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Abstract: Land use/land cover change (LULCC) is an important driver of ecosystem changes in
coastal areas. Despite being pervasive in coastal Ghana, LULCC has not been investigated to
understand its effects on the potential for coastal landscapes to supply ecosystem services (ES). In this
study, the impacts of LULCC on the potential supply of ES by coastal landscapes in Southwestern
Ghana was assessed for the years 2008 and 2018 by using remote sensing and benefit transfer
approaches. Based on available data, relevant provisioning and regulating ES were selected for
the assessment while indicators to aid the quantification of the ES were obtained from literature.
Supervised classification methods and maximum likelihood algorithms were used to prepare land
use/land cover (LULC) maps and the derived LULC categories were assigned according to the
descriptions of the Land Cover Classification System (LCCS). Potential supply of provisioning (food,
fuelwood) and regulating (carbon storage) services was quantified and the spatial and temporal
distributions of these ES illustrated using maps. The results show variations in food and fuelwood
supply and carbon storage potentials over the study period and across different locations on the
landscape. Potentials for fuelwood supply and carbon storage in mangrove forests indicated declining
trends between 2008 and 2018. On the other hand, food-crop supply and carbon storage potential
in rubber plantations depicted increasing patterns over the same period. Population, slope and
elevation exhibited strong effects on LULC conversions to food crop and rubber plantations whereas
these factors were less important determinants of mangrove forest conversions. The findings of the
study have implications for identifying and addressing tradeoffs between land uses for agriculture,
industrial development and conservation of critical coastal ES within the context of rapid land system
transformations in the study region.

Keywords: ecosystem services; land use/land cover change; benefit transfer; coastal landscapes;
quantification; spatio-temporal; West Africa; Ghana

1. Introduction

During the past half century, coastal zones have witnessed unprecedented transfor-
mation, due in part to the increasing impacts of human activities in these regions [1–3].
Urbanization patterns, natural resources exploitation, infrastructure development, indus-
trial and commercial activities are concentrated on a narrow strip of land in the coastal
zone [3]. In West Africa, rapid land use/land cover changes (LULCC) have gained promi-
nence in the coastal zone as associated demographic, socioeconomic, technological and
political drivers of change interact within the coastal socioecological system [4–6]. The ac-
celerating pace of land use change coupled with the resulting impacts on coastal ecosystems
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has heightened concerns among planners, policy-makers and scientists about the sustain-
ability of coastlines and associated ecosystem services (ES). Research on land use/land
cover dynamics and related impacts on coastal ES is therefore gaining traction in scientific
discourse (e.g., [6–9]). Global-scale assessments estimate annual ES losses due to land use
changes at approximately $20.2 trillion [10,11]. Increasingly, individuals and societies re-
spond to opportunities created by globalization processes, including market conditions by
altering land uses [12,13]. These changes trigger degradation and conversion of high-value
ecosystems such as forests, cropland, water and grasslands to low-value land uses [10,13].
Over the last two decades, ecosystem degradation have heightened due to an exponential
increase in population and doubling of economic activities with attendant increase in the
demand for ecosystem goods and services [2,4]. In many developing countries, weak
or absent land use regulatory institutions are critical among the conditions giving rise
to rapid modifications of ecosystems and landscapes [12]. While focusing assessments
on Africa, the Intergovernmental Science-Policy Platform on Ecosystem Services (IPBES)
identifies significant risks of ES and biodiversity losses in the face of poorly regulated and
unregulated LULCC in the continent [14].

Nevertheless, there is also universal recognition that impacts of LULCC on ES are not
always negative as society–nature interactions are integral to the processes of ES coproduc-
tion [15,16]. Indeed, landscapes’ potential to supply food, fiber and fodder, and perform
other functions such as climate regulation are inexorably linked to LULCC [17]. Thus,
availability of land use/land cover data and related ES information underpin landscape
planning and land use decision-making to sustain ES [18]. Decisions to protect ecosystems
are taken expeditiously and aided by the availability of low-cost information [19]. However,
application of field-based measurements for biophysical data acquisition and information
gathering on ES is expensive and time consuming. Additionally, while field measurements
are conducted at the local scale, land use decisions to protect ES are made at relatively
larger scales [19]. In West Africa, challenges associated with lack of data at the appropriate
planning scale and resolution hinder the conduct of ES studies and also their integration
into land use decisions [20–22]. Where there is a paucity of data on specific ES, proxies have
been utilized for mapping broad-scale trends in ES supply [23,24]. Applications of such
proxy-based techniques for quantifying and mapping ES involve benefits transfer [25,26].
In benefits transfer, biophysical measures or economic estimates from a previously esti-
mated site are extrapolated to another site with similar conditions [27–29]. A key element
of benefit transfer applications is homogeneity in land cover characteristics between the
site from where data is transferred and the site to which the transfer data is applied [18,19].
Thus, the existence of homogenous land cover types between sites facilitates the transfer
of data to aid ES quantification [30]. Yet, such proxy-based data transfers result in error
propagation from the transfer site [24,31]. Relatedly, benefit transfer applications enable
the use of single point estimates or average values as a basis to transfer empirical data from
one site in order to estimate ES values for another site [18,20]. Provisioning ES is amenable
to quantification using benefits transfer as they represent long-standing economic sectors
and traditional research areas such as agriculture, fisheries and forestry, for which a large
body of datasets are available [19]. Similarly, “carbon sequestration”, as a regulating ES,
provides opportunities for quantification using biophysical units.

Quantification of ES is a useful process for raising awareness and providing insights
about critical ecosystems in land use and spatial planning systems. However, in coastal
areas, land use and spatial planning systems are challenged by complex and interrelated
drivers of ecosystem changes. Particularly in the coastal landscapes of Southwestern Ghana,
LULCC are consequences of an evolving oil and gas industry in the marine and coastal
zones, population growth, urbanization and plantation agriculture development [32,33].
Increasingly, land losses from oil palm, cropland and shrubland favor gains in rubber
plantation [34]. Nonetheless, rubber plantations are fragmented over the landscape as
their establishment on few acres of land are determined by individual land owners in the
context of an outgrower scheme [34]. Over the past decade, the region has been the focus
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of spatial planning and ecosystem-based management initiatives due to its importance for
conservation and maintenance of a healthy small-scale fishery. Furthermore, the area is
being explored for its potential contribution toward national climate change mitigation
strategies such as REDD+ and other voluntary carbon offset programs [35]. However,
with the advent of offshore oil and gas discovery in 2007, competition among land uses in
Southwestern Ghana has intensified [33,36].

Recent impact assessments of LULCC in this region have focused analysis on the ca-
pacity for landscapes to supply cultural ES using participatory land use scenarios (e.g., [37]).
Similar studies in the region also explored the provision of fisheries-related ES in support of
decisions to establish marine protected areas (e.g., [38]). Nevertheless, the potential supply
of provisioning and regulating ES by the coastal landscapes remains poorly understood.
Meanwhile, such understandings are necessary to improve land use actors’ awareness of
potential critical losses of ES and of opportunities to sustain them or even increase the
landscapes’ potential to supply ES without producing tradeoffs. Potential ES supply is the
maximum biophysically possible supply of a given ES in the absence of societal demand for,
or benefits derived from, such services [39,40]. Coastal landscape boundaries are defined
as the areas between 50 m below mean sea level and 50 m above the high tide level, or
extending landward to a distance 100 km from shore [2].

To fill the aforementioned knowledge gap, this study investigates how LULCC in
the coastal landscapes influence the quantities of provisioning and regulating ES supply
and their spatial and temporal distribution over the landscape. It also explores how
social and environmental drivers of LULCC affect ES supply potentials of the landscape.
The implications of changes in ES supply potentials for land use planning in the region
are discussed.

