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Abstract: In West Africa, where the majority of the population relies on natural resources and rain-fed
agriculture, regionally adapted agricultural land-use planning is increasingly important to cope with
growing demand for land-use products and intensifying climate variability. As an approach to identify
effective future land-use strategies, this study applied spatially explicit modeling that addresses the
spatial connectivity between the provision of ecosystem services and agricultural land-use systems.
Considering that the status of ecosystem services varies with the perception of stakeholders, local
knowledge, and characteristics of a case study area, two adjoining districts in northern Ghana were
integrated into an assessment process of land-use strategies. Based on agricultural land-management
options that were identified together with the local stakeholders, 75 future land-use strategies as
combinations of multiple agricultural practices were elaborated. Potential impacts of the developed
land-use strategies on ecosystem services and land-use patterns were assessed in a modeling platform
that combines Geographic Information System (GIS) and Cellular Automaton (CA) modules. Modeled
results were used to identify best land-use strategies that could deliver multiple ecosystem services
most effectively. Then, local perception was applied to determine the feasibility of the best land-use
strategies in practice. The results presented the different extent of trade-offs and synergies between
ecosystem services delivered by future land-use strategies and their different feasibility depending
on the district. Apart from the fact that findings were context-specific and scale-dependent, this study
revealed that the integration of different local characteristics and local perceptions to spatially explicit
ecosystem service assessment is beneficial for determining locally tailored recommendations for
future agricultural land-use planning.
Keywords: land-use planning; scenario; agriculture; spatially explicit simulation; modeling;
stakeholder; participatory assessment

1. Introduction
The status of ecosystem services (ES) is characterized by consequences of anthropogenic
environmental changes and their influence on human well-being and benefits [1–3]. ES assessments,
thus, have been considered useful to support land-use and management planning [4]. The potential
impacts of land-use decisions on the flow of ES and trade-offs and synergies between different ES help
to identify future alternatives for the effective and efficient provision of ES [5–7]. Especially, spatially
explicit ES assessments can facilitate the integration of ES in land-use planning by providing information
about potential ES mismatches, hotspots, and optimized allocation of land for specific uses [1,4,8,9].
There has been various research that incorporated such ES approaches into land-use planning globally.
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Taking case studies of Europe, Asia, and America as an example, the impact of past and current
land-use and land-cover changes on the provision of specific ES (e.g., fresh water provision and air
quality) was analyzed in order to give an insight into relevant land-use schemes and policies [10,11].
Different future pathways according to social-ecological drivers and their potential implications to
the ES status were explored and discussed based on the experts and stakeholders’ opinions [12,13].
In addition, changes in multiple ES provision depending on the future land-use and landscape patterns
were quantified for identifying optimal future options considering ES trade-offs [14–16]. However,
there is still a lack of attempt to apply ES assessments for adapted land-use planning in West Africa,
where people are heavily dependent on land-use activities and resultant products and benefits [17,18].
In West Africa, more than 60% of the population is engaged in agriculture and approximately 70%
of the land is used for cultivation, which is mainly for rain-fed agriculture [19–21]. High reliance on
climate-sensitive farming makes the agricultural systems vulnerable to climate variability and causes
high uncertainties about the sustainable supply of food and raw materials [22,23]. In addition, the rapid
population growth increases pressures on land-use systems and food security levels [24]. There is an
urgent need to reduce risks and to cope with the increasing demand in land use through regionally
adapted land-use strategies [25]. However, as one of the poorest regions in the world, its insufficient
economic and institutional capacity makes it difficult to properly respond to such situations [19].
The integration of the ES concept in designing agricultural land-use strategies has the potential to
support future land-use planning as presented above, but there should be an understanding why
such approaches are still not well applied in the West African context. Consequently, there is the
need to improve the applicability of the ES concept for land-use planning in West Africa. Firstly, it is
necessary to understand how people in the region obtain agricultural land-use-related ES and how
they exploit them. In West Africa, land-use products from one type of land are commonly used for
various purposes, such as forest for providing food, fodder, construction materials, and fuel [26,27].
Agroforestry as a combination of crops and tree plantations also provides multiple ES such as food,
fiber, timber for fuel wood and construction, micro-climate regulation, soil erosion control, pest control,
pollination, and carbon sequestration [28,29]. Thus, the multifunctionality of a land-use system
needs to be emphasized in ES assessment and future agricultural land-use planning, which provides
various benefits to fulfil different economic, social, and ecological requirements by a society [30].
Secondly, the heterogeneous demands on multifunctional land-use systems can be well reflected
from perspectives of stakeholders. The consumption patterns of agricultural land-use products of
one local community might differ from another community outside the area, and regionally specific
distribution of ES influences preferred land-use strategies among stakeholders in the region [31].
Therefore, the participation of stakeholders who own local knowledge regarding agricultural land
use in their particular environment is essential for designing future land-use strategies [32,33].
Stakeholders can engage in screening adoptable land-use alternatives by expressing their preferences
and perspectives [34,35]. This offers an opportunity to stakeholders as ES beneficiaries to take part
in decision-making processes that influence their future lives, and furthermore, their participation
can raise the public acceptance of decisions [36,37]. However, participatory approaches might be
limited to interpreting the narratives of stakeholders regarding a complex land-use context or uncertain
future outcomes [38,39]. Accordingly, assessments that include stakeholder feedback process can be
time-demanding and restricted [35,40]. Here, a simulation model can be appropriate to be used for
integrating a participatory approach and ES assessments for agricultural land-use planning, which
presents potential effects of future land-use decisions through mapping and visualization [41,42].
Visualized simulation results can especially facilitate communication with stakeholders in evaluating
process and deriving recommendations [43]. As a simulation approach, spatially explicit modeling in
particular is suitable for addressing the spatially variable nature of ES provision linked to the effects of
land-use patterns [8,44]. However, existing studies in West Africa are missing either the participatory
component or spatially explicit relationships between land use and multiple ES provision. For example,
Kleemann et al. [23] used a non-spatially explicit participatory modeling approach for northern Ghana,
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but they considered only one ES (food provision) due to increasing complexity in using a bundle of ES.
Leh et al. [17] conducted a spatially explicit assessment for the effects of land-use changes on multiple
ES provision, but the assessment process was only based on the perspective of scientists rather than
actual local perception on ES. Ahmed et al. [45] and Salack et al. [46] identified the interlinkage between
land-use systems and climate changes and their impact on food provision, but their results were also
not backed-up by local representatives or experts.
In order to investigate the applicability of ES concept for future land-use planning in West Africa,
this study suggests a spatially explicit ES modeling approach in combination with stakeholder participation
in the agricultural context of Ghana, West Africa. Two districts in northern Ghana were taken as case studies
where perspectives of local stakeholders were reflected in an overall assessment process. This included
the development of agricultural land-use strategies, simulation conditions of developed land-use
strategies, and feedback on the simulated results. Especially, the feedback from the stakeholders on
the simulated results was considered as an essential step to present the interaction between local
knowledge and land-use modeling. This study is based on the results of previous studies [27,47], which
assessed the impacts of various land-use scenarios on the provision of multiple ES in Northern Ghana.
They covered the identification of a locally legitimate stakeholder group at district level, the selection
of locally relevant ES and indicators, and the development of applicable agricultural land-use scenarios
that were applied as management options for elaborating future strategies in this study. Using the
previously obtained results and data and newly generated data regarding future land-use strategies
and feedback from stakeholders, this study focused on addressing the following research questions:
•
•
•

How can local perspectives be reflected in identifying the most feasible land-use strategies?
What kind of synergies and trade-offs appear between ES depending on land-use strategies?
How do local perspectives and characteristics influence the results on district level?
In addition, methodological and conceptual questions will be discussed:

•
•

What are the advantages and challenges of the applied stakeholder-based ES modeling approach?
How the application of the ES concept in land-use planning in the West African context can
be improved?

Firstly, future land-use strategies were elaborated based on management options for agricultural
land, which were expressed in a spatially explicit way. Impacts of the developed land-use strategies on
current land-use patterns and ES provision were then assessed in a modeling platform, which combines
Geographic Information System (GIS) and Cellular Automaton (CA) modules. According to the
simulated results, best land-use strategies were determined that could provide multiple ES most
effectively. The feasibility of the best land-use strategies in practice was identified in order to suggest
recommendations for future agricultural land-use planning. In the discussion, the strength and
weakness of the applied stakeholder-based ES modeling approach and the future directions of using
the ES concept for land-use planning in West Africa were discussed.
2. Material and Methods
2.1. Case Study Area
The study area is located in northern Ghana and includes Bolgatanga Municipal district (hereafter,
Bolgatanga) and Bongo district (Figure 1). Bolgatanga covers a total area of 729km2 and, Bongo has a
total area of 460km2 [48]. The districts have two seasons—a dry season from October to the beginning
of April and a rainy season spanning from April/May to September/beginning of October—with the
average annual rainfall ranging between 645mm and 1250mm [49]. Erratic climatic patterns regarding
the time of onset, span, and the quantity of rainfall make it difficult to ensure sufficient amounts of
water for the various uses. The majority of soil in this area is coarse textured and low in accumulation
of organic matter, which is prone to surface runoff by intensified rainfall exceeding the soil infiltration

Bongo has a total area of 460km2 [48]. The districts have two seasons—a dry season from October to
the beginning of April and a rainy season spanning from April/May to September/beginning of
October—with the average annual rainfall ranging between 645mm and 1250mm [49]. Erratic climatic
patterns regarding the time of onset, span, and the quantity of rainfall make it difficult to ensure
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2.2. Database and Selection Processes

