and texture of our study in the James Bay Lowlands region of the
Canadian Boreal.

The present study assesses the bioavailability of macro- and micronutrients across a
growing season in calcareous silty loam soil, cultivated with bush bean (Phaseolus vulgaris L.)
and potato (Solanum tuberosum L.) under open and agroforestry (tree-based) management
practices. Agroforestry is the practice of combining woody perennials (e.g., trees, shrubs)
with herbaceous crops (plants or pastures) or livestock, in spatial and temporal arrange-
ments [6,7]. There are many forms and designs of agroforestry to meet specific ecological,
environmental, economic, or cultural needs [6,7]. Agroforestry research that addresses
food security and environmental issues has been more pronounced in (sub)tropical systems
than temperate systems [6,7]. In comparison, agroforestry research in boreal settings is
minimal. Peer-reviewed studies on boreal agroforestry have examined silviculture—an
agroforestry practice that controls forest growth and structure to produce value-added
products—such as for timber, biofuel [8,9], and non-timber forest products [10]. In our
study site, agroforestry was initially utilized in the form of a shelterbelt to protect bean
and potato crops from cold wind [11]. Shelterbelts comprise row arrangements where the
distance between rows varies depending on the agrosystem and its purpose. In temperate
climate systems, shelterbelts protect crops, pasture, and livestock by minimizing wind,
erosion, nutrient run-off, and snowdrifts, and regulating temperature and moisture [6,7].
To our knowledge, utilizing shelterbelts to support the production of fruits and vegetables
in the subarctic climate has been undertaken only in the Fort Albany First Nation.

Potato and bush bean were chosen for our study as the far-north remote community
wanted to grow fruits and vegetables locally under ambient conditions and be less reliant on
imported produce [12,13]. Moreover, potato and bush bean have practical and nutritional
purposes. Historical records indicate that potato was briefly cultivated in the region.
Additionally, potato is considered a world crop staple, and it grows well in cool and wet
climates [14,15]. Bush bean was selected because it is fast-growing, can withstand cooler
temperatures, and is a legume that permits nitrogen fixation [13,16]. Both potato and bean
are crops used within intercropping systems—the practice of cultivating two or more crops
simultaneously on the same field [17]. In some regions, potato is intercropped to mitigate
the high risks associated with this high-valued crop [17]. Intercropping with bean is
frequently applied to reduce nitrogen fertilization requirements when used in conjunction
with non-N-fixing companion crops [16]. The combination of potato–bean as an intercrop
is not frequently used [17]. Nevertheless, Sharaiha and Battikh [17] and Gitari et al. [18]
found that the bean–potato combination improved the equivalent yield in semi-arid and
subtropical climates. At our subarctic study location, Barbeau et al. [13] found bean–potato
intercrops increased yields significantly when implemented with agroforestry (as opposed
to an open field).

Both intercropping and agroforestry practices have features that enhance agroecosys-
tem services (i.e., enhancing biodiversity, microclimates, and soil formation) and resource
efficiencies (i.e., supporting natural pest management and nutrient cycling) [7,16,19]. The
services provided from intercropping and agroforestry that improved yields at the Fort
Albany First Nation site are not known. Previous studies used soil-extractable nutrients
to assess soil fertility [3,11] and foliar macronutrient concentrations of bush bean and
potatoes [20]. However, Spiegelaar et al. [11] expressed that there may be a discrepancy
between the amount of nutrients extracted from the soil and the actual nutrient uptake by
crops due to the uncommon subarctic environment conditions for cultivating soils.

In this study, we examine if agroforestry and intercropping management practices
provide soil nutrient advantages compared to cultivating in an open field and sole crop-
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ping. Secondly, we test for correlations between soil nutrient supply rate and yield and
plant nutrition. This study provides information that contributes to developing knowl-
edge on northern agroecosystems and insights into different management practices in a
subarctic climate.

2. Materials and Methods

2.1. Location

The research location was in the boreal community of Fort Albany First Nation (FAFN),
which resides in Mushkeguwuk Cree territory on the west coast of James Bay, Ontario
(52◦30′64′′ N; 81◦72′77′′ W). The region’s terrain is described as flat, 14 m above sea level,
and dominated by muskeg or peat moss situated on limestone bedrock. The region is in a
subarctic climate (Köppen climate classification Dfc) with mean annual daily temperatures
of −0.5 ◦C, and mean total annual rainfall of 503 mm and snowfall of 227 cm (1981–2010) for
Moosonee, ON [21], the nearest weather station 125 km southeast. The frost-free growing
period during this study in 2014 was 94 days from 21 June to 22 Sept (Julian day of year
(DOY) 172–265).

Two sites were constructed for agriculture in 2012—an agroforestry site (A), and an
open field site (O; Figure 1). Historically, the sites were boreal forest that were cleared in
the 1930s and drained for agriculture production until the 1970s. The fields became disused
and progressed naturally as grasslands [11]. In the Agroforestry section, willows (Salix
spp.) had naturally grown for 40 years in thicket rows along manually made drainage
ditches. The two willow thicket rows utilized for the Agroforestry site ran parallel from
southwest to northeast and were approximately 5 m in height and 6 m wide with a 15 ± 3%
optical porosity [22]. The cultivated study area was within the 14 m space that separated
the two thickets. The Open site was located 200 m southwest of the Agroforestry site, 58 m
from the nearest tree, and surrounded by grassland. Additional details on the location
history and site description are in Wilton et al. [20].

Figure 1. Location of Open (O) and Agroforestry (A) sites where PRS probes were used in Fort
Albany First Nation, Ontario (left, map modified from Google Earth, 2017, DigitalGlobe, Westminster,
CO, USA). Plot schematics are management practices for sole cropping of bush bean (B, green lines)
or potato (P, brown dots) and bean–potato intercropping (I). Figure modified from Wilton et al. [20].

The soils at both the Agroforestry and Open site had a silty loam texture consisting of
18% sand, 66% silt, and 16% clay [20]. The physical characteristics of soil (0–20 cm depth)
at each site were similar for pH (A = 7.7, O = 7.6), bulk density (A and O = 0.66 g cm−3),
C/N ratios (A = 15, O = 16), and cation exchange capacities (A and B = 41 cmol + kg−1) [20].
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The seasonal mean soil temperature and moisture content at 10 cm depth were 17.5 ◦C
with a standard deviation of 2.8 ◦C and 0.34 ± 0.052 m3 m−3 in the Agroforestry site,
and 15.4 ± 2.8 ◦C and 0.37 ± 0.023 m3 m−3 in the Open site. No fertilizer amendments
had been added to the sites since being established. Though supplementing the soil with
nutrients is essential for agriculture production, there is value in studying subarctic soils
and management practices before the inclusion of agricultural inputs [6].

2.2. Site Preparations

A Latin square was used for the experimental design to account for variation due to
tree effects (i.e., edge and shading effects). The Open site dimensions were 30 m × 12 m
compared to 33 m × 12 m for the Agroforestry site, which also had an additional 1 m wide
border from the willow treeline (Figure 1). Each site had 3 rows and 3 columns (totaling
9 sub plots per site), and therefore the subplot dimensions were 9 m × 3.3 m in the Open
site, and 10 m × 3 m in the Agroforestry site.

Sites were rototilled (Troy-Bilt Rear Tine Tiller 208 CC, OH, USA) at 15 cm depth
from 16 June to 19 June of 2014 (DOY 167–170). Within each plot, there were three crop
management treatments: sole cropped bean (Provider Var.), sole cropped potato (AC
Chaleur Var.), and row-intercropped bean and potato. Each treatment was assigned a
subplot randomly in each of the three plots in each site. Potatoes were planted in rows
on June 24 (DOY 175) at 10 cm depth. Sole cropped potato had a row seeding density
of 3.5 tubers m−1 with an inter-row spacing of 60 cm. Bush bean was sown in rows at a
planting depth of 3 cm on 26 June (DOY 177). The seeding density was 30 seeds m−1 with
a 20 cm inter-row spacing in the sole cropped bean treatment. The row ratio was 1 row
potato to 2 rows of beans for the intercropping treatment. Both potatoes and beans in the
intercropping subplots maintained seeding row densities: bean–bean inter-row was 20 cm,
and the bean–potato inter-row was 60 cm. Wilton et al. [20] describe the leaf content of N,
P, K, Ca, and Mg for these crops.

2.3. Ion Exchange Resin Probes

Plant root simulator (PRS) probes (Western Ag Technologies, Saskatoon, SK, Canada)
were used to quantify the plant-available nutrient supply rate for soil ions in each plot for
each site [23]. The advantage of using PRS probes is that they act as an analog for root
uptake of bioavailable nutrients. They can also be used on a broad range of soils within
different environments [24], and they are practical tools to utilize at remote research sites.
The PRS probes consist of a two-sided anion or cation exchange membrane with a surface
area of 176 cm2. Positively charged anion probes adsorbed NO3

−–N, phosphorus in the
form of H2PO4

−, and SO4
2−, while negatively charged cation probes adsorbed NH4

+–N,
K, Ca, Mg, B, Al, Cd, Cu, Fe, Mn, Pb, and Zn. Within a one-meter border of each plot, three
pairs of cationic and anionic PRS probes were vertically inserted randomly into the soil
to 10 cm depth on 16 June to 24 June (DOY 167–175), 31 July to 8 August (DOY 212–220),
31 August to 7 September (DOY 243–250), and 26 September to 3 October (DOY 269–276).
Probes were left in the soil for 7 or 8 days as determined by consultants at Western Ag
using soil-extractable nutrient results found for the same study plots [3].

After removal, the probes were rinsed with reverse osmosis-treated water to remove
soil particles, refrigerated at 4 ◦C, and shipped to Western Ag Technology, Saskatoon,
Canada for analysis. Nitrogen compounds were determined colorimetrically using an
automated flow injection system, and all other nutrients measured using inductively
coupled plasma spectrometry. Results are expressed as the weight of nutrient adsorbed
to the surface area of the ion exchange membrane (adjusted to 10 cm2) over the burial
duration (8-day burials adjusted to 7 days) as dividing the time into smaller units is invalid
since the adsorption was unlikely to be linear over time.
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2.4. Statistical Analysis

Statistical analyses were completed using SPSS 26 [25]. Each nutrient extracted from
the PRS probes was assessed in a 3-way analysis of variance (anova) for the main effects
of site (Open, Agroforestry), crop (bush bean sole cropping, potato sole cropping, inter-
cropping), month (June, August, September, October), and all possible 2-way and 3-way
interactions. The Student–Newman–Keuls (SNK) post hoc test was used to distinguish
significant differences among treatments and months. Levene’s test on the variances using
the median revealed that variances were homogeneous for all nutrients (p > 0.2). Linear
correlations were obtained for leaf tissue chemistry for each crop on 10 August 2014 [20]
against the nutrient supply rate for June and August. Linear correlations were also obtained
for total annual crop yield and total nutrient supply rate across the growing season (the
sum of PRS data for the four time periods).

3. Results

3.1. Spatiotemporal Soil Nutrient Supply Rate in Agroforestry and Open Sites

Although there was substantial variation for the nutrient supply rate (e.g., Open site:
NO3 in Sept and B in Oct; Agroforestry site: Mn and Cu in June, Fe in August)—likely
because of the small sample size (n = 3) of PRS probes sampling a heterogeneous soil
environment across a growing season—many significant differences were observed. There
were significant differences between Agroforestry and Open sites for six of 13 nutrients
and significant seasonal differences for nine of 13 nutrients, as well as three significant
interaction effects between site and month main effects (Table 1). However, there were
no significant differences among the three crop treatments nor for any interaction effect
with crop. Additionally, the supply rate of NH4–N, Pb, and Cd was excluded from this
analysis because >70% of samples collected for each nutrient were below detection limits
(DL). For NH4–N (DL = 2 ppm) and Pb (DL = 0.2 ppm), only samples collected in June
were above the detection limit. For Cd, only two of 72 samples collected across the four
sampling periods had detectable levels of Cd (DL = 0.2 ppm).

Nitrate supply rates were similar between sites, but a significant seasonal difference
was found for June, with rates 75% greater than at other times of the growing season
(Figure 2). In contrast to N, the supply rate of soil PO4–P did not reveal seasonal differences,
but the Agroforestry site had a significantly greater (nearly double) supply rate of PO4–P
compared to the Open site.

Soil K was one of only two nutrients (B being the other) where the supply rate was
significantly greater later in the season, with a 50% increase in K measured in October
compared to June (Figure 2). There was also a significant site × month interaction effect:
compared to the Agroforestry site, the Open site had a greater supply rate of soil K in June
but a significantly smaller supply rate of K in August and October. Similar to K, B had
a significantly greater supply rate at the end of the growing season—nearly double the
supply rate in October compared to earlier sampling periods. The significantly greater
supply rate of B in soil during October was influenced by the Open site and lead to the
significant site × month interaction effect for soil B (p = 0.001). Regardless of crop type,
the Open site had, on average, a 52% greater supply rate of B than that measured in the
Agroforestry site.
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Figure 2. Cont.
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Figure 2. Comparisons of mean (±1 SE, n = 3) soil nutrient supply rate (μg 10 cm−3 week−1) in Open and Agroforestry
sites in Fort Albany (James Bay, Ontario). Supply rate was measured in soil planted with bush bean (green), potato (brown),
and intercropped (gray), during the 2014 growing season. Within each figure panel, significant differences between sites are
shown with asterisks (* p = 0.05, ** p = 0.01, *** p = 0.001), and lowercase letters for temporal differences whereby months
with different letters are significantly different (p < 0.05, SNK post hoc test). There were no significant differences among the
three types of crop plantings.

Contrasting patterns in the spatial and temporal supply rate were found between soil
Mg and Ca (Figure 2). A small but significant difference in soil Ca supply rate between sites
(Agroforestry had ~7% greater Ca supply rate than soil in the Open site) but the opposite
trend was found for soil Mg with ~25% greater supply rate in soil in the Open site. In
addition, whilst there were no significant seasonal differences for soil Mg, there was a 10%
greater supply rate of soil Ca in June compared to September and October.

The supply rate of SO4 represents one of the largest differences between sites as soil
in the Open site had five times greater supply rate of SO4 compared to the Agroforestry
site (Figure 2). Sulfate was also the only soil nutrient with significantly greater supply
rate measured in September, which on average was 33% greater than in August and 50%
greater than the SO4 supply rate measured in October. There was also a significant site
× month interaction effect for SO4, likely the result of the lower supply rate in October
in the Open site, compared to the other sampling periods, which produced the smallest
difference between sites in October.

For the five metals (Fe, Mn, Zn, Cu, Al), there were no significant differences between
sites, apart from Zn where the supply rate in the Agroforestry soil was ~44% greater than
in the Open site when averaged across the growing season (Figure 2). There were, however,
significant seasonal differences for four of the five metals, the exception being Mn (Table 1).
The supply rate of Fe was nearly five times greater in August than in September and
October, driven largely by the greater supply rate of Fe in Agroforestry site soil than in the
Open site. Similar to Fe, the supply rate of Zn was two times greater in August compared
to later in the growing season, and June had an even greater supply rate of Zn in soil (25%
greater in June than in August). The supply rate of Cu in soil also was significantly greater
in June—2- to 3-fold greater in June than in other sampling periods—and, like Fe, driven
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by the substantially greater increase in the Agroforestry site. In contrast to the other metals,
the supply rate of Al was significantly lower in June compared to September, with an
average increase of ~45% from June to September.

3.2. The Relationship between Soil Nutrient Supply Rate and Leaf Tissue Chemistry

There were only two significant correlations for each of bush bean and potato between
soil nutrient supply rate in June or August and leaf tissue chemistry (Table 2). Significant
positive correlations with leaf nutrient concentration in bush bean were found for soil
supply rate of PO4 in June (r = 0.60, p = 0.04) and for Zn in August (r = 0.76, p = 0.004).
Likewise for potato, a significant positive correlation was found for the supply rate of PO4
and potato leaf P concentration, though in this case the relationship was significant with
the supply rate of both June (r = 0.71, p = 0.01) and August (r = 0.69, p = 0.01; Table 2). In
addition, there was a significant negative correlation between the supply rate of Ca in soil
and potato leaf (r = −0.58, p = 0.05).

Table 2. Correlations (two-tailed, n = 12) of soil nutrient supply rate with leaf chemistry and yield
in Fort Albany (James Bay, Ontario) during the 2014 growing season. Correlation with yield is for
the sum of the soil supply rate measurements in June, August, September, and October. Bold font
indicates significant differences at α = 0.05.

Bush Bean June PRS + Leaves August PRS + Leaves Yield

Soil r P r p r p

NO3–N 0.57 0.06 0.28 0.38 0.05 0.88
PO4–P 0.60 0.04 0.25 0.42 0.56 0.06

K 0.45 0.14 0.14 0.66 −0.16 0.61
Ca −0.27 0.40 0.41 0.19 0.72 0.01
Mg −0.20 0.53 −0.37 0.23 −0.28 0.38
B −0.05 0.44 0.16 0.31 −0.20 0.54
Fe −0.22 0.50 −0.01 0.99 −0.22 0.50
Mn −0.21 0.52 −0.24 0.46 −0.15 0.64
Zn 0.52 0.08 0.76 0.004 0.70 0.01
Cu −0.15 0.65 −0.34 0.28 −0.30 0.35
Al – – – – 0.16 0.63

SO4 – – – – −0.54 0.07

Potato June PRS + Leaves August PRS + Leaves Yield

Soil r p r P r p

NO3–N 0.50 0.10 0.43 0.16 −0.05 0.88
PO4–P 0.71 0.01 0.69 0.01 0.72 0.01

K 0.06 0.84 0.13 0.69 0.26 0.42
Ca −0.03 0.92 −0.58 0.05 0.36 0.25
Mg 0.46 0.14 0.34 0.28 −0.61 0.04
B −0.10 0.75 0.06 0.87 −0.54 0.07
Fe −0.08 0.80 −0.24 0.44 0.46 0.13
Mn −0.30 0.34 −0.19 0.55 0.42 0.18
Zn −0.12 0.72 0.25 0.44 0.51 0.09
Cu −0.06 0.85 0.26 0.42 0.60 0.04
Al – – – – −0.81 0.002

SO4 – – – – −0.79 0.002

3.3. The Relationship between Soil Nutrient Supply Rate and Yield

Significant positive correlations between the June + August rate of soil nutrient supply
with bush bean yield were found for Ca (r = 0.72, p = 0.01) and Zn (r = 0.70, p = 0.01; Table 2).
More correlations between soil nutrient supply rates and yield were found for potato than
for bean (Table 2). Significant positive correlations were found with PO4 (r = 0.72, p = 0.01)
and Cu (r = 0.60, p = 0.04), as well as significant negative correlations with the supply rate
of Mg (r = −0.61, p = 0.04), SO4 (r = −0.79, p = 0.002), and Al (r = −0.81, p = 0.002).
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4. Discussion

The objective of this study was to measure spatiotemporal supply rates for 15 nutrients
in open and agroforestry (treed shelterbelt) sites in a northern Ontario community, as a
potential factor leading to the greater yield of bush bean and potato previously found in
this agroforestry garden [3,15]. The Agroforestry site had significantly greater nutrient
supply rates for PO4–P, Ca, and Zn, and these nutrients had positive correlations with
crop yield. By contrast, the Open site had a significantly greater supply of Mg, SO4, B,
and Al, and these nutrients had negative correlations with crop yield. Whilst there were
no differences among crop treatments, temporal differences in nutrient supply rates were
revealed: a significantly greater supply of NO3–N, Ca, Cu, Fe, and Zn occurred early in the
growing season, compared to a significantly greater supply of K, SO4, B, and Al later in
the growing season. In addition, four significant correlations were found between nutrient
supply rate and tissue nutrition. Positive correlations were found between P and Zn for
bean. While a positive correlation was also found for soil and tissue P in potato, there
was a negative correlation between soil and leaf tissue Ca for potato. Below, we describe
the implications of these spatiotemporal differences in soil nutrition supply rates for the
differences observed in crop yield.

4.1. Agroforestry Sites Had Greater Supply Rates of Phosphorus, but It Is Still Inadequate for
Maximum Crop Yield

There was a greater supply rate of PO4–P in soils in the Agroforestry site and sig-
nificant positive correlations (p ≤ 0.05) of PO4–P supply with potato yield and for tissue
concentrations of P in both crops. Wilton et al. [20] also determined that leaf P in the Agro-
forestry site was significantly greater than in the Open site, but leaf N:P ratios indicated
deficient amounts of P in the foliage of bean and potato, suggesting that the greater supply
of P in the agroforestry plots may still be inadequate for maximum yield. Indeed, the
amount of PO4–P adsorbed on the PRS probes was considerably lower than the median
value of 6 μg P/10 cm2/week found in the Western Ag agriculture soil database [23].

Small P adsorption is not unexpected in subarctic wetland regions, such as the James
Bay lowlands, where cool soil temperatures slow microbial activity, reducing P mineral-
ization and availability [26–28]. At our research location, soil temperature at 10 cm depth
indicated that the Agroforestry site was +2.1 ◦C warmer than the Open site for the period
between sowing and harvest [20]. Other agroforestry studies set in temperate climates also
observed increased soil temperatures and other microclimate-enhancing effects [6,29–32].
Under subarctic climates, the increase in soil temperature may have a greater impact on
nutrient cycling than that observed in temperate climates. The effect of increased soil tem-
peratures on microbial processes in northern Sweden determined that adding leaf litter to
the subarctic soil and increasing the soil temperature by 1 ◦C increased soil bacterial growth
rate and net mineralization of P [33]. Similarly, increasing soil temperatures by 0.9–2 ◦C
doubled nematode populations, and increased microbial and fungal biomass, enhancing
N and P mineralization and the nutrient availability to plants [34]. Utilizing agroforestry
practices to improve soil fertility by enhancing soil microbial communities is promising [6];
however, research on the subject is limited [35], focused on tropical climates [36,37], and
often contradictory or inconclusive [31,38–40].

Phosphorus limitations are common in calcareous soil [41] where the alkaline pH en-
courages P to be fixed to Ca, preventing the availability of HPO4

2− compounds [27,41–43].
Additionally, large soil organic matter content and CEC, as seen at our study location,
promote binding of P to clay fractions and organic complexes [44,45]. Though the soil
had a high potential for fixing P, the root characteristics of willows may have facilitated
improved P soil availability in the Agroforestry site. Willows adapt to a wide range of
environmental conditions. For example, when grown in soils with high concentrations
of Ca, willows secrete organic acids from extensive fibrous root systems [46] and thereby
solubilize P precipitates fixed to Ca [42,43].
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Another feature of willow (and many other tree species) to acquire P is the ability to
explore large volumes of soil. Phosphorus and other immobile nutrients are located through
the tree’s expansive root networks and symbiotic relationships with ectomycorrhiza and
vesicular–arbuscular endomycorrhizae [42,43,47]. Phosphorus acquired by willow can
become available to nearby crops through leaf litter decomposition, tree root–crop root
interactions, or from sloughed off tissue during the growth and decay of tree roots [6,43,48].
Rytter [49] calculated that the fine root biomass of willow grown in Sweden had annual
growth of 900–7200 kg ha−1 and decay of 500–6800 kg ha−1 in a 0–50 cm deep soil profile,
while Phillips et al. [50] monitored the root performance of willow poles (3 m unrooted stem
cuttings) in a temperate climate and found that roots extended to 9 m within a 9-month
period. Considering the willow trees were mature at our Agroforestry site, and the two
thickets were 14 m apart, the tree root coverage likely extended into all cultivated plots
within the treed site.

The correlations between P supply rates revealed a significant positive association
(p = 0.008) for potato yield, suggesting that even a small additional supply of PO4–P
improves crop yield. We addressed this issue at Fort Albany by testing the effect of local
compost on bush bean growth in a pot experiment. Wilton et al. [51] found that increasing
amounts of this local compost significantly increased bean yield—both with the production
of more beans per plant and larger individual bean mass.

Although our study does not reveal causal factors directly improving P in the agro-
forestry sites, it is likely that the willow thicket provides ecological services that improved
the availability of P for bean and potato through tree root mechanisms and an enhanced
microclimate. Theoretically, the organic matter derived from the willows provides internal
recycling of nutrients to the microbial community [6,43].

4.2. Spatiotemporal Dynamics of Macronutrient Supply Rates in Subarctic Cultivated Soil

Nearly all the N collected on the PRS probes was in the form of NO3–N as most of our
samples had NH4–N levels below the detection limit of 2 ppm. Nitrate levels were in the
typical range of 10–600 μg/10 cm2/week for agricultural soils using the Western Ag PRS
probes [23], particularly in June when the NO3–N supply rate in the agroforestry site was
>3 times the rate later in the growing season. The availability of soil N was reflected in the
N concentrations in bean and potato leaf tissue that were generally above the critical level
of 3% N [20].

The trend of smaller soil NO3–N supply with time has been observed in other PRS
probes studies [41,52]. They note that the seasonal decline in NO3–N was influenced by
increased root biomass, crop uptake, and loss through soil-emitted N. However, warmer
temperatures can influence N loss through nitrate leaching [53,54]. Therefore, northern
agriculture practices should consider mitigating NO3

− entering waterways even when
fertilizing is minimal. Applying agroforestry practices have been shown to reduce NO3

−
leaching [6,54–57]. Specifically, willows encompass a high filtering capacity for N and
their root zone promotes denitrification [55]. It appears that utilizing willow thickets in
the James Bay lowlands has great potential for managing potentially excess NO3

− from
agriculture initiatives, as these trees are fast-growing, adapt to the climate shifts, and can
be a source of bioenergy [47,58–60].

In sharp contrast to NO3–N, the supply rate of K was significantly greater later
in the growing season. However, all soil K supply rates estimated in this study from
different sites, times of year, and crop management methods were substantially less than
the 40–370 ug/10 cm2/week rates found for agricultural soils using the Western Ag PRS
probes [23]. Wilton et al. [20] also found K deficiency in leaf tissue for bean and potato.
The small supply of K in June may indicate that environmental conditions earlier in the
summer either do not produce sufficient K for plant growth or that the supply of K is below
optimal crop requirements throughout the growing season.

Throughout the growing season, both sites had supply rates for Ca and Mg that
were within the range reported for agricultural soils of 250–2700 μg Ca/10 cm2/week and
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126–262 μg Mg/10 cm2/week, occasionally approaching the maximum levels observed of
2700 μg Ca/10 cm2/week in agricultural soils [23]. However, there were spatial differences
between these nutrients. The supply rate of Ca was significantly greater in the Agroforestry
site (similar to PO4–P and Zn). In comparison, the Mg supply rate was significantly greater
in the Open site (along with SO4

−).
The predominant source of Ca and Mg at Fort Albany is from the underlying limestone

bedrock [61]; having these two elements in excess can cause crop deficiencies in P and
K [27,43,62]. Our findings from the adsorbed soil nutrients and results from exchangeable
nutrients [3,11] confirmed that the soils have P and K deficiencies for agricultural purposes.
Agroforestry management with willows may have mitigated P growth limitations, but it
did not improve K availability. Both sites had historic drainage of peatland and are prone to
annual spring flooding, which influences the loss of exchangeable K through leaching [27].
It is suspected that crops had to rely on K fixed to clay and organic complexes since the sites
were never supplemented for nutrient losses [27,63,64]. Limited soil K may explain why
foliar tissues for both crops had Ca and Mg concentrations exceeding critical thresholds
for adequate growth [20]. In general, cation competition between K, Ca, and Mg can occur
during plant uptake [27,44,65]. Hence, it is possible that potatoes unintentionally obtained
Ca and Mg while acquiring K for tuber development [66].

Sulfur is important for crop production with many functions in the plant, including
synthesizing proteins, enzymes, vitamins, and chlorophyll, and is a crucial component
for nodule development in legumes [67]. Though sulfur deficiency is a common issue
in agriculture production [67,68], the supply rates of SO4

− indicate that this nutrient
was abundantly available in the soils at our research location. The median SO4

− soil
supply rates adsorbed on PRS probes for agricultural soils is 40 10 cm−1 week−1 [23].
The Agroforestry site had adsorption rates that ranged from 30–221 10 cm−1 week−1,
while the PRS probes in the Open site had adsorbed a significantly greater amount of
SO4

−, ranging from 249–737 10 cm−1 week−1. The source of the surplus SO4
− is not

confirmed; gypsum may exist deeper within the bedrock formation [69], or SO4
− could

be derived from the mineralization of organic matter in the cultivated soils or sourced
from the surrounding peatland and wetlands [68]. The surplus of S can be beneficial in
calcareous soils to improve the solubility and availability of Zn, Cu, Mn, P, and N and
lower soil pH [67,70–72]. Conversely, S toxicity is not common but can occur [73]. In our
study, the supply rate of S had a significant negative correlation with potato yield. The
contrast in SO4

− supply rates between the two sites suggests that agroforestry may aid in
regulating S in the soil—this warrants further study when developing agriculture practices
for the James Bay lowlands and other northern regions.

4.3. Spatiotemporal Dynamics of Micronutrient Supply Rates in Subarctic Cultivated Soil

There were also significant spatiotemporal differences among micronutrients at the
James Bay study site. For example, we found a decreasing supply rate of Zn from June
through October. Zn is least available in alkaline soil, and cold soils inhibit the uptake of
Zn [74] (pp. 300–301) and both conditions occur in Fort Albany soil. However, we also
found greater supply rates of Zn in the Agroforestry site where the average soil temperature
was warmer than in the Open site [20]. Compared to other agricultural soils, the supply
rate of Zn is adequate [23]. Zinc also had a significant positive correlation with the yield
of bush bean (p = 0.01), a pattern consistent with PO4–P and Ca, the other nutrients with
greater supply rates in the Agroforestry site. This suggests that the greater supply rate of
Zn in the Agroforestry site may contribute to the increased yield.

Boron is an essential nutrient required in small amounts and can be toxic at slightly
larger amounts [74] (p. 219). Though the supply rate of B is adequate compared to other
agricultural soils [23], we found significantly greater B supply later in the growing season
and a greater supply rate of B in the Open site—where previous work measured lower crop
productivity [3,13]. Collectively, these results suggest that B levels in the Open site may be
approaching toxic concentrations. As found for B, the greatest supply of Al occurred later
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in the growing season and in the Open site. Compared to agricultural soils, the supply rate
for Al was small [23], but Al still had a negative correlation with potato yield.

Similar to Zn, the supply rate of Fe and Cu were significantly greater in June and
August compared to later in the growing season. Compared to agricultural soils, the supply
of Fe was high [23], which may create P shortages through P fixation in acidic soils but not
in soil with pH > 7 [45], the pH measured in both sites of this study. Lastly, compared to
agricultural soils, the supply of Cu was adequate, as was the case for Mn [23]. Manganese
was the sole nutrient without significant differences between sites, crop treatments, or
across the months sampled, nor any significant interaction effects.

5. Conclusions

Agriculture is expanding to boreal communities adapting to a warming climate as a
promising approach to replace food importation and to meet food security needs. Baseline
information on subarctic land cultivation is essential to determine northern agriculture
practices that are suitable for effective crop production and to mitigate potential environ-
ment and health risks. This study examined plant available nutrients with two types of
low-input management technologies—willow agroforestry and bean–potato intercropping.
Previous research found greater crop yield in agroforestry sites than in open sites [3,13]
and our present study suggests that it is associated with greater soil supply of PO4–P, Ca,
and Zn, and a concomitant smaller supply rate of Mg, SO4, B, and Al. Intercropping bean
with potato did not improve the availability of soil nutrients. Moreover, PO4–P and Zn had
significant positive correlations with bean and potato yield, with the additional positive
correlation between soil Ca and bean yield. Conversely, soils in the open site had significant
negative correlations between the supply of Mg, SO4, B, and Al with potato yield (though
not for bean). However, despite the greater supply of P in the agroforestry site, P (and K)
deficiencies persist in cultivated soil in the James Bay lowlands of northern Ontario. In
order to maintain crop production, additional nutrient supplementation appears to be
crucial which can involve local composting initiatives [51]. Agroforestry in the form of a
willow shelterbelt is a promising practice to utilize in the boreal region for many potential
purposes, including protecting crops from wind, enhancing the microclimate, promoting
biodiversity, and supporting wildlife habitats. Additionally, as observed in this study on
calcareous silty loam soils, willow shelterbelts increased P bioavailability and potentially
regulated and reduced N and S run-off.
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Abstract: Scattered oaks in traditional silvopastoral systems (i.e., “dehesas”) provide important
ecological services. However, livestock intensification applied to these systems over the last cen-
tury has affected the architecture of young oak plants. This unsuitable rangeland management
practice jeopardizes the long-term system sustainability. Here we examine the alterations in architec-
ture of regenerating oak plants in Mediterranean dehesas under three representative management
regimes: (1) traditional management with extensive sheep grazing; (2) commercially driven man-
agement with extensive cattle grazing, and (3) native deer grazing at moderate stocking rates
(<0.11 livestock units × ha−1). Plant architecture was considerably altered in cattle-grazed “dehe-
sas”, finding a 50% reduction in plant height–diameter ratios, compared to sheep-grazed dehesas
where plants with higher height–diameter ratios predominated. Young oak plants, however, showed
less altered architecture and less probability of damage on shoot apex (0.20-fold difference) in areas
with deer grazing at moderate stocking rates. In addition, those young oak plants with multi-
stemmed individual architecture were more stunted (lower values of crown height–diameter ratio)
in areas with livestock grazing than wildlife areas (0.78-fold difference). Shrub presence, under
all management schemes, helped to increase in plant height, except when shrubs were located
under tree canopies. Conversely, plants without shrub protection showed stunted architecture with
well-developed basal diameters but short stature. Appropriate sustainable practices should include
cattle stocking rate reduction, traditional sheep grazing promotion, nurse shrub preservation and
fencing stunted individuals along with pruning basal sprouts. Our study indicates that management
may have important consequences on dehesa regeneration via alterations of plant architecture and
therefore on system sustainability.

Keywords: height-diameter ratio; plant architecture; Quercus ilex; livestock grazing

1. Introduction

Human-managed ecosystems featuring scattered trees occur throughout the world,
providing important ecological services (e.g., seed source, nutrient enrichment, landscape
connectivity functions, shelter; [1]). Many of these ecosystems are originally derived from
dense forests that have been transformed into open agroforestry systems by clearing several
trees and then used for grazing [1,2], supporting relatively high biodiversity [3,4]. This
results in landscapes with scattered trees or shrubs (woody pastures) used for grazing.
Despite their importance, these woody pastures have experienced important anthropogenic
impacts such as overgrazing and land use conversion, all of which threaten their long-term
persistence, particularly since the 1950s [5–7]. The lack of tree recruitment is one of the major
consequences of such anthropogenic impacts [8] due to the implementation of inappropriate
management practices that negatively affect natural oak (Quercus spp.) recruitment [9–11].
In particular, some livestock management practices such as the increment of livestock
stocking rates (especially in extensive cattle grazing) or sheep replacement by cattle have
been often related to oak recruitment failure [12–15].
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Livestock has been regarded as an important part of ecosystem engineering that
restructures ecological communities [16,17]. Generally, low levels of herbivory make
woody growth and reproduction possible whereas high levels of it impede survival or
affect plant development [18]. The permanent, stressing effect of high herbivory pressure,
may not only affect recruitment rates but also patterns of plant recruitment (e.g., via
sexual vs. asexual), as well as the architecture and growth patterns of young plants [19].
Herbivores generally destroy parts of the plants by pulling and trampling, and reduce
biomass and cover of the stratum located within their grazing height [20]. The effects of
large herbivores on young plant performance and architecture may in turn determine their
probability of progressing from the juvenile stage to the adult (reproductive) stage, delaying
or even impeding successful woodland regeneration of the woodland as a whole [21]. In
addition, grazing height differs according to grazer body size. For instance, cattle can
browse above 1.5 m high [22] while sheep typically browse below 1 m high [22], and red
deer (Cervus elaphus L.) concentrates browsing at around 1 m [23]. Hence, larger herbivores
are potentially able to consume greater proportions of the plant and have greater impacts
damage on critical plant growth parts (e.g. apical meristems).

In Spain, ecosystems featuring scattered oak trees throughout the landscape, also
known as dehesas, are internationally recognized for their ecological, socioeconomic and
cultural importance, as well as for supporting high levels of biodiversity [2,24]. Yet, over
the last few decades, dehesas have also suffered a dramatic increase of livestock stocking
rates, which is often related to oak recruitment failure [9,13–15,25]. Research so far has
primarily focused on the effect of different management schemes on oak recruitment
density, both in dehesas [9,15] and other woody pasture lands [26–28]. However, little is
known about the effect of different livestock management schemes (e.g., traditional vs.
commercially competitive) or the use of wild vs. domestic ungulates on plant architecture
and growth patterns of young oaks. Such knowledge is needed to integrate grazing into
management schemes and to determine the ecological impact of herbivores on valuable
human-dominated ecosystems. In similar oak wood-pastures worldwide, strong reductions
in the stature of young plants (seedlings and saplings) have been observed in cattle-grazed
areas compared to those without cattle for more than two decades [21,28]. The result is that
oak recruits, repeatedly browsed by cattle, become bushy (multi-stemmed individuals),
stunted individuals, forming coppice-like trees with multiple stems [21]. Conversely, it
is known that the presence of shrubs in Mediterranean or arid ecosystems may reduce
herbivory lethality [29] by reducing the probability of shoot apex damage [30], but this in
turn may alter the plant architecture that facilitates the transition to plant reproductive
stages. Thus, microsite location of young trees in relation to the presence of herbivore
foraging patterns may play an important role not only on oak recruitment density [15,29]
but also on plant architecture. Despite these relationships, oak architecture (e.g., height–
diameter ratio, crown diameter, plant shape) has not been fully investigated across different
microsites and under distinct management schemes.

This study brings together the effects of these two factors, impact of browsing on
plant architecture, and the role of potentially protective microsites on young oak plant
architecture under three representative management schemes of the Mediterranean scat-
tered oak woodlands (dehesas). These schemes involve cattle, sheep and wildlife rearing
(mostly red deer) foraging, under similar ecological conditions and for more than 30 years
under the same management scheme. Specifically, we examined the architecture of Quercus
ilex L. as this species is the dominant and most representative tree species of dehesas [31].
We predicted that (1) architectural measures (height, basal diameter and height–diameter
ratio) of young plants (seedlings, saplings and oak multi-stemmed individuals) would be
significantly modified under the current (>0.11 livestock units per ha, LU ha−1) extensive
livestock farming (especially under cattle grazing) than wildlife management with moder-
ate stocking rates (<0.11 LU ha−1); We posit, in particular, that crown height–diameter ratio
of oak multi-stemmed individuals will be related to the management scheme, with gleaner
oak multi-stemmed individuals under traditional sheep management; (2) the probability of
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finding undamaged shoot apexes would be also greater in traditional sheep management
(small-sized animals) compared to other representative management schemes involving
larger herbivore (wildlife or cattle) management; and (3) microsite location of young plants
will affect oak architecture differently depending on the management scheme, with less
impact on plant development under shrub protection.

2. Materials and Methods

2.1. Study Area

The study area (108 km2, largely flat and open) involved different oak dehesa systems
within Toledo province, Central Spain (39–40◦ N, 5◦ W). Elevation ranges from 300 to
400 m a.s.l. The climate is Mediterranean oceanic pluvioseasonal [32], with a mean annual
temperature of 15.1 ◦C and an average annual rainfall of 571 mm. Soils are sandy and acidic
with low organic matter content within topsoil (see López-Sánchez et al. [15] for details).
The study area supports diverse vegetation dominated by open holm oak (Quercus ilex L.
subsp. ballota (Desf.) Samp.) woodland with a shrub cover mostly comprised of xerophytic
and evergreen species. Shrub cover is low (0.2%, 0.6% and 38.0% in cattle, sheep and
wildlife-grazed areas, respectively; [33]). The herbaceous layer is dominated by sub-
nitrophilous Mediterranean annual communities and therophytic oligotrophic communities
(see López-Sánchez et al. [15] for details).

2.2. Study Sites

Three sites (independent estates) with distinct and representative management (graz-
ing regime) for at least thirty years (i.e., they were not subjected to ploughing, shrub-
clearing or fire) were selected within the study area. The first one (142 ha), hereafter
“Cattle”, consists of commercially driven management (0.33 LU ha−1) of cattle (breed
“Avileña negra ibérica”). The second site (140 ha), hereafter “Sheep”, has been supporting
traditional management (0.25 LU ha−1,) of extensive sheep (breed “Talaverana”). Both
sites have maintained livestock rearing year-round for the last 40 years and represent the
typical managements (stocking rates) for these systems [25,34]. In addition, both sites are
fenced off to control livestock movements and prevent wildlife and human access (see
López-Sánchez et al. [15] for details). Finally, the third site (150 ha) has not supported
livestock since 1985 and its management has been devoted to recreational big game hunt-
ing, mostly red deer but also some wild boar (Sus scrofa L.), for the past 50 years, and
represents the typical deer management (densities) of Mediterranean hunting properties in
oak-dominated woodlands and dehesas [35,36] (see López-Sánchez et al. [15]).

2.3. Sample Design and Data Collection

We selected nine independent, replicated zones (three zones per site) of 5 ha, each one
with similar density of holm oak trees (42.15 ± 11.44 trees ha−1), with similar diameter
at breast height (40.40 ± 16.23 cm, see López-Sánchez et al. [15] for details). In each
zone, eighteen 4 m × 35 m belt transects (separated by 40 m) were established (total
n = 162) within which we defined four different microsites: (i) under the tree canopy
(hereafter tree), (ii) under the shrub canopy (hereafter shrub), (iii) under the tree and
shrub canopy (hereafter tree-shrub) and (iv) in open grasslands (hereafter open). We
recorded the microsite and some architectural measures of all oak young plants (height
<130 cm) that were found within the transect. The architectural measures were the basal
diameter (hereafter, diameter, cm) and the height (cm) of all young plants, measured on the
largest diameter shoot in the event of oak multi-stemmed individuals (plants with multiple
shoots). We noted whether the apical sprout was browsed, or whether there was no sign
of browsing. In the event of oak multi-stemmed individuals, we also measured crossed
diameters (the largest one and their perpendicular). The mean of both crossed diameters
was used as a single variable (hereafter, crown diameter). Vertebrate herbivory damage
was categorized according to its intensity and was assessed for all young plants. Damage
categories followed a 0–4 rank of herbivory level [28]: 0 for plants with no apparent
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browsing evidence (hereafter, null damage), 1 for plants with low browsing (1–10% of
browsable biomass damaged; hereafter low damage), 2 for plants with moderate browsing
(11–40% of browsable biomass damaged; hereafter moderate damage), 3 for plants with
high browsing (41–70% of browsable biomass damaged; hereafter high damage), and
4 for plants with maximum browsing (>70% of browsable biomass damaged; hereafter
maximum damage, see details in López-Sánchez et al. [28] for details) which was considered
as unsustainable browsing since plants at this damage level become incapable of developing
onto further ontogenetic stages [28,36]. Surveys were conducted at the beginning of spring
(March–April 2014), coinciding with the highest browsing damage in most Mediterranean
environments [37].

2.4. Statistical Analysis

We developed generalized linear mixed models (GLMMs, [38]) for all architectural
response variables (Table 1). These models are an extension of General Linear Models (e.g.,
regression, variance analysis) allowing different error distributions for response variables,
and establishing a linear relationship through a link function. In addition, applying random
effects allows grouped data to be analyzed. We established the shape of the young plants
(thickest shoot in the case of multi-stemmed individual oaks) through the height–diameter
ratio (hereafter, HDR) by dividing the height/basal diameter (in the same units, cm). In
addition, the shape of young oak multi-stemmed individuals was measured through crown
height–diameter ratio (hereafter, CHDR, in cm) by dividing the height/crown diameter (in
the same units, cm). When necessary, Box–Cox transformations [39] were applied to data
in order to calculate the lambda transformation (power lambda link) [40] that maximizes
the likelihood. Thus, the response variables were fitted to gamma error distribution with
their corresponding power lambda link function (Table 1).

Table 1. Summary of architectural (response) variables.