2. Materials and Methods
2.1. Study Area

This study was carried out in the Greater Amanzule Landscape located in Southwest-
ern Ghana. This landscape falls within Ghana’s Wet Evergreen Forest zone, which lies in
the Upper Guinean Forest Ecosystem of West Africa. Covering approximately 60,000 ha, the
landscape extends from the Ankobra River estuary, stretching to the Tano basin on Ghana’s
southwestern boundary with Cote d’Ivoire (Figure 1) [41]. The area is characterized by a
bimodal rainfall regime, with peak rainfall occurring in May to June and October to Novem-
ber each year. Mean annual rainfall is 1600 mm with a relative humidity of 87.5% [42].
It encompasses a relatively pristine and vast expanse of coastal ecosystems comprising
swamp forests, freshwater lagoons, rivers, mangrove forests, terrestrial forests, agricultural
lands and grasslands. It is associated with a relatively high diversity of flora and fauna
(237 species of plants, 27 species of mammals and 26 species of demersal fish) and known
to be inhabited by most of Ghana’s forest primate species [42,43]. The landscape traverses
three district boundaries. It is a community-protected area and awaits official government
designation as a conservation area. Farming is largely subsistence and a source of nutrition
for the growing population. Increasingly, plantation agriculture, notably rubber and oil
palm, are becoming attractive land use options for land owners and the agro-based private
sector. Culturally, mangrove wood is the preferred fuelwood for smoking fish in traditional
ovens [42]. The discovery of oil and gas in commercial quantities off the continental shelf in
Southwestern Ghana ushered the region into a new wave of competition between industrial,
residential and agricultural land uses [36]. This is manifested by the losses of farmland and
forests in favor of built-up areas in the region’s urban core and peripheries [36,44]. It is
noteworthy that onshore oil and gas infrastructure is expanding into ecologically sensitive
areas of this landscape, thereby causing further habitat fragmentation and threatening
wildlife [45]. The population has doubled over the last decade and is increasing above the
national average due to the region being a focal point for in-migration [44]. Historically,
economic development in this area was driven by a vibrant fishing industry, but more
recently the fisheries sector has suffered decline [46]. Similar to other coastal regions in
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Ghana, the well-being of the local population is inexorably linked to natural resources
which underpin their contentment with ES [47].
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Figure 1. Map of the coastal landscapes of Southwestern Ghana showing the study area.

2.2. Methodological Framework

A stepwise and iterative process was utilized, as illustrated in the methodological
framework to assess land use impacts on coastal ES (Figure 2). In the first step, we identified
and selected relevant provisioning and regulating ES on the basis of available data and
relevance to spatial planning in Southwestern Ghana. In the second step, we conducted
land cover classification for the study landscape through application of remote sensing
techniques. Thirdly, land use/land cover types were matched with ES, and finally, using
benefit transfer approaches, the landscape’s potential to supply provisioning and regulating
ES was quantified. Results of the ES supply potential for the study landscape were spatially
represented using 2000 and 2018 as temporal reference points.

2.3. Data Types and Sources

To enable assessment of land use impacts on ES supply potentials, a representative
landscape of 362 km2 was delineated on the basis of the following criteria: (a) repre-
sentativeness of regional ecological (critical watersheds) and sociocultural characteristics
(different land use intensities), and (b) availability of cloud-free satellite images for the as-
sessment timeframe. We used two temporal reference points to depict important milestones
in regional land uses in the study area, which in turn provided the basis for comparing
land use impacts on the landscape potential to supply ES over time.

The study utilized two main remote sensing datasets (Landsat Thematic Mapper (TM)
and Landsat Operational Land Imager (OLI)), which were acquired from the United States
Geological Survey (USGS) web data repository. Landsat OLI was acquired for December
2016 and January 2018 and combined into a single image. The Landsat TM was acquired
for February 2000 and January 2002. All images from Landsat sources had 30 m spatial
resolution. Orthorectified images (at 5 m spatial resolution) were acquired for 2005 from
the Ghana Geological Survey. Google Earth images were used for data verification. The
study also relied on nonspatial data collected from published sources, gray literature
and agricultural statistics. Assessment of the landscapes’ potential to supply food-crop
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provisioning services was based on agricultural data collated by the Ministry of Food and
Agriculture (MOFA) at the regional level. For estimating the landscapes’ potential to supply
fuelwood and sequester carbon, data from ecological surveys conducted in the study region
and comparable ecosystems along Ghana’s coast were utilized.
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2.3.1. Remote Sensing Data Processing and Analysis

Landsat 5 TM (Thematic Mapper) data from 2000/2002 and Landsat 8 OLI (Operational
Land Imager) data from 2016/2018 provided by the United States Geological Survey (USGS)
Earth Explorer database system were used for generating land use/land cover maps. All
of the raw images were taken in the same season and nearly free of clouds. For each of
these periods, tiles from 2 dates were selected and combined to provide a single image for
the study area. All the processing and post-classification steps were completed using the
software packages Erdas Imagine 2015 and ArcGIS 17.1. Prior to interpretation, image pre-
processing including geometric and radiometric corrections was performed for each of the
images. All of the data were geometrically corrected and projected to Universal Transverse
Mercator (UTM) zone 30 N. After image pre-processing, supervised classification methods
and maximum likelihood algorithms were used for preparing land use/land cover maps for
two temporal reference points. The land use/land cover categories were assigned according
to the descriptions of the Land Cover Classification System (LCCS), which is a hierarchical a
priori classification scheme providing a flexible framework for identifying land use classes
in highly heterogeneous landscapes such as those found in the study region [48]. Ten land
cover classes were derived to match available data for ES quantification. Change analysis
was conducted using the Land Change Modeler embedded in the IDRISI TerrSet software.
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2.3.2. Selection of Provisioning and Regulating ES

Ecosystem services were selected from the list of land-cover-based proxies compiled in
the literature and for mapping ES [17,49]. The types and sources of data and corresponding
proxy indicators for ES quantification are presented in Table 1. The derived land cover
classes (see Section 3.1) were the basis for representing ES supply with land cover types
occurring in the study region [17]. Our proxy measures for carbon storage were based on
data from primary ecological studies, which estimated aboveground carbon in multiple
mangrove stands along Ghana’s coast and also in rubber plantations [50–52]. Similarly,
primary ecological studies that estimated aboveground tree biomass across mangrove
stands were utilized as proxies for fuelwood supply. Food supply was based on land cover
data combined with official agricultural statistics. Mangrove fuelwood was selected as
it is a dominant source of fuelwood utilized in the local fishing industry, while plantain
and cassava are the major staple food supply from cropland in the region. Additionally,
mangroves store large quantities of carbon, and are increasingly receiving attention cur-
rently in Ghana’s climate change mitigation strategies. In addition to latex production,
rubber plantation development is arguably presented as a significant opportunity requiring
inclusion in Ghana’s climate change mitigation programs [53].

Table 1. Types and sources of data utilized for assessing ES in the coastal landscapes of Southwestern
Ghana. LULC = land use/land cover types; USGS = United States Geological Survey; TM = Thematic
Mapper; OLI = Operational Land Imager; MoFA = Ministry of Food and Agriculture; ES = ecosystem
services; P = provisioning services; R = regulating services; Mg Corg = quantities of organic carbon
stored in vegetation; - = not applicable.

Type of Data Period Sources of Data Relevant LULC
Types/ES Proxy Indicator Unit References

Remote sensing

February
2000/2002 USGS Landsat

TM/Landsat OLI
Mangrove,

Rubber, Cropland
- -

https://earthexplorer.
usgs.gov/ (accessed on

12 August 2022)December 2016;
January 2018

Annual cassava
and

plantain yield
2000–2016

MoFA regional
agricultural

statistics
Food—P Total crop yield Tons -

Mangrove forest
stand biomass 2015, 2016

Ecological survey Fuelwood—P Total
growing stock Tons [50,51,54]

Ecological survey Carbon
storage—R

Carbon stored in
aboveground

vegetation
Mg Corg [50,51,54]

Aboveground
carbon in rubber

tree stands
2017 Ecological survey Carbon

storage—R

Carbon stored in
aboveground

vegetation
Mg Corg [52]

2.4. Benefit Transfer

Benefit transfer involves extrapolation of either biophysical measures or economic
estimates from a previously estimated site to a study area of interest [27,28]. This is based
on the assumption that spatial units are homogenous; hence, estimates from one area is
transferable to the other [31]. We compiled biophysical values from ecological studies
conducted in mangrove forests and rubber plantations along with crop yield estimates
from regional agricultural statistics (Supplementary Table S1). Extrapolated mean values
from the ecological studies and agricultural statistics were assigned to the corresponding
land use/land cover types in GIS. This ensured that generalization errors were minimized
and better correspondence was achieved in the biophysical characteristics between the
previously estimated sites and the study landscape [55]. Using the image resampling tool
in ArcGIS Pro, we resampled the 30 m × 30 m land cover data to hectares. In estimating
the landscapes’ potential to supply ES, we multiplied the mean values computed from the
ecological studies and agricultural statistics by the resampled land cover data.

