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ABSTRACT

Continued pressure and transformation of land-use by humans are key drivers of biodiversity and
ecosystem services (ES) loss. To determine the sustainability of possible future land-use practices,
it is important to anticipate likely future changes to biodiversity and ES. This can help stake-
holders and decision-makers to understand and assess the viability of current development
policies and design alternative future pathways. Focusing on a biodiversity hotspot in south-
western Ethiopia, we considered four future land-use scenarios (namely: ‘Gain over grain’, ‘Coffee
and conservation’, ‘Mining green gold’ and ‘Food first’ scenarios) that were developed in an
earlier project via participatory scenario planning. We modelled and mapped the spatial distribu-
tion of six ES (erosion control, carbon storage, coffee production, crop production, livestock feed,
and woody-plant richness) for the current landscape and the four scenarios. Our results show that
potential ES changes differed strongly across the scenarios. Changes were strongest for land-use
scenarios involving large-scale agricultural intensification; and changes were not uniformly
distributed across the landscape. Smallholder farmers specializing on cash crops (‘Gain over
grain’ scenario) would likely cause little change to ES generation, but major losses in ES would
result from expanding either food or coffee production (‘Mining green gold’ and ‘Food first’).
Finally, the ‘Coffee and conservation’ scenario appears to be the most sustainable scenario
because it would secure diverse ES for the long term. Our findings provide valuable input for
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decision-makers and stakeholders and could help to identify sustainable land-use options.

KEY POLICY HIGHLIGHTS

e land-use scenarios involving large-scale agricultural intensification, whether for food crops
or cash crops, are likely to lead to loss of other potential ecosystem services.

® Land-use scenarios that involve an integrative approach of food production and biodiver-
sity conservation, such as the ‘Coffee and conservation’ scenario, can secure diverse

ecosystem services in the long run.

® Integrative land use development can also be more beneficial for the local community and

for environmental resilience.

® Potential ecosystem service maps of land-use scenarios can support decision-makers and
stakeholders in their planning for the future of the landscape by illustrating the plausible
effects of land-use scenarios on ecosystem services at both landscape scale and kebele level.

1. Introduction

Continued pressure and transformation of land-use
by humans are key drivers of the loss and degradation
of both biodiversity and ecosystem services (ES) (Sala
et al. 2000; Foley et al. 2005; Diaz et al. 2019).
Quantifying and understanding land-use change and
its spatiotemporal dynamics is critical in tackling
sustainability challenges (Winkler et al. 2021). To
determine the sustainability of future land-use prac-
tices, it is important to identify plausible future
changes that could help stakeholders and decision-
makers to understand and assess the implications of

current development policies and design alternative
future pathways (FAO 2023). Specifically, analyzing
the effects of future land-use change on ES could
contribute to improved decision-making related to
ecological and human wellbeing that are fundamental
to sustainable development (Schirpke et al. 2020).
Land-use models can support societal visioning pro-
cesses by sketching out the spatially explicit outcomes of
alternative management objectives and quantifying the
synergies and tradeoffs associated with land-use change
(Verburg et al. 2015; Biirgi et al. 2022). Typically, max-
imization of provisioning ES generated from intensively
managed agricultural landscapes has been found to be
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negatively correlated with the provision of other types of
ES and biodiversity conservation, indicating strong tra-
deoffs (e.g. Raudsepp-Hearne et al. 2010; Seppelt et al.
2013; Schirpke et al. 2020). In contrast, less-intensified
agricultural landscapes aim to minimize this tradeoff
through a spatially integrated production of provisioning
ES and other ES or biodiversity conservation (Fischer
et al. 2013; Kremen 2015; Mehrabi et al. 2018).

Land-use changes vary geographically. For instance,
while increases in forest cover and cropland abandon-
ment are major drivers of land-use change in parts of
Europe, deforestation and agricultural expansion are
major drivers in the global south (Hua et al. 2018;
Winkler et al. 2021; Meyfroidt et al. 2022). As in many
countries in the global south, in Ethiopia, agricultural
landscapes provide multiple ES that directly contribute
to the livelihoods of local people but are under constant
pressure from population growth, deforestation, tenure
insecurity, forest land grabbing, land-use conflicts, and
large-scale land transfers to investors (e.g. Taddese
2001; Rahmato 2011; Rodrigues et al. 2021). Rapid land-
use change is threatening these landscapes and their ES
multifunctionality, which is crucial for human well-
being (Rasmussen et al. 2018; Shumi et al. 2019).
Different studies have attempted to analyze the impact
of LULC change on ES based on historical and current
spatial datasets (Tolessa et al. 2017; Abera et al. 2021).
However, an outlook into the future to understand
possible changes in ES in Ethiopia is still lacking. This
gap can be addressed by using social-ecological land-
use scenarios (hereafter land-use scenarios) generated
through participatory scenario planning.

