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Abstract

:

This study assesses the representation of defined ecoregions, slope profiles, and species richness of threatened mammals in the International Union for Conservation of Nature (IUCN)-listed protected areas in Ghana and Côte d’Ivoire. It also evaluates the exposure of protected area categories to the cumulative degree of human modification and their vulnerability to future agricultural expansion. Spatial gap and statistical analyses were performed using quantitative data from publicly available online global databases. Analyses indicated key conservation priorities for both countries: (1) to increase the protection of the Guinean forest–savanna mosaic, West Sudanian savanna, and Eastern Guinean forests, especially of the Eastern Guinean forests’ ecoregion associated with the Guinean forests of the West Africa biodiversity hotspot; (2) to increase the protected area coverage of flat lands and low slopes; and (3) to enhance the size and connectivity of existing protected areas, including restoring degraded habitats. The study emphasizes that improving the ability of tropical protected areas to conserve nature and mitigate anthropogenic threats should be a global conservation priority. Improving the data quality and detail within the World Database on Protected Areas and ground-truthing them are recommended urgently to support accurate and informative assessments.






Keywords:


protected areas; conservation; biodiversity hotspots; West Africa












1. Introduction


The varied West African ecoregions, from wooded savannas to tropical forests, are home to more than 2000 amphibian, bird, and mammal species [1]. The Guinean forests of West Africa are a global biodiversity hotspot with “high numbers of endemic species (>1000 endemic plants) and high levels of habitat loss (<30.0% of natural habitats remaining)” [2]. Protected areas (PAs) are “clearly defined geographical space, recognized, dedicated and managed, through legal or other effective means, to achieve the long-term conservation of nature with associated ecosystem services and cultural values” and are vital for biodiversity conservation [3]. They have six categories recognized by the International Union for Conservation of Nature (IUCN) (Table 1) ranging from Category I, which restricts human access, to Category VI, which allows some human activities [3]. Their primary management objective is to conserve nature and, though they can have other economic and development objectives, these must not interfere with the primary objective. However, most PAs in Africa are not located to provide suitable or sufficient coverage of ecoregions, threatened species, and topographic diversity [4,5]. As West Africa in particular has seen a severe decline in the populations of medium- to large-sized vertebrates [6], this presents an opportunity for strategic improvement.



Critics argue that “providing at the same time a sustainable flow of natural products and services to meet community needs” in PAs with multiple management objectives has negative impacts on species and ecosystem diversity [7,8,9]. However, supporters make the case that they can be just as effective, and sometimes even more effective, at conserving nature [10,11]. Multiuse PAs have been noted as having fewer forest fires than stricter PAs (I-IV), thus reducing deforestation, and Category VI may be essential for areas at high risk of losing relatively natural ecosystems due to economic development, as they may support socio-economic benefits and ecological objectives simultaneously [12]. Conservation planning must balance conservation and community and therefore a range of IUCN Categories is required to balance biodiversity and socioeconomic goals, especially in developing regions such as West Africa. An assessment of African PAs concluded that national parks (NP), usually Category II, have been most successful at habitat and species conservation [13]. Most West African PAs lack an assigned category, though there is slight evidence that, in those that do, strictness works, and the abundant V and VI Categories performed worse than the less-used Categories I–IV [2].



International agreements such as the 2011–2020 Aichi Biodiversity Targets and the 2015 United Nations Sustainable Development Goals (SDGs) are clear about the need to preserve biodiversity and have supported global coverage of terrestrial PAs increasing to 15.2% in 2020, mainly through the designation of less-strict, multiple-use reserves (Categories V and VI) [2,14]. Through the provision of ecosystem services, the decline of biodiversity affects both natural and human systems. Biodiversity and ecosystem loss thus hinders reaching SDGs on poverty, hunger, health, water, cities, climate, oceans, and land [15,16].



The representation approach aims to conserve species, distinct ecosystems, and ecological processes. It suggests that all ecosystems should be represented in PAs [17,18] and was developed to complement the biodiversity hotspot approach. Representation is thus a key consideration when selecting PAs to ensure the full range of ecosystems, and species are included, as highlighted by Aichi Target 11 which aims for ecologically representative PAs [19]. Almost twenty years ago, in 2002, the World Wildlife Fund (WWF) identified the “Global 200” ecoregions “where the Earth’s biological wealth is most distinctive and rich, where its loss will be most severely felt, and where we must fight the hardest for conservation” [20]. Subsequently, many fewer speciose ecoregions may have been overlooked by conservation efforts, and yet remain important due to their unique species and ecological processes [21,22]. Currently, the capacity of PAs to conserve biodiversity varies across different IUCN categories and regions [23]. It is considered crucial that PAs across West Africa are managed, modified, and expanded to improve their capacity to conserve biodiversity [24] and that representation analyses from similar contexts [25,26] may have something to contribute.



Gap analysis is a systematic approach for identifying the extent to which protected regions effectively represent habitats or species’ ranges by quantifying the proportion of coverage provided to the target habitat/species range/ecosystem [25]. Gap analyses of West African PAs indicate that the Central African mangrove and Guinean mangrove ecoregions are well represented, while montane areas are underrepresented as is Guinea’s West Sudanian savanna ecoregion [22,24,26]. Globally, the overall representation of ecoregions in PAs is significantly reduced among stricter PA categories [23]. An analysis of global protected forests concluded that “65% of the 670 ecoregions with forests have less than 10% of their forest cover protected IUCN I-IV” [27].