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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2.4.1. Quantification of Provisioning Services Supply Potentials
Mangrove Fuelwood

Mangrove forests are adapted to tropical and subtropical coastal environments [38,39].
There is widespread harvesting and utilization of mangroves as sources of fuelwood for
fish smoking in the coastal areas of Ghana. Mangrove fuelwood is hereby defined as
wood harvested from live trees and standing dead wood. The dominant mangrove species
found in the study region are Rhizophora mangle, Avicennia germinans and Laguncularia
racemosa [50,51]. Adotey [50] and Nortey et al. [51] utilized allometric equations derived
from diameter at breast height (DBH) and height (H) to estimate aboveground (standing
dead wood and live trees) biomass of mangroves found along four river estuaries (Whin,
Amanzule, Kakum and Nyan) located on Ghana’s western and central coasts. In this study,
we estimated the potential of the landscape to supply mangrove fuelwood by calculating
the mean aboveground biomass across all the four sites sampled by Adotey [50] and
Nortey et al. [51] according to the formula:

MABG = BS1 + BS2 + BS3 + BS4/Ns, (1)

where MABG = mean aboveground biomass, BS1 = biomass at site 1, BS2 = biomass at site 2,
biomass at site 3, BS3 = biomass at site 4 and Ns = number of sites. The mangrove fuelwood
supply potential of the landscape was mapped in GIS and the results compared over the
two temporal reference points.

Food Production

Staple food crops in Southwestern Ghana comprise cassava, yam, cocoyam, rice,
maize and plantain. At the regional level, the Ministry of Food and Agriculture (MOFA)
maintains a database of crop production, crop yield and area cultivated. Cassava and
plantain comprise over 80% of total food-crop production in the region. In assessing the
food-crop supply potential of the landscape, we extracted the staple crop yield statistics of
the three districts—Ellembelle, Nzema East and Jomoro—that span the study landscape.
The mean yield of cassava and plantain was estimated for the period 2000 to 2018 according
to the formula:

MCyield = [Y1 + . . . . . . Yn]/Nyprod, (2)

MPlyield = [Y1 + . . . . . . Yn]/Nyprod, (3)

where MCyield = mean cassava crop yield in tons−ha, Y1 = yield in the first year of produc-
tion in tons−ha, Yn = yield in last year of production in tons−ha, MPlyield = mean plantain
crop yield in tons−ha and Ny = number of years of staple food-crop production.

The estimated mean yield of the major staple crops was multiplied by the area of
rainfed cropland in the land use/land cover map to estimate the potential food supply in
tons, as per the formula:

Pfs = Myield × Acropland (4)

where Pfs = potential food-crop supply and Acropland = area of cropland. The food-crop
production potential of the landscape was mapped using GIS and the results compared
over the two temporal reference points.

2.4.2. Quantification of Regulating Services Supply Potentials
Mangrove Carbon Storage

Mangrove ecosystems are globally recognized for their significant contribution to carbon
cycling and sequestration [56–58]. Mangrove ecosystem carbon pools are stored in aboveground
biomass, belowground biomass, litter and soil organic matter components [43,45]. While pro-
tection of mangroves contributes to attainment of climate change mitigation objectives, their
conversion to other land cover types is a significant source of carbon emissions into the at-
mosphere. Carbon quantity stored in mangroves is estimated using allometric equations that
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relate biomass with parameters such as diameter at breast height, height and density of man-
grove trees [59]. Adotey [50] and Nortey et al. [51] utilized species and site-specific allometric
equations to quantify mangrove carbon stocks across sample plots established in mangrove
ecosystems found in the Amanzule, Kakum, Nyan and Whin river estuaries located along the
coast of Ghana. In this study, we derived proxy data from Adotey [50] and Nortey et al. [51] to
quantify aboveground carbon stored in mangrove ecosystems found in the study landscape.
We narrowed and focused on aboveground carbon pools as these are better reflected in the
mangrove vegetation captured using satellite data. Per hectare aboveground mangrove biomass
estimates from the abovementioned sample sites were summed and multiplied by a conversion
factor [50] and the average determined according to the formula:

MAGC = [BS1 + BS2 + BS3 + BS4] × 0.46/Ns, (5)

where MAGC = Mean aboveground carbon; BS1 = biomass at site 1; BS2 = biomass at site 2;
BS3 = biomass at site 3; BS4 = biomass at site 4; Ns = number of sites; 0.46 = conversion
factor for tropical mangroves. The mangrove carbon storage potential of the landscape was
quantified by multiplying the estimated mean aboveground carbon stored in mangroves
(MAGC) by the mangrove extent in the land use/land cover map using the formula;

Pcs = MAGC × Amangrove (6)

where Pcs = landscape potential to store carbon and Amangrove = area of mangrove. The
mangrove carbon storage potential of the landscape was mapped using GIS and the results
compared over the two temporal reference points.

Rubber Carbon Storage

Growing market demand for natural rubber on the international market is partly
driving expansion of rubber plantations in the tropics [60]. Because of land use competition
between rubber plantation and tropical forestry, the potential role of rubber plantations
in ecosystem services provisioning is gaining scholarly attention (e.g., [46,47]). Carbon
in a rubber plantation is stored in aboveground and belowground biomass and in latex
and soil [52]. The quantity of carbon stored in rubber varies with the age of trees in a
plantation. Site specific allometric equations have been developed for estimating carbon
sequestered in rubber plantations [53]. Using data collected from 25 sample plots in rubber
plantations located in Ghana’s western region, Tawiah et al. [52] integrated data on the
age of rubber plantations, field-measured diameter at breast height and latex production
in allometric equations to estimate aboveground, belowground and latex carbon. In this
study, we utilized proxy values from Tawiah et al. [52] to estimate aboveground carbon for
the study landscape according to the formula:

MAGC = MF + MS + ML (7)

where MAGC = mean aboveground carbon, MF = mean foliage carbon, MS = mean stem
carbon and ML = mean latex carbon. Potential carbon storage in rubber plantation was
estimated by multiplying the estimated mean aboveground carbon by the extent of rubber
in the land use/land cover map using the formula;

Pcs = MAGC × Arubber (8)

where Pcs = landscape potential to store rubber carbon and Arubber = area of rubber.

2.5. Social and Environmental Drivers of LULCC

We utilized the Exploratory Regression tool in Arc GIS Pro to explore the relationships
between pre-selected independent variables (elevation, slope, rainfall, fishing population,
farming population, community population, distance from gas pipeline, distance from oil
processing plant, distance from rubber processing facility, distance from river and distance
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from sea) and the dependent variables (land use/land cover transitions) in the study region.
Pre-selection of independent variables was informed by literature on driving forces of
LULCC in tropical regions [61]. The dependent variables were conversions to cropland,
rubber plantations and mangroves since they constitute land use/land cover classes for
the supply of relevant ES. Rapid landscape transformations emanating from industrial
activities provided an additional basis for exploring the effects of the independent variables
on conversions to artificial/bare areas [34].

Subsequently, we ran geographically weighted regression (GWR) to predict the effect
of changes in the high-performing independent variables on land use/land cover outcomes.
The model parameters for transitions to artificial/bare areas were elevation, slope, distance
from road, fishing population, farming population and total resident population. Param-
eters for transitions to rubber plantation were elevation, slope, distance from road, total
resident population and farming population. Parameters for transitions to cropland were
elevation, slope and distance from road. The aim of the GWR was to explain the spatial
variations in the relationships between the independent variables and the dependent land
use/land cover transitions.

3. Results
3.1. Land Use/Land Cover Changes in 2000 and 2018

The land use/land cover maps shown in Figure 3 and the extent of changes in the land
use/land cover classes depicted in Table 2 were generated as inputs for assessment of the
selected ES. Next to wetlands, cropland dominated the land use/land cover situation in the
study area, representing approximately 24 and 35% coverage in 2000 and 2018, respectively.
Within the cropland category are cassava and plantain, which are the major staple crops in
the region and “others” subclasses. Cassava dominated the cropland category, increasing
from 10 to 15% of total land use/land cover in 2000 and 2018, respectively. This was
followed by the “others” subclass, which occupied 9% of the area in 2000 and increased to
12% in 2018. Plantain occupied 5% and increased to 8% of total land use/land cover in 2000
and 2018, respectively. Grassland decreased markedly, from 11 to 4%, and shrubland/sparse
vegetation reduced from 19 to 8% in 2000 and 2018, respectively. Artificial/bare areas and
rubber plantation showed sharp increases from 7 to 11% and from 1 to 5%, respectively, in
2000 and 2018. However, mangrove cover remained relatively stable at approximately 1%
in 2000 and 2018.