This study was based on previous studies in northern Ghana where data have been gathered by
Koo et al. [27,47] and integrated in the modeling 4approach. Here, a short overview of used data and
selection processes is provided.
Selection of stakeholders and participatory approach: The stakeholders were selected considering
their interest and influence in decision-making on agricultural land use at the district level [27].
Based on interviews with various actors in the agricultural sectors such as farmers, NGOs, and officers of
governmental bodies (the Water Resources Commission, the Forestry Commission, the Ministry of Food
and Agriculture) and literature [20,53,54], agricultural extension agents (hereafter, extension officers)
of the Ministry of Food and Agriculture of Ghana (MOFA) were chosen as stakeholders for this study.
Although farmers as direct land users have high interest in farming conditions, their decisions primarily
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influence land-use activities at farm level and often indirectly affect agricultural decision-making and
policies at district level. On the other hand, extension officers are in charge of several communities
with the main duty to give advice in farming, introduce new techniques and policies to farmers,
and regularly monitor and report cultivation conditions to the district office of MOFA [55,56]. Since they
perform as mediators between farmers and district policy makers, their knowledge and expertise
considerably influence land-use practices of farmers and the implementation of agricultural policies
and strategies of MOFA [27]. They also highly influence agricultural programs launched by NGOs and
governmental authorities as field experts. Extension officers, accordingly, play a decisive role in actual
farming decisions and implementation of agricultural policies at district level [47]. All extension officers
who are in charge of Bolgatanga (15 officers) and Bongo (11 officers) participated as stakeholders,
and their knowledge and opinions were collected through stakeholder surveys. Questionnaires and
interviews are common practice in collecting information about the ES perception and valuation [57,58].
Semi-quantitative approaches with questionnaires allow a better comparability of responses than
from qualitative approaches using only open questions. In this study, semi-structured and structured
surveys with the stakeholders were conducted to generate pertinent information and input for
land-use simulation.
Selection of ecosystem services (ES): In this study, ES are defined as human benefits obtained
from agricultural land-use activities. Regarding locally relevant ES in the agricultural context, firstly, a
preliminary set of ES was identified based on existing ES studies [17,59–66]. The specific ES were then
determined from the preliminary list through a semi-structured stakeholder survey [27]. The criteria
of the selection were: (1) ES that are perceived to be important for agricultural land use, and (2) ES
that can be recognized by their different provisioning levels based on the land-use types (Table 1, [27]).
The selected ES were the provision of food, fodder, energy, construction material, marketable product,
water, and erosion control. ES values of current land-use types were calculated using the indicators in
Table 1. Indicators for the provision of food, fodder, energy, construction materials, and marketable
products that are perceived as direct benefits from agricultural land-use activities were developed to
reflect local consumptive patterns of varied land-use products (e.g., grains, stalks, branches, and leaves).
They were identified through a stakeholder survey [27]. For example, a proportion to be consumed
as animal feed out of the entire cereal products inclusive of grains, stalks, and leaves (assumption:
100% of use) was calculated as fodder provision of cereals. With respect to water provision and erosion
control as a concomitant and indirect benefits of agricultural activities, proxy indicators from existing
studies were used [17,67,68].
Table 1. Locally relevant agriculture related ecosystem services and indicators to assess the ecosystem
services as identified in Koo et al. [27,47].
Ecosystem Service
Food
Fodder
Energy
Construction material
Marketable product

Definition

Indicator

Benefit of agricultural land-use activities
linked with food
Benefit of agricultural land-use activities
linked with fodder
Benefit of agricultural land-use activities
linked with fuel for household
Benefit of agricultural land-use activities
linked with construction materials
Benefit of agricultural land-use activities
linked with economic value

Proportion of land-use products
consumed as food for households (%)
Proportion of land-use products
consumed as animal feed (%)
Proportion of land-use products used for
fuel (cooking and heating) (%)
Proportion of land-use products used for
construction purposes (roofs, pillars) (%)
Proportion of land-use products used for
selling in the market (%)
Potential water yields determined
through a gap between precipitation and
evapotranspiration (mm cell−1 yr −1 )
Potential soil erosion level calculated by
the RUSLE model (t ha−1 yr −1 )

Water

Surface water yield to flow to water
bodies for human direct use

Erosion control

Potential to prevent surface run-off
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Selection of land-management options: Future land-use strategies need to be developed
considering ES protection, improvement, or trade-off between different ES [69]. Designing land-use
strategies based on potential scenarios is useful in terms of the uncertain future development and
the investigation of viable actions to implement [70]. In this study, land-use strategies indicate
combinations of different agricultural management practices. We assumed that the application of
multiple management options as strategies is more effective to enhance various ES than a single
management option, since the cumulative positive impact of the management options of each
strategy can be expected. The management options used for developing land-use strategies were
identified in the previous study [27], and they were associated with crop-intercropping, agroforestry,
afforestation, and soil conservation (Table S2 in the Supplementary Materials). In total, 15 agricultural
land-management options were selected according to the following criteria: (1) the possibility to
mitigate climate change impacts on agricultural areas such as a decrease in land productivity and loss
of soil, and (2) the applicability in the local context based on perspectives of stakeholders [27].
Selection of a modeling approach: Since experiments on landscape scale on land-use changes
are time-consuming and costly, the simulation of impacts of land-use changes has been widely
used [71,72]. The selection of the appropriate land-use model is dependent on characteristics such
as non-spatial versus spatial, dynamic versus static, descriptive versus prescriptive, and deductive
versus inductive [73,74]. In order to address spatially variable characteristics of ES depending on
the modifications of land-use patterns, this study adopted the spatially explicit simulation modeling
platform GISCAME that consists of GIS modules and a CA module. This modeling approach allowed
us to simulate spatially explicit changes in land-use patterns according to variable scenarios and to
visualize their impacts on the ES provision [75].
2.3. Development of Future Land-Use Strategies
As explained above, a future land-use strategy is elaborated as a combination of 15 different
land-management options [27]. Target land-use types were cereals, maize, legumes, grassland,
and mixed vegetation, which have a high likelihood of conversion in the local context. Rice has a
low probability of conversion due to its restricted farming conditions and high value in the local
market and, therefore, was excluded [76]. In addition, forest cover was excluded because it is mostly
influenced by statutory land-use planning of the Town and Country Planning Department and the
Forest Commission [77]. All possible combinations of the 15 land-management options were applied
to the 5 target land-use types (75 land-use strategies, Figure 2). For instance, future land-use strategy
6 indicates a combination of cereals with crop intercropping (CI), maize with mango agroforestry (MM),
legumes with leucaena agroforestry (LL), grassland with afforestation (GA), and mixed vegetation
with afforestation (MxA).

and, therefore, was excluded [76]. In addition, forest cover was excluded because it is mostly
influenced by statutory land-use planning of the Town and Country Planning Department and the
Forest Commission [77]. All possible combinations of the 15 land-management options were applied
to the 5 target land-use types (75 land-use strategies, Figure 2). For instance, future land-use strategy
6 indicates a combination of cereals with crop intercropping (CI), maize with mango agroforestry
Land 2020, 9, 379
7 of 24
(MM), legumes with leucaena agroforestry (LL), grassland with afforestation (GA), and mixed
vegetation with afforestation (MxA).

Figure
2. Development
of future
land-use
strategies.
Land-use
strategies
are considered
as combinations
Figure
2. Development
of future
land-use
strategies.
Land-use
strategies
are considered
as
of combinations
land-management
options applied
to target
land-use
Each
boxEach
indicates
which which
land-use
of land-management
options
applied
to targettypes.
land-use
types.
box indicates
land-use management
option
appliesland-use
to whichtype.
land-use
type. For“CI”
instance,
means
a crop
management
option applies
to which
For instance,
means“CI”
a crop
intercropping
intercropping
management
applied
cereals. The
meanings ofland-use
abbreviated
land-use management
management
applied
to cereals.
Theto
meanings
of abbreviated
management
options are as
options
as below:.* CI: intercropping;
Cereal-dominant
MI: Maize-dominant
intercropping;
LI:
below:
CI:are
Cereal-dominant
MI:intercropping;
Maize-dominant
intercropping; LI:
Legume-dominant
Legume-dominant
intercropping;
GA:
Grassland
afforestation;
MxA:
Mixed
vegetation
intercropping; GA: Grassland afforestation; MxA: Mixed vegetation afforestation; CM: Cereal
afforestation;with
CM:mango;
Cereal intercropping
with mango; MM:
mango; LM:
intercropping
MM: Maize intercropping
with Maize
mango;intercropping
LM: Legumewith
intercropping
with
Legume
intercropping
with
mango;
CL:
Cereal
intercropping
with
leucaena;
ML:
Maize
intercropping
mango; CL: Cereal intercropping with leucaena; ML: Maize intercropping with leucaena; LL: Legume
with leucaena;
LL:leucaena;
Legume intercropping
with
leucaena;
CB: SoilMB:
or stone
bunds
cereals;
SoilCW:
intercropping
with
CB: Soil or stone
bunds
on cereals;
Soil or
stoneon
bunds
onMB:
maize;
or stone bunds on maize; CW: Windbreak on cereals; MW: Windbreak on maize
Windbreak on cereals; MW: Windbreak on maize.