Response Variable Sample Size Used (n)
Error Distribution (Power
Lambda Link Function) 1

Height 554 (all plants) Gamma (0.70)
Diameter 174 (plants with basal diameter >1 cm) Gamma (0.70)
Height–diameter ratio 554 (all plants) Gamma (0.34)

Crown height–diameter ratio 253 (only oak multi-stemmed
individuals) Gamma (0.33)

1 Power lambda link function (g(μ) = μλ) is the lambda (λ, numeric value inside the brackets) used for the
monotonic transformations.

All models included rangeland management, microsite and the herbivory occurrence
(presence-absence) as fixed effects. The structure of the random effect was the following:
transect nested within zone and, thus, nested within management regime. Moreover, we
repeated the same analyses for each response variable with the same random effect and
fixed effects but including herbivory intensity (using the herbivory categories described
above) instead of herbivory occurrence.

In addition, the occurrence of browsed apical sprout (presence-absence, for plants
with some herbivory) was analyzed as a response variable by means of GLMMs and
fitted to binomial error distribution with a logit link function. The models included
rangeland management and microsite as fixed effects. Transect nested within zone and
within management regime was considered as random effect.

We used the model averaging approach [41] in all cases. We first fitted the maximal
model, containing all the predictors. Then, we performed model comparison of all possible
models by using the AIC weights. For model comparison we used the “dredge” function
within the “MuMIn” package of R. Finally, we obtained the model-averaged coefficients as
well as the relative importance of each predictor (from 0 to 1) by using the “model.avg”
function of “MuMIn”. For predicted values obtained from models, we used the “fitted”
function within the “stats” basic package of R.
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Data processing and statistics were performed using R 3.1.1 [42] with the modules
“lme4” [43], “car” [44] and “MuMIn” [45].

3. Results

3.1. Management Effects on Young Oak Plant Architecture

Rangeland management affected the height, diameter (>1 cm) and shape (HDR) of the
young oaks and multi-stemmed individuals (Table 2). In sheep-grazed areas, we found
significantly greater heights of young plants (mean of 45 cm) than in cattle-grazed areas
(31 cm) and wildlife areas (24 cm; Figure 1a). In contrast, the diameter of young plants was
greater (3.8 cm; Figure 1a) in cattle-grazed areas than in wildlife areas with no extensive
farming (2.6 cm; Figure 1a). In addition, in areas where only wildlife was present the
diameter of young plants was greater than in sheep-grazed areas (2 cm; Figure 1a).

Table 2. Summary of the generalized linear mixed models to analyze the effect of management, occurrence of herbivory and
microsite on plant architectural variables (height, diameter and height–diameter ratio, and crown height–diameter ratio).

Response Variable
Management H.O. 1 Microsite

Sheep Wildlife Presence Shrub Tree-Shrub Open

Height (cm)

Estimated model
coefficient 5.088 1.423 6.428 2.626 0.053 −0.539

Standard error 1.021 0.935 0.517 1.003 0.490 0.548
z-value 4.983 1.522 12.423 2.619 0.109 0.985
p-value <0.001 0.128 <0.001 0.009 0.913 0.325

Diameter (cm)

Estimated model
coefficient −0.528 −0.289 0.271 −0.662 −0.719 0.038

Standard error 0.132 0.139 0.127 0.216 0.259 0.103
z-value 4.000 2.076 2.124 3.065 2.779 0.363
p-value <0.001 0.038 0.034 0.002 0.005 0.716

Height–diameter ratio

Estimated model
coefficient 0.917 0.417 0.445 0.529 0.052 −0.053

Standard error 0.095 0.091 0.053 0.114 0.073 0.068
z-value 9.604 4.571 8.349 4.634 0.706 0.777
p-value <0.001 <0.001 <0.001 <0.001 0.480 0.437

Crown Height–diameter ratio

Estimated model
coefficient 0.026 0.104 0.044 0.069 −0.030 0.002

Standard error 0.039 0.040 0.031 0.053 0.051 0.029
z-value 0.659 2.585 1.390 1.299 0.596 0.072
p-value 0.509 0.010 0.165 0.194 0.551 0.943

1 H.O: Herbivory Occurrence. Reference levels from fixed effects Management, H.O. and Microsite are Cattle, Absence and Tree, respectively.

As HDR is directly proportional to height measure, we also found higher values of
HDR of young plants in sheep-grazed areas (30; Figure 1a) than in areas where livestock
grazing was not present (20; Figure 1a). Furthermore, in areas where only wildlife was
present the HDR of young plants was higher than in cattle-grazed areas (14; Figure 1a). We
found a higher proportion of young oak multi-stemmed individuals in livestock (cattle or
sheep)-grazed areas (71.0% ± 40.1 and 68.3% ± 30.7, respectively) than in wildlife areas
(58.3% ± 43.6). Multi-stemmed individuals were more stunted (lower CHDR) in livestock
grazing areas than in wildlife areas (Table 2), but they did not differ between cattle- and
sheep-grazed areas (Table 2).

Plants with greater height (50 cm) showed higher probability of being browsed
(Table 2) exhibiting moderate, high and maximum damages (Figure 2). In addition, plants
with greater diameter (3.5 cm) showed higher probability of being browsed (Table 2)
exhibiting high and maximum damage (Figure 2).
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Figure 1. Architectural variables (height, diameter and height–diameter ratio) of plants depending on (a) the management
regime (shown through the bars); and (b) the microsite (shown through the bars). N = 554 plants for height and height–
diameter ratio, and N = 176 plants for diameter as response variables. Error lines are 95% confidence intervals. Different
letters (a, b, c) indicate significant differences (p < 0.05) in architectural variables between (a) management regime and
(b) microsite.
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Figure 2. Probability of browsing depending on plant architectural variables (plant height, di-
ameter and height–diameter ratio, and multi-stemmed individual crown height–diameter ratio).
N = 554 plants for height and height–diameter ratio, N = 176 plants for diameter, and N = 253
multi-stemmed individuals as response variables. Bars indicate plant architectural variable value
between different levels of damage intensity. Null damage: browsable biomass undamaged; Low
damage: 1–10% of browsable biomass damaged; Moderate damage: 11–40% of browsable biomass
damaged; High damage: 41–70% of browsable biomass damaged; Maximum damage: >70% of
browsable biomass damaged. Error lines are 95% confidence intervals. Different letters (a, b, c) indi-
cate significant differences (p < 0.05) in architectural variables between different levels of herbivory
damage intensity.

Plants with greater HDR (30) showed higher probability of being browsed (Table 2)
for any score of herbivory intensity (Figure 2). We did not find differences in oak multi-
stemmed individuals CHDR depending on occurrence and intensity of herbivory (Table 1,
Figure 2).

3.2. Microsite Effects on Young Holm Oak Architecture

Microsite of location affected the height, diameter (>1 cm) and shape (HDR) of the
young oaks (Table 2). However, we did not find differences in shape of oak multi-stemmed
individuals (CHDR) depending on the microsite (Table 2).

Young oak plants refuged under shrubs located in open areas showed greater values of
heights (mean of 37 cm) than in other microsites (around 20 cm; Figure 1b). In contrast, we
found significantly greater diameters in open areas and under tree canopy cover (2.8 cm)
than under shrubs located both in open areas and under tree canopy cover (1.5; Figure 1b).

Additionally, we found higher HDR (30) under shrub cover than in other microsites
(18; Figure 1b).

3.3. Damage on Shoot Apex

Occurrence of intact shoot apex (no apical sprout damage) in young plants varied
depending on the management regime (Table 3). In livestock (cattle or sheep)-grazed areas
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the probability of having a damaged shoot apex was greater than in wildlife areas. We did
not find differences on shoot apex damage across microsites (Table 3).

Table 3. Summary of the generalized linear mixed models to analyze the effect of management and microsite on the
occurrence of apical sprout damage.

Response Variable Predictors Factors Estimated Model Coefficient Standard Error z-Value p-Value

Probability of occurrence of
apical sprout damage

Intercept 0.706 0.739 0.954 0.340

Management

Sheep −0.060 0.977 0.061 0.951
Wildlife −3.494 0.983 3.557 <0.001
Shrub 0.699 0.688 1.017 0.309
Tree-shrub −0.153 0.639 0.239 0.810

Microsite Open 0.695 0.393 1.769 0.077

4. Discussion

4.1. Management Effects on Young Oak Plant Architecture

The different management schemes led to a notable change in young oak recruitment
architecture. We observed lower (40%) oak heights for areas with a management of
commercial extensive cattle grazing in comparison to more traditional management such
as sheep farming. Alternative management schemes with no extensive farming (at least
30 years without livestock) also reduced the young oak height in comparison to traditional
sheep-grazed areas but the effect was less accentuated (around 30% height reduction)
than with highly competitive cattle-grazing areas. Here, we found that plant architecture
was modified, increasing the abundance of oak multi-stemmed individuals, with a clear
shaping of the natural tree form (Figure 1). At stand level, an important consequence of
abundant presence of young oak plants (height < 1.30 m) with low height–diameter ratios
is the increase of the time required to reach the height threshold (1.5–2 m) that allows
young trees to avoid being browsed [46,47]. In addition, stunted individuals with low
height have greater probability of being killed by large browsers [48]. Importantly, we
found a higher probability of shoot apex damage under permanent livestock farming (cattle
or sheep), compared with representative wildlife areas, probably due to the continuous
browsing activity of cattle and sheep (management under continuous grazing). Areas with
no extensive farming (wildlife) usually involve lower stocking rates due to both lower
animal density and greater mobility of wild ungulates. The continuous disruption of apical
dominance through shoot apex removal results in shorter plants with multiple lateral
meristems that facilitate the increase in width growth. This differential growth in width vs.
height delays plant development and brings about a higher probability of being repeatedly
damaged, either by browsing or by trampling [49]. Accordingly, we found larger basal
diameters in cattle areas compared to wildlife areas, or with traditional management of
sheep (Figure 1). This corroborates the idea of a disproportionally height–diameter ratio.
According to Plieninger [6], dehesas with long-term silvopastoral use (>300 years) maintain
adult or sub-adult trees with greater diameters than those with less historical silvopastoral
management (60–100 years). Most of those adult or sub-adult trees are thick and have
great diameter; but their height is not large enough to represent a well-developed adult
tree. Our results showed that cattle farming management, involving continuous grazing at
high stocking rates, resulted in a strong limitation for the growth of young oak plants and
confirms previous studies [21,28,50].

Differences in HDR across management schemes need to be considered with caution
since it may involve both management (stocking rates, presence) and animal size. Larger
herbivores will reach the central shoot more easily than smaller herbivores. Most of the
young oak plants in dehesas generated sprouts as a response to herbivore damage, and
as soon as the horizontal extension of the stools is thick enough, the central shoot can
gain height without being accessible to browsing herbivores [51]. Sheep are less able
to reach the central shoot due to their smaller body size and, thus, young plants with
certain height or width (e.g., wider oak multi-stemmed individuals) will escape shoot apex
damage more easily, growing with higher HDR, which, in turn, results in the ability to
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advance to the adult stage faster. Moreover, slender young plants (higher HDR) showed
a higher probability of being browsed since they were more visible and accessible than
stunted plants.

Most oak regeneration found in examined livestock-grazed areas was in the form of
oak multi-stemmed individuals (70%) due to high herbivore pressure, as happens in many
dehesas holding livestock [9,25]. Our study reveals that livestock management exerted over
more than 30 years results in more stunted plants (lower CHDR values) than in the case of
wildlife grazing at moderate stocking rates (<0.11 LU ha−1) due to the longer and continued
consumption over oak multi-stemmed individuals. In particular, intensive commercial
management of cattle sustained stunted oak multi-stemmed individuals (compared to
traditional management of sheep grazing), resulting in protection of the central shoot
against damage caused by cattle in this type of management. However, these extensive oak
multi-stemmed individuals could not avoid constant damage in their central shoot after
more than 30 years due to the current, most competitive management, involving constant
presence of the cattle (year-round) at high stocking rates (>0.30 LU ha−1).

4.2. Microsite Effects on Young Holm Oak Architecture

Young holm oak architecture was related to specific microsites. We found greater
plant height under shrub protection in open areas. In harsh, dry environments, such as the
Mediterranean, shrub cover not only provides protection against herbivore pressure [25,30],
but also reduces evapotranspiration [52,53], which favors the growth of the apical shoot,
leading to higher plants [52,54] with greater HDR (Figure 1). Thus, the results of our study
are in line with previous research showing that the presence of some shrubs in Mediter-
ranean dehesas may have positive effects on early recruitment of oak species, not only
by facilitating seedling establishment [33,50,53,55], but also by ensuring a more natural
plant architecture (reduction of apical damage) and a faster advance to the reproductive
stage [15]. Plants under shrub protection located under trees were also protected against
intensive browsing and desiccation. However, competition for light conditions and other
resources is probably too high given the number of oak shoots under tree cover and the
presence of the adult trees, which may reduce plant growth, affecting architecture. Con-
versely, we found higher diameter and smaller HDR under tree canopy and in open areas
(without shrub protection) in comparison to those growing under shrub cover (Figure 1).

4.3. Sustainable Management Involves Well-Developed Young Oak Plants

The current age structure in dehesas (scarce adult oaks and lack of regeneration)
represents a threat to the sustainability of the whole system because old-aged trees are
not being replaced [9,13]. López-Sánchez et al. [15] have shown the striking differences
in oak densities and herbivory role under three representative management schemes of
Mediterranean dehesas. In the present study, we analyze the architecture of young oak
plants subjected to these three typical management schemes in dehesas. It is not only
important to evaluate the numerical oak recruitment presence but also the long-term effects
of management (>30 years) on plant architecture and growth. Our results have shown that
some livestock management schemes, chiefly high commercially competitive management
of cattle, are generating stunted plants due to constant and heavy herbivore pressure over
the same plants. However, traditional management of sheep grazing generated slender
plants and promoted central shoot development compared to cattle grazing. Therefore,
the management recommendation to return to a traditional livestock grazing manage-
ment (e.g., using local sheep breeds) suggested by López-Sánchez et al. [15] would help
plants grow faster, and with an adequate architecture that will ensure a more rapid and
higher quality regeneration (i.e., incorporation of well-developed reproductive trees in less
time). Furthermore, it might be helpful to reduce those Supplementary feed with high
urea content that disproportionally make animals search for browse [56]. Additionally,
temporary livestock exclusion with only the presence of wildlife (deer) at adequate densi-
ties (<0.11 LU ha−1) will provide opportunities for holm oak regeneration and a possible
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encroachment of shrub cover [57] that would help to protect young plants. However, high
densities of deer could produce an opposite result [36,58,59], since deer also browse and
are large-bodied animals that impede oak regeneration and can modify the architecture of
young oaks [16]. Therefore, under wildlife management it is also essential to monitor and
control deer populations [60,61].

Young plants should not only substitute the actual old stand but also ensure the
future sustainability of the whole system by producing high acorn yield. Hence, individ-
ual protection may be essential in current livestock management schemes, especially in
high commercially competitive management, along with shearing epicormic and basal
sprouts [31]. This management practice should promote greater HDR, reducing the dis-
proportional horizontal extension of the sprouts. In addition, this technique will generate
larger saplings in a shorter amount of time and will give rise to reproductive trees. We
may remove the individual protection after the saplings reach the grazing height threshold
(>2 m). Herbivores will then browse lower parts of the plant, operating as a pruning
mechanism with no effect on upper parts [62]. Examples of these techniques are shown in
Figure 3 and clearly deserve further investigation. The use of oak multi-stemmed individ-
uals or stunted saplings to generate reproductive trees through protection and pruning
could be more promising (both economically and environmentally) than planting new
individuals. For instance, protecting oak multi-stemmed individuals and saplings instead
of planting imported trees will reduce the risk of introducing important diseases (e.g.,
sudden oak death caused by Phytophthora spp.) that have been commonly brought through
the introduction of plant and soil material from nurseries. Further research is needed to
fully evaluate the costs and benefits of these proposed management practices.

Figure 3. Cont.
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Figure 3. Protection of two stunted multi-stemmed individuals of oak (Quercus ilex) with a strong
wire fence (2 m high). Only part of the oak multi-stemmed individuals was protected. Pictures show
a comparison between the protected part and the original part (non-protected oak multi-stemmed
individuals): (a) cylindrical shape of the protected part of the multi-stemmed individuals, showing
an increase in height (>2 m high) and no pruning was carried out; and (b) small tree generated from
a multi-stemmed individual after partial protection and pruning of the basal sprouts. The following
Photos: Ramón Perea.

5. Conclusions

Livestock intensification (especially in high commercially competitive management
with cattle grazing) applied to silvopastoral systems over the last century has affected
the architecture of young oak plants, potentially reducing the probability of high acorn
yield of future adult trees. This rangeland management practice jeopardizes the long-term
system sustainability. Specifically, cattle-grazed “dehesas” feature considerably altered
plant architecture by reducing 50% plant height–diameter ratios compared to traditional
management with extensive sheep grazing. In contrast, young oak plants showed more
natural architecture and less probability of damage on shoot apex in areas with deer grazing
at moderate stocking rates. Shrub presence, for all management schemes, helped to increase
plant height, except when shrubs were located under tree canopies.

Hence, we recommend sustainable practices such as cattle stocking rate reduction,
traditional sheep grazing promotion, nurse shrub preservation and the fencing of stunted
individuals along with pruning basal sprouts. Overall, our study highlights that manage-
ment may have important consequences for dehesa regeneration via alterations of plant
architecture and for the sustainability of the systems.
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Abstract: Cocoa-based agroforests play an important role in farmer livelihood and the global en-
vironment; however, despite these facts, their low yields and tree aging put at risk their fate. This
project investigated the carbon storage potential, productivity, and economics of different agro-
forestry arrangements of cocoa (Theobroma cacao) with Melina (Gmelina arborea) trees, in the southwest
of Colombia. We established the experiment under a Randomized Complete Blocks design with
seven treatments and three repetitions. Different allometric models were tested. Allometric models
were made for G. arborea trees with dbh, ranging between 30.24 and 50.11 cm. The total carbon
accumulation fluctuated between 49.2 (Treatment 4) and 88.5 t ha−1 (Treatment 2), soil organic
matter (SOM) ranged between 9 and 17%, bulk density decreased from 0.83 to 0.77 g cm−3. Cocoa
yield ranged between 311 kg ha−1 year−1 (Treatment 7, traditional farm) and 922 kg ha−1 year−1

(Treatment 6). Treatment 6 showed the best performance with a net present value (NPV) of COP
1,446,467 (US $337.6), an internal rate of return (IRR) of 42%, and a cost-benefit ratio (B/C) of 1.67%.
The benefits of AFS were also evidenced in some of the physical and chemical soil properties. De-
spite local marginality, these cocoa agroforest arrangements are a viable alternative to improve the
traditional (local) cocoa systems because cacao agroforest arrangements increased cacao yield and
carbon storage becoming a suitable alternative to improve traditional systems.

Keywords: climate change; tropical rain forest; traditional cocoa systems; allometric models;
tree biomass

1. Introduction

Food security and climate change represent one of the most worrisome threats to the
global environment and humanity due to the impacts caused on human health, biodiversity,
food security, economy, natural resources, and infrastructure [1]. These troubles will signifi-
cantly threaten human fate because of their social, environmental, and economic impacts
and the high cost of implementing adaptation and mitigation measures [2]. Therefore, the
2030 agenda for ‘Sustainable Development members’ calls attention to protecting the planet
from degradation and taking urgent action to tackle climate change concerns [3].

Fortunately, many of these hazards can be reduced by increasing resilience and
resource-efficient use in agricultural production systems [4], which will improve the local
farmers’ adaptive capacity. Similarly, the FAO proposed a ‘climate-smart agriculture’ (CSA)
approach, a tool to improve agricultural productivity and reduce yield variability over time
under adverse climatic scenarios [4,5].

GHGs could be mitigated in two ways: by reducing anthropogenic CO2 emissions or
by creating and improving carbon sequestration sinks [6]. Agroforestry systems (AFS) and
the mixture of crops and trees are a C sink and an alternative to mitigate the effect of the
agricultural production systems [7] because they integrate agricultural landscapes with
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rural communities [8]. AFS, the art and science of farming with trees [9,10], is a multifunc-
tional land-use system that offers environmental services in agricultural landscapes [9,11].
For instance, cacao agroforests preserve the natural soil biota, control soil erosion, and
provide sustained land use land while maintaining suitable yields [12–14].

These systems can sequester and store atmospheric carbon, in agricultural lands at a
low cost [7,8]. Growing windbreaks, shelterbelts, silvopastoral systems, forest farms, ripar-
ian buffers, woodlots, promoting natural regeneration of vegetation, and the conservation
of forests make an enormous contribution to the local carbon budgets [11–18].

Trees in the AFS also provide numerous goods and environmental services that benefit
farmers, landscapes, and infrastructure and reduce the susceptibility to extreme climatic
events, making it a tool for Smart agriculture approaches [18–23]. Likewise, Agroforestry is
considered a sustainable and efficient land management system, the AFS can contribute to
the implementation of 9 out of the 17 SDGs, and special attention is paid to food security,
climate change adaptation and mitigation, and biodiversity [24].

Environmentally sustainable practices are one of the highest priorities for agricultural
systems in the tropics [25,26]. An overview of the main technologies currently used
by cocoa growers, in Colombia, shows that cocoa growth under traditional production
systems [27,28], with low technology, old cacao trees, and high shading. These conditions
trigger fungal diseases such as frosty pod rot (Moniliophthora roreri) and Witch’s broom
(Moniliophthora perniciosa) [29], which reduce substantially cocoa yields. In this scenario,
traditional farms average a yield of 300 kg ha/year [27,30]. The outcome of various
researchers conclude that these systems are not viable for cocoa farmers [16]; however,
other researchers identify important social and economic co-benefits of environmentally-
friendly cocoa production regarding reduced pesticide use, resource conservation, long-
term productivity, soil health, and human welfare [31].

On the other hand, cocoa farming, however, is associated with numerous environ-
mental, social, and economic concerns, such as deforestation, child labor, and farmers’
poverty [31], that lead to public and consumer pressure [32] and a growing claim for
sustainably-produced cocoa [33]. Thus, cocoa traders and chocolate companies have
started addressing farm-level sustainability through supply chain mechanisms [34].

Past research on cocoa sustainability has mostly focused only on child labor in the value
cocoa chain [35], environmental impacts, and the relationship between environmentally-friendly
farming practices and profitability [36].

Full-sun cocoa farming is currently the most widespread cocoa cultivation system in
the world [37]; however, its negative effects including biodiversity loss, soil fertility deple-
tion, and soil quality degradation, have incredibly received low attention. Some ecofriendly
purposes must be studied to revert the ecological effects of full-sun cocoa systems.

T. cacao-G. arborea association has been little studied on the pacific coast of Colombia
despite its good performance; thus, a better understanding of its economic and environ-
mental effects is required [30], to offer different strategies to cocoa farmers’ decision makers
about the new cocoa production systems in the country.

The potential of AFS to store aboveground carbon is estimated to be 1.9 × 109 Mg C year−1

intemperate, and 2.1 × 109 Mg C year−1 in tropical biomes [38]. Carbon accumulation in
monoculture of trees and crops shows 40% and 84% less than AFS, demonstrating that AFS is
an important carbon sink in agricultural lands [39–41].

This research is focused on answering what are the carbon storage potential and
profitability of different cocoa-based agroforestry arrangements compared to traditional
cocoa systems? Therefore, the purpose of this research is to assess cocoa-agroforestry
arrangements’ potential to increase the yield and storage in atmospheric carbon compared
to traditional cocoa systems. For that, understanding the agroforestry arrangements’
performance was important for adoption purposes taking into account the ‘view of the
farmer’ which facilitates the implementation of improved agroforest arrangements [42].

64



Sustainability 2022, 14, 9447

2. Materials and Methods

2.1. Study Area

The research was carried out in Tumaco, Nariño, southwest of Colombia, located at
01◦39′12′ ′ north latitude and 78◦41′49′ ′ west longitude (Figure 1). The experimental zone,
located in a Tropical Rain Forest (bh-T) [43] had an average temperature of 27 ◦C, relative
humidity of 80%, precipitation of 2800 mm/year, and a solar brightness of 1008 h/year [44].

Figure 1. Study area: Consejo Comunitario Rescate Las Varas.

The agroforestry system was 10 years old, established under an experimental plot of
four ha, with a Complete Randomized Blocks Design (CRBD), and encompassing three
blocks and seven treatments. Each trial unit had 1600 m2. Table 1 gives more details about
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treatments. The G. arborea trees have a dbh range between 30.24 and 54.11 cm, and a height
range between 57.03 cm and 27.61 m, respectively.

Table 1. Treatments, spacing, and density of cacao and Melina trees in the experimental design.

Treatments
Cacao Melina

Spacing (m2) Trees/ha Spacing (m2) Trees/ha

1 3 × 3 1111 3 × 3 1111
2 4 × 4 625 4 × 4 625
3 3 × 4 833 8 × 6 208
4 3 × 4 833 12 × 6 139
5 3 × 4 833 16 × 6 104
6 3 × 4 833 3 × 3 × 7.5 440

7 * 7 × 7 200 12 × 12 69
* Traditional cocoa production system (control).

2.2. Tree Sampling

The tree sample size was 70 trees (35 of G. Melina and 35 of T. cocoa), five for treatment
chosen randomly to replicate the whole range of diameters and height in the treatments.
Tree biomass was attained according to McDicken, and Picard et al. approach [45,46].

We cut Melina trees (five for treatment) at ground level and immediately: (i) separated
four fractions of aboveground biomass (i.e., stem, branches, twigs, and leaves); (ii) weighted
each fraction (total fresh weight) using a hanging field-scale (Golden Lark model, precision
200 g), and (iii) collected a sample of 500 g from each fraction of aboveground biomass
and stored each sample in a paper bag, which was subsequently weighed on a precision
balance (Kern 440-55N, precision 0.2 g, Ebingen, Germany).

In the lab, the samples were dried at a temperature of 64 ◦C until they reached a
constant weight. the moisture content of the sample was determined with Formula (1).
These values were extrapolated to the biomass of different components of the cut trees;
then, using the 0.47 conversion factor [47] biomass-carbon carbon stock was attained.

Biomass =
Total f resh weight × Dry weight

Fresh weight
× 100 (1)

2.3. Data Processing

A total of 17 models were evaluated; eight equations were proposed by different authors
(Table 2) and nine by the study authors. Some of these regression models included transformed
data to estimate biomass based on trunk dbh and height. Although dbh is currently used
for most local or regional biomass estimations, some researchers have suggested that both
dbh and height should be included for larger-scale applications [48,49]. As such, we included
height in some models for estimating biomass in these open-grown trees.

Before and after evaluating the best-fit model to the G. arborea biomass data, the ho-
moscedasticity (constant variability of errors), normality errors, linear independence, and
linearity of the residuals were tested. Homoscedasticity was accomplished by eliminating
three observations (outliers) and applying the Breusch–Pagan test for constant variance.
Normality was attained by using the QQ-plots and the normal curve, in this, some deviated
points were observed in the tails, but they did not affect normality. Linear independence
was found with Pearson’s correlation coefficient, which was not significant between ex-
planatory variables. Finally, linearity was in some cases met using the exact valor of
lambda [51] or log transforming response variables. A correction factor prevented us from
bias in biomass prediction when log-transformed variables are used [52,53] (Equation (2)).

CF = exp
(

SEE2

2

)
or exp

(
variance

2

)
(2)
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where CF is the correction factor, SEE the standard error of regression estimate, and variance
is the square of the root-mean-square error (RMSE2) in logarithmic form. Finally, the
validation process consisted of two steps. First, the database was split into two parts, one for
training, which corresponded to 80% of the data, and the other for testing, which retained
the remaining 20%. Second, the final competing models were evaluated with the variance
inflation factor (VIF), the R2, and the mean squared prediction error (MSPE) [54–56]. After
selecting the best-fit equation, graphic analysis of the student residuals was performed to
test for normality and heteroscedasticity in the errors.

Table 2. Allometric equations used to estimate the biomass potential of AFS.

Number Author Equation

1 Berkhout bm = a + b × dbh
2 Kopezky bm = a + b × dbh2

3 Hohenadl-Krenn bm = a + b × dbh + c × dbh2

4 Husch Ln bm = a + b × ln dbh
5 Spurr bm = a + b × dbh2 × ht
6 Stoate bm = a + b × dbh2 + c × dbh2 × ht + d × ht
7 Meyer bm = a + b × dbh2 + c × dbh2 × ht + d × dbh2 × h
8 Schumacher-Hall Log bm = a + b × ln dbh + c × ln × ht
9 Brenack Log bm = a + b × dbh + c × 1/dbh
10 This study Sqrt (bm) = a + b × dbh
11 This study bm = a + b ln(dbh) + ln(ht)
12 This study Sqrt (bm) = a + b × dbh + c × ht
13 This study bm = a × exp(b × dbh)
14 This study bm = a × dbhˆb
15 This study bm = a + b ln(dbh))

Source: Loetsch et al. [50]. bm = biomass (kg/tree) or C (kg/tree); dbh = diameter at the breast height (1.30 m),
ht = total height (m); a, b, c, d = model parameters; ln = logarithm base e = 2.718282.

On the other hand, cocoa aboveground biomass was calculated by using a regression
equation [57] which is based on the tree collar diameter at 30 cm as given in Equation (3).

LogAGB = −1.625 + 2.626 ∗ log (D30) (3)

where AGB = Aboveground biomass; D30 = tree diameter at 30 cm aboveground.
Cocoa belowground biomass was attained with Equation (4) [58].

BGB = exp[−1.0587 + 0.8836 ∗ Ln(AB) (4)

where BGB = root biomass (t ha−1); Ln = natural logarithm; exp: power base e.

AB = Total aboveground biomass (t ha−1) of cocoa

Concerning cocoa yield, in all treatments, it was measured monthly.

2.4. Data Analysis

Tree carbon storage and cocoa yield were compared with the One-way ANOVA
procedure and the adjusted Tukey test to detect differences among treatments. Data
processing was carried out with SAS 9.3 and R 3.5.3. (R Core Team, Vienna, Austria)
software [59].

2.5. Economic Analysis

Production cost and cocoa yield from each treatment was monthly registered, while
G. arborea trees were valued in situ at USD 15.79. The economic analysis was performed on
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a hectare basis over the 10-year period using the Net Present Value (NPV) (5), the Internal
Rate of Return (IRR) (6), and the Benefit-Cost Ratio (BCR) (7) indexes.

NPV = ∑n
t=1

CFt

(1 + r)t − Co (5)

IRR = 0 = NPV = ∑n
t=1

CFt

(1 + r)t − Co (6)

BCR =
∑ PV bene f its

∑ PV costs
(7)

where:
CFt = net cash inflow-outflows during period t
r = internal rate of return that could be earned in alternative investments
t = time period cash flow is received
n = number of individual cash flows
Co = Total initial investment cost
PV = Present value

3. Results

3.1. Carbon Storage Potential of Agroforestry Arrangements

The agroforestry system with cocoa showed statistical differences (Pr < 0.0001) for
aboveground C stored by the agroforestry system (T. cocoa and G. arborea). The highest C
for the stock arrangements was treatment 7 (14.02 t Cha−1 year−1), while for the improved
arrangements, it was treatment 2 (11.32 t Cha−1 year−1) (Figure 2C). The outcomes of the
other treatments ranged between 8.73 and 6.29 tCha−1 year−1; accordingly, the total carbon
accounted (below- and aboveground) by the agroforestry systems in 10 years was between
140.226 and 62.85 tCha−1 (Figure 2D), which is equivalent to a 14.02 to 6.29 tCha−1 year−1.
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Figure 2. Aboveground carbon storage potential of G. arborea (A), and T. cacao (B) agroforestry ar-
rangements. Aboveground carbon storage potential of agroforestry arrangements (C), and total above
and belowground carbon storage potential of agroforestry system (D), a–d: statistical significance
indices: “Means with the same letter are not significantly different”.
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G. arborea aboveground carbon had statistical differences (p < 0.0001) among treatments,
treatment 2 displayed the highest amount of biomass stored with 5 t Cha−1 (Figure 2A).
T. cacao aboveground biomass had statistical differences (p < 0.0001) among treatments too.
Treatment 7 showed the highest potential (6.7 t Cha−1) (Figure 2B). The difference in carbon
stored by traditional cocoa agroforest compared to improved arrangements was around 20%.

3.2. Biomass Allometric Equations

Comparing different allometric models using data from destructively sampled
G. arborea trees, 15 models fitted the data rationally well, fulfilling almost all informa-
tion criteria (Table 3).

Table 3. Performance of the different competing allometric models in the information criteria indexes.

Model R2 AIC BIC PRESS Cp VIF FI

1 0.93 399.7 404 560.3 14.4 1.0 3.9
2 0.93 401.6 406.4 55.8 16.5 1.0 59.1
3 0.93 400 405 48.2 5.8 14.5 33.8
4 0.91 399.8 404.5 153.6 2.00 1.0 65.8
5 0.93 70.8 66.00 134. 8 16.4 139.6 59.8
6 0.94 405.5 410.2 0.30 2.80 144.8 19.4
7 0.94 401.6 407.9 0.30 15.2 66.1 3.8
8 0.91 70.8 66.00 155.5 18.7 13.7 67.5
9 0.91 68.8 62.5 150.1 1.80 144.8 65.5

10 0.92 118.0 125.9 143.1 2.80 1.0 62.6
11 0.92 403.5 411.4 134.8 17.4 124.5 60.6
12 0.92 114.6 119.3 147.7 4.80 13.7 63.3
13 0.93 402.9 412.4 155.5 2.60 1.0 7.4
14 0.93 402.8 413.9 134.9 5.60 1.0 33.24
15 0.93 399.8 404.5 160 16.4 1.0 68.7

R2 = Determination coefficient; AIC = Akaike information criteria; BIC = Bayesian information criteria;
PRESS = predicted residual sum of squares; VIF = Variance inflation factor; FI = Furnival index.

According to the results in Table 3, models 1, 2, 4, 10, 13, 14, and 15 were selected.
These had the highest determination coefficient, VIF less than 10, lowest Akaike informa-
tion criteria (AIC); Bayesian information criteria (BIC); predicted residual sum of squares
(PRESS); Mallows’ Cp (Cp); Variance inflation factor (VIF) and Furnival index (FI). These
competing models were tested to determine their accuracy using mean square prediction
error (MSPE) (Table 4). The best predictor model was Berkouth with MSPE = 5.74 which
was very close to the ‘This study 3’ model.

Table 4. Competing allometric models selected to make biomass estimates for G. arborea.

Model Number Model 1 R2 α β MSPE Rank

1 Berkouth 0.93 −534.339 33.282 5.74 1
14 This study 3 0.93 1.8048 1.6469 5.78 2
4 Husch 0.91 0.3982 1.6982 5.82 3

10 This study 1 0.92 4.64771 0.58219 5.84 4
2 Kopezky 0.93 141.54096 0.39794 5.89 5

15 This study 4 0.93 −4153.61 1346.99 6.11 6
13 This study 2 0.93 164 0.0386 6.21 7

1 35 trees for model training and 1 tree drawn at random (testing) without replacement to evaluate the precision
of each model repeated in 8 different trees. α, and β are regression coefficients, R2 = Adjusted determination
coefficient, MSPE = mean square prediction error.

3.3. Cocoa Yield

The variance analysis showed significant statistical differences (p > 0.0001) in co-
coa yield by the treatments. Treatments 2, 3, 4, 5, 6 and 1 showed the highest yields
(922, 845, 838, 837, 831, 710 kg ha−1) (Figure 3A); treatment 1 presented the lowest. When
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the improved cocoa arrangements were compared to traditional cocoa farms (treatment 7),
the improved arrangements showed significant differences. The traditional cocoa farm had
the lowest yield, with an average of 310.67 kg ha−1 year−1.

 

Figure 3. Average cocoa yield (A), soil bulk density (B), and soil organic matter (C) in a different AFS.
a,b,c: Statistical significance indices: “Means with the same letter are not significantly different”.

There was also a positive effect of all AFS in reducing soil bulk density (Figure 3B)
where there were no significant differences in the treatments within the blocks, but between
the three blocks studied, there was a reduction. This reduction was equivalent to an average
of 23%. These results show that the AFS is an alternative for improving soil health.

In the soil organic matter (SOM), there were no significant differences in the treatments
within the blocks but between the three blocks studied there was an increase (approx. 17%)
in the amount of organic matter transferred by the AFS to the soil (Figure 3C).

3.4. Economic Analysis

The economic analysis shows that all treatments had positive values in the indicators
analyzed (Table 5). Compared to all improved cocoa arrangements, treatment 6 offers the
best profitability with an NPV of 1446.45 (Colombian pesos—$ COP), an IRR of 42%, and
a BCR of 1.67. The lowest performance treatment was treatment 2 with an NPV of 1262,
an IRR of 25%, and a BCR of 1.16. Relating these values with those obtained by the cocoa
traditional farm (treatment 7), the traditional farm displayed even lower values in these
indices (NPV 651.65, IRR 13%, and a BCR of 1.02).
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Table 5. Metrics of the financial analysis to estimate the profitability of the different agroforestry
arrangements in San Luis Robles—Tumaco, Nariño.

Treatments NPV1 IRR (%) BCR

1 1,737,024 26 1.14
2 1,262,004 25 1.16
3 1,308,798 30 1.22
4 1,302,763 29 1.20
5 1,287,711 29 1.18
6 1,446,457 42 1.67
7 651,650 13 1.02

NPV1 = Net Present Value (Colombian pesos -$ COP); IRR = Internal Rate of Return; BCR = Benefit-Cost Ratio.

4. Discussions

4.1. Carbon Stored by the AFS

The carbon capture and storage potential depend on the agroforestry framework’s
structure and functions dictated by various socio-economic and environmental factors [60].
In this study, total biomass (aboveground and belowground) in all treatments was lower
than the control (traditional coca farm). The conceivable explanation behind this could be
the effect of microclimatic interactions in cocoa-based agroforestry systems, the spacing [61],
the age/diameter, and the miscellaneous structure of traditional farms. It is reported that
radiant energy and rainfall interception by foliage and the temperature and humidity of the
air surrounding the foliage [62] impact plant growth. This study detected that treatments
with fewer woody trees and cocoa (traditional farm) but with multiple understory species
growing with them stored more biomass. In the same way, the traditional cocoa agroforest
was older than all modern cocoa arrangements, which affected the carbon storage budget.
Despite cocoa’s high-density planting (HDP) being reported to reach higher cocoa yield than
traditional ones (less than 700 trees/ha) [63], its effects on carbon storage are limited [64].

Many authors report the potential of C storage by G. arborea. For example, total
biomass C stocks (above- and belowground) increased five-fold from the monoculture to
the multi-shade tree system (from 11 to 57 Mg ha−1), this increase was associated with
a six-fold increase in aboveground biomass, but only a 3.5-fold increase in root biomass,
indicating a clear shift in C allocation to aboveground tree organs with increasing shade for
both cacao and shade trees [65].

G arborea plantation stored 41.6 t C ha−1 at one year and three months old, in Costa
Rica [66]; 22.9 t C ha−1 at six years, 145.4 t C ha−1 at nine years old in Madhya Pradesh,
India [67], 8.31 t ha−1 at 3 years old in Mexico [61], 15.54 t ha−1 at four-year-old, in
Mexico [68], 24.39 t ha−1 at six years old in Colombia and [69], 41.6 t ha−1 all five years
old [70]. The C storage potential from these outcomes ranges from 2.77 to 40 t C ha−1,
reflecting the effect of environment, site index, and spacing on the C stored by G. arborea.
Therefore, the range from 16.2 to 20.9 t ha−1 yr−1 [71] does not encompass the total
variability of the G. melina in different scenarios.

T. cacao carbon storage potential in AFS seems to be in the range of agroforestry systems.
For instance, a 13-year-old gmelina-cacao agroforestry system stored 185 Mg C/ha in the
Philippines [72], which is lower than a pure gmelina plantation (294 Mg/ha). This could be
due to the spacing because it favored the development of cacao trees. However, we found
that in the opposite case, the trees of treatment 1, despite having the highest planting density
(1111 trees ha−1), reported the lowest C storage with a potential of 2.36 t tCha−1 year−1.
One reason is that possibly the high humidity and the low luminosity in the tropical forest
increased by the planting density caused more longitudinal growth than that in diameter,
generating more foliage than wood. The average C storage potential ranging from 1.7 to
3.3 t tCha−1 year−1 [73,74] is lower than in this study.

Cocoa planted in very shady environments leads to lower rates of CO2 assimilation
and lower production of fruits and biomass. Regarding water availability, there are already
reports that cocoa plants adjust their physiology [74]. Therefore, light and water are one
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of the factors that can favor or stress cocoa plants, becoming an important factor in plant
growth and photosynthetic rate [75].

The high carbon stored in this study could partly be explained by the fast-growth tree
rate and the high stand density in some of the AFS. Furthermore, site conditions in the study
area support optimum growth for G. arborea and T. cacao. Therefore, it appears that the high
nutrient requirement of G. arborea [76] is adequately met by the soils of the study area. This
is to be expected since they were planted on humid tropical rainforest soils where biomass
production is higher, and it is associated with soils with pH > 6 and C:N ratio > 20 [71]. Thus,
soil organic matter is an important indicator of agricultural productivity and environmental
resilience and is vital for soil structure stabilization, improvement of water-holding capacity,
and retention of crucial plant nutrients [1].

The introduction of trees improves the potential of agricultural lands to store soil
organic carbon [9,77–80]. Numerous authors report greater stocks of carbon in agroforestry
than in field crops [9,81].

The values for bulk density found in this study corroborate the positive effects of AFS
on soils. These values represent an improvement in the soil quality over the first 20 cm,
which is very important to understory plants [22].

4.2. Allometric Models

We tested and proposed linear regression models of the square root, logarithm, and
power of the biomass using coefficients extracted from tropical AFS biomass data. Our
optimal models have only dbh as the independent variable, which met all statistical
parameters [54]. Tree height was left out because of its effect on multicollinearity [54]. The
models explain more than 90% of the sample’s variance with MSPE lower than 7%. These
results are within the range of those reported by similar studies in AFS [11,81]. The response
variable without transformation got the best accuracy in biomass prediction. However, the
power regression function (formula as: y = a × exp(b × dbh)) had a prediction accuracy
very close to untransformed data.

Logarithmic allometric models are used in tree biomass studies [79]; in this research,
log-transformed model fitted the data well but with lower R2. The advantage of these
models is that they can be derived by linear regression and be generalized more easily than
linear or weighted regression models [79]. Their disadvantage is that the sum of component
estimation usually does not equal estimates from real data and has to be adjusted when the
response variable is log-transformed. In this case, the correction factor was 1.032. In some
cases, logarithmic transformation of the dependent variables stabilizes the variance and fits
well with the model meeting the information indexes’ requirements [80,81].

The initial observation was that all the models generated in this study met accuracy
criteria, having low AIC, BIC, PRESS, IF, IV, and very high R2 (Table 3). It indicates the
independent variable (dbh or dbh-height) explained a very well high proportion of the
variation in C.

Generic models met most of the information criteria. Unfortunately, when they were
tested for variance inflation (VIF) and R2 indexes, some failed. High VIF values greater
than 10 suggest that the predictor variables considered in a regression model are highly
correlated with themselves and are synonymous with multicollinearity [80].

The allometric models showed a similar prediction of the total aboveground biomass
with some models [81] but disagreed with others [41,82], which over- or underestimated
the total aboveground biomass for trees with higher dbh. These outcomes call attention to
reviewing the background of each model before using it. The two winner models performed
the best in the validation process (Table 4), but some warning must be taken when using
them. In this regard, before using any allometric model, it must be ensured that the data
are within the validity range of the selected models [41].

From this call, it can be inferred that the derived allometric models can be correctly
and efficiently used to estimate the aboveground biomass and carbon stocks in AFS. To
sum up, there is an attractive opportunity for farmers to benefit financially from traditional
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and AFS with G. arborea if the cocoa growers can access the carbon markets because these
arrangements had a high potential to produce environmental services.

4.3. Cocoa Yield in the Agroforestry Arrangements

The agroforestry arrangements evaluated showed variability in cocoa yield. The
high planting densities (lower spacing) increased humidity triggering cocoa diseases and
demanding high labor to control them [23,27]. The low yields of the traditional farm (treat-
ment 7) indicate that traditional cocoa farms are not profitable if their only objective is cocoa
yield [23,27]. However, if evaluated as a system, including all good and environmental
services such as biodiversity, the results may differ. In this sense, some cacao growers state
that the institutional trend to increase cacao planting densities goes against the traditional
farmers’ view because the low cocoa trees’ density (400 trees ha−1) allows them growth
miscellaneous crops for their livelihood [23]. However, with some new practices, they can
increase their yield to 1000 kg ha−1 keeping these traditional cocoa arrangements [83,84].

