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A B S T R A C T   

Protected areas are expectedly intact habitats for biodiversity and key for ecosystem conservation. However, 
where inadequately protected, human-induced forest fragmentation can degrade them and reduce their func-
tioning. Therefore, monitoring forests in protected areas is essential to ascertain their protection. This paper 
assesses forest fragmentation in the Cross River National Park, a biodiversity hotspot in the tropical rainforest of 
Nigeria. Forest fragmentation was analyzed using the Driver-Pressure-State-Impact-Response framework. Frag-
mentation analysis of the State used class-level pattern metrics on Landsat and Sentinel images from the years 
2000, 2015 and 2020. Forest fragmentation has reduced total forest area, decreased average size of forest 
patches, increased the number of forest patches and amount of edge. Only the isolation of forest patches has not 
yet reached a measurable intensity. However, spatio-temporal forest fragmentation over the years 2000, 2015 
and 2020 indicates a rising trend, especially between 2015 and 2020. The Drivers, Pressures, Impacts and Re-
sponses were investigated through a systematic literature review. Many studies show that the main proximate 
Drivers of forest fragmentation are agricultural activities mainly by the local communities, demand for forest 
resources by the growing population, and by external actors through illegal logging and infrastructure building, 
which have increased. However, wider literature highlight issues of disproportionately blaming local resource 
users, and the need to examine the neglect of justice, rights and local values, and their implications for sus-
tainable protected areas. Reported Impacts include hindered migration of the endangered Cross River gorilla and 
impaired ecosystem services like water cycling, carbon sequestration and disease regulation. Responses have 
generally excluded the local communities, have failed or are yet to become effective. There is thus a need to 
identify, together with the involved actors, why measures have failed and to implement more sustainable options 
to reduce fragmentation in the park while addressing local users’ needs.   

1. Introduction 

Protected areas (PA) are key for biodiversity and ecosystem conser-
vation (Watson et al., 2014). Studies have shown that a well-managed 
PA can preserve biodiversity effectively (Gray et al., 2016; Lever-
ington et al., 2010). PA can thus help to achieve the Aichi Biodiversity 
Targets and the Sustainable Development Goals (Naidoo et al., 2019). 
They are equally relevant in facilitating countries to achieve land 
degradation neutrality (Ifejika Speranza et al., 2019). Given that many 
protected areas are forest landscapes, monitoring them is essential to 
secure their functions and to prevent downgrading, downsizing and 
degazettement (Pack et al., 2016). 

Forest fragmentation, which is defined as the breaking up of large 

and continuous landscapes into smaller and isolated patches that are 
separated by anthropogenic-transformed matrix (Lindenmayer and 
Fischer, 2006), is globally pervasive and a key factor driving biodiver-
sity loss and impairing ecosystem functions (Haddad et al., 2015). Thus, 
forest fragmentation, represented by a reduced area-size, a decrease of 
average patch-size, an increasing number of patches, isolation of 
patches, and an increasing amount of edges (Barnes et al., 2017; Bogaert 
et al., 2011), is mainly induced by anthropogenic land-use change and 
constitutes a major threat to the effectiveness of PA. In addition to the 
extinction of species, forest fragmentation leads to land conversion and 
land degradation (Matin and Behera, 2019), even decades after the 
actual fragmentation occurred (Haddad et al., 2015; Renó et al., 2016). 
PA-cases in the Democratic Republic of Congo (Shapiro et al., 2016) and 
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Tanzania (Zambrano et al., 2020) show, that fragmentation leads to 
increasing carbon emissions and disrupts biological functional diversity. 
Further, fragmentation alters the interaction between species and their 
migration between patches (Bender et al., 2003), worsens exposure to 
human pressure (Haddad et al., 2015) and endangers the capacity of 
ecosystems to conserve species richness (Barnes et al., 2017). 

Globally, PA are under increasing human pressure (Jones et al., 
2018), particularly in tropical regions (Geldmann et al., 2019). As their 
surrounding forest-landscapes are converted to other land uses, in 
particular agricultural land (ibid.), the pressure on PA to provide 
ecosystem services hitherto obtained from their surrounding landscapes 
intensifies (Spracklen et al., 2015). This is also the case in Nigeria, where 
its landscapes and PA are increasingly degraded and fragmented (Adenle 
et al., 2020; Adenle and Ifejika Speranza, 2020). Despite growth in size 
and numbers and their high potential to conserve ecosystems, most PA 
in Nigeria lack adequate protection or are ineffectively managed 
(Abdulaziz et al., 2015). Illegal logging, agricultural activities, poach-
ing, extraction of non-timber forest products and cattle herding are 
major threats (Imarhiagbe et al., 2020). 

However, spatially explicit knowledge is lacking about the extent of 
forest fragmentation in PA in Nigeria. Most studies focus on analyzing 
land use and land cover (LULC) without adequately focusing on PA. 
Given their importance as habitat for endemic species, ensuring that PA 
function requires generating knowledge about their status. This is 
particularly the case for the Cross River National Park (CRNP), the 
largest rain forest area in Nigeria, a biodiversity hotspot and bordering 
Korup National Park in Cameroon. This study thus aims to investigate 
forest fragmentation in the CRNP using the Driver-Pressure-State- 
Impact-Response-framework (DPSIR) to: 1) assess the land use and 
land cover change of the CRNP; 2) to explore the spatio-temporal dy-
namics of forest fragmentation in the division, enclaves, and buffer zone 
of the CRNP based on an improved set of class-level pattern metrics; 3) 
investigate the drivers, and pressures, associated with fragmentation in 
the CRNP; 4) and to investigate the impacts on biodiversity and 
ecosystem services (ES) of forest fragmentation and responses to reduce 

it. This study contributes to the broader goal of nature conservation as 
knowledge about the state of the CRNP and the factors driving its 
fragmentation will provide insights on measures for a more effective 
management of the national park. 

2. Methods 

2.1. Study area 

The Cross River National Park (CRNP) is located in Cross-River State 
in south-eastern Nigeria (Fig. 1) and lies between lat. 5.09◦N and 
6.47◦N, and lon. 8.31◦E and 9.36◦E. The CRNP is one of eight National 
Parks in Nigeria and is subdivided into two non-contiguous divisions: 
the Oban Division and the Okwangwo Division (Jacob et al., 2015). The 
CRNP is under the responsibility of the Nigerian National Park Service 
(NNPS), which is subordinated to the Federal Ministry of the Environ-
ment and led by a Conservator General. Additionally, all National Parks 
in Nigeria are led by a Conservator of Parks (Ambe and Onnoghen, 
2019). 

The park was established in 1991, intersects with five Local Gov-
ernment Areas (Obanliku, Boki, Etung, Ikom and Akampka) and borders 
the Korup National Park and the Takamanda National Park, both located 
in Cameroon (Fig. 1). This contiguity with PA in Cameroon makes the 
CRNP a potential part of a larger transboundary PA. About 105 buffer 
zone communities were created through the establishment of the park, 
some of them being enclave communities located inside the park (Enuoh 
and Ogogo, 2018a). However, the exact locations and extent of the 
buffer zone and its containing communities are not adequately defined 
(Ogogo et al., 2010). 

The CRNP is part of the West African Guinean Forests. Its vegetation 
consists of moist lowland rainforest with a dry season (November – 
March) and a rainy season (March – November) (Jacob et al., 2015). 
Annual rainfall ranges between 2000 mm and 3000 mm (Adetola and 
Adetoro, 2014) and daily average temperatures range between 14 ◦C 
and 25 ◦C (Ogogo et al., 2010). The CRNP is a Pleistocene biodiversity 

Fig. 1. Location and features of the study area (1a: Location of the CRNP in Nigeria; 1b: Location of the CRNP in Cross River State; 1c: Features of the CRNP, 
including enclaves, buffer zone and the Local Government Areas). 
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refuge and home to many endemic and critically endangered species like 
the Cross River gorilla Gorilla gorilla diehli, which lives in the Okwangwo 
Division (Bergl et al., 2012). The national park is on the United Nations’ 
list of 25 Biodiversity Hotspots in the World (Olory, 2018) and is an 
Important Bird and Biodiversity Area (BirdLife International, 2021). 

2.2. The Driver-Pressure-State-Impact-Response-framework (DPSIR) 

The DPSIR-framework is used to assess and analyze interactions 
between the environment and society and is therefore useful to describe 
the origins and consequences of fragmentation (European Environment 
Agency, 1999). The single components of the DPSIR are defined as fol-
lows (European Environment Agency, 1999; Maxim et al., 2009): 
Drivers are changes in social, economic, and institutional systems, which 
trigger, directly and indirectly, Pressure on ecosystems. Drivers can also 
be natural factors such as droughts, pest infestation or climate change 
(Brouwers et al., 2013; Forzieri et al., 2021). Pressures are the conse-
quences of human activities, which influence ecosystems and can cause 
changes in the State of ecosystems. State therefore refers to the condition 
and changes of an ecosystem. In this study, the State describes the 
condition of the forest in the CRNP, which is measured by forest frag-
mentation. Impacts are due to the changes in the State (e.g., environ-
mental functions), which can lead to further ecological, social, and 
economic impacts. Responses are the policy and management activities/ 
actions to prevent, compensate, reduce, or adapt to changes in the 
environment, initiated by individuals, groups, institutions, or govern-
ments. Responses are triggered by Impacts and can be directly aimed at 
Drivers, Pressures, State, or Impacts. Although the DPSIR framework has 
been criticized for ignoring complex interactions (Gari et al., 2015; Hou 
et al., 2014; Tscherning et al., 2012), it provides a useful overview of the 
cause-effect relationships between social, ecological and economic sys-
tem components (Burkhard et al., 2012; Hou et al., 2014; Mandić, 2020) 
and can be applied from the global to local scale (Carr et al., 2007). 