AssessmentProcess
Processfor
forPotential
Potential Impacts
Impacts of
Services
2.4.2.4.
Assessment
of Land-Use
Land-UseStrategies
StrategiesononEcosystem
Ecosystem
Services
The
developedfuture
futureland-use
land-use strategies
strategies were
process
presented
in Figure
3. 3.
The
developed
wereassessed
assessedbybythe
the
process
presented
in Figure
The
impact
of
a
land-use
strategy
was
determined
by
the
combined
effect
of
agricultural
landThe impact of a land-use strategy was determined by the combined effect of agricultural land-management
management options that compose the strategy. At first, the capacity of land-management options
options that compose the strategy. At first, the capacity of land-management options for ES provision was
for ES provision was identified based on a stakeholder survey (blue boxes in Figure 3, and Section
identified based on a stakeholder survey (blue boxes in Figure 3, and Section 2.4.1). The ES capacities
2.4.1). The ES capacities were expressed in a range from 0 to 100 through standardization. Future
were expressed in a range from 0 to 100 through standardization. Future land-use patterns influenced
land-use patterns influenced by land-use strategies were generated as the next step, in consideration
by land-use strategies were generated as the next step, in consideration of spatial transition conditions
of spatial transition conditions of land-management options in the local context (red boxes in Figure
of 3,
land-management
in the
local
context
(red in
boxes
in Figure
3, and Section
2.4.2).
Thesetotwo
and Section 2.4.2).options
These two
parts
were
coupled
a modeling
platform
GISCAME
in order
parts
were
coupled
in
a
modeling
platform
GISCAME
in
order
to
assess
ES
values
at
the
district
level.
assess ES values at the district level. The best land-use strategies that can potentially provide the
Thehighest
best land-use
strategiesES
that
can than
potentially
provide ES)
the at
highest
level level
of multiple
ES (more
thanon
three
level of multiple
(more
three different
the district
were selected
based

different ES) at the district level were selected based on the simulated results (yellow boxes in Figure 3,
7 land-use strategies in practice was identified by
and Section 2.4.3). Finally, the feasibility of these best
the local stakeholders in order to derive recommendations for future land-use planning (green boxes in
Figure 3, and Section 2.4.3).

8
the simulated results (yellow boxes in Figure 3, and Section 2.4.3). Finally, the feasibility of these best
Landland-use
2020, 9, 379strategies in practice was identified by the local stakeholders in order to derive
8 of 24

recommendations for future land-use planning (green boxes in Figure 3, and Section 2.4.3).

Figure
3. Assessment
frameworkofofimpact
impact of
of future
future land-use
provision
of of
ecosystem
Figure
3. Assessment
framework
land-usestrategies
strategiesononthe
the
provision
ecosystem
services
(ES)
district
level.
services
(ES)
at at
district
level.

2.4.1.
Capacity
ofof
Land-Use
Services
2.4.1.
Capacity
Land-UseTypes
TypestotoProvide
ProvideEcosystem
Ecosystem Services
In order
to assess
capacity
land-usestrategies
strategiestotosupply
supplyES
ESat
atdistrict
district level,
level, it
it is
In order
to assess
thethe
capacity
ofof
land-use
is necessary
necessary to
to
first
identify
ES
values
of
land-use
types
influenced
by
agricultural
land-management
options,
first identify ES values of land-use types influenced by agricultural land-management options,
which
which
comprise
the
strategies.
Here,
the
ES
values
of
land-use
types
that
were
assessed
in the
comprise the strategies. Here, the ES values of land-use types that were assessed in the previous
previous
studyapplied,
[47] were
applied,
and they
were considering
analyzed considering
trade-offs
and
study
[47] were
and
they were
analyzed
potentialpotential
trade-offs
and synergies
synergies
between
different
ES
as
land-management
impacts.
For
example,
mango
intercropping
between different ES as land-management impacts. For example, mango intercropping with maize as
with maize as an agroforestry management option can lead to synergies between multiple ES through
an agroforestry management option can lead to synergies between multiple ES through supplying
supplying fruits, firewood, and fence materials, while preventing surface run-off by the root system
fruits, firewood, and fence materials, while preventing surface run-off by the root system of mango
of mango trees [78,79]. On the other hand, benefits associated with the yield of maize can be reduced
trees [78,79]. On the other hand, benefits associated with the yield of maize can be reduced because
because the intercropping practice could have a negative impact on maize growth due to the
the intercropping practice could have a negative impact on maize growth due to the competition for
competition for space, soil nutrients, and water with the mango trees, as a trade-off [80,81]. Such
space,
soil nutrients,
andidentified
water with
theon
mango
trees, as of
a trade-off
[80,81]. The
Such
potential
impacts
potential
impacts were
based
the experience
the stakeholders.
expected
changes
were
identified
based
on
the
experience
of
the
stakeholders.
The
expected
changes
were
expressed
were expressed as percentages of increase or decrease compared to the current status of each ES (e.g.,
as percentages
increase
decrease compared
to the current
status of each
(e.g.,
30% potential
30% potentialofincrease
inor
construction
material provision
by agroforestry).
The ES
final
ES values
were
increase
in construction
material
agroforestry).
The final
were
standardized
to a relative
scaleprovision
between 0by
(lowest
ES provision)
and ES
100values
(highest
ES standardized
provision) in to
a relative
between
0 (lowest
ES provision)
and
100with
(highest
ES provision)
inthis
order
to compare
order toscale
compare
ES values
assigned
to land-use
types
the same
unit [64]. In
assessment,
ES we
values
assigned
to land-use
types with
same unitvalues
[64]. In
thiscomposed
assessment,
weassessment
weighted all
weighted
all selected
ES equally.
The the
standardized
were
of an
matrixES
that
presents
the
relationshipsvalues
between
all land-use
types
in assessment
future land-use
patterns
and theirthe
selected
equally.
The
standardized
were
composed
of an
matrix
that presents
capacity forbetween
ES provision
(Table S3
in the
[47]).
relationships
all land-use
types
in Supplementary
future land-useMaterials,
patterns and
their capacity for ES provision

(Table S3 in the Supplementary Materials, [47]).

2.4.2. Future Land-Use Patterns by Land-Use Strategies

2.4.2. Future Land-Use Patterns by Land-Use Strategies
8

Land-use strategies were spatially implemented as an aggregation of rearranged land-use patterns
by agricultural land-management options. The CA module in GISCAME was used to simulate
future land-use patterns according to spatially explicit rule-sets that govern how and where to
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district map to supply ES. The capacity of a district to provide ES according to the land-use strategies
district map to supply ES. The capacity of a district to provide ES according to the land-use strategies
was expressed in a spider chart and an ES balance table. This representation of results allowed a
was expressed in a spider chart and an ES balance table. This representation of results allowed a visual
visual comparison of the expected impact of land-use strategies, which were interpreted as trade-offs
comparison of the expected impact of land-use strategies, which were interpreted as trade-offs and
and synergies between ES. According to the ES values at district level, the most effective land-use
synergies between ES. According to the ES values at district level, the most effective land-use strategies
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than
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with
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than three different ES with the highest ES potential.
The reflection of local perspectives is essential to identify feasible future strategies of a specific
context [83]. Although a certain land-use strategy9is assumed to be effective to enhance various ES
based on the simulated results, the strategy might be unrealistic without the consent of stakeholders.
In this sense, a structured stakeholder survey was conducted to investigate the feasibility of the best
land-use strategies using a Likert-scale (from 0 = unrealistic to 5 = very likely) with the visualized
simulation results. The mean and coefficient of variation of the feasibility level were used to identify
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the land-use strategies with the highest feasibility to be adopted in the districts and the highest capacity
to provide multiple ES.
3. Results
3.1. Ecosystem Services Values of Future Land-Use Strategies at District Level
As potential land-use alternatives, 75 future land-use strategies that consist of different management
options (acronym) were evaluated (Table S5 in the Supplementary Materials). The application of the
land-use strategies led to rearranged land-use patterns (examples in Figure 5a and Figure S1a in the
Supplementary Materials), changes in spatial distribution of ES provision (examples in Figure 5b and
Figure S1b in the Supplementary Materials), and altered ES provision at district level (examples in
Figure 5c and Figure S1c in the Supplementary Materials). For example in Figure 5b, the amount of
green areas (high capacity to provide food) in the map of strategy 13 was higher than in strategy 20.
The spider chart and ES balance table (Figure 5c) also showed that the positive impact of strategy 16 on
multiple ES was higher than strategy 20. Regarding the ES values in Bolgatanga as output of GISCAME
for all 75 land-use strategies (Table S6 in the Supplementary Materials), most land-use strategies showed
either no change or a positive impact on the provision of all ES, except for water provision. Specifically,
land-use strategies that included cereal-dominant intercropping and legume-dominant intercropping
(e.g., land-use strategies 1, 10, and 13) showed higher food provisioning levels than other strategies.
On the contrary, land-use strategies that included mango agroforestry on cereals (e.g., land-use
strategies 17, 19, 20, 23, 27, and 30) were considered less effective for providing food. The provision
of fodder and construction materials was similarly increased by overall land-use strategies. Energy
provision was higher in land-use strategies that included the windbreak as management option on
cereals (e.g., land-use strategies 61–75). The provision of marketable products increased in land-use
strategies that incorporated the combination of legume-dominant intercropping and soil or stone
bunds on cereals (e.g., land-use strategies 46, 55, and 58), whereas the effect through land-use strategies
that included agroforestry as management option (e.g., land-use strategies 20, 23, 30, 36, and 39) was
lower than the effect by other strategies. Water provision was drastically decreased by all land-use
strategies, especially land-use strategies that included mango agroforestry on cereals. According to the
simulated results, strategy 13 (CI + MW + LI + GA + MxA) is one of the most effective strategies for
increasing multiple ES, whereas strategy 20 (CM + MM+ LM + GA + MxA) is less effective than others.
With respect to ES values in Bongo (Table S7 in the Supplementary Materials), land-use strategies
with cereal-dominant intercropping (e.g., land-use strategies 1, 2, and 11) were shown as more
effective for food provision than others, while land-use strategies that included agroforestry on
crops (e.g., land-use strategies 21–24, 33–39, and 45) proved to be less effective for increasing food
provision. Unlike Bolgatanga, land-use strategies with leucaena (fodder tree) agroforestry on legumes
(e.g., land-use strategies 33, 39, 42, 45, 48, 54, 57, and 60) proved to be effective for the increase in
fodder provision. Energy provision was increased more through land-use strategies with a windbreak
on cereals as a management option (e.g., land-use strategies 64–75) than through other strategies.
The provision of construction materials was increased equally by most land-use strategies. Regarding
the improved provision of marketable products, land-use strategies that included legume-dominant
intercropping (e.g., land-use strategies 1, 4, and 46) presented to be more effective than others. Water
provision was notably reduced by all land-use strategies dissimilar to other ES, and the negative effect
was especially greater through land-use strategies with mango agroforestry on cereals (e.g., land-use
strategies 19, 21, 24, 27, and 30). The enhancement of erosion control was more effective in land-use
strategies with soil or stone bunds on cereals (e.g., land-use strategies 46–60). Simulated results showed
that strategy 1 is one of the most effective strategies to enhance various ES, while strategy 36 is less
effective than other strategies.

