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Abstract
Integrated landscape management (ILM) has received increased interest to reconcile multiple conflicting demands on a landscape
scale. ILM aims at addressing major interconnected global challenges, such as poverty, food security, deforestation, and climate
change. A principal element of ILM is the consideration of multiple scales, harmonizing local-level needs and ambitions with
those that derive from outside the landscape. ILM initiatives are most often initiated by local actors focusing on local priorities,
thereby insufficiently realizing that the landscape is embedded in a wider macroeconomic and societal context. We contextualize
a landscape initiative located in the high forest zone of southern Ghana, focusing on global socioeconomic and political
developments that are expected to have an influence on the region.We built two “sustainability” scenarios for the period between
2015 and 2030, reflecting the demands and ambitions of local stakeholders (bottom-up) and of global environmental policy (top-
down) for the region. We find that global climate and cocoa production priorities could induce synergies between food produc-
tion, biodiversity conservation, and climate change mitigation at the scale of the case study region but could come at the cost of
mixed forest systems that play an important role in livelihoods on the landscape scale. Land change scenarios can play a critical
role in assessing and visualizing such interactions and provide a platform for discussion and negotiation on how to integrate
different objectives in the design of landscape initiatives.

Keywords Land use competition . West Africa . Scenarios . Cross-scale interactions . Integrated landscape initiatives . Land
systems

Introduction

Land use change (LUC) is driven by demands that operate at
multiple spatial scales. In an increasingly interconnected
world, decisions on one spatial scale can have effects on other

spatial scales (Meyfroidt et al. 2013), leading to feedbacks on
land use decisions and trade-offs for the well-being of differ-
ent societal groups. Understanding the interlinkages between
local and global processes and the effects of such interlinkages
is thus important. Globally, the growing demand for food,
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climate changemitigation, and biodiversity conservation, aris-
ing from population increase and lifestyle changes, pose in-
creasing pressures on land use (Lambin and Meyfroidt 2011;
Creutzig et al. 2019). Many desired ecosystem services (ES)
cannot sufficiently be found in a country’s own territories.
Particularly, climate changemitigation, biodiversity conserva-
tion, food, and bioenergy production are becoming increas-
ingly telecoupled (Friis et al. 2015). While the demand for
these ES is spread all over the globe (Serna-Chavez et al.
2014; Eitelberg et al. 2016; Fuchs et al. 2017), the supply is
concentrated in regions that host sufficient ES to meet these
global demands. As a consequence, those regions experience
an expansion of agriculture, as well as large-scale land acqui-
sitions by foreign governments, companies, or individuals
(Nolte et al. 2016).

Integrated landscape management (ILM) has emerged as a
natural resource use strategy to respond to growing competi-
tion for natural resources. It aims to achieve multiple objec-
tives, by managing demands from different sectors and stake-
holders in a way that is more sustainable, inclusive, and effec-
tive at a local scale (Reed et al. 2017). The main rationale of
ILM is to address the “dynamics, linkages, synergies, and
trade-offs among multiple objectives, land units, and stake-
holder interests, as well as to manage and overcome conflicts”
(Scherr et al. 2014). ILM focuses on finding local solutions to
global challenges that converge on the landscape scale. An
example is the need to find landscape-scale solutions to com-
bine growing agricultural demand with biodiversity conserva-
tion (Sayer et al. 2013; Wu 2013). Several programs and en-
vironmental policies that aim to enhance and conserve ES,
such as the Convention on Biological Diversity “Aichi tar-
gets” (CBD 2011), the UN Convention to Combat
Desertification “Land Degradation Neutral” (UNCCD
2012), and the UN Sustainable Development Goals (SDGs)
(i.e., target 2, 12, 15) (UN 2015), align with the elements of
ILM: “allocating and managing land to achieve social, eco-
nomic and environmental objectives in areas where produc-
tive land uses compete with environmental and biodiversity
goals” (Sayer et al. 2013). ILM methods and practices have
been applied in 436 programs, among others in Africa, Latin
America, the Caribbean, South and Southeast Asia, and
Europe (Milder et al. 2014; Zanzanaini et al. 2017).

As a bottom-up process, ILM initiatives are often initiated
at the local level, reflecting local stakeholders’ interest, yet
they can be more sustainable if the landscape ambitions are
embedded in the context of global, external developments.
This includes the influence of global socioeconomic develop-
ments and environmental changes that may influence future
local landscape ambitions (Heck et al. 2018). Accounting for
the wider context of the landscape can help to identify poten-
tial conflicts resulting from the needs of different levels
(Seppelt et al. 2013). For example, achieving climate change
mitigation targets at a national or global level can cause trade-

offs with local desired ambitions, such as food security, in-
ducing negative impacts on local livelihoods. To achieve ILM
that is sustainable across scales, a better understanding of how
external drivers could affect ILM initiatives is needed to re-
duce risks and to allow for adapting the landscape to future
developments (Fedele et al. 2018).

Integrated analysis can help determine hotspots of landscape
changes, propose how a balance among different objectives can
be achieved, and provide guidance for short- and long-term sus-
tainable land use decisions (Thaxton et al. 2017; Verhagen et al.
2018). LUC scenarios that provide spatially explicit visualization
of such changes can be used to identify trade-offs and synergies
among objectives in the landscape.

So far, drivers of land use or land system changes have
been addressed from either a macroeconomic or local perspec-
tive (Verburg et al. 2008). Larger-scale studies that take a
macroeconomic perspective have used outputs from macro-
economic and integrated assessment models (IAMs) (e.g.,
Eitelberg et al. 2016), or optimization models, e.g., to harmo-
nize land use goals related to the SDGs across local, national,
and global scales (Heck et al. 2018). Local perspectives have
captured cultural and behavioral motives of land use decision-
making using agent-based modeling (Zagaria et al. 2017).
Fewer studies have considered drivers and pressures of LUC
that emerge from multiple spatial scales or addressed the po-
tential conflict between them (Gollnow et al. 2018).