3.2. Quantities, Spatial and Temporal Distribution of ES Supply Potentials
3.2.1. Mangrove Fuelwood Supply

The landscape’s potential to supply mangrove fuelwood ranged from a minimum
of 0.01 tons to a maximum of 87.19 tons, as shown in Figure 4. For the two temporal
reference points, marked differences in the spatial distribution of mangrove fuelwood
supply potential were also observed across the landscape (Figure 4). The potential man-
grove fuelwood supply was concentrated along the intertidal areas extending eastward
from Sanzule and Essiama. Similarly, between 2000 and 2018, mangrove fuelwood supply
potential was relatively high on the coastlines stretching eastward from Sanzule, while the
supply remained relatively stable over these two temporal horizons for the same location,
as depicted in Figure 4A. Comparatively, mangrove fuelwood supply potential sharply
decreased along the coastal stretches westward and eastward from Essiama, as shown in
Figure 4C. At these locations, the decrease in mangrove fuelwood supply potential was
even more pronounced between 2000 and 2018, as illustrated by Figure 4B,C.
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Figure 3. Land use/land cover types in the study area.

Table 2. Main land use/land cover types, their extent and description.

LULC Types Extent (%) Description

2000 2018

Mangroves 1.18 1.02 Coastal forests of stilted shrubs or trees bordering the ocean or coastal
estuaries, composed of one or several mangrove species.

Wetlands 34.92 34.15 Herbaceous or aquatic vegetation in permanent or
semipermanent swamps.

Rubber plantation 1.49 5.38 Regular stands of trees planted for the purpose of producing materials
for industry.
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Table 2. Cont.

LULC Types Extent (%) Description

Artificial areas/bare areas 7.02 11.27
Cover resulting from human activities such as urban development,
extraction or deposition of materials. It comprises areas that are not

covered by vegetation, such as rocky or sandy areas.

Grassland 10.71 4.04 Mixed mapping unit that consists of 50–70% grassland.

Shrubland/sparse vegetation 19.38 8.34 A class representing a mapping unit which contains 20–10% to 1%
vegetative cover.

Water bodies 1.39 0.46 Areas covered by natural water bodies such as ocean, lakes, ponds, rivers
or streams.

Cropland_Cassava 9.55 15.44 Mix crops and nonforest vegetation with cassava representing more than
90% of the cover.

Cropland_Plantain 4.94 7.62 Mix crops and nonforest vegetation with plantain representing more than
90% of the cover.

Cropland_Others 9.40 12.27 Mix crops and nonforest vegetation with croplands representing more than
50% of the cover.
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in segments of the landscape.
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3.2.2. Food-Crop Supply
Cassava Supply

The minimum and maximum potentials of the landscape to supply cassava food
crop ranged from 1.7 to 23.4 Gt, as shown in Figure 5. Generally, the spatial distribution
patterns of potential cassava food-crop supply showed skewness toward the southeastern,
northeastern and northwestern portions of the landscape. Comparison of cassava food-
crop supply potential between the two temporal reference points also showed higher
potential supply in 2018 than 2000, as depicted in Figure 5A–D. Furthermore, during 2018,
cassava supply potential was more spatially concentrated within the northern sections of
the landscape and in areas within close proximity to road networks and major towns such
as Tikobo, Nkroful, Alabokazo and Essiama.
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Plantain Supply

The potential of the landscape to supply plantain food crop is depicted in Figure 6.
While the minimum and maximum potential supply ranged from 0.001 to 3.3 Gt for the two
temporal reference points, potential supply was found to be higher during 2018 than 2000.
However, as shown in Figure 6D, the distribution patterns of potential plantain supply in
Nkroful and Essiama was less in 2018 compared to 2000.
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for segments of the landscape.

3.2.3. Carbon Storage
Mangrove Carbon

The aboveground carbon storage potential of mangrove forests in the study landscape
ranged from a minimum of 6.6 Mg C to a maximum of 87,196 Mg C, as shown in Figure 7.
Spatial and temporal patterns of mangrove carbon storage potential remained relatively
unchanged across the landscapes. However, the spatial distribution pattern of aboveground
mangrove carbon storage potential showed variations along the coast. Potential for man-
grove carbon storage was concentrated in the southeastern portions of the landscape: along
the coastal stretch between Sanzule and Essiama, eastward from Essiama and along the
lower Ankobra riparian areas (Figure 7A–C), whereas the landscape showed no potential
for mangrove carbon storage along the southwestern side of the coast.

Rubber Carbon

The aboveground rubber carbon storage potential of the landscape is shown in Figure 8.
This ranged from a minimum of 0.05 Mg C to a maximum of 429 Mg C. Nonetheless, as
indicated in Figure 8, rubber carbon storage potential skewed toward the lower limit,
between 0.05 to 257.40 Mg C. The distribution pattern of rubber carbon storage potential
also showed clustering on the central and northern portions of the landscape. Additionally,
this potential increased markedly in 2018 compared to the situation in 2000 (Figure 8A–D).
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3.3. Predictors of LULCC

Geographically weighted regression models showing predictors of transitions to
artificial/bare areas, rubber plantation and cropland are depicted in Figures 9–11, re-
spectively. The predictors—farming population, total resident population, elevation and
slope—exhibited spatial variations in their relationships with transitions to artificial/bare
areas. Within the major towns such as Atuabo, Beyin and Krisan, there were strong spa-
tial effects between farming population (β = 3.09–16.31, R2 = 0.6–0.9) and transitions to
artificial/bare areas. Similarly, as shown in Figure 9, resident population and slope posi-
tively affected transitions to artificial/bare areas. These effects were strong in Awiebo and
surrounding towns. On the other hand, elevation, total resident population and farming
population showed strong effects with land use/land cover transitions to rubber planta-
tion. These effects were exhibited at the northwestern and northeastern portions of the
landscape (Figure 10). Elevation exhibited strong effects with transitions to cropland at
Tikobo No. 1, Mpataba and Awiebo. Similarly, slope showed strong spatial effects with
transitions to cropland within the foregoing locations and around Nkroful, Esiama and
Asanta (Figure 11).
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Figure 9. Results of geographically weighted regression showing spatial variations in the relation-
ships between elevation, slope, distance from road, fishing population, farming population, total
resident population and land use/land cover transitions to artificial/bare areas. Positive coefficients
indicate the magnitude of spatial variation. Negative coefficients indicate no spatial correlations
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Figure 10. Results of geographically weighted regression showing spatial variations in the relation-
ships between elevation, slope, distance from road, farming population, total resident population
and land use/land cover transitions to rubber plantation. Positive coefficients indicate the magnitude
of spatial variation. Negative coefficients indicate no spatial correlations between the factor and
transitions to rubber plantation.
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4. Discussion
4.1. Land Use/Land Cover Changes and ES Supply Potentials

Coastal areas are rich in biodiversity and provide a variety of ES that are the basis
for human well-being and sustainable development in most West African countries. The
potential of coastal landscapes to sustainably supply provisioning services such as food and
fuelwood are fundamental to livelihood improvement for the majority of coastal dwellers
in the subregion. However, the growing conflicts between uses and among users of coastal
resources require a better understanding of the impacts of human modification of coastal
environments on the supply of ES [62]. In the coastal landscapes of Southwestern Ghana,
land systems transformation is rapid and characterized by degradation of mangrove forests,
rapid expansion of rubber plantation and infrastructure projects related to oil and gas activ-
ities [63,64]. Despite the potential negative impacts of such land conversions on ES, our
findings point to increasing landscape potential to supply food. Increase in food production
is inevitable, considering the food requirements of the growing population in the study
region. Expansion of the area under cultivation and adoption of sustainable agricultural
intensification practices while reducing land degradation are probable pathways for en-
hancing food production. Cropland constitutes the largest share of LULC type in the region,
and this share has increased during the study period. Expansion in the area utilized for
crop cultivation is a major contributing factor to the increase in food supply. This finding is
congruent with similar studies that reported consistent increases in the value of ecosystem
services for food production due to agricultural land expansion [13,65]. We narrowed and
focused assessments to determine the relative potential to supply cassava and plantain,
since they constitute the major staple crops in the study region. Our findings showed
that food supply potential of the landscape was higher for cassava compared to plantain.
Maximum cassava supply potential was seven times greater than the maximum plantain
supply. The higher landscape potential to supply cassava is likely the result of expansion
in the area of land under cassava cultivation between the different time periods. In the
study region, land use for the purposes of agriculture is unregulated as the present land
use system fails to allocate areas for specific crop types. Land allocation for arable crop
production needs to consider biophysical constraints such as slope, elevation and soil
suitability [66,67]. The absence of such land use guidelines increases the probability for
conversion of fertile agricultural lands for food production in favor of industrial develop-
ment, thereby risking food insecurity. Findings of a study conducted in adjacent coastal
landscapes of Southwestern Ghana suggest that rapid spatial transformations characterized
by rubber plantation and settlement expansion into traditional food-crop lands threatens
local food production [34].