Topography also influences the accessibility of PAs, with steeper slopes being less suited for agriculture of lower economic value and often more distant from cities, which together may mitigate anthropogenic threats [4,28,29]. In Tanzania, PAs on the steepest terrain consistently experienced less habitat conversion relative to lower, flatter areas [30]. Globally, PAs are disproportionately located in areas with steeper slopes and higher elevations. Additionally, PA Categories I and II are located on significantly higher and steeper lands than PA Categories III to VI [4,28]. Topography also inversely correlates with the species richness pattern of terrestrial vertebrates as lower elevations have higher richness [31,32].



Species richness and the IUCN “Red List” of species threatened with extinction (i.e., those species that are critically endangered, endangered, or vulnerable) are widely used in conservation planning to identify where protection is needed [33]. Species richness, though, may be a blunt measure as it does not take into account species identity or interactions [34,35]. Many threatened species are poorly protected by PAs, with high percentages identified as a gap or partial gap species. Currently, West Africa’s PAs offer no protection to 6% of the known threatened amphibian, bird, and mammal species [36,37].



The principal threats facing West African PAs are agricultural expansion, logging, hunting (mainly for bushmeat), urban development, energy production, and mining. The pressure of cropland conversion has increased more within PAs than outside, especially in the Afro-tropics, and several African PAs have disappeared or greatly reduced in size because they were unable to mitigate anthropogenic threats. As small PAs are more vulnerable to threats, and West Africa has many small, highly fragmented PAs, their future efficacy is at risk [13].



Growing anthropogenic threats are affecting the efficacy of PAs across Africa. Agricultural expansion has already led to widespread deforestation in West Africa with 80.0% of original forests now forest–agriculture mosaics [6]. West African PAs have struggled to mitigate threats and maintain their species populations [38]. There is an ongoing debate on the capacity of different IUCN categories to deliver intended conservation outcomes, especially surrounding multiple-use PAs [39]. Despite the loss of species, the forests of West Africa are not as well-studied as other forested regions [40,41]. Ghana and Côte d’Ivoire were chosen for this study as remote spatial data exists and they face specific threats from further agricultural expansion which adds urgency to their wildlife [1].



PAs are the last strongholds of many mammal species, and their poor management can result in a decrease in mammal diversity. African PAs have seen a large mammal population decline, largely driven by anthropogenic pressures [42,43,44]. Previous studies have used mammals as a proxy for conservation and PA efficacy [45,46]. Hence, for this study, threatened mammal species were used for the analysis of the representation of endangered species in PAs.



In this study, the degree of representation of named ecoregions, varying slope profiles and mammal species richness was assessed within PAs of different categories in Ghana and Côte d’Ivoire. The exposure of PAs in different categories to human modification and their predicted vulnerability to future development were also estimated. Together, these can help identify priorities for future PA expansion and management in the two countries and the region more generally. This contributes to an assessment of the future developmental threat of agricultural expansion faced by the PAs of different countries and across different PA categories and is also required to develop data-driven conservation plans [47].




2. Materials and Methods


This study applies multiple measures: ecoregion representation, slope representation, species richness, human modification (HMc), and development threats faced by PAs. Spatial gap analysis via Geographic Information System (QGIS; GRASS GIS® version 3) and statistical analysis via RStudio (version 3.5.3) used data from online global databases (see Section 2.2). The increasing availability of such remotely sensed and spatial data enables more quantitative assessments of PAs [4,48].



2.1. Site Descriptions


Côte d’Ivoire and Ghana sit beside each other in the tropical belt of West Africa with Atlantic coastlines on the Gulf of Guinea. They are socio-culturally, geographically, and climatically diverse and both countries extend over 600 km from the coastal regions in the south to savanna regions in the north.



2.1.1. Ghana’s Protected Areas


Around 15% of Ghana’s land is protected, and the Wildlife Division of the Forestry Commission is responsible for PAs [47]. An IUCN assessment of management effectiveness for eight PAs concluded that there is a “fair representation” of all ecosystems from the Guinean savanna woodland to evergreen forests [49]. Steeper slope representation is limited, with only the Kyabobo PA located in a high montane range. There are gaps in biodiversity data for many taxa in Ghana [47] and across West Africa [50], though larger mammals may be the best recorded [51]. In Ghana, 23 mammal species are categorized as threatened on the IUCN “Red List” [13], and the chimpanzees in Ankasa Resource Reserve and lion populations in Mole NP are vulnerable [49]. The main anthropogenic threats facing PAs are agriculture (farming or grazing around and within PAs), poaching, extractive industry (logging, mining, oil, and gas), human settlement, and illegal extraction of natural resources [6,49,52], and these are exacerbated by a growing population of over 30 million people [53]. Most land surrounding PAs has been converted for agricultural use [13], and the principal driver in southwestern parts is cocoa farming. The complete clearance of tropical dry forests inside Kogyae (Category Ia) was due to arable farming and logging [54]. Some PAs have been able to mitigate threats; Bui NP has maintained its lion populations despite being in a highly agricultural area and Nini–Suhien NP remains unlogged [49]. Nevertheless, PAs across all categories in Ghana are increasingly vulnerable to human pressures [55].




