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Abstract

Aim: The African Guineo-Congolian (GC) region is a global biodiversity hotspot with
high species endemism, bioclimatic heterogeneity, complex landscape features, and
multiple biogeographic barriers. Bioclimatic and geographic variables influence global
patterns of species richness and endemism, but their relative importance varies across
taxa and regions and is poorly understood for many faunas. Here, we test the hypoth-
esis that turnover in endemic amphibians of the GC biodiversity hotspot is influenced
mainly by the geographic distance between grid cells and secondarily by rainfall- and
temperature-related variables.

Location: West and Central Africa.

Major Taxa Studied: Amphibians.

Methods: We compiled species-occurrence records via field sampling, online data-
bases, and taxonomic literature. Our study used 1205 unique georeferenced records
of 222 amphibian species endemic to the GC region. Patterns of species richness were
mapped onto a grid with a spatial resolution of 0.5° x 0.5°. We estimated weighted en-
demism and tested whether endemism was higher than the expected species richness
(randomization test). We quantified species turnover using generalized dissimilarity
modelling to evaluate the processes underlying observed patterns of species rich-
ness in GC endemic amphibians. We explored bioregionalization using agglomerative
hierarchical clustering based on the unweighted pair group method with arithmetic
averages.

Results: We identified seven areas within the lower GC region - forests in Cameroon,
Gabon, Southern Nigeria, Equatorial Guinea, Republic of Congo, Democratic Republic
of Congo, and Cote d'lvoire - as having high species richness of endemic amphib-
ians. The randomization test returned four major areas of significant weighted end-
emism: Nigeria-Cameroon mountains, forest regions of the Democratic Republic of

Congo, Cote d'lvoire, and Ghana. Our analysis revealed five bioregions for amphibian
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1 | INTRODUCTION

Understanding broad-scale patterns of species richness, ende-
mism and turnover is a fundamental goal in ecology, biogeography,
and conservation biology (Currie et al., 2004; Hillebrand, 2004;
Mittelbach et al., 2007; Storch et al., 2006). Although species
richness has long been the most commonly investigated met-
ric (Myers et al., 2000; Pearson & Cassola, 1992; Prendergast &
Eversham, 1997; Schall & Pianka, 1978), it is not the only compo-
nent of biological diversity. Endemism, the extent to which spe-
cies are unique to a defined geographical location, is often used
to demarcate biogeographic regions (Morrone, 2014), investigate
species-environment interactions (Gamez et al., 2017), and set
priority targets for conservation plans (Huang et al., 2010; Myers
et al., 2000; Noroozi et al., 2018). Endemic species are typically
restricted to small geographic ranges and contribute dispropor-
tionately to global biodiversity (Kier & Barthlott, 2001), making
it important to understand patterns of endemic species richness
and its correlates (Collen et al., 2014; Kier et al., 2009; Lamoreux
et al., 2006; Orme et al., 2005). While these patterns have been
intensively studied for many groups of organisms at various spatial
and phylogenetic scales - including European butterflies (Dennis
et al., 1998), Afrotropical birds (Williams et al., 1999), Amazonian
plants (Tuomisto, Ruokolainen, & Yli-Halla, 2003), North American
mammals (Rodriguez & Arita, 2004), temperate trees (Qian
et al., 2005), and Himalayan aphids (Huang et al., 2008), among
others - many other taxa and regions have been comparatively ne-
glected and lack detailed data at biogeographic scales. For example,
Afrotropical wet forests are inordinately important centres of bio-
diversity, yet their endemic species richness patterns remain poorly
characterized (Anthony et al., 2015; McRae et al., 2017).

Beta diversity, the dissimilarity in species composition arising
from interactions between local and regional diversity, is import-
ant for understanding patterns of richness and endemism (Qian
et al., 2005, 2009; Tang et al., 2012). Beta diversity comprises two
components, nestedness (the extent to which species at one site

endemism, four of which were located within the lower Guineo-Congolian forest.
Species turnover was strongly related to the geographic distance between grid cells;
contributing bioclimatic variables included precipitation of the warmest quarter, mean
temperature of the wettest quarter, and mean diurnal temperature range.