Mangroves provide wood and nonwood products, and are also critical for conservation
of biological diversity while providing habitats and spawning grounds for a variety of fish
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and shellfish [68]. Similar to many coastal areas in West Africa, coastal dwellers in the study
region rely heavily on mangrove fuelwood for fish smoking [42,69]. However, we found
that the landscapes’ potential to supply mangrove fuelwood in the region is decreasing
through time. Threats to mangrove forests vary across locations on the study landscape.
For mangrove forest stands within proximity to small-scale fish markets, a supply chain for
mangrove fuelwood is enabled by localized exploitation for fish processing. This supply
chain is characterized by harvesting from the Ankobra riparian system, over relatively
short distances by river and road transport to small scale fish processing destinations. Such
mangrove fuelwood supply chains offer short-term economic returns to harvesters, thereby
incentivizing further exploitation. Studies conducted in the eastern coast of Ghana also
found that well-developed, local fuelwood markets motivates mangrove harvesters to
prioritize short-term economic gains over long-term ecological benefits from mangrove
protection [70]. Similarly, evidence from the Cameroon estuary indicates that growing
wood markets in nearby cities is a major cause of mangrove forest overexploitation, as
the sale of mangrove wood is a major source of household incomes [69]. In the study
region, urbanization was evidenced by population changes between Essiama and Atuabo
and related land use/land cover conversions to artificial/bare areas. Such changes were
also influenced by elevation. The aforementioned locations are the centers for oil and gas
infrastructure development. Urbanization trends in this area also account for mangrove
forest losses.

Mangrove ecosystems store large quantities of carbon in below- and aboveground
components, hence, if disturbed, will result in the release of high levels of greenhouse gas
emissions [57]. In Ghana, mangroves are of interest for inclusion in climate mitigation
strategies. The mean aboveground carbon storage potential of the coastal landscapes in
Southwestern Ghana was estimated at 114.66 Mg C ha−1 (Supplementary Table S2). This
lies within the reported range from 5.2 to 312 Mg C ha−1 aboveground carbon pools for
mangroves in West-Central Africa [71]. Considering the total extent of the landscape,
the aboveground mangrove carbon storage potential ranged from 6.6 to 87,196.2 Mg C.
This potential showed a decreasing trend over the study period (Supplementary Table S2).
Additionally, there were spatial variations in the distribution patterns of potential carbon
storage in the study landscape. Generally, areas along the estuaries of the Ankobra and
Amanzule rivers recorded relatively higher potential carbon storage compared to areas
farther away. Global studies reporting on sites in West Africa found direct correlations
between spatial variations in mangrove carbon storage potential and the geomorphic
positions of mangrove stands [59]. Other environmental factors such as soil properties,
salinity and precipitation also influence mangrove carbon storage [71].

Contrary to mangroves, aboveground rubber carbon storage potential showed in-
creasing temporal trends and ranged from 0.05 to 429 Mg C. Despite the increasing carbon
storage potential and the relatively large extent of rubber plantations, mangrove carbon
storage potential was two hundred-fold greater than rubber carbon storage during the
study period. This finding reinforces the evidence for investments in mangrove blue car-
bon as a viable option for achieving climate change mitigation targets in tropical coastal
landscapes [72].

4.2. Implications for Land Use Planning

Within the context of Ghana’s three-tiered land use planning approach, spatial devel-
opment frameworks are prepared at the strategic level, which in turn guide the preparation
of structure and local plans at lower tiers [73,74]. This approach to land use planning hinges
on setting goals and objectives and developing future scenarios as a basis for expression
and implementation of spatial social, environmental and economic policies. The spatial
development framework for the coastal subregion of Ghana’s western region identifies the
need to reconcile industrial development and conservation of sensitive coastal habitats.
Yet this spatial plan falls short of identifying areas within the landscape for the supply
of critical ES as a basis for conservation decisions. Tradeoffs between land use for agri-
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culture, industrial development and conservation of coastal ecosystems will likely arise
with the current pace of land transformation dominated by market-oriented drivers such
as increasing monoculture of rubber plantations, mining activities and oil and gas infras-
tructure development [63,64]. Moreover, tradeoffs in the supply of relevant ES will also
emerge and therefore require prioritization of ES supply. In the study region, tradeoffs exist
between mangrove conservation as a regulating service and mangrove fuelwood supply
as provisioning services. Similarly, understanding the carbon storage potential of rubber
plantation versus mangrove forests will support prioritization of land use investments
for implementation of climate mitigation strategies. Understanding and addressing these
tradeoffs in a rapidly transforming land system requires integration of ES perspectives
into the planning process [21]. Comparative analysis of the quantities of ES supply will
support pragmatic objectives and decisions regarding areas where critical ES supply require
maintenance and also areas where tradeoffs can be minimized. Prime areas for agriculture
can be maintained considering biophysical attributes supporting food production. This
will also strengthen biophysical justifications for land use scenarios presented during the
planning process while proactively supporting decisions to protect ecosystems.

Additionally, development of zoning regulations as part of structure plan preparation
processes will benefit from landscape scale estimations of ES. Areas of high biodiversity and
ES will be apparent, leading to their protection through the use of appropriate regulatory
instruments. Areas where there are risks due to tensions between conservation and coastal
development can be identified and mitigated.

4.3. Study Limitations

Despite the similarities between the ecosystems from which data were transferred and
that of the study area, the application of benefit transfer in this study risked introduction
of errors due to landscape heterogeneity. This implies that transfer sites were not truly
representative of the corresponding sites in the study landscape. This is because within each
broad land cover class there are subclasses with different attributes. Thus, implementation
of benefit transfer in this study assumed that all land cover units within a broad land cover
class are the same. Moreover, key variations in ES supply were not evident due to the
coarse temporal resolution of ten-year intervals of the remote sensing datasets. Finally,
results of the study were not validated to confirm or not confirm, the estimates of ES values
in the study region. Despite these challenges, the applied methodology provides a quick
first step toward quantifying, mapping and including information on ES into coastal land
use planning in the study region.

4.4. Conclusions and Future Outlook

Mapping and assessing ES require data at the appropriate scale and spatial and tempo-
ral resolutions [19]. In data-poor regions, such as Southwestern Ghana, the absence of such
datasets hinders ES mapping and valuation. However, availability of data collected using
primary studies and agricultural production statistics compiled by government institu-
tions presents opportunities for mapping, especially, relevant regulating and provisioning
ES. This study demonstrated the use of remote sensing data, cassava and plantain yield
statistics and estimates of mangrove forest stand biomass and aboveground carbon in
rubber plantation to quantify the landscapes’ potential to supply ES. Relevant ES supply
potentials quantified were food supply, fuelwood supply and carbon storage, and their
spatial distribution patterns. The mean aboveground carbon storage potential of the coastal
landscapes in Southwestern Ghana was estimated at 114.66 Mg C ha−1. However, consider-
ing the total extent of the landscape, the aboveground mangrove carbon storage potential
ranged from 6.6 to 87,196.2 Mg C with spatial and temporal variations in the distribution of
mangrove carbon storage potential. Relatedly, mangrove fuelwood supply potential ranged
from 0.01 to 87.19 tons and varied over the study period and across different locations on
the landscape. Overall, potential to supply mangrove fuelwood and also aboveground
carbon storage in mangrove ecosystems depicted decreasing trends. The potential for
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food supply from cropland and carbon storage in rubber plantation increased during the
study period. Cassava supply ranged from 1.7 to 23.4 gigatons and plantain supply ranged
from 0.001 to 3.3 gigatons. Rubber carbon storage potential ranged from 0.05 to 429 Mg
C. Population, slope and elevation exhibited strong effects on LULC conversions to food
crop and rubber plantations, whereas these factors were less important in determining
mangrove forest conversions.

Rapid transformation of the land system in the study region is a major risk to sus-
tainable supply of ES and to the minimization of tradeoffs in land use decision-making.
Integration of ES perspectives will strengthen the biophysical basis of land use planning
and decision-making in the region. Future ES mapping should take into account estimation
of regional balance in food supply, as this will be necessary for optimal allocation of land
for food production and conservation of critical coastal ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11091408/s1, Table S1: Regional food-crop production statistics;
Table S2: Mangrove carbon estimates from selected forest stands; Table S3: Mangrove biomass
estimates from selected forest stands; Table S4: Rubber carbon estimates from selected plots.