Participatory scenario planning - in which scenarios
are co-designed with local stakeholders - captures local
realities based on the knowledge of stakeholders
(Peterson et al. 2003; Henrichs et al. 2010).
Comparative scenario analysis then provides a rational
and reflected basis for improved decision-making and
for exploring alternative development pathways and pol-
icy options (Alcamo et al. 2008; Henrichs et al. 2010). For
our study, we used four land-use scenarios (namely:
‘Gain over grain’, ‘Coffee and conservation’, ‘Mining
green gold’ and ‘Food first’ scenarios - a brief summary
of each scenario is given in methods section) developed
for southwestern Ethiopia via participatory scenario
planning (Jiren et al. 2020). In a first step, the narrative
scenarios were translated into spatially explicit maps by
Duguma et al. (2022). In this contribution, we build on
these maps and analyze the potential supply of six ES
under the different scenarios of land-use change — one
supporting service (woody-plant richness), two regulat-
ing services (erosion control and carbon storage), and
three provisioning services (coffee production, crop pro-
duction, and livestock feed).

Our approach involved mapping the spatial distri-
bution of the potential supply of these ES for the
current landscape as well as for the four land-use

scenarios in order to understand the effect of land-
use change on potential ES. We use the term ‘poten-
tial supply of ES’ to mean the full potential of ecolo-
gical functions or biophysical elements within the
ecosystem, which is broadly comparable to natural
capital stocks (Martinez-Harms and Balvanera 2012;
Burkhard et al. 2014; Vihervaara et al. 2017). We
analyzed changes at the landscape scale and at the
level of the smallest administrative unit in Ethiopia
(the ‘kebele’ level), which is an important social-
ecological unit for land-use planning. The kebele
level is where government policies are implemented,
and where development agents work with commu-
nities for activities such as soil and water conserva-
tion or tree planting (Wiegant et al. 2022). Kebeles in
our study area typically contain approximately 500
households (Rodrigues et al. 2018; Duguma et al.
2022) and have an average area of approximately 30
km? Comparing the outcomes of ES under alterna-
tive land-use scenarios can help to evaluate manage-
ment strategies and identify desirable and undesirable
impacts that could benefit or harm both people and
ecosystems. As such, the findings can be useful input
for local stakeholders and decision-makers.

2. Methods
2.1. Study area

Our study focused on a landscape in southwestern
Ethiopia (Figure 1), which is part of the Eastern
Afromontane biodiversity hotspot (Mittermmeier et al.
2011), and the origin of coffee Arabica (Senbeta and
Denich 2006). The landscape is dominated by small-
holder farmers whose dominant economic activities and
livelihoods are dependent on subsistence farming, coffee
production, livestock production, and forest-based ESs
(Tadesse et al. 2014; Schultner et al. 2021; Shumi et al.
2021). The study area has undulating topography ranging
between approximately 1200 and 3000 m above sea level.

2.2. The scenarios

The scenario development process for our study
landscape considered social, economic and environ-
mental variables (Jiren et al. 2020). Briefly, participa-
tory scenario planning workshops were conducted to
envision landscape change up to 2040 with 35
broadly representative stakeholders that included
local people and community-level organizations, gov-
ernmental organizations from multiple sectors, non-
governmental organizations, and civil society
organizations from different levels of government
and in different rounds (Jiren et al. 2018, 2020). The
scenario development process resulted in four quali-
tative narrative scenarios (‘Gain over grain’, ‘Mining
green gold’, ‘Coffee and conservation’, and ‘Food
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Figure 1. (a) the study area in Jimma Zone (grey), Oromia region (green grey) within Ethiopia (other regions are tan-colored);
(b) the district boundaries (woredas; delimited by a thick black line and labelled in white) and lower administrative boundaries
(kebeles; thin black lines) in the study area. The underlying land cover map illustrates the distribution of forest and farmland

(adapted from Duguma et al. 2022).

first’) that are briefly summarized in Table 1. These
narrative scenarios were translated into spatially
explicit LULC maps based on a baseline map of
current LULC and translation rules, which were
established using variables indicated in the narrative
scenarios. To that end, land cover change was mod-
elled using a combination of current land cover
classes, additional biophysical information (such as
slope, heterogeneity and altitude) and distance from
forest edge using the proximity-based scenario gen-
erator of the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) software (Sharp
et al. 2018). Details of the translation process can be
found in Duguma et al. (2022).

2.3. LULC mapping

For the current landscape (baseline), we mapped six
main LULC classes from 10-m resolution Sentinel-2
satellite imagery using supervised image classification
(Duguma et al. 2022). The main land-use land cover
classes identified were woody vegetation, arable land,
pasture, cultivated wetland, grazed wetland, and set-
tlement. These thematic classes were further refined
into 12 classes using additional criteria such as slope,
farmland heterogeneity, altitude, and distance from
the forest edge. Using these additional criteria, we
refined our LULC classes and added coffee planta-
tions, eucalyptus plantations, khat, and fruits and

Table 1. Brief summaries of social-ecological scenarios for southwestern Ethiopia for the year 2040 (for details see Jiren et al.