In this study, we use the high forest zone (HFZ), located in
southern Ghana, as a case study region where multiple inter-
ests convene at the landscape scale. We contextualize the re-
gion in global socioeconomic development and environmen-
tal policy scenarios that could influence the region in the fu-
ture through expected effects on land use. The aims of this
study were (i) to compare global and regional landscape de-
mands and sustainability ambitions for the HFZ and to explore
how these could result in different land use futures and (ii) to
analyze and compare the resulting land system architectures in
terms of their contribution to food production, forest biodiver-
sity conservation, climate change mitigation, and sustainable
urbanization.

To do so, we model land system changes in the HFZ be-
tween 2015 and 2030 that could result from regional and
global landscape demand on this region, accounting for ex-
pected changes in socioeconomic developments, associated
demand changes, and environmental policy ambitions. We
compare an “integrated landscape management” scenario with
a “global sustainability” scenario that follow similar sustain-
ability aspirations, but from a local and global scale perspec-
tive. As such, we investigate land system change from a
bottom-up and top-down perspective. We evaluate the im-
pacts of each scenario on land system architecture and discuss
the usefulness of land change scenarios to explore synergies
and trade-offs in aligning local and global interests in the
landscape.
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Case study region

The HFZ is located in southern Ghana in the West
African region and covers an area of 70,053 km2

(Fig. 1). The HFZ occupies 30% of the country’s land
area, but is home to 75% of Ghana’s population, as the
region includes the two largest urban agglomerations in
Ghana: Accra and Kumasi. The region supplies many ES
found in remaining intact forest landscapes, biodiversity
hotspots, and climatically suitable areas to grow high-
quality cash crops, such as cocoa, shea, and coffee.

However, the region experienced drastic rates of defor-
estation and forest degradation due to agriculture expan-
sion, unsustainable logging, population pressures, and
mineral exploitation (for gold and bauxite) (Appiah
et al. 2009; Forestry Commission 2010). Over 60% of
the forest area has been lost between 1950 and 2000, with
an annual deforestation rate of 3% (National REDD+
Secretariat 2017). While deforestation in the HFZ is a
minor source of CO2 emissions globally, it has had sig-
nificant effects on the local climate, reflected in increasing
temperatures and a decrease in rainfall (Amisah et al.
2009; Boon and Ahenkan 2012). Climate changes are
posing risks to the region’s cocoa production, threatening
the global cocoa supply, as Ghana produces around 25%
of the global cocoa supply. Cocoa production is concen-
trated in the HFZ region (UN-REDD 2018) and is essen-
tial to Ghana’s economy. On a local scale, cocoa is of key
importance for smallholder livelihoods, contributing to

70–100% of annual household income (Okoffo et al.
2016). Natural forests outside the cocoa landscapes are
sources of nonwood forest products (NWFP), such as
medicine, water, and food (e.g., bush meat) that provide
rural communities with livelihood maintenance and an
income security buffer between seasonal cash flows
(Malleson et al. 2014; FAO 2018). Over 30% of house-
hold income in Ghana derives from NWFP (FAO 2018).
Forest plantations, such as teak, are other important indus-
tries for Ghana’s economy (Oduro et al. 2014).

We use insights from a participatory scenario building
project in the Atewa-Densu landscape (Meijer et al. 2018)
to identify local landscape demands and ambitions. We
upscale these demands to the HFZ including the bound-
aries of the bordering districts, covering an area of
70,053 km2, and including about 21 million inhabitants
(Ghana Statistical Service 2016) (Fig. 1). The Atewa-
Densu landscape is located in the east of the HFZ,
stretching over the Eastern and Greater Accra region. It
is characterized by the Atewa Range, a protected forest
reserve and surrounding buffer zones supporting several
communities that live in the forest fringes. The forest is
source of the Densu, Birim, and Ayensu rivers that are
important for water supply in the surrounding regions.
The Atewa forest reserve is a globally significant biodi-
versity hotspot. About 6 million people inhabit the
Atewa-Densu landscape (Meijer et al. 2018). Thus, more
than a third of the inhabitants of the case study region are
located here.

Fig. 1 Case study area including the integrated landscape initiative that was used to upscale to ILM scenario
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Method

The study comprised three steps. First, we constructed a land
systemmap, building on an expert informed classification tree
(Fig. 2).We then built the “integrated landscapemanagement”
and the “global sustainability” scenario and translated the nar-
ratives into land system change simulations, using the land
system change model CLUMondo (“Modeling land system
change scenarios” section).

Land system classification

Underlying land cover and land use map

As no detailed land use map was available that covers the com-
plete HFZ, we first created a land use map by integrating differ-
ent datasets that provide complementary insights into land use
and land cover. All input raster data were resampled to 10 ×
10 m. The Climate Change Initiative-S2 prototype land cover
map of Africa (ESA 2016) was used as base map, providing
the most detailed information on tree cover distribution and den-
sity and distinguishing between cropland and grassland (ESA
2016). “Closed forest” and “open forest” were classified using
a land cover map of the Forestry Commission (2016b). Rubber
plantations were classified using the land cover map of Hackman
et al. (2017) for Ghana. The fraction of palm oil plantations was
identified in 500 × 500 m blocks, based on Sentinel remote

sensing data processed by Satelligence (2017) and masked with
the land use class “orchards” of Hackman et al. (2017) for more
precision.Mining locations were digitalized from a paper map of
the Minerals Commission (PBL 2017).1 Remaining land cover
types were kept, but partly merged to reduce the number of land
cover and land use classes fed into the land system classification
(Fig. 2).

Land system classification

Land systems are coupled human–environmental systems that
integrate land use and land cover (Verburg et al. 2013). Land
systems range from specialized systems, dominated by one
land cover/use type (e.g., closed forest or agriculture with
sparse tree cover), to mosaic land systems that combine mul-
tiple land cover/uses (e.g., mixed forests with agriculture).
Consequently, specialized land systems can produce large
amounts of specific goods or services, while mosaic land sys-
tems can contribute to meet multiple demands. A shift from a
mosaic land system to a land system dominated by one land
use type is referred to as specialization (Wolff et al. 2018).