2.1.2. Côte d’Ivoire’s Protected Areas


Approximately 23% of Côte d’Ivoire is protected, although only 15 PAs have an assigned IUCN category, with the majority classified as forest reserves [14]. There are 34 mammal species identified as threatened on the IUCN Red List [13]. Cavally, Goin-Débé, and Haute Dodo classified forests provide coverage for endangered species [6], and the Comoé NP is a “rare sanctuary” for West African species [1]. Chimpanzee populations are facing severe population decline within PAs, including Marahoué NP [56]. An IUCN study of ten PAs in Côte d’Ivoire concluded that the areas “were under so much pressure that their survival was jeopardized” [6]. The leading driver of deforestation is land conversion for farming, followed by poaching and logging, all fueled by a growing population of almost 26 million inhabitants [57,58]. The southern part of the country is a rich agricultural area, especially for cocoa. The savanna ecoregions are being degraded by rainfed agriculture [1] and illegal cocoa plantations, and years of civil conflict caused the forests in Marahoué NP to disappear by 2014. Comoé NP, which experiences some cattle grazing and poaching, has been successful at mitigating threats with little modification to its natural habitats [1].





2.2. Data Sources


Country boundaries: Country outlines were downloaded from the “Administrative Areas” (version 1) dataset of DIVA-GIS’s database [59]. The total area of Ghana (239,981 km2) and Côte d’Ivoire (322,216 m2) was calculated from these.



Protected areas: The PA data was taken from the World Database on Protected Areas (WDPA). The June 2020 polygon dataset was used for Côte d’Ivoire and the July 2020 polygon dataset for Ghana [14]. Data included IUCN categories I to VI, “Not Reported” (PAs without an assigned IUCN category or for which there is no information) and “Not Applicable” (PAs with other specific designation types: World Heritage Sites or UNESCO Man and Biosphere (MAB) Reserves) [14], see Table 2.



The WDPA is the most comprehensive dataset for PAs, however, there are recognized limitations. Firstly, the data is in two different formats: points and polygons [60]. Here, only polygon shapefiles were used and PAs added as points (a small proportion of PAs in the database) were excluded [14,24]. Secondly, the data is not always up-to-date and contains inaccuracies as it relies on country submissions [24]. Three categories of overlap were found: (1) between PAs with different IUCN categories including “Not Reported”, (2) between PAs with the same IUCN category, and (3) between areas with an IUCN category and specific designation type (World Heritage Sites or UNESCO MAB Reserves). This was addressed using the OECD Statistics Terrestrial Protected Area Indicator method [60]. Where PAs with different IUCN Categories overlap, the overlapped area was subtracted from the PA with the lower category (“Not Reported” being the lowest). For PAs in the same category, the overlapped area was split equally between the two. For PAs with specific designations that overlapped with IUCN category designations, the specific designations were removed. A detailed overview of what the different categorizations mean has been provided in Table 2.



Ecoregions: The Nature Conservancy (TNC) defines ecoregions as areas that are unified in climate, topography, geology, and vegetation [61]. The Terrestrial Ecoregions of the world dataset from TNC were used to identify ecoregions; this dataset includes 814 ecoregions [61].



Slope: Digital elevation models (DEM) at 90.0 m resolution (version 1.0) were sourced from DIVA-GIS’s database [59]. The data was originally produced by the National Aeronautics and Space Administration’s (NASA) Shuttle Radar Topographic Mission in 2003 and then processed by the Consortium for Spatial Information (CGIAR-CSI) [62]. The slope data were derived from the DEMs.



Species richness: Data was extracted from the “All Threat Categories Global Mammal Richness Grids 2015” (~1.0 km) dataset from the NASA Socioeconomic Data and Applications Center (SEDAC). The threat categories (critically endangered, endangered, and vulnerable) are based on the 2013 “Red List” status. The grid-cell values represent the number of species in the threat categories [63].



Human modification: The HMc data was obtained from the Global Human Modification of Terrestrial Systems 2016 (1.0 km) dataset from SEDAC. It uses a continuous 0–1 scale that represents the proportion of land that has been modified by five major human threats: human settlement, agriculture, transportation, mining, energy production, and electrical infrastructure. Data on threats have a median year of 2016.



Agricultural Expansion Potential: Data on future development threats from agricultural expansion were extracted from SEDAC’s “Development Threat Index: Agricultural Expansion 2015” (50.0 km2) dataset. The potential for future development is ranked from 0–100, where 100 represents the highest potential. The “threat scores are based on estimates of the fractional amount of agricultural expansion by 2030 extrapolated from 2000–2011 time series maps” [64].




2.3. Spatial Analyses


Representation within PAs of ecoregions, slope (four classes [65]: flat, low, medium, and high), and median species richness were assessed using gap analysis. By identifying “gaps’ in the coverage of geophysical features or species in the PA network, areas that should become conservation priorities are highlighted [19,22,36]. Using QGIS, the ecoregion, slope, and species richness maps were superimposed over the PA maps to identify the spatial resolution of the spatial distribution of HMc and agricultural expansion threat [64,66].




2.4. Comparison Index


To measure ecoregion and slope representation, the comparison index (CI) was calculated [67]. This divides the proportion of protected land in a given ecoregion or slope category by that category’s share of the country’s total land area. A CI index >1 indicates good representation, and an index <1 indicates poor representation [22,67]. The CI was calculated for all PAs (categories I to VI, “Not Reported” and “Not Applicable”) grouped and for each category (I to VI) [68] and is a useful approach to identify underrepresented areas and compare representation across PA categories.




2.5. Statistical Summaries


The median, mean, and CI of species richness, cumulative human modification (HMc,), and development threat from agricultural expansion values for each PA were estimated by using QGIS to sample these measures at 1000 random points within each PA. This provides a robust estimate for most PAs, though there may be some spatial confounding of samples within small PAs.