2020; Duguma et al. 2022).

Scenario

Description

‘Gain over grain”: Local cash crops

This scenario prioritizes smallholder farmers’ specialization and commercialization to boost development

focused on cash crops such as coffee, the stimulant drug khat (Catha edulis), and fast-growing trees on
available farmland and without expanding into the forest. The production of food crops is limited: little
space remains for cultivating cereal crops, and few farmers maintain small cereal fields in the most fertile
land. Incomes increase for some households, but inequality also increases, and traditional institutions

collapse.
‘Coffee and conservation’: Biosphere
reserve

This scenario is based on a more balanced land-use approach and best-practice sustainable resource
management that combines sustainable agriculture, environmentally friendly coffee production, and

tourism. The landscape is a diversified mosaic of forest and farmland; livestock production and communal
grazing take place much like at present, and people grow fruit, vegetables, and grains. Aggregate profits
generated are modest, but social capital and cultural integrity are high.

‘Mining green gold”: Coffee investors This scenario is characterized by the intensification and specialization of coffee production through large
investors who use modernized production approaches with high external inputs. Smallholder land,
communal land, and forests conducive for coffee investment have been transferred to capital investors for
the creation and expansion of coffee plantations. Local farmers are left to farm marginalized areas
unsuitable for large-scale coffee plantations. Social injustice increases and local and traditional knowledge

is being lost.
‘Food first”: Intensive farming and
forest protection

This scenario is driven by climate change making coffee production less viable, and by food production failing
elsewhere in the country. Large amounts of food are now produced in the focal landscape through

intensive, large-scale agriculture, which involves land consolidation, the clearing of woody vegetation, and
the expansion of cropland into available flat areas and wetlands. Remaining patches of natural forest are
strictly protected. Social injustice increases, and local and traditional knowledge are eroded.
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vegetables. Woody vegetation was classified into for-
est (patches >1 ha) versus farmland woody vegetation
(patches <1ha). The additional land cover classes
were created to match the land-uses that emerged
from the participatory scenarios. To generate plausi-
ble future land-use maps, we used the baseline map
together with translation rules and the InVEST proxi-
mity-based scenario generator (Sharp et al. 2018) (for
details, see Duguma et al. 2022). All spatial processing
and analysis (such as classification and mapping)
outlined in this manuscript was undertaken using
ArcGIS Pro (Esri 2023).

2.4. Quantifying and mapping ES

There are several ways of quantifying and mapping ES
(e.g. Costanza et al. 1997; Maes et al. 2012; Martinez-
Harms and Balvanera 2012). We focused on the measure-
ment of ES in biophysical units, because our goal was to
map and quantify the potential supply of ES rather than
specific benefits or values associated with ES. We under-
stand that the benefits and values of ES can provide useful
additional information for decision-makers (e.g. Bagstad
et al. 2013; Boerema et al. 2017; Vihervaara et al. 2017);
however, modeling potential supply is a necessary first
step.

We focused on six ESs: woody-plant richness (a
supporting ES), erosion control and carbon storage
(two regulating ES), and coffee production, crop pro-
duction, and livestock feed (three provisioning ES)
(Table S1). For each ES, we modelled its biophysical
potential for the baseline and for each of the four
scenarios. We chose these ES based on spatial data
availability (e.g. in relation to LULC data or a Digital
Elevation Model (DEM)), and taking into account the
main changes in the different scenarios. We did not
include specific cultural ES because of a lack of data
availability; but we note that traditional cultural ES
for the local community are often closely related to
the occurrence of woody-plants (Megerssa and
Kassam 2020; Shumi et al. 2021). Studies elsewhere
also showed that cultural ES are correlated with sup-
porting services (e.g. Raudsepp-Hearne et al. 2010;
Turner et al. 2014). Changes in woody-plant richness
therefore may also indicate possible changes in at
least some traditional cultural services like ritual cel-
ebration or as cultural flagship species (Megerssa and
Kassam 2020).

2.4.1. Erosion control

To map erosion control, we used InVEST 3.8.2 soft-
ware from the Natural Capital Project (Sharp et al.
2018). The Sediment Delivery Ratio (SDR) of the
InVEST model is similar to the Revised Universal
Soil Loss Equation model (Sharp et al. 2018; Sahle
et al. 2019; Abera et al. 2021). We used SDR to
estimate avoided erosion export, which specifically

shows the contribution of vegetation to keeping soil
from eroding from each pixel. Briefly, the SDR
model draws on the input parameters DEM, rainfall
erosivity, soil erodibility, LULC, and biophysical
information related to LULC that is containing
a crop management factor (C) as well as possible
support practices (P) (data sources for each input
variables are indicated in Tables S2, S3 and S4).
Details of how the InVEST SDR model works are
described in the model documentation (Sharp et al.
2018).