2.3. Datasets and processing 

Landsat data was collected from the United States Geological Survey 
Earth Explorer (https://earthexplorer.usgs.gov/) (Fig. 2 Box 1). The 

images from the year 2000 are from Landsat 7 ETM + Collection 1 Level- 
1, while the images for the years 2015 and 2020 are from Landsat 8 OLI/ 
TIRS Collection 1 Level-1 (Table A.1). The years were chosen based on 
data availability and the least possible cloudiness (checked in Google 
Earth Engine). The image of 2000 was selected to serve as a baseline. A 
time-step of 5 years was selected so that changes in LULC are detectable. 
Each year required two tiles to cover the entire extent of the CRNP. The 
Landsat Image for the year 2020 and Path 188 / Row 056 was replaced 
by a Sentinel-2 image due to too many clouds, which is practicable ac-
cording to Mandanici and Bitelli (2016). The shapefile of the CRNP was 
extracted from the World Database on Protected Areas (UNEP-WCMC, 
2020). 

Each image and shapefile were projected to WGS 1984 UTM Zone 32 
N (Fig. 2 Box 1). Further, the Sentinel images were resampled from 10 m 
to 30 m, to have the same spatial resolution as the Landsat images. As 
each image was classified separately, no further processing was neces-
sary (Young et al., 2017). Additional to the original Landsat images, a set 
of pan-sharpened Landsat images was created for better visual resolu-
tion (15 m × 15 m) and interpretation (Lin et al., 2015). 

2.4. Methods 

This study applies the DPSIR to assess forest fragmentation in the 
CRNP. To obtain information regarding the State component of the 
DPSIR, first a land use/land cover change classification was conducted 
for 2000, 2015, and 2020 (Fig. 2 Box 1) and then a fragmentation 
analysis of the resulting maps were undertaken (Fig. 2 Box 2). In the next 
step, a Systematic Literature Review (SLR) was done to acquire infor-
mation concerning the Driver, Pressure, Impact and Response compo-
nents of the DPSIR (Fig. 2 Box 3). Finally, the results of the 
fragmentation analysis and the SLR were discussed and combined in the 
DPSIR (Fig. 2 Box 4). 

2.4.1. Image analysis 
For the image analysis, the two divisions i.e., Oban and Okwangwo 

of the CRNP were investigated separately to distinguish the spatial dif-
ferences in LULC change and forest fragmentation. In addition, the en-
claves, and the buffer zone of the CRNP were investigated. Because the 

Fig. 2. Methodological workflow. LULCC: land use and land cover change; DPSIR: Driver-Pressure-State-Impact-Response; ETM+: Enhanced Thematic Mapper; OLI/ 
TIRS: Operational Land Imager / Thermal Infrared Sensor. 
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buffer zone of the CRNP is not clearly defined (see section 2.1), a buffer 
zone with a width of 2 km was assumed for the further investigation of 
forest fragmentation. The detail of the image analysis is provided in the 
sections below. 

Based on the downloaded Landsat and Sentinel images, the 
Maximum Likelihood Classifier in ArcGIS Desktop 10.7 was used to 
conduct a supervised classification of LULC (Fig. 2 Box 1). In addition to 
the Landsat and Sentinel images, high-resolution Google Earth images, 
base map imagery (provided directly in ArcGIS Desktop 10.7) and the 
previously pan-sharpened Landsat images were consulted for better vi-
sual interpretation of LULC. The LULC classes were chosen based on a 
previous study in the Oban Division of the CRNP by Okeke and Imong 
(2018) where Forest, Agriculture/Shrub-cover/Disturbed Forest, Built- 
up/Bare land and Water were mapped. Cloud covered areas were clas-
sified and defined as No Data. In this study, forest is defined as “land 
spanning more than 0.5 ha with trees higher than 5 m” (FAO, 2018: 4) 
and a tree canopy cover of more than 60% in the respective area 
(Molinario et al., 2017). Land with predominantly agricultural or urban 
land use was excluded from the forest class (FAO, 2018). The definitions 
of further land cover classes were modified from the FAO Land Cover 
Classification System (Di Gregorio, 2005) (Table A.2). 

Subsequent to the LULC classification, a pixel-based accuracy 
assessment of the LULC classification was performed to quantitively 
assess the effectiveness of the classification (Rwanga and Ndambuki, 
2017). The overall accuracies and corresponding kappa coefficients 
were calculated. Overall classification accuracies were rated as fit for 
further use when over 85 % (Wulder et al., 2006), while kappa co-
efficients were rated as fit for further use when better than 0.8 (Rwanga 
and Ndambuki, 2017). Additionally, error matrices with user’s and 
producer’s accuracies were calculated and possible confusions between 
LULC classes were addressed. 

The forest fragmentation was analyzed (Fig. 2 Box 2) using the 
ArcGIS Desktop extension V-Late 2.0, a vector-based landscape analysis 
tool (Lang and Tiede, 2003), which has been used in other studies for 
fragmentation analysis (e.g. Nunes De Oliveira et al., 2017; De Matos 
et al., 2019). The following class-level pattern metrics (McGarigal and 

Marks, 1995; Turner, 1989) were calculated to capture fragmentation: 
Total Area, Mean Patch Size, Number of Patches, Landscape Division 
Index (Jaeger, 2000) and Total Edge (Table 1). These class-level pattern 
metrics were chosen because previous studies show that they capture 
fragmentation adequately (Armenteras et al., 2003; Tapia-Armijos et al., 
2015; De Matos et al., 2019). Using the FAO (2018) definition, a forest 
patch is defined as an area that is at least 5000 m2 (0.5 ha) large and is 
separated from other forest patches by other LULC classes. Thus, forest 
patches smaller than 5000 m2 were per definition excluded from the 
Forest class. 

2.4.2. Systematic literature Review 
The Systematic Literature Review (SLR) was conducted based on the 

procedure by Mengist, Soromessa and Legese, (2020) to investigate the 
anthropogenic Drivers, Pressure, Impacts and Responses of forest frag-
mentation in the CRNP (Fig. 2 Box 3). First, 18 different search terms 
were formulated for the SLR (Table A.7). Terms such as “Cross River 
National Park”, “Cross River State” or “Nigeria” were chosen to restrict 
the results to the area of interest. Additional terms like “Fragmentation” 
and “Forest Loss” were chosen to find results associated with forest 
fragmentation. Further terms like “Management” or “Ecosystem Ser-
vices” enabled to find other processes and activities, which are linked to 
forest fragmentation (Table A.3). The terms were searched in the 
document title, abstract and keywords in the databases Web of Science, 
Science Direct and Scopus. 

In a second step, grey literature, duplicates, presentation, keynotes, 
non-English or non-German literature and inaccessible publications 
were excluded. Peer-reviewed publications, reports from national or 
international conferences, publications from government bodies (local 
to national) and publications of non-governmental institutions have 
been included (appraisal criteria). In a further step, the abstracts were 
read. Publications irrelevant to the research objectives were excluded. 
An additional skim-reading of the main body excluded further irrelevant 
publications. In the last step, the remaining publications were synthe-
sized. The relevant data were sorted according to Drivers, Pressures, 
Impacts and Responses, and finally, integrated into the DPSIR together 
with the results from the fragmentation analysis (Fig. 2 Box 4). The 
literature found through the SLR was additionally enhanced in the dis-
cussion with further important literature regarding the CRNP. 

3. Results 

3.1. LULC classification and change 

The LULC classification in Table 2 shows that forest decreased over 
the 20 years period (Fig. 3a). The decrease in the 5 years between 2015 
and 2020 is approximately four times bigger than in the previous 15 
years between 2000 and 2015. Overall, from 2000 to 2020 52.46 km2 of 
forest were lost. In contrast, built-up / bare land and agriculture / shrub- 
cover / disturbed forest increased during both periods. Built-up / bare 
land increased by 47 % (6.57 km2) from 2000 to 2015 and by 14 % (2.90 
km2) from 2015 to 2020, whereas agriculture / shrub-cover / disturbed 
forest increased by 14 % (3.92 km2) from 2000 to 2015 and by 125 % 
(39.14 km2) from 2015 to 2020. Thus, the overall increase of built-up / 
bare land between 2000 and 2020 is 9.48 km2, while agriculture / shrub- 

Table 1 
Class-level pattern metrics.  

Metric Unit Description Represented Effect 

Total Area 
(TA) 

km2 Measures the total area 
covered by forest. 

The lower the total 
forest area, the higher 
the fragmentation. 

Number of 
Patches 
(NP) 

Quantity Measures the number of 
patches consisting of 
forest. 

The higher the NP, the 
higher the forest 
fragmentation. 

Mean Patch 
Size (MPS) 

km2 Measures the size of an 
average forest patch. 

The lower the MPS, the 
higher the 
fragmentation. 

Total Edge 
(TE) 

km Measures the total length 
of all forest edges. 

The higher the total 
edge length, the higher 
the fragmentation. 

Landscape 
Division 
Index (LDI) 

0–1 Measures the probability, 
that two randomly 
chosen points are not in 
the same forest patch ( 
Jaeger, 2000). 

The higher the LDI, the 
more isolated and thus 
fragmented the patches.  

Table 2 
Changes in land use and land cover.  