To develop a land systemmap, we first aggregated the land
cover/use map (“Underlying land cover and land use map”
section) into 200 × 200 m resolution layers representing the

Fig. 2 Hierarchical classification of land systems. Rectangular boxes indicate the land use and land cover classes fed into the land system classification.
Rounded gray rectangles indicate the final land system classes used for land change modeling

1 PBL (2017) manual digitization of mining areas in the Ghana HFZ from the
ESRI Imagery base map, accessed via ArcGIS Online.
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percentage covered by each land cover/use type. This resolu-
tion was chosen to be able to combine the different land uses
(i.e., settlement area, agriculture, and forest types) in mosaic
land systems. These layers were fed into an expert-based hi-
erarchical classification tree (Fig. 2) that defines land systems
based on combinations of percentage of land cover and land
use. For example, “agriculture with sparse tree cover” is com-
posed of a combination of up to 0–15% open forest, more than
70% agriculture, and less than 30% tree cover (Fig. 2).

We first identified the land systems “built-up,” “water,”
“mining,” “industrial plantations” (including rubber/palm
oil), and “closed forest.” The remaining open forest area was
classified to “mixed forest with agriculture,” “agriculture with
sparse tree cover,” and “open forest,” based on combinations
of open forest, agriculture, and tree cover density. To identify
“cocoa agroforestry,” we overlaid the land system classes
“mixed forest with agriculture” and “open forest” with poly-
gons specifying mixed arable-cocoa production systems
(CERSGIS 20002). Corresponding areas were classified as
“cocoa agroforestry.” The final land system map is shown in
Figs. 4a and 7 of the Appendix. The sharp boundaries of the
closed forest visible on the map are not a mapping artifact, but
reflect the boundaries of the protected forest reserves that are
also easily seen from remote sensing images.

Modeling land system change scenarios

CLUMondo

Wemodel land system change at a spatial resolution of 200 ×
200m, in our case study area of 70,053 km2with CLUMondo.
CLUMondo is a spatially explicit land system change model
(van Asselen and Verburg 2012). With CLUMondo, land sys-
tem change is allocated responding to competing demands for
goods and services, local suitability, and conversion rules that
represent legacy effects, time lags, specific land change trajec-
tories, and land use policies. Each land system can produce a
range of goods and services that contribute to meet demand.
Upon a high demand for a service, land systems that provide
more of that service compared to the current land system at
that location are given competitive advantage. However, pref-
erences can be given to specific land systems, while others
may be excluded as an option to meet that demand, dependent
on the scenario narrative. Local suitability is defined as the
suitability of a location for a specific land system and is esti-
mated based on empirical relationships between current spa-
tial patterns of each land system (i.e., response variable) and a
set of socioeconomic and biophysical location factors (i.e.,
predictors) using a logistic regression model (van Vliet and
Verburg 2018). The logistic regression model calculates the
probability of a land system to occur at a specific location.

Besides socioeconomic and biophysical factors, policies and
regulations can influence local suitability for a specific land
system or can restrict LUC completely. For example, resto-
ration policies can favor specific land systems or can fully
restrict land system change in protected areas. To account
for such factors, a location-specific weight (i.e., location-
specific preference addition) for a land system can be in-
cluded that influences the estimated local suitability. The
areas for which these weights apply are defined in spatial
layers. Local suitability can be influenced by neighboring
land uses. This is implemented for urbanization where the
amount of existing urban areas in the neighborhood in-
creases the local suitability. Furthermore, conversion resis-
tance indicates the difficulty/cost of changing the existing
land system at a location and can differ between scenarios
to reflect policy incentives, restrictions, available technol-
ogy, or societal attitudes. The simulated allocation of land
system change is thus a function of differential local suit-
ability for different land systems, current land use, conver-
sion or exclusion restrictions, and the competitive advan-
tage of the different land systems in fulfilling the demand
for goods and services. The numerical algorithm of the
model calculates land system change by matching the land
system allocation with externally specified demands.
Documentation of the model and its open-source code are
available at www.environmentalgeography.nl.

Creation and use of bottom-up and top-down scenarios

We compare two scenarios: the ILM and the global sustain-
ability scenario (GS). The ILM scenario was inspired by
stakeholder discussions within an ILM initiative in the
Atewa-Densu region over a 2-year period (IUCN 2016;
Meijer et al. 2018). The GS scenario was built following the
narratives of the shared socioeconomic pathway 1 (SSP1)
“Taking a Green Road” (O’Neill et al. 2017; Popp et al.
2017) using respective outputs of the IMAGE global IAM
(Doelman et al. 2018), business-as-usual projections based
on statistical data (FAOSTAT 2018), and global environmen-
tal policy aspirations that focus on global climate and nature
conservation priorities (CBD 2011; UNCCD 2012; UN
2015). Scenarios do not represent definite truths for the future
of the region but project a set of plausible pathways of how the
future might unfold under contrasting assumptions (Alcamo
et al. 2006). Our scenarios are exploratory, due to high uncer-
tainties on how both global and local demands will manifest in
the landscape, in the context of the complex land tenure and
governance structures in the HFZ (Hansen et al. 2009;
Damnyag et al. 2012). We focus on exploring plausible con-
sequences of, in particular, regional and global sustainability
aspirations on land system changes in the HFZ without taking
into account restrictive aspects of governance. The focus of
our scenarios is on land use–related sectors.2 Map was received from CERSGIS.
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To develop the scenarios, we used two different approaches:
a bottom-up and a top-down approach. For the ILM scenario,
we used the storyline and input of a stakeholder workshop of
the smaller Atewa-Densu landscape and upscaled these to the
HFZ. For the GS scenario, we downscaled the narrative of the
SSP1 and the respective land use futures for West Africa and
Ghana (depending on data availability) to the HFZ (Fig. 3). The
GS scenario is used as a comparative scenario, as it follows
similar “sustainability” aspirations as the ILM scenario, but
from a global perspective. A comparison can thus depict
trade-offs and synergies between sustainability aspirations and
trends across the local and global scale until 2030. Scenarios
represent two extreme cases, with internal consistency that
would not be achieved in real life, and a world that might
emerge under such scenario conditions. They can thus provide
guidance for discussion, e.g., on finding synergies of objectives
in the landscape, rather than prediction (van Notten 2008).