3. Results


3.1. Ecoregion Representation


In Ghana, the Guinean mangroves are unprotected by terrestrial PAs, while the Central African mangroves have the highest representation. In Côte d’Ivoire, the Guinean montane forests have the highest representation and the Guinean forest–savanna mosaic the lowest. In both countries, the “Global 200” ecoregions, Eastern Guinean forests and West Sudanian savanna, were underrepresented. Ecoregions that occupy smaller percentages of land area (under 14.0%) are well-represented in PAs of both countries, except the Guinean mangroves in Ghana (Figure 1, Table 3).



Ecoregion representation across IUCN categories is low. In Ghana, the ecoregions were poorly represented in all categories, though in Côte d’Ivoire, IUCN Category II represents the Guinean mangroves and Guinean montane forests well (Table 3).




3.2. Slope Representation


Land with slope profiles steeper than two degrees is well-represented in the PAs of both countries, yet these makeup only 0.02% and 0.01% of land area, respectively. Flat lands occupy the majority of land in both countries but were severely underrepresented: protected area coverage favors steeper slopes (Figure 2, Table 4 and Table 5).



There is some variation in the representation of slope categories across the IUCN categories. Categories III and IV in Ghana, and Category II in Côte d’Ivoire, are well-protected across three different slope classes (low, medium, and high). High slopes are well-represented among stricter categories; Categories III and IV in Ghana and Categories Ia and II in Côte d’Ivoire have extremely large CI values. In both countries, flat slopes are poorly represented across all IUCN Categories (see Table 6).




3.3. Representation of Threatened Mammal Species


Côte d’Ivoire’s PAs have more threatened mammal species than Ghana’s (Figure 3). Ghana’s PAs provide no coverage to areas with high numbers of threatened mammals (7 and 8), while Côte d’Ivoire’s PAs provide coverage for areas with the highest species richness values (11) (see Table 7). In Ghana, Category V had the highest median species richness, and Categories Ia and “Not Applicable” were the lowest. In Côte d’Ivoire, Category Ia had the highest species richness while “Not Reported” had the lowest.




3.4. Human Modification


The boundaries of some PAs stand out from the more modified land surrounding them, suggesting they have been relatively successful at mitigating threats (Figure 4). Nevertheless, PAs in the Guinean forests of West Africa do still have measurable and substantial levels of modification. All IUCN Categories recorded are exposed to modification, higher in Ghana’s PAs than Côte d’Ivoire’s. In both countries, Category II had the lowest median HMc. In Ghana, Bui NP includes small areas with no recorded presence of modification, as does Comoé NP in Côte d’Ivoire. The “Not Reported” PAs, those without an assigned IUCN category, in both countries had the highest levels of human modification (Table 8).




3.5. Agricultural Expansion Potential


The Nasa SEDAC data suggests that Ghana’s PAs generally have a greater potential for future agricultural development than Côte d’Ivoire’s, although category II PAs had relatively lower scores compared with other less-strict management categories (Table 9). In both countries, PAs located in the Guinean forests of the West African hotspot have the highest potential for future development (Figure 5).





4. Discussion


These observations and estimates based on remote sensing techniques emphasize that protected areas of Ghana and Côte d’Ivoire do not provide adequate levels of protection for all key ecoregions, slope profiles, or to their known threatened mammal species. As others have found, the West Sudanian savanna, Guinean forest–savanna mosaic and Eastern Guinean forest ecoregions are underrepresented in the PAs of both countries [26]. We add subtlety to previous findings [22] that all tropical forests are underrepresented in the Afrotropics, although some forests, including the Western Guinean lowland forests and Guinean montane forests, are well-represented in Côte d’Ivoire. These are less extensive in area than the underrepresented Eastern Guinean forests, thus high levels of proportional representation can be achieved with the protection of relatively small areas [22]. The low representation identified here of ecoregions with high global conservation priority (“Global 200” West Sudanian savanna and Eastern Guinean forests) and some ecoregions associated with the Guinean forests of the West African biodiversity hotspot (Eastern Guinean forests) in the PAs of both countries provide targeted guidance for future PA expansion.



This study provides further evidence that PAs are disproportionately located in areas with steeper slopes. In both countries, flatter lands were poorly represented and should become a priority for PA expansion, especially as both species richness and vulnerability to agricultural expansion are greater there [19]. This part of West Africa has few mountainous areas and low slope values characterize a large percentage of Ghana’s (93.88%) and Côte d’Ivoire’s (96.93%) land area. Proportional representation only on this basis would be impractical, and the selection strategy must be subtler to account for future agricultural development in tandem with conservation aims. Site selection and expansion must, thus, attempt to protect the remaining natural biodiversity and permit some sustainable agricultural use.



There are contrasts in the protection currently available to threatened mammal species between these countries. In Ghana, they lack adequate representation in Pas, while in Côte d’Ivoire, areas with high mammal richness are largely protected. This is most likely because the areas with highly threatened mammal species in Ghana are less suitable to be effective PA locations as these areas are small, dispersed along the southern coastline, and have high levels of human pressure [13]. In both countries, the biodiversity hotspot of the Guinean forests has the highest number of threatened mammal species. Conservation planning locally should prioritize the underrepresented Eastern Guinean forests ecoregion to increase coverage of threatened mammal species. Although not designated hotspots, the poorly represented West Sudanian savanna and Guinean forest–savanna mosaic should also be a priority for PA expansion, as these contain threatened mammal species which are unique to their ecoregions [69].