LULC Classes 2000 2015 2020 Change in Area 
(2000–2015) 

Change in Area 
(2015–2020) 

Change in Area 
(2000–2020) 

[km2] [km2] [km2] [km2] [%] [km2] [%] [km2] [%] 

Forest  3252.36  3242.04  3199.00  − 10.32  − 0.32  − 42.14  − 1.29  − 52.46  − 1.61 
Built-up / Bare Land  14.00  20.57  23.47  6.57  46.96  2.90  14.12  9.48  67.71 
Agriculture / Shrub-cover / Disturbed Forest  27.30  31.22  70.36  3.92  14.38  39.14  125.35  43.06  157.75 
Water  0.78  0.60  0.59  − 0.18  –22.97  0.00  − 0.45  − 0.18  –23.32  
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cover / disturbed forest increased by totally 43.06 km2. Water body, 
which is mainly the Cross River, stayed relatively the same during the 
analyzed periods. 

3.1.1. Accuracy assessment 
Overall accuracies of 91.14 %, 89.97 % and 92.77 % were calculated 

for years 2000, 2015 and 2020, respectively. In addition, the corre-
sponding kappa coefficients were 0.87, 0.84 and 0.88 for the respective 

years. Both overall accuracies and kappa coefficients were rated as fit for 
further use. Moreover, error matrices with user’s and producer’s accu-
racy indicated primarily a confusion of built-up / bare land with agri-
culture / shrub-cover / disturbed forest in the years 2015 and 2020 and a 
confusion of agriculture / shrub-cover / disturbed forest with forest for 
the year 2015 (Table A.4 – A.6). 

Fig. 3. The LULC map 3a and resulting fragmentation map 3b for the years 2000, 2015 and 2020, for both Divisions (Oban and Okwangwo). The areas outside the 
CRNP boundaries represent the buffer zone respectively the enclaves. The white area in Oban Division is neither an enclave nor in the buffer zone. 

Table 3 
Class-level pattern metrics for the CRNP (including both divisions). TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total Edge; LDI: Landscape 
Division Index.  

Metric 2000 2015 2020 Change in Metric (2000 – 2015) Change in Metric (2015 – 2020) Change in Metric (2000 – 2020) 

[%] [abs.] [%] [abs.] [%] [abs.] 

TA [km2] 3252.36 3242.04 3199.90  − 0.32 − 10.32  − 1.30 − 42.14  − 1.61 − 52.46 
NP [#] 67 91 257  35.82 24  182.42 166  283.58 190 
MPS [km2] 48.54 35.63 12.45  − 26.61 − 12.92  − 65.05 –23.18  − 74.35 − 36.09 
TE [km] 1506.48 1534.80 2252.16  1.88 28.32  46.74 717.36  49.50 745.68 
LDI [0–1] 0.30 0.31 0.31  0.76 <0.00  0.13 <0.00  0.89 <0.00  

Table 4 
Changes of class-level pattern metrics for Oban and Okwangwo Division. TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total Edge; LDI: Landscape 
Division Index.   

Oban Division Changes Okwangwo Division Changes 

Metric 2000 – 2015 2015 – 2020 2000 – 2020 2000 – 2015 2015 – 2020 2000 – 2020  

[%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] 

TA [km2] − 0.44 − 11.79 − 1.50 − 39.67 − 1.93 − 51.46  0.25 1.47  − 0.42 − 2.47  − 0.17 − 1.00 
NP [#] 52.08 25 219.18 160 385.42 185  − 5.26 − 1  33.33 6  26.32 5 
MPS [km2] − 34.54 − 19.14 − 69.14 − 25.08 − 79.80 − 44.22  5.82 1.81  − 25.31 − 8.35  − 20.97 − 6.53 
TE [km] 7.47 80.28 53.73 620.76 65.22 701.04  − 12.04 − 51.96  25.45 96.60  10.34 44.64 
LDI [0–1] 0 <0.00 0 <0.00 0 <0.00  − 19.05 <0.00  17.65 <0.00  − 4.76 <0.00  
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3.2. Spatio-temporal analysis of forest fragmentation 

3.2.1. CRNP fragmentation pattern metrics 
The fragmentation metrics for the CRNP (including both divisions) 

are shown in Table 3, while Fig. 3b shows the fragmentation map. 
Changes are given as percentages and absolute (abs.) values. Overall, the 
CRNP lost 1.61 % of its forest since 2000 and covers 3199.90 km2 in 
2020. The Number of Patches (NP) increased by 24 in the first time-step 
and by 166 in the second time-step. With the increase in NP the Mean 
Patch Size (MPS) consequently declined to 12.45 km2 in 2020, since the 
Total Area (TA) did not expand. The Total Edge (TE) rose by 1.88 % in 
the first time-step and by 46.74 % in the second time-step, which cor-
responds to an increase of 745.68 km from 2000 to 2020. The Landscape 
Division Index (LDI) stayed approximately the same with an increase of 
under 1 % for all time-steps (Table 3). 

3.2.2. Oban and Okwangwo Division fragmentation pattern metrics 
The fragmentation metrics for the Oban and Okwangwo Division are 

shown in Table 4. For the Oban Division, the TA did decrease in all time- 
steps. 11.79 km2 of forest was lost between 2000 and 2015 and 39.67 
km2 between 2015 and 2020. The NP increased by 25 patches in the first 
time-step and by 160 patches in the second time-step. With the increase 
in NP, the Mean Patch Size (MPS) consequently declined, while the TE 
increased. The TE gained around 7.5 % between 2000 and 2015 and 
around 54 % between 2015 and 2020. The LDI stayed approximately the 
same for all three years (Table 4). On the other hand, the TA in 
Okwangwo Division expanded by 1.47 km2 between 2000 and 2015. In 
the following 5 years the TA dwindled by 2.47 km2. Overall, the 
Okwangwo Division lost 1 km2 forest between 2000 and 2020. NP 
decreased by 1 in the first time-step and increased by 6 in the second 
time-step. Consequently, the MPS increased by 5.82 % between 2000 
and 2015 and decreased by 25.31 % between 2015 and 2020. The TE 
declined in the first time-step by 51.96 km. In the second time-step 
between 2015 and 2020 the TE increased again by 96.60 km. The LDI 
stayed under 0.00 for all three years (Table 4). More detailed metrics for 
both divisions and for each year can be consulted in Table A.8 and A.9 in 
the appendix. 

3.2.3. Oban and Okwangwo Division buffer zone fragmentation pattern 
metrics 

The fragmentation metrics for the buffer zone of Oban and 
Okwangwo Division are shown in Table 5. The TA of the buffer zone of 
Oban Division increased by 1.60 km2 in the first time-step between 2000 
and 2015. In the second time-step the TA decreased by 36.69 km2, 
resulting in an overall decrease of 35.10 km2. NP increased by 4 in the 
first time-step and by 116 in the second time-step. The MPS declined by 
2.94 % between 2000 and 2015 and 50.77 % between 2015 and 2020. 
The TE increased by 76.62 km in the first time-step and by 439.38 km in 
the second, reaching a total growth of 516 km between 2000 and 2020. 
The LDI declined by 21.30 % between 2000 and 2015. In the following 5 
years the LDI again rose by 41.84 % (Table 5). 

In comparison, the buffer zone of Okwangwo Division gained 4.63 
km2 TA in the first time-step. In the following 5 years between 2015 and 
2020 the TA again declined by 8.31 km2, meaning an overall loss of 1.53 
% forest. NP decreased by 2 in the first time-step and then increased by 
24. Consequently, the MPS first increased between 2000 and 2015 and 
then decreased between 2015 and 2020, overall declining by 27.02 %. 
The TE decreased in the first time-step by 224.58 km. In the second time- 
step, the TE again increased by 249.21. The LDI decreased from 0.06 in 
2000 to 0.05 in 2015 and gain increased by 0.48 in 2020 (Table 5). More 
detailed metrics for the buffer zones of both divisions can be consulted in 
Table A.10 and A.11 in the appendix. 

3.2.4. Oban and Okwangwo Division enclaves fragmentation pattern 
metrics 

The fragmentation metrics for the enclaves of Oban and Okwangwo 
Division are shown in Table 6. The enclaves in the Oban Division had 
expanded in TA by 0.05 km2 between 2000 and 2015. The TA dwindled 
again by 0.77 km2 between 2015 and 2020. In 2000 and 2015 the 
enclave contained 1 forest patch. In 2020 the NP rose to 3. Conse-
quently, the MPS increased in the first time-step by 0.24 % and 
decreased by 67.91 % in the second time-step. TE grew by 0.30 km 
between 2000 and 2015 and by 17.10 km between 2015 and 2020. The 
LDI for the years 2000 and 2015 is 0 since the enclave consists of a single 
patch in these years. The LDI for the year 2020 is 0.01 (Table 6). 

In contrast, the TA of the enclave in the Okwangwo Division 
increased by 1 km2 between 2000–2015 and decreased by 3.49 km2 

Table 5 
Changes of class-level pattern metrics for the buffer zones of Oban and Okwangwo Division. TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total 
Edge; LDI: Landscape Division Index.   

Oban Division Buffer Zone Changes Okwangwo Division Buffer Zone Changes 

Metric 2000 – 2015 2015 – 2020 2000 – 2020 2000 – 2015 2015 – 2020 2000 – 2020  

[%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] 

TA [km2]  0.24 1.60  − 5.45 − 36.69  − 5.22 − 35.10  1.93 4.63  − 3.39 − 8.31  − 1.53 − 3.68 
NP [#]  3.28 4  92.06 116  98.36 120  − 3.17 − 2  39.34 24  34.92 22 
MPS [km2]  − 2.94 − 0.16  − 50.77 − 2.71  − 52.22 − 2.88  5.27 0.20  − 30.67 − 1.23  − 27.02 − 1.03 
TE [km]  5.05 76.62  27.55 439.38  33.98 516.00  − 30.03 − 224.58  47.61 249.12  3.28 24.54 
LDI [0–1]  − 21.30 − 0.14  41.84 0.22  11.62 0.08  − 27.99 − 0.02  1040.4 0.48  721.15 0.46  

Table 6 
Changes of class-level pattern metrics for Oban and Okwangwo Division. TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total Edge; LDI: Landscape 
Division Index.   