Author Contributions: Conceptualization, S.K.; methodology, S.K.; software, A.O. and S.K.; formal
analysis, S.K., A.O. and J.N.I.; writing—original draft preparation, S.K.; writing—review and editing,
C.F. and J.N.I.; supervision, C.F.; funding acquisition, C.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the German Federal Ministry of Environment and Research
(BMBF) through a long term EU-Africa research and innovation Partnership on food and nutrition
security and sustainable Agriculture (LEAP-Agri) under the grant number at Martin Luther University
Halle-Wittenberg [01DG18020].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the support of Hen Mpoano (Our Coast) in providing access
to spatial datasets for this study. We express our appreciation to the Regional Director of the Ministry
of Food and Agriculture (MoFA), Western Region, for sharing regional agricultural statistics. Messrs.
Daniel Nii Doku Nortey, Justice Mensah and Joshua Adotey are duly acknowledged for their support
in providing data for this study. We also thank the four anonymous reviewers for their helpful
comments and suggestions on a draft version of this manuscript.

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

References
1. He, Q.; Silliman, B.R. Climate Change, Human Impacts, and Coastal Ecosystems in the Anthropocene. Curr. Biol. 2019, 29,

R1021–R1035. [CrossRef] [PubMed]
2. Millennium Ecosystem Assessment. In Ecosystems and Human Well-Being; Island Press: Washington, DC, USA, 2005; Volume 5,

ISBN 1559634022.
3. Ramesh, R.; Chen, Z.; Cummins, V.; Day, J.; D’Elia, C.; Dennison, B.; Forbes, D.L.; Glaeser, B.; Glaser, M.; Glavovic, B.; et al.

Land-Ocean Interactions in the Coastal Zone: Past, Present & Future. Anthropocene 2015, 12, 85–98. [CrossRef]
4. Herrmann, S.M.; Brandt, M.; Rasmussen, K.; Fensholt, R. Accelerating Land Cover Change in West Africa over Four Decades as

Population Pressure Increased. Commun. Earth Environ. 2020, 1, 53. [CrossRef]
5. Dada, O.A.; Agbaje, A.O.; Adesina, R.B.; Asiwaju-Bello, Y.A. Effect of Coastal Land Use Change on Coastline Dynamics along the

Nigerian Transgressive Mahin Mud Coast. Ocean Coast. Manag. 2019, 168, 251–264. [CrossRef]
6. Zhang, Y.; Zhao, L.; Liu, J.; Liu, Y.; Li, C. The Impact of Land Cover Change on Ecosystem Service Values in Urban Agglomerations

along the Coast of the Bohai Rim, China. Sustainability 2015, 7, 10365–10387. [CrossRef]
7. Yirsaw, E.; Wu, W.; Shi, X.; Temesgen, H.; Bekele, B. Land Use/Land Cover Change Modeling and the Prediction of Subsequent

Changes in Ecosystem Service Values in a Coastal Area of China, the Su-Xi-Chang Region. Sustainability 2017, 9, 1204. [CrossRef]
8. Brown, G.; Helene, V. Ocean & Coastal Management an Empirical Analysis of Cultural Ecosystem Values in Coastal Landscapes.

Ocean Coast. Manag. 2017, 142, 49–60. [CrossRef]

https://www.mdpi.com/article/10.3390/land11091408/s1
https://www.mdpi.com/article/10.3390/land11091408/s1
http://doi.org/10.1016/j.cub.2019.08.042
http://www.ncbi.nlm.nih.gov/pubmed/31593661
http://doi.org/10.1016/j.ancene.2016.01.005
http://doi.org/10.1038/s43247-020-00053-y
http://doi.org/10.1016/j.ocecoaman.2018.11.014
http://doi.org/10.3390/su70810365
http://doi.org/10.3390/su9071204
http://doi.org/10.1016/j.ocecoaman.2017.03.019


Land 2022, 11, 1408 22 of 24

9. Zhao, B.; Kreuter, U.; Li, B.; Ma, Z.; Chen, J.; Nakagoshi, N. An Ecosystem Service Value Assessment of Land-Use Change on
Chongming Island, China. Land Use Policy 2004, 21, 139–148. [CrossRef]

10. Aziz, T. Changes in Land Use and Ecosystem Services Values in Pakistan, 1950–2050. Environ. Dev. 2021, 37, 100576. [CrossRef]
11. Costanza, R.; de Groot, R.; Sutton, P.; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K. Changes in the

Global Value of Ecosystem Services. Glob. Environ. Change 2014, 26, 152–158. [CrossRef]
12. Lambin Eric, G. Land Use Cover Change Local Processes Global Challenges; Springer: Berlin/Heidelberg, Germany, 2006; Volume 53,

ISBN 9788578110796.
13. Lambin, E.F.; Turner, B.L.; Geist, H.J.; Agbola, S.B.; Angelsen, A.; Folke, C.; Bruce, J.W.; Coomes, O.T.; Dirzo, R.; George, P.S.; et al.

The Causes of Land-Use and Land-Cover Change: Moving beyond the Myths. Glob. Environ. Change 2001, 11, 261–269. [CrossRef]
14. IPBES. The Regional Assessment Report on Biodiversity and Ecosystem Services for Africa of the Intergovernmental Science-Policy Platform

on Biodiversity and Ecosystem Services; IPBES: Bonn, Germany, 2018; ISBN 978-3-947851-05-8/978-3-947851-02-7.
15. Osman, A.; Mariwah, S.; Oscar, D.; Kankam, S. Broadening the Narratives of Ecosystem Services: Assessing the Perceived Services

from Nature and Services to Nature. J. Nat. Conserv. 2022, 68, 126188. [CrossRef]
16. Comberti, C.; Thornton, T.F.; Wylliede Echeverria, V.; Patterson, T. Ecosystem Services or Services to Ecosystems? Valuing

Cultivation and Reciprocal Relationships between Humans and Ecosystems. Glob. Environ. Change 2015, 34, 247–262. [CrossRef]
17. Burkhard, B.; Kroll, F.; Müller, F.; Windhorst, W. Landscapes’ Capacities to Provide Ecosystem Services—A Concept for Land-

Cover Based Assessments. Landsc. Online 2009, 15, 1–22. [CrossRef]
18. Von Haaren, C.; Albert, C. Integrating Ecosystem Services and Environmental Planning: Limitations and Synergies. Int. J.

Biodivers. Sci. Ecosyst. Serv. Manag. 2011, 7, 150–167. [CrossRef]
19. Syrbe, R.; Schroter, M.; Grunewald, K.; Waltz, U.; Burkard, B. What to Map? Pensoft Publishers: Sofia, Bulgaria, 2017;

ISBN 9789546428295.
20. Seppelt, R.; Dormann, C.F.; Eppink, F.V.; Lautenbach, S.; Schmidt, S. A Quantitative Review of Ecosystem Service Studies:

Approaches, Shortcomings and the Road Ahead. J. Appl. Ecol. 2011, 48, 630–636. [CrossRef]
21. Inkoom, J.N.; Frank, S.; Fürst, C. Challenges and Opportunities of Ecosystem Service Integration into Land Use Planning in West

Africa—An Implementation Framework. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2017, 13, 67–81. [CrossRef]
22. Koo, H.; Kleemann, J.; Fürst, C. Impact Assessment of Land Use Changes Using Local Knowledge for the Provision of Ecosystem

Services in Northern Ghana, West Africa. Ecol. Indic. 2019, 103, 156–172. [CrossRef]
23. Eigenbrod, F.; Armsworth, P.R.; Anderson, B.J.; Heinemeyer, A.; Gillings, S.; Roy, D.B.; Thomas, C.D.; Gaston, K.J. The Impact of

Proxy-Based Methods on Mapping the Distribution of Ecosystem Services. J. Appl. Ecol. 2010, 47, 377–385. [CrossRef]
24. Nolander, C. Spatial and Economic Values of Ecosystem Services; Lulea University of Technology: Lulea, Sweden, 2018;

ISBN 9789177900696.
25. Costanza, R.; Arge, R.; De Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; Neill, R.V.O.; Paruelo, J.; et al.

The Value of the World’s Ecosystem Services and Natural Capital. Nature 1997, 387, 253–260. [CrossRef]
26. Andrew, M.E.; Wulder, M.A.; Nelson, T.A.; Coops, N.C. Spatial Data, Analysis Approaches, and Information Needs for Spatial

Ecosystem Service Assessments: A Review. GIScience Remote Sens. 2015, 52, 344–373. [CrossRef]
27. Brown, G.; Pullar, D.; Hausner, V.H. An Empirical Evaluation of Spatial Value Transfer Methods for Identifying Cultural

Ecosystem Services. Ecol. Indic. 2016, 69, 1–11. [CrossRef]
28. Rosenberger, R.S.; Loomis, J.B. Benefit Transfer of Outdoor Recreation Use Values: A Technical Document Supporting the Forest Service

Strategic Plan; U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station: Fort Collins, CO, USA, 2001;
p. 59. Available online: https://www.fs.usda.gov/rm/pubs/rmrs_gtr072.pdf (accessed on 24 July 2022).