legume-dominant intercropping (LI) and soil conservation applied in cereals (CB, CW) as agricultural
land-management options. Those strategies especially enhanced food provision more effectively than
other ES. In Bongo, land-use strategies that contained soil or stone bunds on cereals (CB) and
agroforestry in legumes (LM, LL) tended to be the best land-use strategies. They increased
particularly
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As the best land-use strategies that provide more than three different ES with the highest values
(green color in Tables S6 and S7 in the Supplementary Materials), 14 land-use strategies in Bolgatanga
and eight land-use strategies in Bongo were identified (yellow color in Tables S6 and S7 in the
Supplementary Materials). The best land-use strategies in Bolgatanga were based on legume-dominant
11
intercropping (LI) and soil conservation applied in cereals (CB, CW) as agricultural land-management
options. Those strategies especially enhanced food provision more effectively than other ES. In Bongo,
land-use strategies that contained soil or stone bunds on cereals (CB) and agroforestry in legumes
(LM, LL) tended to be the best land-use strategies. They increased particularly the provision of food
and marketable products. All the best strategies in Bolgatanga and Bongo led to a decrease in water
provision as trade-off.
3.2. Locally Recommendable Land-Use Strategies
Among the best land-use strategies (14 strategies in Bolgatanga and eight strategies in Bongo),
recommendable land-use strategies were determined in consideration of their feasibility in practice.
The feasibility based on a stakeholder survey is presented in Table 2. In terms of Bolgatanga, most of
the best land-use strategies were above the moderate level of feasibility (mean value ≥ 3). In particular,
(I) a combination of crop intercropping on cereals, maize, and legumes, and afforestation on grassland
and mixed (land-use strategy 1) and (II) a combination of windbreak on cereals, crop intercropping
on maize and legumes, and afforestation on grassland and mixed vegetation (land-use strategy
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61, visualized impact on ES provision and land-use patterns in Figure 6) presented slightly higher
mean values and lower variation. Therefore, these two land-use strategies can be considered as
locally recommendable land-use strategies that have the potential to enhance multiple ES with high
feasibility to be implemented in the local context. On the other hand, land-use strategy 64, which
consisted of windbreak on cereals, maize intercropping with mango, legume-dominant intercropping,
and afforestation on grassland and mixed vegetation, was perceived as being less feasible to be adopted.
Table 2. The feasibility of best land-use strategies in Bolgatanga and Bongo. Mean values and the
coefficient of variation (CV) of a Likert-scale survey result (from 0 = unrealistic to 5 = very likely) are
used for the identification of most feasible land-use strategies.
Bolgatanga
Feasibility
Nº

Land-use strategy

Mean

CV

1

CI + MI + LI + GA + MxA

3.78

0.12

10

CI + MB + LI + GA + MxA

4

0.25

13

CI + MW + LI + GA + MxA

3.78

0.26

46

CB + MI + LI + GA + MxA

3.56

0.25

55

CB + MB + LI + GA + MxA

3.67

0.14

57

CB + MB + LL + GA +MxA

3.78

0.22

58

CB + MW + LI + GA + MxA

3.22

0.21

61

CW + MI + LI + GA + MxA

4.22

0.16

63

CW + MI + LL + GA + MxA

3.56

0.25

64

CW + MM + LI + GA +MxA

2.56

0.21

67

CW + ML +LI +GA + MxA

3.44

0.29

70

CW + MB + LI + GA + MxA

3.67

0.19

73

CW + MW + LI + GA + MxA

3.22

0.37

75

CW + MW + LL + GA +MxA

3.11

0.30

Bongo
Feasibility
Nº

Land-use strategy

Mean

CV

1

CI + MI + LI + GA + MxA

3.78

0.18

2

CI + MI + LM + GA + MxA

4.10

0.18

46

CB + MI + LI + GA + MxA

4.11

0.15

47

CB + MI + LM + GA + MxA

3.78

0.18

48

CB + MI + LL + GA + MxA

3.56

0.20

54

CB + ML + LL + GA + MxA

3.78

0.26

57

CB + MB + LL + GA +MxA

3.89

0.15

60

CB + MW + LL + GA +MxA

3.44

0.29

All best land-use strategies in Bongo that provide the highest ES potential for multiple ES showed
also higher feasibility than the moderate level (mean value ≥ 3). Especially, (I) a combination of soil or
stone bunds on cereals, crop intercropping on maize and legumes, and afforestation on grassland and
mixed vegetation (land-use strategy 46, visualized impact on ES provision and land-use patterns in
Figure 6) and (II) a combination of crop intercropping on cereals and maize, legume intercropping
with mango, and afforestation on grassland and mixed vegetation (land-use strategy 2) presented

60

CB + MW + LL + GA +MxA

3.44

0.29

All best land-use strategies in Bongo that provide the highest ES potential for multiple ES
showed also higher feasibility than the moderate level (mean value ≥ 3). Especially, I) a combination
of soil or stone bunds on cereals, crop intercropping on maize and legumes, and afforestation on
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grassland and mixed vegetation (land-use strategy 46, visualized impact on ES provision and landuse patterns in Figure 6) and II) a combination of crop intercropping on cereals and maize, legume
intercropping
with mango,
afforestation
on grassland
and mixed
vegetation
(land-use
slightly
higher feasibility
thanand
other
land-use strategies
considering
their
mean values
andstrategy
coefficient
2)
presented
slightly
higher
feasibility
than
other
land-use
strategies
considering
their
mean
values
of variation. Thus, they can be regarded as locally recommendable land-use strategies in
Bongo.
and
coefficient
of
variation.
Thus,
they
can
be
regarded
as
locally
recommendable
land-use
strategies
A combination of soil or stone bunds on cereals, windbreak on maize, legume intercropping with
in Bongo. A combination of soil or stone bunds on cereals, windbreak on maize, legume intercropping
leucaena, and afforestation on grassland and mixed vegetation (land-use strategy 60), on the contrary,
with leucaena, and afforestation on grassland and mixed vegetation (land-use strategy 60), on the
was regarded as a less feasible strategy.
contrary, was regarded as a less feasible strategy.