Oban Division Enclaves Changes Okwangwo Division Enclaves Changes 

Metric 2000 – 2015 2015 – 2020 2000 – 2020 2000 – 2015 2015 – 2020 2000 – 2020  

[%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] [%] [abs.] 

TA [km2]  0.24 0.05  − 3.73 − 0.77  − 3.50 − 0.72  1.62 1.00  − 5.55 − 3.49  − 4.03 − 2.49 
NP [#]  0.00 0  200.00 2  200.00 2  0.00 0  100.00 2  100.00 2 
MPS [km2]  0.24 0.05  − 67.91 − 13.99  − 67.83 − 13.94  1.62 0.50  − 52.78 − 16.59  − 52.01 − 16.09 
TE [km]  0.89 0.30  50.35 17.10  51.69 17.40  − 31.76 − 37.14  118.50 94.56  49.10 57.42 
LDI [0–1]  – –  – 0.01  – 0.01  0.19 0.00  0.19 0.00  0.38 0.00  
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between 2015–2020. This means an overall loss of TA of 4.03 % from 
2000 to 2020. The NP was 2 for the years 2000 and 2015 and then 
increased to 4 in 2020. The MPS grew between 2000 and 2015 by 1.62 % 
and declined by 52.78 % between 2015 and 2020. TE decreased by 
37.14 km between 2000 and 2015. In the following 5 years the TE again 
expanded by 94.56 km. The LDI increased in the first and second time- 

step by 0.19 % (Table 6). More detailed metrics for the enclaves of both 
divisions can be consulted in Table A.12 and A.13 in the appendix. 

3.3. Systematic literature Review 

The search terms yielded 138 publications, whereby 57 originate 
from Web of Knowledge, 74 from Scopus and 7 from Science Direct. The 
138 publications were tested with the previously defined appraisal 
criteria (Fig. A.1). 72 publications were excluded (primarily duplicates). 
The subsequent abstract reading and main body skim-reading excluded 
further 50 publications, which were irrelevant to the objectives of this 
study. 16 publications remained for the synthesis. An additional publi-
cation of the Nigerian Federal Ministry of Environment was included 
afterwards. 

3.3.1. Synthesis – Drivers, Pressure, Impact and Response 

3.3.1.1. Drivers. The most frequently mentioned Drivers of forest frag-
mentation are the surrounding and enclaved communities. The com-
munities have a long history of forest use and local management (Ite, 
1998). With the establishment of the CRNP, the local people lost legal 
access to the park’s resources. This resulted in a reduction in livelihoods 
with considerable costs to the communities (Ezebilo, 2012, 2011, 2010). 
An Integrated Conservation and Development Program (ICDP), the so- 
called Support Zone Development Program (SZDP), primarily financed 
by the European Commission (Schoneveld, 2014), was planned to 
compensate for these restrictions e.g. with income from tourism and 
investment in rural development activities (Enuoh and Bisong, 2014). 
However, the European Commission withdrew its financial support in 
1995 due to political reasons and none of the promised interventions 
was implemented (Schoneveld, 2014). This led to resentment and loss of 
confidence in the park management by the local people (Ezebilo and 
Mattsson, 2010; Schoneveld, 2014). The local people are left with no 
alternatives but to use the forest in and around the CRNP (Ite, 1997), due 
to the failure of the “conservation-with-development strategy” (Ite, 
1998: 140). 

Similarly, the resettlement of the communities inside the CRNP to 
outside locations failed. With the establishment of the CRNP, the World 
Wide Fund for Nature (WWF) and the Overseas Development of Natural 
Resources Institute (ODNRI; currently Natural Resources Institute, NRI), 
from the United Kingdom, recommended resettling enclaved commu-
nities in the year 1989. Ever since the resettlement program is still to be 
implemented and communities are still located inside the park or just at 

Fig. 4. The DPSIR with the combined results of the fragmentation analysis and SLR. The red dotted arrow indicates the missing Responses aimed directly at the forest 
fragmentation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table A1 
Characteristics of the Landsat and Sentinel images used for the land use and land 
cover classification. ETM+: Enhanced Thematic Mapper; OLI/TIRS: Operational 
Land Imager / Thermal Infrared Sensor.  

Satellite Path/Row Acquisition date 
[dd/mm/yyyy] 

Cloud 
Cover 
[%] 

Resolution 
[m] 

Landsat 7 
ETM+

187/056 10/12/2000  1.00 30 

Landsat 7 
ETM+

188/056 17/12/2000  0.00 30 

Landsat 8 
OLI/TIRS 

187/056 10/01/2015  0.27 30 

Landsat 8 
OLI/TIRS 

188/056 17/01/2015  1.47 30 

Landsat 8 
OLI/TIRS 

187/056 24/01/2020  0.64 30 

Sentinel-2 T32NMM 
(Tile 
Number) 

20/01/2020  0.00 10 (sampled to 
30 m)  

Table A2 
Land use and land cover classes and their description based on (Di Gregorio, 
2005).  

LULC Classes Description 

Forest “Land spanning more than 0.5 ha with trees higher 
than 5 m” (FAO, 2018: 4) and a tree cover of more 
than 60% (Molinario et al., 2017). Land with 
predominantly agricultural or urban land use is 
excluded from the forest (FAO, 2018). 

Agriculture / Shrub-cover / 
Disturbed Forest 

Vegetation is smaller than 5 m and covers more than 
10% of the surface. Woody vegetation if tree height is 
smaller than 5 m or tree cover<60%. Includes all 
agricultural landcover. 

Built-up / Bare land Vegetation covers<10% or complete lack of 
vegetation. Includes urban areas and roads. 

Water Waterbodies. Includes natural and artificial 
waterbodies.  
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its border (Enuoh and Bisong, 2014). Furthermore, human population 
growth and consequently, the growing socioeconomic demands are 
mentioned as Drivers of forest fragmentation in Cross River State (Eze-
bilo, 2010). 

For the CRNP, rising rural poverty and unemployment including the 
absence of non-farm employment opportunities plus infrastructure 
development and increasing rural population were identified as com-
mon drivers of degradation (Adesina, 2012; Iwuchukwu and Igbokwe, 
2012; Schoneveld, 2014). 

3.3.1.2. Pressures. Agricultural land use is the most frequently 
mentioned human activity that causes forest loss and thus forest frag-
mentation. Agricultural land use includes the cultivation of cocoa, oil 
palm, plantain and banana through slash and burn agriculture (Enuoh 
and Bisong, 2014; Imarhiagbe et al., 2020). Logging also causes forest 
fragmentation (Adetola and Adetoro, 2014; Enuoh and Bisong, 2014; 
Imarhiagbe et al., 2020; Imong et al., 2014). Furthermore, infra-
structural development, such as roads (Imong et al., 2014) or 

development corridors like the proposed Cross River Superhighway 
(Mahmoud et al., 2017), directly intersect with the CRNP and its sur-
rounding forests and open up increased opportunities for further human 
activities like plantations and deforestation (Friant et al., 2020; Scho-
neveld, 2014). 

According to Schoneveld (2014), the establishment of plantations in 
the area has created job opportunities for the communities which also 
trigger migration into the CRNP. The migrants later permanently settled 
in the region or practice subsistence farming to compensate for their loss 
of jobs from plantation-based employment. As Schoneveld (2014) noted, 
massive conversion of forests to smallholder agriculture occurred be-
tween 1986 and 2002 due to migration. Further, the collection of Non- 
Timber Forest Products (NFTPs) and logging Forest Timber Products 
(FTPs) intensified forest exploitation. Conflicting and overlapping 
boundaries between concessions and the CNRP foster encroachment 
(Schoneveld 2014), thereby encouraging the downgrading and de- 
classifying portions of the forest reserve thus, leading to the fragmen-
tation of dense closely packed intact forest land in the CRNP (Mascia and 
Pailler, 2011). 

3.3.1.3. Impacts. Forest fragmentation hinders the migration of the 
Cross River gorilla (Gorilla gorilla diehli) in the Okwangwo Division 
(Bergl et al., 2012; Imong et al., 2014). Its enclaves hinder their 
migration from the northern part of Okwangwo to the southern part 
(Bergl et al., 2012), which can have negative long term effects on the 
population (Bergl and Vigilant, 2007). In combination with hunting, 
forest fragmentation can be devastating for the Cross River gorilla and 
other species (Adetola and Adetoro, 2014). Forest fragmentation nega-
tively influences water cycling, carbon sequestration (Onojeghuo and 
Blackburn, 2011) and climate mitigation (Adetola and Adetoro, 2014) in 
both divisions. Furthermore, the region is a “hot-spot” for emerging 
zoonotic diseases like the Lassa Fever due to increased human-wildlife 
contact caused by deforestation (Friant et al., 2020). 