In the traditional system, the energy investment is less than commercial ones; for
every 1 megajoule invested, 23 are produced (1:23 ratio) [27]. Therefore, the energy balance
is highly efficient. On average, cacao yields were, 41% higher in monocultures, but the
revenues derived from traditional cocoa agroforest economically overcompensated for this
difference. Indeed, the return on labor across the years was roughly twice higher in the
agroforestry systems than in the monocultures [84].

When analyzing yield in each of the treatments, the same trend can be observed
with the traditional farm reporting the lowest values. However, in the dry season, which
occurred in the municipality between July to October, there was a slight separation of the
treatments, suggesting that the shading produced a differential effect.

For good performance and yield of cocoa-based systems, the companion trees should
provide a shade below 50%; the most recommended is 30% [85] because shade greater than
60% causes yield limitations [86,87]. However, cacao has been traditionally grown under
shade regardless of yield [86]. In an experiment in Ghana, strong reductions in yield were
observed due to shading. Cacao trees growing in full sunlight had a higher yield than
the shading ones [87]. Conversely, scientists and environmentalists alike are beginning to
realize this switch’s error for the ecology of cocoa plantations [88]. Canopy cover-up to 39%
raised yields at the field level compared to cacao grown in full sun, but increasing shade
above this level can limit yields [89,90]. Whereas in Cameroon, increasing canopy cover-up
to 47% enhanced yield but greater than 60% reduced cocoa yield [91].

Therefore, growing in sunlight will require more intensive management, including
increased fertilizer inputs [85]. Shading may not be required in all cacao-farm regions,
its applicability is dependent on local climate conditions. That is why the control of both
the growth and density of cacao trees, the increases in aeration, light perception, and
fertilization [88,92] are necessary to raise the yield.

4.4. Economic Assessment of the Agroforestry Arrangements

The low profitability of the traditional cocoa agroforests agrees with most studies [93].
They indicate that traditional cocoa-based AFS with few forest species, and few invest-
ments generate low incomes. However, lower yields, in some cases, can be offset by cacao’s
premium prices [94]. This is an important finding because traditional/indigenous pro-
duction systems make a high contribution to the environment and rural welfare, more
economic research is needed. In other scenarios, the revenues derived from agroforestry
by-crops, economically overcompensate due to self-consumption of companion crops, such
as bananas, fruits, herbs, and peach palm, among others [94,95]. There is a bias, when
assessing cacao production systems because most studies focus on cacao yields without
quantitatively evaluating the economic returns from companion crops [86]. Other draw-
backs of the cacao farms’ competitiveness are a lack of access to the market and low density
of trees (400 per ha). Therefore, despite their potential to increase farmers’ revenues, crop
products have been mainly used for self-consumption [96].
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Results show that cacao yields were, on average, 41% higher in improved cacao agro-
forestry, but the revenues from agroforestry companion crops have great potential. The
explanation about high IRR in treatment 6 could be the result of the optimum perfor-
mance of G. arborea trees under these spacing and alley arrangements and that G. arborea
is a sunlight-demanding, drought-resistant tree, which has fairly good tolerance to moist
soils [97]. Under these conditions on the Colombian pacific coast, G. arborea trees reached
dbh and heights higher than 50 cm and 11 m, respectively, which were sold at $70.000 COP,
(USD 17.5). Indeed, the best economic performance was attained with intermediate diver-
sity (three to seven species) and a density of 100 to 400 companion plants ha−1) [98]. The
same trend was reported in another study where G. arborea agroforest was 2–3 times more
profitable in terms of net present value compared to sole G. arborea or mango or pigeon
pea [99], these tendencies are very close to the results in this study. When comparing the
cost of all improved cocoa arrangements they had no significant differences; however,
when compared to traditional systems the differences were outstanding. Traditional agro-
forestry budgets are very low (1 million COP, USD 250, approximately), especially for
labor, which allows farmers to develop miscellaneous activities and the use of on-farm
inputs. Sustainable production systems such as agroforestry and organically managed
systems are expected to yield less cacao but by-crops and premium prices, respectively,
might economically compensate for the lower yields [84].

The IRR of 41% was high compared to the banks’ discount rate but there is no infor-
mation about the IRR for other agricultural systems in the region.

These findings provide a roadmap for optimizing crop diversity and density to adjust
the economic balance between sales and self-consumption in cocoa AFS.

Finally, if agroforestry is to be used in carbon capture and storage schemes such as
the clean development mechanisms, better information is required to determine above-
and belowground carbon stocks and soil carbon in agroforestry systems landscapes [100].
Thus, there is a need for biomass estimation, which is sensitive to a specific arrangement,
objectives, spacing, companion plants, and management practices. The AFS assessed in this
study could be a good alternative for the Colombian government to full fill its commitments
to COP 21 and the Sustainable Development Goals– SDG [100], or the 2030 agenda in SDG
13 (climate action) [101].

Further research is needed to investigate the impact of different ways of integrating
miscellaneous trees with cocoa on wider environmental, social and economic sustainabil-
ity aspects, that are driving increasing interest in the SDGs, climate change, and food
security [102–104]. Likewise, it is needed to design the strategies for adopting [105] these
results in the region.

5. Conclusions

The carbon stock in the different agroforestry arrangements was statistically different.
The lowest accumulation happened in treatment 4 and the highest in treatment 2. To
estimate the biomass produced in the different agroforestry arrangements, two allometric
models were developed for G. arborea based on dbh. Cocoa yield showed significant statis-
tical differences in the different arrangements. The proposed agroforestry arrangements
had positive effects on soil bulk density (Da) and organic matter, the first was reduced and
the second had a significant increase. All agroforestry arrangements had positive financial
benefits. Overall, treatment 6 presented the best performance in all financial indexes.
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Abstract: Shade is a natural condition for coffee plants; however, unshaded plantations currently
predominate in Asia. The benefits of shading increase as the environment becomes less favorable for
coffee cultivation, e.g., because of climate change. It is necessary to determine the effects of shade
on the yield of Coffea canephora and on the soil water availability. Therefore, three coffee plantations
(of 3, 6, and 9 ha) in the province of Mondulkiri, Cambodia, were selected to evaluate the effect of
shade on Coffea canephora yields, coffee bush trunk changes, and soil moisture. Our study shows that
shade-grown coffee delivers the same yields as coffee that is grown without shading in terms of coffee
bean weight or size (comparing average values and bean variability), the total weight of coffee fruits
per coffee shrub and the total weight of 100 fruits (fresh and dry). Additionally, fruit ripeness was not
influenced by shade in terms of variability nor in terms of a possible delay in ripening. There was no
difference in the coffee stem diameter changes between shaded and sunny sites, although the soil
moisture was shown to be higher throughout the shaded sites.

Keywords: agroforestry systems; bean size; bean homogeneity; ripening

1. Introduction

Coffee is one of the most traded crops, and it has a total yearly consumption of 9 billion
kilograms around the world. Coffee available on international markets originates from the
species Coffea arabica (arabica) and Coffea canephora (robusta) [1]. Coffee crops are highly
sensitive to climate change [2]. Areas suitable for growing coffee are expected to decrease
by 21% in Ethiopia [3] and by more than 90% in Nicaragua under global warming [4].
Arabica crops have already declined in the Tanzanian highlands and India under increasing
temperatures [5,6]. In the face of climate change, robusta is more adaptable than arabica
and able to thrive in warmer and lower land conditions [7]; however, it is more susceptible
to low temperatures than arabica [8]. The optimum mean annual temperature range for
arabica (18−23 ◦C) is lower than that for robusta (22−26 ◦C) [7]. Robusta is popular in
blends; it is used to produce instant coffee [7] and it can be grown successfully from sea
level to an elevation of 1400 m [7]. Arabica trees are generally less vigorous and productive
and have higher production costs than robusta trees; however, arabica is a higher-quality
beverage and dominates the high-quality specialty coffee market [9,10]. For both species,
a short dry period lasting 2–4 months, corresponding to the quiescent growth phase, is
important for triggering flowering [11]. The roots of robusta coffee are shallower [8]; thus,
it is less tolerant of dry conditions than arabica but grows well in soils that are wetter and
shallower. In each case, changes in the prevailing climatic conditions will have a significant
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effect on the condition of the arabica and robusta coffee plants and the prevalence of pests
and diseases [7].

Similar to arabica coffee trees, robusta trees have a natural adaptation to shade because
the species originates from the understory of African forests [8]; therefore, growing coffee in
agroforestry systems naturally brings many benefits. Coffee agroforestry systems promote
the conservation of natural resources, landscape diversity [12] and biodiversity [13,14].
Moreover, trees in agroforestry systems mitigate excess carbon [15], are sources of eco-
nomic diversification by providing fuel wood, timber or fruits, and protect the soil [8,16].
Although tree species diversity in agroforestry coffee plantations was lower than that in
forest reserves [17], agroforestry coffee plantations are still areas of greater diversity than
monocultural plantations or other agricultural land. Moreover, shaded plants can avoid
heat stress and high light intensity [18]. Shading reduces the mean air and soil temperatures
and increases the air humidity; furthermore, the soil temperatures fluctuate more markedly
in non-shaded areas [19]. Shade trees may compete with coffee for resources such as light,
water, and soil nutrients [20]. Our prior research [19] reported that the soil conditions were
drier at the beginning and end of the dry season in the shaded areas. Although water
supply is important for coffee production, it is difficult to know how future changes in
rainfall patterns will impact coffee production because consolidated models of rainfall
changes have a high degree of uncertainty [21].

One of the reasons why farmers changed agroforestry coffee plantations to monocul-
ture ones was the incidence of diseases. The occurrence of the coffee berry borer and coffee
leaf rust in coffee crops in agroforestry plantations highlights the benefits of monoculture
coffee planting, which enables higher chemical inputs and pruning and high coffee plant
density [13,22]. However, a consensus has not been reached on the higher incidence of these
diseases in agroforestry coffee plantations, with some authors indicating that the coffee
leaf rust incidence decreased with increasing shade and others recommending intermedi-
ate levels of shading [23–25], whereas other studies did not detect any interdependence
between coffee leaf rust and shade [26–28].

An increase in production is another reason for reducing agroforestry coffee areas.
The effect of shade on coffee quality has been widely documented for arabica coffee and
appears to be highly site-dependent [29]. Some studies [30,31] reported that arabica coffee
shrubs grown in agroforestry produce lower yields than those grown under full sun. Intense
light has been shown to reduce fruit loads and cause lower yields because of longer intern-
odes, fewer fruiting nodes, lower flower induction, and larger bean size [32–34]. On the
other hand, arabica coffee grown under shade (60%) gave a higher yield (419 kg ha−1) than
sun-grown coffee (259 kg ha−1) [35]; shade cover between 23% and 38% had a positive
effect on arabica coffee yield and increasing yield could be maintained with cover up to
48%, while production may decrease under shade cover >50% [12]. The optimal cover
percentage for high yields from arabica was between 30 and 45% [36], and arabica coffee
yield was higher in plants grown under shade than in those grown under sun, with the
main benefits of shading including higher coffee bean weight, larger beans, higher an-
tioxidant activity, higher total phenolic content, and higher chlorogenic acid content [18].
According to the authors of [37], shaded arabica beans are heavier and have a better liquor
taste than those developed in direct sunlight. It is assumed that shade delays the ripening
of berries and makes it more uniform, thus yielding beans of better quality than sun-grown
arabica coffee [35,38,39]. Previous studies have focused on the influence of shade on ara-
bica yield; however, empirical studies on the impact of shade on robusta coffee plants are
notoriously few [40].

Agroforestry is seen as an opportunity to maintain the fertility of productive areas in
the face of a changing climate; therefore, knowledge of the impact of shading on the yield of
robusta coffee is extremely important as decreasing yield is one of the reasons why farmers
do not grow coffee within the agroforestry system. On the other hand, changes in coffee
stem diameter can indicate if the coffee plant is suffering from a lack of water, which can
be caused by water competition with shade trees. For this reason, three coffee plantations
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were chosen for the investigation, in the province of Mondulkiri, Cambodia. They all grow
robusta on both shaded and sunny sites. The main questions of this study were as follows.
(i) Is the coffee yield and coffee bean size or weight higher or lower in the shaded parts
of the plantations? (ii) Is the size and weight of coffee beans more homogenous in the
shade? (iii) Is there any difference in coffee fruit ripeness between shaded and sunny sites?
(iv) How does shade influence coffee trunk diameter changes and soil moisture?

2. Materials and Methods

2.1. Study Area Description

This study was carried out on three coffee plantations in Senmonorom Municipality
in the province of Mondulkiri, Cambodia (Figure 1). The dominant soil type in all research
areas is latosol. The soil texture is clayey throughout the profile [41]. Senmonorom is
situated in a tropical climate where the annual mean temperature is 22.9 ◦C, and the
mean annual rainfall is 2203 mm. The highest amount of rainfall occurs in August; the
highest temperatures are observed in April, and the lowest temperatures occur in January.
According to information collected from coffee growers, the coffee flowering period in the
study area generally occurs in March at the end of the dry season and the harvest is in
November at the beginning of the dry season.

Figure 1. Map of the study area and plantations where the research was conducted.

All three plantations selected for this research grow robusta coffee in monoculture
and agroforestry systems. The average altitude of the studied plantations is 700 m above
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sea level, and the slope on which the coffee plants are grown is 5%. Slope exposure to
sunshine is from the southwest. The distance between coffee shrubs was 3 × 3 m in all
studied plantations. Shade trees are irregularly distributed on the agroforestry sites, and
they are not pruned.

Study Plantation 1 is located 7.2 km northeast of the municipality of Senmonorom
(12◦29′ N, 107◦13′ E). Coffee in this study plot is grown in an area of 3 hectares (ha).
The main shade trees in the plantation are lychee (Litchi chinensis Sonn), durian (Durio zibethinus
Merr.), and avocado (Persea americana Mill.). The average quantity of shade was 44 ± 21%
(mean ± standard deviation). Study Plantation 2 is located 3.5 km northeast of the munici-
pality of Senmonorom (12◦28′ N, 107◦12′ E). In total, there are 9 ha of coffee plantations.
The main shade species in the plantation are banana (Musa spp.), durian, and avocado.
The average quantity of shade was 44 ± 13%. Study Plantation 3 is located 3.9 km north-
east of the municipality of Senmonorom (12◦27′ N, 107◦12′ E). Coffee in this study plot is
grown in an area of 6.3 ha. The main shade trees in the plantation are cassia tree (Senna
siamea (Lam.) Irwin et Barneby) and durian. The average quantity of shade range was
43 ± 16%.

Shaded and sunny sites were selected according to a visual evaluation in the field.
Selected study plots in the shaded sites ranged from 20–70% shade. The levels of shade were
determined by hemispherical photographs from fisheye photos taken from the center of
each coffee measurement plot, on a shaded site at a height of 2 m (using a Canon EOS 550D
camera with a Sigma 4.5mm f/2.8 EX DC lens) at the same times that data were collected.
The photographs were intentionally underexposed by two stops (−2EVs), as shown by the
authors of [42]. Photographs were classified using the IsoData method in ImageJ version
1.48v. Finally, canopy openness values were calculated from each photograph, employing
CIMES v9 [43].

2.2. Coffee Measurement

The coffee yield measurements were performed in November and December 2017.
A total of four research plots were selected in each plantation, with two in the shaded
sites and two in the sunny sites. Five coffee shrubs were randomly selected in each study
plot, a total of 10 shrubs in the shaded and 10 shrubs in the sunny sites. All fruits of the
selected coffee shrubs were picked up to determine the total yield from each coffee shrub.
The total weight of the fresh fruit was determined immediately after harvest. A sample
of one hundred randomly selected fruits was taken from each harvested coffee shrub.
The weight of the coffee samples was measured as the fresh weight (immediately after
harvest) and dry weight (dried to a constant weight). Of the total sample of 100 dry fruits,
10 fruits were randomly selected and peeled to measure the weight, length, and width of
each coffee bean. To assess the maturity of the fruits, 5 coffee plants in shaded sites and
5 coffee plants in sunny sites were selected for each plantation. A sample of 100 randomly
selected fruits was picked up from each of 5 coffee shrubs; subsequently, the number of
ripe fruits was determined.

2.3. Microclimatic Data

Meteorological data collection took place for one year (27 November 2017 to 23 Novem-
ber 2018). In each study plot, 2 soil moisture sensor TMS-3 dataloggers (TOMST s.r.o.,
Prague, Czech Republic) were installed at a depth of 0.5 m. Rainfall was continuously
measured at an open plot in Study Plantation 3 with a rain gauge (Rain-O-Matic Profes-
sional (mm), (Pronamic, Ringkøbing, Denmark)). Based on the measurements and the
studied literature, the dry and wet seasons were determined as follows: the dry season was
from 27 November 2017 to 16 March 2018 and the rainy season was from 17 March 2018 to
23 November 2018. Air temperature (◦C) and relative air humidity (%) were continuously
monitored (Minikin THI (EMS Brno, Czech Republic)) at a sunny site in Study Plantation 3,
and the interval between measurements was one hour.
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The total rainfall in the study plot during the measurement period was 2427 mm.
The highest rainfall amount recorded over a calendar month at the site was 553 mm in
May 2018, with the peak of highest daily rainfall of 125 mm on 11 May. Additionally, the
total number of days in the year with ≥1 mm of precipitation was 143 days. The measured
rainfall is shown in Figure 2. The annual average temperature was 22.9 ◦C, the minimum
temperature was observed on 27 December 2017 (15 ◦C), and the maximum temperature
was observed on 14 April 2018 (36 ◦C). Regarding air humidity, the annual average was
87.2% (Figure 3).

 

Figure 2. Monthly precipitation from November 2017 until November 2018 in Study Plantation 3.

 

Figure 3. Daily average air temperature and humidity in Study Plantation 3 at the sunny site.
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2.4. Coffee Stem Diameter Increment and Soil Moisture Measurement

Data on the coffee diameter increments were measured for a period of one year (from
27 November 2017 to 23 November 2018). The dendrometers were installed in each study
plantation on 2 coffee plants in the shaded sites and on 2 coffee plants in the sunny sites.
Measurements were performed for coffee plants with synchronized phenology stages.
The increments in the coffee stem diameters were monitored using stem-diameter sensors
(PDS40 SDI, (EMS Brno, Czech Republic)), which were noninvasively fixed to the coffee
shrubs at a height of approximately 1.5 m. The measurements were taken at intervals of
one hour.

To measure the soil moisture in the study area, one TMS 4 datalogger for soil moisture
measurements was installed in each study plantation near one of the coffee plants in
the shaded and sunny sites. The depth necessary for installation was 0.5 m. All data
could not be downloaded from the microdendrometer and Tomst datalogger in Study
Plantation 2 and from one microdendrometer in Study Plantation 3 because of the loss of
measuring instruments.

2.5. Statistic Evaluation

Statistical analyses focused on the effect of shade on measured parameters (bean
weight, projected area, length, and width) of coffee beans. As our data were collected in
multiple levels (plantations–plot–shrub–fruit–bean), we used mixed-effect models that
allowed us to specify an appropriate multilevel structure. Moreover, we found during our
exploratory analysis that variance varied within plantations or shade/sun plots. We used
a Bayesian approach to analyze these complex models and assumed a normal distribu-
tion of errors. Shade effect, plantation, and their interaction were used as fixed effect
variables. Their effect was studied on both mean value and standard deviation (sigma).
We tried two variants of random effect—the complex variant encompasses all three levels
(plot/tree/fruit) and a simpler variant with just tree/fruit levels. Finally, we decided to
use a simpler variant in all reported analyses as we found that the effect of plot was small
relative to tree/fruit.

All models were fitted using statistical modeling and the high-performance statistical
computation platform Stan [44] through the brms package, version 2.14.4 [45,46], within
an R software environment [47]. We used default brms priors, 4 chains and 6000 iterations
for each model. For final models, we reported the effect estimate, its 89% highest-density
intervals (HDI), and the probability of direction. Additional analyses were provided for
bean ripeness. These are proportional data; therefore, binomial (Bernoulli) distribution
was used. Moreover, the structure of the random effect was simpler as the effect of fruit
was no more applicable. For bean ripeness, we were interested also in whether there is
a difference in variability between sun/shade shrubs. We analyzed this by specifying
three variants of random effect and we compared those three models using the leave-
one-out information criterion (LOOIC). To deal with high K Pareto values, we used the
moment_match argument or reloo option when necessary. Again, Bayesian models were
used within the R software environment [47]. The final model formula in brms syntax
was specified (response ~ shade + plantation + (1|tree/fruit), sigma ~ shade + plantation),
where the response was one of weight, area, length or width.

3. Results

3.1. Coffee Yield

Shade did not have an influence on the weight or size of the coffee beans (comparing
average values and bean variability). However, the beans differed significantly based on
the plantation (in mean values and mostly in variability). Plantation 2 yielded significantly
larger and heavier beans than Plantations 1 and 3 (Tables 1–4; Figure 4b).
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Table 1. The influence of shade on the mean value and variability of coffee bean weight and the differences between
plantations. Sigma = standard deviation.

Parameters Impacting Coffee Bean Weight (mg) Estimate HDI 89% Probability of Direction (%)

Intercept—mean value for sun and Plantation 3 161.63 (149.20, 174.06) 100.0
Difference for shade 3.76 (−8.65, 15.91) 68.9

Difference for Plantation 1 −27.93 (−43.16, −12.46) 99.8
Difference for Plantation 2 43.97 (28.77, 58.66) 100.0

Sigma (log link): estimate for sun and Plantation 3 2.79 (2.70, 2.89) 100.0
Sigma (log link): difference for shade −0.09 (−0.18, 0.00) 93.1

Sigma (log link): Difference for Plantation 1 −0.35 (−0.47, −0.24) 100.0
Sigma (log link): Difference for Plantation 2 0.17 (0.05, 0.29) 99.0

Model with interaction shade: plantation

Difference for shade: Plantation 1 (Interaction) 5.44 (−26.4, 34.74) 61.8
Difference for shade: Plantation 2 (Interaction) −26.87 (−58.45, 1.83) 92.4

Random effect: tree SD 28.19 (23.59, 33.31); tree/fruit SD 26.24 (24.65, 27.78). Significant differences are indicated in bold.

Table 2. Influence of shade on the mean value and variability of coffee bean area and the differences between plantations.
Sigma = standard deviation.

Parameters Impacting Coffee Bean Area (mm2) Estimate HDI 89% Probability of Direction (%)

Intercept—mean value for sun and Plantation 3 45.11 (42.66, 47.66) 100.0
Difference for shade 0.62 (−1.83, 3.18) 65.3

Difference for Plantation 1 −5.68 (−8.74, −2.60) 99.7
Difference for Plantation 2 10.64 (7.46, 13.73) 100.0

Sigma (log link): estimate for sun and Plantation 3 1.40 (1.29, 1.50) 100.0
Sigma (log link): difference for shade 0.04 (−0.06, 0.13) 72.78

Sigma (log link): Difference for Plantation 1 −0.69 (−0.81, −0.58) 100.0
Sigma (log link): Difference for Plantation 2 −0.22 (−0.33, −0.10) 99.9

Model with interaction shade: plantation

Difference for shade: Plantation 1 (Interaction) 3.34 (−2.89, 9.37) 81.0
Difference for shade: Plantation 2 (Interaction) −1.81 (−8.38, 4.26) 68.8

Random effect: tree SD 5.79 (4.84, 6.78); tree/fruit SD 5.24 (4.93, 5.55). Significant differences are indicated in bold.

Table 3. Influence of shade on the mean value and variability of coffee bean length and the differences between plantations.
Sigma = standard deviation.

Parameters Impacting Coffee Bean Length (mm) Estimate HDI 89% Probability of Direction (%)

Intercept—mean value for sun and Plantation 3 8.48 (8.23, 8.73) 100.0
Difference for shade 0.17 (−0.07, 0.44) 86.6

Difference for Plantation 1 −0.82 (−1.11, −0.49) 100.0
Difference for Plantation 2 1.17 (0.85, 1.47) 100.0

Sigma (log link): estimate for sun and Plantation 3 −0.81 (−0.92, −0.71) 100.0
Sigma (log link): difference for shade 0.09 (0.00, 0.19) 93.2

Sigma (log link): Difference for Plantation 1 −0.56 (−0.68, −0.45) 100.0
Sigma (log link): Difference for Plantation 2 −0.28 (−0.40, −0.17) 100.0

Model with interaction shade: plantation

Difference for shade: Plantation 1 (Interaction) 0.59 (0.00, 1.24) 93.7
Difference for shade: Plantation 2 (Interaction) 0.28 (−0.32, 0.93) 76.8

Random effect: tree SD 0.58 (0.48, 0.68); tree/fruit SD 0.55 (0.52, 0.59). Significant differences are indicated in bold.
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Table 4. Influence of shade on the mean value and variability of coffee bean width and the differences between plantations.
Sigma = standard deviation.

Parameters Impacting Coffee Bean Width (mm) Estimate HDI 89% Probability of Direction (%)

Intercept—mean value for sun and Plantation 3 6.70 (6.48, 6.91) 100.0
Difference for shade −0.00 (−0.21, 0.23) 50.1

Difference for Plantation 1 −0.20 (−0.47, 0.06) 89.2
Difference for Plantation 2 0.61 (0.33, 0.86) 99.9

Sigma (log link): estimate for sun and Plantation 3 −1.02 (−1.12, −0.92) 100.0
Sigma (log link): difference for shade 0.02 (−0.07, 0.12) 66.4

Sigma (log link): Difference for Plantation 1 −0.50 (−0.61, −0.39) 100.0
Sigma (log link): Difference for Plantation 2 −0.18 (−0.30, −0.07) 99.2

Model with interaction shade: plantation

Difference for shade: Plantation 1 (Interaction) 0.01 (−0.48, 0.58) 51.5
Difference for shade: Plantation 2 (Interaction) −0.54 (−1.07, −0.01) 94.5

Random effect: tree SD 0.50 (0.42, 0.58); tree/fruit SD 0.40 (0.37, 0.42). Significant differences are indicated in bold.

Figure 4. (a) The total weight of coffee fruits per coffee shrub (kg), (b) weight of individual coffee beans (mg), (c) weight of
100 fresh coffee fruits (g), (d) weight of 100 dry coffee fruits (g) for shaded and sunny sites for all studied plantations.

There was no significant difference in the total weight of fresh coffee fruits per coffee
shrub between the shaded and sunny sites or between coffee plantations (Figure 4a, Table 5).
There was also no difference in weight of the 100 fresh or dry fruits between the shaded
and sunny sites. We found that on Plantation 2, the coffee fruits were heavier both in the
dry and wet states (see Figure 4c,d and Table 5).
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Table 5. Effect of shade and plantation on the total weight of coffee fruits per coffee shrub and on the wet and dry weights of
100 fruits. Analyses are based on a two-way frequentists ANOVA, including the interaction between shade and plantation.

Parameter Estimate 95% CI p Value

Total weight of coffee fruits per coffee shrub (kg)

Intercept—mean value for sun and Plantation 3 9.08 (4.30, 13.90) <0.0001
Difference for shade 3.88 (−2.88, 10.60) 0.2548

Difference for Plantation 1 2.66 (−4.10, 9.42) 0.4334
Difference for Plantation 2 0.54 (−6.22, 7.30) 0.8733

Difference for shade: Plantation 1 interaction −3.51 (−13.2, 6.18) 0.4709
Difference for shade: Plantation 2 interaction −5.51 (−15.1, 4.05) 0.2528

Weight of 100 fruits—wet (g)

Intercept—mean value for sun and Plantation 3 116 (102, 131) <0.0001
Difference for shade 2.1 (−18.6, 22.8) 0.8390

Difference for Plantation 1 −18.7 (−39.4, 2.1) 0.0764
Difference for Plantation 2 38.9 (18.2, 59.6) 0.0004

Difference for shade: Plantation 1 interaction 8.2 (−21.1, 37.5) 0.5750
Difference for shade: Plantation 2 interaction −4.4 (−33.7, 24.9) 0.7630

Weight of 100 fruits—dry (g)

Intercept—mean value for sun and Plantation 3 44.7 (39.6, 49.9) <0.0001
Difference for shade −0.4 (−7.7, 6.9) 0.9130

Difference for Plantation 1 −8.9 (−16.2, −1.6) 0.0178
Difference for Plantation 2 11.8 (4.5, 19.1) 0.0020

Difference for shade: Plantation 1 interaction 3.8 (−6.5, 14.2) 0.4600
Difference for shade: Plantation 2 interaction −2.2 (−12.5, 8.1) 0.6700

Significant differences are indicated in bold.

3.2. Coffee Fruit Ripeness

A general trend in fruit ripeness differences was not demonstrated between shaded
and unshaded coffee bushes. The exception is Plantation 1, which had fewer ripe grains
on the shaded shrubs (Figure 5, Table 6). A strong effect of plantations was observed on
the occurrence of mature fruits. Plantation 2 had a lower proportion of overall mature
grains than the other plantations. There is no influence of shade on the ripeness variability
(Table 7).

Table 6. Influence of shade, plantation, and their interaction on the proportion of ripe fruits among the
total fruit number (model #m.Ripeness.shade.shrub). Mean values and their 95% credible intervals
are shown. Estimates of differences and their HDIs are on the logit scale.

Parameter Estimate HDI 95% Probability of Direction (%)

Shade—sun 0.56 (−1.20, 2.26) 75.4
Plantation 1–3 1.03 (−0.77, 2.68) 87.7
Plantation 2–3 −1.35 (−3.14, 0.25) 94.9

Shade 1: Plantation 1 −1.61 (−4.16, 0.75) 90.0
Shade 1: Plantation 2 −0.19 (−2.57, 2.11) 56.3
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Figure 5. Proportion of mature fruits from the total number of fresh fruits on the coffee shrub, by
shade and plantation. Mean values, their 89% credible intervals, and measured values are shown.

Table 7. Influence of shade on the ripeness variability.

Model ID Model Specification ELPD Difference LOOIC LOOIC SE

m.Ripeness.shrub shade × plantation + (1|Shrub_ID) 0.0 212.2 3.7
m.Ripeness.shade.shrub shade × plantation + (shade|Shrub_ID) −14.3 240.8 9.7

m.Ripeness.simple shade × plantation −345.6 903.4 182.3

3.3. Coffee Stem Diameter Increment and Soil Moisture

There was no observed difference in coffee-stem diameter increment between sunny
and shaded sites, nor between plantations (p > 0.05, using ANOVA). However, a significant
difference was observed between the diameter increment of the coffee shrubs among
seasons (p = 0.021, using Student’s t-test), which is also evident from Figure 6. Some coffee
bushes in both shaded and sunny sites showed a negative increment. The monthly average
coffee-stem diameter changes (during the day) in December 2017 (dry season) (Figure 7a–c)
were higher than those in May 2018 (rainy season) (Figure 8a–c). The changes were slightly
more pronounced in the sunny sites than in the shade. The changes in coffee stem sizes
reached the maximum diameter early in the morning and the minimum in the evenings,
which findings correspond with the daily temperature and humidity trends (Figure 7d).
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Figure 6. Coffee stem diameter increment and soil moisture in studied plantations divided by shaded and sunny sites from
27 November 2017 to 3 May 2018. Water deficit <30% and water excess as >50% of soil moisture.

 
Figure 7. The monthly average coffee stem diameter changes during the day for each plantation (a–c) and the monthly
average air humidity and temperature (d) during the day in December 2017 (dry season).
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Figure 8. The monthly average coffee-stem diameter changes during the day in shaded and sunny sites on the studied
plantation (a–c) and the monthly average air humidity and temperatures (d) during the day in May 2018 (wet season).

The soil moisture was higher in the shaded sites. The soil moisture was below the
limit for water deficit (30%) in the sunny site in Plantation 3 almost constantly throughout
the measurement period from 27 November 2017 to 3 May 2018. On the other hand, the
soil moisture in shaded sites oscillated around 50%, which is the limit for water excess,
from July to November (Figure 6). Water deficit was defined as <30% of volumetric soil
moisture, and water excess at >50%, as in the study by [48].

4. Discussion

The main questions of this study were whether the size and weight of coffee beans and
fruits are influenced by shade and if the yield per coffee shrub is higher for shaded or sunny
sites. The results indicate that there is no difference in these parameters between shaded
and sunny sites. We found that some yield parameters, such as the weight and size of coffee
beans, the weight of 100 fresh and dry coffee fruits, and the proportion of mature fruits
in the samples were influenced by the plantation conditions. However, within the same
plantation, differences were not observed between shaded and sunny sites. These findings
indicate that planting robusta coffee in agroforestry systems will not cause losses in yield
for individual plants. These findings are very important and should be considered when
deciding whether to grow coffee in agroforestry or monocultural systems because the loss
of yield is one of the main arguments for growing coffee in monoculture plantations.

The number of studies examining the effect of shade on robusta yield and bean size
is limited. For example, a meta-analysis [40] found that shade trees positively affected
the growth and yield of Coffea canephora plants. According to this synthesis, providing
shade had positive impacts on older robusta shrubs (mean of 16 years) but had either
insignificant or negative effects on younger shrubs. On the other hand, several studies
have examined the effect of shade on arabica yield although their conclusions are not the
same. Some authors point to a higher yield in coffee monoculture. For example, in Brazil,
arabica yield in an agroforestry system (514.8 kg ha–1 of dry berries) was lower than that
in a monoculture system (2442.8 kg ha–1) [30]. A Venezuelan study [49] found that by
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increasing the number of shade trees from 259 to 353 per ha, the yield was reduced by 26%,
and by increasing the number of shade trees from 419 to 561 per ha, the yield was reduced
by 100%. Researchers in Costa Rica concluded that a density of 100 trees of Cordia alliodora
per ha maintained the same yields of arabica coffee found in plots without shade control;
with higher densities, a decrease in yield was observed [31]. Other authors found that a
certain degree of shading increased the arabica coffee yield. A study conducted in Mexico
concluded that shade tree cover from 23% to 38% had a positive effect on coffee yield, shade
ranging from 38 to 48% maintained the yield, and shade cover greater than 50% decreased
the yield [12]. Similarly, a study in Costa Rica found coffee yields were optimized at 40%
shade cover.

Looking at coffee-bean size, our findings correspond to a southern Colombia study on
arabica that found that shade did not affect coffee-bean size [50]. However, other authors
found that arabica plants grown under shade developed larger and heavier beans than
those grown in full sun [18,37,39].

Coffee cultivation in agroforestry systems represents the potential of diversifying pro-
duction and, thereby, farming incomes [51]. According to the authors of [52], intercropping
coffee with shade trees shows no negative relationship with economic performance for
smallholder coffee systems. Moreover, income from other products, including income
from timber, can provide an extra source of income, which is an opportunity to increase
economic resilience [16,52]. For example, intercropping coffee and banana appears to be
more profitable than coffee mono-cropping [53]. On the other hand, labor costs can be a
major barrier to the adoption of complex agroforestry systems [54].

Another question in our study was whether there was any difference in the coffee fruit
ripeness in shaded and sunny sites. During the dry processing of coffee, beans are classified,
among other variables, according to size and weight [55]. For this reason, variability in
seed size and weight is very important for growers. Multiple studies [35,38,39] found that
growing under shade delays the ripening process of arabica. According to the authors
of [39], arabica berries ripen faster in full sun than in shade due to exposure to higher
temperatures. This trend was not confirmed for Plantation 1 but was noticeable for the
remaining two studied plantations. According to Muschler [35], at low-elevation coffee
sites with high temperatures, the reduction of temperature extremes through shading
may have played a dominant role in the uniform growth and ripening of arabica berries.
However, our work does not show that shade has an effect on the variability of robusta
fruit ripening.

Another question we sought to answer was how shade influences coffee stem diameter
increment and soil moisture in shaded and sunny sites. We did not observe differences in
the coffee stem diameter between the two conditions. However, soil moisture was higher
in the shaded sites. These results show that the plants were not affected by the lower soil
moisture in sunny sites or higher soil moisture in shaded sites, which may indicate that
competition for water did not occur between coffee tree and shade tree roots in the studied
plantations. Our prior research [19] indicated that competition for water can occur between
shade trees and coffee tree roots at a depth of 40 cm, which was based on measurements
performed in agroforestry plantations in Peru, where the soil water availability was lower
on shaded sites than on sunny sites during the dry season. This hypothesis was not
confirmed during our measurement period in Cambodia, where higher soil moisture was
present in the shaded site at a depth of 0.5 m, even during the dry season. Our results,
showing that soil moisture was higher in shaded sites, are in accordance with other authors’
results for arabica coffee [56,57]; this fact could be explained by the litter layer reducing
the evaporative loss of soil water and shading decreasing the solar energy available for
evaporation [58]. Another possible explanation is that shade increases moisture inputs
through the horizontal interception of mist or clouds [59].

Some coffee plants from both a shaded and a sunny site presented a decrease in stem
diameter. Water stress could be an indicator of stem diameter fluctuation in perennial
trees [60]. Microclimate temperatures can impact the stem diameter of coffee plants [61].
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Even though the annual average temperature in the area of study was within the optimal
range suitable for coffee cultivation, during the dry season, temperatures dropped as low
as 15 ◦C. Past research found that the stem diameter of Coffea canephora both narrowed
and widened when temperatures dropped to 19 ◦C [62]. Some studies presented a higher
increment of coffee-stem diameter during the rainy season [61,63] and restrained growth
during the dry period [61]. In addition, the authors of [64] related the early contraction of
nectarine trunk diameter as a result of water stress. According to the authors of [61], in
active phase of vegetative growth of coffee, during the morning (8 AM to 9 AM) stomatal
conductance was relatively high and decreased gradually. During the inactive growth
phase, the stomata were closed for most of the diurnal period. In our study, in the morning
the trunk of the coffee tree shrinks and, after 12 PM, it grows again. The changes in
coffee trunk diameter are visibly connected (especially in the dry season) with the curves
of air humidity and temperature on studied localities. These daily changes were more
pronounced on sunny sites.

Durian, litchi, avocado, and cassia trees are multi-purpose tree species found in
studied agroforestry plantations. All provide for income diversification by giving fruits
and leaves for human consumption or fodder. Litchi is a deep-rooted, evergreen fruit
crop that conserves degraded lands [65] and increases soil-available zinc (Zn), manganese
(Mn), copper (Cu), and iron (Fe) [66]. Cassia is a Fabaceae species and has the ability
to fix nitrogen (N) and improve soil fertility [67], which are properties comparable with
Inga species (also Fabaceae) and are widely used as shading trees in coffee plantations in
the Americas.

Some researchers [12] have advised arabica producers to grow arabica coffee under
shade trees with approximately 50% shade cover; although this practice does not lead to
a significant decrease in yields, it has additional economic benefits derived from other
products extracted from the plantations. Our results also suggest planting robusta on
shaded plantations because in our study, coffee agroforestry systems neither decreased the
coffee bean size nor the yield per plant and they did not influence the level of coffee fruit
ripeness. In any case, it is necessary to find out which level of shade is most suitable for
robusta coffee. Additionally, our study shows that there is no difference in the coffee stem
diameter changes between shaded and sunny sites, although the soil moisture was lower
at sunny sites.

Agroforestry coffee plantations have many non-commercial functions that help to in-
crease biodiversity, decrease erosion, and contribute to higher landscape values. Moreover,
coffee has proven to be highly sensitive to climate change [2] and the mitigation of its
effects is another reason for adopting agroforestry. The importance of robusta coffee is
increasing, as evidenced by its growing share of world coffee production: it rose from 37%
in 2016 to 47% in 2021 [68]. Based on our findings, it seems unreasonable to change robusta
agroforestry plantations to monocultural ones in order to increase yield. Agroforestry can
increase labor costs [54] but the adoption of appropriate planting schemes and suitable
shade species can minimize these costs. Growing coffee in the shade has many benefits,
and our study is another in a series confirming that agroforestry systems are a good choice
for today’s world.

5. Conclusions

Our results imply that shading does not affect coffee yield (in terms of coffee bean
weight or size, total weight of coffee fruits per shrub, and weight per 100 fruits), the vari-
ability of coffee bean sizes, and the fruit weight or ripeness of Coffea canephora in the studied
plantations (of 3, 6, and 9 ha). Soil moisture plays a crucial role under conditions of higher
temperatures and low precipitation, and it was higher throughout shaded sites. Although
the soil moisture in sunny sites was for some periods lower than 30% (water deficit) and
in shaded sites was higher than 50% (water access), the coffee-stem diameter changes
were the same in the shaded and sunny sites. Taking into account the ecological attributes
and ecosystem service benefits of agroforestry, such as increased biodiversity [13,14] and
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landscape diversity [12], providing soil protection [8], increasing the carbon stock [15],
and providing sources of fuel wood and construction material [8], we suggest maintaining
and planting Coffea canephora in agroforestry shade-based systems, as coffee producers
transition away from monoculture plantations.
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Abstract: Agroforestry has been practiced for decades and is undoubtedly an important source
of income for Indonesian households living near forests. However, there are still many cases of
poverty among farmers due to a lack of ability to adopt advanced technology. This literature review
aims to identify the characteristics and factors causing the occurrence of agricultural subsistence
and analyze its implications for the level of farmer welfare and the regional forestry industry. The
literature analysis conducted reveals that small land tenure, low literacy rates, and lack of forest
maintenance are the main causes of the subsistence of small agroforestry farmers. Another reason is
that subsistence-oriented agroforestry practices are considered a strong form of smallholder resilience.
All of these limitations have implications for low land productivity and high-sawn timber waste
from community forests. To reduce the subsistence level of farmers, government intervention is
needed, especially in providing managerial assistance packages, capital assistance, and the marketing
of forest products. Various agroforestry technologies are available but have not been implemented
consistently by farmers. Therefore, it is necessary to develop an integrated collaboration between
researchers, farmers, and regionally owned enterprises (BUMD) to increase access to technology
and markets. Although it is still difficult to realize, forest services, such as upstream–downstream
compensation and carbon capture, have the potential to increase farmer income.

Keywords: agroforestry; collaboration; farmers; government intervention; subsistence

1. Introduction

Agroforestry has long been practiced in Indonesia. As a sustainable land-use prac-
tice [1], it increases overall agricultural productivity by combining woody perennial with
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food crops, including livestock on the same land [2]. When the concept is practiced ap-
propriately, it can provide economic, ecological, social, and cultural benefits. The crop
diversity in intercropping can provide a good income on a daily, monthly, and yearly
basis. However, it depends on the agroforestry pattern adopted, such as agrisilviculture
(forestry–agriculture), silvopasture (forestry–animal husbandry), agrisilvopasture (forestry–
agriculture–livestock), silvofishery (forestry–fisheries), bee-forestry, sericulture (silkworm
forestry), or multipurpose forest tree production systems (fusion complex). Ecologically,
agroforestry supports soil and water conservation. With multi-strata plants, of course, it
can minimize the occurrence of erosion, reduce runoff, and increase the effectiveness of
water absorption. The spatial pattern of agroforestry can also function as a windbreak [3,4].

Sustainable agroforestry is thought to be a future agricultural practice as an alternative
to unsustainable conventional agriculture [5]. In conventional agriculture, maximum
tillage accelerates the decomposition of organic matter, thereby reducing its presence in
the soil, while in the agroforestry pattern, the rate of decomposition of organic matter is
slower due to a minimum tillage balance with the input of organic matter from trees as
a complementary strategy [6]. Maximum tillage has the potential to reduce mycorrhizal
fungi and increase runoff so that soil organic matter is reduced, while conservation tillage,
by minimizing soil damage, can increase the presence of mycorrhizal fungi, as well as
the absorption of phosphorus and soil aggregates [6,7]. The conservation agriculture
principle is to have minimum soil disturbance and crop rotation while maximizing cover
crops to obtain increased yields (30–200%) and labor efficiency (60%) [6]. Conservation
agriculture with trees (CAWT) avoids maximum tillage to prevent the negative effects
of intensive tillage, such as from ploughing (barren soil, erosion, heating, decomposition
of organic matter, and damage to structures and nature) [6]. The top layer of soil, which
is responsible for supporting crop life but is also the most susceptible to erosion and
degradation, must be protected with particular care [6]. Crop rotations should include
legumes, deep-rooted crops, and high-residue crops that have fixed nitrogen in the soil,
and their biomass should add nitrogen through decomposition [6]. The litter and roots of
tree components continuously add plant nutrients to the soil [8].