29. Plummer, M.L. Assessing Benefit Transfer for the Valuation of Ecosystem Services. Front. Ecol. Environ. 2009, 7, 38–45. [CrossRef]
30. Koschke, L.; Fürst, C.; Frank, S.; Makeschin, F. A Multi-Criteria Approach for an Integrated Land-Cover-Based Assessment of

Ecosystem Services Provision to Support Landscape Planning. Ecol. Indic. 2012, 21, 54–66. [CrossRef]
31. Eigenbrod, F.; Armsworth, P.R.; Anderson, B.J.; Heinemeyer, A.; Gillings, S.; Roy, D.B.; Thomas, C.D.; Gaston, K.J. Error

Propagation Associated with Benefits Transfer-Based Mapping of Ecosystem Services. Biol. Conserv. 2010, 143, 2487–2493.
[CrossRef]

32. Coastal Resources Center. Building Capacity for Adapting to a Rapidly Changing Coastal Zone; Graduate School of Oceanography,
University of Rhode Island: Narragansett, RI, USA, 2010.

33. Asante-yeboah, E.; Ashiagbor, G.; Asubonteng, K.; Sieber, S.; Mensah, J.C.; Fürst, C. Analyzing Variations in Size and Intensities
in Land Use Dynamics for Sustainable Land Use Management: A Case of the Coastal Landscapes of South-Western Ghana. Land
2022, 11, 815. [CrossRef]

34. Asante, W.; Jengre, N. Carbon Stocks and Soil Nutrient Dynamics in the Peat Swamp Forest of the Amanzule Wetlands & Ankobra River
Basin; Graduate School of Oceanography, University of Rhode Island: Narragansett, RI, USA, 2012; p. 45.

35. Kleemann, J.; Inkoom, J.N.; Thiel, M.; Shankar, S.; Lautenbach, S.; Fürst, C. Peri-Urban Land Use Pattern and Its Relation to Land
Use Planning in Ghana, West Africa. Landsc. Urban Plan. 2017, 165, 280–294. [CrossRef]

36. Kankam, S.; Inkoom, J.N.; Koo, H.; Fürst, C. Envisioning Alternative Futures of Cultural Ecosystem Services Supply in the Coastal
Landscapes of Southwestern Ghana, West Africa. Socio-Ecol. Pract. Res. 2021, 3, 309–328. [CrossRef]

37. Daniels, T.; Chan, J.K.H.; Kankam, S.; Murphy, M.; Day, D.; Fürst, C.; Inkoom, J.N.; Koo, H. Four Shareworthy SEPR Scenario
Ideas. Socio-Ecol. Pract. Res. 2021, 3, 9–15. [CrossRef]

http://doi.org/10.1016/j.landusepol.2003.10.003
http://doi.org/10.1016/j.envdev.2020.100576
http://doi.org/10.1016/j.gloenvcha.2014.04.002
http://doi.org/10.1016/S0959-3780(01)00007-3
http://doi.org/10.1016/j.jnc.2022.126188
http://doi.org/10.1016/j.gloenvcha.2015.07.007
http://doi.org/10.3097/LO.200915
http://doi.org/10.1080/21513732.2011.616534
http://doi.org/10.1111/j.1365-2664.2010.01952.x
http://doi.org/10.1080/21513732.2017.1296494
http://doi.org/10.1016/j.ecolind.2019.04.002
http://doi.org/10.1111/j.1365-2664.2010.01777.x
http://doi.org/10.1038/387253a0
http://doi.org/10.1080/15481603.2015.1033809
http://doi.org/10.1016/j.ecolind.2016.03.053
https://www.fs.usda.gov/rm/pubs/rmrs_gtr072.pdf
http://doi.org/10.1890/080091
http://doi.org/10.1016/j.ecolind.2011.12.010
http://doi.org/10.1016/j.biocon.2010.06.015
http://doi.org/10.3390/land11060815
http://doi.org/10.1016/j.landurbplan.2017.02.004
http://doi.org/10.1007/s42532-021-00090-7
http://doi.org/10.1007/s42532-020-00072-1


Land 2022, 11, 1408 23 of 24

38. Sagoe, A.A.; Aheto, D.W.; Okyere, I.; Adade, R.; Odoi, J. Community Participation in Assessment of Fisheries Related Ecosystem
Services towards the Establishment of Marine Protected Area in the Greater Cape Three Points Area in Ghana. Mar. Policy 2021,
124, 104336. [CrossRef]

39. Maes, J.; Fabrega, N.; Zulian, G.; Barbosa, A.; Vizcaino, P.; Ivits, E.; Polce, C.; Vandecasteele, I.; Rivero, I.M.; Guerra, C.; et al.
Mapping and Assessment of Ecosystems and Their Services: Trends in Ecosystems and Ecosystem Services in the European Union between
2000 and 2010; European Union: Rome, Italy, 2015; ISBN 978-92-79-46206-1.

40. Cord, A.F.; Brauman, K.A.; Chaplin-Kramer, R.; Huth, A.; Ziv, G.; Seppelt, R. Priorities to Advance Monitoring of Ecosystem
Services Using Earth Observation. Trends Ecol. Evol. 2017, 32, 416–428. [CrossRef] [PubMed]

41. Amoakoh, A.O.; Aplin, P.; Awuah, K.T.; Delgado-fernandez, I.; Moses, C.; Peña, C. Testing the Contribution of Multi-Source
Remote Sensing Features for Random Forest Classification of the Greater Amanzule Tropical Peatland. Sensors 2021, 21, 3399.
[CrossRef] [PubMed]

42. Ajonina, G. Rapid Assessment of Mangrove Status to Assess Potential for Payment for Ecosystem Services in Amanzule in the Western
Region of Ghana; Coastal Resources Center, Graduate School of Oceanography, University of Rhode Island: Narragansett, RI, USA,
2011; pp. 1–30.

43. Osei, D.; Horwich, R.H.; Pittman, J.M. First Sightings of the Roloway Monkey (Cercopithecus Diana Roloway) in Ghana in Ten
Years and the Status of Other Endangered Primates in Southwestern Ghana. Afr. Primates 2015, 10, 25–40.

44. Adjei Mensah, C.; Kweku Eshun, J.; Asamoah, Y.; Ofori, E. Changing Land Use/Cover of Ghana’s Oil City (Sekondi-Takoradi
Metropolis): Implications for Sustainable Urban Development. Int. J. Urban Sustain. Dev. 2019, 11, 223–233. [CrossRef]

45. Coastal Resources Center; Friends of the Nation. Assessment of Critical Coastal Habitats of the Western Region, Ghana; Coastal
Resources Center, Graduate School of Oceanography, University of Rhode Island: Narragansett, RI, USA, 2011; p. 132.

46. Finegold, C.; Gordon, A.; Mills, D.; Curtis, L.; Pulis, A.; Crawford, B. Western Region Fisheries Sector Review; Coastal Resources
Center, Graduate School of Oceanography, University of Rhode Island: Narragansett, RI, USA, 2010; 82p.

47. Duku, E.; Agbeko, P.; Mattah, D.; Angnuureng, D.B.; Adotey, J. Understanding the Complexities of Human Well-Being in the
Context of Ecosystem Services within Coastal Ghana. Sustainability 2022, 14, 10111. [CrossRef]

48. Di Gregorio, A.; Jansen, L.J.M. Land Cover Classification System (LCCS): Classification Concepts and User Manual; FAO: Rome, Italy,
2000; Volume 53, p. 179.

49. de Groot, R.S.; Alkemade, R.; Braat, L.; Hein, L.; Willemen, L. Challenges in Integrating the Concept of Ecosystem Services and
Values in Landscape Planning, Management and Decision Making. Ecol. Complex. 2010, 7, 260–272. [CrossRef]

50. Adotey, J. Carbon Stock Assessment in the Kakum and Amanzule Estuary Mangrove Forests, Ghana. Master’s Thesis, University
of Cape Coast, Cape Coast, Ghana, 2015.

51. Nortey, D.D.N.; Aheto, D.W.; Blay, J.; Jonah, F.E.; Asare, N.K. Comparative Assessment of Mangrove Biomass and Fish Assem-
blages in an Urban and Rural Mangrove Wetlands in Ghana. Wetlands 2016, 36, 717–730. [CrossRef]

52. Tawiah, E.N. Assessing the Potential Contribution of Latex from Rubber (Hevea Brasiliensis) Plantations as a Carbon Sink.
2017. Available online: http://internationaljournalcorner.com/index.php/ijird_ojs/article/view/141495/99533 (accessed on
10 April 2022).