3.3.1.4. Responses. The above-mentioned ICDP and resettlement pro-
grammes were the main Responses to prevent and reduce forest frag-
mentation and were aimed directly at Drivers and Pressures of forest 
fragmentation. But both the ICDP and resettlement programmes failed 
or are yet to be implemented (Enuoh and Bisong, 2014). Moreover, a 
Regional Action Plan aimed to promote the conservation of the Cross 
River gorilla in the Okwangwo Division (Imong et al., 2014), to generate 
knowledge and information concerning the conservation of the Cross 
River gorilla and suggest possible conservation interventions. Further, 
according to Nigeria’s National Biodiversity Strategy and Action Plan 
(NBSAP), a transboundary agreement was brokered by the World Con-
servation Society (WCS) in 2008 between Nigeria (CRNP) and Cameroon 
(Takamanda National Park) to protect the habitat of the endangered 
Cross River gorilla (Federal Ministry of Environment, 2015). The 
agreement includes, inter alia, combating illegal logging and increasing 
community involvement in conservation efforts. 

4. Discussion 

4.1. Fragmentation analysis 

For the entire CRNP, including both Divisions (but without consid-
ering the buffer zone and enclaves), 4 of 5 class-level pattern metrics 
indicate that forest fragmentation is occurring, both between 2000 and 
2015 and between 2015 and 2020. MPS is decreasing, which indicates a 
more fragmented forest (McGarigal and Marks, 1995). The increasing 
NP combined with a decreasing TA indicates ongoing fragmentation as 
well (Armenteras et al., 2003; Sharma et al., 2017), likewise the 
increased TE (Fahrig, 2003). Only the LDI stays approximately the same, 
which means that isolation is not yet occurring at a measurable in-
tensity. Considering the Oban Division independently, the metrics 

Table A3 
Searching terms for the Systematic Literature Review and the number of results 
in the respective database.  

Search Term Web of 
Knowledge 

Scopus Science 
Direct 

Acquisition 
date 

“Cross River National 
Park” AND “Forest 
Fragmentation” 

0 0 0 27/06/2020 

“Cross River National 
Park” AND “Habitat 
Fragmentation” 

1 1 0 27/06/2020 

“Cross River National 
Park” AND 
“Fragmentation” 

1 1 0 27/06/2020 

“Cross River State” AND 
“Forest 
Fragmentation” 

0 0 0 27/06/2020 

“Cross River State” AND 
“Habitat 
Fragmentation” 

1 2 0 27/06/2020 

“Cross River State” AND 
“Fragmentation” 

2 2 0 27/06/2020 

“Nigeria” AND “Forest 
Fragmentation” 

11 9 1 28/06/2020 

“Nigeria” AND “Habitat 
Fragmentation” 

21 29 1 28/06/2020 

“Nigeria” AND 
“Fragmentation” AND 
“Protected Area*” 

4 2 0 28/06/2020 

“Cross River National 
Park” AND 
“Management” 

6 13 2 29/06/2020 

“Cross River National 
Park” AND 
“Biodiversity Loss” 

0 0 0 29/06/2020 

“Cross River National 
Park” AND “Forest 
Loss” 

1 2 0 29/06/2020 

“Cross River National 
Park” AND 
“Biodiversity 
Conservation” 

4 6 2 29/06/2020 

“Cross River National 
Park” AND 
“Ecosystem Service*” 

1 1 0 29/06/2020 

“Cross River State” AND 
“Ecosystem Services” 

1 1 0 29/06/2020 

“Cross River State” AND 
“Biodiversity Loss” 

0 1 0 29/06/2020 

“Cross River State” AND 
“Forest Loss” 

1 1 1 29/06/2020 

“Cross River State” AND 
“Biodiversity 
Conservation” 

2 3 0 29/06/2020  
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behave similarly. TA, MPS, NP and TE indicate that fragmentation is 
happening during both periods, while the LDI stays roughly the same. 
The buffer zone of the Oban Division experienced fragmentation as well: 
during 2015 – 2020, 3 of 5 metrics indicate fragmentation, while TA and 
LDI do not signal that fragmentation is happening. In the second time- 

step (2015 – 2020) all five metrics indicate that forest fragmentation 
is intensively occurring. 

In contrast, fragmentation metrics in Okwangwo Division are 
different: TA and MPS increase in the first time-step (2000 – 2015), 
while NP and TE decrease, indicating a less fragmented and degraded 

Fig. A1. Search- and appraisal-procedure of the Systematic Literature Review.  

Table A4 
Error matrix of the land use and land cover classification of the year 2000.  

Ground Truth  

Classified 

Forest Built-up / Bare 
Land 

Agriculture / Shrub-cover / Disturbed 
Forest 

Cloud Water Total User 
Accuracy 

Forest 115 0 2 0 0 117  98.29 
Built-up / Bare Land 2 23 5 0 0 30  76.67 
Agriculture / Shrub-cover / Disturbed 

Forest 
8 0 22 0 0 30  73.33 

Cloud 0 4 0 26 0 30  86.67 
Water 0 0 0 0 30 30  100.00 
Total 125 27 29 26 30 237  
Producer Accuracy 92.00 85.19 75.86 100.00 100.00    

Table A5 
Error matrix of the land use and land cover classification of the year 2015.  

Ground Truth  

Classified 

Forest Built-up / Bare 
Land 

Agriculture / Shrub-cover / Disturbed 
Forest 

Cloud Water Total User 
Accuracy 

Forest 120 0 2 0 0 122  98.36 
Built-up / Bare Land 1 27 5 0 2 35  77.14 
Agriculture / Shrub-cover / Disturbed 

Forest 
12 1 22 0 0 35  62.86 

Cloud 0 0 0 0 0 0  – 
Water 0 0 0 0 35 35  100.00 
Total 133 28 29 0 37 227  
Producer Accuracy 90.23 96.43 75.86 – 94.59    

J. Fitz et al.                                                                                                                                                                                                                                      



Ecological Indicators 139 (2022) 108943

10

forest area. However, in the second time-step (2015 – 2020), fragmen-
tation again increases and overtakes the state in 2000. All metrics except 
the LDI indicate, that the Okwangwo Division is more fragmented in 
2020 than in 2015 and 2000. Fragmentation of its buffer zone is similar. 
In the first time-step, all metrics indicate that fragmentation is declining. 
However, in the second time-step (2015 – 2020), all metrics signal 
increasing forest fragmentation. Considering the metrics in the enclaved 
communities, the enclaves in both Oban and Okwangwo Division 
experienced almost no change in the first time-step, except for a strong 
decrease in TE in the Okwangwo enclaves. In the second time-step, TA, 

NP, MPS and TE indicate that fragmentation is occurring in the enclaves 
in Oban and Okwangwo Division. The exception is again the LDI, which 
stays approximately the same. 

Overall, the metrics indicate that forest fragmentation, induced by 

Table A6 
Error matrix of the land use and land cover classification of the year 2020.  

Ground Truth  

Classified 

Forest Built-up / Bare 
Land 

Agriculture / Shrub-cover / Disturbed 
Forest 

Cloud Water Total User 
Accuracy 

Forest 114 0 1 0 0 115  99.13 
Built-up / Bare Land 5 19 5 1 0 30  63.33 
Agriculture / Shrub-cover / Disturbed 

Forest 
4 1 25 0 0 30  83.33 

Cloud 0 0 0 30 0 30  100.00 
Water 0 0 0 0 30 30  100.00 
Total 123 20 31 31 30 235  
Producer Accuracy 92.68 95.00 80.65 96.77 100.00    

Table A7 
Literature used from the Systematic Literature Review.  

Reference Section in DPSIR 

(Adetola and Adetoro, 2014) Pressure, Impact 
(Bergl and Vigilant, 2007) Impact 
(Bergl et al., 2012) Impact 
(Enuoh and Bisong, 2014) Driver, Pressure, Response 
(Ezebilo, 2010) Driver 
(Ezebilo, 2011) Driver 
(Ezebilo, 2012) Driver 
(Ezebilo and Mattsson, 2010) Driver 
(Friant et al., 2020) Pressure, Impact 
(Imarhiagbe et al., 2020) Pressure 
(Imong et al., 2014) Pressure, Impact, Response 
(Ite, 1998) Driver 
(Ite, 1997) Driver 
(Schoneveld, 2014) Driver, Pressure 
(Onojeghuo and Blackburn, 2011) Impact  

Table A8 
Class-level pattern metrics for Oban Division for 2000, 2015 and 2020. TA: Total 
Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total Edge; LDI: 
Landscape Division Index.  

Metric 2000 2015 2020 

TA [km2] 2660.20 2648.42 2608.74 
NP [#] 48 73 233 
MPS [km2] 55.42 36.28 11.20 
TE [km] 1074.96 1155.24 1776.00 
LDI [0–1] 0.01 0.01 0.01  

Table A9 
Class-level pattern metrics for Okwangwo Division for 2000, 2015 and 2020. TA: 
Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total Edge; LDI: 
Landscape Division Index.  

Metric 2000 2015 2020 

TA [km2] 592.15 593.62 591.15 
NP [#] 19 18 24 
MPS [km2] 31.17 32.98 24.63 
TE [km] 431.52 379.56 476.16 
LDI [0–1] <0.00 <0.00 <0.00  

Table A10 
Class-level pattern metrics for Oban Division buffer zone for 2000, 2015 and 
2020. TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total 
Edge; LDI: Landscape Division Index.  

Metric 2000 2015 2020 

TA [km2] 671.90 673.50 636.81 
NP [#] 122 126 242 
MPS [km2] 5.51 5.35 2.63 
TE [km] 1518.42 1595.04 2034.42 
LDI [0–1] 0.67 0.53 0.75  

Table A11 
Class-level pattern metrics for Okwangwo Division buffer zone for 2000, 2015 
and 2020. TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; 
Total Edge; LDI: Landscape Division Index.  

Metric 2000 2015 2020 

TA [km2] 240.26 244.89 236.59 
NP [#] 63 61 85 
MPS [km2] 3.81 4.01 2.78 
TE [km] 747.78 523.20 772.32 
LDI [0–1] 0.06 0.05 0.53  

Table A12 
Class-level pattern metrics for Oban Division enclave for 2000, 2015 and 2020. 
TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total Edge; 
LDI: Landscape Division Index.  