The function of trees in CAWT is potentially positive for agricultural crop produc-
tion [6] and contributes to soil nutrient enrichment and crop production [8]. The function
of trees in agroforestry, such as in fertilizer trees, can optimize the supply of native soil
N and increase land productivity. The advantage of using fertilizer trees (Gliricidia sp.,
Calliandra sp., Leucaena sp., etc.) in agroforestry is that they ensure a multifunctional farm
that provides wood, fodder, shade, soil improvement, and watershed breeding [9]. As an in-
tegrated, tree-based farming system, agroforestry is a reliable system due to its potential to
address land degradation with additional environmental and social benefits [10,11]. In ad-
dition, agroforestry supports biodiversity conservation [12] and has higher financial returns
than conventional agriculture [13]. Agroforestry also contributes significantly to climate
change mitigation by increasing carbon sequestration and storage in the biosphere [14].
Furthermore, in contrast to conventional systems, agroforestry systems can better maintain
biodiversity and provide food security, land security, and financial security [15].

Fertilization technology increases food crop production and provides additional in-
come for households through sources such as the selling of tree seeds and firewood [16].
The choice of technology is driven by the size of the landownership, and more benefits are
associated with larger landholdings. The adoption of agroforestry in subsistence agriculture
is often limited by local social conditions and natural endowments [17].

Economically, agroforestry practices are a part of the livelihood strategies of farmers.
In some cases, smallholder forests are the main source of income and even cause land
owners to occupy a higher social status. Land size can be one of the factors that affects
the economic value obtained from agroforestry systems. The larger the land area, the
greater the economic value generated [18]. In addition, the adoption of agroforestry can
diversify farmers’ livelihoods and increase their income [19]. Moreover, some agroforestry
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practitioners adjust to an economic focus while keeping an ecologically sound development
orientation. However, they occasionally sacrifice the sociocultural aspect [20].

Agroforestry has numerous advantageous effects on the environment, including on
how land is used, which leads to ecological, economic, and social benefits [21]. As a result,
its sustainability must be preserved. In the case of food security, smallholder farming
with commercial agroforestry systems tends to focus on income production, whereas tradi-
tional systems concentrate on the benefits of nutritional diversity. Agroforestry benefits
the environment and promotes stability [22]. The mixed garden, the most popular agro-
forestry pattern in Indonesia, also has the highest carbon stock compared to other tree-crops
patterns [23].

In Indonesia, subsistence farmers are accustomed to going into debt to obtain the
initial capital for farming, which will then be paid off at the time of harvest. When there
is asymmetrical information between farmers and creditors about price knowledge and
market access, a debt-bondage system to help farmers with financial capital does not appear
to be a viable aid to the farmers [24]. Related to income, interactions in factor markets cause
price shocks in these markets, which subsequently allow for essential products to reach sub-
sistence producers. Additionally, this lowers wages and land rentals, boosting household
subsistence production. As a result, subsistence households’ real income decreases [25].
However, under certain circumstances, subsistence farming can operate as a stabilizer
and benefit all agriculture [26]. From a macroeconomic perspective, an improvement in
semi-subsistence agricultural production might boost economic growth overall, lower the
trade deficit, enhance household incomes, and boost government revenue [27].

Despite all these advantages, the adoption of agroforestry systems is still low, and the
adoption gap remains largely unexplained [17]. There are disincentives for planting trees
among the understory, including a lack of knowledge, upfront costs, long periods of time
before there is a return, and reduced short-to-medium-term cash flow and/or household
food production [28]. For subsistence farmers, the existence of trees will be detrimental to
agricultural crop production if soil tillage is carried out as in conventional agriculture. The
ability to integrate trees on agricultural land is strongly influenced by the perception and
knowledge of farmers [29], where farmer managerial skills in implementing agroforestry
are still low [30]. In a limited treatment of trees, the presence of trees can reduce the growth
of commercial food crops [31], while no-tillage can produce higher maize and cassava yields
than tillage [32]. As a result, farmers who are unable to produce enough food for their
livelihood, and who depend on cash income to meet many expenses, engage in irregular,
nonagricultural commercial activities to generate income for the provision of food and
other necessities [33].

Likewise, the adoption of such promising land-use practices has been slow in terms of
achievement [1]. Agroforestry programs should not be considered a poverty alleviation
strategy [1]. This is because smallholders may not be able to cope with the initial production
losses resulting from the transition from conventional agriculture to agroforestry. Hence,
policy interventions are essential in order to involve smallholders in the promotion of agro-
forestry. Attention and incentives should be given to traditional smallholder agroforestry
farmers who have helped to balance between biodiversity conservation and economic
growth [8].

Most agroforestry programs in Indonesia prioritize land rehabilitation and are focused
on generating long-term economic benefits from a particular crop. Little is known about
whether and how poor farmers behave differently from nonpoor farmers in adopting agro-
forestry practices. To reap the greatest benefits from agroforestry systems, a fundamental
understanding of how and why farmers make long-term land-use decisions is required [34].

It is truly becoming a question of why the high potential advantages of the agro-
forestry system seem to have no impact on alleviating poverty for farmers in Indonesia.
Various references to agroforestry practices indicate that, until recently, they were still at the
subsistence level, e.g., Refs. [35–38], even though some are already at either the subsistence
or commercial levels, e.g., Refs. [3,20,39]. Studies on subsistence farming in agroforestry
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practices seem to be scattered in case studies that are probably site-specific to a region and
only emphasize certain topics. Therefore, a comprehensive review is needed to understand
the subsistence farming phenomenon and formulate possible solutions to obtain an alterna-
tive management practice. This paper aims to review the nature of subsistence farming,
identify related factors, and offer alternative solutions. We overview the developmental
phases of agroforestry in Indonesia, then we highlight subsistence farming and identify
the internal and external contributing factors. We also discuss the alternative strategies
needed to achieve sustainable farming based on the strengths, weaknesses, opportunities,
and treatments of the smallholder farmer side of the equation.

2. Methods

This review was conducted based on agroforestry publications derived from various
reputable sources through the thematic proximity approach to capture the nature of agro-
forestry in Indonesia, especially farming under subsistence conditions. Some keywords in
English and Indonesian were used to find relevant issues by employing a search engine. An
intensive search for online publications for 2000–2022 was carried out in February–March
2022. The stages of searching and screening the publications are shown in Figure 1. This
process resulted in 123 articles, which were then deeply studied because they were relevant
to the subdiscussions: (1) existing conditions of agroforestry practices, (2) factors influ-
encing subsistence in agroforestry management (biophysical, social, and economic), and
(3) subsistence agroforestry management strategies.

Figure 1. Stages of the literature selection. Note: * The same 14 articles were found in two different sites.

The review was carried out by reading the contents of the literature in detail. The
selecting criteria for the literature reviewed in the subdiscussions (that is, of the existing
conditions of agroforestry practices) were that they discussed issues related to (1) traditional
agroforestry systems in Indonesia, including the types of plants and cropping patterns;
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(2) the knowledge and motivation of farmers to develop traditional agroforestry; (3) the
management, institutions, and problems of traditional agroforestry; and (4) the benefits of
agroforestry, including social, economic, and environmental benefits. The selecting criteria
for the literature reviewed in the subdiscussion on the factors influencing subsistence
in agroforestry management were that the references discussed issues related to: (1) the
explicit or implicit definition of subsistence agroforestry, farmer perceptions of privately
owned forest management, agroforestry on limited land, traditional agroforestry, and dry
land use; (2) the characteristics of subsistence agroforestry and the characteristics of farmers
in subsistence agroforestry; (3) the motivations and factors that influence farmers to manage
subsistence agroforestry, factors that influence farmers to adopt agroforestry patterns,
and factors that influence the sustainability of agroforestry; and (4) the contribution of
agroforestry to farmers, especially with respect to small-scale (household) needs and their
problems. In the subdiscussions on subsistence agroforestry management strategies, the
selected literature considered external and internal factors to fill in the SWOT framework
analysis. To obtain internal factors (strengths and weaknesses), the selected literature
focused on smallholder agroforestry management practices in Indonesia. Determination of
external factors (opportunities and challenges) was identified from references to general
conditions related to agroforestry businesses and agroforestry policies in Indonesia. After
finding the external and internal factors, several agroforestry development strategies could
be analyzed. Synchronization between the results of the SWOT analysis with the results of
previous studies was carried out by searching for related literature.

After obtaining the existing conditions of agroforestry, the factors causing subsistence,
and the development strategy, more technical and detailed steps were needed about
smallholder agroforestry practices in Indonesia. This was achieved by synthesizing the
literature on the selection of agroforestry species; multi-businesses with integrated farming;
the intensification of agroforestry, soil, and water conservation on critical lands; and
adaptation to climate change. Studies related to social policy and marketing dimensions
were needed to support the intensification of agroforestry in order to help us improve
agroforestry management practices and provide more welfare for smallholders. The articles
reviewed were written in English and Indonesian, such as journal articles, proceedings,
reports, and theses, as listed in Appendix A, Table A1.

The results of the literature search were used to present the development and existing
conditions of agroforestry in Indonesia. The review then focused on factors causing
subsistence in agroforestry practices in Indonesia, as well as the strategies required to
develop sustainable agroforestry management for smallholder farmers. Cases that occurred
in Indonesia were used as references to seek the causative factors of subsistence in Indonesia.
However, given the limited publications regarding external factors, the references referred
to were enriched from outside cases in various countries (e.g., Bangladesh, Brazil, India,
Kenya) similar to those in Indonesia.

Our strategy to overcome the subsistence condition was analyzed using SWOT anal-
ysis, a mapping of external and internal factors that affect smallholder agroforestry busi-
nesses. The internal factors were the strengths (S) and weaknesses (W) of smallholder
agroforestry businesses in Indonesia, while the external factors were opportunities (O) and
threats (T) in developing smallholder agroforestry businesses. In this section, some points
will inevitably be similar to the factors causing subsistence e.g., limited landownership,
limited financial capital, low education level, and limited knowledge of agroforestry. How-
ever, the points in the SWOT analysis are more for smallholder agroforestry in general, in
this case, subsistence, semi-commercial, and commercial.

3. Results and Discussion

3.1. Development Phase of Agroforestry Practices

Historically, there were three phases of agroforestry development, namely, classical,
premodern, and modern agroforestry. Classical agroforestry was practiced in approxi-
mately 700 BC in the form of slash-and-burn, including shifting cultivation, which was a
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transformation from a hunting lifestyle and food gathering into plant and animal domesti-
cation. Premodern agroforestry, recognized as Taungya, was mainly aimed at producing
forest products, and in Indonesia, it was introduced by the colonial government in the
form of teak forest development at the end of the 19th century. Attention to agricultural
components, farmers, and crop production in the Taungya system was low, but it was
designed more to benefit the government’s agenda. This philosophy was intended to mobi-
lize landless and jobless laborers in rural areas to work in state forests, with compensation
granting them the right to utilize space among the trees to plant crops. Therefore, rural
communities felt fewer benefits from such systems. Several international organizations
were generated to provide policy and programs to improve food productivity and envi-
ronmental conservation, such as Social Forestry (SF) by the World Bank, Forestry for Rural
Development (FRD) by the FAO, and the agroforestry research institute ICRAF by the
World Agroforestry Centre.

3.2. Existing Conditions of Agroforestry in Indonesia

The practice of agroforestry in private forests plays a pivotal role in cultivating trees
outside the state forest areas, providing a farmer safety net in terms of economic value
through production functions [40], and serving as the last bastion of biodiversity conserva-
tion for flora and fauna amid the accelerated deforestation rate in natural forests [41–44].
Agroforestry has contributed to strengthening smallholder farmers’ resilience to climate
change in Indonesia by offering 20% more food variety in the traditional pattern and a
fivefold income increase in the commercial pattern [22]. Agroforestry systems also provide
environmental service benefits, such as increasing soil organic content; improving soil
health through nutrient repair and fertility processes; improving soil biological dynamics;
improving soil carbon sequestration and climate change mitigation; and improving water
quality, climate change mitigation, and adaptation [39,45,46].

Some of the benefits related to soil nutrients and fertility, as well as soil carbon
sequestration, can be obtained from minimal or no-tillage practices, even without trees.
However, the presence of trees in agroforestry systems can add more benefits. The presence
of trees and perennial plants in agroforestry produces the highest aboveground carbon
stocks, including belowground carbon stocks, thereby improving carbon sequestration
and mitigating climate change [23,39]. Trees in agroforestry also enhance soil organic
content, increase soil nutrients and fertility, and increase soil microbial dynamics, which
have a positive effect on soil health [45]. Trees improve soil quality in agroforestry through
three main processes, namely, increasing input with tree fertilizers (N2-fixing), increasing
soil nutrients from the production and decomposition of tree biomass (falling of leaves,
branches, twigs), absorption, and the utilization of nutrients from deep tree roots, thus
creating a nutrient cycle in the agroforestry system [46].

Traditional agroforestry systems have long been applied in different parts of Indonesia
and have become local wisdom in each area with various vernacular names, as presented
in Table 1. A distinctive feature of traditional agroforestry systems is the selection of
diverse crops to sustain the resilience of farmer households in accessing sources of food,
timber, firewood, and herbal medicines [3,4]. These agroforestry patterns are determined
based on the skill of the local farmers and agroecological conditions [11]. The diversity
of agroforestry constituents consists of two categories, namely, simple agroforestry and
complex agroforestry. In general, simple agroforestry uses one species of commercial tree
as the main plant intercropped with one commercial understory, resulting in low plant
diversity [47]. Complex agroforestry involves growing two or more species as the main
trees along with moderate plant diversity, and the practice is usually found in mixed
gardens or home garden patterns [48–51]. However, the diversity of annual crop and tree
species in agroforestry systems is higher than that of agricultural and forest crops [38].

Along with the socioeconomic, cultural, and policy development of rural communities,
some agroforestry patterns have also improved from traditional subsistence management
to business–commercial management with the selection of several types of commercial or
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industrial crops, such as coffee [52] and porang [53], or integration with ecotourism [54].
The relative profitability of agroforestry business models can be measured based on the
associated risks and timeframes [55]. However, the basis of the farmers’ considerations in
choosing the type of crop is influenced by economic, occupational, cultural, and educational
background [56,57]. It is common to have a combination of commercial and noncommercial
crops to optimize land use in order to fulfill household needs in terms of subsistence or as a
source of daily, monthly, and annual financial income [3,4]. In general, farmer preferences
are more biased toward economic benefits and mindfully maintaining the availability of
a food supply, but they pay less attention to ecological aspects [19]. Crops that provide
instant extra income are more desirable to farmers [58].

Generally, farmers in Java with narrow farmland ownerships tend to cultivate com-
mercial timber trees (such as teak, sengon, mahogany, gmelina, manglid, African wood, and
jabon) combined with understory crops that can support daily needs such as food, build-
ings, and traditional medicines, including coffee, chocolate, cardamom, and tea [59–62].
Some examples of simple agroforestry patterns on smallholder farmer land in Java are
displayed in Table 1. Additionally, farmers on islands other than Java choose many types
of nontimber trees or fruit trees as the main stand, as well as industrial crops as the under-
stories, as presented in Table 1. Some examples of agroforestry patterns that are widely
practiced by the community, especially on the island of Java Island, can be seen in Figure 2.

  
(a) (b) 

  
(c) (d) 

Figure 2. Agroforestry models in Indonesia: (a) Paracerianthes moluccana and Amomum compactum
(picture by Achmad, 2012); (b) Anthocephalus cadamba Miq and coffee (picture by Achmad, 2020);
(c) Tectona grandis and Manihot utilissima (picture by Widiyanto, 2016); (d) Tectona grandis and Oryza
sativa L. (picture by Widiyanto, 2015).

The main objective of silviculture is to improve timber productivity by applying
tree improvement, site manipulation, and plant protection [63]. With agroforestry, the
science of silviculture is expected to encounter issues beyond timber production [64].
Moreover, silviculture treatment on timber-based versus nontimber-based forest products
provides a different result for land productivity [22]. Traditional agroforestry practices are
usually subsistence and are conducted in a small area of land with minimal silviculture
treatments [65,66].

The recognition to apply agroforestry also arises when the benefits of ancient inte-
grated agricultural systems survive after a series of land problems, such as deforestation,
soil degradation, and biodiversity decline [46]. This implies that agroforestry contributes
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to the environment by reducing erosion rates, restoring degraded land, reducing landslide
risk, increasing carbon stock, and affecting microclimate and soil moisture [67–69]. The
agroforestry systems developed in several locations in West Java are able to decrease soil
erosion and restore land degradation, while the highest carbon stock is produced from
mixed types with a larger number of trees [23]. Agroforestry, which dominates the foothills
of volcanic mountains prone to landslides in Java, can reduce landslide reactivation by
selecting species of trees and plants with certain ecological functions to reduce surface
runoff, water absorption, and soil moisture without compromising the social and economic
value of farms [70]. A mixture of deep-rooted tree species and grasses with smooth and
dense rooting can maintain the stability of riverbanks and high hillsides [71]. The diver-
sity of tree root distribution between species can reduce the landslide risk in productive
coffee agroforestry systems [71]. The agroforestry system is an easy and affordable way to
mitigate microclimate instability and soil moisture degradation, and it can be potentially
employed as an adaptive strategy to counter extreme climate impacts through shade cover
arrangements [72].

The transition from subsistence to semicommercial or commercial agroforestry is not
a simple process. Problems regarding landownership and access, market opportunities,
and farmer regeneration always arise from farmers. It is common knowledge that rural
farmers are generally villagers over the age of 50 who need guidance on how to maintain
their agricultural businesses, especially in regard to utilizing wireless networks. Currently,
few among the young generations want to continue working as farmers. Ironically, most
parents who work as rural farmers are also unwilling to pass down the profession [73]. The
factors that hinder farmer regeneration are the low income generated by the agricultural
sector, demanding and laborious work, the perception that farming is only suited to those
from a poor background with limited education, and the type of work chosen as the last
alternative [74]. This results in only 26.67% of farmers’ children having high motivation
to become farmers [75]. The education level of farmers, according to Statistics Indonesia
(BPS), is still dominated by elementary and junior high school levels. Meanwhile, college
graduates and diplomas only account for 0.57%. This low education level can affect farmers’
managerial abilities in developing agroforestry. Farmers’ managerial capacity in planning,
implementing, and evaluating the application of agroforestry systems is a major factor that
influences their motivation to apply technology [76]. The low quality of human resources
is a drawback in the agricultural sector, which may lower agricultural productivity [77].

In Lampung, many smallholder farmers have the basic skills to turn their subsistence
horticultural systems into semicommercial ventures. To facilitate this process, farmers
obtain assistance to (1) identify appropriate horticultural species/cultivars that are suitable
to the land’s biophysical and their own socio-economic conditions; (2) adapt to vegetative
propagation and other horticultural management practices; and (3) develop a permanent
market relationship. In West Sumatra, 1–2 hectares of agroforestry provide 26–30% of total
household income. This percentage range is due to differences in land size, crop selection,
level of commercialization, and the intensity of agriculture [78].

The success of agroforestry development needs support from internal and external
factors. However, the existing institutions have not yet optimally supported the develop-
ment of agroforestry [79]. The institutional development of agroforestry can be guaranteed
if: (1) incentives are provided for agroforestry farmers or organizations; (2) organizational
reinforcement is provided; (3) equality in infrastructure and information asymmetry is
guaranteed; (4) assurance about ownership and access to resources is obtained; (5) control
over opportunistic behavior is established; and (6) some rules are enforced and obeyed [80].
The key factors of agroforestry development in Indonesia are farmer institutions [81],
policy support, the availability of technology packages, the optimization of stakeholder
involvement [79], and leadership [82]. Farmer groups are required to accommodate mem-
ber activities; facilitate farmer-to-farmer relationships; and handle peer group mentoring
concerning silvicultural techniques, such as pruning [83]. In addition, farmers gain better
interaction and communication skills by joining the farming community [84]. Therefore,
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the farmer group, as an institution, has benefits and roles to play in improving each mem-
ber’s economic wellbeing as well as sustaining the forest. The implementation of these
activities should rely on the personal interests and motivations of smallholder farmers to
improve their livelihoods rather than depend on the government’s project financing. The
improvement and expansion of smallholder horticultural systems can also serve public
environmental purposes [85]. Unfortunately, the value of the environmental service of
agroforestry is underappreciated and is unreliable as a cash source, at least with respect to
today’s conditions.

Table 1. Existing agroforestry patterns in Indonesia.

Planting Patterns Location Key Commodities Plant Diversity Source

Tea-based agroforestry Tasikmalaya, West Java
850 msl Magnolia champaca and Camellia sinensis

18 species
Shannon–Wiener Diversity
Index (H’) = 0.37–0.66 (low)

[86]

Sengon + clove + spices Magetan, Central Java Paraserianthes falcataria, Zingiber sp.
Syzygium aromaticum and Curcuma longa [87]

Cocoa-based agroforestry Bulukumba, South Sulawesi Theobroma cacao 29 species
H’ < 1 (low)

[88]
Coffee-based agroforestry Bulukumba, South Sulawesi Coffea spp. 17 species

H’ < 1 (low)

Coconut-based agroforestry Bulukumba, South Sulawesi Cocos nucifera 26 species
H’ < 1 (low)

Cashews + guava Bulukumba, South Sulawesi Anacardium occidentale 8 species
H < 1 (low)

Mixed crop home garden Tana Toraja, Bone &
Bulukumba South Sulawesi

Casuarina junghuhniana, Pinus merkusii,
Elmerillia pubescens, Syzigium aromaticum,

Tectona grandis, Aleurites moluccana,
Artocarpus heterophyllum, Coffea arabica, and

T. cacao

47 species
H’ = 1.25–2.18 (moderate) [56]

Damar-based agroforestry Lampung Shorea javanica 93 species [51,89]

Dukuh agroforestry system,
South Kalimantan

Banjar Regency,
South Kalimantan

Durio zebethinus, Artocarpus integer,
Lansium parasiticum, Hevea brasiliensis, C. longa,

Kaempferia galanga, Zingiber officinale,
Alpinia galanga, and Mussa paradisiaca

9 species [90]

Sengon-based agroforestry West Java
P. falcataria, Swietenia macrophylla,

Maesopsis eminii, Cocos nucifera, and
Amomum cardamomum

7 species [58,91]

Bamboo-based agroforestry Bandung Regency, West Java
700–900 masl

Gigantochloa verticillate,
Gigantochloa pseudoarundinacea,

Gigantochloa apus, and Gigantochloa ater,
Bamboosa vulgaris, M. eminii, P. falcataria,

Hibiscus macrophyllus, Melia azedarach,
Toona sureni, M. champaca, Lansium spp.,
Persea americana, Syzygium polycephalum,

Mangifera odorata, Baccaurea racemose,
Syzygium aromaticum, and C. arabica

76 species [48]

Mixed garden (home garden) Central Bengkulu H. brasiliensis 38 species [92]

Traditional mixed garden
(traditional

agroforestry)–mixed garden
Central Sulawesi

A. moluccana, Parkia speciosa,
Artocarpus heterophyllus, T. grandis, C. nucifera,

and T. cacao

43 species in Ta’a Wana,
52 species in Javanese’s village,
39 species in Balinese’s village

[93]

Talun (mixed forest) Bogor, West Java Bamboo 94 species (44 families) [49]

Mixed garden Bogor City, West Java Fruit trees 83 species (41 families) [49]

Garden farming Bogor City, West Java Fruit trees 100 species (45 families) [49]

Home garden agroforestry Banyuwangi, East Java
600–800 masl

C. nucifera, Garcinia mangostana, D. zibethinus,
S. aromaticum, Coffea liberica, Coffea canephora,

and Nephelium lappaceum

Trees (39 species), Poles
(9 species), Herbs (41 species),

Liana (8 species)
[94]

Mindi + sengon + african
wood + baros + palawija

Garut, West Java
750–1400 masl

Melia dubia Cavanilles, P. falcataria, M. eminii,
and Manglieta glauca 14 species [95]

Cofee-based agroforestry Banjar, South Kalimantan
H. brasiliensis, Coffea sp, Lansium parasiticum,

Arthocarpus champeden, C. nucifera, and
Musa sp.

5 species [96]

Trees + rice + cassava Bondowoso, East Java
500–900 masl

Falcataria moluccana, T. grandis, Gmelina arborea,
Oryza sativa, Manihot esculenta, and Zea mays 35 species [97]
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3.3. Why Subsistence
3.3.1. Subsistence Outlook

Subsistence farming is defined as self-sufficient farming in which farmers focus on
cultivating sufficient quantities of food for their families. In addition, subsistence agri-
culture is characterized by such things as having a wide variety of crops and livestock to
eat, and sometimes fiber for clothing and building materials. The decision in determining
the type of plant to use usually depends on the type of food that will be consumed in the
coming year. It is also determined by market prices, where if the price of a commodity is
considered too high, they choose to plant their own [98]. Although they are considered
to prioritize self-sufficiency for their families, most subsistence farmers also trade a few
of their agricultural products, especially for obtaining goods that cannot be produced
from the land, such as salt and kitchen equipment. Most subsistence farmers currently
live in developing countries. Numerous subsistence farmers grow alternative crops and
have agricultural capabilities that are not found in advanced agricultural methods [99].
Subsistence refers to those who are periodically food insecure, relying on irregular cash
income from diversification into a range of sources [100].

Some farmers apply agroforestry systems based on economic considerations rather
than social and ecological considerations [30]. This is indicated by the selection of plant
species that make up agroforestry with the main objective of utilizing the results to meet the
needs of farmer households in the short, medium, and long term. Agroforestry is widely
adopted by farmers because this system can increase income while also diversifying their
livelihoods [19]. Agroforestry provides income to farmers in the form of weekly, monthly,
and annual income [101]. Farmers in Wonogiri earn weekly income from cayenne pepper,
monthly income from secondary crops, and annual income from timber plantations [101].
Farmers apply simple agroforestry by intercropping trees with one or more seasonal crop
types. Sengon (Paracerianthes moluccana) is the main crop because it is considered to possess
high economic value and is a form of family savings that can be used for certain urgent
needs [102]. Sengon and salak (Salacca zalacca) agroforestry can meet the daily needs of
families and can support a balanced work structure [103]. The traditional agroforestry
system is carried out to meet daily needs, and some of the surpluses are sold to collectors
and weekly village markets, such as palm sugar (Arenga pinnata), banana (Musa paradisiaca),
sapodilla (Manilkara sp.), mango (Mangifera indica), avocado (Persea americana), petai (Parkia
speciosa), and jengkol (Archidendron pauciflorum) [104].

Farmers also obtain animal feed from community forests so that they do not need
to look for grass in places far from home [101]. Income from the agroforestry system
can meet the needs of a family with four to five dependents. Household expenses can
be reduced because some foodstuffs can be obtained from the forest, such as vegetables,
cayenne pepper (Capsicum frutescens), cassava (Manihot esculenta), corn (Zea mays), turmeric
(Curcuma longa), ginger (Zingiber officinale), and galangal (Alpinia galanga).

Benefits in the form of income obtained by farmers from plant cultivation activities
have caused farmers to continue cultivating plants, including forest plants. More often
than not, farmers’ primary motivation to sell wood is to fulfill their urgent needs, for
example, wanting to hold a celebration, going on a pilgrimage, paying for children’s
educational fees, or other needs, which are often referred to as the cutting-and-needed
system. More than half of agroforestry income comes from selling sengon wood as the
main crop [102]. Agroforestry has increased the security of farmer livelihoods as a safety
net that helps households pass through periods of increased vulnerability, for example,
due to crop failure and illness [105]. Agroforestry systems are used to support subsistence
needs, increase income through the sale of surplus produce, and strengthen the ownership
situation of farmers.

3.3.2. Factors Related to Subsistence in Agroforestry

The subsistence level of agroforestry can be seen from the perceived benefits of the
agroforestry system, which are limited to meeting the needs of the family, not for com-
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mercial purposes. Two factors influence the agroforestry farming system, namely, internal
factors such as farmer experience, motivation, landownership area, number, and type
of plants, as well as external factors in the form of support from agroforestry extension
institutions and community leaders [106]. Likewise, the subsistence of farmers is also
influenced by these two factors.

1. Internal factors

The internal factors that influence the subsistence of agroforestry farmers are presented
in Table 2.

Table 2. Internal factors that lead to the subsistence of agroforestry farmers.

No Internal Factor Source

1. Limited landownership [18,107,108]
2. The character of farmers who are less willing to take risks [17]
3. Low education level and poor agroforestry knowledge [21,38,101]
4. Limited financial capital [109,110]
5. Farmer preferences related to gender and cultural identity [108,111]

• Limited landownership

Limited land is one of the factors causing farmers to grow only crops to meet family
needs. Most farmers own less than 1 ha of land [112] with an average agroforestry area of
0.5 ha [102]. The dominant species are plants that can be consumed in the form of food
crops. Farmers who have narrow lands prefer to grow various types of crops to meet
subsistence needs and, at the same time, have savings [113], although some farmers replace
traditional crops such as rice, corn, and vegetables with valuable commercial crops such as
taro, pineapple, banana, papaya, and teak trees [105]. The area of land managed by farmers
can come from their own land, a rental system, or profit-sharing. Land fragmentation
increases when adult household members marry, create their own families, and manage
land separately. Land expansion is difficult if the available land is limited, which results in
crop yields that are not sufficient for family needs [105].

Limited landownership may push farmers to choose a management system, whether
it is intensive agriculture or agroforestry. One consideration for farmers converting agri-
cultural land into community forests is the management of agricultural land, which, in
addition to requiring large capital support, also requires a large amount of labor [101].

• Not willing to take risks

Decisions regarding agroforestry adoption are carried out based on natural and social
endowments such as preferences, incentives, and risk, as well as uncertainty assessments
across three dimensions, that is, profitability, feasibility, and acceptability [114]. The major-
ity of investments are designed to produce direct production for domestic use. However,
any surplus can be sold on occasion. Households with minimal assets may find themselves
with less, if any, assets for other occupations after allocating land, labor, cattle, time, and
tools to one activity. Escaping food poverty demands investments, but because margins are
tight, their willingness to invest in new technologies may give way to cost considerations,
resulting in non-adoption if decisions are based as much on past and current conditions as
on potential profits [17].

Production hazards in small-scale agriculture include animal and crop illness, drought,
flood, climatic unpredictability and change, and/or market shocks, which can affect indi-
viduals or entire communities [100]. Even the most attractive investments might come with
enormous risks if they fail. Even though they are sometimes used interchangeably, risk and
uncertainty “convey different aspects” [115].

Risk minimization is consequently critical, not just profit maximization, especially
for food-insecure farmers. While agroforestry adoption is a high-risk endeavor, other
investments, such as raising animals, are frequently viewed as insurance [116]. External
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risk reduction options, unrelated to agroforestry but rather to animal husbandry as a key
part of subsistence farming, may include insurance programs or warranties, as well as the
provision of animal health support services. In poor households, livestock investments are
frequently a top priority for savings [117].

Small farmers tend to prefer continuous yields, even though they are small compared
to large yields, which are intermittent. This is because smallholders mostly need certain
short-term income rather than uncertain long-term income (both in terms of yield and
price) and risk. The experience of tumor rust disease in sengon stands is an example of the
risk of loss experienced by Ciamis farmers.

• Low education level and poor agroforestry knowledge

The knowledge and perceptions of farmers influence how they manage their land with
agroforestry patterns. Their knowledge causes them to have low motivation in managing
agroforestry optimally, so the results obtained are only sufficient to meet the needs of their
families [76]. A farmer’s economic orientation may not be for commercial purposes but
rather to meet daily household food reserves, as well as to use the farm as a vegetable
source [118]. In addition, farmers also use wood twigs as fuel [101]. Cultivators continue to
carry out agroforestry cooperation programs because they can help meet daily needs and
improve farmer welfare if the management is carried out optimally [119].

The knowledge and skills involved in cultivating timber and agriculture are obtained
by farmers from their parents and other ancestors from childhood onward [101], and on
average, farmers have to manage community forests for more than twenty years. Experience
in agroforestry agriculture can support the process of increasing a farmer’s capacity [113].

Formal education is significantly correlated with farmers’ perceptions of community
forest management at a significance level of 5%. The higher their level of formal educa-
tion, the higher their perceptions of community forest management using agroforestry
patterns [101]. They do not perform thinning and assume that the more trees they have,
the more results they will obtain [101]. Understanding the perception and knowledge of
smallholder farmers regarding the integration of trees on farms is essential for minimizing
the barriers to integrating trees on farms [120]. Farmers’ capacity to implement agroforestry
systems is still categorized as low, especially in terms of farmer managerial capacity [30].

Farmers’ knowledge of the types of plants that are resistant to shade is still lim-
ited. Some farmers still make decisions in choosing understory crops based on market
demand [121]. Ultimately, the expected results are typically not obtained. For the crop
types commonly grown on their land, farmers plant based on hereditary knowledge from
their ancestors [122]. Some ecological aspects that affect the sustainability of agroforestry
include the rate of plant pest and disease attacks and the farmers’ level of understanding
with respect to soil and water conservation, land conservation measures, the availability of
organic fertilizer manufacturing technology, the availability of organic material sources,
the productivity of produce, land fertilization, soil processing, and pesticide use [21].

• Limited financial capital

One factor has also become an obstacle for forest farmers is the lack of financial capital
to procure seed and fertilizer production facilities [109]. This is very reasonable because,
generally, seeds and fertilizers are important production factors in farming [123–126]. In
addition, the area of land and the number of plant types cultivated are two production
factors affecting the income of agroforestry farmers [127]. The selection of types and crop-
ping patterns indirectly affects the success of agroforestry management. Cropping patterns
are physical capital that can be adaptively used to overcome the crisis and determine
farmer income; the higher the income of farmers, the higher the ability to save and manage
land [128].

The level of farmer income is itself often interlinked with land size. The land factor
significantly affects the income level of farmers [129]. The land is the main capital in
producing goods/services in agriculture [130] and is closely related to the level of income
obtained by forest farmers, so its limitations are often regarded to be an obstacle [107]. The
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optimization of land production factors is very important so that agroforestry farming
is more productive and efficient [131]. Several results from farming research state that
the land factor affects productivity both technically and economically [132–136]. The low
efficiency in the use of production factors is one of the causes of low farm productivity [137].
However, the production factor is an energy input in agricultural production that also
determines the level of agricultural output produced [138].

Limited financial capital is also linked to the lack of alternative income sources for
farmer livelihood. Educational qualifications and literacy skills are highly related [139].
Various factors cause the absence of other reliable sources of income, including the low
level of education of farmers, which limits their ability to obtain jobs according to their
skill competencies.

• Farmer preferences related to gender and cultural identity

Subsistence in agroforestry practices is often caused by the preferences of the farmers
themselves. Some farmers actually have the basic skills required to shift from subsistence to
semi-commercial enterprises [85]. However, farmers often continue to practice subsistence
agroforestry as their economic orientation due to personal beliefs, which may be related to
gender in selecting plant species. Gendered species preference is related to tree diversity
in agroforestry systems [111]. Therefore, the extent to which this subsistence practice is
applied will be influenced by the involvement of female farmers in making decisions about
species selection. In addition, farmer preferences, as part of their cultural identity, can also
cause agroforestry subsistence practices to persist. The Badui Luar, for instance, practice
subsistence agroforestry on shifting land systems as part of their cultural identity [108].

2. External Factors

External factors that affect the subsistence of agroforestry farmers are presented in
Table 3.

Table 3. External factors that lead to the subsistence of agroforestry farmers.

No External Factors Sources

1. Government policies that are not responsive to household interests (increases in the price of
seeds, fertilizers, and medicines). [17]

2. Bad weather/climate change. [140–142]
3. Labor shortage. [101]

4.

Limited market access:

- Weak market linkages and poor access to market information; [143–145]

- Difficulties imposed related to costs, the management system, and local market constraints; [146–148]

- Price instability, poor market information, and poor market infrastructure for the tree products; [143,149–151]
- Long period of growth; [152–154]
- Preference for the near-term benefits. [155]

5. Food import. [156–159]

• Government policies that are not responsive to household interests

Subsistence farmers need information and input support in developing agroforestry [17].
Therefore, government policies related to capital are necessary. The variables affecting
the income of agroforestry farmers are age, plantation area, number of workers, ethnicity,
religion, land slope, and credit assistance [160]. Agroforestry farmers develop their busi-
nesses by only relying on personal and family capital [113]. They do not rely on capital
support from public, private, and/or cooperative financial institutions. Furthermore, they
are not interested in obtaining business capital loans due to the high-interest rates and the
complicated bureaucracy of financial institutions. Farmers think that agroforestry farming
is a gamble. If they are lucky, they will earn large profits; otherwise, if they have bad luck,
they will suffer losses. This is due to the uncertainty of product prices.
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Four key factors determine the sustainability of agroforestry businesses: the role of
extension workers, the availability of technology packages, the existence of farmer groups,
and the role of the government [21].

• Bad weather/climate change

Subsistence farmers are most vulnerable to climate change [140]. Climate change
increases the severity and frequency of extreme weather [142]. Extreme weather affects the
sustainability of agroforestry farming. The forms of weather changes include hurricanes,
continuous rain, long dry spells, peaks of pest and disease attacks, and crop failure [141].
Furthermore, in tree-based agroforestry, weather changes cause a decrease in the number
of harvests or even crop failures in the given year [141].

• Social commitment to maintaining traditional agricultural practices

Rural communities in Indonesia, which generally live off agriculture, including agro-
forestry, have several characteristics, including close kinship relations with fellow citizens
and still holding strong customs and traditions. Ignoring these traditions may lead to
social sanctions that can take the form of social alienation. This situation requires them to
dedicate quite a lot of time to meeting the social and cultural demands of their environment.
As a result, farmers tend to look for easy cultivation techniques and do not have enough
time to implement an intensive cultivation system [161]. Community forests, particularly
in the form of agroforestry, are often underdeveloped and managed traditionally [162].

• Labor shortage

Indonesian farmers tend to prioritize agricultural activities other than tree-based farm-
ing. This is particularly because agricultural farming requires more intensive management
and labor, besides being related to their food security. Smallholder farmers, therefore,
prefer to grow trees using traditional agroforestry. The labor required to manage traditional
agroforestry is only supplied by family members [101]. Hence, it is only natural that
agroforestry only produces products to fulfill their personal and family needs.

• Limited market access

Among the problems faced by farmers is their lack of information about the marketing
chain of community timber and an unawareness of the growing demand for commu-
nity timber [101]. Nontimber agroforestry products, such as fruits, also have fluctuating
prices [105]. These situations certainly do not motivate the community to cultivate trees
intensively in agroforestry practices. Market access can affect price certainty, which will
impact the sustainability of agroforestry businesses. Market certainty is an aspect that
affects farmer motivation. Points of access to the market from agroforestry areas may also
be considered by farmers [113]. Although agroforestry has various benefits for smallhold-
ers, local governments usually prefer oil palm plantations over agroforestry because they
possess higher potential income [163].

• Limited access to capital/credit

Limited access to capital causes farmers not to optimally manage their land. Due to
a lack of institutional support for agroforestry in agriculture policy, borrowers frequently
lack information regarding financing availability [154].

• Food import

The agricultural sector still plays an important role in spurring the national economy
through labor absorption in agriculture in order to create food security and foreign exchange
earnings through exports and imports [156,157]. In the era of liberalization, the marketing
of agricultural products in the agricultural system and the fate of farmers depend entirely
on the free market mechanism [158].

The challenges of developing food crop agriculture in the globalization era are getting
bigger, so this requires Indonesia to improve production efficiency and product competi-
tiveness to reduce opportunities for import flows [157]. The increasing number of imported
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food products entering Indonesia indicates that the comparative advantage of domestic
food products is lower than that of other countries [159].

In addition to adding new sources of income and livelihoods for communities around
forests, agroforestry also represents the government’s efforts to improve national food
security by adding food sources from forest areas [164]. The impact of food import policies
are also felt by agroforestry farmers, whose livelihoods depend on food products from the
forest. A policy of import duties on food commodities as a form of social policy sometimes
creates a dilemma. It benefits farmers, but on the other hand, also places a burden on the
poor [156]. The negative impact will be felt more by small and poor farmers who are unable
to compete directly with imported products without assistance and protection from the
government [158].

3.4. Sustainable Agroforestry Management Strategies for Smallholder Farmers

Agroforestry has become a common practice for farmers in Indonesia. The contribution
of agroforestry to the household economy of farmers is one of the determining factors for
the sustainability of the agroforestry system. Improving agroforestry governance from
subsistence to commercial ones requires a comprehensive strategy and involves many
stakeholders. Internal and external factors from the farmers’ side are presented in Table 4.

Table 4. SWOT analysis of smallholder agroforestry in Indonesia.

Strength (S) Weakness (W)

1. Availability of existing managerial and technical capacity:

• Smallholder agroforestry has over 10 years of
experience [165];

• Traditional agroforestry practices [166], silviculture
practices [65], and soil and water conservation technologies
are available to smallholders [167,168].

2. Recognized social, economic, and ecological benefits of
agroforestry practices:

• Potentially enhancing the resilience of smallholders in
disaster-prone areas [165];

• Strengthening social cohesion when sharing with neighbors
[48,169];

• Contributing positively to productivity and smallholder
livelihoods in agroforestry and home garden systems
[170–173];

• Significantly assisting smallholders with climate change
adaptation, improved soil fertility and conservation, pest
and disease control, income diversification, and offsetting
fuelwood [174–176];

• Agroforests contribute to maintaining on-farm
diversity [48].

3. Availability of institutions at the farmers’ level:

• The existence of community groups that participate in
agroforestry practices, such as farmer groups and soil and
water conservation groups.

1. Limited landownership:

• The average farm size ranges from less than 0.1 ha to
1 ha [18,165,177,178].

2. Low education level and poor agroforestry knowledge:

• Smallholder farmers have low education [18,165]
• Farmers’ knowledge about agroforestry is still lacking [101];
• Farmers are reluctant to implement agroforestry due to

culture and capacity [178].

3. Limited financial capital:

• Limited capital for the provision of seed and fertilizer
production facilities [109];

• Low access to credit/financial assistance [179–181].

4. Poor management practices:

• A lack of awareness regarding the positive influence of
proper silvicultural management and limited technical
capacity [182];

• Agroforestry is regarded as the second livelihood for some
farmers [18,165];

• Some farmers do not fertilize trees or only do so during the
intensive maintenance of crops [165]. Kebun campuran
(mixed garden) is not intensively managed [18].

5. Poor perception of agroforestry benefits:

• Farmers’ understanding of the benefits of agroforestry
(income, food, and conservation) is still low [165];

• Farmers’ perceptions of the benefit of agroforestry practices
show varying results (high in Central Java [101] and East
Java [183,184] but low in Lampung [185] and Ciamis West
Java [76]);

• Smallholders regard trees as competitors for annual
crops/smallholders consider trees to make gardens difficult
to be cleared periodically [48].

6. Limited market linkage and farmer bargaining:

• Low volume of trade, limited access to information, and
weak market linkage information [182];

• Low bargaining position of smallholder farmers [186,187].

113



Sustainability 2022, 14, 8631

Table 4. Cont.

Opportunity (O) Threat (T)

1. Increasing global interest in local agroforestry practices:

• Local practices in various parts of the world, especially in
the tropics, have become a global interest that is
increasingly relevant because of their sustainability on a
local-to-global scale [188].

2. Increasing global demand for agroforestry products and services:

• Adaptation to high population growth and a rise in the
market economy [48];

• Globalization of food and increases in demand for food
security [189];

• Mixed gardens have become international tourist
destinations and sources of fresh organic produce for
traditional food [18];

• An important measure to obtain multidimensional benefits
as pointed out in the Sustainable Development Goals [190]
and biodiversity conservation strategy [18].

3. Availability of financial support schemes:

• Financial support from central and local governments.
Central and regional agencies whose main tasks are related
to the management of forestry, agriculture, and
environmental resources (RHL program with agroforestry
and community development [191] and social forestry)
[192,193];

• Finding alternatives to swidden agriculture [178,194];
• CDM/carbon trade becomes part of rural development and

the availability of incentives that allow for small land and
direct payments [195].