Integrated landscape management scenario “regional visions
of the landscape

Description In the ILM scenario, the emphasis is put on
achieving shared landscape ambitions that were locally

derived from various stakeholder consultations and work-
shops in the Atewa-Densu landscape (Fig. 1). Participants in-
cluded 37 stakeholders from different sectors and scales.
These consisted of governmental officials (of the Ministry of
Agriculture, Water Resources Commission, Minerals
Commission, Environmental Protection Agency, Forestry
Commission, and the Cocoa board of the Eastern region),
the private sector (Newmont mining, BESNet Blue Skies),
NGOs representing farmers and local communities (A
Rocha Ghana, Solidaridad, and IUCN-NL), coordinating di-
rectors and planners of municipal assemblies of the eleven
districts included in the landscape, as well as scientists of the
University College for Environment and Agriculture
(UCEAS) (Appendix, Table 4). During a workshop, the stake-
holders discussed their collective ambitions for the landscape
(Meijer et al. 2018). These included improved food security
and livelihoods, conservation of forest ecosystems and protec-
tion of biodiversity, sustainable management of water re-
sources, sustainable cocoa and palm oil production, and main-
taining functioning buffer zones by promoting agroforestry
and halting mining activities. These landscape ambitions also
align with national development ambitions reflected in nation-
al development plans, including the Medium-Term National

Fig. 3 Overview of the scenario approach and sources of information feeding into the scenarios (LS = land systems)
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Development Policy Framework, the Ghana Shared Growth
and Development Agenda II (GSGDA II), and the National
Integrated Water Management Plan. Additional to the stake-
holder input, these national development plans were used to
identify national land use ambitions for the HFZ that go be-
yond those defined for the landscape only, i.e., sustainable
urban development. Thus, while the scenario is locally in-
formed, it reflects the sustainability ambitions of both local-
and national-level stakeholders.

Extrapolating these ambitions from theAtewa-Densu landscape
to the HFZ resulted in a set of scenario assumptions that include
the objective to improve food security and livelihoods and increase
agricultural production in line with the interventions of the Shared
Growth and Development Agenda, the main poverty reduction
strategy of Ghana (National Development Planning Commission
2017). Agricultural production remains concentrated in designated
highly productive areas. To protect and conserve forest biodiver-
sity, forest degradation is reduced in natural closed forests.
Degraded forest areas are restored, contributing to the countries’
forest plantation strategy (Forestry Commission 2016a). Mining
regulations are enforced that prohibit mining activities in protected
areas, protected area buffer zones, and riparian buffer zones.Water
resources are managed sustainably by protecting riparian buffer
zones in line with the National Integrated Water Resources
Management Plan (Water Resources Commission 2012) and ri-
parian buffer zone policies (Government of Ghana 2011). Urban
development is controlled and dense, focusing on the main urban
centers Accra and Kumasi. Growth is encouraged in the medium
rather than small urban settlements. Green belts are planned
around urban areas to protect against settlement amalgamation
(Government of Ghana 2015). Population growth follows histor-
ical trends between 2000 and 2015 in the respective districts
(Ghana Statistical Service 2016). Demand for industrial crops in-
creases in line with global trends. Due to yield enhancements and
effective regulations, expansion of these crops is limited.

Quantification—This scenario is driven by five demand
types: built-up area, tree cover area, tons of industrial crops
(incl. rubber and palm oil), tons of agriculture crops, and tons
of cocoa. To calculate the demand for industrial, agricultural,
and cocoa crops, national crop production data (FAOSTAT
2018) was downscaled to the case study region by allocating
the total respective demand in 2015 (e.g., crop production) to
the respective land cover area (e.g., cropland) in 2015, not
distinguishing between the intensity of production. For these
crops, we thus assume demand to be equal to production. The
demand for urban area is based on the built-up area in the case
study region in 2015 (ESA 2016). Changes in built-up area
were calculated based on population increases in the respective
districts, between 2000 and 2016 (Ghana Statistical Service
2016). Tree cover demand was calculated based on tree cover
in 2015 (ESA 2016), minus degraded forest area (National
REDD+ Secretariat 2017), plus the forest restoration targets
set for 2030 (IUCN 2018; Forestry Commission 2016a, b).

To calculate the forest restoration target for the region, the
national forest restoration target was attributed to the case study
area, relative to the area of degraded open forest (6854.47 km2).
This area equals 41% of the total national restoration target
(16,672 km2) set for the Bonn challenge (IUCN 2018).
Additionally, the area identified for plantation expansion by
the Forestry Commission of Ghana was added as an area target
to meet the national plantation strategy 2016–2040 (Forestry
Commission 2016a). This strategy closely links to the forest
restoration target and accounts for expected increases in timber
demand. Total crop production is composed of crops that dom-
inate production in the case study region, including cassava,
plantain, and maize. The respective share of each crop produced
in the case study region relative to national production was
calculated based on the respective share of the cropland area in
this region. Demand changes for these crops were extrapolated
in line with historical growth rates of 2000–2015 (FAOSTAT
2018) and population changes. Cocoa demand was calculated
using historical growth rates of cocoa bean production
(FAOSTAT 2018). Increases in crop yields follow scenario es-
timates for the West Africa region (Doelman et al. 2018). To
model the protection and conservation of forest biodiversity,
closed forest in forest reserves and riparian buffer zones were
restricted from LUC. Following sustainable water management
targets, mining activities are discontinued in protected areas and
riparian buffer zones and might be converted to other land sys-
tems. To model dense urban development, the impact of neigh-
boring land uses on the local suitability was increased for urban
areas. Additionally, local suitability for urban development in a
radius of 400 m around medium- and large-sized cities was
increased by adding a positive location-specific weight. Green
belts were modeled by increasing local suitability for forest sys-
tems around smaller urban settlements (< 100 cells/4 km2) to
protect against settlement amalgamation.