Metric 2000 2015 2020 

TA [km2] 20.55 20.60 19.83 
NP [#] 1 1 3 
MPS [km2] 20.55 20.60 6.61 
TE [km] 33.66 33.96 51.06 
LDI [0–1] 0.00 0.00 0.01  

Table A13 
Class-level pattern metrics for Okwangwo Division enclaves for 2000, 2015 and 
2020. TA: Total Area; NP; Number of Patches; MPS: Mean Patch Size; TE; Total 
Edge; LDI: Landscape Division Index.  

Metric 2000 2015 2020 

TA [km2] 61.86 62.86 59.37 
NP [#] 2 2 4 
MPS [km2] 30.93 31.43 14.84 
TE [km] 116.94 79.80 174.36 
LDI [0–1] 0.48 0.48 0.48  
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the LULC change (Fig. 3a and 3b), occurs in form of a reduction of the 
area-size in total, an increasing number of patches, a decrease in average 
patch size and an increase of edge for the entire CRNP, its buffer zone 
and enclaves. The LDI, which represents the effect of isolation, is the 
only metric that shows little change, except in the buffer zones. This 
implies that isolation is not yet significantly occurring in the park itself. 
This result supports findings from Bergl et al. (2012), who state that 
connectivity is still existent in the Okwangwo Division. This develop-
ment is also evident in the fragmentation map (Fig. 3b): most of the 
forest remain intact, while the forest at the borders of the CRNP, the 
forest in the enclaves and the forest in the buffer zone experience high 
fragmentation. Moreover, it should be highlighted, that all investigated 
areas experienced a greater degree of fragmentation in the second time- 
step (2015 – 2020), although the second time-step is almost 3 times 
shorter than the first. This finding implies an upward trend of forest 
fragmentation in recent years. In addition to the induced forest frag-
mentation, the assessed LULC change can directly affect biodiversity and 
lead to land degradation as previous studies in PAs have shown (Dimobe 
et al., 2015; Maitima et al., 2009). 

4.2. Drivers, Pressure, Impacts of fragmentation and Responses 

With the establishment of the CRNP in 1991 and its borders, the local 
communities lost their rights to legally use the forest’s resources. As the 
ICDP and resettlement programs failed to provide alternative liveli-
hoods, the local communities are left with no alternatives but to 
continue using the CRNP’s resources, however now illegally. Conse-
quently, the local communities are turned into the Drivers of forest 
fragmentation in the CRNP. Cases in other PAs around the world show a 
similar development, where local communities experience restrictions 
to their traditional livelihoods with a consequent decline in their well- 
being due to the establishment and exclusivity of the PA (Anaya and 
Espírito-Santo, 2018). According to Andrade and Rhodes (2012), 
participation of the local people is key to the long term integrity of PAs 
and studies in the CRNP show, that the local communities are willing to 
participate in wildlife conservation (Ilori et al., 2015). Also, the IUCN 
calls for better involvement and participation of local communities to 
reach equity and an effective conservation (Borrini-Feyerabend et al., 
2004). 

Together with population growth and an increasing (external) so-
cioeconomic demand, Pressure in the form of agricultural activities, 
illegal logging and building infrastructure is exerted on the CRNP. Here, 
external demands mean demands from outside the region of the CRNP 
itself. Agricultural activities do not only comprise self-sufficient farming 
but also the cultivation of cash crops for export (Agaldo et al., 2017). 
Similarly, logged timber (mostly for export) and its associated road- 
networks constitute Pressure on the forest (ibid.). Furthermore, large- 
scale infrastructural development like the Cross River Superhighway 
would have devastating impacts on the integrity of the CRNP and its 
surrounding forest (Laurance et al., 2017). Although the project is 
heavily criticized and alternative routes have been proposed (Mahmoud 
et al., 2017), it remains unclear if the project will be halted or continued. 

Underling these drivers are government decisions in the form of a 
local policy shift around the CRNP which encourages plantation econ-
omy at the expense of the smallholder farmers. According to Schoneveld 
(2014), these historical and political factors date back to pre- 
independence Nigeria till the present and have made the CRNP a 
flashpoint for agribusiness expansion of forest frontiers. For instance, 
government policy on privatization promotes the sale of state-owned 
agricultural assets, including investment and partnership with the pri-
vate sector in value chains (Adesina, 2012). According to Schoneveld 
(2014), the government through various privatization programs directly 
encouraged several large concessions in sections in or neighboring the 
CRNP such as to the Dangote business conglomerate, Obasanjo Farms, 
Dansa Food, Real Oil Mills, Brazilian energy company Petrobras to 
produce palm-based biodiesel. Thus, the interaction of economic 

investments in land and supportive government policies are non- 
negligible factors driving forest fragmentation. 

The resulting State of forest fragmentation has Impacts on biodi-
versity and Ecosystem Services (ES). The Cross River gorilla is poten-
tially threatened by fragmentation, mainly in the Okwangwo Division 
(Dunn et al., 2014). Its possible loss could have implications for cultural 
services like ecotourism, as the gorilla is the flagship species of the CRNP 
(ibid.). Likewise are further faunal species in the Oban Division threat-
ened by the impairment of their habitat (Agaldo et al., 2017). ES like 
water cycling, climate mitigation, carbon sequestration and disease 
regulation are negatively affected in both divisions (Adetola and Ade-
toro, 2014; Onojeghuo and Blackburn, 2011). 

The foreseen main Responses to forest fragmentation were the ICDP 
and the resettlement of enclaved communities. However, the ICDP, 
designed as a top-down development intervention and mainly depend-
ing on external funding, failed to fulfil its promise, despite being 
“attractive on paper” (Ite and Adams, 2000: 340). Likewise, the planned 
resettlement of enclaved communities is yet to be implemented. How-
ever, Diaw and Tiani (2010) highlight, that resettlement would separate 
conservation and development and not integrate them. 

The Regional Action Plan (2007 – 2012 and revised 2014 – 2019) 
(Dunn et al., 2014) provides valuable information and recommendations 
concerning conservation, but it is species-limited to the Cross River 
gorilla and spatially limited to the Okwangwo Division. Furthermore, it 
inadequately addresses forest fragmentation, and its recommendations 
have yet to be implemented. Likewise, the transboundary agreement 
between Nigeria (CRNP) and Cameroon (Takamanda National Park) is 
yet to be officially signed and declared. In general, Enuoh and Ogogo 
(2018b: 405) state, that “colonial forest policy failures [and] poor public 
forest management practices” such as logging bans, fail to adequately 
address forest loss in Nigeria and the Cross River Rainforest. 

A possible future Response to forest fragmentation in the CRNP is 
REDD+ (Reducing Emissions from Deforestation and Forest Degradation 
plus sustainable forest management). Several REDD + pilot sites were 
implemented in community forests surrounding the CRNP in the Cross 
River State, as Nigeria is preparing to achieve REDD + readiness. 
However, concerns abound regarding REDD + implementation as it 
leads to “reinforce[d] state control, […] re-specification of local forest 
governance through clustering, the militarization of the forests land-
scape, the widespread exclusion of local resources users from the forest 
economy, and elite capital accumulation” and “carbonized exclusion” 
(Asiyanbi, 2016: 155). Studies in current REDD + pilot sites in the Cross 
River State already show that REDD + fails to address environmental 
concerns and even denies local people access to environmental benefits 
(Krause et al., 2019). 

4.3. Fragmentation analysis and SLR combined in the DPSIR 

The combined results of the forest fragmentation analysis and the 
SLR in the DPSIR are shown in Fig. 4. The results of the fragmentation 
analysis, as discussed above, are supported by the findings of the SLR: 
Onojeghuo and Blackburn (2011) and Onojeghuo and Onojeghuo 
(2015) state that the Niger Delta Region, including the Cross River State 
and its PA, experience high levels of deforestation and fragmentation. 
However, these studies cover the situation only until the year 2014, 
whereas our study provides more recent results. The main Pressures 
revealed by the SLR, are agricultural activities and logging, and are 
complementary to the results of the LULC classification, where agri-
culture / shrub-cover / disturbed forest are the most increasing LULC 
classes. 

According to the SLR, the main Drivers of forest fragmentation are 
the surrounding and enclaved local communities, together with popu-
lation growth and an increasing (external) socioeconomic demand. 
These findings cannot be directly linked with results from the frag-
mentation analysis, as it is not possible to know who is responsible for 
changes in LULC based on satellite imagery. The metrics and the 
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fragmentation map show, that fragmentation primarily takes place in 
the buffer zones and inside the park itself. However, studies reveal 
inadequate considerations of justice, tenure rights and local values as 
environmental policy instruments often disadvantage indigenous and 
local peoples (Aggarwal et al., 2021; Guibrunet et al., 2021; Isyaku et al., 
2017). Discourses about forest fragmentation and degradation also tend 
to disproportionately criminalize local resource users (Ayari and Con-
sell, 2017; Dressler et al., 2021). There is thus a need for a critical 
analysis of the social-ecological interactions related to forest fragmen-
tation in the CNRP, the roles of the various involved actors, the con-
siderations of justice and local values, to identify pathways for equitable 
and just use, management and governance of the CNRP. Moreover, 
natural drivers such as drought and pest infestation should be consid-
ered in further studies if data availability allows. 