Main Conclusions: Our results indicate that geographic distance between grid cells is
the primary determinant of turnover in GC endemic amphibians, with secondary but
significant effects of rainfall- and temperature-related variables. Our study identifies

key areas of endemic amphibian richness that could be prioritized for conservation

Africa, amphibians, endemic species richness, generalized dissimilarity modelling, species
distribution models, p-diversity

are a subset of those at another) and turnover (species replacement)
(Baselga, 2010; Gaston & Blackburn, 2000), both of which are influ-
enced by bioclimatic factors (mostly related to water and energy)
and spatial factors (e.g. distance, geographic barriers) (Buckley &
Jetz, 2008; Condit et al., 2002; Daru et al., 2017; Duivenvoorden
etal., 2002; Ficetola et al., 2017; Gaston et al., 2007; Jansson, 2003;
Leprieur et al., 2009; Linares-Palomino & Kessler, 2009; Qian
et al., 2005, 2009; Qian & Ricklefs, 2007; Rosauer & Jetz, 2015;
Sandel et al., 2011; Tuomisto, Poulsen, et al., 2003). However, the
relative importance of these factors may vary in taxon- and scale-
dependent ways (Qian et al., 2009; Steinitz et al., 2006), making
it difficult to extrapolate from well studied to poorly studied sys-
tems. Elucidating the separate and combined effects of bioclimatic
and spatial variables on the distribution and richness of endemic
species in biodiverse yet understudied regions is thus import-
ant for a more comprehensive understanding of biodiversity and
biogeography.

The West/Central African Guineo-Congolian (GC) region
contains the world's second-largest tropical rain forest (Malhi
et al.,, 2013) along with many threatened species with high ende-
mism - characteristics of global biodiversity hotspots (Huntley
et al., 2019; Linder, 2001; Myers et al., 2000). The GC region is nota-
ble for its high biodiversity, spatiotemporal heterogeneity, and com-
plex landscape features that include several major biogeographic
barriers (Bell et al., 2017; Penner et al., 2011; Portik et al., 2017;
Figure 1). Despite its outsized importance to biodiversity, the GC
region is one of the world's least studied hotspots owing to inacces-
sibility, political instability, and underdeveloped scientific infrastruc-
ture (Anthony et al., 2015; Daskin & Pringle, 2018; Plana, 2004).
Patterns and correlates of species richness and endemism in this re-
gion have been explored for several terrestrial vertebrate taxa (e.g.
birds and reptiles: Hawkins et al., 2003; Terribile et al., 2009) but
remain coarsely characterized for amphibians.

Amphibians are among the most threatened vertebrates world-
wide, and extinction risk is particularly acute for endemic species
with narrow distributional range (Stuart et al., 2004; Vié et al., 2009;
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FIGURE 1 Map of Africa showing West and Central African Guineo-Congolian region. Letters in brackets show the approximate location

of potentially important biogeographic barriers.

Wake & Vredenburg, 2008). Recent studies have documented in-
creased threats to amphibians in the Afrotropics due to intensi-
fying human activities (Aukema et al., 2017; Brooks et al., 2002;
Ernst et al., 2012). In the GC region specifically, high rates of human
activities and population increase often result in habitat degrada-
tion, elevating threats to forest ecosystems and wildlife (Aukema
et al., 2017). Understanding the distribution and correlates of di-
versity in GC endemic amphibians is therefore important not just
for plugging gaps in biogeographic knowledge but also for informing
conservation and management policies.

Studies have shown that turnover accounts for the vast majority
of beta diversity in tropical amphibians (Azevedo et al., 2021; Baselga
et al., 2012; Jiménez-Robles et al., 2017). As water-dependent ec-
totherms, amphibians are highly sensitive to variation in tempera-
ture and rainfall (Angilletta et al., 2002; Duellman & Trueb, 1994;
Hillman et al., 2009). These variables may influence turnover by
affecting abundance, breeding phenology, immune function, and
mating (Dervo et al., 2016; Ficetola & Maiorano, 2016 and refer-
ences therein). In addition, the low dispersal ability and high disper-
sal limitation of amphibians could increase the degree of turnover
(Qian, 2009). Thus, climatic and spatial factors may independently
or jointly regulate turnover in amphibians. However, the magnitude
and relative strength of these effects in causing turnover among GC
endemic amphibians are unknown.