Figure 6. Future land-use pattern and changes in
13the provision of ecosystem services according to
locally recommendable land-use strategies in Bolgatanga (top) and Bongo (bottom). The application
of land-use strategies generates future land-use pattern (a,d). The spatial distribution of ecosystem
services (e.g., food and marketable products provision) is influenced by the newly generated land-use
pattern (b,e). The spider chart and the table present the changes in the provision of overall ecosystem
services at district level compared to the current status as reference values (c,f). Green numbers indicate
an increase in the provision of ecosystem services, and a red number signifies a decrease in the provision
of ecosystem services. The images were captured from GISCAME.
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4. Discussion and Outlook
4.1. Discussion of the Findings
The quantified ES values enabled an understanding of the potential impacts of land-use strategies
associated with district characteristics and local perception. For instance, since cereals were the main
staple crops in both districts (Table S1 in the Supplementary Materials), food provision was mainly
influenced by the management option applied for cereal fields. Different perceptions existed on the
capacity of the cereal-related management options to provide food (Table S3 in the Supplementary
Materials). For example, land-use strategies with agroforestry on cereals were considered to provide
less food than land-use strategies including cereal-dominant intercropping. In terms of the provision of
marketable products, legume-dominant intercropping showed the highest capacity to provide the ES
(Table S3 in the Supplementary Materials) and substantially contributed to the effectiveness of land-use
strategies in both districts. Different perceptions explain dissimilarities between the two districts
regarding the ES provision of land-use strategies. For example, management options with leucaena
agroforestry for fodder provision and soil or stone bunds for erosion control were considered to be
more effective according to the opinion of the stakeholders in Bongo. The stakeholders in Bolgatanga
perceived cereal-dominant intercropping management options as more effective for providing those ES.
This can be explained by the different experiences of stakeholders in the fields and by more economic
oriented preferences for land-use practices. Bolgatanga as regional capital hosts the main markets
and has a higher purchasing power than Bongo. Therefore, “bestsellers” such as cereals have been
chosen to ensure the economic income of farmers. In addition, the decentralized program in Ghana
that enabled individual decision-making system for each district [53] also influences such differences
between the districts. Malinga et al. [84] and Mensah et al. [85] also found out with case studies in South
Africa that ES provided by a certain landscape and land-use system, and their usage in practice can be
differently perceived depending on the socio-economic status (age, gender, income, etc.), knowledge,
and experiences of the stakeholder group.
All land-use strategies presented a remarkable decrease in water provision as a trade-off to the
increase in other ES (Tables S6 and S7 in the Supplementary Materials). Since water provision here
is defined as the amount of surface water directly used by people, land-use types with a high-water
demand lead to a negative impact on the ES [47]. For instance, intercropping and agroforestry practices
were considered to highly increase surface water demand due to the varied water requirements of
different intercropped species in both districts (Table S3 in the Supplementary Materials). Thus,
land-use strategies as combinations of various management options that have a higher water demand
could potentially amplify such a negative impact on the provision of water at district level. Previous
studies also showed that combined management options (e.g., intercropping) led to an increase in the
total surface water demand and water stress, thereby reducing water yield [86,87]. However, there
has been a debate about the effect of land-use practices on water yield, and this is closely related to
spatial scales. Specifically, in Africa, the role of trees and forests is often focused as water consumers
and competitors for other water uses at local level, while they provide water to the atmosphere and
contribute to precipitation development at regional and global level [88,89]. This interaction between
land-use types and the provisioning level of atmospheric moisture should be especially considered
in semi-arid West Africa. In this assessment, all selected ES were equally weighted as done in other
existing ES studies [90–92]. The application of different weight values to ES, which allows us to
reflect preferred or prioritized ES from the stakeholder perspective could present more realistic results
regarding trade-offs and synergies between ES. When different importance of ES is considered, specific
land-use strategies can be recommended. For instance, if the stakeholders regard that food provision
is most crucial in this area, strategy 1 can be more recommendable than strategy 61 in Bolgatanga,
and strategy 2 can be chosen as a recommendable strategy rather than strategy 46 in Bongo due to
their more effective capacity to provide food. In this light, future land-use strategies for supporting the
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efficient use of limited agricultural land focusing on the provision of more important ES in the local
context could be also identified.
4.2. Methodological Discussion
This study integrated a participatory method and spatially explicit simulation modeling as a
transdisciplinary approach to apply the ES concept for assessing future land-use strategies. Table 3
presents advantages and challenges of the applied methods. A participatory method through
stakeholder surveys allowed us to reflect local preferences and characteristics in assessing the potential
impacts on multiple ES provision. Land-use strategies based on local perspectives allowed the
development of more acceptable and feasible future land-use alternatives. However, stakeholder
perspective-based data might cause a reliability issue and the ignorance of important environmental
aspects. In addition, the involvement of only a certain group in the assessment process has a limitation
to address conflicting objectives.
Regarding spatially explicit simulation modeling, GISCAME as an assessment platform runs with
simplified data reflecting locally relevant details, thereby easily testing various future alternatives.
The visualization of ES provision according to the simulated results can improve the understanding of
potential impacts of future decisions (trade-offs and synergies between ES). Quantified and visualized
results allowed a better feedback from stakeholders. Furthermore, such simulation approaches can
also improve the communication between different land-use actors, which helps to establish shared
understandings and visions on future actions. On the other hand, modeling always deals with
an abstract of the complex environment. Various direct and indirect factors influence agricultural
systems, but the applied modeling approach simplified the environmental factors that influence
land-use decisions of the stakeholders. Another challenge of this local ES assessment is related to the
transferability to other regions or different spatial scales. The findings are based on the context-specific
as well as scale-dependent empirical data, which were generated by the stakeholder involvement.
However, the applied assessment framework, which presented the stepwise process of collecting ES and
land-use-related local knowledge and integrating the local knowledge into land-use modeling, can be
used in other contexts and regions. GISCAME, which was used for spatially explicit simulation in this
framework has been already applied in Germany, Chile, Ecuador, and Brazil [64,75,93]. Future research
in the context of this study can be directed towards scalar interactions of land-use systems, i.e., land-use
decisions at district level influence the land-use conditions at farm level and land-management policies
at regional level. Depending on the spatial scales, the stakeholder group should be adapted, since
other stakeholders might be more relevant on the regional and national level.

Land 2020, 9, 379

16 of 24

Table 3. Advantages and challenges of applied participatory and simulation modeling approaches.
Advantage

Challenge

Participatory method

• Local preferences and characteristics were
reflected in identifying the relationships
between future land-use strategies and ES
provision.
• ES and indicators were identified relevant to
actual land-use activities in the local context:
the multifunctionality of land-use systems can
be considered [94,95].
• Acceptable and feasible land-use strategies
were generated based on agricultural
land-management options from a local
perspective: this can complement existing
statistical and biophysical data-based scenario
assessments in West Africa (e.g., [22,45,46,96]).

• Reliability of results can be criticized due
to the subjective data based on the
perspectives of the stakeholders.
• Important environmental aspects may not
have been considered by the stakeholders
(e.g., impact of land-use systems on climate
regulation service).
• Only a specific stakeholder group was
involved: potential conflicts and trade-offs
between the interests of different actors were
not considered [97,98].

Spatially explicit
simulation modeling

• It can incorporate stakeholders’ perspectives
vis-à-vis the spatial peculiarity of ES provision,
whose distribution and values are dependent
on land-use patterns [8,99,100].
• It has potential to be used as a
transdisciplinary planning approach that
integrates a participatory method and ES
mapping, especially in the West African
context, where locally adapted methodological
frameworks are still limited [18].
• GISCAME runs with simplified data
reflecting locally relevant details rather than
requiring extensive and big-data, which allows
easier integration with various types of local
data and transformation of the modeled results
into decision-making relevant information
• The visualization of ES provision can
improve the understanding of potential
impacts of future decisions and can support
land-use decision-making and planning as an
ex-ante assessment of future land-use
alternatives [101,102].
• Quantified and visualized results allow
stakeholders to compare different alternatives
and to be actively involved in a decision
process.
• The approach can be used as feedback
mechanism and also as a communication tool
between different stakeholder groups [103].

• A simplification of the complex
environment was needed for modelling
[104,105]: dynamics of interactions between
future land-use decisions and ES provision
were limited.
• Agricultural conditions are greatly
influenced by various direct and indirect
factors such as the use of fertilizers labor
availability, subsidy programs, and market
situation [106,107], which were not included
due to the increasing complexity and the
lack of adequate data.
• The transferability of results to other
regions or different spatial scales is limited
because the applied data contains
stakeholder-specific knowledge [108,109].
• The analysis was conducted at district
level, which is nested between the field and
national level [110]. However, the scalar
interactions were not considered due to the
modeling complexity and the lack of
regional data for multi-scale assessments.

4.3. Future Directions of Using the Ecosystem Service Concept for Land-Use Planning in West Africa
The integration of the social and the ecological systems is essential for land-use decision
making [3,32,101,111,112] and the involvement of stakeholders improves the understanding of such
linkages [109]. The transdisciplinary concept of ES could serve as a bridge between the social and
ecological system and different actors. Therefore, the ES concept has the potential to contribute to
participatory land-use planning [35,113]. However, the implementation of the ES concept in actual
planning and decision making is still in the initial stage and existing approaches to make use of ES
values need to be further tested in practice [114], especially in West Africa. Previous studies addressed
the challenges to apply the ES concept in spatial planning in West Africa, which are related to the lack
of awareness and common understanding of the ES concept, low public participation, and the lack of
tools and approaches to support practical implementation of land-use strategies [18,26]. Since local
people in West Africa are still unacquainted with the ES concept and related scientific terms, we used
“benefit of agricultural land-use activities” instead of “ES” during discussion and surveys with the
local stakeholders. ES indicators were also determined to reflect their consumptive patterns of the
benefits, which the multifunctionality of agricultural land was considered from the local perspective.
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We adopted an assessment framework that used qualitative and semi-quantitative data as simulation
input and evaluation of ordinal scale for identifying locally recommendable strategies. This approach
is useful in applying the ES concept in the West African context, since it can serve as a preliminary
basis for decision-making through presenting changes in ES provision depending on probable future
decisions of the local stakeholders. Such consideration of local perspectives allows the better public
understanding of the ES concept [35,113] and increases the acceptance of the ES assessment results.
The involvement of various agricultural related actors (e.g., farmers, NGOs, agribusinesses, other
governmental bodies, and experts) in the feedback process can increase the validity of the findings and
further support consensus building thereby encouraging collective actions [113].
In order to make better use of ES assessment for land-use planning in West Africa, it should be
investigated how ES information can be operationalized in a specific policy context [115]. Regarding
land-use planning, the spatial distribution and peculiarity of ES in a certain area is a key information
since stakeholders and decision-makers are more interested to know where to implement planning as
a spatial solution [113]. Such information can be more applicable with practical knowledge respecting
how and when the information and tested approaches can actually support planning practice [114].
In Ghana, land-use planning has been criticized for focusing mostly on managing physical growth and
developing urban areas, despite the fact that the majority of the land still needs to be used for food and
natural resources. Besides, the ES concept has been so far rarely emphasized in any Ghanaian spatial
development schemes [18]. Thus, there should be further research concerning which ES-relevant
information is required by planners and decision-makers and how to establish a new standard or
criteria of ES plans coordinated with existing decision-making structures [114].
5. Conclusions
This study suggested an assessment framework to support future land-use planning for agricultural
land through integration of local knowledge into spatially explicit ES simulation modeling. Considering
that existing studies for assessing the impact of land-use systems in West Africa, which did not consider
either local perspectives or the spatial peculiarity of ES, the applied approach in this study can be a novel
attempt to connect narratives of stakeholders and explicit approaches. Especially, the development
of land-use strategies based on stakeholder perspectives allowed identification of more accountable
alternatives for effective ES-based adaptation in the local context. Converted local knowledge and
perception to model input for spatially explicit simulation allowed to understand the interrelationships
between future land-use decisions by stakeholders, changes in land-use patterns, and their consequent
impact on ES provision. The results reflecting different local perceptions on the land-use systems
presented that different land-use strategies were regarded as effective and feasible in the two adjacent
districts despite their similar land use and environmental conditions. This implies that local knowledge
and characteristics such as the multifunctionality of land-use systems and locally preferred land-use
activities, which could be influenced by socio-economic factors and decision-making process of districts
are important in identifying effective future strategies for improving locally relevant ES. The quantified
and visualized impacts of land-use strategies facilitated the communication with the local stakeholders
for obtaining their feedback. This shows the potential of a modeling approach to contribute to
elaborating locally tailored land-use schemes as a transdisciplinary way. As a stakeholder-based
simulation modeling, there are some weaknesses to contemplate regarding the simplification of complex
human-nature systems, transferability of results to other regions or spatial scales and limitations in
considering various socio-economic aspects due to the lack of data. In addition, the involvement of
various actors in assessment and feedback processes should be also considered. However, the suggested
modeling approach gives an insight into how to design decision-supporting frameworks for future
land-use planning from the transdisciplinary perspective, which reflects the interaction between
land-use stakeholders and their surroundings through an integration of different methods.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-445X/9/10/379/s1,
Figure S1: Potential impacts of land-use strategies on the land-use patterns and the provision of ecosystem
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services in Bongo. Strategy 1 (ST_1) and strategy 36 (ST_36) lead to rearranged land-use patterns (a). The spatial
distribution of ecosystem services (e.g., food provision) is changed according to the strategies (b). Impacts on the
provision of ecosystem services at district level compared to the current status as reference are expressed in the
spider chart and the ecosystem services balance table (c). When these two strategies are compared, strategy 1 is
more effective to enhance ecosystem services. The images were captured from GISCAME. Table S1: The percentage
of the area occupied by each land-use type and their descriptions [27]. Table S2. Agricultural land-management
options and their description [47]. Table S3. Ecosystem services assessment matrix to display the capacity of
current land-use types and agricultural land-management options to provide ecosystem services in Bolgatanga
and Bongo [47]. The values are presented within a scale from 0 (lowest level of provision) to 100 (highest level
of provision). Table S4. Transition probability-based application conditions for land-management options [47].
Table S5. Applied future land-use strategy. Table S6. Ecosystem service values provided by land-use strategies in
Bolgatanga. Ecosystem service values based on the current land-use pattern are used as reference values (R), in
blue color. The highest value of each ecosystem service is expressed as green color (the provision of construction
materials is excluded as it is equally increased by all land-use strategies). The best land-use strategies that have the
potential to provide more than three different ES with the highest values are expressed as yellow color. Table S7.
Ecosystem service values provided by land-use strategies in Bongo. Ecosystem service values based on the current
land-use pattern are used as reference values (R), in blue color. The highest value of each ecosystem service
is expressed as green color (the provision of construction materials is excluded as it is equally increased by all
land-use strategies). The best land-use strategies that have the potential to provide more than three different ES
with the highest values are expressed as yellow color.
Author Contributions: Conceptualization, H.K.; Data curation, H.K.; Formal analysis, H.K.; Funding acquisition,
C.F.; Investigation, H.K.; Methodology, H.K.; Project administration, C.F.; Resources, H.K.; Software, C.F.;
Supervision, C.F.; Validation, H.K.; Visualization, H.K., J.K.; Writing-original draft, H.K.; Writing-review & editing,
H.K., J.K. All authors have read and agreed to the published version of the manuscript.
Funding: The work was conducted within the West African Science Service Center on Climate Change and
Adapted Land Use (WASCAL) project, funded by the German Federal Ministry of Education and Research (BMBF)
under grant numbers at the Center for Development Research (ZEF) [00100218] and the Karlsruhe Institute of
Technology (KIT) [5260.0109.3288].
Acknowledgments: The authors are grateful to the agricultural extension officers of Ministry of Food and Agriculture
in Bolgatanga and Bongo districts who participated in data collection as key stakeholders, and the directors of the
districts who helped to organize meetings with the officers. The authors also acknowledge the financial support
within the funding program Open Access Publishing by the German Research Foundation (DFG).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.