Information regarding Impacts are rather sparse and are mostly 
restricted to a single species, the Cross River gorilla, or general processes 
like climate mitigation. This deficit calls for an improved investigation 
on Impacts of forest fragmentation in the CRNP specifically and tropical 
forests generally, as it might have a more diverse outcome. For instance, 
Mitchell et al. (2015) state that although fragmentation is generally 
connoted with negative impacts such as land degradation or restricted 
ES provision, fragmentation or LULC change could also have positive 
effects, especially on the flow of ES to people. Friant et al. (2019) for 
example, state that an intermediate stage of deforestation and land-use 
change for agricultural expansion could improve and diversify diets of 
local communities in and around the CRNP and enable them to capi-
talize on forest goods and access to markets. 

The Response to forest fragmentation, such as the Revised Regional 
Action Plan for the Conservation of the Cross River gorilla (2014 – 2019) 
(Dunn et al., 2014) and the planned transboundary agreement between 
Nigeria and Cameroon, seem ineffective, considering the results of the 
fragmentation analysis. If these Responses were successful, fragmenta-
tion should be less intensive in the second time-step (2015 – 2020), 
which is not the case as the fragmentation analysis shows. However, the 
Responses may show noticeable effectiveness only after a longer time. 
Last, Responses aimed directly at the State of the CRNP, such as refor-
estation, are missing (dotted red arrow in Fig. 4). 

5. Conclusion 

Forest fragmentation threatens the effectiveness of protected areas 
around the world. The present study investigated forest fragmentation in 
the Cross River National Park in Nigeria with the Driver-Pressure-State- 
Impact-Response framework. The fragmentation analysis showed that 
forest fragmentation is occurring in the form of a reduction in the total 
area of forest, a decreasing average size of forest patches, an increasing 
number of forest patches and an increasing amount of edge. Only the 
isolation of forest patches has not yet reached a measurable intensity, 
except in the buffer zone. Moreover, the spatio-temporal analysis in-
dicates an upward trend of fragmentation from 2015 to 2020. Further 
investigation with a systematic literature review revealed the sur-
rounding and enclaved communities, the growing population and 
(external) socioeconomic demand as the main Drivers of forest frag-
mentation. They exert Pressure in the form of agricultural activities, 
illegal logging and infrastructure building. The resulting forest frag-
mentation has negative Impacts on the Cross River gorilla and various 
regulating and supporting services. Responses have failed, are yet to be 
implemented or have yet to prove their effectiveness. These findings 
reveal that the park is not adequately fulfilling its functions. The 
alarming upward trend in fragmentation must be addressed on a 
regional level together with the local communities. Thus, further 
research needs to investigate fragmentation through field work that 
includes local actors, their perception of the drivers, perspectives and 
values to build a more robust indicator system. Such knowledge will 
provide a basis for identifying inclusive options that support the CRNP to 
effectively fulfil its conservation and development goals. 
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Dimobe, K., Ouédraogo, A., Soma, S., Goetze, D., Porembski, S., Thiombiano, A., 2015. 
Identification of driving factors of land degradation and deforestation in the Wildlife 
Reserve of Bontioli (Burkina Faso, West Africa). Glob. Ecol. Conserv. 4, 559–571. 
https://doi.org/10.1016/j.gecco.2015.10.006. 

Dressler, W.H., Smith, W., Kull, C.A., Carmenta, R., Pulhin, J.M., 2021. Recalibrating 
burdens of blame: Anti-swidden politics and green governance in the Philippine 
Uplands. Geoforum 124, 348–359. https://doi.org/10.1016/J. 
GEOFORUM.2020.01.024. 

Dunn, A., Bergl, R., Byler, D., Eben-Ebai, S., Etiendem, N.D., Fotso, R., Ikfuingei, R., 
Imong, I., Jameson, C., Macfie, L., Morgan, B., Nchanji, A., Nicholas, A., Nkembi, L., 
Omeni, F., Oates, J., Pokempner, A., Sawyer, S., Williamson, E.A., 2014. Revised 
Regional Action Plan for the Conservation of the Cross River Gorilla (Gorilla gorilla 
diehli) 2014–2019. NY, USA, New York.  

Enuoh, O.O.O., Bisong, F.E., 2014. Global sustainable development agenda: An 
implication for conservation challenges in Cross River State. Nigeria. J. Sustain. Dev. 
7, 211–224. https://doi.org/10.5539/jsd.v7n4p211. 

Enuoh, O.O.O., Ogogo, A.U., 2018a. Cross River National Park and Communities: Is 
Authoritarian Park Protection the Answer? J. Sustain. Dev. 11, 212. https://doi.org/ 
10.5539/jsd.v11n5p212. 

Enuoh, O.O.O., Ogogo, A.U., 2018b. Assessing Tropical Deforestation and Biodiversity 
Loss in the Cross River Rainforest of Nigeria. Open J. For. 08, 393–408. https://doi. 
org/10.4236/ojf.2018.83025. 

European Environment Agency, 1999. Environmental indicators: Typology and 
overview. Copenhagen. 

Ezebilo, E.E., 2012. Community forestry as perceived by local people around cross river 
national park. Nigeria. Environ. Manage. 49, 207–218. https://doi.org/10.1007/ 
s00267-011-9765-6. 

Ezebilo, E.E., 2011. Local participation in forest and biodiversity conservation in a 
Nigerian rain forest. Int. J. Sustain. Dev. World Ecol. 18, 42–47. https://doi.org/ 
10.1080/13504509.2011.544389. 

Ezebilo, E.E., 2010. Conservation of a leafy vegetable important for communities in the 
Nigerian rainforest. For. Ecol. Manage. 259, 1660–1665. https://doi.org/10.1016/j. 
foreco.2010.01.044. 

Ezebilo, E.E., Mattsson, L., 2010. Socio-economic benefits of protected areas as perceived 
by local people around Cross River National Park. Nigeria. For. Policy Econ. 12, 
189–193. https://doi.org/10.1016/j.forpol.2009.09.019. 

Fahrig, L., 2003. Effects of Habitat Fragmentation on Biodiversity. Annu. Rev. Ecol. Evol. 
Syst. 34, 487–515. https://doi.org/10.1146/annurev.ecolsys.34.011802.132419. 

FAO, 2018. Global Forest Resources Assessment 2020: Terms and Definitions. Rome. 
Federal Ministry of Environment, 2015. National Biodiversity Strategy and Action Plan 

2016-2020. Federal Repbublic of Nigeria. 
Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L., Hartmann, H., Beck, P. 

S.A., Camps-Valls, G., Chirici, G., Mauri, A., Cescatti, A., 2021. Emergent 
vulnerability to climate-driven disturbances in European forests. Nat Commun 12 
(1). 

Friant, S., Ayambem, W.A., Alobi, A.O., Ifebueme, N.M., Otukpa, O.M., Ogar, D.A., 
Alawa, C.B.I., Goldberg, T.L., Jacka, J.K., Rothman, J.M., 2020. Eating Bushmeat 
Improves Food Security in a Biodiversity and Infectious Disease “Hotspot”. Ecohealth 
17, 125–138. https://doi.org/10.1007/s10393-020-01473-0. 

Friant, S., Ayambem, W.A., Alobi, A.O., Ifebueme, N.M., Otukpa, O.M., Ogar, D.A., 
Alawa, C.B.I., Goldberg, T.L., Jacka, J.K., Rothman, J.M., 2019. Life on the 
Rainforest Edge: Food Security in the Agricultural-Forest Frontier of Cross River 
State. Nigeria. Front. Sustain. Food Syst. 3, 113. https://doi.org/10.3389/ 
fsufs.2019.00113. 

Gari, S.R., Newton, A., Icely, J.D., 2015. A review of the application and evolution of the 
DPSIR framework with an emphasis on coastal social-ecological systems. Ocean 
Coast. Manag. 103, 63–77. https://doi.org/10.1016/j.ocecoaman.2014.11.013. 

Geldmann, J., Manica, A., Burgess, N.D., Coad, L., Balmford, A., 2019. A global-level 
assessment of the effectiveness of protected areas at resisting anthropogenic 
pressures. Proc. Natl. Acad. Sci. U. S. A. 116, 23209–23215. https://doi.org/ 
10.1073/pnas.1908221116. 

Gray, C.L., Hill, S.L.L., Newbold, T., Hudson, L.N., Börger, L., Contu, S., Hoskins, A.J., 
Ferrier, S., Purvis, A., Jörn, & , Scharlemann, P.W.,, 2016. Local biodiversity is 
higher inside than outside terrestrial protected areas worldwide. Nat. Commun. 7, 
12306. https://doi.org/10.1038/ncomms12306. 

Guibrunet, L., Gerritsen, P.R.W., Sierra-Huelsz, J.A., Flores-Díaz, A.C., García- 
Frapolli, E., García-Serrano, E., Pascual, U., Balvanera, P., 2021. Beyond 
participation: How to achieve the recognition of local communities’ value-systems in 
conservation? Some insights from Mexico. People Nat. 3, 528–541. https://doi.org/ 
10.1002/PAN3.10203. 

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., 
Lovejoy, T.E., Sexton, J.O., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.I., 
Ewers, R.M., Foster, B.L., Jenkins, C.N., King, A.J., Laurance, W.F., Levey, D.J., 
Margules, C.R., Melbourne, B.A., Nicholls, A.O., Orrock, J.L., Song, D.X., 
Townshend, J.R., 2015. Habitat fragmentation and its lasting impact on Earth’s 
ecosystems. Sci. Adv. 1 https://doi.org/10.1126/sciadv.1500052. 

Hou, Y., Zhou, S., Burkhard, B., Müller, F., 2014. Socioeconomic influences on 
biodiversity, ecosystem services and human well-being: A quantitative application of 
the DPSIR model in Jiangsu. China. Sci. Total Environ. 490, 1012–1028. https://doi. 
org/10.1016/j.scitotenv.2014.05.071. 