In both countries, all PA categories were exposed to anthropogenic modification, even Category Ia, which explicitly aims to limit human impacts and maintain a high degree of naturalness [3]. This observation is in line with the complete clearance of forests recorded inside Ghana’s Kogyae Strict Nature Reserve [54]. Bui NP contains areas with no recorded human modification, supporting other findings that Category II, which has the lowest levels of HMc in both countries here, may be better at mitigating threats [70,71]. Whether this effect arises because of the specific placement and size of Category II reserves, or because their regulations are better observed, remains difficult to assess. The broader lack of a systematic pattern in preventing human intervention may provide some qualified support for the greater application of multiple-use PAs in the IUCN categories, as these PAs can conserve biodiversity while supporting local livelihoods [9]. Reclassifying Categories V or VI PAs to stricter categories, however, would not automatically improve biodiversity protection because other attributes, such as size, affect the ability of PAs to deliver conservation outcomes [13]. Instead, these results may reflect that on-the-ground management is more important for the ability of specific PAs to conserve biodiversity and mitigate threats than global PA classifications [9]. The variation between countries in category allocation, interpretation, and enforcement blunts the use of IUCN categories as an analytical unit in determining PA.



The high agricultural expansion potential scores observed across all PA categories agrees with the current literature that agriculture is one of the main threats affecting West African PAs [6]. Ghana’s PAs are at greater risk of agricultural expansion than Côte d’Ivoire’s, very much in-line with the rapid population expansion observed there over the past 50 years and its continued political stability [23]. With a larger population than Côte d’Ivoire and a smaller land area, there are substantially extra human pressures on land use in Ghana [72].



The high HMc and agricultural expansion scores for PAs in the Eastern Guinean forests of both countries are expected, as these forests are rich agricultural areas for crops such as cocoa [1] and increasingly oil palm [73]. The PAs in this ecoregion are small, fragmented, and may be more vulnerable to anthropogenic threats as larger PAs reduce human–wildlife contact and human incursion and also enhance biological representation [13]. Conservation planning in both countries should theoretically focus on designating large PAs. In practice, however, establishing large PAs is challenging as so much of Ghana and Côte d’Ivoire’s land is already modified, agriculturally attractive, and under pressure from the growing human densities across West Africa [13].



An emphasis on improving the quality of existing PAs might be more effective at maintaining biodiversity and mitigating threats than increasing the number of PAs. Quality can encompass several aspects: the size, the nature of management support, and the integrity and connectivity of the site to name a few. Increasing their area may allow greater population viability and promote the interspecific interactions important for healthy ecosystems [13]. This is feasible for PAs in the West Sudanian savanna and Guinean forest–savanna mosaic but will be more challenging in the Eastern Guinean forests, as surrounding land has already been modified and is in established use by local communities. It is essential to involve local communities and stakeholders in processes to extend or modify current PAs. Voluntary community management has proven effective and community-based wildlife management and community resource management areas, supported by the government, have been successfully implemented in some PAs in Ghana [13,49,55]. Connecting forest fragments by restoring degraded habitats in gaps between forests may also improve biodiversity conservation by increasing connectivity and thus the opportunity for species with larger ranges [2]. The IUCN recognizes connectivity conservation as complementary to PAs [74].



Ultimately, improving the representation of ecoregions, topography, and threatened mammal species that currently lack adequate protection in Ghana and Côte d’Ivoire will mean protecting and restoring degraded landscapes, and this will “require readjustment of the mental image of protected area for many” [22]. These analyses suggest that West African countries such as Libera, which have larger areas of natural land, should protect these areas before they become dramatically modified [1] and place emphasis on creating large PAs rather than establishing many small highly fragmented PAs, which is common practice across the region. Expanding or improving PAs, however, requires financial resources and strategic enforcement, which are currently lacking across West Africa; international funding from foundations, nongovernmental organizations, private corporations, and intergovernmental organizations will be essential [37,71].



The lack of data, and more importantly of reliable, ground-truthed data, across West Africa is a challenge to reliable analyses. Accurate data is vital in order to develop robust recommendations to inform conservation planning [75,76]. Here, estimations of the performance of different IUCN categories are limited as most PAs in Côte d’Ivoire lack an assigned category, and in Ghana there is only one PA assigned as Category Ia. On-the-ground management of PAs does not always reflect their reported IUCN category and local experts are essential to verifying this [12]. There are also substantial gaps in biodiversity data, and we were obliged to drop an analysis of threatened amphibian species as much of Ghana and Côte d’Ivoire had zero recorded species [77]. This emphasizes a data deficiency as there is an observed increase in harvesting of amphibians and rising demand for these as bush-meat in West Africa [6].



The protected areas of tropical West Africa are vital to conserving the region’s rare and threatened biodiversity; to achieve the goals of the Convention on Biological Diversity and an ecologically representative global PA network (Aichi Target 11), it is crucial that the remaining wildlife and the forests in these regions are effectively protected. Improving the ability of PAs to conserve nature and mitigate threats in the tropics should be a global conservation priority [10].



Global action will have to be more ambitious to ensure the future efficacy of PAs. This study demonstrates that global conservation priorities such as, the “Global 200” ecoregions and biodiversity hotspots are insufficiently translated into effective national conservation priorities. The focus of conservation efforts needs to move towards practical on-the-ground implementation. Additionally, data quality must be improved, and countries must be supported to collect and publish ecological data to inform PA expansion and track progress towards global conservation targets. Future biodiversity targets are likely to include more quantitative measures at the ecosystem level, and methods will be developed to measure these using remote sensing and modelling supported by local verification [78].