7.
8.
9.

Bennett, E.M.; Cramer, W.; Begossi, A.; Cundill, G.; Díaz, S.; Egoh, B.N.; Geijzendorffer, I.R.; Krug, C.B.;
Lavorel, S.; Lazos, E.; et al. Linking biodiversity, ecosystem services, and human well-being: Three challenges
for designing research for sustainability. Curr. Opin. Environ. Sustain. 2015, 14, 76–85. [CrossRef]
McPhearson, T.; Andersson, E.; Elmqvist, T.; Frantzeskaki, N. Resilience of and through urban ecosystem
services. Ecosyst. Serv. 2015, 12, 152–156. [CrossRef]
Reyers, B.; Biggs, R.; Cumming, G.S.; Elmqvist, T.; Hejnowicz, A.P.; Polasky, S. Getting the measure of
ecosystem services: A social–ecological approach. Front. Ecol. Environ. 2013, 11, 268–273. [CrossRef]
Sumarga, E.; Hein, L.; Edens, B.; Suwarno, A. Mapping monetary values of ecosystem services in support of
developing ecosystem accounts. Ecosyst. Serv. 2015, 12, 71–83. [CrossRef]
Bai, Y.; Wong, C.P.; Jiang, B.; Hughes, A.C.; Wang, M.; Wang, Q. Developing China’s Ecological Redline
Policy using ecosystem services assessments for land-use planning. Nat. Commun. 2018, 9, 1–13. [CrossRef]
Metternicht, G. Land-Use Planning. Global Land Outlook Working Paper, 2017. United Nations Convention
to Combat Desertification (UNCCD). Available online: https://knowledge.unccd.int/sites/default/files/2018-06/6.%20Land%2BUse%2BPlanning%2B__G_Metternicht.pdf (accessed on 18 September 2018).
De Noronha Vaz, E.; Nijkamp, P.; Painho, M.; Caetano, M. A multi-scenario forecast of urban change: A study
on urban growth in the Algarve. Landsc. Urban Plan. 2012, 104, 201–211. [CrossRef]
Burkhard, B.; Kroll, F.; Nedkov, S.; Müller, F. Mapping ecosystem service supply, demand and budgets.
Ecol. Indic. 2012, 21, 17–29. [CrossRef]
Gómez-Baggethun, E.; Barton, D. Classifying and valuing ecosystem services for urban planning. Ecol. Econ.
2013, 86, 235–245. [CrossRef]

Land 2020, 9, 379

10.

11.
12.

13.

14.
15.

16.
17.
18.

19.
20.

21.

22.

23.
24.

25.

26.
27.
28.
29.

19 of 24

Huq, N.; Bruns, A.; Ribbe, L. Interactions between freshwater ecosystem services and land cover changes in
southern Bangladesh: A perspective from short-term (seasonal) and long-term (1973–2014) scale. Sci. Total
Environ. 2019, 650, 132–143. [CrossRef]
Salata, S.; Ronchi, S.; Arcidiacono, A. Mapping air filtering in urban areas. A land use regression model for
ecosystem services assessment in planning. Ecosyst. Serv. 2017, 28, 341–350. [CrossRef]
Karner, K.; Cord, A.F.; Hagemann, N.; Hernandez-Mora, N.; Holzkämper, A.; Jeangros, B.; Lienhoop, N.;
Nitsch, H.; Rivas, D.; Schmid, E.; et al. Developing stakeholder-driven scenarios on land sharing and
land sparing–Insights from five European case studies. J. Environ. Manag. 2019, 241, 488–500. [CrossRef]
[PubMed]
Saito, O.; Kamiyama, C.; Hashimoto, S.; Matsui, T.; Shoyama, K.; Kabaya, K.; Uetake, T.; Taki, H.; Ishikawa, Y.;
Matsushita, K.; et al. Co-design of national-scale future scenarios in Japan to predict and assess natural
capital and ecosystem services. Sustain. Sci. 2019, 14, 5–21. [CrossRef]
Barnett, A.; Fargione, J.; Smith, M.P. Mapping trade-offs in ecosystem services from reforestation in the
Mississippi alluvial valley. BioScience 2016, 66, 223–237. [CrossRef]
Clerici, N.; Cote-Navarro, F.; Escobedo, F.J.; Rubiano, K.; Villegas, J.C. Spatio-temporal and cumulative effects
of land use-land cover and climate change on two ecosystem services in the Colombian Andes. Sci. Total
Environ. 2019, 685, 1181–1192. [CrossRef] [PubMed]
Peng, J.; Liu, Y.; Tian, L. Integrating ecosystem services trade-offs with paddy land-to-dry land decisions: A
scenario approach in Erhai Lake Basin, southwest China. Sci. Total Environ. 2018, 625, 849–860. [CrossRef]
Leh, M.D.K.; Matlock, M.D.; Cummings, E.C.; Nalley, L.L. Quantifying and mapping multiple ecosystem
services change in West Africa. Agric. Ecosyst. Environ. 2013, 165, 6–18. [CrossRef]
Inkoom, J.N.; Frank, S.; Fürst, C. Challenges and opportunities of ecosystem service integration into land-use
planning in West Africa—An implementation framework. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2017,
13, 67–81. [CrossRef]
Sultan, B.; Gaetani, M. Agriculture in West Africa in the twenty-first century: Climate change and impacts
scenarios, and potential for adaptation. Front. Plant Sci. 2016, 7, 1262. [CrossRef]
Emmanuel, D.; Owusu-Sekyere, E.; Owusu, V.; Jordaan, H. Impact of agricultural extension service
on adoption of chemical fertilizer: Implications for rice productivity and development in Ghana.
NJAS-Wageningen J. Life Sci. 2016, 79, 41–49. [CrossRef]
IFPRI. West African Agriculture and Climate Change: A Comprehensive Analysis. 2013. Available online: https:
//www.ifpri.org/publication/west-african-agriculture-and-climate-change-comprehensive-analysis (accessed on
8 August 2020).
Kleemann, J.; Celio, E.; Nyarko, B.K.; Jimenez-Martinez, M.; Fürst, C. Assessing the risk of seasonal
food insecurity with an expert-based Bayesian Belief Network approach in northern Ghana, West Africa.
Ecol. Complex. 2017, 32, 53–73. [CrossRef]
Kleemann, J.; Celio, E.; Fürst, C. Validation approaches of an expert-based Bayesian Belief Network in
Northern Ghana, West Africa. Ecol. Model. 2017, 365, 10–29. [CrossRef]
Douxchamps, S.; Van Wijk, M.T.; Silvestri, S.; Moussa, A.S.; Quiros, C.; Ndour, N.Y.B.; Buah, S.; Somé, L.;
Herrero, M.; Kristjanson, P.; et al. Linking agricultural adaptation strategies, food security and vulnerability:
Evidence from West Africa. Reg. Environ. Chang. 2016, 16, 1305–1317. [CrossRef]
Ayambire, R.A.; Amponsah, O.; Peprah, C.; Takyi, S.A. A review of practices for sustaining urban
and peri-urban agriculture: Implications for land-use planning in rapidly urbanising Ghanaian cities.
Land Use Policy 2019, 84, 260–277. [CrossRef]
Adekola, O.; Mitchell, G.; Grainger, A. Inequality and ecosystem services: The value and social distribution
of Niger Delta wetland services. Ecosyst. Serv. 2015, 12, 42–54. [CrossRef]
Koo, H.; Kleemann, J.; Fürst, C. Impact assessment of land use changes using local knowledge for the
provision of ecosystem services in northern Ghana, West Africa. Ecol. Indic. 2019, 103, 156–172. [CrossRef]
Kumar, V. Multifunctional agroforestry systems in tropics region. Nat. Environ. Pollut. Technol. 2016, 15, 365.
Santos, P.Z.F.; Crouzeilles, R.; Sansevero, J.B.B. Can agroforestry systems enhance biodiversity and
ecosystem service provision in agricultural landscapes? A meta-analysis for the Brazilian Atlantic Forest.
For. Ecol. Manag. 2019, 433, 140–145. [CrossRef]