Ifejika Speranza, C., Adenle, A., Boillat, S., 2019. Land Degradation Neutrality - 
Potentials for its operationalisation at multi-levels in Nigeria. Environ. Sci. Policy 94, 
63–71. https://doi.org/10.1016/j.envsci.2018.12.018. 

Ilori, S.O., Lameed, G.A., Aremu, D.O., 2015. Attitudinal Perception of Local People 
towards Wildlife Conservation: A Case Study of Oban Sector, Cross-River National 
Park. Nigeria. African J. Sustain, Dev, p. 5. 

Imarhiagbe, O., Egboduku, W.O., Nwankwo, B.J., 2020. A review of the biodiversity 
conservation status of Nigeria. J. Wildl. Biodivers. 4, 73–83. https://doi.org/ 
10.22120/jwb.2019.115501.1096. 

Imong, I., Robbins, M.M., Mundry, R., Bergl, R., Kühl, H.S., 2014. Informing conservation 
management about structural versus functional connectivity: A case-study of Cross 
River gorillas. Am. J. Primatol. 76, 978–988. https://doi.org/10.1002/ajp.22287. 

Isyaku, U., Arhin, A.A., Asiynabi, A.P., 2017. Framing justice in REDD+ governance: 
centring transparency, equity and legitimacy in readiness implementation in West 
Africa. Environ. Conserv. 44, 212–220. https://doi.org/10.1017/ 
S0376892916000588. 

Ite, U., Adams, W., 2000. Expectations, impacts and attitudes: Conservation and 
development in Cross River National Park. Nigeria. J. Int. Dev. 12, 325–342. https:// 
doi.org/10.1002/(sici)1099-1328(200004)12:3<325::aid-jid655>3.0.co;2-x. 

Ite, U.E., 1998. New wine in an old skin: The reality of tropical moist forest conservation 
in Nigeria. Land use policy 15, 135–147. https://doi.org/10.1016/S0264-8377(98) 
80010-0. 

Ite, U.E., 1997. Small Farmers and Forest Loss in Cross River National Park. Nigeria. 
Geogr. J. 163, 47. https://doi.org/10.2307/3059685. 

Iwuchukwu, J.C., Igbokwe, E.M., 2012. Lessons from Agricultural Policies and 
Programmes in Nigeria. J. Law, Policy Glob, p. 5. 

Jacob, D.E., Nelson, I.U., Udoakpan, U.I., Etuk, U.B., 2015. Wildlife Poaching in Nigeria 
National Parks: A Case Study of Cross River National Park. Int. J. Mol. Ecol. Conserv. 
5 https://doi.org/10.5376/ijmec.2015.05.0004. 

Jaeger, J.A.G., 2000. Landscape division, splitting index, and effective mesh size: New 
measures of landscape fragmentation. Landsc. Ecol. 15, 115–130. https://doi.org/ 
10.1023/A:1008129329289. 

Jones, K.R., Venter, O., Fuller, R.A., Allan, J.R., Maxwell, S.L., Negret, P.J., Watson, J.E. 
M., 2018. One-third of global protected land is under intense human pressure. 
Science (80-. ). 360, 788–791. https://doi.org/10.1126/science.aap9565. 

Krause, T., Nielsen, T., Guia-Diaz, L., Lehsten, V., Olsson, O., Zelli, F., 2019. What future 
for primates? Conservation struggles in the forests of Cross River State. Nigeria. 
Sustain. Sci. 14, 1515–1529. https://doi.org/10.1007/s11625-019-00667-y. 

Lang, S., Tiede, D., 2003. Vector-based Landscape Analysis Tools (Extension for ArcGIS 
10): V-Late 2.0. 

Laurance, W.F., Campbell, M.J., Alamgir, M., Mahmoud, M.I., 2017. Road Expansion and 
the Fate of Africa’s Tropical Forests. Front. Ecol. Evol. 5, 75. https://doi.org/ 
10.3389/fevo.2017.00075. 

Leverington, F., Costa, K.L., Pavese, H., Lisle, A., Hockings, M., 2010. A global analysis of 
protected area management effectiveness. Environ. Manage. 46, 685–698. https:// 
doi.org/10.1007/s00267-010-9564-5. 

Lin, C., Wu, C.C., Tsogt, K., Ouyang, Y.C., Chang, C.I., 2015. Effects of atmospheric 
correction and pansharpening on LULC classification accuracy using WorldView-2 
imagery. Inf. Process. Agric. 2, 25–36. https://doi.org/10.1016/j.inpa.2015.01.003. 

Lindenmayer, D., Fischer, J., 2006. Habitat fragmentation and landscape change : an 
ecological and conservation synthesis. Island Press, Washington DC.  

J. Fitz et al.                                                                                                                                                                                                                                      

https://doi.org/10.1111/nyas.13154
https://doi.org/10.1023/A:1022937226820
https://doi.org/10.1023/A:1022937226820
https://doi.org/10.1111/j.1365-294X.2006.03159.x
https://doi.org/10.1111/j.1365-294X.2006.03159.x
https://doi.org/10.1017/S0030605310001857
http://www.birdlife.org
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0095
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0095
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0095
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0100
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0100
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0100
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0100
https://doi.org/10.1002/ECE3.437
https://doi.org/10.1016/j.ecolind.2012.03.008
https://doi.org/10.1080/13504500709469753
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0120
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0120
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0120
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0125
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0125
https://doi.org/10.1080/10549810903548138
https://doi.org/10.1080/10549810903548138
https://doi.org/10.1016/j.gecco.2015.10.006
https://doi.org/10.1016/J.GEOFORUM.2020.01.024
https://doi.org/10.1016/J.GEOFORUM.2020.01.024
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0145
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0145
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0145
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0145
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0145
https://doi.org/10.5539/jsd.v7n4p211
https://doi.org/10.5539/jsd.v11n5p212
https://doi.org/10.5539/jsd.v11n5p212
https://doi.org/10.4236/ojf.2018.83025
https://doi.org/10.4236/ojf.2018.83025
https://doi.org/10.1007/s00267-011-9765-6
https://doi.org/10.1007/s00267-011-9765-6
https://doi.org/10.1080/13504509.2011.544389
https://doi.org/10.1080/13504509.2011.544389
https://doi.org/10.1016/j.foreco.2010.01.044
https://doi.org/10.1016/j.foreco.2010.01.044
https://doi.org/10.1016/j.forpol.2009.09.019
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0205
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0205
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0205
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0205
https://doi.org/10.1007/s10393-020-01473-0
https://doi.org/10.3389/fsufs.2019.00113
https://doi.org/10.3389/fsufs.2019.00113
https://doi.org/10.1016/j.ocecoaman.2014.11.013
https://doi.org/10.1073/pnas.1908221116
https://doi.org/10.1073/pnas.1908221116
https://doi.org/10.1038/ncomms12306
https://doi.org/10.1002/PAN3.10203
https://doi.org/10.1002/PAN3.10203
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1016/j.scitotenv.2014.05.071
https://doi.org/10.1016/j.scitotenv.2014.05.071
https://doi.org/10.1016/j.envsci.2018.12.018
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0255
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0255
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0255
https://doi.org/10.22120/jwb.2019.115501.1096
https://doi.org/10.22120/jwb.2019.115501.1096
https://doi.org/10.1002/ajp.22287
https://doi.org/10.1017/S0376892916000588
https://doi.org/10.1017/S0376892916000588
https://doi.org/10.1002/(sici)1099-1328(200004)12:3<325::aid-jid655>3.0.co;2-x
https://doi.org/10.1002/(sici)1099-1328(200004)12:3<325::aid-jid655>3.0.co;2-x
https://doi.org/10.1016/S0264-8377(98)80010-0
https://doi.org/10.1016/S0264-8377(98)80010-0
https://doi.org/10.2307/3059685
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0290
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0290
https://doi.org/10.5376/ijmec.2015.05.0004
https://doi.org/10.1023/A:1008129329289
https://doi.org/10.1023/A:1008129329289
https://doi.org/10.1126/science.aap9565
https://doi.org/10.1007/s11625-019-00667-y
https://doi.org/10.3389/fevo.2017.00075
https://doi.org/10.3389/fevo.2017.00075
https://doi.org/10.1007/s00267-010-9564-5
https://doi.org/10.1007/s00267-010-9564-5
https://doi.org/10.1016/j.inpa.2015.01.003
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0335
http://refhub.elsevier.com/S1470-160X(22)00414-9/h0335


Ecological Indicators 139 (2022) 108943

14

Mahmoud, M.I., Sloan, S., Campbell, M.J., Alamgir, M., Imong, I., Odigha, O., Chapman, 
H.M., Dunn, A., Laurance, W.F., 2017. Alternative Routes for a Proposed Nigerian 
Superhighway to Limit Damage to Rare Ecosystems and Wildlife. Trop. Conserv. Sci. 
10, 194008291770927. https://doi.org/10.1177/1940082917709274. 

Maitima, J.M., Mugatha, S.M., Reid, R.S., Gachimbi, L.N., Majule, A., Lyaruu, H., 
Pomery, D., Mathai, S., Mugisha, S., 2009. The linkages between land use change, 
land degradation and biodiversity across East Africa. African J. Environ. Sci. 
Technol. 3, 310–325. https://doi.org/10.4314/AJEST.V3I10.56259. 

Mandanici, E., Bitelli, G., 2016. Preliminary Comparison of Sentinel-2 and Landsat 8 
Imagery for a Combined Use. Remote Sens. 8, 1014. https://doi.org/10.3390/ 
rs8121014. 
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