5. Conclusions


We found remote sensing techniques were useful for assessing the degree of representation of important ecoregions which have varying slope profiles and mammal species richness, and a range of protected areas categories. Exposure of protected area categories to human modification and to future agricultural expansion can also be estimated in this way.



In Ghana and Côte d’Ivoire, West Africa, we found that PAs are disproportionately located in areas with steeper slopes, and the flatter lands were poorly represented. In both countries, all PA categories were exposed to anthropogenic modification, and the ability of tropical protected areas to conserve nature and mitigate anthropogenic threats should be improved in these regions. Ghana lacks adequate representation of its threatened mammal species in PAs, while in Côte d’Ivoire, areas with high mammal richness are largely protected. Conservation planning should prioritise the underrepresented Eastern Guinean forests ecoregion in order to increase coverage of threatened mammal species.



The study was limited by the lack of finer spatial and temporal scale species richness data to enable a deeper understanding of species richness variation and the ability of protected areas to cover these. Finer-scale ecosystem mapping would involve detailed field data collection in the target location and using geostatistical models (such as kriging) to develop landscape scale estimates of species richness distribution patterns [79]. The paucity of field data in the study areas prevents such as an undertaking at the present. Future data collection efforts will benefit from undertaking rigorous field data collection in our study areas. Protected-area efficacy studies will benefit from a deeper understanding of spatio-temporal changes in species richness across West Africa’s protected area networks. Additionally, the role of transboundary parks in achieving conservation objectives need to be evaluated for the region.
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Figure 1. The ecoregions and protected areas of (a) Côte d’Ivoire and (b) Ghana, West Africa. 
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Figure 2. The protected areas and slope classes in (a) Côte d’Ivoire and (b) Ghana, West Africa. Red circles indicate high–slope areas. 
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Figure 3. The threatened mammal species richness overlaid with the protected area network of (a) Côte d’Ivoire and (b) Ghana, West Africa. 
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Figure 4. Protected areas and cumulative degree of human modification in (a) Côte d’Ivoire and (b) Ghana, West Africa. 
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Figure 5. The protected areas and future development threat for agricultural expansion in (a) Côte d’Ivoire, and (b) Ghana, West Africa. 
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Table 1. Summary of the six PA categories recognized by IUCN (Adapted from Ref. [3]. Copyright 2006).
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	Category
	Description





	Ia: Strict nature reserve
	Strictly protected areas are set aside to protect biodiversity and also possibly geological/geomorphological features where human visitation, use, and impacts are strictly controlled and limited to ensure the protection of the conservation values. Such protected areas can serve as indispensable reference areas for scientific research and monitoring.



	Ib: Wilderness area
	Usually, large unmodified or slightly modified areas, retaining their natural character and influence, without permanent or significant human habitation, are protected and managed to preserve their natural condition.



	II: National park
	Large natural or near-natural areas are set aside to protect large-scale ecological processes, along with the complement of species and ecosystems characteristic of the area, which also provide a foundation for environmentally and culturally compatible spiritual, scientific, educational, recreational, and visitor opportunities.



	III: Natural monument or feature
	Set aside to protect a specific natural monument, which can be a landform, sea mount, submarine cavern, geological feature such as a cave, or even a living feature such as an ancient grove. They are generally quite small, protected areas and often have high visitor value.



	IV: Habitat/species management
	Aim to protect particular species or habitats and management reflects this priority. Many Category IV protected areas will need regular, active interventions to address the requirements of particular species or to maintain habitats, but this is not a requirement of the category.



	V: Protected landscape or seascape
	The interaction of people and nature over time has produced an area of distinct character with significant ecological, biological, cultural, and scenic value, where safeguarding the integrity of this interaction is vital to protecting and sustaining the area, its associated nature conservation, and other values.



	VI: Protected area with sustainable use of natural resources
	Conserve ecosystems and habitats, together with associated cultural values and traditional natural resource management systems. They are generally large, with most of the area in natural condition, where a proportion is under sustainable natural resource management and where low-level nonindustrial use of natural resources compatible with nature conservation is seen as one of the main aims of the area.
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Table 2. Protected area (PA) IUCN classification, protection type, and human access grouping with the number and total area of each identified in Côte d’Ivoire and Ghana.
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IUCN Category

	
Protection/Use Type

	
Simplified Human Access Grouping

	
Côte d’Ivoire,

238 PAs

	
Ghana,

284 PAs




	
Number of PAs

	
Area (km2)

	
Number of PAs

	
Area (km2)






	
Ia

	
Strict protection (Ia: Strict nature reserve, Ib: Wilderness area)

	
Low

Human access is strictly limited except for low visitation of areas with religious/spiritual significance

	
3

	
1322

	
1

	
376




	
II

	
Ecosystem conservation and protection

	
Medium

Permits for cultural, scientific, educational, recreational, and visitation purposes)

	
9

	
19,710

	
10

	
10,928




	
III

	
Conservation of natural features

	
-

	
-

	
56

	
5312




	
IV

	
Conservation through active management

	
3

	
492

	
81

	
9063




	
V

	
Landscape/seascape conservation and recreation

	
High

Categories V and VI (multiple-use categories where human intervention is expected; allows sustainable natural resource management and extraction)

	
-

	
-

	
6

	
349




	
VI

	
Sustainable use of natural resources

	
-

	
-

	
127

	
10,987




	
Not Reported

	
Local PAs such as forest reserves

	
N/A

	
223

	
50,242

	
2

	
83




	
Not Applicable

	
Other specific designations: World Heritage Sites or UNESCO Man and Biosphere (MAB) Reserves

	
N/A

	
-

	
-

	
1

	
720











[image: Table] 





Table 3. The comparison index (CI) for all protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable) and their percentage land areas of the ecoregions in Ghana and Côte d’Ivoire. Blue highlighting indicates good representation (CI > 1), * = Global 200.