4. Legal support:

• The availability of regulations on food security [196], the
sustainable land protection of food agriculture, conservation,
environmental, community empowerment, etc.

1. Decreasing tree-based land availability:

• Population growth and economic pressure lead to increased
demand for food production, conventional agricultural land
[189], housing, and other land uses [18,189]; on the other
hand, it decreases agroforestry land [189,197];

• Volcano eruption reduces land area [165].

2. Forest and land degradation:

• Forest and land degradation or conventional farming
practices that are not environmentally friendly [198–200].

3. Climate change:

• Climate change affects agroforestry to keep food
production [140,156].

4. Labor shortage:

• A lack of laborers or family members to do the work and a
rise in the wages of agricultural workers [48].

5. Market uncertainty:

• Market uncertainty and low-profit margins of agroforestry
products [186,187];

• The increasing price of seeds, fertilizers, and medicines;
high social burden; high land rent; rising wages for
agricultural workers; and imported agricultural
products [156];

• The increasing number of imported food products entering
Indonesia [156,159].

6. Poor coordination and technical assistance from the government:

• Weak coordination between central and local agencies, as
well as between regional and cross-regional
governments [201];

• Limited extension services [105].

The mapping of strengths, weaknesses, opportunities, and challenges above was used
as the basis for designing an agroforestry business development strategy. The strategy was
prepared based on the interaction between internal and external factors (SO, ST, WO, and
WT). It takes into account the importance of agroforestry business development (Table 5).

Table 5. Strategies of agroforestry business development in Indonesia.

SO Strategy ST Strategy

• Improving the performance of existing stakeholders (GO,
NGO, local community) for supporting the agroforestry
business using the community development/RHL
program [202,203];

• Utilizing the existing social capital and labor support
effectively and efficiently in maintaining agroforestry
practices [204];

• Transferring agroforestry silviculture and soil conservation
technology through smallholder farmer groups,
environmental groups, communities, and so forth [65,203];

• Fulfilling food needs due to population growth through
increased agroforestry practices [22,164]

• Strengthening of farmer groups (institutional and capacity,
skill and capital) [202].

• Increasing the success of agroforestry business practices
for addressing livelihood, smallholder income, food
security, land conservation, population growth pressure,
lands rehabilitations; and obtaining benefits from climate
change resilience [22,205,206]

• Controlling land-use change in maintaining and increasing
agroforestry areas for SDGs [206,207]

• Improving agroforestry silviculture techniques, improving
soil and water conservation practices for improving land
productivity, and reducing land degradation [208]

114



Sustainability 2022, 14, 8631

Table 5. Cont.

WO Strategy WT Strategy

• Improving the effectiveness of community development to
improve agroforestry practices [164,191];

• Improving land availability for farmers with social forestry
programs/RHL program [192];

• Improving market access for agroforestry products;
• Financial support from regional governments and NGOs

for smallholder farmer groups with respect to agroforestry
practices [194,209];

• Capital and production tools form incentives that allow for
small land and direct payments from CDM/carbon
trading [195], developing integrated agroforestry
management policy with respect to the SDGs [210].

• Maintaining local knowledge in agroforestry
practices [166];

• Keeping traditional practices/tree diversity from
conventional agriculture [37];

• Enhancing community awareness in food security, land
degradation, climate change, and environmental
services [211];

• Improving synergy between stakeholder/cross-sectoral
institutions at both the central and regional levels
[202,203,209].

3.5. Enabling Smallholder of Agroforestry Practices in Indonesia
3.5.1. Selection of Agroforestry Plant Species

The existence of agroforestry outside the state forest area (private forest) is proven to
provide great benefits for landowners. Cultivated tree species provide yields for building
wood, firewood, animal feed, species, and medicinal plants [212]. The use of native species
with multiple benefits needs to be encouraged with research and policy interventions
because native trees can maintain biodiversity [213]. The greater the plant diversity in
agroforestry, the greater the value of the forest from the yield variety and the environmental
benefits. In rubber plantations, more shrubs will increase soil C and N as well as the
infiltration rate from soil pores [214].

3.5.2. Integrated Farming (Agrosilvopasture/Livestock and Plants)

Product diversification from agriculture–livestock–forestry (agrosilvopasture), with
market access and management efficiency, will result in income stability [215,216]. In
agrosilvopasture, the use of livestock manure (fertilizer) and crop waste (animal feed)
residues is an efficiency that can reduce tradeoffs between agriculture and the environ-
ment [217]. The integration of livestock and crops can increase economic efficiency by
38.4% [218,219]. The existence of plants for forage can supply animal feed needs during
the dry season [220]. This system can also maintain the N content in the soil, the bacterial
community cycle, and the N cycle process [221].

3.5.3. Soil and Water Conservation

The use of trees, especially legume trees, plays a pivotal role in maintaining soil
fertility. Tree roots increase the rate of soil infiltration and the availability of water as a
reserve during the dry season, thereby reducing plant stress [222]. The management of
agroforestry plant biomass is a key factor in maintaining soil fertility. Cocoa leaf waste
can be decomposed quickly when mixed with gliricidia leaves so that it can maintain soil
nutrient input [208]. Farmers in mountainous areas need to apply alley cropping as a soil
conservation technique. The productivity of annual crops in the tree aisles hanging 48 m
and 96 m is still quite high even despite tree canopy cover; however, it still possesses high
environmental value [223].

3.5.4. Improved Access to Land and Markets

Population growth and economic pressures have caused the availability of agricul-
tural land to be increasingly limited. This has become an obstacle in the development
of the agroforestry business in Java, Indonesia. Governments can provide access to for-
est land, community participation-based planning, and agricultural diversification [105].
The Indonesian government has made efforts to distribute access to land resources for
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the community by granting state forest land management permits through the social
forestry program.

One of the factors affecting the level of commodity prices produced by private forests
is land access to markets. The price of wood in private forests can be influenced by the
location’s accessibility to transportation. Good roads increase the efficiency of transport to
market, thereby promoting more commercial agricultural cultivation [224]. The existence of
village funds can be allocated to improve road access to private forest land. The government
can also provide information on market access through extension workers [225]. In general,
private forest harvests are sold to local middlemen and then to larger middlemen; thus,
to increase farmer incomes, partnerships between industry and farmers are needed and
incentives are provided to empower private forest farmers [226].

3.5.5. Climate Change Adaptation

Adaptation to climate change is required to reduce the risk of failure in crop cultivation.
Farmers adapting to climate change will be influenced by farmer institutions, access to
finance, information on climate, and extension [211]. Farmer adaptation practices to
increase land productivity include the application of soil and water conservation techniques,
the use of varieties that are resistant to high temperatures/shade, and the use of mulch [227].
The use of shade trees in agroforestry patterns is needed to deal with climate change that
causes an increase in temperature [228]. Agroforestry has proven to be a technique that is
suitable for farmers to apply in the era of climate change.

3.5.6. Intensification of Smallholder Agroforestry

Previous research shows that intensive agroforestry practices (with environmental ma-
nipulations) result in higher productivity than traditional practices [229–231]. Meanwhile,
the agroforestry patterns in smallholder forests vary, including border trees, alley crop-
ping, mix patterns, and alternate rows [232]. Yard agroforestry and complex agroforestry
forms are still focused on experimental forms of intensive silvicultural applications such as
fertilization, spacing, and pruning [233,234]. Both agroforestry forms are associated with
the development of private forests with various characteristics on a household scale with
limited lands, such as in Indonesia today. As a matter of course, many findings are not
necessarily suitable for general application and produce trial/experimental results that are
either not suitable or error-prone. Discretion in selecting research recommendations to suit
the specific characteristics of private forest development is the key to success.

In agroforestry development, there are two main activities: (1) species selection
and (2) management [235]. Species selection is determined by land conditions [236], lati-
tude [237], light intensity [237,238], the social culture of the community [239], and the mar-
ket [187]. Treatment in agroforestry will regulate the availability of growth resources [240,241],
such as light intensity [237], water [242], and nutrients [214]. This is achieved by sharing
growth resources [232] or minimizing competition among species [243] and additional
growth factor inputs [244,245]. The components of the treatment carried out are spacing or
density [239,246,247], thinning [248] and pruning [249], rotation [250], and fertilization [244].
The factors for implementing agroforestry technology are influenced by the feasibility of
financial analysis [22,251], policy support [252], market networks [187], collective action to
solve limited landownership [253], adoption power [114,216], and extension [254,255]. The
picture below tries to illustrate how the implementation of agroforestry works (Figure 3).

So far, the implementation of agroforestry has relied more on knowledge passed down
from ancestors and the use of subsistence (fulfillment of daily needs) or market demand
from cultivated plant commodities. The types of seasonal food crops, which are usually
understory and perennial fruit trees, are timber plants that have been developed for a long
time and have contributed to the local food supply. The forms of environmental manipula-
tion or land management that can be carried out based on studies so far are (1) the use of
tolerant varieties that have been created; (2) the implementation of thinning/pruning/tree-
spacing to make room for incoming light; (3) fertilization, manure being relatively safe for
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environmental sustainability, as is the use of inorganic fertilizers, especially N types; and
(4) optimizing the benefits of current trees in the system. In this effort, policies established
by the government and other stakeholders collaborate to empower the community to
achieve food security, such as in (1) the creation of new shade-resistant varieties; (2) con-
verging research results that produce agroforestry models that adapt to the characteristics of
private forests (biophysical variations, household scale/areas of 0.25 ha), and management
collective action in farmer groups to achieve commercial areas; (3) the extension of inten-
sive silvicultural concepts in multifunctional agroforestry entry for farmers; and (4) the
provision of production facilities and infrastructure (subsidized seeds and fertilizers).

 

 

Figure 3. Framework for enabling intensification of smallholder agroforestry practices. Source:
compiled from [22,114,187,214,216,232,236–246,248–255].

Agroforestry development during the private forest cycle is not a static environment;
agroforestry development for any kind of seasonal crop cannot be separated from other
dimensions, such as social policies and marketing dimensions. If agroforestry in Indonesia
is assessed according to the characteristics of success required by [256], namely, productiv-
ity, yield sustainability, and adoption, then it only fulfills the productivity aspects, while
the latter two are still challenging to achieve [257]. There are several obstacles in agro-
forestry development that are especially faced by farmers: technical, financial, market, and
social doubts [203]. In addition, there is no binding legal provision and less (half-hearted)
partisanship in supporting agroforestry development from relevant parties.

The support and synergy of all parties for the development of agroforestry can include
various factors [202,203]: (1) support from government policies and programs that are
pro-agroforestry (technical, financial, legality); (2) capacity building from the community,
assistants, governments, and related institutions; (3) support from science and technology
packages and community facilitation; and (4) market support. Furthermore, synergy and
support from all parties for the development of agroforestry, with respect to optimizing
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land use in order to support food security and farmer investment, are expected to increase
Indonesian farmer welfare and purchasing power. Agroforestry is a solution to many
problems, and it has the potential to become the future of agriculture by achieving the
environmental benefits and services it promises [5].

4. Conclusions and Recommendations

Based on this review, it can be concluded that the combination of limited landown-
ership, low average literacy, and limited financial capital are the main factors causing
smallholders to be unable to increase their income from agroforestry practices. A feasible
strategic effort is to intensify forest management using agroforestry patterns by optimiz-
ing the use of growing space and maintaining plants by applying cultivation technology.
However, in reality, the technology has failed to be adopted by farmers because of limited
capital and low knowledge due to low average literacy levels. This means that assistance
in the form of technology alone has not been able to touch the subsistence problem of small
farmers. Given this situation, government policies that are oriented toward providing other
incentives aimed at encouraging an increase in the number and diversity of income sources
need to be stimulated. Until recently, forest services have not been utilized as a source of
income for farmers, although the government often calls for the importance of maintaining
the ecological function of forests. Therefore, the upstream–downstream compensation
model should be employed as an entry point for initiating the appreciation of other forest
services, such as the carbon sequestration capacity of agroforestry and the control of soil
erosion or landslides. This upstream–downstream compensation mechanism is expected
to have positive implications for the reforestation of bare hills, which are widespread in
several areas.

In the end, we need to consider that each region has different characteristics related to
biophysical and socioeconomic statuses of farmers. The proposed strategies to improve the
sustainability of farming are not necessarily applicable to all local and regional conditions.
Further research is needed to review successful cases of intensive farming and commercially
oriented agroforestry practices, as well as to evaluate how these cases can be applied to other
areas. On the other hand, it is too early to assume that subsistence farming is tantamount
to failure. We realize some potential benefits may be obtained from subsistence farming,
such as conservative farming due to non-tillage practices, high biodiversity spots due to
the cultivation of noncommercial tree species, and higher potential carbon sequestration
due to the longer harvesting cycle of the trees. Sustainability seems to be the key to further
agroforestry development for smallholder farmers as an alternative to other intensive,
modern, and commercial practices. Therefore, a more comprehensive study is needed to
compare the productivity, socioeconomic, and environmental aspects between traditional
and modern agroforestry, subsistence and commercial agroforestry, and non-intensive and
intensive agroforestry.
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Appendix A

Table A1. Full list of reviewed studies.

No. Bibliography Search Site Sub-Discussions

International Literature

1. [202] GS 3

2. [191] GS 3

3. [55] GS, SP 1

4. [152] SD 3

5. [39] GS 1

6. [11] GS 1

7. [57] GS 1

8. [22] GS, SP 1

9. [71] GS 1

10. [94] GS 1

11. [54] GS 1

12. [42] GS, FM 1

13. [53] GS 1

14. [52] GS, RG 1

15. [44] GS 1

16. [108] GS 2

17. [104] GS 1, 2

18. [37] GS 3

19. [90] GS 1

20. [153] GS 2

21. [60] GS, IS 1

22. [61] GS, SP 1

23. [177] GS, SD 3

24. [186] GS 3

25. [204] GS 3

26. [162] GS 2

27. [254] SP 3

28. [66] GS 1

29. [114] SP 2

30. [19] GS 1

31. [207] GS 3

32. [201] GS 3

33. [48] GS 1, 3

34. [56] GS, IS 1

35. [50] RG 1

36. [18] GS 3
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Table A1. Cont.

No. Bibliography Search Site Sub-Discussions

37. [205] GS 3

38. [93] GS 1

39. [49] GS 1

40. [70] GS 1

41. [251] GS 3

42. [253] GS 3

43. [178] SP 3

44. [194] GS 3

45. [105] SD 2, 3

46. [193] SD 3

47. [95] GS, IS 1

48. [83] GS, SP 1

49. [241] GS 3

50. [187] GS 3

51. [151] RG 2

52. [85] IS 1

53. [180] GS, SD 2, 3

54. [62] GS 1, 3

55. [182] GS 2, 3

56. [165] GS 3

57. [65] GS, SP 1

58. [163] SD 2

59. [111] GS 2

60. [59] GS 1, 3

61. [23] GS 1

62. [67] GS 1

63. [112] SD 2

64. [97] GS 1

65. [78] GS 1

66. [38] GS, SP 1, 2, 3

67. [113] GS 2

68. [103] SD 2

69. [181] GS 3

70. [110] GS 2

71. [92] GS 1

72. [43] GS 1

73. [3] GS 1, 3

74. [4] GS 1

75. [209] SP 3
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Table A1. Cont.

No. Bibliography Search Site Sub-Discussions

Local Literature

76. [189] GS 3

77. [107] GS 2

78. [109] GS 2, 3

79. [225] GS 3

80. [128] GS 2

81. [134] GS 2

82. [58] GS 1

83. [82] FM 1

84. [255] GS 3

85. [89] GS 1

86. [87] RG 1

87. [130] GS 2

88. [5] GS 3

89. [47] GS 1

90. [125] GS 2

91. [184] GS 3

92. [244] GS 3

93. [101] GS 2, 3

94. [91] GS 1

95. [119] GS 2

96. [96] GS 1

97. [122] GS 2

98. [102] GS 2

99. [161] GS 2

100. [141] GS 2

101. [164] GS 2

102. [84] RG 1

103. [129] GS 2

104. [74] GS 1

105. [160] GS 2

106. [183] GS 3

107. [21] GS 2

108. [76] GS 1, 2, 3

109. [79] GS, FM 1

110. [30] GS, FM 2

111. [106] GS 2

112. [88] GS 1

113. [131] GS 2
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Table A1. Cont.

No. Bibliography Search Site Sub-Discussions

114. [226] GS 3

115. [232] GS 3

116. [185] GS 3

117. [118] GS 2

118. [121] GS 2

119. [81] FM 1

120. [51] GS 1, 3

121. [86] GS 1

122. [41] GS 1

123. [127] GS 2
Note—Search sites: GS (Google Scholar), SD (Science Direct), SP (Springer), RG (Researchgate), IS (IOP Science),
FM (Forda-Mof). Subdiscussions: 1 (existing agroforestry), 2 (subsistence factor of agroforestry), 3 (strategy of
agroforestry).
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Abstract: The increasing need for forest resources and cultivated land requires a solution in forest
management to realize sustainable land use. Smart agroforestry (SAF) is a set of agriculture and
silviculture knowledge and practices that is aimed at not only increasing profits and resilience for
farmers but also improving environmental parameters, including climate change mitigation and
adaptation, biodiversity enhancement, and soil and water conservation, while assuring sustainable
landscape management. SAF, a solution for land management systems to reduce the rate of deforesta-
tion, is a smart effort to overcome the food crisis and mitigate climate change that is prospectively
applied mainly in the social forestry area. Optimized forest land utilization could be achieved by
implementing SAF and applying silvicultural and crop cultivation techniques to optimize produc-
tivity and meet sustainability and adaptability goals. This paper reviews the existing conditions,
opportunities, and challenges in the mainstreaming of SAF in social forestry implementation to
support the Sustainable Development Goals in Indonesia. Mainstreaming SAF should include policy
innovation and regulation implementation, the use of appropriate technology, and compromises or
trade-offs among benefits, risks, and resources. SAF is a strategy to revive the rural economy and
community prosperity through the optimal use of local resources as well as a form of smart landscape
and land-use management that has significant roles in soil and water conservation, bioenergy, climate
change responses, and enhanced biodiversity conservation.

Keywords: agrisilviculture; climate change; food security; livelihoods; tropical forest management
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1. Introduction

Indonesia has the third largest area of tropical forest [1] as well as the second largest
biodiversity and the second highest number of indigenous medicinal plants in the world [2].
It covers 10% of the global tropical forest with 50% of the world’s biodiversity, flora,
mammals, amphibians, reptiles, primates, and birds, and provides 25% of the medicinal
plants for human health. Blessed with high rainfall throughout the year, Indonesia tropical
forest regulates water supply for agriculture, domestic needs, and industries. Meanwhile,
more than 25 thousand villages are close to the forest area, with a total population of about
9.2 million households, of which 1.7 million are classified as poor. Tropical forests store
about 30% of the world’s carbon and Indonesia’s forest has the most significant tracts of
rainforest and has become a pillar toward Agenda 2030 for Sustainable Development Goals
(SDGs) [1]. In spite of its potential, Indonesia’s tropical forest management encounters some
challenges due to the high community demand for forest resources, including the need
for land in state-owned forest areas. Meanwhile, [3] states that conversion to agricultural
land is the main cause of deforestation, therefore, it faces a high challenge in preserving
the existence of forests. In addition, the demand to meet community needs requires
proper strategies to manage forest resources. Several efforts have been developed by the
government of Indonesia for these two interests through several forest management policy
changes including the Social Forestry (SF) Program.

Along with policy changes in forest management, the deforestation rate in 2017–2018
has decreased by 0.49 million ha [4,5] as forest management policies became increasingly
popular in the Social Forestry scheme. Deforestation decreased by 75.03% in the 2019–2020
period, covering an area of 115.46 thousand ha. This achievement is the lowest deforestation
rate in recent history. Subsequently, to provide more opportunities for the community to
gain access in forest management and get direct benefit from it, the Indonesian government
issued the Minister of Environment and Forestry (MoEF) Regulation 9/2021 concerning
Social Forestry Management. It is a derivative of Law 11/2020 concerning job creation
and Government Regulation 23/2021 concerning forestry management. In this regard,
Regulation of MoEF No. 8 of 2021 concerning forest management and preparation of
forest management plans as well as forest utilization in protection forests and production
forests encourage the increased productivity of forest land through the application of
agroforestry and forestry multi-business. Utilization of state forests, especially protection
forests and production forests, can be carried out through program activities in the Social
Forestry schemes.

SF is a sustainable forest management system implemented in state forests or pri-
vate/customary forests by local or traditional indigenous communities as the main actors
to improve well-being, environmental balance, and sociocultural dynamics in the form of
village forests, community forestry, community plantation forests, traditional forests, and
forestry partnerships [6–8]. A review of the Indonesian literature showed that social and
economic perspectives on SF development received more attention than environmental
perspectives. Economic opportunities are deemed to be the main benefit of social forestry,
while social and environmental challenges seem to be the major barriers to implementa-
tion [8]. Three main keys in the SF program are how to improve the institutional governance,
forest governance, and business governance. SF management needs innovation, technology,
and collaboration to provide broader benefits for communities in terms of forest land and
the use of forest products.

Agroforestry is a silvicultural plan that responds to the challenges of sustainable forest
management, especially adjacent to community settlements. Agroforestry is a prospective
solution to reduce the rate of deforestation and overcome the food crisis problem [3,9]. This
is an integrated approach to a sustainable land-use system (traditional and modern) in
which there are interactions between ecological and economic components (timber/forestry
plants with seasonal/perennial tree crops, livestock or fisheries inside or outside forest
areas). Agroforestry provides ecosystem services, including climate change mitigation and
benefits for smallholders, as well as prospects for sustainable food production [10–12].
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In the context of Indonesia, the legal framework for agroforestry is laid out in Govern-
ment Regulation 23/2021 and MoEF Regulations 8 and 9/2021. These regulations state that
agroforestry involves optimizing the utilization of forest land through a combination of
planting patterns of forest trees and agricultural tree crops and/or animals to increase the
productivity of forest land without changing its main function. This is a suitable utilization
of forest areas and products in SF management to increase forest land productivity and
support meeting the needs for food and energy, medicine, and/or fodder. It is also an alter-
native solution to resolving social and land conflicts and/or increasing local community
income [6,7,13]. Agroforestry offers a great opportunity to support the SDGs for synergy in
the agriculture and forestry sectors in the areas of food, energy, water, and income [14,15].
Agroforestry technologies implemented according to an SF scheme have many advantages
in both ecological and economic aspects that support the achievement of several of the
SDGs, specifically #1 (no poverty), #2 (zero hunger), #3 (good health and well-being), #5
(gender equality), #6 (clean water and proper sanitation), #7 (affordable and clean energy),
#13 (climate action), and #15 (life on land).

Another benefit of agroforestry development is the availability of new off-farm jobs in
rural areas, such as drying crop yields, wood cutting, and making furniture. In addition,
new jobs can also benefit women, as it opens up opportunities for them to be involved
in production activities, which will increase gender equality and ultimately contribute to
improving the rural economy. Furthermore, agroforestry can also contribute by encourag-
ing community sociocultural development and participation through collective action for
people to learn together, rediscover the power of traditional wisdom and knowledge, and
then integrate all of that with the development of new knowledge and technology.

Smart agroforestry (SAF) is actually AF "plus" or good AF practices, a set of agriculture
and silviculture knowledge and practices aimed not only at increasing profits and resilience
for farmers but also at improving environmental parameters, including climate change
mitigation and adaptation, biodiversity enhancement, and soil and water conservation,
while assuring sustainable landscape management. SAF has subsequently evolved into a
science-based pathway for both traditional and modern agroforestry to achieve important
goals for natural resource management and socioeconomic benefits. The SAF model
has been recommended for development in social forestry areas [7,13], with the aim of
providing access for communities around forests in the form of forest farmer groups,
facilitated with an extension to enhance farmer capacity and links to capital and the market.
The use of SAF technologies has proven to have the potential to improve productivity and
livelihood in compliance with environmental guidelines while enabling subsistence and
small-scale communities to improve their resources. From the economic perspective, SAF
technologies can increase economic resilience through product diversification, especially
by increasing the profitability of agroforestry.

The involvement of the community in collaboration with government agencies and
the private sector is also important to achieve SAF goals. This is mainly to lower the
risk of overharvesting activities on common-pool resources. In the context of Indonesia,
several legal frameworks are beneficial for the government and private sector to formulate
regulations, programs, and strategies to help the community manage its natural resources
with support from those institutions. Thus, well-structured formal and informal institutions
provide a better collaborative attitude, good management, and natural resource protection,
as well as better livelihoods.

Mainstreaming SAF within the SF program becomes a promising alternative to accom-
modate the interests of good management and natural resource protection as well as better
livelihoods. Furthermore, tree planting in the SAF model has become the latest trend in
overcoming the climate crisis, motivating legions of people around the world to utilize
the incredible carbon-absorbing potential of trees. In this regard, Indonesia signed the
Paris Agreement (PA) in April 2016 and ratified it through Law 16/2016 in October 2016,
followed by enacting its first nationally determined contribution. As climate change inten-
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sifies, Indonesia continues to seek a balance between current and future development and
poverty reduction priorities.

We aimed to review and provide information on the existing conditions, opportunities,
and challenges in implementing SAF within SF to support the SDGs in Indonesia. The
paper was based on a synoptic review approach to SAF- and SF-related publications and
nationwide experiences. The reviewed materials come from international and national
research papers, regulations, technical reports, and relevant books. The scope of the
review covers the historical context of regulations, institutions, and policies of SAF and SF
management, and discusses the implementation of SAF in relation to the SDGs, including
its benefits in terms of increasing community prosperity, soil and water conservation,
climate change adaptation and mitigation, biodiversity conservation, landscape-based
resource management, and best practices for agroforestry in some areas.

2. Agroforestry and Social Forestry: Historical Backgrounds

2.1. History of Agroforestry and Social Forestry Development

Agroforestry and social forestry may be two inseparable terms. While agroforestry
refers to land-use techniques by which woody plants are combined with agricultural
crops or livestock to form ecological and economic interactions between various existing
components [16], social forestry emphasizes the strategy of strengthening the tenure of
forest management by granting access and management rights over forest areas to local
communities (MOEF regulation 9/2021). Social forestry prioritizes the application of
agroforestry techniques in land management in order to achieve two main objectives,
community welfare and forest resource sustainability. The implementation of agroforestry
in SF has been highly encouraged, as it is believed to contribute to the achievement of the
Sustainable Development Goals [16].

Although research on agroforestry began to be popular around the 1980s [17], agro-
forestry has been practiced in Indonesia for a very long time. Farming systems that are
known by local names, such as parak, pelak, repong damar, tembawang, simpukng, talun, wono,
tenganan, and amarasi in various regions, basically reflect agroforestry practices that have
become part of community culture in land management [16]. Local community wisdom
has viewed the agroforestry system as a land management approach that can meet daily
needs while proving to be able to conserve natural resources, including forests.

The concept of social forestry, on the other hand, was introduced in Indonesia in the
19th century. The Dutch colonial government in the late 1890s introduced the taungya
or tumpangsari system in Java [17]. The taungya system was a model of granting access
(cultivation rights) to farmers over teak forest areas in Java. Farmers were allowed to
cultivate food crops between young teak plants up to a certain plant age. Farmers could
enjoy the results of their cultivation but were obligated to look after the young teak plants.
More recently, initiated by the 8th World Forestry Congress in Jakarta, with the theme
"Forests for People", community rights to forest resources have received greater attention
among policy makers, bureaucrats, scholars, and forestry practitioners at the national
level [18]. The attention of these various groups was also triggered by the increasing
tenurial conflict between local communities and the government and forest area permit
holders in land uses.

Various initiatives to give the community a greater role in managing forest areas then
emerged. Perum Perhutani, with the assistance of various donors in 1985, built 13 pilot
models of social forestry in several areas in Java, while other pilot models were built around
the early 1990s in South Kalimantan, South Sulawesi, and West Irian [19]. Analyses of
these pilot practices indicated that social forestry can potentially improve the welfare of
forest-surrounding communities and resolve tenurial conflicts, but there are weaknesses
in terms of equal rights (between community groups and Perum Perhutani) and a lack of
community interest in investing in the long term, due to uncertain continuation of land
management rights [20,21].
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With the establishment of the Directorate General of Land Rehabilitation and Social
Forestry under the Ministry of Forestry (MoF) in the early 1990s, community involvement
in forest area management began to receive better attention in terms of the policy and
regulatory aspects. However, as stated in [22], at that time, the government had not given
forest management rights to the community. Forest management was still dominated by
the “forest first” approach, where community involvement was more directed toward forest
rehabilitation programs [23]. The limited budget and human resources for the implemen-
tation of forest rehabilitation were the main considerations for community involvement
in the management of the forest area, and as a result, the community’s tenurial rights to
manage the forest area have not been fully granted.

Community involvement in the early era of social forestry programs can be seen from
several introduced policies, such as HPH Bina Desa, Community Forestry, and People
Plantation Forest [24]. In 1995, the government introduced the Community Forestry (CF)
program. In this program, the community was actively involved in forest management
activities and obtained the right to use non-timber forest products (NTFPs). The CF
management permit was determined based on a contract agreement between the applicant
(individual, community group, or cooperative) and the local Provincial Environment
and Forestry Service. Although the policy still focused on community activities in forest
rehabilitation, the program was successfully implemented through the granting of CF
concessions in the Nusa Tenggara region, with an area of approximately 92,000 ha [25].

The concept of social forestry that is close to the current practice might have existed
since 2003. At the International Conference on Livelihoods, Forests, and Biodiversity, at
a series of Conference of Parties meetings in Bonn in 2003, the official representative of
Indonesia introduced a social forestry program with a more comprehensive approach that
included ideology, strategy, and implementation in the context of community empower-
ment in forest resource management. The program provided access for local communities
to manage forest areas in order to improve their welfare and conserve forests at the same
time [24]. In 2006, the government launched the Community Plantation Forest (Hutan
Tanaman Rakyat or HTR) program, which was linked to its efforts to alleviate poverty
(propoor), create new jobs (projob), and increase economic growth (progrowth) [26].

Subsequently, in 2015, the development of social forestry entered a new phase. The
2014–2019 Working Cabinet, led by President Joko Widodo, merged the Ministry of Forestry
with the Ministry of Environment to become the Ministry of Environment and Forestry
(MoEF), and one of the Directorate Generals formed under the MoEF is the Directorate
General of Social Forestry and Environmental Partnerships (DG PSKL). The establishment
of DG PSKL in 2015 significantly accelerated SF development. Under the Nawa Cita
program promoted by the Presidential Cabinet, the DG PSKL set a target for developing
social forestry in Indonesia, covering an area of 12.7 million ha, through five SF schemes:
community forestry, village forest, people plantation forest, private/customary forest, and
forestry partnership [27]. From the emerging ideas of SF up to 2014, the total established
SF area was only around 0.4 million ha, while the current total established area reached
5.004 million ha [28].

Similar to SF, agroforestry policies ideally should be well-organized and institutional-
ized. Many successful collective actions on forest and land management in Indonesia were
associated with the implementation of good agroforestry practices by communities [29].
In Indonesia, there are at least two ministries that have been pioneers in the development
of agroforestry: the Ministry of Environment and Forestry (MoEF) and the Ministry of
Agriculture (MoA). Although the mandate of the MoEF is within the forest area and the
MoA is more focused on areas outside forests, there are many overlapping areas on the
ground that require close coordination between the two ministries.

Agroforestry has a potential role in increasing farmers’ income and sustainable land-
scape management [30]. Forest ecosystem services significantly support community liveli-
hoods and provide very important sources of livelihood for indigenous people [31]. In
other places, such as Paru Village Forest, West Sumatra Province, community plantations
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of rattan within the agroforestry model show promise as a source of economic income [32].
The application of best practices of agroforestry in SF areas seems promising to reduce
people’s dependence on expanding the opening of forest lands, and thus could be a better
alternative for reducing deforestation as well [33,34]. Last but not least, the integration
of the market chain is also among the crucial priorities in developing best practices of
agroforestry [35].

2.2. Rules and Regulation

The legal system in Indonesia has a clear hierarchical structure for its rules and regula-
tions, including the Constitution, laws, government regulations, ministerial regulations,
and regulations of the Director Generals. The regulatory hierarchy covers everything
from philosophical principles to tactical and technical aspects of the implementation of
government policies and programs. The system of rules and regulations applied to the
agroforestry and social forestry sectors also follows this legal system.

Four main laws are used as reference rules for implementing agroforestry and SF: Law
41/1999 on forestry [36], Law 32/2009 on environmental protection and management [37],
Law 37/2014 on soil and water conservation [38], and Law 11/2020 on job creation [38].
Observing the substance of the four laws, what is interesting is that three of them, Laws
41/1999, 32/2009, and 37/2014, seem to be in a diametrically opposite position to Law
11/2021. On the one hand, the three laws regulate how forests and land are managed, with
a strong sense of ecological protection, while on the other hand, the law on job creation
encourages investment for economic purposes. Based on this situation, implementing
SAF becomes important and strategic as a counterbalance to achieving the mandate of the
four laws. On the one hand, it ensures that the mandates of Laws 41/1999, 32/2009, and
37/2014 can be fulfilled, while at the same time ensuring that the objectives of Law 11/2021
regarding investment and job creation can also be fulfilled. What then becomes important
is how the derivative regulations of the four laws can regulate and provide a legal umbrella
for the implementation of SAF as a balance between the two poles of interest.

Under these laws, there are various government regulations (PP) that are the source of
various derivative regulations focusing on agroforestry and SF. Some of the most relevant
rules and regulations around agroforestry and social forestry are presented in Figure 1. They
include PP 26/2020 on forest rehabilitation and reclamation and PP 23/2021, concerning the
implementation of forestry, which states that agroforestry is a form of reforestation (rehabil-
itation in forest areas) and afforestation (land rehabilitation outside forest areas) [39]. AF is
one of the recommended activities in the business of utilizing protected and production
forests, as well as SF management [40].

The job creation law changes a number of regulations in the forestry sector. PP 23/2021
states that the management of social forestry is carried out by planting patterns in agro-
forestry, silvopasture, silvofishery, and agrosilvopasture. The regulation also states that
village forest, community forestry, and people plantation forest approval holders are pro-
hibited from planting oil palm trees in the SF concession area. PP 24/2021 regulates the
term for managing oil palm plantations (jangka benah sawit) in forest areas that do not
have permits in the forestry sector. The previous monoculture oil palm cultivation system
must be gradually changed to an agroforestry system to increase land productivity and
maintain biodiversity. Oil palm plantations are obliged to return the business part of the
forest area to the state 25 years after planting. These two government regulations prove
that the Indonesian government prevents forest conversion and encourages the application
of agroforestry as a means of conflict resolution.

At the ministerial regulation level, PERMEN Kehutanan P.37/2007, which accom-
modates agroforestry practice in community forestry, seems to be the first ministerial
regulation that mentions wanatani/agroforestry directly. Other regulations on agroforestry
include P.11/2020 concerning people plantation forest and P.9/2021 on SF management.
PERMEN LHK P.11/2020 regulates the application of agroforestry in cultivated areas based
on the principle of sustainability. P.9/2021, concerning SF management, states that it can be
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carried out with agroforestry, silvopasture, silvofishery, and agrosilvopasture according to
forest function and type of space [7]. At the policy level, the two PPs and three PERMENs
mentioned above, although some were enacted before Law 11/2021, provide a fairly strong
legal basis for the implementation of SAF in Indonesia.

Figure 1. Regulations related to agroforestry and SF at the operational level and their umbrella rules
(box colors indicate different rule levels and arrow colors indicate derivative rules).

At the operational level, there are two regulations governing agroforestry, Director
General of Watershed Control and Protected Forests (PerDirjen PDASHL) Regulation
P.7/2017 concerning technical guidelines for agroforestry implementation, and P.8/2016,
concerning technical guidelines for the implementation of forest and land rehabilitation
activities. Perdirjen PDASHL P.8/2016 stipulates that agroforestry is a form of forest and
land rehabilitation activities on cultivated land and forest areas. The technical guidance
is further regulated in PERDIRJEN PDASHL P.7/2017 for implementing agroforestry in
protected forests and outside forest areas, as a technical direction for agroforestry activities.
The goal is to realize sustainable forest management and increase the carrying capacity of
watersheds through agroforestry, for the welfare of the community in terms of economic,
ecological, and social aspects [41].

The support of two existing PERDIRJEN as operational guidelines for the implemen-
tation of SAF as a derivative of the ministerial regulations, PPs, and the above laws, could
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become the basis for implementing SAF to improve community welfare while assuring the
continuation of the ecological functions of forests and land.

3. SAF Implementation

SAF practices have numerous benefits for many aspects of human life and the envi-
ronment. They have a substantial function in providing a community’s daily needs [42–44],
enhancing the biodiversity of flora and fauna [45–48], moderating microclimates, mitigat-
ing and adapting to climate change [14,49], promoting soil and water conservation and
soil health [50–52], and restoring the landscape [53–55]. The SAF paradigm should drive
people, especially policy makers, to create rules and regulations that promote a larger
scale of agroforestry implementation, in areas of either forest land or private land. It was
suggested in [43] to strengthen the appreciation of smallholder agroforestry farmers as
significant contributors to worldwide environmental targets and community economic
objectives. Agroforestry is a prospective form of land use that can improve soil health
and productivity in a sustainable manner, which makes it a viable strategic option for
agricultural communities and policy makers to restore and maintain soil health [52].

Implementing agroforestry systems using different forest management schemes in
Indonesia is in line with shifting the paradigm on agroforestry as a smart tool for sustainable
land-use management. We distinguish smart agroforestry from agroforestry based on
several variables, which are presented in Table 1.

Table 1. Differences between SAF and AF.

Variable Agroforestry (AF) Smart Agroforestry (SAF)

Impact on
economy

• Use of forest land for
subsistence farming with low
external input [56,57]

• Use of forest land for subsistence
farming

• Attention paid to quality assurance
and production sustainability [58]

• Efficient system of resource use to
achieve environmental benefits and
high economic profits, produce new
products for industry [59]

Impact on
ecology

• Adaptive to climate change
• Relies on natural

regeneration [60]
• Extensification tendency [61]

• Adaptive to climate change
• Effective and efficient agricultural

practices and contributes to
reducing deforestation rate [62]

• Intensive management to produce
sustainable products on degraded
land to reduce extensification [63]

• Enhanced by assisted natural
regeneration (ANR) and intensive
artificial regeneration (IAR) *

• Attention paid to quality assurance
and environmental sustainability

• Intensification tendency

Impact on
social

• No innovation and integration
between sectors [64]

• Contributes to achievement of SDGs
1 and 2 [65]

Knowledge
based

• Passed down based on
experience across generations in
one community group [66,67]

• Based on local resources, use of
knowledge (both modern and
indigenous), technology, and
advance management [68]

* In SAF implementation, plant regeneration can be carried out by using assisted natural regeneration (ANR)
and intensive artificial regeneration (IAR). ANR is an accelerated technique focusing on the ecological aspect,
while IAR is artificial planting carried out in heavily degraded forest areas with hard-to-find natural seedlings,
integrating economic and social aspects of the community, along with the ecological aspect [69].

In order to provide broader insight to the SAF paradigm, we conducted a review of
AF system practices that contribute to achieving the SDGs, in particular, those related to
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increased rural income and prosperity, soil and water conservation, bioenergy, climate
change response, biodiversity conservation, and landscape management, from AF practices
in Indonesia and other countries. The schematic linkage of SAF activities with SDG
objectives is presented in Figure 2.

Figure 2. Linkage of SAF activities with SDG objectives.

3.1. SAF for Community Welfare

The promulgation of Law 6/2014 concerning rural development programs, with the
main objective of fostering community prosperity, is in line with the target for achieving
Sustainable Development Goals (SDGs) 1, 2, 3, and 15: alleviating poverty and hunger,
promoting good health and well-being, and conserving limited terrestrial resources. In its
implementation, Law 6/2014 recommends the optimum use of local resources through the
implementation of applicable technology, especially locally based innovations. According
to [70], the potency of AF practices in supporting community livelihoods will make it the
most approachable strategy.

As a land management system that has long been recognized, AF provides many
benefits for farmers [12,71] and will be significant for a long time because of its capacity
to support livelihoods, as well as provide environmental benefits and revive the rural
economy [70]. As a system that is eco-friendly [72] and can satisfy the socioeconomic needs
of the people [73–75], AF can also open up new jobs for gender-friendly rural economic
development. Apart from generating income, agroforestry can also play an important
role in sociocultural stimulation among communities that starts by studying problems
together, rediscovering existing knowledge and traditional wisdom, and integrating new
knowledge. In this way, the community becomes more involved and better educated
through peer-to-peer discussion and group participation.

The SAF approach is a solution to forest management practices and the development
of livelihoods for local communities that depend on forest resources. SAF is expected
to accelerate the increase of land cover by increasing the diversity of wood plant species
and non-timber forest products in forest areas. This will have implications in terms of
increasing the production of forest products and improving the ecological functions and
ecosystem services of the forest area. In addition, SAF is an effort to anticipate changes in
the sustainability status of the traditional AF system, which is at a moderate level [76–78].
The application of SAF will strengthen the function of forest areas, especially in providing
benefits and added value to sociocultural, economic, and ecological aspects, as well as their
ecosystem services [79]. Implementing SAF is in line with the vision of realizing sustainable
forest management and prosperous communities in Indonesia.

A study in East Nusa Tenggara Province was conducted to examine the relevance of
agroforestry management to rural prosperity [70]. The AF practice in the area is dominated
by coffee and cashews, and it was found that these two commodities could potentially be
promoted to increase the community’s welfare. AF practices can support the community
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livelihoods (income and food security) of smallholder farmers, produce raw materials,
and strengthen biodiversity while maintaining productivity and sustainability of soil and
water resources [80,81]. Research on AF development in Wan Abdul Rachman Grand
Forest Park (WAR GFP), Indonesia, showed that farmers’ income increased by 75.63%.
There was also increased food crop production, possession of luxury goods, and access
to information and financial loans, as well as strengthened farmer institutions [42,54]. AF
can also improve livelihoods (income and food security) of smallholder farmers through
diversified commodities [80]. As shown by the SAF characteristics presented in Table 1,
agroforestry practices in East Nusa Tenggara Province and WAR Grand Forest Park are
examples of SAF where the community already uses its knowledge for effective and efficient
agricultural practices to gain environmental benefits and high economic profits.

Studies of agroforestry practices in Kenya and other sub-Saharan Africa countries have
also confirmed that AF has the potential to provide social and economic benefits that can
address household incomes, livelihoods, and food insecurity and provide fuelwood [82,83].
A systematic review of 22 peer-reviewed articles published between 2000 and 2019 assessing
the contributions of AF to food security in Indonesia, mostly in Java and Sumatra, found
that there are differences between AF and SAF in their contributions to food security [44].
SAF can contribute up to five times more revenue, which enables farmers to ensure their
food security. The contribution of agrisilviculture lies along the continuum of timber versus
non-timber forest products, showing similar trade-offs between diversity and income. One
study highlighted that AF options have up to 98% and 65% greater net present value (for
periods over 30 years) compared to traditional agriculture [84,85].

Similarly, AF also contributes to the aspect of public health. AF development increases
the diversity of foodstuffs by introducing newly developed fruit and vegetable species,
cultivating animal feed for livestock systems (providing more milk and other livestock-
derived products), or increasing incomes, enabling the purchase of a wider variety of foods
and medicines [43,83,86].

Learning from many studies of existing AF practices in Indonesia and other countries,
it has been proven that SAF makes a significant contribution to people’s welfare, especially
by increasing family income, ensuring food availability and family nutritional intake,
increasing access to financial loans, and strengthening farmers’ institutions at the local
level. To further develop SAF on a broader scale, full support from relevant stakeholders
is needed, especially for the development of local mainstay commodities, which will
ultimately be able to realize the welfare of rural communities.

3.2. SAF for Soil, Water Conservation, and Bioenergy

Globally, agriculture plays a major role in 70% of fresh water use and is a driving
factor in various environmental problems. It also became an important factor related to the
current global problem of water resources and climate change [81]. Converting from forest
to agricultural land, which drastically reduces tree cover, can lead to soil degradation and
reduced soil organic carbon, and decreases water accessibility in terms of proper quality
and quantity [87–90]. Worldwide, out of a total of approximately 75 tons/ha/year of soil
lost due to erosion, agricultural land contributes 13 to 40 tons/ha/year, which causes
production losses of 33.7 million tons/year and increases global food prices by 3.5% [51].