2.4.2. Carbon storage

To map carbon storage, we used the InVEST Carbon
Storage and Sequestration model — which uses maps
of LULC along with stocks in four carbon pools
(aboveground biomass, belowground biomass, soil
and dead organic matter) to estimate the amount of
carbon currently stored in a landscape (Sharp et al.
2018; Sahle et al. 2019; Benra et al. 2021). Data on
carbon pools were collected from published material
on our study area and from nearby areas that have
similar characteristics to our region, mostly in other
parts of southwestern Ethiopia (e.g. Tadesse et al.
2014; Abegaz et al. 2020; Abera et al. 2021, for details
see Table 2). The InVEST model aggregates the
amount of carbon stored in these pools according to
land-use maps to estimate the net amount of carbon
storage potential of each scenario (Sharp et al. 2018;
Sahle et al. 2019).

2.4.3. Woody-plant richness

Woody-plant species were surveyed in 72 farmland
sites and 108 forest sites in 20 m x 20 m quadrants
(Shumi et al. 2018, 2019). From this dataset, total
woody-plant species richness (hereafter woody-plant
richness) was calculated, modelled using baseline pre-
dictor variables, and spatially projected for the entire
study area for the baseline and scenario conditions
(Duguma et al. 2023). We used the mean value of
these spatially predicted maps for woody-plant rich-
ness. Woody-plant richness constitutes a useful proxy
of supporting ES because a lot of biodiversity in
southwestern Ethiopia is directly linked to native
tree diversity (Tadesse et al. 2014; Schultner et al.
2021; Shumi et al. 2021). Moreover, woody-plant
richness could also be an indirect indicator of cultural
services, because different trees and shrubs are valued
by the local people in ritual celebration, as symbolic
features, or as cultural flagship species (Megerssa and
Kassam 2020).

2.4.4. Crop production

To quantify and map crop production, first, we
identified the three most important crops in the
landscape through fieldwork - these were teff,
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Table 2. Carbon pools (tons/ha) used for LULCs. (Abbreviations: c¢_above = above ground carbon, c¢_below = below ground
carbon, c_soil = carbon in soil, c_dead = carbon in dead organic matter).

LULC c_above c_below c_soil c_dead References

Arable land 1.82 0.0455 108 0 Abera et al. (2021)

Coffee plantation 123 40 25 6 Mohammed and Bekele (2014) and Tadesse et al. (2014)
Cultivated wetland 2 2 7.5 2 Abrha (2018)

Eucalyptus plantation 128 20 101 5 Mohammed and Bekele (2014) and Tadesse et al. (2014)
Farmland woody vegetation 151 51 11 10 Abera et al. (2021)

Forest 243 45 163 0.03 Abera et al. (2021)

Fruits and vegetables 4 5 120 0 Abegaz et al. (2020)

Grazed wetland 15 35 74 4 Abegaz et al. (2020)

Khat 3.1 0.8 55 0 Betemariyam et al. (2020) and Getnet and Negash (2021)
Pasture 15 35 75 4 Vanderhaegen et al. (2015) and Abegaz et al. (2020)
Rural settlement 8 8 20 2 Abera et al. (2021)

Towns 5 5 15 2 Abera et al. (2021)

maize, and sorghum (Manlosa et al. 2019). Second,
we used the latest productivity data (Table S5) avail-
able for the three crops in the study area (Central
Statistical Agency (CSA) 2018b; Belachew et al.
2022) and weighted each of the crop productivities
based on the number of field plots collected for 72
randomly selected households (Manlosa et al. 2019)
(i.e. teff accounted for 42% of fields, and so was
assigned a productivity weight of 0.42, maize
accounted for 29%, and sorghum 15%) to get
weighted crop productivity. Third, we multiplied
the weighted productivity by area of arable land
(i.e. cropland) in each kebele for the baseline and
scenarios, respectively, to estimate total crop pro-
duction for each kebele.

2.4.5. Coffee production

Similar to crop production, coffee production was
also estimated at the kebele level based on LULC
maps. For the baseline landscape, we used coffee
productivity estimates (Table S5, Central Statistical
Agency (CSA) (2018b)), which represents productiv-
ity values for smallholder farmers. This was also used
for the projection of coffee productivity for three
scenarios in which coffee continued to be grown by
smallholders (‘Gain over grain’, ‘Coffee and conserva-
tion’, and ‘Food first’). For the ‘Mining green gold’
scenario, we used estimates of coffee productivity
from existing coffee plantations within our study
region (Zewdie et al. 2022). Coffee productivity
remained constant between 2011 and 2020
(Belachew et al. 2022). Hence, we also assumed no
increase in coffee productivity in these scenarios.
Coffee production per kebele was estimated by multi-
plying the potential coffee area of a given kebele
(forest within coffee altitude or coffee plantation)
with coffee productivity.