We tested the dhypothesis that turnover in GC endemic am-
phibians is principally determined by the geographic distance
between grid cells and secondarily by rainfall- and temperature-
related variables. First, we characterized patterns of endemic
amphibian species richness in the GC region. Second, we used
generalized dissimilarity modelling to investigate how species

turnover is influenced by the geographic distance between grid
cells and a suite of bioclimatic (water and temperature-related)
variables. Specifically, we addressed two questions: (1) What are
the biogeographic patterns of endemic amphibian species richness
across the GC region? Burgess et al. (2004) identified at least 10
terrestrial bioregions in the broader GC region for near-endemic
vertebrate species, but other studies have reported distinct biore-
gions of endemism among vertebrate groups due to species' dif-
fering ecophysiological requirements and regional zoogeographic
barriers. For example, de Klerk et al. (2002) identified at least
six bioregions for range-restricted terrestrial GC endemic birds,
whereas Lewin et al. (2016) identified five and four bioregions for
narrow endemic snakes and lizards, respectively. Because amphib-
ians are particularly unlikely to be uniformly distributed owing to
limited dispersal capacity, sensitivity to climate, and presence of
biogeographic barriers in the GC region (Figure 1), we expected
to find high variability in endemic amphibian richness across the
GC region. (2) What are the most important variables influencing
turnover in endemic amphibians of the GC region? Previous stud-
ies have shown that geographic distance is an important factor in
the generation and persistence of unique faunas with narrow geo-
graphic ranges (Ota, 1998; Rosauer & Jetz, 2015). We predicted
that turnover in GC endemic amphibians would be strongly associ-
ated with geographic distance between grid cells, again due to the
limited dispersal capacity of amphibians coupled with the pres-
ence of major rivers, mountains and other zoogeographic barriers.
Further, given amphibians' narrow thermal tolerance and perfor-
mance breadths, seasonal breeding, and dependence on a humid
environment (Qian, 2010; Qian et al., 2007; Rohr et al., 2018),
we predicted that extreme or limiting bioclimatic factors (e.g.
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precipitation of the wettest/warmest quarter) and seasonality
(e.g. annual range in temperature) would be the predominant cli-

matic correlates of turnover.

2 | METHODS
2.1 | Studyarea

The study area approximately corresponds to the GC rain forest
defined by White (1979 & 1983) as a phytogeographic centre of
endemism, with more than 8000 plant species, of which 80% are en-
demic. The GC forest is subdivided into three sub-centres (Figure 2)
based on phytogeography as follows: Upper Guinean Forest (West-
African rain forest from Sierra Leone to Ghana), Lower Guinean
Forest (the western part of the Central African rain forest, from
southern Nigeria to the southwestern part of the Republic of Congo
and the Democratic Republic of Congo), and Congo Forest (eastern
part of the Central African rain forest and the Congo River basin).
The GC forest comprises several terrestrial ecoregions (Olson
et al, 2001). The upper Guinean forest encompasses the Eastern
Guinean forest, Guinean montane forest, and Western Guinean low-
land forest ecoregions. The lower Guinean forest hosts diverse terres-
trial ecoregions ranging from Nigerian lowland forests, Niger Delta

swamp forests, Cross-Sanaga-Bioko coastal forest, Cameroonian
Highland Forest, Cross-Niger transition forest, Guinean Mangroves,
and Mount Cameroon and Bioko montane forest ecoregions. High
species richness and endemism have been reported in the Cameroon
Highlands and attributed to a high diversity of habitats in a restricted
geographic area (Penner et al., 2011). The Congo forest spans six ecore-
gions, including the Atlantic Equatorial coastal forest, Northwestern
Congolian lowland forest, Western Congolian swamp forest, Eastern
Congolian swamp forest, Central Congolian lowland forest and
Northeastern Congolian lowland forest ecoregions (Olson et al., 2001).

The biota in GC forests has an uneven distribution, with some
species restricted to only one sub-centre, while others co-occur
in multiple sub-centres or beyond (Hardy et al., 2013; Linder
et al., 2012). The upper and lower Guinean forests are separated
by an approximately 200-km-wide savanna corridor in Benin, known
as the Dahomey Gap (Hardy et al., 2013). The floodplain of the
Ubangi River and a portion of the Congo River, primarily composed
of swamp woods, separate the lower Guinean and Congo forests
(Hardy et al., 2013).