AF is one way to maintain a hydrological balance in accordance with efforts to maintain
productivity and achieve sustainable soil and water resources. Through AF, a model of
sustainable agriculture and landscape management, soil fertility, and water security can be
maintained by increasing the infiltration rate, suppressing the erosion rate, and regulating
water flows, reducing the amount of water lost as surface runoff, and improving water
quality [81,91,92]. This is in line with the target for achieving SDG 6: clean water and
sanitation. AF/mixed tree-based farming systems maintain the soil’s physical properties
better than conventional agriculture [87,91]. Multistrata tree crop systems make up an
important category of agroforestry systems, in which 25% of the total biomass production
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that goes to the roots can be retained in the soil for a longer time than in an annual cropping
system [88].

An AF system is structurally and functionally more complex, and spatially and tem-
porally more heterogeneous than a monoculture system of plants or trees, hence it is more
efficient in the utilization of nutrients, sunlight, and water [88]. At least 20% tree canopy
cover is required to maintain organic matter in the system as a whole [91]. The important
element in AF patterns is the presence of deep-rooted plants that have the ability to reg-
ulate the water status in the root system for the benefit of shallow rooted crops [91,93].
Based on the rate of infiltration and runoff, the capacity of AF systems to maintain the
hydrological cycle, although still under forest, empirically and scientifically is much better
than conventional agriculture [94]. Tree–crop combinations reduce the destructive power of
rainfall, reduce runoff, and increase the infiltration rate, which in turn reduce erosion [90].
Rubber-based AF systems can increase nitrogen supply and water-use efficiency in each
soil layer [95], and can enable rubber trees to acquire shallow soil water up to 24% [96].

One of the good AF models in soil and water conservation is the intercropped con-
tour hedgerow, which is characterized by multiple hedges along the contour at intervals
of 4–6 m [97], with agricultural and commercial crops in between [90,97]. In a contour
hedgerow system, the eroded soil from the top is blocked by hedgerows at the bottom,
which not only functions to block runoff and store trimmed biomass piles, but also to
retain and settle sedimentation [90]. This accumulation of biomass can increase the organic
C content in the soil. An increase of 1 g kg−1 (0.1%) of soil organic carbon was shown
to increase available soil water capacity by 6% [98]. Nitrogen-fixing plants have been
widely applied in contour hedgerow systems to minimize soil erosion, restore soil fertility,
and improve crop productivity [97], due to their high nutrition content [90] and ability to
increase soil nitrogen content [91].

SAF also contributes to providing bioenergy through the application of bioenergy-
based AF. This system simultaneously functions to mitigate climate change, improve
food security and soil quality, increase energy access, and alleviate rural poverty [99]. A
study found that short rotation woody crops in shelterbelts that are typically designed to
optimize soil protection and enhance conditions for crop growth can produce a number of
environmental benefits, including increased biodiversity and carbon sequestration, reduced
GHG emissions, and increased soil organic matter and water conservation [100]. Thus,
in the context of bioenergy development, the role of agroforestry in the rural economy is
to generate bioenergy crop production, which offers increased market access and income
diversification strategies for rural populations [101]. AF systems using coppiced tree belts,
which combine the advantages of traditional alley cropping with the short rotation coppice,
is a new strategy for bioenergy [102] that supports the achievement of SDG 7 (clean and
affordable energy).

3.3. SAF for Climate Change Response

The climate change phenomenon and its problems are being faced by all nations
around the world [103], triggering a global mitigation commitment to keep the temperature
from going up 1.5 ◦C [104]. Plants can absorb carbon dioxide (CO2), which results in
carbohydrate accumulation in plant biomass. Plant constituents and the age of the land
determine the amount of CO2 absorption. CO2 gas is the main GHG, with the largest
amount originating from human activities that produce high rates of emission, so it is
used as a standard or reference for changes in atmospheric composition and global climate
change. AF practices such as carbon sequestration have indirect effects in terms of reducing
deforestation and forest degradation in primary forests. Apart from that, the AF system
that is encouraged in the social forestry scheme in Indonesia is also a solution for revamp-
ing areas within forests that have already been used by the community for non-forestry
activities, especially agriculture, called the Jangka Benah policy. The Jangka Benah policy is
an effort to improve the function of forest areas by encouraging communities to implement
AF systems instead of monoculture farming. This policy is also intended to ensure that
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illegal agriculture or agroforestry activities in forested areas can be reduced slowly and
gradually. This system can conserve carbon in the soil to support carbon stock enhance-
ment in both soil and vegetation [105]. One effort to ensure that AF practices can support
sustainable forest management was to certify legal and sustainable AF products [106].
One of the sustainable forest management certification bodies in Indonesia has provided
certification services for small farmers, hence it is hoped that farmers who practice AF will
still pay attention to conservation and environmental principles. The government can also
apply a regional priority scale for AF practices based on geological criteria, pedology, land
slope, level of anthropogenic factors, forest fragments, potential land-use capacity, and
legal reserves [107], so that SAF development is based on the forest condition, land, and
environmental carrying capacity.

AF contributes significantly to supporting actions for mitigating [106] and adapting
to climate change [107]. Hence, the practices of AF systems and technologies support
the achievement of SDG 13 (addressing climate change). In mitigating climate change,
AF practices can increase carbon stock in the above- and below-ground biomass and soil
carbon pool. AF systems that are integrated into cropping and livestock can enhance carbon
sequestration significantly [104]. AF has more carbon stock than land-use systems without
trees, such as pastures and fields with annual crops [108], but less than forested areas. There
is an estimated 12–228 Mg ha−1 of carbon stock [108,109] in tropical humid AF systems, and
68–81 Mg C ha−1 in tropical dry lowland areas [108]. Meanwhile, the estimation of carbon
stock in AF systems across the world amounts to 0.29–15.21 Mg ha−1 yr−1 in above-ground
biomass and 30–300 Mg ha−1 yr−1 in 1 m soil depth [110].

The increasing risk of climate change related to drought, flooding, and crop pests will
affect farming systems. In this regard, AF management requires conservation oriented
toward adapting to climate change [111,112]. Farmers can implement AF systems to
continue living on their land as a form of climate adaptation at the farm level. AF can create
a resilient microclimate for crop cultivation and livestock activity [113]. In addition, trees
as a component of AF can support environmental services to increase resilience to climate
change and reduce the vulnerability of local people [11] in terms of water, soil, climate, and
hydrology disaster control. AF allows important improvements in microclimates in terms
of climate buffering and reduced climate variability [105].

Technology in AF practices for climate change mitigation and adaptation (defined here
as SAF for climate change) must meet specific criteria such as availability, applicability, low
cost, and environmental friendliness. The Technology Needs Assessment (TNA) for Climate
Change Adaptations in Indonesia indicates that “site species matching” is the selected
technology and relevant to the mitigation aspect [114]. The smart site species matching
technology considering land suitability and local community preferences is indispensable
in the development of AF systems to obtain optimal results for climate change mitigation
and adaptation [115].

3.4. SAF for Landscape Management

SAF in sustainable landscape management is the main strategy for implementing
sustainable development [116]. This supports the achievement of SDG 15 (especially for
sustainable use of terrestrial ecosystems, halting and reversing land degradation). Various
kinds of landscapes, land uses, and land covers in Indonesia are changing very quickly as a
result of the global crisis, which has caused several crises in the country, with the impacts
felt by urban and rural communities [117,118].

Implementing SAF in integrated landscape management must be in accordance with lo-
cal land conditions, topography, climate, and community culture. It is a more cost-effective
land utilization strategy and production input to enhance multipurpose production and op-
timal revenue for each unit area, which relates to the rule of sustainable production [42,119].
The productivity of AF patterns by using silviculture techniques has been optimized by
means of tree species selection, land suitability and topography, and environmental manip-
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ulation, as well as innovation in maintenance techniques, including plant protection from
pests, diseases, and weeds [119–123].

Developing SAF toward sustainable landscape management requires the application
of several silvicultural and crop cultivation techniques, as follows.

3.4.1. Planting Pattern Arrangement and Species Selection

The planting pattern of an AF system should be arranged to optimize the use of space
and time. Plants should be arrayed in such a way as to maximize the growth space. The
interface area will be maximized if there are many plant species planted in a hexagonal
pattern [124]. AF systems can be classified into agrisilvicultural (crops, tree/shrub crops,
and trees), silvopastoral (pasture/animals and trees), and agrosilvopastoral (crops, pas-
ture/animals, and trees) or another specialized system [125]. AF systems were classified
in [126,127] into two patterns based on the component number and the canopy strata:
simple and complex or multistoried. An along cycle or permanent AF system was intro-
duced in [128], which referred to an intercropping system between some tree species and
annual crops, where the crops can be cultivated continuously during the tree cycle. In the
intermediate and advanced phases of AF, where the tree crowns are close to each other and
the relative sunlight intensity reaching the ground surface is lower, shade tolerant crop
species should be chosen. This is because the shade from trees has a negative effect on crop
growth and yield [129].

3.4.2. Use of Legumes and Cover Crops in Agroforestry

Intercropping legumes can increase input and reduce the use of external nitrogen
fertilizers, hence they can be part of a low-emission farming system. In addition, such
intercropping provides legume yield [130] and can improve monoculture cropping when
shade trees of legume species are planted [131]. It can also control weeds without reducing
crop yields, thereby reducing maintenance costs for farmers [132], and has a function
in the cycle and availability of P in the soil [133]. Moreover, as reported in [134], using
Centrosema macrocarpum (5 kg seeds per ha) as a cover crop could cover 100% of an area in
3 months, and it also controls weeds. In 8 months, the total average Centrosema biomass was
8.12 T/ha, with total nitrogen accumulation of 232 kg/ha, soil compaction was reduced at
20 cm depth, and organic matter and potassium levels were increased.

3.4.3. Use of Biofertilizers in Agroforestry

The use of biofertilizers in AF has an ameliorating effect on soil, and biofertilizers
multiply easily [135]. Biofertilizer acts as a component of or instrument for soil fertility
management in fluctuating weather [136]. Several research results show that applying
biofertilizer along with inorganic fertilizer could increase the soil biota and the production
of various types of cultivated plants [137]. Nitrogen-fixation plants provide an environmen-
tally friendly and renewable source of low-cost nutrients as well as fertilization efficiency,
improve soil health, and maintain environmental sustainability. Biofertilizers can also
increase plant resistance to adversarial environmental stresses [138]. Integrated nutrient
management, which involves applying organic material, compost, manure, biofertilizer,
and inorganic fertilizer together, can increase tree and crop yields, improve the nutrient
quality, and minimize losses to the environment [139].

In addition, there are some advantages of AF development, such as its potential
to stimulate the production of important secondary metabolites, especially in dry areas
where water, light intensity, nutrition, and shade stresses occur [140]. Branches, twigs, and
leaves of trees can be sources of secondary metabolites or potential bioactive compounds.
The content of primary and secondary metabolites in plants is an important factor that
determines their nutrition and health and promotes the plants’ value [141]. At a certain
level of growth and/or stress, it was found that plants produce secondary metabolites in
certain cells and taxonomic groups [142]. The intensity of light received by plants in the
shade affects photosynthesis, including the yield of secondary metabolites [143,144].
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Another advantage of AF systems is the low risk of pest and disease attacks. It
was confirmed in [145] that plant diversity in an AF can decrease pests and diseases.
Furthermore, as revealed by [146], complex landscapes in agricultural areas and AF systems
by their nature allow multitrophic interactions, which presents opportunities to develop
natural pest control. Meanwhile, it was reported in [147] that pest and disease attacks
could be reduced by 73% with mixed-crop planting. A more recent study found that an
intercropping system with legumes in western Kenya suppressed brown line disease in
cassava [148]. The intensity of pest damage in AF systems is lower than in monoculture
agriculture [149], because AF planting patterns affect pests and diseases not only based
on the plant species, but also other factors, including pest types, pest preferences, and
microclimate [150,151]. The diversity of plant species composition in an AF system can
cause different types and intensity of pest and disease attacks [151].

3.5. SAF for Biodiversity Conservation and Enhancement

As a mixed land utilization system that integrates tree and crop species based on their
designation and use plan, AF increases plant diversity [152,153] and directly supports the
achievement of SDG 15 (halting biodiversity loss). Farmers with larger cultivated areas
tend to practice multistrata AF with larger amounts of plant species [54]. A multistrata
cacao-based AF associated with some shade tree species in the buffer zone of Lore Lindu
National Park, Central Sulawesi, Indonesia, succeeded at inviting pollinating insects to
help pollinate the cacao plants, so the yield increased to the optimum level [154]. Besides
economical purposes, AF practices are also beneficial for the conservation of local native
plant species, such as Acacia seyal and Balanitras aegyptiaca in Ethiopia, which are used for
fuelwood, food (the fruit), medicine, charcoal, poles, bee feed, fodder, etc. [155].

An AF system contributes to plant protection by decreasing the pest, disease, and
weed populations, increasing natural predators of pests, and increasing plant and land
productivity [151,156]. An alley cropping cacao AF practice showed a higher abundance of
arthropoda, which has an important role as a decomposer and natural predator, compared
to monoculture oil palm plantations [157]. AF systems can regenerate multiple fauna
populations and diversity compared to monoculture systems because they have habitats
for the provision of food and good food chain cycles [158,159].

Many studies have reported an increase in floral, faunal, and microbial diversity induced
by AF in temperate and tropical regions compared to monocropping [47,48,52,160,161] due to
favorable soil–plant–water–microclimate conditions [47] and the availability of nutrients from
shade trees [162]. Silvopastoral and agrosilvicultural systems have the potential to conserve
floral and faunal species [163]. A simple modelling demonstration of the habitat amount
hypothesis proved that AF is important in reducing biodiversity loss at farming sites [48].

AF for shade-grown coffee has been practiced worldwide to increase biodiversity
conservation [164]. It can preserve biodiversity [47,158,165] and improve the quality of the
surrounding environment and ecosystems [166]. Coffee in agroforestry practice requires
shade, thereby increasing biodiversity and building multistrata SAF. Furthermore, coffee
and cocoa AF systems were found to increase the diversity of fauna such as birds, mammals,
and other species [167]. Rubber agroforests in Thailand have greater butterfly richness
compared to rubber monoculture [45]. Coffee AF could provide habitats for slow lorises.
The trees provide numerous sources of foraging, social activity, and movement for slow
lorises [168]. This is in accordance with the findings of [158], showing that coffee AF carried
out in the Kemuning Forest of Central Java has an important role in preserving the Javan
slow loris (Nycticebus javanicus), an endemic primate species that is endangered.

On the southern and eastern slopes of Guatemala, coffee, cardamom, and fallow AF
systems significantly increased the connectivity of forest biodiversity in a fragmented land-
scape and overall landscape biodiversity [169]. AF sites in Pearl Lagoon Basin, Nicaragua,
tended to have comparable plant diversity relative to neighboring secondary forest [170].

The research findings of [171] highlighted that the biodiversity of AF systems should
be maintained to guarantee the availability of all three types of ecosystem services (provi-

146



Sustainability 2022, 14, 9313

sioning, regulating, and cultural), food security, and community livelihoods. AF practices
lead to increased biodiversity and can be linked to food, shelter, habitat, auspicious mi-
croclimate, better soil–plant–water relations, and other benefits produced by mixed tree
crops [47]. Based on the above findings regarding the numerous contributions of AF to
biodiversity (flora, fauna, micro-organisms), we concluded that AF systems represent smart
land-use management with a significant role in biodiversity conservation and enhancement.

3.6. Best Practices of SAF

Many studies have found that the main practitioners and innovators of AF are indige-
nous people with local wisdom. They have practiced AF for thousands of years and have
passed on their knowledge of developing, modifying, and adapting AF systems through
learning and adjusting [172–174], including developing variations in plant structure and
composition according to environmental and socioeconomic factors [175]. One key aspect
of their best practice that the world can learn is that they always apply a sustainable and
integrated approach to managing ecosystems in a multifunctional way and the innova-
tion decision processes are common to any sector [55,176,177]. A good understanding
of the soil conditions, as the main consideration that leads to careful selection of tree
planting sites, coupled with good tree maintenance efforts, results in high growth rates,
which is widely recognized as a sustainable land management practice, particularly in the
tropics [172,178,179].

In deciding on a tree–crop combination, farmers mainly consider the availability of
land and the potential for income diversification [180]. Several best practices of AF (SAF)
in Indonesia have been widely developed by farmers throughout the country. In Java,
people’s local wisdom regarding land use is based on biophysical conditions, experience,
and cultural heritage, specifically sacred forests, mixed gardens, rice fields, residential
areas, and home gardens [181]. The main timber commodities developed are sengon
(Falcataria mollucana), with a 6-year rotation, and teak (Tectona grandis), with a 20-year
rotation, which generate economic values of USD 1015/ha−1 and USD 2815/ha−1, respec-
tively [182].

Indigenous AF in dryland areas can be found in the eastern part of Indonesia, including
Mamar on Timor Island [76,77,183] and Kaliwu on Sumba Island [79]. The socioeconomic
contribution of sedentary gardens, silvopasture, and Mamar on Timor Island ranges from
77.74 to 78.99% [76], while Kaliwu agroforests contribute 46.88% to farmers’ income on
Sumba Island [184]. In terms of ecological functions, in the Mamar and Kaliwu ecosystems,
there are 112 plant species structured in multiple strata and 146 plant species [185,186],
respectively. Community initiatives to regenerate and conserve NTFPs by implementing
AF also need to be enhanced, especially to improve the rate of plant growth [187].

On the easternmost island of Indonesia, the Papuan community has several examples
of best AF practices aiming to meet substantive needs. The area for AF development was
obtained from degraded forest with an average land size of 0.25–1.0 ha undergoing a shift
to the next plantation location within 2–3 years [188]. They applied a traditional AF system
through trial and error to meet their basic needs and ensure food security first [189,190].
The most commonly used cropping pattern for the top canopy stratum is timber, fruit,
and plantation tree crops, while the lower crown stratum consists of tubers, vegetables,
and herbs [191–193]. The selected plants are species that do not need intensive care or
attention, and are local mainstays [188]. The most commonly developed species are mul-
tipurpose tree species (MPTS) such as Pometia sp., Artocarpus communis, Durio zibethinus,
Nephelium lappaceum, and Mangifera indica [191]. The AF practice in Papua makes a signif-
icant contribution (53.5%) to the farmers’ income [192]. SAF can reduce degraded forest
areas in the future through intensive planting with three pillars to increase land produc-
tivity: the use of superior seeds from quality sources, environmental modification, and
integrated pest and disease control (intensive silviculture) [194].

In the western part of Indonesia, best AF practices for benzoin (Styrax benzoin) can
be found in a customary management system adopted by a local community in North
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Sumatra which has traditionally owned benzoin forests for generations. They collect seeds
or seedlings around benzoin-producing trees and then plant them in areas where there are
Styrax trees [195]. Beginning at 8–15 years, farmers start to tap the resin of benzoin trees,
and if they do it right, they can extract the resin for about 60 years, or across generations.
Study [196] revealed that benzoin trees help in forest conservation and promote local
economic and cultural values. Another interesting best AF practice is found in WAR
GFP, Lampung, where farmers with limited land availability have successfully developed
a cacao-based AF and ensured the fulfilment of their basic needs by gaining access to
food, fodder, and fuelwood [42], while restoring the previously degraded conservation
forest [54]. Benzoin agroforestry and AF practices in WAR GFP are other examples of SAF
being successfully practiced by local communities, which provide multiple benefits, as
depicted in Table 1.

Best practices of SAF are also developed in many countries, including northern
Bangladesh and some African countries. Farmers improved their livelihoods significantly
by practicing AF, as it provides multiple benefits for them [11,75,197]. AF practices were
found to ensure economic returns and sustain farmers’ livelihoods [75,198] as well as
increase plant species diversity, since high-canopy trees enable the underneath crops to
capture optimal sunlight, while deep-rooted plants can ensure optimal nutrient absorp-
tion [124,199,200]. In addition, indigenous AF also plays a role in land and water conserva-
tion, especially landscape conservation around springs and hilly areas [183,184]. Examples
of successful SAF practices in other countries include agroforestry for the sustainable man-
agement of sloping land areas in Southeast Asia and the Pacific [201], agroforestry practices
in the form of biomass transfer of nitrogen-fixing trees combined with rainwater harvesting
techniques and integrated nutrient management in a semi-arid region of Zimbabwe [202].
The use of smart agroforestry technologies in Mali is also an example of SAF to address
the constraints to adopting proven agroforestry techniques for improved market access to
increase food and nutritional security and build resilience of farming systems [203]

Best practices of AF systems, both traditional and modern, that have a significant
impact on the economy, ecology, and social aspects can be categorized as smart agro-
forestry (SAF) or agroforestry plus (AFP). Other examples of SAF practices in Indonesia
include Repong Damar in the Krui coastal area of Lampung Province, Tembawang, in
West Kalimantan, Parak in Maninjau, West Sumatera Province, and Mixed Garden in West
Java [204]. Another SAF practice is the AF Smart Farming initiative by the research group
Tropical Agroforestry of Brawijaya University. Some activities of AF Smart Farming have
been soil fertility management of AF land after the eruption of Kelud Mountain, and the
management of AF and soil fertility by farmers in Ngantang, Malang [205].

Based on the numerous significant contributions of SAF practices to community
welfare, soil and water conservation, bioenergy, climate change responses, landscape
management, and biodiversity conservation and enhancement, as well as the variety of
best practices, scaling up AF implementation should be mainstreamed for both on forest
land or private land. It is expected that SAF practices will become the mainstay of forest
and landscape management in Indonesia, especially through the SF scheme, in order to
achieve several Sustainable Development Goals. Hence, the main key to the successful
mainstreaming of SAF for SF implementation lies in suitable policy innovation, the use
of appropriate technology, and compromises or trade-offs among the benefits, risks, and
available resources.

4. The Way Forward

The academic world only began paying attention to the AF system in the 1970s–1980s,
when it was realized there was a need to find alternatives to increase agricultural pro-
ductivity, reduce degraded land, and increase the benefits for small landowners. Since
then, the importance of implementing AF systems has become more urgent, especially in
tropical rural areas around the world [206,207]. Although it was an old technique, AF has
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been introduced as a new science and many publications have presented various results of
technical studies related to AF systems.

Developing SAF is not only aimed at increasing profits and resilience for farmers, but
also improving environmental parameters, including biodiversity enhancement, soil and
water conservation, and sustainable landscape management. Hence, the aim is to obtain
collective and comprehensive environmental and economic benefits. This confirms a study
revealing that in addition to the multiple benefits derived from current AF practices, SAF
also supports sustainability and dynamic land management [208]. We consider that the
agriculture and silviculture knowledge employed in SAF are based not only on modern
technology, but also on local indigenous knowledge proven to survive over generations,
to realize sustainable management of natural resources, including forests. Furthermore,
SAF is a win-win land-use option between productive and environmental functions, and
it plays an important role as part of a so-called climate-smart landscape approach that
simultaneously embraces mitigation and adaptation policies and programs [209].

However, despite the contribution of multiple functions and benefits, the development
of SAF faces various challenges, especially related to limited land availability and a lack of
alternative sources of income for farmers. The demands of life necessities and lifestyles,
global climate change, and government policies are also triggering factors for land conver-
sion. The tendency for land conversion also occurs in the Mamar system [78], although it
does not always provide a significant increase in income, as it often requires substantial
capital beyond the capacity of farmers. A study in Bungotebo, Jambi, also found that
rubber and oil palm prices have induced farmers with limited land ownership and no other
on-farm income sources to change their AF land into rubber and oil palm plantations [210].
Another example is in Bantaeng, South Sulawesi, where farmers who previously cultivated
candlenut (Aleurites moluccana) and kapuk randu (Ceiba pentandra) on their land converted
it to maize cultivation in order to more quickly obtain a cash income [211].

In addition to the challenges mentioned above, the expansion of oil palm, which in
many cases involves the clear-cutting of forested areas in order to open areas for farming,
is an activity that might hinder AF development. Many farmers are reluctant to plant oil
palm in combination with forestry crops because they believe it will reduce the productivity
of their plantations. To overcome this, farmers need assistance with developing commodity
diversity by using forestry plants that are multipurpose tree species (MPTS). Social forestry
in Indonesia, which focuses on developing business governance for AF farmers, aims to
make them no longer depend on oil palm. The completion of monoculture oil palm plan-
tations in forest areas can be addressed by applying the concept of palm oil management
(jangka benah).

There are two stages of improvement: The first is to enrich forest plant species by
forming mixed oil palm plantations (oil palm AF), aiming to improve the structure and
function of forest areas previously disturbed by monoculture plantations. The second is
to increase the species and number of mixed plants to form a more complex, multilayer
vegetation structure (complex AF) that is close to the structure of natural forest. Meanwhile,
coffee in AF practice requires shade, which increases biodiversity and builds multistrata
SAF. This is supported by a study from Cambodia [212], which reported that shade-grown
coffee delivers the same yields as coffee grown without shading. Therefore, coffee AF is
profitable, both ecologically and economically. Incentives for farmers also affect farmers’
decisions related to tree species and biodiversity, as shown by an ecological–economic
assessment model [213].

Ministry of Environment and Forestry Regulation 9/2021 concerning social forestry
stipulates forest criteria and types of social forestry businesses that can be developed.
Permitted activities for social forestry in areas with good vegetation cover or conservation
areas should be more in the form of environmental services, such as ecotourism activi-
ties, whereas AF activities are directed at unproductive forest land or land that has been
degraded in order to increase land cover. Since SAF applied to social forestry aims to
improve the welfare of the community around the forest and increase community partici-
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pation in forest rehabilitation activities [22], its implementation is prioritized on degraded
forest lands, and it is considered as vegetative conservation for watershed rehabilitation
as well [214]. A study found that one of the causes of forest destruction in Indonesia is
the conflict between forest communities and forest managers. Social forestry is a form of
comanagement that can improve community welfare and sustain the forest while reducing
conflicts between communities and forest managers [215].

SAF development is also challenged by farmers’ low capacity regarding farming
techniques, low awareness, and low motivation to integrate tree or tree crop species into
their monoculture farming in forest areas [128]. A study from Rwanda [216,217] also
revealed that a lack of skills and technical know-how, limited capital, and the need for
quality seeds have decreased the adoption of new AF practices by farmers. Other challenges
are related to a lack of trust in the government’s commitment to SF implementation [218],
limited finances to practice good farming (business capital), limited market options for AF
products, and limited post-harvest AF product processing techniques and capacity [219,220].
Similarly, another study [221] confirmed that developing AF with SAF in Indonesia will be
more challenging with the complexities of socioeconomic and ecological problems along
with broader goals to solve problems at the local to global scale. Climate change, for
example, has indirectly affected farming patterns [222]. In addition, inadequate policy
support for providing comprehensive and intensive mentoring facilities was also reported
to be a cause of the decrease in adopting AF practices [222–224].

The weaknesses of SAF often make it difficult to implement at the farmer level for
several reasons: (i) From an economic perspective, AF sometimes harms farmers due to
unfavorable market conditions. (ii) From a social perspective, planting trees on agricultural
land can sometimes be difficult for farmers, due to unsupportive government policies (e.g.,
the sandalwood planting policy in NTT). (iii) In terms of soil fertility, farmers do not like to
plant trees, because they require a lot of nutrients to grow. (iii) In terms of the growth of
other plants, trees that grow tall with spreading branches can harm other plants [225], and
need to be altered, such as by pruning and thinning.

In the context of good practices, the customary/traditional AF system developed in
various regions in Indonesia is still often neglected. We also consider this system as smart
agroforestry (SAF) practice based on local indigenous knowledge. For further development,
indigenous SAF would need scientific improvements and innovative treatments to respond
to social economic dynamics, including the decrease in farm land due to factors such as
increased population and higher standards for product marketing [221].

In spite of these challenges, the sustainability of indigenous SAF can be observed in the
social, economic, ecological, technological, and institutional dimensions of dryland farming,
with a sustainability level of 54% for mixed gardens, 52% for Mamar agroforests, and 51%
for silvopasture, which is classified as moderate [76]. The moderate value represents
the impact of the balance of environmentally friendly social–ecological functions that
contribute positively to the subsistence needs of farmers [78]. The sustainability dimensions
of the traditional AF system can also be seen in its function as an important habitat for
key cultural species that are rare in nature. The Mamar AF system is an example of
community awareness to independently maintain the sustainability of AF, while non-
Mamar agricultural land requires intervention in various ways, such as guidance and
counseling on sustainable land use [226].

Considering that the biophysical characteristics and resources as well as the socioeco-
nomic aspects of communities vary, the success of SAF development needs mainstream
supporting policies, taking into account sociocultural, economic, and ecological suitability.
The best traditional practices for building community economic resilience need to be en-
couraged as a power node for community-based development. On the other hand, various
negative impacts related to the development of market-oriented agricultural and plantation
technology that can lead to the simplification of indigenous AF values should also be antic-
ipated, especially a reduction in the values that make up SAF as a node for sociocultural,
economic, and ecological adaptation. Technological development is a necessity, but it needs
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to be harmonized to strengthen the sociocultural values of the community, including the
cultural and ecological identity in AF management. Market-oriented simplifications can
lead to humans becoming mere economic beings, even though they are socioecological
creatures who interact with nature.

As of May 2022, the development of the SF program through five schemes (com-
munity forestry, village forest, people plantation forest, customary forest, and forestry
partnership) achieved 5.004 million ha for 9223 forest farmer groups (data obtained from
Directorate General of Social Forestry and Environmental Partnership, MOEF) out of a
targeted 12.7 million ha by 2030 [227]. The large areas allocated for the SF program repre-
sent a big opportunity to apply SAF technologies. In addition, the relatively long period of
SF agreement (35 years) can be extended for one more period to provide a guarantee for
communities that implement AF systems with long-term plants or perennials to get more
secure access rights to manage the land and harvest the plant yields [42,228].

Even though in Act 11/2020, Government Regulation 23/2021, and MoEF Regulations
8 and 9/2021, the legal framework for “smart agroforestry” is clearly stipulated as a land-
use management option to increase land productivity, there is still a need to anticipate
and resolve various challenges in SAF development. Mainstreaming SAF technology on a
large scale in SF areas should be followed by enhancing community capacity in farming
technologies coupled with providing other supporting facilities for sustainable land-use
management [40,229,230]. Kiyani et al. [217] confirmed that corrective actions needed
for the success of SAF implementation include providing subsidies and regular training
and informal education to help farmers build their skills and capacities, while ensuring
their involvement in decision-making related to SAF policies and programs. In addition,
it is necessary to establish tree nurseries to increase the production of quality seeds and
ensure the successful cultivation of tree crops in SAF development. The concept and
advantages of SAF technologies and its success story need to be intensively socialized
not only for the community, but also for related stakeholders. Furthermore, technology
and innovation should be provided for postharvest treatments and diversified product
processing, which would allow some AF products that are perishable to be preserved and
marketed more widely.

Subsequently, the mainstreaming and scaling up of SAF as part of SF program devel-
opment need support not only from the government, but also from all related stakeholders
in order to overcome structural barriers and limited community capacity [231]. Multi-
stakeholder collaboration is needed, involving NGOs, research institutions, the private
sector, international donor agencies, and good government, to encourage innovation in
designing, pioneering, and implementing further farming initiatives in Indonesia. In many
cases, collaboration can form networks and forums to strengthen partnerships and achieve
goals [222]. Community participation can be facilitated by providing more and easier
access to technology, capital, markets, information, and supporting infrastructure to in-
crease the economic added value of products generated from AF. In the 4.0 era, market
and marketing websites for AF products should be created for farmers with government
facilitation, mainly local governments and related stakeholders. With this technology, AF
products can be recognized and made available to a wider market [33].

The increase in AF products of various types and functions will in turn encourage
the plant-based forest commodity industry to develop postharvest and product processing
businesses, on both a small and large scale. This will create many jobs and business
opportunities and strengthen the economy of communities. Increased coordination among
stakeholders at different levels of bureaucracy, an increased understanding of the challenges
faced by smallholder farmers, and the adoption of innovative approaches to managing
resources are critical to facilitating farmers’ capacity and organizational improvement.
Mainstreaming SAF within the implementation of SF programs would provide both a
backward and forward linkage in the development of forest-based agribusiness that would
significantly contribute to achieving the Sustainable Development Goals in Indonesia
especially related to alleviating poverty and hunger, promoting good health and well-being,
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providing water and energy, mitigating and adapting to climate change, and conserving
limited terrestrial resources.

Finally, although there is ample evidence to suggest that certain species of agricul-
tural crops can be grown in combination with forest trees, the biophysical and socioeco-
nomic characteristics of participating communities and their environmental conditions
vary widely. Therefore, there is a great need for further research to develop appropriate
management practices and establish the complementarity of various agricultural and forest
species compositions in different ecological zones.

5. Conclusions

SAF contributes significantly to the economy, both ecological and social, and therefore
supports the achievement of several SDGs (1, 2, 3, 5, 6, 7, 13, and 15). There is an opportunity
to apply SAF on a large scale in forest land (state forest) through the SF program, because it
is supported by government regulations.

The key to the success of silviculture in SAF lies in the proper selection of plant species
and planting pattern arrangements that can provide advantages by addressing aspects of
productivity, sustainability, and adoptability. The productivity of AF patterns could be
optimized by applying silvicultural and crop cultivation techniques, including species site
matching and selection of land suitability, environmental manipulation, and innovation in
maintenance techniques, including protecting plants from pests, diseases, and weeds.

SAF can potentially be implemented in social forestry areas. It enables the develop-
ment of multiple forestry businesses to mitigate land-use changes and support the achieve-
ment of Sustainable Development Goals in Indonesia. However, for further development, it
needs to be mainstreamed or scaled up. The mainstreaming of SAF through policy support
should consider sociocultural, economic, and ecological suitability. Subsequently, appro-
priate technology and innovation for postharvesting treatments and diversified product
processing of SAF products should be introduced for communities to increase the economic
added value. SAF is a strategy to revive rural economies and community welfare through
the optimal use of local resources along with smart landscape and land-use management,
which has significant roles in soil and water conservation, bioenergy, climate change re-
sponses, landscape management, and enhanced biodiversity conservation. Hence, the main
key to successfully mainstreaming SAF for SF implementation lies in suitable policy inno-
vation, the use of appropriate technology, and compromises or trade-offs among benefits,
risks, and available resources.
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Abstract: Located in Central Africa, Cameroon is a country with strong social inequalities and fragile
governance and institutions. This has a direct impact on the sustainable development of its territory,
communities, and native forest, which are subject to constant socio-environmental and economic
pressures due to overexploitation. This research has three purposes: (1) to conduct a comparative the-
oretical/empirical diagnosis on the quality of Cameroon’s institutional framework, governance, and
public policies related to territorial sustainability; (2) to assess the impact of the three clusters identi-
fied among the 44 stakeholders interviewed (forestry companies/certifiers; NGOs/communities; and
banks/public institutions) on each other; and (3) to analyze the contribution of the use of cassava
(Manihot esculenta) as an agro alternative to Cameroon’s socio-ecological resilience, sustainable devel-
opment, and conservation of native forests. The research found: (1) the need for mixed governance
with joint accountability to find equitable and lasting sustainable solutions for the parties involved,
making communities/ethnic groups visible in the decision-making process; and (2) the agro use
of cassava has a positive impact on socio-ecological resilience by contributing to employment, the
protection of devastated soils, and the provision of quality food, and by reducing pollution from the
cement industry through using cassava waste as an input.

Keywords: sustainable development; theoretical; governance/institutions; socio-ecological resilience;
Cameroon forests

1. Introduction

Cameroon’s forests cover approximately 23 million hectares, representing almost
50% of the country’s total land area [1]. Furthermore, the same authors estimate that
Cameroon is home to some 8260 plant species (of which 156 are endemic) and approximately
2000 wildlife species, making it the fifth largest country in Africa in terms of biodiversity.

The country’s economy is based almost exclusively on the exploitation of its natural
resources, which include oil and gas, high-value timber, and non-timber forest products,
as well as minerals and agricultural products such as coffee, cotton, cocoa, maize, and
cassava [2,3].

Cameroon’s native forests are highly threatened by human-induced deforestation and
degradation with a significant annual loss of vegetation cover, which has been gradually
increasing from 0.34% during the 2000–2005 period to 0.90% in the 2010–2013 period and
there are no concrete indications that this will be reversed in the short to medium term [4].

Logging in Cameroon’s forests is often selective and at the same time extensive [5,6].
Along these lines, it is estimated that the largest area of timber exploitation is found in
the eastern and southern regions of the country [3,7,8]. According to Auzel et al. [9],
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this exploitation is historically concentrated on around twenty species, which account
for 75% of the country’s timber production. The species most exploited historically for
their commercial value are: Triplochiton scleroxylon, Entandrophragma cylindricum, Terminalia
superba, Lophira alata, and Milicia excelsa [9]. Forests, as generators of essential biodiversity,
make significant contributions to the local economy, providing multiple inputs (biodiversity,
timber, charcoal, medicinal plants, various foods, tourism, etc.), which in some way should
contribute to the fight against extreme poverty of local communities [1].

Table 1 shows a description of the relationship between the forest area and other
economic zones in Cameroon between 1999 and 2015. The forest area has decreased from
22 to 19 million hectares, reaching a deforestation rate of 1% per year, which is one of the
highest deforestation rates in Central Africa. Only 10% of the total forest is protected by
law [10]. On the other hand, Table 1 also shows that the area destined for agricultural
exploitation has increased from 19 to 21% of the total Cameroonian productive territory.

Table 1. Description of forest area and its relationship with other economic areas in Cameroon, by
observing specific years.

Year
Total Forest
Area (MH) ¥

Forest as
Percentage of
Land Area (%)

Agricultural
Land as

Percentage of
Land Area (%)

Forest Land
Decreasing
per Year (%)

Log Industry
Production (m3)

Log Industry
Permanent
Employees

Agricultural
Permanent
Employees

Total Population
Permanent
Employed

1999 22 47 19 1 3.0 mill UN UN UN

2009 20 43 20 1 2.4 mill 49,993 26,530 859,000

2015 19 40 21 1 3.2 mill 59,067 α 57,522 α 1,183,752 α

¥: approximate values, MH: million hectares, UN: uninformed. α: value calculated by adding the new accumulated
employees with the existing ones in the sector, reported by [11]. Source: [11–13].

Regarding the logging industry, the percentage of territory that practices this activity
is not exactly known. Unsustainable and illegal logging has been identified as one of the
main drivers of forest degradation in Cameroon. The misuse of certain logging permits in
the country is frequent, due to the lack of effective regulation and law enforcement [14]. A
slight increase in the production of logs has been observed, but this growth has varied over
the years. However, between 2001 and 2019, Cameroon lost the equivalent of 4.2% of its
tree cover, contributing 519 Mt of CO2 emissions. During the same period, this country lost
3.2% of its primary humid forest, representing 47% of the total tree cover [15].

As shown in Figure 1, according to the African Development Bank Database [13],
the production of wood for fuel has increased over the years, which would pose not only
a threat to the health of native forests (Figure 1A), but also a threat to global warming
through the amount of greenhouse emissions released into the atmosphere [16]. At the
same time, cassava cultivation has also gradually increased, which would represent an
excellent sustainable development opportunity for the country, by making use of already
deforested lands with highly degraded soils to be reforested with native species (Figure 1B).

On the other hand, the amount of agricultural land exploited per hectare per inhabitant
in Cameroon increased from one to four hectares per inhabitant in the 1990s, with a sharp
increase between 2000 and 2005, and then stabilized at levels of 12 hectares per inhabitant
on average, a volume that has been maintained to date (Figure 1C).

Forest land in Cameroon has been declining slightly over the years (Figure 1D), leaving
little hope for cultural awareness and adaptation by communities and institutions to protect
the country’s native forest heritage in the medium to long term. However, there could be a
bias in these data, due to the constant migration of peasant populations to the cities in search
of job opportunities. Along the same lines, and perhaps due to the same phenomenon,
employment represented by the agricultural sector has suffered a slight decrease between
1990 and 2020 (Figure 1E). The labor force working in agriculture, which had grown
significantly in the 1980s and 1990s, stabilized from 2000 to the present at approximately
3.6 million inhabitants (Figure 1F).
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Figure 1. Socio-economic information for Cameroon from 1980 to 2020. (A) Fuelwood produced per
year. (B) Cassava production. (C) Agricultural land used permanently. (D) Forest land existing in the
country. (E) Percentage of total employment given by agriculture. (F) Agricultural labor force [13].

The concrete industry is among the most highly polluting in the world, using toxic
and carcinogenic non-renewable oils, as well as water-soluble polymers that can be easily
replaced by organic amylopectin, which is also highly soluble and can be obtained from
cassava. The cement industry presents a significant challenge in terms of sustainability,
due to the large amount of concrete used on the planet every day and the number of toxic
agents released into the atmosphere, greatly contributing to climate change.

Cameroon, like the rest of the African countries, is experiencing significant population
growth, with the consequent demand for this type of cement for the manufacture of concrete
and mortars, used in the construction of houses, roads, and bridges [17,18]. Cement is
currently irreplaceable in large construction sites, opening a large window of opportunity
for starch from cassava waste, while enabling a large reduction in the use of its most toxic
components, allowing cassava waste to be given a useful life while also generating a highly
innovative and friendlier added value for the cement industry [19,20].
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Cameroon needs to be analyzed because of its relevance in curbing climate change.
The importance of Cameroon’s forests for the biosphere is widely unknown, but it is only
comparable to the forests of the Amazon and the boreal forests, which is why preserving
them is an obligation and a duty for humanity [21].

This article addresses Cameroon’s challenge in relation to the sustainable development
of its territory and the conservation of its native forests and its rich ecosystem, through
alternatives and strategies that help to take pressure off these forests, favoring socio-
ecological resilience and mitigating negative impacts based on the opportunity cost. This
can be achieved by implementing sustainable growth alternatives that bring together all
the parties involved and where cassava (Manihot esculenta) cultivation can play a major
role, with the multiple uses of this tuber as food, fertilizer, soil protection, and a supply—
through its waste—for a more sustainable cement industry. In fact, it would go a long way
towards showing the benefits of implementing a circular economy. A study conducted by
Spreafico [22] analyzed some common design strategies to set up circular economy options
(i.e., design for reducing wastes, design for using renewable energies, design for reuse,
design for remanufacturing, design for recycling, design for energy recovery, design for
disposal, and design for recovering energy from waste) and their corresponding impact
reductions, concluding that it is useful to research the relationships between the CE options
and the types of environmental impacts.

2. Materials and Methods

The research intended to answer two questions: (1) What would be the best strategy
capable of generating sustainable development of Cameroon’s native forests, considering
the interaction of very critical aspects such as socio-cultural, economic, agricultural, and
institutional and governance aspects? and (2) How could cassava (Manihot esculenta)
cultivation boost socio-ecological resilience in Cameroon through a specific opportunity
cost, thus enabling the conservation of native forests and sustainable local development,
and, at the same time, giving life to an industry as polluting as cement?

Two different methodological techniques were used: one for the primary source in the
field and the other for the secondary sources of referential information. The aim was to
contrast and strengthen the study and, thus, give greater validation to the empirical results.

The primary source data collection consisted of a series of formal on-site interviews
with 44 of the most significant stakeholders willing to participate (from 82 potential stake-
holders contacted). They make up the Cameroonian decision-making ecosystem in terms
of their hierarchical, social, political, business, and ethnic positions related to the object of
study. The qualitative information obtained from the interviews was processed as follows:
full transcription of the interviewees’ statements, coding, and manual categorization.

The study model used was that of “grounded theory” described by Penalva et al. [23].
This is a method that allows for the discovery of theories, concepts, hypotheses, and
propositions based directly on the data, and not on a priori assumptions, other research, or
existing theoretical frameworks. The interviews were unstructured (open-ended questions)
and a latent content analysis was conducted [24]. The data coding was performed manually
and divided by themes to avoid leaving out any of the opinions raised during the interviews.
The interviews revealed a saturation of themes by equivalence, i.e., it was observed that
the different stakeholders had similar opinions on the vast majority of the topics discussed,
regardless of the sector to which they belonged.