Global sustainability scenario

Description In the GS scenario, development priorities follow
“sustainable development” that considers environmental
boundaries and societal well-being. Land resources are man-
aged sustainably, and there is increasing commitment to
achieving SDGs, with a focus on climate change mitigation.
In an open global economy, food and other goods are traded
internationally (O’Neill et al. 2017). International cooperation
for climate change mitigation removes delays in achieving
climate change mitigation targets. There is full participation
of the land use sector. Concerns linked to deforestation and
its impact on global forest biodiversity, cocoa production sup-
ply, and carbon emissions in the HFZ increase interest to com-
bine agricultural/cocoa production and climate change mitiga-
tion in “climate-smart” land systems (e.g., REDD+ and forest
restoration). Following the National REDD+ strategy for
Ghana (Forestry Commission 2016b) and the Forest
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Investment Strategy (World Bank 2015), the productivity of
cocoa farming increases, reducing the need for farmers to ex-
pand or relocate their farms, which reduces deforestation and
carbon emissions. Due to strict LUC regulations, deforestation
is strongly reduced (Popp et al. 2017; Doelman et al. 2018).
Crop yields are rapidly increasing due to large investments in
technological innovation. Population growth follows the same
historical trends as in the ILM scenario (Ghana Statistical
Service 2016), and urban development is controlled and dense.
Biodiversity is conserved by reducing the loss of native closed
forest and by establishing buffer zones around closed forest
reserves. Increases in the demanded wood and timber are met
primarily by timber plantations in degraded forest areas (i.e.,
within forest reserves). Due to global environmental concerns
linked to palm oil plantations such as deforestation, biodiver-
sity loss, and water depletion, as well as investment insecu-
rities, the demand for palm oil decreases. Rubber crops remain,
and productivity increases.

Quantification

To calculate demands, projections of global IAMs for West
Africa (Doelman et al. 2018) were compared with national data
(FAOSTAT 2018) and then downscaled to the HFZ. As in the
ILM scenario, this was done by allocating the relative share of
demand in 2015 (e.g., crop production) to the respective land
cover area (e.g., cropland) in 2015, not distinguishing between
the intensity of production. Built-up area is driven by projected
growth rates in population for Ghana following IMAGE projec-
tions for the years 2010, 2020, and 2030 (Kc and Lutz 2014).
These population projections are similar to the ILM scenario;
however, under the assumption of stricter control of urban sprawl,
there is less built-up area expansion, compared to ILM.Tree cover
demandwas calculated similar to the ILM scenario, following the

same forest restoration targets (i.e., Bonn challenge). Total crop
production is calculated as in the ILM scenario. The demand for
crop production and cocoa, as well as productivity increases,
follows IMAGE calculations for West Africa (Doelman et al.
2018). As part of climate change mitigation efforts (REDD+),
climate-smart land systems, including cocoa agroforestry and
mixed forest–agriculture systems, experience slightly higher pro-
ductivity increases compared to agricultural dominated land sys-
tems. These mixed land systems are preferred in degraded forest
areas due to their multifunctionality to contribute to carbon se-
questration, food security, and livelihoods. Rubber demand in-
creases following historical trends (FAOSTAT 2018). A decline
in palm oil demand, however, results in an overall decline in
demand for industrial plantations. To conserve biodiversity,
closed forest in national and international designated forest re-
serves is protected fromLUC (CBD2011). In the remaining areas
of the reserves and adjacent to them, restoration of closed forests
is incentivized by adding a location-specific preference addition to
the calculated local suitability of closed forest in these areas
(Appendix, Table 10).

Identification of synergies and trade-offs in landscape
sustainability dimensions

We selected sustainability indicators tomeasure the consequences
of the scenarios (“Trade-offs and synergies within landscape sus-
tainability dimensions” section) for regional sustainability. These
indicators measure how the resulting land system architecture
scores with regard to food production, forest biodiversity, climate
change mitigation, and urbanization. These dimensions were se-
lected as they cover the main land use ambitions and demands
identified at each spatial scale (Table 1). The rationale for indicator
selection and calculation can be found in the Appendix, Table 15.

Table 1 Sustainability dimensions and indicators selected for analysis

SDG Indicators

SDG 2: Zero hunger (Food production) Diversity in agricultural systems

Agricultural production per person

Increase in agricultural production in poorer districts

Area of subsistence agriculture per person

Area of commercial agriculture per person

SDG15: Life on land (Forest biodiversity) Change in closed forest area

Conversion of initial closed forest area

Change in forest patch size

SDG13: Climate action (Climate change mitigation) Net loss of closed forest

Carbon emissions from conversion of forest to cocoa agroforestry

Change in climate smart agroforestry in degraded areas

SDG11: Sustainable cities and communities (Sustainable urbanization) Change in settlement size –small to larger settlements

Change of forest systems in green belts

Built-up expansion into forest and agriculture systems
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Results

We first compare land system changes in the HFZ between
2015 and 2030 as a result of the different landscape demands
defined in the ILM and the GS scenario. We then analyze each
scenario in terms of food production, forest biodiversity con-
servation, climate change mitigation, and urbanization.

Finally, we assess trade-offs and synergies in the landscape
between the respective sustainability dimensions.