2.4.6. Livestock feed

We used area of grazing land in hectares as a proxy
for livestock feed following Kandziora et al. (2013).
Grazing land is the most important source of live-
stock feed in our study region, contributing to more

than half of the total feed (Negassa et al. 2013;
Central Statistical Agency (CSA) 2018a), and grazing
land is believed to be the primary constraint for live-
stock production (Mengistu et al. 2021). We consider
our pragmatic assumption the best possible option
because reliable estimates of cattle production per
hectare do not exist for our study region. We are
acutely aware that our simple measure has limita-
tions. Most notably, even though grazing land (pas-
tures and grazed wetlands) are the main cattle grazing
areas in all seasons, local communities also use fallow
crop fields and sometimes forest to graze livestock.
There is, however, no reliable data available on the
extent of this, and as such we reasoned that the most
important source of livestock feed was very likely
grazing land - which also could be readily quantified
without major assumptions.

2.5. Changes of ES under scenarios

First, we summarized the values of each ES at the
landscape level (i.e. entire study area) for each sce-
nario. We used the sum of values for erosion control,
carbon storage, crop production, coffee production
and livestock feed, and the mean for woody plant
richness. For each ES, we subtracted the baseline
value from the values of the scenarios to analyze
their impact. Second, we analyzed changes in ES at
the kebele level, because landscape-wide changes in
ES potential may not be uniform across all kebeles.
To quantify changes at the kebele level, we first
extracted and summarized the values of ES for the
current and future scenarios. We then divided the
respective values of each ES by the total area of the
respective kebele to obtain a measure of each kebele’s
relative ES potential. For woody-plant richness, we
did not use the sum of values (because site-level
richness values cannot be added meaningfully) but
instead used the mean of predicted values across all
grid cells within a given kebele. For further analysis
and presentation (e.g. for correlation analysis), we
transformed and center-scaled ES for the current
landscape and scenarios.



6 (&) D.W.DUGUMA ET AL.

Table 3. Percentage (%) of LULC for the current landscape and land-use scenarios. The values in the table are in percent.

Land cover Current landscape ‘Gain over grain’ ‘Coffee and conservation’ ‘Mining green gold’ ‘Food first’
Arable land 26.5 9.3 123 9.4 57.4
Coffee plantation 0.3 12.3 0.3 49.1 0
Cultivated wetland 4.9 4.6 4.6 49 0
Eucalyptus plantation 0.1 6.4 0 0 0.1
Farmland woody vegetation 1.7 15 9.8 0.7 0
Forest 52.9 52.8 52.9 264 35.2
Fruits and vegetables 0.1 0.1 8.6 0.1 2.1
Grazed wetland 0.9 0.9 0.9 0.9 0
Khat 0.1 6 0.1 0.1 0.1
Pasture 1.1 4.2 85 6.6 33
Settlement 13 13 13 13 13
Towns 0.3 0.6 0.6 0.6 0.6
Total (%) 100 100 100 100 100

2.6. Correlation analysis

Correlation analysis is the most widely used method
to examine relationships between ES (e.g. Qiu and
Turner 2013; Spake et al. 2017; Vallet et al. 2018).
Here, correlations among potential ES were carried
out using non-parametric Spearman’s rank correla-
tion (r) at kebele level. As all of our ES have a metric
in which larger values are more desirable, positive
correlations indicated a synergetic relationship
between two services (e.g. Bennett et al. 2009;
Raudsepp-Hearne et al. 2010; Spake et al. 2017),
whereas negative correlation indicated a tradeoff rela-
tionship (Qiu and Turner 2013; Spake et al. 2017).

3. Results
3.1. Land cover changes

Currently, forest, arable land and pasture account for
approximately 53%, 26% and 11% of the study area,
respectively. Changes in these figures are very diverse
among the scenarios (Table 3; Figure S1; Duguma
et al. 2022). In ‘Gain over grain’, forest cover did
not change compared to the baseline (53%), the cur-
rently negligible extent of coffee plantations
expanded to 12%, while arable land contracted to
just 9%. In ‘Mining green gold’, coffee plantations
covered almost half the landscape (49%), while forest
covered shrunk to 26%. In ‘Coffee and conservation’,
the extent of forest cover remained unchanged, but
farmland woody vegetation increased to 10% of the

landscape. In ‘Food first’, forest cover decreased to
35%, while arable land increased to 57% of the
landscape.

3.2. ES changes

ES changes differed strongly across the scenarios
(Table 4). In ‘Gain over grain’ and ‘Coffee and con-
servation’, woody-plant richness, erosion control, car-
bon storage and coffee production increased; while
crop production and livestock feed decreased. In
‘Mining green gold’, coffee production more than
doubled, while all other ES decreased. Similarly, in
‘Food first’, crop production more than doubled but
the other five ES decreased.