It is important to note the degree of difficulty in carrying out this activity, due to
distances, in many cases in unsafe situations, and the complexity of establishing contact
with the different groups interviewed. The profiles of the 44 interviewees were distributed
among representatives of the eight sectors identified as the most important involved in the
sustainability of Cameroon’s native forests (Table 2).
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These instruments made it possible to define components of Cameroon’s organiza-
tional culture, as well as the organizational structure of companies involved in logging
and timber certification, their management style, and the vision of the role of government
and institutions in relation to environmental protection, in terms of the intervention of
companies responsible for the exploitation of the country’s forest resources. The data cod-
ing and analysis were carried out through interview summary sheets and collected notes
that helped to enhance the understanding, perception, and views of each representative
interviewed. These tools were coded, as mentioned above, in a sequential and iterative
manner. Finally, a cross-sectoral analysis was carried out, taking into account stakeholders
and elements of institutional culture. To that end, meetings were held with stakeholders in-
volved in decision-making throughout the research process. Finally, a database was created
to describe the different organizations and their objectives for the sustainable development
of the territory, the communities involved, and the Cameroonian forests, from the point of
view of the stakeholders directly linked to the local ecosystem.

The second methodological technique was based on the exploration of secondary data
known as qualitative documentary, which involved the selection, compilation, and review
of scientific literature through reading and critiquing the theoretical and bibliographical
instruments found according to the “Boolean” operators. These seek to interpret an ex-
perience related to predetermined keywords from different sources of information and
are characterized by an interpretative approach to the findings and gaps of the research
itself [25,26].

To make the search effective, documentary sources or bibliographic databases were
chosen by discipline or subject: Science Direct, Agricola, Compendex, Derwent, Statistics
Canada, Research Gate, Scopus, Web of Science, Innovation Index, and GeoIndex. These
were combined to counteract the degree of data overlap that might exist between them.

The search was carried out based on the selection profile by means of relations between
descriptors, using logical or “Boolean” operators (AND, OR). The bibliographic search
was structured considering a degree of sensitivity (recovery rate) and specificity (precision
rate) based on the definition of the construction of the research questions and objectives, as
well as the interviews with the 44 stakeholders to delimit the search for information [26].
Sources were selected and organized through the identification of the following keywords:
Theoretical Framework; Native Forest; Conservation; Sustainable; Local Development;
Governance and Institutionality; Cassava and Agriculture; and finally, Cement Engineering.
Complementary words of the same root as the mother words were added to them, to help
understand and explain the dynamics related to the sustainable local development of the
territory and the theoretical tools and alternatives of empirical analysis for socio-ecological
resilience (use of cassava and its waste in the cement industry) and the conservation of the
native forest in Cameroon. Based on this logic, we tried to cover as broad a spectrum as
possible to bridge the gap between what is available as secondary information and what
was discovered through field interviews.

The empirical analysis was contrasted with the theoretical documentary information,
in order to validate the cultural, environmental, institutional, and governance aspects,
through the broadest participation of key stakeholders available. To do this, a causal
model was used, which is a method that consists of establishing causal links or interactions
between different phenomena through a formal process that uses evidence to infer causal
relationships or link effects and causes, in this case, the relationship between organizational
culture and all the aspects analyzed in the theoretical discussion, in terms of sustainable
development [27].

This model is based on contingency theory, which is an approach to the study of organi-
zational behavior that explains how contingent stakeholders such as culture, environment,
institutional framework, and governance, among others, influence the design and function
of organizations as a social structure [28]. The underlying assumption of contingency
theory is that no one type of organizational structure, or another, is equally replicable to all
others. Organizational and institutional effectiveness depends on a fit or match between
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the volatility of the environment and the size and function of the organization in which
it is located. The aim is to look for patterns in order to try to understand, rather than
predict, the specific political, institutional, and community realities in Cameroon, i.e., how
one variable affects another and how they are all under the same institutional umbrella.
Eisenhardt’s [29] recommendations to triangulate data collection were followed to increase
the robustness of the research.

3. Results and Discussion

3.1. Theoretical-Bibliographic Review

The information need chosen for the literature search strategy is expressed in a word
or short phrase (e.g., sustainable development). Some of the concepts are split in half to
have more research scope, “Forests and climate change” into “Forests” and “Change”.
We used the words that came up most in the interviews to find keywords for each of the
required concepts, as well as using various types of documents (dictionaries, encyclopedias,
and well-known articles) to further enrich the search. All words or expressions of a concept
are synonyms or quasi-synonyms and, as necessary, there have been cross-references of
related words. We have used Boolean operators and parentheses, e.g., (word1 * OR word2 *
OR . . . ) AND (word7 * OR . . . ). In addition, exact expressions (“xx”) and appropriate field
codes were employed (e.g., in Compendex > WN KY). The “{English} WN LA” was also
used, but also literature in Spanish and French, which finally yielded more than 9800 results.
Subsequently, to optimize the search strategy, different options were tested, eliminating
some keywords that were too generic or not directly related to the search. It was found
that the number of results was too high, so, in order to narrow down the search more
specifically, the abstracts and titles that matched the object of research were used. Based on
the analysis of the results obtained (reading the titles and detailed references, if necessary),
we were able to analyze and classify the different articles, considering those that came
closest to our research questions, and then we dynamically modified the selection strategy
until we reached 217 results, which were considered sufficient to classify and consult. The
time window selected was from 2001 to 2021, mainly due to the need to have current
data related to the object of the search. In addition, a time window was opened between
1989 and 2000 to include articles that could be classics in the subject analyzed or of great
timeless contribution, and even exceptional articles from previous years if required.

3.1.1. Sustainable Development

The concept of “sustainable development” is relatively complex, due to its breadth
and lack of consensus among researchers on both the form and substance of what should
or should not be considered sustainable. The roots of this more contemporary concept
date back to the 1950s [30] with the awareness of socio-environmental problems, in relation
to the increasingly abrupt changes caused in the environment, which are manifested in
different ecosystems damaged by human intervention and even by nature itself or the
combination of both [31–35]. Later, Carson [36] and Meadows et al. [37] emphasized the
footprint of human intervention on the biosphere and its various impacts on people’s
quality of life and the accelerated deterioration of nature in general, pointing out the limits
imposed by natural resources as finite in regards to socio-ecological intervention.

On the other hand, the concept of “sustainable territorial development”, as explained
by Ashraf et al. [38] seeks a convergence towards concepts such as ecological capac-
ity/carrying capacity, natural resource/environment, biosphere, environmental technology,
and zero/slow growth, which were already used before the term sustainability or sus-
tainable development became more popular. Thus, the concept of sustainable territorial
development seems to be a bold approach, basically because it would only remain a grand
theoretical principle that adheres little to the actual practices of the organizational and social
environment and, therefore, there is no clear definition that brings together all streams of
thought on the subject [39–42].
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Goslinga et al. [43] established what they call “critical habitat” to designate the massive
deterioration of different ecosystems that represent areas of high biodiversity value and that
have significant importance for different species and strongly threatened or unique spaces.
Depending on how well natural resources are managed, this will have a transformative
impact, which may be positive and/or negative, on the development trajectory of a nation
and its society [44]. Figure 2 shows the close interaction between natural resources and
the environment.

Figure 2. The relationships between natural resources, ecosystem functions, and ecosystem services.
Ecosystem services are color-coded by category: blue for regulating services; brown for provisioning
services; rose for cultural services; green for supporting services. Source: [45].

However, several authors agree that the components of sustainability are economy, so-
ciety, and environment, which together work towards the long-term prosperity of territories
and their communities [33,46,47]. From this trilogy, terms such as circular economy, social
innovation, green innovation, eco-innovation, green consumption, among others, have
been incorporated, which gives an idea of the plethora of interpretations that accompanies
sustainable development [33,47–59].

Crucially, many authors are inclined to give superlative weight to economic devel-
opment, to the detriment of the environment and social and environmental develop-
ment [38,60]. In this regard, Kjellén’s proposal of a “diamond of sustainability” [61,62]
provides more dynamic links. Kjellén removes the environment from the classical pa-
ternalistic and hegemonic views of all natural and non-natural, physical, and biological
stakeholders, including society and its culture, emancipating natural resources from it. All
these dimensions are directly related to each other, and the most sustainable and equitable
development, both of different societies and of their territories, often depends closely on
their positive interaction, within the same plane of transcendence.

Figure 3 shows how natural resources occupy an elementary place in the diamond, al-
ready separated from the environment, although on the same plane as a value structure [63].
Then, there are energy, public policy, economics, technology, and public health, with their
respective dependencies such as lifestyle, land, food, water, development, employability,
and poverty. While they appear to be independent stakeholders at the level, they are all
interconnected and ancillary to each other, in the manner of a complex ecosystem.
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Figure 3. The Kjellén diamond of sustainability. Source: [61].

Jovovic et al. [33] explore models related to sustainability from another perspective,
based on the three classic dimensions involved in sustainable development: economic,
environmental, and social, which form the vertices of a triangle as can be seen in Figure 4.
Each vertex involves finding answers that balance the three dimensions mentioned, bring-
ing to the surface issues such as social and political impacts, which are often overlooked in
the most common sustainable development design processes. In this model, the interaction
between the three components can be integrated with an intermediate “sustainability zone”
that recognizes the interdependence of biological, economic, and social systems. Through
these three zones or vertices, the aim is for all parties involved to gain benefits, in the
style of a virtuous winner/winner circle, where optimized returns at all three vertices are
achieved through eco-resilience, allowing for greater sustainability while improving the
lives of communities.

Figure 4. Munasinghe’s approach to sustainable development. Source: [33].

3.1.2. Governance

The term “governance” is often used in reference to the formal and informal in-
teractions between different levels of government (whether local, regional, or national),
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individuals, associations, and organizations, with the aim of reducing potentially existing
gaps [64]. However, for some years now, there has been an intellectual debate, in reference
to the integral development of society, to understand governance from a globalized, inter-
disciplinary, and multifaceted world, supported by a multitude of criteria, and no longer
focused on previous traditional hierarchical governance models.

Today, the aim is to structure governance in a more participatory and interactive
way between the various stakeholders that make up an environmental ecosystem and its
community, as these not only have an impact at the local level, but also at the global level
and, therefore, require simultaneous solutions at different scales [65–68]. The basis of good
governance is provided by a platform of strong institutions, enabling countries that enjoy
them to narrow the gaps between different stakeholders and develop harmoniously over
time [68].

According to Kardos [69] and Ndeh [70], good governance promotes, among other
things, transparency, timely accountability, quality education that makes society prosper,
more effective management of resources (human, natural, economic, and financial), and
the participation of civil society in decision-making, so that governance and sustainable
development should be closely linked, enabling better development of society as a whole
and the sustainability of the local territory for present and future generations. On the
contrary, poor governance is often associated with corruption, cronyism, clientelism, and
various forms of favoritism, lack of quality education, accompanied by a poor or even
absent institutional framework, which leads to a lack of effective control mechanisms that
in turn regulate investments and the distribution of the benefits or profits generated in
this territory that have been left by the state, and can even jeopardize the freedom of the
communities involved and democracy itself [70–74].

Governance, seen from a more traditional hierarchical perspective, regardless of
whether it is a developed or developing country, has similar historical characteristics in
terms of the verticality of its mandate, but not in terms of its institutional capacity. This
consists of top-down decision-making, headed by a high-ranking public authority, without
the participation of private or mixed organizations in the adoption of decisions, which
clearly reveals serious shortcomings, especially in developing countries, with weaker and
in many cases almost non-existent institutions.

The incremental incorporation of governance concepts according to the need for
progress is more inclusive and takes into account the different ambivalences that can
arise, the uncertainty and power manifested through the evolution of society, aiming
for change, based on the analysis of the socio-ecological and socio-economic systems
present in any community and which are particular to each society [75]. Because of this,
since the end of the 20th century, mixed systems of governance have been emerging,
which include the environment in decision-making, represented in governmental (public),
non-governmental (private), and mixed entities, as one of the solutions to the growing
complexity of institutional variables manifested at the beginning of this century [76].

However, despite this evolution, Ndeh [70] believes that Cameroon still suffers from
a very marked unidirectional public governance that has been carried over from the
colonial era, added to the complications caused by its heterogeneous Anglo-French culture
with its historical differences and more than 250 ethnic groups, which further fragment
equitable decision-making that allows for the prosperity and sustainability of Cameroonian
society as a whole. In addition to this, and the weakness of its institutions, there is
a kind of clientelist government that further complicates the process of governance in
this country. According to Turner [77] and MacCormick [78], sometimes governance
can directly influence culture, while at other times the reverse is true, which can lead to
poor organizational culture, leading to poor governance, leading to poor decision-making.
Culture, as well as organizational culture, is often presented as intangible elements until
they are confronted [79].

In this regard, Cameroon is a country immersed in complex social, economic, and envi-
ronmental interests and, at the same time, with a very pronounced deficit at the educational
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level, with large lines of corruption, which could be corrected with “mixed” governance
systems that include governmental and non-governmental stakeholders, through the local
civil community, trade union members, NGOs, and self-monitoring and auditing compa-
nies [67]. This could also strengthen the country’s institutions in general and give them
greater credibility in the eyes of the public. On the other hand, there is evidence that
from this innovative concept of mixed governance, understanding has been gained about
different formal and informal components, which often directly affect environmental and
forest governance in these countries [80,81]. Many organizations involved in environmen-
tal governance often have to cope with and manage multiple variables, related to social
constraints and expectations of the various stakeholders involved, usually due to a lack of
competence or capacities of the ones holding responsibility [64,82].

It is essential to highlight the importance of forest resource governance in a country like
Cameroon, whose GDP is based on the exploitation of natural resources and particularly
forest resources, so it is important to consider mixed participation in its governance. In
this regard, for Adeyeye et al. [83], it is key to ensure the participation of indigenous
communities or ethnic minorities and greater participation of women in environmental
governance, not only for ethical reasons, but also because of the knowledge and interests
of the region’s inhabitants, who should be able to express themselves on the present and
future of the forest ecosystem.

A closer look at the state of the tropical forests of Cameroon reveals that, for several
decades now, numerous legal reflections have been performed, mainly involving the de-
centralization and reform of the forestry regime in the tropics. The objective is to create
favorable conditions for the sustainable management of forests through the stakehold-
ers directly involved, including of a social, private, public, and mixed nature, from the
various local communities [68,84,85]; at present, some theoretical and empirical research
suggests that collaboration and participation of communities, especially regarding local
residents, are essential for the design and implementation of a successful and sustainable
long-term development plan, where organizational culture is part of the equation. In that
regard, Cameron and Quinn [79] developed six key elements related to the development of
organizational culture, such as: most dominant characteristics of culture; organizational
leadership; human capital management; organizational “glue”; strategic emphases; and suc-
cess criteria. Moreover, a key element is the enhancement of local capacities to implement
and manage initiatives through a supportive network of regional economic development
organizations, as well as environmental protection, with a focus on greater social equity
objectives [86–88].

Public policies play a crucial role in the decisions taken to protect the different com-
munities involved, especially the most vulnerable ones, without forgetting the impact that
climate change will have on them [1]. Cohen and Levinthal [89] argue that public science
and technology policies should not only generate capacities within a nation, territory, or
region at different levels of resource management, but should also make it possible to put
these capacities at the service of organizations and society as a whole. These economies,
much more convergent at the institutional level, are the ones that place a greater emphasis
on value and knowledge creation and, therefore, on innovation and technological devel-
opment, which is reflected in the high economic and financial performance of developed
nations, also called knowledge-based economies [90,91].

3.1.3. The Natural Resource “Curse” and Socio-Ecological Resilience

Local sustainable development is specific to each region and society, its ecosystem, its
culture, and its needs, and is often dependent on existing local knowledge [92]. Countries
that base their economies exclusively on natural resources are, paradoxically, often at
a disadvantage compared to those that lack them or do not base their economies on
their exploitation.

This phenomenon is reflected in the case of the countries known as the “Asian tigers”
(Singapore, Hong Kong, Taiwan, and South Korea), which lack significant natural re-
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sources [93], but which developed their industries and technology rapidly between 1945 and
1990, leading them to thrive in the knowledge-based economy [94]. Similarly, countries
such as the United States, Canada, Australia, and Finland have an abundance of natural
resources, but their economies were not based exclusively on the exploitation of these re-
sources, but rather diversified, underpinning them with a more knowledge-based economy,
managing to industrialize and develop to become world technological leaders. The key to
the development of these countries lies in the quality of the institutions responsible for the
governance of these nations [95].

In contrast, numerous authors elaborate on the negative spillover effects that are
often caused by abundant natural resources, precisely because of the poor quality of
the institutions responsible for their management [96–98]. At the same time, several
authors have observed the existence of a higher degree of corruption in these developing
countries. Moreover, revenues from natural resources can fluctuate considerably from year
to year, depending on many uncontrollable variables, such as the volatility of international
commodity prices, the abundance or scarcity of a given resource, climatic variations, natural
or man-made disasters, and even pandemics such as COVID-19, among others [94,96,98].

In this regard, it is essential to integrate socio-ecological resilience, which will make it
possible to recover the loss of environmental balance caused by the permanent disturbance
to which the fragile biodiversity of Cameroon’s forests and lands has been subjected for
decades [99,100].

The theory of resilience was developed in the early 1950s by physicists, engineers,
and mathematicians to describe a dynamic event that started with an object in equilibrium,
which was subjected to a perturbation that removed it from that equilibrium phase, and
then the time elapsed was measured until it returned to its original equilibrium [101]. Later
on, this concept underwent some changes in its interpretation and management, and was
used by ecologists to explain adaptive capacity, in which an environmental ecosystem
is capable of absorbing a change, maintaining a similar structure, or even returning to
its original carrying capacity, after having suffered several major disturbances [102,103].
Along the same lines, González-Quintero and Avila-Foucatla [104] define socio-ecological
resilience as the capacity of a system to absorb a given disturbance and then reorganize
itself again by undergoing a change that allows it to continue conserving essentially the
same function, structure, and identity (Figure 5).

Figure 5. Socio-ecological resilience. Source: [104].

This theory of resilience has evolved in its interpretation. At the beginning, it was
considered to be a transforming entity, then over time it moved away from this characteristic
and towards a description of two cycles; one of them was known as basic and the other
as adaptive, the latter being the most widely used due to its flexibility in the continuous
change of socio-ecological systems [102]. According to Heslinga et al. [105], they believe
that the concept of resilience is particularly appropriate for socio-ecological systems because
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both concepts are at the interface of human and natural processes in time and space, and
share an interest in the protection, management, and planning of a given potentially
disturbed area. On the other hand, it determines the capacity to adapt to and benefit from
change. Resilience, from a community perspective, reflects the ability of the community
to adapt to an uncertain environment, being able to respond to adversity through the
cooperation of governors and the entire community [106]. However, it is important to
value social, political, environmental, and biodiversity agreements, which give legitimacy
to the success of the initiative, in order to better plan for more sustainable and long-lasting
development [107].

3.1.4. The Opportunity Cost of Cassava

A viable proposal to the overexploitation of Cameroon’s native forests is to take
advantage of the opportunity cost presented through the socio-ecological resilience of cross-
cutting sustainability, managing the cultivation of cassava (Manihot esculenta), which is
very rich in starch as food and whose waste, equally rich in the glucidcarbohydrate binder,
can be used as a component for the cement industry, giving concrete greater strength and
structural stability.

Cassava (Manihot esculenta crantz, Euphorbiaceae) is a crop that was apparently do-
mesticated in South America’s central Amazon approximately 8000–10,000 years ago, being
then brought to Africa by Portuguese explorers about five centuries ago [108,109]. This
vegetable, a woody tuber, is widely used in the diets of local African communities, to the
extent that it provides 30% of the calories consumed by them, making it the most important
of all root and tuber crops as a source of calories, but it also ranks fourth in importance
in terms of the number of hectares planted, after rice, sugar cane, and maize [110]. More
than 800 million people (approximately 11.5% of the world’s population) depend on it as
an important source of carbohydrates, and it is also one of the products with the highest
energy yield per hectare cultivated, in which 100% of the plant is edible, with up to 80% of
the total available starch being concentrated in its roots [111–114]. Numerous studies refer
to the advantages that the consumption of a starch-rich diet confers to health in general and
to the heart in particular, making it a direct benefit for communities to have this important
resource [115,116]. In addition, cassava roots are consumed boiled or processed into other
products and byproducts, such as flour, modified cassava flour (mocaf), cassava rice, in
chips, gari and fufu water, in cassava stick, and in “mitumba”, while the leaves of the plant
are consumed as vegetables.

While it is not the largest producer of cassava in Africa, Cameroon currently cultivates
approximately 341,000 hectares of this fast-growing tuber, which leads the country to
produce about 5.4 million tons per year (Table 3), with an estimated revenue of about USD
700 million [117]. Each Cameroonian household consumes approximately 75 kg of cassava
per year, representing more than 2.5 million tons of this vegetable annually [118–121].
In other words, Cameroon currently produces twice as much cassava as its population
consumes annually, where its use is almost entirely for food and feed only.

Table 3. Production in tonnes of cassava in the World, in Africa, and in Cameroon 2015–2018 and
their respective shares [117].

Year World Africa % World Cameroon % World % of Africa

2015 277,072,000 152,822,000 3.27 5,000,000 1.8 3.27

2016 276,510,000 155,607,000 3.32 5,170,000 1.87 3.32

2017 275,655,000 157,453,000 3.39 5,799,000 1.94 3.42

2018
(estimated) 277,070,000 160,730,000 3.36 5,400,000 1.95 3.36

Figure 6 shows how the global cassava market has grown steadily since 1970, despite
a virus disease that has been stalking this crop since 2013 and is known as “cassava brown
streak disease” [122]. This disease is characteristically found in sub-Saharan Africa and not
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in Latin America, so germplasm from Colombia is being used to try to generate greater
genetic diversity in plants to combat this virus, which causes chlorosis of the veins, streaks
on leaves and stems, and necrosis of the roots, making them inedible, with the consequent
loss of harvests and socio-economic damage [123]. Establishing an accurate and early
sanitary diagnosis of the fields affected by the virus is very costly, so through technological
innovation, stochastic epidemiological modelling and simulations are carried out to reduce
these costs and be more accurate in the diagnosis and final intervention, in order to reduce
the incidence of the virus and potential losses [124,125].

Figure 6. Global cassava market recorded over 54 years, taking into account the demand for processed
cassava product. Information obtained from [126–128].

Despite this setback, the global cassava market grew from 91 million tons in 1970 to
277 million tons in 2018 and the market volume is expected to exceed 345 million tons by
2024 in line with the progressive population increase in Cameroon and Africa in general.

Moreover, Cameroon’s climate is highly conducive to the cultivation of this tuber,
which favors its production throughout the year in the country’s five forest zones [129]. It
is also important to note that cassava is a hardy plant, capable of withstanding all kinds
of inclemency, to the extent that it has a high tolerance to extreme soil conditions and
drought, all of them important attributes for it to be chosen as a circular alternative for
the socio-ecological resilience of Cameroon’s native forests and to cope with the climate
change being experienced [111,130,131]. Thus, cassava opens the door to a more sustainable
use of the local territory through lands that have already been deforested and their soils
devastated or impoverished by highly nutrient-demanding crops and by the action of
water and wind erosion that occurs when these soils are stripped of their original natural
vegetation cover and are practically irrecoverable to their original rich condition, due to
the damaging effects on both the structure and quality of the soil [132]. This means that
they are often no longer suitable for reforestation with native trees, which require specific
nutrients and particular biodiversity [133].

According to Tieguhong et al. [3], production forests in Cameroon are exploited
and managed under four models of forest management and partnership arrangements
(Table 4). These four production management models cover 47.04% of Cameroon’s forests,
representing 23% of the total territory [134]. There are 111 forest management units
in Cameroon, covering a total of 7,058,958 ha, where 66% (5,071,000 ha) are managed
concessions and 34% (2,393,061 ha) are certified [3,135].

In terms of forest production, efforts are focused on stabilizing the volumes of timber
harvested and developing non-timber forest products. In addition, the state promotes
projects that consider: (1) the transformation of forestry waste into energy; (2) the ap-
plication of methods and technologies for the appropriate use of firewood; and (3) the
implementation of a development plan for the production of starchy maize and cassava.

It is hoped that through these actions, growing nutritional needs can be met, as well
as the development of new productive and industrial niches that will benefit the economy
of the country and its regions, while at the same time taking pressure off native forests at
all levels.
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Table 4. Production management models in Cameroon and their respective shares [3].

Production Management Model Share of Total Forests Type of Partnership

Forest concessions/forest
management units 30.64% Government in partnership

with the private timber sector

Community forests 8.04% Government in partnership
with local communities

Council forests 6.71% Government in partnership
with local councils

Sale of standing volumes 1.65% Government in partnership
with the private sector

Source: [3].

Cameroon’s strategy for sustainable development and poverty reduction in the future
includes increasing agricultural production and the area of land used for this purpose
by about 30% compared to 2005, in order to ensure food production, strengthen growth
and employment in the agricultural sector, and thus reduce pressure on native forests
and their communities [94] (GESP, 2009). This plan is implemented through two main
actions: (1) Promoting medium- and large-scale farms by facilitating access to farmland;
and (2) Encouraging the creation of groups and institute synergies of family businesses in
the form of cooperative societies. The latter with the support of the state, including:

• Access to new production techniques through mechanization and agricultural consultancies.
• Access to agricultural credit with the opening of micro-finance establishments and

banks interested in this specialized line of credit.
• Access to markets through improved marketing channels and support for the promo-

tion of Cameroonian agricultural products (such as yucca and maize) on the interna-
tional market.

The overall plan considers special support for youth development in rural areas
of Cameroon and the implementation of development programs related to production
in forested areas [94] (GESP, 2009), which would greatly open the doors to sustainable
agroforestry, using rather “rustic” crops in terms of nutritional requirements at the soil
level, as is the case of the cassava (Manihot esculenta crantz, Euphorbiaceae).

This activity is closely related to the “opportunity cost” [17,136], which means that
while cultivating cassava on land that has already been ravaged and almost deserted
by erosion, it also prevents further degradation, while at the same time facilitating the
conservation of forests that have not yet been invaded by human activity, ensuring that
they remain without or with very little human intervention. This is presented with a view
to protecting the country’s native primary forests and helping to combat climate change,
preserving the atmosphere from large quantities of CO2 emissions, which is fundamental
to achieving the socio-ecological resilience of a forest that is emblematic for the planet. The
analysis of all these variables leads us to reflect on cassava as an excellent resource to be
considered as a key factor in cross-sustainable development, while raising awareness of the
importance of these forests in the ecosystem, not only locally, but globally.

On the other hand, cassava is a very versatile crop, in terms of the multiple plant-
ing systems it can support at small, medium, and large scales, making it an important
source of employment for local villages that are involved in the cultivation, harvesting,
and processing of this plant, which is used for different value-added sub-products in
diverse industries [120,137]. Indeed, in addition to feeding the population and its animal
production, cassava can also provide economic income through the generation and sale of
starch for industrial use from its waste. This industrial starch has an enormous binding
capacity, and this is where one of the interests in this research lies, particularly as a specific
component in the cement industry, in the relentless pursuit of generating greener and more
sustainable concrete production in the medium and long terms [109,138,139]. Thus, the
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incorporation of starch obtained from cassava residues as a more sustainable input in the
manufacture of a more environmentally friendly Portland cement is proposed.

This type of starch contains two categories of macromolecules, called linear amylose
and branched amylopectin, which consist of glucose chains [140]. Branched amylopectin
accounts for 83% of the carbohydrate content present in cassava roots, while linear amylose
occurs in a much smaller percentage, approximately 17% [112]. It is important to bear in
mind that the thickening action of starches and their derivatives, as well as their hard-
ness upon solidification, must be analyzed taking into account the relationship between
these two macromolecules. The properties of linear amylose are as a thickener, water
binder, emulsion stabilizer and gelling agent, while branched amylopectin is the one that
constitutes a higher percentage of starch and is highly soluble [112,141].

The ratio of linear amylose to branched amylopectin in cassava yields a starch with
higher hardness and strength, which is often used as a biomaterial adjuvant in many
industries such as adhesives and in the construction of wood laminates, to provide greater
strength in the processing of such laminates, as well as giving them considerable fire
resistance. However, the main interest in this research lies in its use in the cement industry,
due to its physicochemical characteristics as a binder in concrete when water is added to
the mortar, as well as allowing the mixture to considerably lower its temperature during
setting [141–145].

This glucose chain (amylose and amylopectin) that makes up cassava starch has
been shown to give the cement mix greater strength and flexibility compared to mortars
lacking this substance [146,147]. It also improves the durability properties of concrete when
exposed to chloride-rich, sulphate-rich, or alkaline environments [140].

The resistance of cement to chemical attack, moisture, abrasion, and other deterioration
effects is very important for the life span of the structure in a building. Chemical admixtures
are often used to increase the durability of concrete. Examples of such chemicals are non-
renewable oil-based products such as polynaphthalene sulphonate (PNS), polycarboxylate
(PC) and polyacrylate (PA), and particulate matter (PM), which are not only toxic to
health and the environment in general but are also extremely expensive. They all contain
formaldehyde, which can have carcinogenic effects on humans [19,141,148–150]. Water is
another resource that is generally affected with different concentrations of sulphates and
toxic metals such as zinc, lead, and chromium, which can even reach groundwater, as well
as rivers and lakes [151]. The level of pollution generated by the cement industry is such
that, to obtain one ton of cement, the equivalent of 0.8–1 tons of CO2 is emitted into the
atmosphere, contributing greatly to greenhouse gas emissions and climate change [152].

Because of this, the use of organic additives such as starch from cassava has strongly
emerged as a great eco-sustainable green engineering option. This material is renewable,
thus contributing to environmental sustainability, has a good amalgamation capacity due
to its high solubility, and confers higher hardness and compressive, tensile, and flexural
strength than samples lacking it [19,148,149,153–158].

3.2. Empirical Study

The different postulates and interdisciplinary foundations related to sustainable ter-
ritorial development, addressed in this article from a theoretical perspective, such as
governance, institutionalism, critical habitat, the four pillars of sustainability, the curse of
natural resources, opportunity costs, as well as the diamond of sustainability, including
natural capital and socio-ecological resilience, show a directional convergence with the
empirical results obtained in this research [33,61,99,100,104,159,160]. An interesting con-
tribution of this article is that the different variables are addressed for the first time all
together to explicitly explain the lack of concrete actions towards local sustainability in the
Cameroonian territory.

In this regard, and in order to enrich the discussion based on interviews with 44 stake-
holders from sectors directly or indirectly involved in the management, coexistence, and
exploitation of the native forest in Cameroon, at least three distinct groups or clusters were
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identified with different commitments to the sustainability of forest territories. On the one
hand, there are the forestry and related companies, together with their certifiers, which
make up what we call cluster 1, which have an evidently more economic vision and whose
organizational culture seeks to maximize profits and minimize losses, without considering
aspects unrelated to this [79,161,162], on the other hand, a second cluster (cluster 2) was
formed by local communities, NGOs, and mixed (public/private) partner institutions,
which have a greater sensitivity and awareness of the dangers of forest overexploitation
and the degradation of biodiversity and soils [14,32,67,163–165]. Finally, a third group
(cluster 3) is identified, although it is not as decisive due to its intermediate characteris-
tics, made up of banks and the government itself, with views and positions that are both
divergent and convergent in relation to the two preceding clusters [87,88].

The interviews revealed that the main objective of 80% of Cameroonian forestry
companies is to exploit the forests to the maximum of their capacity, seeking to extract
all the resources available to them, in terms of timber, for as long as possible and at the
lowest possible cost. This occurs without considering the consequences of their activities,
which impact the sustainability of the local territory and its communities in the medium
and long term, as they are not concerned with a balance between their development and
the extraction capacity of the available natural resources [35], as well as the socio-ecological
resilience of the exploited territories [102], given that natural resources are limited despite
their abundance, which would justify the natural resource curse theory [99–101,160]. This
way of acting on the part of forestry companies in their exploitation of allocated forests, even
if legal, shows a flagrant lack of ethics, but also and most seriously, it exposes once again the
lack of comprehensive public policies to warn of potential abuses by companies and thus
put a limit to what is happening in Cameroon with the annual loss of almost 1% of native
forests. However, this is very difficult to materialize in the short and medium term because
of a very top-down, inefficient, and incompetent governance and institutionality, with
bad practices rooted from colonial times [1,34,64,69,70,75,84,166]. However, there are some
signs of awareness of the importance of migrating from the current top-down governance
system towards a mixed system, including reflexive and arguably even environmental
governance [37,64,80–82,167,168].

Along the same vein, forestry companies show a worrying lack of commitment to the
land they exploit and the communities that live there, hiding behind existing government
regulations, many of which are flawed by a certain degree of corruption and social and
skill or capacity limitations of those with responsibilities over the various affected com-
munities [64,82,169]. Clearly, the actions of forestry companies are not illegal, as existing
regulations for concessions and exploitation of forest territories support them [8]. However,
these same authors believe that some international private sector forestry policies may
not be the best option for the protection of the Cameroonian forest ecosystem, because
they are concentrated in the hands of large forestry corporations to the detriment of small
forestry corporations and the communities living there, where community participation
in decisions that concern them is essential [68,83]. In doing so, these corporations show
a lack of sensitivity and empathy towards the ecosystem and local communities, who
are often harmed by their abusive behavior, which, curiously, on many occasions, in turn
threatens the future of their own logging business model. The empirical study also shows
that local communities understand that forest use is not infinite [100], but at the same time
they are aware that they lack self-management and adequate management skills, but are
very open to learning. This is an important element, as it is these local communities who
mostly know the behavior of the forest and its ecosystem and yet are willing to learn what
is necessary about the management and sustainable use of the forest [170–175]. On the
other hand, 100% of the consulted NGOs recognize the need to increase communication
between communities and their abilities to diversify the production of resources, without
forgetting the complexity of managing 250 different ethnic groups fragmented by their
history, culture, and even languages and dialects [169]. It is important to highlight NGOs,
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as they are the ones in charge of seeking and delivering a certain balance of dissemination
and protection among stakeholders, but particularly among the most vulnerable [164].

These elements lead us to believe that government authorities and the public policies
sanctioned by them [165] have failed to require changes in terms of reference for the
allocation of exploitable forests to recipient and certifying companies, including the banks
in charge of financing such activities. The key here would be to impose stricter conditions
that go beyond the rules in force in 2021. It should not be forgotten, however, that Cameroon
has the oldest system of forest concessions in Africa and there is what is known as inertia
in the work and concession models, making it very difficult to change deeply rooted
habits in the social collective [176]. Cameroon exploits its forests under four management
models and partnership agreements, where 66% of the territory is managed by managed
concessions and 34% by certified concessions. However, it should be noted that there has
also been timid progress in the intention to bring about change through the implementation
of the Voluntary Partnership Agreement (VPA), signed in 2010 and ratified by Cameroon
in 2011 [177], with which, the aim is to reduce, to a certain extent, those who illegally
exploit the timber extracted there, considering the sharp decline in the country’s forest
cover from 22 to 19 million hectares, mainly due to illegal logging [14]. However, there is a
systematic relapse into the vicious cycle of poor institutions and poor-quality governance
in the country and human capital is poorly educated to solve this problem, [74,81,178,179].

The results of the empirical study also reveal that certified forestry companies consider
that compliance with the law is the best way to protect the environment and thus, they
transfer all responsibilities linked to the environment where they operate directly to the
State, which must guarantee the formation of communities and the protection of conces-
sioned lands [180,181]. In this regard, it is important to note that the vast majority of forestry
companies operating in Cameroon are only interested in maximizing the exploitation of
forests they are supported by banks from their economic/financial capital perspective and
also have the support of certification companies, but they forget, in this important equation,
the natural (or ecological) capital, which is the generator of both natural resource flows and
natural services, as suggested by [182]. Likewise, the government becomes practically a
mere spectator, relying on the laws that they themselves dictate, which are rarely for the
benefit of local communities, but rather in support of large corporations, which intensively
exploit, almost to the point of extinction, the concessioned lands, leaving lands razed to
the ground [70]. The same author points out that this reality suggests a certain degree of
complacency on the part of government authorities, which has been carried over from
colonial times and which does not seem to be overly concerned about the consequences
that these practices may have for biodiversity, climate change, and the more than 250 local
ethnic groups that live there, leading to an imbalance plagued with inequalities between the
parties involved [169]. This point is the key, as it leads to the question: What is supposed to
be balanced and constant in the sustainable local development of a territory? The answer
is clearly geared towards establishing a benefit for future generations that is not resented
over time [31,183], which is clearly not met by current logging regulations, where although
there is a management regulation for Cameroon’s production forests in partnership, almost
31% is given in concessions and barely 8% are considered community forests [3].

The results also show that communities and NGOs, unlike forestry companies, expect
to contribute to the sustainable development of forests and have a more long-term vision
of forest exploitation. Regarding the responsibilities for managing sustainable exploitation
of Cameroon’s forests, opinions are divided, with 80% of the forestry companies and
NGOs interviewed considering that the state (government) has the greatest responsibility
for enforcing the logging law, training communities, and developing a program for the
sustainable use of natural resources.

However, on the contrary, 100% of the forest-dwelling communities consider that the
forestry companies should be responsible for this action, which shows, at a glance, a power
struggle between the different conglomerates involved. Meanwhile, 100% of the banks and
certifying companies have a much more balanced opinion on the matter and consider that
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all parties should have a degree of responsibility, according to the degree of exploitation
that corresponds to each one. Therefore, a mixed control would be the most appropriate
and thus counteract the lack of credibility of the different governments and institutions
and seek a balance between the parties [81,178].

On the other hand, 100% of the sample is related to the banking institutions responsible
for financing the work of forestry companies, whose main objective is the exploitation of
the forest as a purely economic component, while financially supporting the certification of
timber companies, so that they can take advantage of the different available forests granted
by the Cameroonian government. In this regard, it should be noted that Cameroon took
the decision in 2010 to promote sustainable growth in the country, proposing projects with
a long-term development vision until 2035. In this context, the “Growth and Employment
Strategy Paper”—GESP (2010–2020) was created to promote development, while seeking
to reduce poverty levels by taking advantage of the exploitation of the abundant natural
resources available [180]. As can be seen from the interviews with these stakeholders
(certifiers, forestry companies and banks, governments), the reality shows that there have
been no major changes since 2010 despite attempts to change course. There are intentions,
but there is a lack of action.

More than 95% of the companies and institutions consulted indicate that certification
and law enforcement is the best strategy to care for the environment in the long term, and
so far, they have not speculated on any other type of strategy. In general, cluster 1 and
3 stakeholders consulted think that the forest regenerates itself and that this is sufficient
for their aspirations to obtain the resources necessary for their livelihoods. When asked
about the sustainability protocols applied in their home institution, they indicated that they
apply the law and that this seems to them to be sufficient. Therefore, in the institutional
framework, governance and transparency are key to decision-making and compliance with
existing protection regulations [184]. The biggest problem lies in the fact that those who
make up these two conglomerates believe that the forest regenerates itself infinitely and
furthermore without taking into consideration the degradation of biodiversity and the soils
that support the forest canopy by indiscriminate logging. Unfortunately, we know that
the forest does not regenerate by itself, since when it is cut down, the fertile layers of the
soil are rapidly degraded, which leads to desertification or loss of yields, which is why
forests must be protected, to safeguard the biodiversity that accompanies them, in addition
to the fact that they contribute to the local economy by providing multiple inputs and are
an important reservoir even for the pharmaceutical industry [1].

At the same time, 60% of the forestry companies consulted consider that any activity
carried out by a private company in relation to the protection or improvement of the envi-
ronment and biodiversity should not only be financed, but should also be the responsibility
of the government of the day, with the former avoiding this equation of responsibilities,
claiming that they are certified and that they comply with all current regulations and that
they are not obliged to make improvements of any kind to the land they have been awarded
to exploit. However, the most surprising aspect of this reflection is that 100% of the certify-
ing companies consider that those forestry companies that have been certified contribute to
the care of the environment. This is somewhat contradictory to the current exploitation
of Cameroon’s forests and the incessant loss of their vegetation cover year after year [99],
with an average loss of 4.2% of tree cover annually (adding native and non-native forests),
which represents 519 Mt of CO2 released into the atmosphere and contributes greatly to
climate change [13,15]. It follows that the companies responsible for certification claim that
certified forestry companies, by the mere fact of being certified, already comply with all
the regulations, which from a technical point of view is true, but then the question arises:
Does their claim respond to a structural failure of the bidding specifications for concessions
based on an inefficient public policy? The answer is clearly yes, due to the deficiency and
lightness of the obligations subscribed to in the bidding specifications, which we have
addressed in this discussion. Therefore, changing the policies and conditions of concession
and use of forest territories is fundamental for a radical change in the way these territories
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are conserved, and in this regard, the theories of Kjellén [61,62] and Hawkes [159] are
powerful tools to consider in this paradigm shift. Another reality may be related to the fact
that corporations that exploit forests lack local culture and ancestral attachment to their
ecosystem [92,185,186]. Probably for this reason, they do not have an ethical and more
ecological view of the impact of their actions. Therefore, they only rely on the weakness
of existing policies, without measuring the harmful consequences of their actions on the
ecosystem, biodiversity, and the communities that inhabit it, as well as the impact on
climate change that such actions could cause in the long term. What is interesting, however,
is that the communities and NGOs participating in the study consider that care for the
environment is essential to keep logging sustainable in the long term. They appear to
have a much greater socio-ecological awareness of the key importance of forest care in
maintaining long-term sustainable logging, perhaps underpinned by local knowledge that
is critical to the conservation not only of forests, but of biodiversity as a whole [171,175].

Continuing with the empirical results, 100% of timber companies and certifiers re-
sponded that they consider the forest to be a renewable resource in its own right. Of
all the parties consulted, only the communities (100%) indicated that they are concerned
about reforestation. There is a total lack of knowledge among stakeholders about the real
regeneration capacity of forests as a non-renewable resource [99–101,160].

At the same time, 100% of the forestry companies and certifiers specify that their orga-
nizations are top-down and that decisions are taken by a chief or general manager, which
brings them much closer to the system of governance prevailing in Cameroon, where it is
precisely a top-down system that allows acts of corruption or at least lack of transparency
to permeate [70,81]. In contrast, 100% of the communities, partner organizations, and banks
consulted state that their decisions are made by an advisory board, which makes them
more mixed in nature, and therefore much more transparent in their actions [67].

When stakeholders were consulted on what actions should be taken most urgently in
relation to forest care and sustainability, the general response from NGOs, communities,
and banks was that a “Mixed Intermediate Organization” should be created, with the
participation of the government of the day and the different actors directly and indirectly
involved in forest exploitation. This takes us in the direction of mixed and even reflexive
governance [76]. For their part, forestry, certification, and related companies did not
respond, because they firmly believe that applying the law as it stands, in addition to being
certified, is sufficient for the care of the environment and the biodiversity of the natural
resources found there. Furthermore, 100% of the consulted NGOs indicated that there is
a need to increase communication and develop skills and competencies in communities,
eliminate poverty, and decentralize power, which brings us towards what Dries et al. [76]
suggest with mixed governance systems that include the environment in decision-making,
represented by public and private as well as mixed entities.

In addition, there is a need to improve the quality of education to increase the genera-
tion of knowledge suitable for the country’s development. Taking into account this dynamic
correlation, the empirical study showed that social, ecological, and territorial vulnerability
are intrinsically linked and should be considered as integrated socio-ecological systems,
where anthropogenic resilience is considered together with its object (nature) and subject
(human activities). These elements are directly related to the so-called “forest use” and
“forest dependence” described by Bele et al. [1] in the search for a balance that reduces
the poverty of the communities involved and contributes to the country’s development
through the good management of available natural resources.

Interestingly, 100% of forestry companies and certifiers consider that the country’s
development is based on the creation and good functioning of hospitals and schools, along
with the construction of civil works. However, the communities and NGOs consulted
indicate that not only are these works necessary, but that it is also essential to educate
people and train them to become critically aware of the work they do. Furthermore,
these stakeholders indicate that the economic matrix must be diversified, generating new
businesses and thus not depending only on what the forest and its biodiversity provide as
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a natural resource and avoiding in some way the postulate of the curse of natural resources.
This is why the alternative of cassava as a value-added engine, generating labor, food and
a complement to industries such as cement, is so interesting to consider. These results
indicate that there is a need for better educational training and an increase in the welfare of
the population [33].