Table 3. The comparison index (CI) for all protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable) and their percentage land areas of the ecoregions in Ghana and Côte d’Ivoire. Blue highlighting indicates good representation (CI > 1), * = Global 200.





	
Country

	
Côte d’Ivoire

	
Ghana




	
Terrestrial Ecoregion

	
% of Land Area

	
% of PA

	
CI

	
% of Land Area

	
% of PA

	
CI






	
West Sudanian Savanna *

	
26.52

	
21.52

	
0.82

	
37.78

	
11.97

	
0.32




	
Guinean Forest–Savanna Mosaic

	
27.88

	
15.10

	
0.54

	
29.19

	
12.02

	
0.41




	
Eastern Guinean Forests *

	
32.27

	
22.46

	
0.70

	
33.39

	
22.11

	
0.66




	
Central African Mangroves *

	

	

	

	
0.59

	
36.90

	
62.84




	
Guinean Mangroves *

	
0.19

	
4.91

	
25.55

	
0.01

	
0

	
Not represented




	
Western Guinean Lowland Forests *

	

	

	

	
13.62

	
36.01

	
2.64




	
Guinean Montane Forests *

	

	

	

	
0.92

	
24.43

	
26.62
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Table 4. The comparison index (CI) for IUCN protected area categories and their percentage land areas of the ecoregions in Côte D’Ivoire and Ghana. Blue highlighting indicates good representation (CI > 1), * = Global 200.
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Country

	
Côte d’Ivoire

	
Ghana




	
Terrestrial Ecoregion

	
IUCN Category

	
% of PA

	
CI

	
% of PA

	
CI






	
West Sudanian Savanna *

	
II

	
11.76

	
0.44

	
5.64

	
0.15




	
III

	

	

	
0.91

	
0.02




	
V

	

	

	
0.14

	
0.004




	
IV

	

	

	
2.63

	
0.07




	
VI

	

	

	
2.66

	
0.07




	
Guinean Forest–Savanna Mosaic

	
Ia

	
1.38

	
0.05

	
0.54

	
0.02




	
II

	
3.59

	
0.13

	
6.72

	
0.23




	
III

	

	

	
0.37

	
0.01




	
IV

	
0.23

	
0.01

	
2.41

	
0.08




	
VI

	

	

	
1.97

	
0.07




	
Eastern Guinean Forests *

	
Ia

	
0.03

	
0.001

	

	




	
II

	
0.83

	
0.03

	
1.37

	
0.04




	
III

	

	

	
5.27

	
0.16




	
IV

	
0.00

	
0.00

	
6.20

	
0.19




	
V

	

	

	
0.28

	
0.01




	
VI

	

	

	
8.97

	
0.27




	
Western Guinean Lowland Forests *

	
Ia

	
0.05

	
0.003

	

	




	
II

	
12.55

	
0.92

	

	




	
IV

	
0.64

	
0.05

	

	




	
Guinean Montane Forests *

	
Ia

	
0.85

	
0.92

	

	




	
II

	
2.02

	
2.20

	

	




	
Guinean Mangroves *

	
II

	
1.18

	
6.14
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Table 5. The comparison index (CI) for all protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)) and their percentage land areas of slope classes in Ghana and Côte d’Ivoire. Blue highlighting indicates good representation (CI > 1).






Table 5. The comparison index (CI) for all protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)) and their percentage land areas of slope classes in Ghana and Côte d’Ivoire. Blue highlighting indicates good representation (CI > 1).





	
Country

	
Côte d’Ivoire

	
Ghana




	
Slope Classification (Degrees)

	
% of Land Area

	
% of PA

	
CI

	
% of Land Area

	
% of PA

	
CI






	
Flat (0–2)

	
96.93

	
13.81

	
0.14

	
93.88

	
19.70

	
0.21




	
Low (>2–6)

	
2.65

	
22.31

	
8.42

	
4.34

	
30.95

	
7.13




	
Medium (>6–12)

	
0.40

	
32.48

	
80.74

	
0.74

	
51.26

	
69




	
High (>12–20)

	
0.01

	
58.49

	
4439.48

	
0.02

	
50.66

	
2389.14
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Table 6. The comparison index (CI) for IUCN protected area categories and their percentage land areas of the slope classes in Côte d’Ivoire and Ghana.
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Country

	
Côte d’Ivoire

	
Ghana




	
Slope Classification

(Degrees)

	
IUCN Category

	
% of PA

	
CI

	
% of PA

	
CI






	
Flat (0–2)

	
Ia

	
0.41

	
0.004

	
0.17

	
0.002




	
II

	
0.63

	
0.007

	
0.97

	
0.01




	
III

	

	

	
4.95

	
0.05




	
IV

	
0.06

	
0.001

	
6.19

	
0.07




	
V

	

	

	
0.26

	
0.003




	
VI

	

	

	
7.12

	
0.08




	
Low (>2–6)

	
Ia

	
0.21

	
0.08

	

	