Land system changes

Figure 4 shows the simulated land system changes between
2015 and 2030 under the ILM and GS scenarios. Both

Fig. 4 Land systems in 2015 (a)
and 2030 under the ILM (b) and
GS (c) scenarios
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scenarios reflect outcomes of sustainability ambitions and it is
not surprising that both show a greener future (i.e., tree cover)
and a strong deviation from recent trends in land system
change. The ILM scenario shows strong expansion of mixed
forest with agriculture in the southeast of the study region.
Agriculture with sparse tree cover remains concentrated
around Accra and expands in the northeast. In the GS scenar-
io, the growing demand for agriculture is primarily met by
productivity increases in the more specialized agricultural sys-
tems. These land systems produce more crops per square ki-
lometer, resulting in a decrease of mixed forest with agricul-
ture. The area of industrial plantations decreases under both
scenarios. Yield enhancements reduce the total production
area and result in the restoration of old plantations to closed
forest and open forest. In the GS scenario, the decreased de-
mand for palm oil triggers contraction of palm oil plantations,
particularly in the south of the region. Cocoa agroforestry
increases under both scenarios and concentrates in the western
part of the region. Here, cocoa agroforestry replaces particu-
larly open forests, which shift to the east, where they expand.
Due to increased demand for forest restoration and timber, the

area of closed forest increases under both scenarios. Closed
forests are gained particularly in the buffer zones of initial
closed forest reserves where they replace open andmixed forest
systems. As a result of the riparian zone policies in the ILM
scenario, mining decreases in riparian buffer zones. Abandoned
mining sites are restored with mixed forest and agriculture and
closed forest. In the GS scenario, further expansion of mining
converts initial closed forest areas, inducing forest degradation
within and outside riparian buffer zones. Due to the growing
population, built-up area increases in both scenarios. In the ILM
scenario, less compact urban development results in large urban
expansion. Land system changes in square kilometers between
2015 and 2030 in the ILM and GS scenario can be seen in
Fig. 9 of the Appendix.

Trade-offs and synergies within landscape
sustainability dimensions

Figure 5 shows how the scenarios scored on the different
indicators related to food production, forest biodiversity con-
servation, climate change mitigation, and urbanization. The

Fig. 5 Indicators to assess synergies and trade-offs between the ILM and GS scenarios
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results are presented in ratios between the ILM and GS sce-
narios or percentage change relative to 2015 (the absolute
numbers can be found in the Appendix, Table 16).

Food production

Diversity of agricultural systems increases in the ILM scenario
and decreases in theGS scenario. In the ILMscenario, agricultural
demand is mainly met by mixed forest with agriculture systems.
The GS scenario, in contrast, shows a slightly larger expansion of
the specialized agriculture with sparse tree cover systems and a
decrease in mixed forest systems. Compared to 2015, the people-
to-cropland ratio increases in both scenarios andmore calories are
supplied, with a slightly higher increase in the GS scenario. In
both scenarios, poorer regions benefit from agricultural produc-
tion increase, but in the GS scenario, agricultural production
increases more in districts with higher poverty headcounts com-
pared to the ILM scenario (Fig. 6). In both scenarios, the area of
subsistence and commercial agriculture decreases. The decrease
in the area of subsistence agriculture is larger in ILM (− 27% vs.
− 17%), particularly due to strong declines in open forest systems;
the decrease in commercial agriculture is larger in theGS scenario
(− 17% vs. − 28%), particularly due to higher productivity in-
creases. Subsistence agricultural production increases similarly
in both scenarios. Commercial agriculture per person increases
more in the GS scenario.

Forest biodiversity conservation

The ILM scenario shows a higher gain in closed forest than
the GS scenario (128% vs. 121%). In both scenarios, gains
occur particularly in buffer zones of initial closed forest re-
serves, resulting in larger forest patches compared to 2015. In
the GS scenario, initial closed forest areas remain intact. In the
ILM scenario, smaller areas of intact closed forest are convert-
ed to open forest in the northeast of the region. This results in
larger patches of closed forest in the GS scenario and slightly
higher forest fragmentation in the ILM scenario.

Climate change mitigation

In both scenarios, gains in tree cover and forest density con-
tribute to climate change mitigation. In the ILM scenario,
more than twice the area of closed and open forest is converted
to cocoa agroforestry, resulting in more than twice the carbon
emissions (7.43 CO2 megatons) compared to the GS scenario
(3.4 CO2 megatons). This can be associated with lower yield
enhancements of cocoa agroforestry systems and less targeted
planting of these land systems in degraded forest areas. In
contrast, higher yield enhancements of cocoa lead to less for-
est conversion to cocoa in the GS scenario. Compared to
2015, climate-smart agriculture increases in degraded forest
areas. These increases are slightly higher in the GS scenario.

Fig. 6 Percentage change in agricultural production per district between 2015 and 2030 in the ILM (left) and GS (right) scenario. Districts highlighted
with the hatched line are those with a poverty head count over 25%
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Urbanization

In both scenarios, urban expansion occurs at the cost of forest
and agricultural systems. In particular, mosaic forest systems
(cocoa agroforestry and mixed forest with agriculture) are con-
verted to built-up area. In the ILM scenario, larger expansion of
built-up area comes at a higher cost of these land systems and,
consequently, a higher impact on nature, compared to the GS
scenario. In the ILM scenario, built-up expansion occursmainly
within smaller settlements, improving the connectivity between
settlements. The area of forest in urban green belts (1 km radius)
increases under both scenarios. In the ILM scenario, these in-
creases are higher particularly in regard to open forest, increas-
ing access to forests (Appendix, Fig. 9).

Discussion

Trade-offs and synergies in the integrated landscape
management scenario

The comparison between scenarios suggests that global con-
servation priorities and local land use ambitions, even though
they both aim at a sustainable future, can result in different
local land system architectures with consequences for food
production, forest biodiversity conservation, climate change
mitigation, and urbanization. These differences are mainly
the result of different prioritization of landscape functions at
different spatial scales and associated differences in agricul-
tural yield investments. From the local landscape-scale per-
spective, integration of food security, forest biodiversity con-
servation, and sustainable water management is important.
From a global market and climate perspective, the HFZ is of
particular interest for cocoa production and forest protection
contributing to climate change mitigation.