ES changes were not uniform across the landscape
(Figures 2 and S2). For instance, in ‘Gain over grain’,
woody-plant richness remained unchanged for many
kebeles; the mean increase in erosion control was
very heterogeneous across kebeles; and crop produc-
tion decreased for almost half of the kebeles.
A similar pattern was apparent for ‘Coffee and con-
servation’, with the addition that woody-plant rich-
ness increased in many kebeles to various extents. For
‘Mining green gold’, coffee production showed strong
increases in most kebeles. Despite a decrease in ero-
sion control and carbon storage at the landscape level
in this scenario, both of these ES in fact increased in
several kebeles (Figure 2). For ‘Food first’, the
increase in crop production was very heterogeneous
across kebeles, as was the decrease in other ES.

Table 4. Percentage change of ES potentials for each scenario in relation to the current landscape. Positive values indicate an
increase and negative values indicate loss of potential ES provision. Changes in woody-plant richness denote changes in mean
species richness, while changes in other ES are based on changes in the sums of a given ES across the entire study area. Units of
absolute values are indicated for the baseline (SPR = mean woody-plant species richness, mgt = mega tons, t =tons, and ha =
hectares). For scenarios, units are percentage changes relative to the baseline.

Percentage change (%)

ES potentials Current landscape ‘Gain over grain’ ‘Coffee and conservation ‘Mining green gold’ ‘Food first’
Woody-plant richness 10 SPR 3.88 9.37 —33.28 —-21.55
Erosion control 3,868 Mgt 1.18 0.83 -0.9 -1.82
Carbon storage 81 Mgt 6.33 6.17 -18.16 -21.04
Coffee production 52,211 t 87.93 75.89 297.58 -0.01
Crop production 209,323 t —55.54 —45.76 —54.45 208.71
Livestock feed 33,853 ha —57.56 -21.96 —37.57 —72.97
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3.3. ES synergies and tradeoffs

ES synergies and tradeoffs varied only slightly across
the scenarios. ES relationships in the current land-
scape, ‘Gain over grain’, ‘Coffee and conservation’
and ‘Food first’ were very similar. Here, synergies
occurred between woody-plant richness, erosion con-
trol, carbon storage, and coffee production; and these
showed tradeoffs with crop production and livestock
feed (Figure 3). For ‘Food first’, crop production
showed a very strong tradeoff with coffee production,
carbon storage, erosion control, and woody-plant
richness, and livestock feed showed no correlation
with erosion control. For ‘Mining green gold’, the
correlation analysis revealed different patterns.
Coffee production showed almost no correlation
with woody-plant richness, erosion control, and car-
bon storage.

4. Discussion
4.1. Change in ES under scenarios

Our findings show that changes in potential ES pro-
vision were strongest for land-use scenarios involving
large-scale agricultural intensification, whether
through food crops or cash crops. Smallholders spe-
cializing on cash crops within existing farmland (i.e.
the ‘Gain over grain’ scenario), in contrast, would
likely cause less impact on potential ES compared to
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the ‘Mining green gold’ and ‘Food first’ scenarios.
Moreover, the ‘Coffee and conservation’ scenario
was associated with relatively positive changes on
potential ES provision, and may also be more bene-
ficial to the local community and resilience of the
environment than the other scenarios. Below we
briefly highlight the present context of landscape
change and discuss the implications of each scenario
in detail.

4.1.1. Current context of landscape change

The current landscape consists of a mosaic of forest and
farmland, where forest patches (>1 ha) and farmland
each cover approximately 50% of the landscape
(Table 3, Duguma et al. 2022). The rural population
heavily depends on locally generated provisioning ES
(Ango 2018; Schultner et al. 2021; Shumi et al. 2021),
and prefers integrated agroecosystem management
(Jiren et al. 2018) - with possible benefits for both
people and ecosystems (Altieri 2008; James et al.
2023). However, research findings in the study area
show that smallholder farmers are shifting towards
cash crops (Dharmendra Kumar et al. 2014;
Gebrehiwot et al. 2016; Jaleta et al. 2016), partly because
of persistent problems with crop raiding (Ango et al.
2014; Dorresteijn et al. 2017). At the same time, inci-
dences of small- and medium-scale forest grabbing for
coffee plantation have increased (Tadesse et al. 2014;
Ango 2018). Furthermore, since 2005, Ethiopian
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Figure 3. Correlation analysis showing tradeoffs and synergies between ES under the current landscape and scenarios.
(Abbreviations: TSR = Total species richness (used interchangeably for woody-plant richness), AER = Avoided erosion, CSt =
Carbon storage, Cof = Coffee production, Cro = Crop production, and LF = Livestock feed). Blues in the graph indicate synergies

and Reds indicate trade-offs.



government policy in general has been encouraging
large-scale agricultural intensification to increase food
security and availability (Keeley et al. 2014; Bachewe
et al. 2018; Moreda 2018). With this current landscape
context in mind, in the following, we discuss the impli-
cations of our land-use scenarios for environmental
conservation and human wellbeing.