Land 2020, 9, 379

30.

31.
32.

33.
34.

35.

36.

37.
38.

39.

40.
41.
42.

43.
44.

45.
46.

47.
48.

49.

20 of 24

Geneletti, D.; Scolozzi, R.; Esmail, B.A. Assessing ecosystem services and biodiversity tradeoffs across
agricultural landscapes in a mountain region. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2018, 14, 188–208.
[CrossRef]
Fischer, J.; Abson, D.J.; Bergsten, A.; Collier, N.F.; Dorresteijn, I.; Hanspach, J.; Hylander, K.; Schultner, J.;
Senbeta, F. Reframing the food–biodiversity challenge. Trends Ecol. Evol. 2017, 32, 335–345. [CrossRef]
Boumans, R.; Roman, J.; Altman, I.; Kaufman, L. The multiscale integrated model of ecosystem services
(MIMES): Simulating the interactions of coupled human and natural systems. Ecosyst. Serv. 2015, 12, 30–41.
[CrossRef]
Sutherland, W.J.; Gardner, T.A.; Jamila Haider, L.; Dicks, L.V. How can local and traditional knowledge be
effectively incorporated into international assessments? Oryx 2014, 48, 1–2. [CrossRef]
Haatanen, A.; den Herder, M.; Leskinen, P.; Lindner, M.; Kurttila, M.; Salminen, O. Stakeholder engagement
in scenario development process–bioenergy production and biodiversity conservation in eastern Finland.
J. Environ. Manag. 2014, 135, 45–53. [CrossRef]
Spyra, M.; Kleemann, J.; Cetin, N.I.; Navarrete, C.J.V.; Albert, C.; Palacios-Agundez, I.; Ametzaga-Arregi, I.;
La Rosa, D.; Rozas-Vásquez, D.; Esmail, B.A.; et al. The ecosystem services concept: A new Esperanto to
facilitate participatory planning processes? Landsc. Ecol. 2019, 34, 1715–1735. [CrossRef]
Cunningham, S. Getting the Best from Our Land: A Land-Use Strategy for Scotland 2016–2021. 2012.
Available online: https://www.gov.scot/binaries/content/documents/govscot/publications/strategy-plan/
2011/03/getting-best-land-land-use-strategy-scotland/documents/0115155-pdf/0115155-pdf/govscot%
3Adocument/0115155.pdf (accessed on 14 March 2018).
Hewitt, R.; Van Delden, H.; Escobar, F. Participatory land use modelling, pathways to an integrated approach.
Environ. Model. Softw. 2014, 52, 149–165. [CrossRef]
Jacobs, S.; Dendoncker, N.; Martín-López, B.; Barton, D.N.; Gomez-Baggethun, E.; Boeraeve, F.; McGrath, F.L.;
Vierikko, K.; Geneletti, D.; Sevecke, K.J.; et al. A new valuation school: Integrating diverse values of nature
in resource and land use decisions. Ecosyst. Serv. 2016, 22, 213–220. [CrossRef]
Von Haaren, C.; Albert, C.; Barkmann, J.; de Groot, R.S.; Spangenberg, J.H.; Schröter-Schlaack, C.;
Hansjürgens, B. From explanation to application: Introducing a practice-oriented ecosystem services
evaluation (PRESET) model adapted to the context of landscape planning and management. Landsc. Ecol.
2014, 29, 1335–1346. [CrossRef]
Klosterman, R.E. Lessons learned about planning: Forecasting, participation, and technology. J. Am.
Plan. Assoc. 2013, 79, 161–169. [CrossRef]
Liang, X.; Liu, X.; Li, D.; Zhao, H.; Chen, G. Urban growth simulation by incorporating planning policies
into a CA-based future land-use simulation model. Int. J. Geogr. Inf. Sci. 2018, 32, 2294–2316. [CrossRef]
Lindeskog, M.; Arneth, A.; Bondeau, A.; Waha, K.; Seaquist, J.; Olin, S.; Smith, B. Implications of accounting
for land use in simulations of ecosystem services and carbon cycling in Africa. Earth Syst. Dynam. Discuss.
2013, 4, 235–278. [CrossRef]
Tobias, S.; Buser, T.; Buchecker, M. Does real-time visualization support local stakeholders in developing
landscape visions? Environ. Plan. B 2016, 43, 184–197. [CrossRef]
Mukul, S.A.; Sohel, M.S.I.; Herbohn, J.; Inostroza, L.; König, H. Integrating ecosystem services supply potential
from future land-use scenarios in protected area management: A Bangladesh case study. Ecosyst. Serv. 2017,
26, 355–364. [CrossRef]
Ahmed, K.F.; Wang, G.; You, L.; Yu, M. Potential impact of climate and socioeconomic changes on future
agricultural land use in West Africa. Earth Syst. Dynam. 2016, 7, 151–165. [CrossRef]
Salack, S.; Sarr, B.; Sangare, S.K.; Ly, M.; Sanda, I.S.; Kunstmann, H. Crop-climate ensemble scenarios to
improve risk assessment and resilience in the semi-arid regions of West Africa. Clim. Res. 2015, 65, 107–121.
[CrossRef]
Koo, H.; Kleemann, J.; Fürst, C. Land use scenario modeling based on local knowledge for the provision of
ecosystem services in northern Ghana. Land 2018, 7, 59. [CrossRef]
Ghana Statistical Service. District Analytical Report: Bolgatanga Municipality and Bongo. 2010. Available
online: http://www.statsghana.gov.gh/docfiles/2010_District_Report/Upper%20East/Bolga.pdf (accessed on
2 December 2016).
Issahaku, A.R.; Campion, B.B.; Edziyie, R. Rainfall and temperature changes and variability in the Upper
East Region of Ghana. Earth Space Sci. 2016, 3, 284–294. [CrossRef]

Land 2020, 9, 379

50.
51.
52.

53.
54.

55.
56.
57.

58.
59.

60.
61.
62.
63.
64.

65.
66.
67.
68.
69.
70.
71.
72.