In this study, we considered 16 countries across the GC forest:
Benin, Burkina Faso, Cameroon, Central African Republic, Republic
of Congo, Democratic Republic of Congo, Cote d'lvoire, Equatorial
Guinea, Gabon, Ghana, Guinea, Liberia, Nigeria, Senegal, Sierra
Leone and Togo.
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FIGURE 2 Map of West and Central African Guineo-Congolian region showing the three floristically defined blocks of forest (red
dashed). The approximate delineation of the forest blocks was modified from Huntley et al. (2019). Abbreviations on the map stand for:

SL=Sierra Leone; GB=Guinea Bissau.
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2.2 | Distributional data

To generate a comprehensive checklist of endemic amphibians
of the GC forest, we searched the Amphibiaweb (https://amphi
biaweb.org/; last accessed date: 1 April 2021) and the Amphibian
Species of the World databases (https://amphibiansoftheworld.
amnh.org; last accessed date: 1 April 2021) to confirm the geo-
graphic distribution and taxonomic citations of amphibian species.
We further searched the International Union for Conservation
of Nature (IUCN) Red List database (https://www.iucnredlist.
org) to cross-validate each species' geographic range and IUCN
Red List status. We considered extant (resident) species in the GC
forest for this study. Records with inaccurate and/or incomplete
geographical location points were eliminated. Each species record
was double-checked to match the currently recognized species
distributions to produce an endemic amphibian species inventory
for GC (Table S1).

After this process, our initial data comprised 310 endemic am-
phibian species belongingto 41 generaand 17 families (Table S1). Of
these, 305 species were anurans and 5 were caecilians (Table S1).
The most species-rich anuran families were Arthroleptidae (86
species), Hyperoliidae (81 species), Phrynobatrachidae (49 spe-
cies), Bufonidae (28 species) and Pipidae (16 species; Figure S1).
Other families were represented by <9 species. According to the
IUCN Red List, 122 (39%) of the endemic species are considered
Least Concern, 78 (25%) are Data Deficient (Figure S1), and 110
(36%) are threatened to varying degrees: Near Threatened (6%),
Vulnerable (8%), Endangered (14%), or Critically Endangered (8%)
(Figure S1).

For the geographic occurrence of each species, we consulted the
Global Biodiversity Information Facility (GBIF; https://www.gbif.org;
last accessed date: 17 April 2021). We manually performed quality
evaluation of the dataset to identify uncertainty and mistakes in the
geographic or taxonomic information before further analyses. Each
record was reviewed for species identification; we included only in-
dividuals with ‘accepted’ status in the ‘taxonomicstatus’ field in GBIF
and excluded those with ‘doubtful’ taxonomic status. We also elimi-
nated records with inaccurate geographic information, records that
could not be georeferenced, duplicate records, and records outside
the GC region. We assembled other species records from published
literature and online portals (the University of California's Museum
of Vertebrate Zoology; https://mvz.berkeley.edu; last accessed date:
21 April 2021). We restricted records to those collected between
1980 and the date of access. Lastly, we conducted field surveys to
cover an underrepresented area in Nigeria. Methods used for the
field survey in Nigeria can be found in Appendix S1.

Our initial dataset included 7536 valid georeferenced records
(Table S2). We could not obtain georeferenced records for 88 spe-
cies due to a lack of records in either online databases or published
primary literature, which reduced our dataset to 222 species, rep-
resenting 72% of the endemic amphibian species currently known
from the GC region (Table S2). Of the 7536 valid records, 7476 were
from searched databases and primary literature, and 60 additional

vy v Disiuions ENVITREMES

georeferenced records were from our field surveys in an under-
represented area in Nigeria (Table S2). Our initial datasets included
>500 georeferenced records each from Cameroon, Gabon, Republic
of Congo, Ghana, Equatorial Guinea, and Democratic Republic of
Congo (Table S2). We obtained 11-499 occurrence records each
from Liberia, Nigeria, Guinea, Cote d'lvoire, Benin, and Sierra Leone
(Table S2). Burkina Faso, Guinea, Central African Republic, and
Togo each had <10 georeferenced records for endemic amphibians
(Table S2).