4. Conclusions

The study suggests the use of balanced alternatives for all the parties involved in the
large conglomerate, which in our study was represented by the 44 stakeholders interviewed
(forestry companies/certifiers; NGOs/communities; and banks/public bodies). From this
problematic approach, we sought to answer the two main questions of this research:
(1) What would be the best strategy capable of generating sustainable development of
Cameroon’s native forests, considering the interaction of very critical aspects such as
socio-cultural, economic, agricultural, and institutional and governance aspects? and
(2) How could cassava (Manihot esculenta) cultivation boost socio-ecological resilience in
Cameroon through a specific opportunity cost, thus enabling the conservation of native
forests, sustainable local development, and, at the same time, giving life to an industry as
polluting as cement?

All participating stakeholders, regardless of their sector, indicated that they expected
the government, through public policies, laws, and mixed institutions, to generate actions
for the protection of both native forests and the community dependent on them. However,
citizen participation at the governance and decision-making levels is extremely limited.
The latter is mainly due to the fact that many people are unaware of their rights and
duties as citizens. The ability to organize and build group trust is also limited, which
generates verticality in the way people deal with each other, leading to nodes of corruption.
Moreover, the lack of education at all levels and the development of basic health and
welfare services limits the development of critical thinking among the population. All of
this favors governmental verticality in decision-making, and therefore favors some sectors
such as large forestry corporations in these decisions.

Interestingly, the empirical study revealed that 100% of the participants indicated that
there should be a “Mixed Intermediate Organization”, involving all stakeholders related
to the Cameroon forest, including the government of the day. However, without quality
basic education, it is impossible to think about the care of the forest and its ecosystems,
and even more so to include the thinking of the communities, who in the study proved
to be the only ones who have a view of sustainability underpinned by their culture. It
is worrying to know that none of the stakeholders interviewed who were responsible
for forest exploitation and who were also important actors in making crucial decisions
concerning the forest and its communities were aware that the forest is not renewable on
its own. The exception was NGOs and indigenous communities, who were concerned
about their future and that of the forests and were willing to educate themselves more and
better in order to improve their competencies in sustainable management of native forests.
However, mistrust and discrimination among the more than 250 ethnic communities and
the displacement to which they are often subjected greatly limits their participation in
discussions and decision-making. Changing this balance of power and coexistence between
local communities is essential to reduce the social gaps between them.

It is essential to highlight the importance of the “opportunity cost” as a management
strategy to promote the cassava (Manihot esculenta) as an alternative agro forestry source
and as an important agent of change and socio-ecological resilience in Cameroon. This
crop not only serves as a staple food for the population and for animal production, but also
allows, through its vegetal cover, to protect the soil from erosion and desertification caused
by deforestation. At the same time, it offers the opportunity to preserve large extensions of
virgin native forests by preventing them from being exploited. Likewise, its waste is also
converted into a fundamental input for new green cement engineering, giving it greater
robustness and resistance, while eliminating the use of highly polluting products in its
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manufacture, thus providing sustainable support and a means to foster the development of
a most circular economy.

One of the major weaknesses of the study was the relatively small number of stake-
holders interviewed. A greater number and diversity would obviously have made the
study more robust, not only statistically, but also in terms of a greater diversity of opinions.
However, it is not an easy task in Cameroon to bring together people involved in power
and willing to participate in critical research because of the costs, distances, and different
dialects in this African country.

In future research, it would be very important to obtain a larger and more diversified
number of stakeholders (despite the difficulties mentioned above) and to consider three
crucial elements. The first would be to analyze the effectiveness of cassava cultivation in
the longer term on deforested land and evaluate how this agricultural alternative behaves
in the regeneration of eroded soils. The second would be to measure, in the long term,
the potential impacts on the opportunity cost explained above, in terms of the positive or
negative effects of the use of cassava waste in the cement industry to promote at the same
time a permanent circular economy. The third would be to analyze in the medium and
long term how the native forests behave by removing the pressure of overexploitation that
exists on them today by dissuading the communities towards the agricultural alternative
of cassava.
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Abstract: Orchard meadows, a traditional agroforestry system in Switzerland combining the dual
use fruit and fodder production, are declining, even though the farmland managed under agri-
environmental schemes (AES) has been expanding. Despite increasing interest in agroforestry
research for developing sustainable agriculture, it is poorly understood how subsidies contribute to
the maintenance of trees on agricultural land and the promotion of farmland biodiversity. Therefore,
the objective of the present study is to examine the effects of incentive-based AES on both farmers’
decisions regarding trees and biodiversity by developing an ecological–economic assessment model.
To explore cost-effective AES, we explicitly consider the heterogeneity of farm types. We apply this
integrated model to the farms in Schwarzbubenland, a small hilly region in Northern Switzerland.
Results show that the adoption of AES and the compliance costs of participating in AES considerably
vary among farm types, and the current AES do not provide farmers with sufficient payments
to maintain any type of orchard meadows, despite the ecological benefits of orchard meadows.
The integrating modeling developed in this study enables us to better understand the relationship
between subsidies and biodiversity through farmers’ decisions on land use and facilitates the design
of cost-effective payments for the maintenance of agroforestry.

Keywords: agroforestry; biodiversity; agri-environmental schemes; integrated ecological–economic
modeling; cost effectiveness

1. Introduction

Given the increasing awareness of biodiversity degradation in Switzerland [1,2], Swiss
agricultural policies have developed agri-environmental schemes (AES) to promote biodi-
versity on farmland, including orchards, vineyards, vegetables, etc. [3]. AES are voluntary
programs that provide financial incentives for farmers. In the case of Switzerland, AES are
a part of direct payments. Considering the high share of direct payments to the total farm
income in Switzerland (around 50% on average in 2018–2020 [4]), land-use decisions can be
assumed to be highly dependent on public payments. One of the requirements for receiving
direct payments is that at least 7% of a farm’s production area needs to be managed under
AES. These areas are referred to as ecological focus areas (EFA) [5], similar to EFA in the
European Union, but related to different conditions, and focus on the provision of farmland
biodiversity.

The majority of EFA are implemented on grassland and high-stem orchards, regarded
as a traditional agroforestry system in Switzerland [6], combining the dual use for fruit
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and fodder production. Particularly, orchard meadows are likely to play a key role in
biodiversity promotion as agrobiodiversity hotspots under AES [7,8]. Due to their diverse
structure, they supply habitats for various species, including small mammals, reptiles
and several insect groups [9]. Along with biological diversity, orchard meadows provide
socio-cultural features, such as landscape aesthetics, recreation and regional identity [10,11].
However, maintaining orchard meadows has become increasingly challenging, due to
higher production costs, mechanized farming, increasing quality requirements and the
infestation of invasive fruit flies [12,13]. The decline in orchards may trigger the loss of not
only the traditional characteristics of the regional landscape, but also the habitats for various
species. Therefore, the recent decline in orchard meadows in Switzerland [14,15] is of great
concern. It is vital to investigate to what extent AES have an impact on the maintenance
of orchards and farmland biodiversity, given a certain level of AES payments. The cost
of adopting AES is a critical factor in farmers’ decisions of whether to participate [16].
Additionally, the different effects of AES across specific farm types should be considered,
as varied adoption costs are expected due to the differences in farm management.

There is accumulating evidence that farm types influence the effects of AES differ-
ently [17,18]. Bamière et al. [19] argued that a detailed representation of farm management
can provide us with valuable insights into designing agri-environmental policies and AES.
Indeed, Mack et al. [5] revealed that the implementation of action-based AES was strongly
influenced by farm types. Therefore, simplified AES can lead to less ecologically beneficial
effects, failing their conservation potential [20], although they may be readily implemented
by farmers [18]. However, more research is needed about the direct relationship between
heterogeneous farm types and their consequences on the cost-effectiveness of AES. Fewer
than 15% of studies evaluate cost-effectiveness when assessing AES [21]. Investigating the
cost-effectiveness of payment programs can be a key to providing relevant implications for
optimizing AES and ensuring the sustainability of agricultural policy [22]. Additionally,
unless such programs prove to be cost effective, some legitimacy concerns may arise: gov-
ernmental bodies, taxpayers and users of ecosystem services may be reluctant to pay [23].

To address this science-policy gap, we developed an ecological–economic assess-
ment model by integrating the results of the expert system for farmland biodiversity
assessment, SALCA-BD (Swiss Agricultural Life Cycle Assessment—Biodiversity), into
an optimization-based bio-economic farm model (BEFM). The objective of this study is
to provide policymakers with insight into the design of cost-effective AES, taking into
account different farm types, for maintaining orchard meadows and promoting farmland
biodiversity. To that end, we investigated the feedback mechanisms between AES and
their subsequent ecological and economic effects per farm type, via farmers’ decisions
on land use. Our study can be distinguished from studies published to date in that we
evaluated the cost-effectiveness of agri-environmental schemes while taking into account
the impacts of both agroforestry and heterogeneous farms. We addressed the following
research questions:

1. What role do AES play in land use and sustaining orchard meadows?
2. Which types of farms are more likely to implement AES and which measures?
3. How does the cost effectiveness of AES differ between farm types?
4. How would AES change the regional land use and affect the diversity of individual

species?

2. Materials and Methods

Figure 1 illustrates our methodological approach for this study, in which we integrated
the SALCA-BD and the BEFM, and describes the flow of model inputs and outputs. The
following subsections explain each of these methodologies in depth.
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Figure 1. Structure of the ecological–economic model with the flow of inputs and outputs, integrated
the results of each activity from the expert system for farmland biodiversity assessment (SALCA-BD)
into the optimization-based bio-economic farm model (BEFM).

2.1. Case Study Region and Data

The study region, Schwarzbubenland (Figure 2), is located in Canton Solothurn,
characterized by gently rolling hills (elevation 430 to 670 m). The average temperature is
between 7.7 ◦C and 9.1 ◦C with annual precipitation of 800 to 1000 mm. Forestry (44%)
and farmland (43%) are the main land uses. The area size is approximately 50 km2, of
which 1783 hectares are used as farmland, consisting of 32% arable land, 20% grassland
and 48% orchard meadows. The study region is characterized by traditional high-stem
cherry orchards combined with permanent grasslands. They have been established for
subsistence and commercial fruit production, and the permanent grasslands are grazed
by cattle and occasionally mown. Orchard meadows are recognized as agro-biodiversity
hotspots. However, the decline of orchard trees can also be observed in this region [14].

Figure 2. The study region: Schwarzbubenland (Switzerland) (Source: SwissImage ©Swisstopo).

Canton Solothurn provided 4698 spatially explicit field data spots in 2020 on the type
of livestock, crops, management, the number of trees, area size, and the average slope
degree [24]. Of the recorded 74 farms, over half of the farming enterprises are mixed farms,
with combinations of arable crops, animal husbandry (mostly cattle for milk and meat
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production) and some fruit production. The average farm size is 24.1 ha, slightly larger than
the average Swiss farm (21 ha, [25]), with approximately 0.77 livestock units per hectare.

2.2. SALCA-BD (Swiss Agricultural Life Cycle Assessment—Biodiversity)

The expert system SALCA-BD [26] evaluates the habitat suitability and favorable or
adverse effects of agricultural activities on terrestrial species diversity at field scale [27].
Farmland biodiversity is represented by a set of indicator species groups (ISGs) that are
sensitive to land use and farm management: vascular plants, birds, mammals, amphibians,
snails, spiders, carabids, butterflies, wild bees, and grasshoppers. SALCA-BD assessed farm
activities on both arable land and grassland as well as EFA. Along with the assessment of
habitats’ suitability on each ISG, management options, such as fertilizer and plant protection
use, soil tillage, sowing, irrigation, the number and timing of mowing, etc., were explored.
The SALCA-BD scores are calculated per ISG per farm activity and range between 0 and
50. The evaluation is non-spatially explicit. Results from the model have been validated
in Switzerland and neighboring countries [27]. Jeanneret et al. [26] explain the method
in more detail. Appendix A presents the biodiversity scores of the farm activities at a
field-level evaluated with the model in this study.

For the aggregation of the habitats at a farm-level, we assumed a linear relationship
between the biodiversity score of each farm activity and its area. Hence, we calculated the
farmland biodiversity (FBD) score as follows:

FBD score per farm type =
n

∑
i

m

∑
j

BD scoreij∗Areaij/total farm size (1)

where BD score is the biodiversity estimated with SALCA-BD, i is a farm activity, and j is a
management option. To obtain the biodiversity score at the regional level, the FBD scores
of each farm type are aggregated by applying the weight of aggregation.

2.3. Farm Typology

We used a centroid-based clustering analysis, k-means clustering, to identify typical
farm types in the study region. The number of clusters needs to be determined a priori.
To determine the optimal number of centroids, we used the elbow method [28], while
observing the performance of the cluster method at the same time. Supplementary Material
S1 outlines the methods in detail. Based on the expert knowledge and the collected
field data, we selected the following six explanatory variables for the identification of
representative farms: the number of suckler cows and dairy cows (LSU), area of arable land,
grassland, and orchard (ha) and stock intensity (LSU ha−1). We considered the intensity of
livestock and the area of extensive farmland habitats in the explanatory variables, as our
typology of farms should reflect environmental impacts [29].

2.4. BEFM (the Bio-Economic Farm Model)
2.4.1. General Approach

The BEFM we developed can determine the optimal production pattern and level
of land use by maximizing the total gross margin (GM), given the available resources
and restrictions [30,31] and the assumption that the farm behaves as a profit maximizer.
Therefore, it follows the general form of a linear programming model for n activities and m
structural restrictions [32]:

maximize Z = ∑n
j=1 cjxj,

subject to : ∑n
j=1 ajxj ≤ bi

and xj ≥ 0,
(2)

where i = 1, 2, . . . , m, j = 1, 2, . . . , n, Z is the total GM at a farm level, x is the farm activities,
c is the gross margins or costs per unit of activity, a is the technical coefficients, and b is the

194



Sustainability 2022, 14, 5615

resource availability or upper/lower limits of activities. We developed the BEFM for each
of the identified typical farm types with the same formula above. The add-in COIN-OR
CBC linear solver (OpenSolver 2.9.3) in Excel was used to find the optimal solution in the
linear programming model [33].

2.4.2. Farm Activities

The BEFM covers the main activities observed in the farm types that we identified: crop
production (cash and fodder production), grassland production (meadows and pasture),
livestock production and AES. Some of the activities belong to both fodder production and
AES (e.g., less intensive meadows, extensive meadows and orchard meadows). In reality,
farmers can choose any measures from the list of AES, but we selected the most relevant
measures in our model (Table 1). We also considered different management options for
each activity that distinguish the intensity level of inputs. Extensive management must be
free of fungicides, plant growth regulators, insecticides, or chemical–synthetic stimulators
of natural resistance [34].

Table 1. List of the production activities modeled in the bio-economic farm model.

Grassland (Fodder) Arable Land (Fodder) Arable Land (Cash Crops)

Intensive Meadow Intensive Fodder wheat Intensive Spelt wheat
Pasture Triticale Winter Wheat

Less intensive Meadow 1 Oats Spring wheat
Extensive Meadow 1 Winter barley Rye

Pasture 1 Ley pasture Extensive Spelt wheat
Orchard- Extensive Fodder wheat Winter Wheat

Meadow 1 Triticale Spring wheat
Oats Rye

Livestock Winter barley Flower strips 1

Dairy cow Ley pasture
Suckler cow White peas
Young stock Silo-green corn

Less intensive meadow 1, extensive meadow/pasture 1, orchard meadow 1 and flower strips 1 are eligible to
receive the payments from AES.

To obtain crop yields across intensity levels, we referred to the yearly, average regional
yield data (2003–2020) in Canton Solothurn [35] and the gross margin report of AGRIDEA:
“Deckungsbeiträge DBKAT” [36]. For grass yields, we referred to the formula in GRUD [37]
and estimated the yields of meadows and pastures at different intensities given the elevation
in the study region. Supplementary Materials S2 (Table S2, 1,2) provides all activities
modeled in this study, including their yields, variable costs, GMs, etc.

2.4.3. Modules

The BEFM was constructed in a modular way. It is recommended that BEFMs should
be modular to enhance the use of evidence in policymaking processes [38,39]. There are
four modules exogenously given in the model (Figure 3). Each module is a subset of a
larger section of the linear programming and comprises a set of constraints that serve to
optimize the farm’s gross margin.
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Figure 3. Activity flow inside the BEFM in the case of the dairy farm. NEL is net energy lactation; CP,
crude protein; CF, crude fiber; and DM, dry matter.

Land module: We assumed that farmers could convert grassland into arable land
depending on the payment level of direct payments as a result of maximizing the GM.
Hence, this land module allows the model to convert the initial area of grassland into
crop production and determines the optimal ratio of land use (i.e., the share of grassland,
orchard and arable land). Under Swiss agri-environmental regulations, this conversion is
possible as long as erosion events can be avoided. Nonetheless, we assumed that permanent
grassland would remain on steep slopes (>24%), regardless of the payment level.

Input module: This module explicitly specifies the required labor hours and the level
of input usage of different fertilizers and plant protection for each activity. For fertilizers,
we considered N, P2O5, K2O and Mg, and for plant protection, we included herbicides,
fungicides, insecticides, growth regulators and trichogramma treatment. The costs of
seeds, machinery and other miscellaneous items were also included [36]. Supplementary
Materials S2 (Table S2, 3) details all the categories of variable costs included in this module
for each farm activity. Note that we assumed manure to be used only within the farm
without any exchanges with other farms.

Feed module: This feed module balances the supply and demand of livestock for feed
in a nutritional form. We selected net energy lactation (NEL) in MJ DM-kg−1

(DM = dry matter), crude protein in kg DM-kg−1 and crude fiber in kg DM-kg−1. We
referred to the database of feed nutrition developed in Switzerland [40] to identify the
nutritional values of the modeled crops and grasses. Supplement B describes these values
per activity. To estimate the demand for livestock nutrition, we assumed the specific weight
and performance of an adult milk cow: a 600 kg cow produces 8000 L of milk per year and
young stocks (offspring of cows). We referred to the feed requirement tables [41] and deter-
mined the minimal requirement of the selected nutritional values as well as the maximum
intake of dry matter per day per cow. For young stocks, we aggregated the nutritional
requirements over different developmental phases of heifers, calves and bulls. Table 2
shows the results of the calculation for the nutritional constraints in the feed module.

196



Sustainability 2022, 14, 5615

Table 2. Nutritional constraints in the feed module to balance the supply and demand of livestock
for nutrition.

Dairy Cow Suckler Cow

Adult Cow Youngstock Adult Cow Youngstock

Maximum DM intake per
day (kg) 16.8 12.5 14.0 7.8

Minimum NEL per day
(MJ) 105.0 47.1 80.0 36.1

Minimum crude-protein
per day (kg) 2.3 1.2 1.9 0.9

Minimum crude-fiber per
day (kg) 3.4 2.4 2.8 1.4

Note that the unit kg is referred to the weight of dry matter (DM). NEL is net energy lactation.

Agricultural policy module: This module captures the role of direct payments, in-
cluding the AES payments in farmers’ land-use decisions by incorporating the obligatory
measures and payments. We selected 14 different payment types [3]. Supplementary Mate-
rials S2 (Table S2, 4) details the total amount of direct payments that each activity receives
and the breakdown of the sum. Table 3 lists all the restrictions that were implemented in
the BEFM.

Table 3. List of the modeling restrictions.

Type of Restrictions Explanation

Restrictions to qualify for direct payments

Crop rotation cereals (without corn and oats < 66% of AL), crop ration wheat, spelt and
triticale (<50% of AL), crop rotation oats (<25% of AL), crop rotation corn (<40% of AL),
crop rotation white peas (<15% of AL), flower strips (<50% of AL), biodiversity measure

(>7% of total farmland), minimal livestock intensity, grassland-based milk and
meat program 1

Restrictions based on expert knowledge
Pasture limitation (less than 50% of grassland), nutritional balance (upper limit of DM

intake, minimum NEL, crude protein and crude fiber), permanent GL (slope
degree ≥ 24%), crop rotation limit cereals (<80% of AL)

Restrictions based on statistics Total farm size, area of permanent GL, GL and AL, area of flexible land, labor hour,
youngstock balance (share of offspring to adult cows), stable capacity

GL/AL are grassland and arable land. DM/NEL mean dry matter and net energy lactation. 1 The participation of
the grassland-based milk and meat program was assumed to be subjected to only the large dairy farm and the
suckler farm.

Table 4 shows the current payment level for EFA. While quality measures QI is an
action-based measure rewarding farmers for adopting designated EFA, quality measures
QII is a result-based measure for fulfilling specific goals [5]. For this study, we only
considered the payment level of QI. This is because not all fields are eligible for QII,
as they require specific site and biophysical conditions. Yet, for high-stem fruit trees,
we considered both payments of QI and QII. This is because the payments for trees are
primarily determined by the age of a tree (QI for 0 to 10 years and QII after 11 years) and
additional measures (nesting boxes for birds, extensive grasslands, etc.). Thus, the extra
costs to qualify for QII can be assumed to be negligible. Therefore, given an assumed tree’s
life of 60 years [42], we averaged the payments over 60 years per year and calculated the
annual payment. In this study, we selected two types of orchard meadows, as explained in
the next section.
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Table 4. The current payments of AES in Switzerland and the payment level calculated for the model
of this study.

Biodiversity Measures (EFA)
Quality Measure

I
Quality Measure

II
Modeled
Payment

Extensive meadow (CHF ha−1) 860 1840 860
Less intensive meadow (CHF ha−1) 450 1200 450
Extensive pasture (CHF ha−1) 450 700 450
High-stem fruit trees (CHF tree−1) 13.5 31.5 39.8
Orchard meadow Type A (CHF ha−1)
(CHF/ha)

- - 1642

Orchard meadow Type B (CHF/ha−1) - - 2052
Flower strips (CHF ha−1) 2500 - 2500

Only high-stem fruits trees consider both QI and QII payments. Orchard meadows receive payments for the
corresponding meadow production as well as payments for trees (assumed 30 trees ha−1). Orchard meadow
Types A and B are explained in the next subsection.

2.4.4. Orchard Meadows

The orchards in the study region are mainly high-stem cherry trees (Kay et al., 2018).
To model orchard meadows in the BEFM, we made several assumptions. First, we assumed
two types of orchard meadows available in the model: orchard meadows with and without
commercial cherry production. For orchard meadows with commercial cherry production
(orchard meadow Type A), we assumed that they were managed on less intensive meadows.
The gross margin of Type A is based on three price levels (low, medium, and high). For
orchard meadows without commercial cherry production (orchard meadow Type B), we
assumed that farmers did not harvest cherries, but kept the trees only to receive subsidies.
We also assumed that orchard meadow Type B is managed on extensive meadows. Based
on our available data, we assumed that 30 trees were planted per hectare for both types
of orchard meadows. In the model, both types of orchard meadows are available for all
farm types. Table 5 describes the detailed gross margin calculation for the modeled orchard
meadows. Supplementary Materials S2 (Table S2, 5) contains comprehensive gross margin
calculations of orchard meadows with further disaggregated items.

Table 5. GM calculation for the modeled orchard meadows.

Orchard Meadow Type A Orchard Meadow Type B Source

Description Commercial cherry production No cherry production (maintaining
trees for AES)

Trees 30 trees ha−1 30 trees ha−1 Own source
Cherry yield 30 kg tree−1 - Giannitsopoulos 2020
Cherry price 1.5/1.2/0.7 CHF kg−1 - Giannitsopoulos 2020

Meadow management Less intensive (2 cuts year−1) Extensive (1 cut year−1, no
fertilizer)

Forage yield loss −15% less (yield: 54 dt ha−1) −10% less (yield: 23 dt ha−1) According to a local expert
Annual replanting 0.5 tree ha−1 0.5 tree ha−1 Schönhart 2011a
Establishment cost 140 CHF tree−1 140 CHF tree−1 Giannitsopoulos 2020
Maintenance cost 2 6585 CHF ha−1 630 CHF ha−1 Giannitsopoulos 2020
Clearing cost 1 60 CHF tree−1 60 CHF tree−1 Giannitsopoulos 2020
Labor 44 h ha−1 27 h ha−1 Giannitsopoulos 2020
Subsidy for trees 39.8 CHF tree−1 39.8 CHF tree−1 Bundesrat 2016
Total subsidy 2393 CHF ha−1 2803 CHF ha−1 Bundesrat 2016

Total revenues
3743 CHF ha−1 (1.5 CHF kg−1)
3473 CHF ha−1 (1.2 CHF kg−1)
3050 CHF ha−1 (0.7 CHF kg−1)

2803 CHF ha−1

Total costs 1 6837 CHF ha−1 882 CHF ha−1

GM with subsidy
−3094 CHF ha−1 (1.5 CHF/kg)
−3364 CHF ha−1 (1.2 CHF/kg)
−3787 CHF ha−1 (0.7 CHF/kg)

1921 CHF ha−1

Establishing cost 1, clearing cost 1 and total costs 1 are converted into annual equivalent costs based on a discount
rate of 4% [42] and the average inflation rate over the last 30 years in Switzerland (0.9%). Maintenance cost 2

includes input use, harvesting and machinery for orchard meadow Type A and machinery and miscellaneous
costs for orchard meadow Type B.
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2.5. Policy Scenarios

Figure 4 illustrates how we ran the model with the baseline scenario and the policy
scenarios. We first ran the model to retrieve the optimal baseline solution given the current
payment level and the fixed land assumption. Next, we ran the model, while increasing the
payment level from the current level to 200% by 10% increments. For this policy scenario,
we applied the flexible land assumption. Therefore, the model can determine the optimal
share of grassland and arable land at each level of payments of AES and corresponding
cropping patterns.

Figure 4. Land use determined under the land module with the baseline and policy scenarios. Note
that both grassland and permanent grassland can be also used as orchard meadows in the model.

2.6. Evaluation of Cost Effectiveness

We measured the cost effectiveness of AES using the following two indicators: the
cost-effectiveness ratio (CER) [43] and the producer rent. The CER represents the maximum
FBD (farmland biodiversity) score that each farm can obtain per CHF 1000 of AES payments.
To compare the CERs among farm types, the amount of payments paid out from AES is
divided by EFA. Thus, the CER (unit: FBD score/CHF 1000) is computed per hectare
as follows:

CER = (FBD score/(payout from AES/EFA)) ∗ 1000. (3)

The producer rent quantifies how much the implementation of AES forgoes the income
of farms [44]. It indicates the opportunity costs associated with impending AES. The
producer rent (unit: CHF ha−1) is calculated as follows:

producer rent = (GM with AES − GM without AES)/total farm size. (4)

Both CER and the producer rent were calculated per farm type and were also aggre-
gated for the regional scale with the weights.

2.7. Map Regional Change of Orchard Meadows

To map the farm-level modeling results to each of the fields, we first identified which
farm type was located in which field. Then, we assigned either of the land-use options
in shares obtained with the model (grassland, orchard meadows or arable land) per farm
type to each of the fields. Second, to determine which fields were most likely to belong to
which land-use option, we assumed that fields with lower slope degrees would be covered
by arable land for lower production costs, while on fields with higher slope degrees, trees
would be planted on meadows to prevent erosion. This is consistent with a finding by
Huber et al. [16] that fields with steeper slopes are more likely to enter the agglomeration
scheme, which is a part of Swiss AES. The remaining fields were assigned as grassland.
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3. Results

3.1. Farm Typology

We identified the following five representative farm types in the study region with
the k-means clustering and the elbow methods in R (Version 1.2.1335) (Figure 5): 1. or-
chard farm without livestock (high-value trees and commercial cherry production, mainly
cherries); 2. small-scale dairy farm; 3. large-scale dairy farm; 4. suckler farm; and
5. small-scale farms without livestock. Table 6 outlines the characteristics of these five farm
types and their management. Given the number of farms and their farm size, large dairy
and suckler farms are found to be the most prevalent farm types in the region. However,
their management is contrastingly different. Large dairy farms tend to adopt intensive
farming, as they own more arable land and less extensive grassland, whereas suckler farms
utilize more extensive grassland. These results were confirmed by regional stakeholders.

Figure 5. Identified representative farm types (left column) with k-means clustering in the study
region and the average value of each explanatory variable. LSU: Livestock units. # indicates the
number of farms found in each farm type.

Table 6. Modelled farm types and their characteristics.

Orchard Small Dairy Large Dairy Suckler Farm Small Farm

Farm size (ha) 34.8 19.9 40.7 33.6 8.5
Weight for aggregation 14% 12% 30% 32% 12%
Initial grassland share 72% 60% 56% 70% 81%

Of which extensive
grassland 41% 29% 19% 31% 46%

Permanent grassland 9.4% 10.5% 8.1% 5.9% 24.8%
Livestock no yes yes yes No
Livestock intensity (LSU ha−1) - 0.6 1.1 0.8 -
Capacity of livestock (LSU) - 12 43 26 -
Labor availability in AWU 0.5 1.34 1.9 1.34 0.2
Grassland-based milk and meat
program 1 - no yes yes -

AWU stands for the annual working unit (1 AWU = 1800 h). We assumed that the orchard and small farms were
part-time farms due to the small-scale farming. Grassland-based milk and meat program 1 provides farmers with
an extra subsidy if they keep more than 75% of the share of fodder produced from grassland and less than 10% of
the share of concentration (in weight of dry matter).
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3.2. Orchard Meadows with the Baseline Scenario

Under this baseline scenario, the EFA of all farm types exceeds the obligatory level
(7% of the total farmland) (Table 7). All farm types, except for the large dairy farm, chose
orchard meadows for more than 50% of the total farmland. In particular, farm types without
livestock (orchard and small farms) resulted in a higher share of orchard meadows. This led
to a higher share of subsidy to the GM, which was more than 100%. By contrast, the large
dairy farm resulted in the lowest share of orchard meadows. Regarding the FBD scores,
orchard and small farms obtained higher values than the other farm types because of a
relatively large share of orchard meadows and a lower share of arable land. Accordingly,
their CERs were relatively high.

Table 7. Optimal baseline results per farm type with the current payments given the assumption that
the area of grassland cannot be converted into arable land.

GM
Subsidy
to GM

EFA
(%)

Trees
FBD
Score

CER
Producer-

Rent
Grass
Land

Orchard
Arable
Land

Orchard 73,322 113% 72% 755 12.2 6.0 541 0% 72% 28%
Small dairy 83,414 51% 52% 313 10.6 5.2 589 8% 52% 40%
Large dairy 236,446 31% 29% 350 9.4 4.6 256 28% 29% 44%

Suckler farm 101,440 77% 65% 659 11.8 5.8 702 5% 65% 30%
Small farm 17,048 122% 81% 206 13.2 6.4 605 0% 81% 19%

GM is gross margin and subsidy to GM indicates the share of the total amount of subsidies to the GM.
EFA/FBD/CER indicate, ecological focused areas, farmland biodiversity (score), and cost-effectiveness ratio.

3.3. Policy Scenario
3.3.1. Role of AES in Land-Use and Sustaining Orchard Meadows

Regional land-use result: The regional result revealed that the share of grassland and
orchard meadows at the current payment level was just under 20%, while arable land
covered 80% of the land (Figure 6). Given the flexible land assumption, the arable land
expanded considerably for all farm types at the current premium level, compared to the
baseline result. As a result, the share of EFA dropped to 14%. However, as the payment
level increased, the share of arable land decreased to 20% at 150% of the current AES
premium, while EFA increased. This increase in EFA is mostly attributed to the expansion
of the area of orchard meadow Type B.

Land-use differences across farm types: The EFA of the small and large dairy farms
dropped just to the obligatory level, whereas the EFA of the suckler and small farms
remained relatively high. Nonetheless, for all farm types, the arable land expanded con-
siderably. Given the flexible land assumption, the difference in how much the arable land
expands depends on the share of the permanent grassland. At the current payment level,
all farm types except for large dairy farms expanded the arable land to the maximum
possible area. Therefore, the share of land use at the current level would not change, even
if the payment level was lowered from the current level.

Change in orchard meadows: The regional change in the number of trees is shown
in Figure 7. The number of trees at the baseline is shown by a dot at 100%. In the policy
scenario, the number of trees fell to 7627 from 29,847 at the current premium level. In
the baseline scenario, where the conversion of land was not permitted, there was enough
incentive to maintain orchards as shown in Table 7. However, if allowed, the arable land
took over a large area of orchard meadows as they became less profitable. Increasing the
payment level to 150%, however, restored the profitability of orchard meadows enough,
allowing them to expand the area comparable to the baseline. The payment for orchard
meadows at this level is around 1000 CHF ha−1, higher than the current AES payments.
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Figure 6. Policy scenario results with the increments of the payments from the current level up to
200%. The X-axis indicates the payment level compared to the current level. The Y-axis indicates
land-use share. GL/AL/EFA designate grassland, arable land and ecologically focused area.

3.3.2. Difference in the Adoption of AES and the CER among Farm Types

The difference in the producer rents over farm types indicates the difference in the
adoption costs of AES (Figure 8). The producer rent of large dairy farms stayed negative at
lower payment levels, unlike other farm types. This reveals that for large dairy farms, the
current AES payments cannot compensate for the cost of the mandatory implementation of
the AES. The opportunity cost of adopting AES is the highest among all farm types due to
the larger number of profitable dairy cows. Contrary to this result, all the other farm types
had a positive producer rent with the current payment level. Among these farm types, the
producer rent of the suckler farms was the highest: the opportunity cost of the suckler farm
was the lowest. Nonetheless, the producer rents in the policy scenario are much less than
the baseline producer rents.
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Figure 7. The regional change in the number of trees, regional farmland biodiversity score and the
CER depending on the payment level (100% = the current level). FBD is farmland biodiversity.

All FBD scores at the initial level were approximately halved, despite the same level
of payment, compared to the baseline scenario. The FBD scores of the orchard, large dairy
and small farms remained the same until 140% of the current level. At a premium level of
150% premium, FBD scores increased sharply, as the area of orchard meadows tended to
expand considerably.

The change of CER showed a similar trend. Up to a level of 140% premium, CERs
tended to slightly decrease as the FBD score remained the same. However, due to the sharp
increase in FBD scores above the 140% premium, CERs increased accordingly. For the
regional level, it reached a maximum at 150% premium. Yet, they decreased eventually
because there was little improvement in the FBD scores at higher payment levels. The
highest CER in the policy scenario was even lower than the baseline CER.

3.3.3. Change in the Regional Land Use and Individual Species Suitability with AES

On the map of the case study region (Figure 9) with the baseline result, orchard
meadows appeared more in the east and south, where the suckler, orchard and small farms
tend to be located. On the other hand, more arable land and grassland appeared in the
north and east, where the small and large dairy farms are more prevalent. The grassland
mapped here is mostly with intensive pasture. The fields in the north and east area are
relatively large and the slopes are flatter than the other areas. Thus, these fields are more
suited to crop production and intensive grass production.

In the policy scenario at 100% premium (current level), most of the fields covered by
orchard meadows disappeared, as Figure 7 shows that the number of trees is about one-
quarter of the baseline number. When the premium was increased to 150%, the fields with
orchard meadows appeared almost evenly on the map. However, 150% of the premium
level is insufficient to sustain orchard meadows for orchard and small farms. Therefore,
the fields belonging to these farm types remained as arable land, despite the increase in
the payments. Figure 10 presents the variations in species suitability as a result of these
regional-level results. Birds, butterflies, wild bees and grasshoppers are projected to be
the most harmed by the expansion of arable land. All of these species groups are strongly
linked to extensive grasslands.
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Figure 8. Policy scenario results with the increments of the payments from the current level up to
200%. The X−axis indicates the payment level compared to the current level. The Y−axis indicates
producer rent in CHF per hectare. The Z−axis indicates the FBD (farmland biodiversity) scores and
the CER (cost-effectiveness ratio). The triangle symbol in the graph indicates the level of FBD scores
at the baseline, while the square symbol indicates the corresponding CER at the baseline.
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Figure 9. Maps of farm type distribution (above left) and the regional land use under the baseline
scenario (above right) and policy scenarios—100% and 150% of the current premium level (bottom).
AL/GL designate arable land and grassland.
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Figure 10. Biodiversity scores of each species indicator group in the regional level with the baseline
scenario and the policy scenario (100% and 150% premium levels).

4. Discussion

4.1. Orchard Meadows and Land-Use Change

We discovered that all farm types benefit from existing AES [34], and orchard meadows
were well maintained in the baseline. Particularly, orchard and small farms favored orchard
meadows to a large extent because the total gross margin for orchard meadows of Type B,
including tree payments, was higher than the gross margins of pure meadows, due to the
expected low selling price of hay (6 CHF dt−1) [45]. Therefore, orchard and small farms
rely on AES for a higher share of their income than the other farm types. This is also the
case for suckler farms, which require less intensive meadows or pastures, compared to
dairy [5]. Having dairy cows with high livestock intensity brings farms relatively high
profits. Therefore, the share of orchard meadows on large dairy farms was the lowest of all
farm types, as orchard meadows cannot provide the protein-rich fodder needed for dairy
production.

In comparison, orchard meadow Type A was not chosen at any payment level. The
sensitivity analysis with increasing cherry prices showed that it becomes only economically
viable when the price of cherries exceeds 7 CHF kg−1. The high production costs of cherries
are mostly due to the high labor cost for harvesting. In reality, however, some orchard farms
continue to produce cherries for profits. The discrepancy between our model’s predictions
and reality can be explained by traditional, family labor-based cherry production in the
region: opportunity costs of labor may be low, and the local marketing of homemade
products can be attractive. Nonetheless, the ecological benefits of trees alone justify public
financial support.

A validity check of the modeling results with reality shows that the model tends
toward orchard meadows, where, in reality, we find intensive meadows for dairy. As our
model is a static comparative, it includes investments such as a dairy herd and its related
infrastructure or planting of trees only as an annual average gross margin. Switching the
production system between trees and cows is almost a once-in-a-lifetime decision, which
does not depend on actual gross margins, as in our model. So, farmers, in general, have
high resistance against such changes and can overcome smaller periods of lower gross
margins in part of their production systems by compensating with income from other parts.
Only if it becomes obvious that in the long run, the system will have low or even negative
returns, do farmers change their production system. Often, this decision goes along with a
generational change of ownership of the farm. Additionally, the timing of orchard-related
labor peaks may play a role. Tree pruning can be done in winter, when labor pressure is low
and the cherry harvest is in early summer, mostly after the labor peak of first hay making
and before the start of crop harvesting. Nevertheless, our model shows this tendency under
current circumstances. Should the performance relations between orchard meadows and
dairy production remain the same for a longer period, we expect to see production shifts as
projected in our model runs.

The policy scenario demonstrated that at the current payment level, regional biodi-
versity was considerably degraded as grassland and in particular, orchard meadows were

206



Sustainability 2022, 14, 5615

often replaced by crop production. This implies that crop production in Switzerland is
highly financially attractive if subsidies are considered [42]. Farmers receive a guaranteed
payment of 1400 CHF ha−1 for crop production in addition to 120 CHF ha−1 as price
support for supplying cereals [46], while a guaranteed premium for cultivating grassland
is 1000 CHF ha−1 in the hilly regions [3].

4.2. Cost-Effectiveness and Its Difference over Farm Types

While the baseline maintains the current ratio of grassland and arable land, the policy
scenarios allow flexible use of more than 75% of the land. With the current payment levels,
this leads to lower biodiversity scores and also lower cost effectiveness. However, with
increasing payments, the policy scenarios lead to high biodiversity impacts (see Figure 8).
This is only possible as farmers are allowed to convert arable land into grassland, which
goes along with decreasing cost effectiveness. This trade-off occurs as a result of higher
payments, which reduce the cost effectiveness of AES.

Additionally, our results indicated that the producer rents over different farm types
largely varied due to the different compliance costs of AES. Among the livestock farms, live-
stock intensity and type determine the producer rent. Large dairy farms still need to keep
sufficient high-yield grassland to sustain high livestock intensity and fulfil the conditions of
the grassland-based milk and meat program, which results in lower implementation rates
from AES. In contrast, suckler farms gained relatively high implementation rates of AES.
Mack et al. [5] verified these findings: the adoption of action-based EFA, which this study
examined, is substantially influenced by farm type. Dairy farms are negatively correlated
and suckler farms are positively correlated to the adoption rate. Our study demonstrated
that farms with a higher implementation rate of AES tended to gain higher CER.

4.3. Methodological Limitations

We assumed that farmers would maintain or abandon orchard meadows depending
on the economic profits in relation to the profitability of the other activities. However,
we did not consider their non-market benefits, i.e., externalities, such as reduced soil
erosion risk, carbon sequestration or regional identity, in the calculation of the economic
profit. Although capturing the real value of orchard meadows is a core challenge in the
economic assessment [11], accounting for such non-market benefits of orchard meadows
in the decision process will improve the validity of results and help to determine a more
appropriate level of financial support [42,47].

Another possible limitation of this study is that the evaluation of farmland biodiversity
was neither contingent on the complexity of landscapes, such as the spatial configuration of
semi-natural habitats [48], nor connectivity at different scales [49]. AES can be ineffective
unless the ecological effects are observable at the landscape scale [50–52]. Spatial planning
of biodiversity measures can enhance their benefits and reduce the opportunity cost for
food production [53]. Understanding species dynamics and their relationships to landscape
complexity, using a broader spatial scale and landscape indicators, could help improve
biodiversity conservation in agricultural landscapes [43,54].

4.4. Policy Implications

Under the current situation, where it is possible to convert grassland into arable land,
expanding arable land will increase the profitability of farms, especially for competitive
farms, such as larger-scale dairy farms. The fact that these farms have a negative product
rent at the present premium level implies that they will lose income and have no incentive
to adopt AES beyond the obligatory level [55]. In contrast, extensively managed farms,
such as suckler farms, are likely to profit from AES due to the lower compliance costs.
They have more incentives to adopt biodiversity measures [56,57]. When the adoption rate
of AES is high, the cost effectiveness tends to be higher. It can be more cost efficient to
provide farm-type-specific payments rather than providing all farm types with the same
payment level. This way of payments is in line with the claim of Armsworth et al. [18] that
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the inefficiency of the simplification of AES derives from their inability to address variation
within and between farms in terms of private costs associated with providing biodiversity.
Additionally, our study recommends a regulatory framework that incentivizes farmers to
preserve the existing area of grassland. Under the current direct payments, crop production
is far more financially attractive.

5. Conclusions

The purpose of this study is to provide policymakers with insight into the design
of cost-effective AES for maintaining agroforestry systems and promoting farmland bio-
diversity by considering different farm types, using orchard meadows as an example.
Based upon our results, the following can be concluded: 1. Higher AES payments in-
crease orchard meadows and biodiversity scores. However, excessive payments would
impede the improvement and lower the cost-effectiveness. 2. Farmers would maintain
orchard meadows only with higher payments as compared to the current level, under the
assumption that they can convert any grassland to arable land for maximizing their profit.
However, if the conversion from grassland into arable land was not permitted, all farm
types would maintain current orchard meadows. 3. Compliance costs and the adoption
of AES vary considerably among farm types. Suckler farms and farms without livestock
largely economically benefit from AES, while large dairy farms lose income under the
flexible land-use assumption.

These findings can carry the following policy implications. First, AES can be more cost
effective in targeting specific farm types and offer them the payments reflecting the com-
pliance costs rather than paying all farm types with the same payments. Second, whether
the current AES can contribute to the maintenance of orchard meadows is contingent on
how far the conversion of land can be prevented. Under the current direct payments,
crop production is significantly more profitable, which may encourage farmers to expand
arable land. Therefore, this study recommends establishing a regulatory framework that
incentivizes farmers to preserve existing grassland.
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Appendix A. SALCA-BD Results

Figure A1. Biodiversity scores (0–50) of modelled farm activities per hectare estimated with SALCA-
BD. The total score is the average of the scores of each ISG. * indicates the biodiversity measures under
AES (ecological focused areas). Orchard meadow Type A corresponds to orchard meadows with
commercial cherry production on less intensively managed meadows, while orchard meadows Type
B orchard meadows without commercial cherry production on extensively managed meadows. The
scores of intensive and extensive crops are aggregated over individual crops with the same weight.
Online Resource 2 (Table S2, 6) provides the biodiversity scores of all of the modeled farm activities.
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