	
II

	
6.36

	
2.40

	
5.34

	
1.23




	
III

	

	

	
5.79

	
1.33




	
IV

	
0.25

	
0.10

	
8.30

	
1.91




	
V

	

	

	
0.12

	
0.03




	
VI

	

	

	
11.39

	
2.63




	
Medium (>6–12)

	
Ia

	
1.39

	
3.44

	

	




	
II

	
11.30

	
28.02

	
4.16

	
5.60




	

	

	

	
24.59

	
33.10




	

	

	

	
13.30

	
17.90




	

	

	

	
9.21

	
12.40




	
High (>12–20)

	
Ia

	
20.14

	
1529.05

	

	




	
II

	
10.10

	
766.42

	

	




	
III

	

	

	
37.17

	
17.52




	
IV

	

	

	
13.49

	
636.25
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Table 7. Summary statistics (median, mean, and CI for mean value) for threatened mammal species richness in Ghana and Côte d’Ivoire’s protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)).






Table 7. Summary statistics (median, mean, and CI for mean value) for threatened mammal species richness in Ghana and Côte d’Ivoire’s protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)).





	

	
Côte d’Ivoire

	
Ghana




	
IUCN Category

	
Threatened Mammal Species Richness




	
Median

	
Mean

	
CI

	
Median

	
Mean

	
CI






	
Ia

	
6

	
6.38

	
10.51

	
1

	
1.42

	
0.03




	
II

	
4

	
4.66

	
2.04

	
3

	
3.86

	
1.17




	
III

	

	

	

	
3

	
2.74

	
0.44




	
IV

	
4

	
6.03

	
9.96

	
2

	
2.43

	
0.35




	
V

	

	

	

	
4

	
3.57

	
1.66




	
VI

	

	

	

	
3

	
2.53

	
0.29




	
Not Reported

	
3

	
3.55

	
0.33

	
2

	
2

	
12.71




	
Not Applicable

	

	

	

	
1

	
1.16

	
0.03
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Table 8. Summary statistics (median, mean, and CI for mean value) for the cumulative degree of human modification estimated in protected areas in Côte d’Ivoire and Ghana’s (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)).






Table 8. Summary statistics (median, mean, and CI for mean value) for the cumulative degree of human modification estimated in protected areas in Côte d’Ivoire and Ghana’s (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)).





	
Country

	
Côte d’Ivoire

	
Ghana




	
IUCN Category

	
No of PAs

	
Total Area (km2)

	
Human Modification

(0–1 Summary Scale)

	
No of PAs

	
Total Area (km2)

	
Human Modification

(0–1 Summary Scale)




	
Median

	
Mean

	
CI

	
Median

	
Mean

	
CI






	
Ia

	
3

	
1322

	
0.30

	
0.35

	
0.50

	
1

	
376

	
0.40

	
0.41

	
0.01




	
II

	
9

	
19,710

	
0.26

	
0.30

	
0.15

	
10

	
10,928

	
0.21

	
0.24

	
0.10




	
III

	

	

	

	

	

	
56

	
5312

	
0.28

	
0.37

	
0.05




	
IV

	
3

	
492

	
0.33

	
0.46

	
0.83

	
81

	
9063

	
0.34

	
0.40

	
0.05




	
V

	

	

	

	

	

	
6

	
349

	
0.27

	
0.28

	
0.07




	
VI

	

	

	

	

	

	
127

	
10,987

	
0.38

	
0.43

	
0.03




	
Not Reported

	
223

	
50,242

	
0.38

	
0.40

	
0.02

	
2

	
83

	
0.69

	
0.69

	
1.53




	
Not Applicable

	

	

	

	

	

	
1

	
720

	
0.64

	
0.59

	
0.01
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Table 9. Summary statistics (median, mean, and CI for mean value) for the future development threat of agricultural expansion in Côte d’Ivoire and Ghana’s protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)).






Table 9. Summary statistics (median, mean, and CI for mean value) for the future development threat of agricultural expansion in Côte d’Ivoire and Ghana’s protected areas (IUCN PA categories, those without assigned categorizations (not reported) and World Heritage Sites or UNESCO MAB reserves (not applicable)).





	
Country

	
Côte d’Ivoire

	
Ghana




	
IUCN

Category

	
No of PAs

	
Total Area (km2)

	
Agricultural Expansion Score

(0–100 Summary Scale)

	
No of PAs

	
Total Area (km2)

	
Agricultural Expansion Score

(0–100 Summary Scale)




	
Median

	
Mean

	
CI

	
Median

	
Mean

	
CI






	
Ia

	
3

	
1322

	
59

	
46.38

	
73.81

	
1

	
376

	
73

	
74.54

	
0.12




	
II

	
9

	
19,710

	
59

	
56.20

	
13.92

	
10

	
10,928

	
83

	
64.41

	
24.60




	
III

	

	

	

	

	

	
56

	
5312

	
87

	
76.79

	
7.19




	
IV

	
3

	
492

	
66

	
59.84

	
29.77

	
81

	
9063

	
87

	
78.47

	
5.15




	
V

	

	

	

	

	

	
6

	
349

	
90

	
87.83

	
3.66




	
VI

	

	

	

	

	

	
127

	
10,987

	
87

	
80.39

	
3.60




	
Not Reported

	
223

	
50,242

	
60

	
57.74

	
1.91

	
2

	
83

	
47

	
47

	
597.19




	
Not Applicable

	

	

	

	

	

	
1

	
720

	
0

	
0

	
0
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