We performed data cleaning and quality control of the records
using the R package CoordinateCleaner (Zizka et al., 2019). This
package automatically filters common erroneous coordinates in
public databases, such as those assigned to the sea, capital cities,
or biodiversity institutions (Maldonado et al., 2015). To avoid po-
tential spatial autocorrelation among occurrence records or uneven
sampling, we thinned the records (Table S3) by removing locali-
ties within a 15km radius of one another using the package spThin
(Aiello-Lammens et al., 2015), allowing only a single record per pixel
(grid cell size of 0.5°x0.5°). This helps to reduce biased selection of
variables or model coefficients (Cruz et al., 2014). After removing
duplicates of georeferenced records, we retained 1205 unique re-
cords of 222 endemic species for further analysis (Table S3). Figure 3
shows the distribution map of some GC endemic amphibian species.

2.3 | Environmental data

We downloaded 19 bioclimatic variables (Table S4) from the CHELSA
project (Climatologies at High Resolution for the Earth's Land
Surface Areas; http://chelsa-climate.org/; Karger et al., 2017) at 30
arc-seconds resolution corresponding to a spatial resolution of 1km
at the equator. We also downloaded a digital elevation model (DEM)
from https://opentopography.org/about (Krishnan et al., 2011). We
then aggregated all rasters to a 0.1°x0.1° resolution and resampled
the DEM to match the spatial resolution of the bioclimatic rasters.
We also calculated slope from the DEM. The largest difference in
elevation between each site and its eight nearest neighbours was
used to calculate relief roughness (also referred to as terrain rug-
gedness; Riley et al., 1999). All variables were cropped to a 1-degree
buffer around all species records to ensure that the background of
the environmental data for the species distribution modelling was
not restricted to the inferred species range but also encompassed
potentially relevant points lying outside the set of species distribu-
tion records. We prepared all data using the R package raster.

We estimated the Variance Inflation Factor (VIF) to measure the
degree of multicollinearity among all variables. We removed vari-
ables exceeding a VIF threshold of 10 using the packages USDM
(Naimi et al., 2014) and retained those without multicollinearity
for further analyses (Table 1). The retained variables included re-
lief roughness and eight bioclimatic variables (Mean Diurnal Range;
Maximum Temperature of Warmest Month; Mean Temperature of
Wettest and Coldest Quarters; Precipitation of Wettest, Driest, and
Warmest Quarters; and Precipitation Seasonality).
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FIGURE 3 Distribution map of some GC endemic amphibian species (a) Amnirana lepus (Photo credit: Arnaud Marius Tchassem Fokoua);
(b) Arthroleptis adelphus (Photo credit: LMN); (c) Cardioglossa elegans (Photo credit: LMN); (d) Herpele squalostoma (Photo credit: Arnaud
Marius Tchassem Fokoua); (e) Hyperolius bolifambe (Photo credit: LMN); (f) Hyperolius concolor (Photo credit: LMN); (g) Hyperolius guttulatus
(Photo credit: LMN); (h) Leptopelis rufus (Photo credit: LMN); (i) Sclerophrys superciliaris (Photo credit: LMN); (j) Scotobleps gabonicus (Photo
credit: LMN); (k) Phrynobatrachus cornutus (Photo credit: Arnaud Marius Tchassem Fokoua). Geographic occurrences were based on our

assembled datasets.
2.4 | Speciesranges

Given the recommended minimum sample size of 3 for species
range estimation and modelling (van Proosdij et al., 2016), we ex-
cluded 58 species with fewer than three unique records, leaving
164 species. Although we acknowledge that a minimum sample
size of three is small, we consider it justifiable because (a) it makes
our analyses more inclusive and representative of the endemic am-
phibian fauna; (b) endemic species often occur at low abundance
in restricted ranges with specific habitat requirements; (c) 71% of
retained species had >10 records and 29% had >3 records; and
(d) previous studies show that range-size estimation based on a
minimum of 3 samples can nonetheless provide valuable predic-
tions (Bharti et al., 2021; Deb et al., 2017; Hernandez et al., 2006;
Pearson et al., 2006; van Proosdij et al., 2016; Ye et al., 2021; Zizka
et al., 2020). For the 164 species with >3 records, we used a two-
tier approach to estimate range sizes depending on the total num-
ber of records per species. For species with 3-10 unique records
(n=47), which are likely to be rare and range-restricted, we used
the minimum convex polygon (MCP) method (Bekoff & Mech, 1984;
Mohr, 1947) to estimate range sizes using a half-degree buffer to
limit over-prediction (Whitfield, 1984). We used MCP because pre-
vious studies (Kazmaier et al., 2002; Row & Blouin-Demers, 2006)
have supported the use of this method for estimating the range
size of reptiles and amphibians in general and range-restricted