4.1.2. ‘Gain over grain’

In addition to increases in cash crop production (such
as eucalyptus, coffee, and khat), this scenario could also
provide slight increases in other ES such as erosion
control (by 1%), carbon storage (6%), and woody-
plant richness (4%) (Table 4). Such increases could be
beneficial even beyond the landscape, for example
because they help to control soil loss, avoid downstream
siltation, and maintain a productive local microclimate.
All of these benefits directly stem from the increase in
cash crop plantation, combined with the preservation of
woody vegetation and forest extent. Coffee plantations
under this scenario were expanded on arable land and
pasture within suitable altitude ranges for coffee in the
future (Moat et al. 2017; Duguma et al. 2022); whereas
khat and eucalyptus were grown mostly at high altitude
kebeles and on steep and degraded arable land (Jiren
et al. 2020; Duguma et al. 2022). However, decreases in
crop production (by about 55%) and livestock feed
(57%) could have very significant negative impacts on
the local community, likely impacting dietary diversity,
nutritional values, and cultural values (Wayessa 2020;
Kim et al. 2022).

Our results are consistent with research findings
from elsewhere. For instance, in China, the Gain For
Green Program (GFGP) tree plantation (mainly
monocultures of eucalyptus, bamboo, Japanese
cedar) played key role in land cover change, and led
to the conversion of approximately 23% of cropland
in Southwestern China to tree plantations between
2000 and 2015 (Hua et al. 2018). Moreover, despite
positive contribution to some potential ES, studies in
China (Brancalion and Chazdon 2017) and Ethiopia
(Lemessa et al. 2022; Tesfaw et al. 2022) have indi-
cated that monoculture plantations, such as eucalyp-
tus, had led to losses of bird and bee diversity.

Finally, changes in potential ES were not uniform
across the landscape. For instance, increases in ero-
sion control and carbon storage were most pro-
nounced for kebeles currently dominated by arable
land and pasture, and changed to cash crops under
this scenario. These kebeles were also more negatively
affected by loss of crop production and livestock feed
(Figures 2 and 3). Crop production showed tradeoff
with coffee production, carbon storage, erosion con-
trol and woody-plant richness because these potential
ES increased along with increase in cash crops while
crop production and livestock feed decreased
(Figure 3).
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4.1.3. ‘Coffee and conservation’
Changes in potential ES provision under this scenario
were similar to the ‘Gain over grain’ scenario
(Table 4, Figures 2 and 3). Increases in potential ES
such as woody-plant richness, erosion control, and
carbon storage were the results of maintained existing
vegetation cover, restoration of the degraded steep
farmland, and diversification of cropping systems
using fruits and vegetables (Jiren et al. 2020).
Despite these positive impacts, substantial decreases
in potential crop production and livestock feed by
about 46% and 22%, respectively (Table 4), could
negatively affect the local wellbeing in the short term.
Such potential decreases in crops and livestock,
which could negatively affect human wellbeing,
could be offset to an extent by a substantial increase
in fruits and vegetables in the landscape (Table 4).
Moreover, a review by Tamburini et al. (2020)
showed that agricultural diversification promoted
biodiversity and the delivery of multiple ES without
compromising crop yield. Further, local community
in this scenario would generate income from the
development of eco-tourism. Additionally, the clima-
tically driven shift in shade coffee to high altitudes
(Moat et al. 2017) could increase shade coffee pro-
duction in this scenario, and thereby also benefit the
local community. Finally, this scenario would also
help in avoiding or minimizing deforestation, because
deforestation is typically lower in forest used for
coffee production than in forest without coffee
(Hylander et al. 2013; Takahashi and Todo 2013).
Disaggregated results at the kebele level are very
similar to the ‘Gain over grain’ scenario - in which
increases in woody-plant richness, erosion control,
and carbon storage were high for many kebeles, espe-
cially those currently dominated by arable land
(Figure 2). Similar tradeoffs and synergies between
pairs of potential ES with ‘Gain over grain’ scenario
was observed (Figure 3), but it is due to restoration of
degraded farmland that decreased potential crop pro-
duction and livestock feed. As such, maintaining the
current woody vegetation and restoring the degraded
farmland areas could potentially preserve the current
multifunctionality of the landscape, thereby serving
both ecosystems and human-wellbeing.

4.1.4. ‘Mining green gold’

Under this scenario, coffee production increased by
more than two times. This increase could have the
potential benefit to increase export and thus generate
foreign income at the national level (Rahmato 2014;
Jiren et al. 2020). However, other potential ES -
woody-plant richness, carbon storage, erosion con-
trol, crop production and livestock feed - all
decreased (Table 4). As such, this scenario revealed
the impact of intensification via monocultures - ES
provision was limited to few services, and the benefits
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would likely accrue to limited groups of individuals
or companies (e.g. Rahmato 2014; Moreda 2017;
Rasmussen et al. 2018). Furthermore, the current
available evidence on coffee plantations in the study
area indicated that coffee investment companies did
not allow the local community to access forest-based
ES from their investment area (Tadesse et al. 2014;
Ango 2018). Such restriction could also affect the
livelihoods of the local community who closely
depend on forest products such as fuelwood (Ango
2018; Schultner et al. 2021; Shumi et al. 2021).