These differences induced patterns of land sharing in the
ILM scenario and a trend of land use specialization in the GS
scenario in the study region. These patterns are also found in
empirical studies that indicate that land sparing is more often
favored to conserve tropical forest biodiversity, whereas land
sharing is more often favored to enhance agrobiodiversity, ES
provision, and food security (Luskin et al. 2018). In the ILM
scenario, larger gains in the diversity of agricultural systems
and planned green belts aroundmedium and larger settlements
increased the coverage of forest systems in green belts, poten-
tially enhancing people’s access to forest systems and the ES
they provide (Tsai et al. 2019). Agricultural diversity can en-
hance household food security (i.e., dietary diversity) and al-
leviate poverty by combining different production items in the
landscape (Asante et al. 2018; Ecker 2018). Increased land
sharing in mixed forest systems resulted in fewer gains of
agricultural production in poorer regions compared to the
GS scenario. However, given expected climate change

impacts on the region, such landscapes can offer opportunities
for climate change adaptation to reduce the vulnerability of
smallholder incomes through farm diversification (Schroth
et al. 2016; Bunn et al. 2019). Besides, mixed forest systems
with crop–grass–tree combinations can mimic the ecological
structure of natural habitats at smaller spatial scales and can
contribute to biodiversity conservation.

Due to lower yield enhancements of cocoa agroforestry in the
ILM scenario, cocoa agroforestry converted larger areas of open
and closed forest systems compared with the GS scenario. This
resulted in slightly more forest fragmentation, with potential
impacts on biodiversity and twice the CO2 emissions compared
with the GS scenario. Lower yield enhancements in agricultural
systems and cocoa agroforestry came at the expense of climate
changemitigation and the possibility of protecting larger patches
of closed forest for biodiversity conservation.

The ILM scenario created more multifunctional land sys-
tems in the immediate neighborhood of the settlements, in par-
ticular the Atewa forest landscape that provides multiple ES to
local communities. At the scale of the study area, however, the
GS scenario showed fewer trade-offs between the analyzed
sustainability dimensions than the ILM scenario. This is primar-
ily due to increased agricultural specialization and, in line with
SSP1, increased efforts to increase agricultural production effi-
ciency. This can be considered consistent with Palazzo et al.
(2016) who expect that 66% of production increases in a sus-
tainability scenario for West Africa are due to yield increases.
Agricultural specialization increased crop production with po-
tential benefits to poorer districts that are more strongly depen-
dent on production gains for subsistence. Efficiency gains in
agricultural production allowed to protect intact closed forest
areas from agricultural encroachment and to reforest adjacent
buffer areas, increasing forest patch size favorable to conserve
forest biodiversity. Efficiency gains in agricultural and cocoa
production, in combination with targeting cocoa agroforestry in
degraded forest areas outside forest reserves, reduce the area of
deforestation and associated CO2 emissions, thus creating syn-
ergies with climate change mitigation. This is consistent with
other studies that identified sustainable intensification of cocoa
agroforestry as a promising REDD+ strategy inWest Africa, to
avoid deforestation and land degradation and to achieve wider
sustainability benefits (Gockowski and Sonwa 2011; Minang
et al. 2014). More efficient urbanization in relatively larger
settlements can reduce the risk of forest loss to built-up area
(Tsai et al. 2019). In the GS scenario, compact urbanization
saved a larger share of agricultural land from built-up expan-
sion, also contributing to climate change mitigation and forest
biodiversity conservation.

Implications for integrated landscape management

The results of our land change scenarios highlight potential
impacts of both local and global sustainability ambitions
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linked to food production, forest biodiversity conservation,
and climate change mitigation on the land system architecture
of the HFZ. Due to the high uncertainty of drivers and their
future manifestation in the landscape, in particular related to
governance and land tenure structures in the region, our sce-
narios should be understood as boundary objects for discus-
sions on how alternative futures could look like in the land-
scape (Bürgi et al. 2017).

The comparison between scenarios suggests that global
climate priorities and growing demand for agriculture can re-
sult in a land system architecture favoring patterns of land
sparing at the scale of the HFZ. These differences to the
ILM scenario result particularly from larger required invest-
ments in agricultural yields and targeted planting of cocoa
agroforestry in degraded forest areas. These interventions
allowed for synergies with food production, climate change
mitigation, and forest biodiversity conservation at the scale of
the study region but reduced the area of mixed forest with
agriculture that combines landscape services at smaller spatial
scales, such as agricultural diversity and access to forest mo-
saics. Thus, in the context of different interests in the region
and expected impacts of climate change, adaptation strategies,
such as sustainable intensification of agroforestry and the di-
versification of crops, can be useful to secure multiple inter-
ests across the landscape (Schroth et al. 2016; Bunn et al.
2019). In this context, there are several synergies between
climate change mitigation efforts and climate change adapta-
tion in forest systems that are inherent to forest landscape
restoration and climate-smart forest management (e.g.,
REDD+) (FAO 2010). While these synergies were not direct-
ly quantified, agroforestry and mixed forest systems can both
contribute to climate change mitigation as well as reduce the
vulnerability of local livelihoods by providing NWFP and
firewood in case of drought-related crop failure, as well as
regulate water flow during heavy rainfall (Rizvi et al. 2015).

Between 2015 and 2030, the population in Ghana is ex-
pected to almost double (UN 2019). Most of this population
increase is expected in the HFZ given that 75% of the
Ghanaian population is concentrated here (Ghana Statistical
Service 2016). The scenarios showed that urban expansion
could occur at the cost of forest and agricultural systems, in
particular mixed forest and cocoa agroforestry landscapes that
provide multiple benefits to local communities. Compact,
planned urbanization will thus be important to align multiple
demands in the landscape. To keep forest landscapes accessi-
ble, planned green belts can ensure that these remain accessi-
ble to local people and are not being spared to distant, poten-
tially inaccessible areas.