21 of 24

Wossen, T.; Berger, T. Climate variability, food security and poverty: Agent-based assessment of policy
options for farm households in Northern Ghana. Environ. Sci. Policy 2015, 47, 95–107. [CrossRef]
Fiankor, D.K.; Akussah, H. Information use and policy decision making by district assembly members in
Ghana. Inf. Dev. 2012, 28, 32–42. [CrossRef]
Forkuor, G. Agricultural Land Use Mapping in West Africa Using Multi-Sensor Satellite Imagery. Ph.D. Thesis,
University of Würzburg, Würzburg, Germany. Available online: https://opus.bibliothek.uni-wuerzburg.de/
opus4-wuerzburg/frontdoor/deliver/index/docId/10868/file/thesis_gerald_forkuor_2014.pdf (accessed on
16 March 2018).
Anderson, J.R.; Feder, G. Agricultural extension: Good intentions and hard realities. World Bank Res. Obs.
2004, 19, 41–60. [CrossRef]
Bonye, S.Z.; Alfred, K.B.; Jasaw, G.S. Promoting Community-Based Extension Agents as an Alternative
Approach to Formal Agricultural Extension Service Delivery in Northern Ghana. Asian J. Agric. Rural Devt.
2012, 2, 76–95. [CrossRef]
Danso-Abbeam, G.; Ehiakpor, D.S.; Aidoo, R. Agricultural extension and its effects on farm productivity and
income: Insight from Northern Ghana. Agri. Food Secur. 2018, 7, 1–10. [CrossRef]
Gyasi, A.E.; Kranjact-Berisavljevic, G.; Oduro, W. Sustainable Land Management for Mitigating Land Degradation:
Lessons from the SLaM Project Experience in Ghana; United Nations University Press: Tokyo, Japan, 2009.
Christie, M.; Fazey, I.; Cooper, R.; Hyde, T.; Kenter, J.O. An evaluation of monetary and non-monetary
techniques for assessing the importance of biodiversity and ecosystem services to people in countries with
developing economies. Ecol. Econ. 2012, 83, 67–78. [CrossRef]
Scholte, S.S.; Van Teeffelen, A.J.; Verburg, P.H. Integrating socio-cultural perspectives into ecosystem service
valuation: A review of concepts and methods. Ecol. Econ. 2015, 114, 67–78. [CrossRef]
Reid, W.V.; Mooney, H.A.; Cropper, A.; Capistrano, D.; Carpenter, S.R.; Chopra, K.; Dasgupta, P.; Dietz, T.;
Duraiappah, A.K.; Hassan, R.; et al. The Millennium Ecosystem Assessment. Ecosystems and Human Well-Being:
Synthesis. A Report of the Millennium Ecosystem Assessment; Island Press: Washington, DC, USA, 2005.
Hein, L.; Van Koppen, K.; De Groot, R.S.; Van Ierland, E.C. Spatial scales, stakeholders and the valuation of
ecosystem services. Ecol. Econ. 2006, 57, 209–228. [CrossRef]
Chen, N.; Li, H.; Wang, L. A GIS-based approach for mapping direct use value of ecosystem services at a
county scale: Management implications. Ecol. Econ. 2009, 68, 2768–2776. [CrossRef]
Haines-Young, R.; Potschin, M. Common International Classification of Ecosystem Services (CICES): 2011 Update;
European Environment Agency: Nottingham, UK, 2011.
Egoh, B.N.; Reyers, B.; Rouget, M.; Richardson, D.M. Identifying priority areas for ecosystem service
management in South African grasslands. J. Environ. Manag. 2011, 92, 1642–1650. [CrossRef] [PubMed]
Koschke, L.; Fürst, C.; Frank, S.; Makeschin, F. A multi-criteria approach for an integrated land-cover-based
assessment of ecosystem services provision to support landscape planning. Ecol. Indic. 2012, 21, 54–66.
[CrossRef]
Kandziora, M.; Burkhard, B.; Müller, F. Interactions of ecosystem properties, ecosystem integrity and
ecosystem service indicators—A theoretical matrix exercise. Ecol. Indic. 2013, 28, 54–78. [CrossRef]
Martín-López, B.; Gómez-Baggethun, E.; García-Llorente, M.; Montes, C. Trade-offs across value-domains in
ecosystem services assessment. Ecol. Indic. 2014, 37, 220–228. [CrossRef]
Zhang, L.; Dawes, W.R.; Walker, G.R. Response of mean annual evapotranspiration to vegetation changes at
catchment scale. Water Resour. Res. 2001, 37, 701–708. [CrossRef]
Angima, S.D.; Stott, D.E.; O’Neill, M.K.; Ong, C.K.; Weesies, G.A. Soil erosion prediction using RUSLE for
central Kenyan highland conditions. Agric. Ecosyst. Environ. 2003, 97, 295–308. [CrossRef]
Potschin, M.; Haines-Young, R. Landscapes, sustainability and the place-based analysis of ecosystem services.
Landsc. Ecol. 2013, 28, 1053–1065. [CrossRef]
Sakieh, Y.; Salmanmahiny, A.; Jafarnezhad, J.; Mehri, A.; Kamyab, H.; Galdavi, S. Evaluating the strategy of
decentralized urban land-use planning in a developing region. Land Use Policy 2015, 48, 534–551. [CrossRef]
Anputhas, M.; Janmaat, J.J.A.; Nichol, C.F.; Wei, X.A. Modelling spatial association in pattern based land use
simulation models. J. Environ. Manag. 2016, 181, 465–476. [CrossRef] [PubMed]
Ren, Y.; Lü, Y.; Comber, A.; Fu, B.; Harris, P.; Wu, L. Spatially explicit simulation of land use/land cover
changes: Current coverage and future prospects. Earth-Sci. Rev. 2019, 190, 398–415. [CrossRef]

Land 2020, 9, 379

73.
74.

75.

76.
77.
78.

79.

80.

81.

82.

83.
84.
85.

86.
87.
88.
89.
90.

91.

92.

22 of 24

Meyfroidt, P. Approaches and terminology for causal analysis in land systems science. J. Land Use Sci. 2016,
11, 501–522. [CrossRef]
Verburg, P.H.; Kok, K.; Pontius, R.G.; Veldkamp, A. Modeling Land-Use and Land-Cover Change. In Land-Use and
Land-Cover Change. Global Change; Lambin, E.F., Geist, H., Eds.; (The IGBP Series); Springer: Berlin/Heidelberg,
Germany, 2006. [CrossRef]
Fürst, C.; Pietzsch, K.; Witt, A.; Frank, S.; Koschke, L.; Makeschin, F. How to better consider sectoral planning
information in regional planning: Example afforestation and forest conversion. J. Environ. Plan. Manag. 2012,
55, 855–883. [CrossRef]
Yiridoe, E.K.; Langyintuo, A.S.; Dogbe, W. Economics of the impact of alternative rice cropping systems on
subsistence farming: Whole-farm analysis in northern Ghana. Agric. Syst. 2006, 91, 102–121. [CrossRef]
Ubink, J.M. In the Land of the Chiefs: Customary Law, Land Conflicts, and the Role of the State in Peri-Urban
Ghana. Ph.D. Thesis, Leiden University, Leiden, The Netherlands, 2008.
Jamnadass, R.; Place, F.; Torquebiau, E.; Malézieux, E.; Iiyama, M.; Sileshi, G.W.; Kehlenbeck, K.; Masters, E.;
McMullin, S.; Weber, J.C.; et al. Agroforestry, Food and Nutritional Security; ICRAF Working Paper No. Nairobi;
World Agroforestry Centre: Nairobi, Kenya, 2013. [CrossRef]
Vihotogbé, R.; Kakaï, R.G.; Bongers, F.; van Andel, T.; van den Berg, R.G.; Sinsin, B.; Sosef, M.S. Impacts of
the diversity of traditional uses and potential economic value on food tree species conservation status: Case
study of African bush mango trees (Irvingiaceae) in the Dahomey Gap (West Africa). Plant. Ecol. Evol. 2014,
147, 109–125. [CrossRef]
Rathore, A.C.; Saroj, P.L.; Lal, H.; Sharma, N.K.; Jayaprakash, J.; Chaturvedi, O.P.; Raizada, A.; Tomar, J.M.S.;
Dogra, P. Performance of mango based agri-horticultural models under rainfed situation of Western Himalaya,
India. Agroforest Syst. 2013, 87, 1389–1404. [CrossRef]
Sharma, B.; Tripathi, S.K.; Dhara, P.K.; Kumari, P.; Meena, S.K.; Kumari, R.; Kumar, A. Comparative study of
mango based agroforestry and mono-cropping system under rainfed condition of West Bengal. Int. J. Plant.
Soil Sci. 2017, 15, 1–7. [CrossRef]
Shafizadeh-Moghadam, H.; Asghari, A.; Taleai, M.; Helbich, M.; Tayyebi, A. Sensitivity analysis and accuracy
assessment of the land transformation model using cellular automata. GISci. Remote Sens. 2017, 54, 639–656.
[CrossRef]
Lord, S.; Helfgott, A.; Vervoort, J.M. Choosing diverse sets of plausible scenarios in multidimensional
exploratory futures techniques. Futures 2016, 77, 11–27. [CrossRef]
Malinga, R.; Gordon, L.; Lindborg, R.; Jewitt, G. Using participatory scenario planning to identify ecosystem
services in changing landscapes. Ecol. Soc. 2013, 18, 10. [CrossRef]
Mensah, S.; Veldtman, R.; Assogbadjo, A.E.; Ham, C.; Kakaï, R.G.; Seifert, T. Ecosystem service importance
and use vary with socio-environmental factors: A study from household-surveys in local communities of
South Africa. Ecosyst. Serv. 2017, 23, 1–8. [CrossRef]
Chimonyo, V.G.P.; Modi, A.T.; Mabhaudhi, T. Water use and productivity of a sorghum-cowpea-bottle gourd
intercrop system. Agric. Water Manag. 2016, 165, 82–96. [CrossRef]
Kiwia, A.; Kimani, D.; Harawa, R.; Jama, B.; Sileshi, G.W. Sustainable intensification with cereal-legume
intercropping in Eastern and Southern Africa. Sustainability 2019, 11, 2891. [CrossRef]
Ellison, D.; Futter, M.N.; Bishop, K. On the forest cover–water yield debate: From demand-to supply-side
thinking. Glob. Chang. Biol. 2012, 18, 806–820. [CrossRef]
Rockström, J.; Falkenmark, M. Agriculture: Increase water harvesting in Africa. Nature 2015, 519, 283–285.
[CrossRef]
Bagstad, K.J.; Reed, J.M.; Semmens, D.J.; Sherrouse, B.C.; Troy, A. Linking biophysical models and
public preferences for ecosystem service assessments: A case study for the Southern Rocky Mountains.
Reg. Environ. Chang. 2016, 16, 2005–2018. [CrossRef]
Martin, D.M.; Mazzotta, M. Non-monetary valuation using Multi-Criteria Decision Analysis: Sensitivity
of additive aggregation methods to scaling and compensation assumptions. Ecosyst. Serv. 2018, 29, 13–22.
[CrossRef]
Zhang, Z.; Gao, J.; Gao, Y. The influences of land use changes on the value of ecosystem services in Chaohu
Lake Basin, China. Environ. Earth Sci. 2015, 74, 385–395. [CrossRef]

Land 2020, 9, 379

93.

94.

95.
96.

97.

98.

99.
100.

101.
102.

103.
104.

105.
106.
107.

108.

109.

110.

111.

23 of 24

Lorz, C.; Neumann, C.; Bakker, F.; Pietzsch, K.; Weiss, H.; Makeschin, F. A web-based planning support tool
for sediment management in a meso-scale river basin in Western Central Brazil. J. Environ. Manag. 2013, 127,
15–23. [CrossRef] [PubMed]
Heubes, J.; Schmidt, M.; Stuch, B.; Márquez, J.R.G.; Wittig, R.; Zizka, G.; Thiombiano, A.; Sinsin, B.;
Schaldach, R.; Hahn, K. The projected impact of climate and land use change on plant diversity: An example
from West Africa. J. Arid Environ. 2013, 96, 48–54. [CrossRef]
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