Evidence from Latin America also indicated that,
even though modern coffee plantation increased cof-
fee yield, it also increased forest loss, soil erosion,
biodiversity loss, and chemical runoff, thus threaten-
ing the long-term sustainability of ecosystems (Staver
et al. 2001; Rappole et al. 2003). Such negative envir-
onmental impacts have far-reaching consequences
beyond the landscape, for instance in agricultural
production of downstream areas (Buytaert et al.
2011; Ighodaro et al. 2013).

Notwithstanding the overall tradeoff between cof-
fee and other ES in this scenario, the projected
changes were not uniform across the landscape
(Figure 2). Especially kebeles with a high level of
woody-plant richness, erosion control, carbon sto-
rage, crop production and livestock feed in the cur-
rent landscape would stand to lose much of this
potential under this scenario. This is also reflected
in correlation analysis (Figure 3) in which coffee
production almost showed no correlation with car-
bon storage, erosion control, and woody-plant rich-
ness because increase in coffee production in
farmland increased these potential ES, while increase
in coffee production in forest decreased these poten-
tial ES. Although the previous findings by Hylander
et al. (2013) and Takahashi and Todo (2013) con-
cluded that coffee presence slows down deforestation,
which by implication minimizes soil loss and main-
tains carbon storage, disaggregated results of the
landscape at the kebele level showed the effect of
coffee presence on erosion control and carbon sto-
rage differed across the kebeles. Intensive coffee plan-
tations (unlike forest-grown coffee) led to increased
soil loss and decreased carbon storage in kebeles
currently dominated by forest. The possible national
benefits of large-scale expansion of coffee plantations
therefore need to be considered carefully, especially
in the context of a biodiversity hotspot where local
people have strong ties with local ecosystems.

4.1.5. ‘Food first’

Under this scenario, crop production increased by
more than two times (Table 4) as a result of large-
scale agricultural expansion and intensification. This
scenario has the potential to boost national food
production levels (Jiren et al. 2020), but might come

at the expense of the local community’s access to food
and ES (e.g. Rahmato 2014; Moreda 2017; Rasmussen
et al. 2018). Similar tradeoffs between crop produc-
tion and other ES have been observed for large-scale
agricultural intensification across the world (e.g.
Rasmussen et al. 2018; Beckmann et al. 2019; Kim
et al. 2022). Similar to the ‘Mining green gold’ sce-
nario discussed above, this scenario could have nega-
tive long-term impacts on both society and the
environment.

Disaggregation of results to the kebele level under
this scenario indicated that cereal crop production
increased and other ES decreased in almost all kebeles
(Figure 2). Those few kebeles where crop production
did not change were characterized by complex topo-
graphy that was not suitable for industrialized
farming.

5. Limitations and future research

Although our findings and general conclusions are
probably robust, we acknowledge that some limita-
tions are unavoidable in such empirical work. Most
notably, our analyses drew on imperfect data gener-
ated from different sources. Future research could use
a similar approach to ours in other landscapes by
integrating locally developed scenario analysis with
spatial modeling using actual data generated at the
local level. Such integration would provide an oppor-
tunity to evaluate different land-use management
strategies and their implications on local livelihoods.

6. Conclusions

Potential ES changes differed across the scenarios in
line with LULC changes. However, the changes were
not uniformly distributed across the landscape.
Disaggregated analysis at the kebele level showed
that changes differed across the kebeles for all scenar-
ios, which implies that considering heterogeneity
within a landscape is important for scenario interpre-
tation and land-use management interventions. Our
findings provide valuable guidance for regional deci-
sion-makers and other stakeholders, because they
illustrate the plausible effects of land-use scenarios
on potential ES in the area at landscape scale and
kebele level, with important implications for the
future of local community well-being. Our results
indicated that scenarios of large-scale agricultural
intensification are more likely to only address nar-
rowly defined goals, such as the increase in provision-
ing services, but would imply major tradeoffs
regarding regulating, cultural and supporting ES.
Such tradeoffs may cause unwanted consequences
both locally and beyond; hence, detailed information
on plausible outcomes of different land-use scenarios
is important. Here, our potential ES maps of land-use



scenarios provide useful information for the land-
scape in southwestern Ethiopia that could support
decision-makers and stakeholders for planning for
the future of the landscape. Based on our finding,
the ‘Coffee and conservation’ scenario would be
most effective to conserve ecosystems and provide
human well-being.
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