53. Wauters, J.B.; Coudert, S.; Grallien, E.; Jonard, M.; Ponette, Q. Carbon Stock in Rubber Tree Plantations in Western Ghana and
Mato Grosso (Brazil). For. Ecol. Manag. 2008, 255, 2347–2361. [CrossRef]

54. Komiyama, A.; Poungparn, S.; Kato, S. Common Allometric Equations for Estimating the Tree Weight of Mangroves. J. Trop. Ecol.
2005, 21, 471–477. [CrossRef]

55. Troy, A.; Wilson, M.A. Mapping Ecosystem Services: Practical Challenges and Opportunities in Linking GIS and Value Transfer.
Ecol. Econ. 2006, 60, 435–449. [CrossRef]

56. Kuenzer, C.; Bluemel, A.; Gebhardt, S.; Quoc, T.V.; Dech, S. Remote Sensing of Mangrove Ecosystems: A Review. Remote Sens.
2011, 3, 878–928. [CrossRef]

57. Donato, D.C.; Kauffman, J.B.; Murdiyarso, D.; Kurnianto, S.; Stidham, M.; Kanninen, M. Mangroves among the Most Carbon-Rich
Forests in the Tropics. Nat. Geosci. 2011, 4, 293–297. [CrossRef]

58. Alongi, D.M. Carbon Cycling and Storage in Mangrove Forests. Ann. Rev. Mar. Sci. 2014, 6, 195–219. [CrossRef] [PubMed]
59. Kauffman, J.B.; Adame, M.F.; Arifanti, V.B.; Schile-Beers, L.M.; Bernardino, A.F.; Bhomia, R.K.; Donato, D.C.; Feller, I.C.; Ferreira,

T.O.; Jesus Garcia, M.D.C.; et al. Total Ecosystem Carbon Stocks of Mangroves across Broad Global Environmental and Physical
Gradients. Ecol. Monogr. 2020, 90, e01405. [CrossRef]

60. Wang, M.M.H.; Carrasco, L.R.; Edwards, D.P. Reconciling Rubber Expansion with Biodiversity Conservation. Curr. Biol. 2020, 30,
3825–3832.e4. [CrossRef]

61. Geist, H.J.; Lambin, E.F. Proximate Causes and Underlying Driving Forces of Tropical Deforestation. Bioscience 2002, 52, 143.
[CrossRef]

62. Crain, C.M.; Halpern, B.S.; Beck, M.W.; Kappel, C.V. Understanding and Managing Human Threats to the Coastal Marine
Environment. Ann. N. Y. Acad. Sci. 2009, 1162, 39–62. [CrossRef]

63. Otchere-Darko, W.; Ovadia, J.S. Incommensurable Languages of Value and Petro-Geographies: Land-Use, Decision-Making and
Conflict in South-Western Ghana. Geoforum 2020, 113, 69–80. [CrossRef]

64. Asare-Donkor, N.K.; Adimado, A.A. Influence of Mining Related Activities on Levels of Mercury in Water, Sediment and Fish
from the Ankobra and Tano River Basins in South Western Ghana. Environ. Syst. Res. 2016, 5, 5. [CrossRef]

http://doi.org/10.1016/j.marpol.2020.104336
http://doi.org/10.1016/j.tree.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28411950
http://doi.org/10.3390/s21103399
http://www.ncbi.nlm.nih.gov/pubmed/34068200
http://doi.org/10.1080/19463138.2019.1615492
http://doi.org/10.3390/su141610111
http://doi.org/10.1016/j.ecocom.2009.10.006
http://doi.org/10.1007/s13157-016-0783-2
http://internationaljournalcorner.com/index.php/ijird_ojs/article/view/141495/99533
http://doi.org/10.1016/j.foreco.2007.12.038
http://doi.org/10.1017/S0266467405002476
http://doi.org/10.1016/j.ecolecon.2006.04.007
http://doi.org/10.3390/rs3050878
http://doi.org/10.1038/ngeo1123
http://doi.org/10.1146/annurev-marine-010213-135020
http://www.ncbi.nlm.nih.gov/pubmed/24405426
http://doi.org/10.1002/ecm.1405
http://doi.org/10.1016/j.cub.2020.07.014
http://doi.org/10.1641/0006-3568(2002)052[0143:PCAUDF]2.0.CO;2
http://doi.org/10.1111/j.1749-6632.2009.04496.x
http://doi.org/10.1016/j.geoforum.2020.05.009
http://doi.org/10.1186/s40068-016-0055-4


Land 2022, 11, 1408 24 of 24

65. Kindu, M.; Schneider, T.; Teketay, D.; Knoke, T. Changes of Ecosystem Service Values in Response to Land Use/Land Cover
Dynamics in Munessa-Shashemene Landscape of the Ethiopian Highlands. Sci. Total Environ. 2016, 547, 137–147. [CrossRef]
[PubMed]

66. Widiatmaka; Ambarwulan, W.; Setiawan, Y.; Walter, C. Assessing the Suitability and Availability of Land for Agriculture in Tuban
Regency, East Java, Indonesia. Appl. Environ. Soil Sci. 2016, 2016, 7302148. [CrossRef]

67. Manyevere, A. An Integrated Approach for the Delineation of Arable Land and Its Cropping Suitability under Variable Soil and
Climatic Conditions in the Nkonkobe Municipality, Eastern Cape, South Africa. Ph.D. Thesis, University of Fort Hare, Alice,
South Africa, 2014.

68. Corcoran, E.; Ravilious, C.; Skuja, M. Mangroves of Western and Central Africa; UNEP World Conservation Monitoring Center:
Cambridge, UK, 2007; ISBN 9789280727920.

69. Atheull, A.N.; Din, N.; Longonje, S.N.; Koedam, N.; Dahdouh-Guebas, F. Commercial Activities and Subsistence Utilization
of Mangrove Forests around the Wouri Estuary and the Douala-Edea Reserve (Csameroon). J. Ethnobiol. Ethnomed. 2009, 5, 35.
[CrossRef] [PubMed]

70. Aheto, D.W.; Kankam, S.; Okyere, I.; Mensah, E.; Osman, A.; Jonah, F.E.; Mensah, J.C. Community-Based Mangrove Forest
Management: Implications for Local Livelihoods and Coastal Resource Conservation along the Volta Estuary Catchment Area of
Ghana. Ocean Coast. Manag. 2016, 127, 43–54. [CrossRef]

71. Boone, J.K.; Bhomia, R.K. Ecosystem Carbon Stocks of Mangroves across Broad Environmental Gradients in West-Central Africa:
Global and Regional Comparisons. PLoS ONE 2017, 12, e0187749. [CrossRef]

72. Alongi, D.M. Global Significance of Mangrove Blue Carbon in Climate Change Mitigation. Sci 2020, 2, 67. [CrossRef]
73. Acheampong, R.A.; Ibrahim, A. One Nation, Two Planning Systems? Spatial Planning and Multi-Level Policy Integration in

Ghana: Mechanisms, Challenges and the Way Forward. Urban Forum 2016, 27, 1–18. [CrossRef]
74. Ministry of Environment, Science and Technology. Manual for the Preparation of Spatial Plans. 2011. Available online:

https://www.luspa.gov.gh/media/document/PLANNING_MANUAL_final_DESIGN.pdf (accessed on 5 May 2022).

http://doi.org/10.1016/j.scitotenv.2015.12.127
http://www.ncbi.nlm.nih.gov/pubmed/26780139
http://doi.org/10.1155/2016/7302148
http://doi.org/10.1186/1746-4269-5-35
http://www.ncbi.nlm.nih.gov/pubmed/19919680
http://doi.org/10.1016/j.ocecoaman.2016.04.006
http://doi.org/10.1371/journal.pone.0187749
http://doi.org/10.3390/sci2030067
http://doi.org/10.1007/s12132-015-9269-1
https://www.luspa.gov.gh/media/document/PLANNING_MANUAL_final_DESIGN.pdf

	Introduction 
	Materials and Methods 
	Study Area 
	Methodological Framework 
	Data Types and Sources 
	Remote Sensing Data Processing and Analysis 
	Selection of Provisioning and Regulating ES 

	Benefit Transfer 
	Quantification of Provisioning Services Supply Potentials 
	Quantification of Regulating Services Supply Potentials 

	Social and Environmental Drivers of LULCC 

	Results 
	Land Use/Land Cover Changes in 2000 and 2018 
	Quantities, Spatial and Temporal Distribution of ES Supply Potentials 
	Mangrove Fuelwood Supply 
	Food-Crop Supply 
	Carbon Storage 

	Predictors of LULCC 

	Discussion 
	Land Use/Land Cover Changes and ES Supply Potentials 
	Implications for Land Use Planning 
	Study Limitations 
	Conclusions and Future Outlook 

	References