Context-dependent indicators that can measure the impact
of different landscape requirements on sustainability goals
over time, as has been explored in this study, can be the first
step inmonitoring progress of ILM initiatives in implementing
subnational commitments in connection with the SDGs (Bürgi

et al. 2017). Such indicators have been lacking so far, which is
seen as a key barrier of successful monitoring and upscaling of
ILM initiatives (Milder et al. 2014; Reed et al. 2016). The
challenge to engage different actors and land users within
and outside the landscape has been another barrier for
implementing ILM (Reed et al. 2016; Arts et al. 2017). Land
change scenarios that aim to clarify and visualize the uncer-
tainties intrinsic to the future can facilitate dialog among key
stakeholders and can provide a platform for envisioning what
land use ambitions could look like for the landscape (Bürgi
et al. 2017; Meijer et al. 2018; Verburg et al. 2019). Such
visualizations are common in discussing small-scale land-
scape interventions (Tieskens et al. 2017; Zagaria et al.
2017) but could play a similar role in the context of shaping
subnational frameworks to harmonize with global environ-
mental policy targets.

Achieving sustainable land use across spatial scales will
strongly depend on the local context, the actors involved,
and their willingness to collaborate and integrate objectives
at the landscape scale (Mann et al. 2018). To evaluate and
reconcile land use conflicts among different stakeholder inter-
ests, a better understanding of the relevant actors is needed,
including their power dynamics and land tenure relationships,
as well as their role in driving land system changes (Mann
et al. 2018). In this study, we identified land use demand based
on certain stakeholder inputs, statistics, and policy initiatives.
These demands were aggregated to spatial scales, not differ-
entiating the visions of different actors on the multiple scales.
To gather the most relevant actors to initiate cross-scale and
cross-sectoral dialog and to enhance cooperation and joint
policymaking, more insight is needed on the role of global
environmental conventions, companies, and governments in
influencing specific land change processes locally (Mann
et al. 2018).

ILM initiatives depend strongly on external actors for
funding (Foli et al. 2018). In Africa, access to continuous
funding has so far remained one of the greatest challenges to
scale up ILM initiatives (Milder et al. 2014). Land change
scenarios can be used to explore the sustainability of ILM
initiatives and investment decisions. For example, this can
be done by visualizing where in the landscape local needs
can be aligned with global climate and conservation targets,
accounting for long-term dynamics of the socioeconomic sys-
tem. This can help to direct funding to specific landscape
initiatives. In this way, models can help in assessing the
cost-effectiveness of ILM approaches concerningmeeting dif-
ferent societal demands or policy targets in the landscape, e.g.,
to increase flows of ES (Milder et al. 2014). For adapting
global policy initiatives, such as REDD+ to the local context,
consideration of local traditional knowledge, needs, and poli-
cies is indispensable to explore potential governance risks and
land use conflicts that could result from such initiatives
locally.
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Methodological challenges

Our land change scenarios have to be interpreted considering the
capacities and limitations of the underlying land system map
(Appendix, “Land system map” section), the scenarios, and
the sustainability indicators. In both scenarios, we considered
the land use and sustainability priorities as a consistent and
widely agreed set of priorities and assumed that land use ambi-
tions and regulations are fully implemented. While this is a
common boundary condition in scenario studies, empirical stud-
ies show that REDD+ interventions and protection measures
(e.g., for the globally significant biodiversity areas) have not
been successful in halting illegal activities in the forest reserves
of the HFZ as a result of weak law enforcement and diverging
actor priorities (Ankomah et al. 2019). There have been ongoing
conflicts between economically driven agricultural expansion
into forest reserves and forest conservation priorities, e.g., of
the Forestry Commission (Asare et al. 2014; Acheampong
et al. 2019). While our scenarios did not account for these un-
certainties, which resulted from a lack of data, they can illustrate
which necessary interventions and regulations would be needed
to achieve a desired land use future, and with that, provide a
basis for discussion and decision-making.

To assess trade-offs and synergies in meeting different sus-
tainability ambitions, we selected only a few sustainability in-
dicators that we could measure with available data. The conse-
quences of the scenarios on landscape sustainability were thus
not fully evaluated. This applies also for many ES and their
contributions to societal well-being. For example, while larger
productivity improvements in the GS scenario enhanced syner-
gies between the analyzed sustainability dimensions, they can
cause negative effects on ES that were not quantified.
Agricultural productivity gains are often achieved through in-
creased fertilizer and pesticide input, which can cause negative
effects on river catchments that provide water supply to the
region (Ayivor andGordon 2012). Further expansion of mining
that occurred in the GS scenario can cause negative effects
beyond forest fragmentation, impacting freshwater resources,
biodiversity, and agriculture (Schueler et al. 2011).
Furthermore, we associated an increase in agricultural produc-
tion with increased local benefits, for example contributing to
poverty reduction and food security. However, the proportion
of benefits that would trickle down to different societal groups
is unclear. Due to many assumptions of our model, and the lack
of data, the consequences of land changes for the region can
only be fully assessed in consultation with local stakeholders.

Land change scenarios to explore synergies and
trade-offs in aligning local and global demands in
landscapes

To explore the potential influence of local and global demands
on land system change in the HFZ, we applied both a top-down

and a bottom-up scenario approach. Usually, top-down scenario
modeling has been applied in (global) environmental change
studies to inform climate change adaptation (van Vuuren et al.
2007, 2010; Fortes et al. 2013; Nilsson et al. 2017). Top-down
scenarios usually account for larger macroeconomic trends,
whereas bottom-up scenarios account for more detailed local
biophysical and social processes, such as through stakeholder
input (Verburg and Overmars 2009). In combination, most stud-
ies have used top-down and bottom-up approaches to develop
integrated scenarios that account for both global and local
drivers (Biggs et al. 2007).We applied each approach separately
to identify drivers and land demands from each spatial scale and
to assess their aggregated influence in driving land system
change locally. This allowed for translating and operationalizing
land use ambitions defined in each scenario into spatial inter-
ventions while accounting for both regional and global demand.
As a result, our scenarios are both exploratory, by contextualiz-
ing ILM ambitions and imagining change, and target-based, by
showing how different demands can be allocated in the land-
scape. Such scenarios can serve as boundary objects for discus-
sions on how alternative futures could look like in the landscape
(Bürgi et al. 2017), to integrate objectives in the landscapes and
to prioritize issues that will further enhance the envisioned fu-
tures of a region.
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