amphibians in particular (Blomquist & Hunter, 2009; Boenke, 2011;
Miaud & Sanuy, 2005; Watson et al., 2003). For species with >10
unique records (n=117), which are likely to be widespread, we esti-
mated MCPs using a one-degree buffer to ensure that ecologically
relevant background points (pseudo-absences) are included in the
species distribution modelling. Thereafter, we removed unsuitable
areas within polygons following Forderer et al. (2018). To do this, we
used species distribution modelling to overlay the MCPs and esti-
mate the final species ranges.

We used the Maxent algorithm for species distribution model-
ling (Phillips et al., 2006). Using the ENMevaluate function from the
R package ENMeval (Muscarella et al., 2014), we performed model
selection with testing parameters such as feature class combina-
tions (linear, quadratic, product, and threshold). Regularization
multipliers were selected in Maxent using ENMevaluate. Using
cross-validation (k=10), we evaluated models and selected
those with second-order Akaike Information Criterion difference
(AAICc)< 2 and Area Under the Receiver Operator Curve (AUC;
a measure of the diagnostic test accuracy)>0.75. We considered
AUC values >0.75 to be useful for modelling based on the recom-
mendations of Elith (2002) and the results of previous studies on
amphibians (e.g. Barrett et al., 2014; Garcia et al., 2014; Milanovich
et al., 2010; Urbina-Cardona & Loyola, 2008). To delineate the ex-
tent of the projected data within the polygons for each species,
we generated ~1000 background points. To select background
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TABLE 1 The variables (code, name, units and Variance Inflation
Factor) used to predict the environmental correlates of richness
patterns in GC endemic amphibians after multi-collinearity analysis.

Variance
inflation
Code Variable name Unit factor
Bio2 Mean Diurnal temperature °C 4.3910
Range (Mean of monthly
(max temp - min temp))
Bio3 Isothermality 2.5646
Bio8 Mean Temperature of Wettest °C 3.8174
Quarter
Bioll Mean Temperature of Coldest °C 2.8289
Quarter
Biol13 Precipitation of Wettest mm 2.0421
Quarter
Biol4 Precipitation of Driest Quarter ~ mm 2.4028
Biol8 Precipitation of Warmest mm 3.7220
Quarter
Bio19 Precipitation of Coldest mm 2.2361
Quarter
RR Relief Roughness m 1.1610

points in each grid cell, we generated a sampling-bias layer based
on historical sampling for African amphibians estimated by Farooq
et al. (2021) (Figure S2). In this way, more ecologically relevant
background points were selected for the SDM, thus fairly reflect-
ing the ecological variability and sampling history of the study re-
gion. Finally, we used a threshold based on maximum specificity
and sensitivity to produce binary predictions (presence-absence),
which we converted into range maps for each species (Nenzen &
Araujo, 2011).

2.5 | Species richness and endemism

To evaluate biogeographic patterns of endemic amphibian species
richness across the GC region (question 1), we quantified species
richness and endemism using two approaches of Crisp et al. (2001)
and Linder (2001). Species richness was calculated as the number
of endemic species in a grid cell (0.5°x0.5°) and also estimated the
number of GC endemic species in each country. We mapped species
richness at a coarse resolution to reduce potential bias in sampling
effort and enable a better understanding and visualization of rich-
ness patterns (Graham & Hijmans, 2006). Endemism was measured
as weighted endemism, where the proportion of endemics is in-
versely weighted by range size. The endemism value for a cell equals
the sum of these weights for all species in the cell. To test whether
weighted endemism was higher than the expected species richness,
we produced replicate random draws from the species pool based
on the observed species richness (i.e. the same number of species)
and the actual species frequencies (the more frequent a species, the
more likely it is to be drawn). For estimations of weighted endemism,

vy v Disibuions ENVITR SN

we used the functions ‘weighted endemism’ and ‘endemism.null.test’
from the R package biomapME (Guerin et al., 2015). The distribution
of the resulting set of null endemism scores was compared to the ob-
served endemism. Subsequently, grid cells were mapped as higher or
lower than expected (based on significance testing and comparison
to null quantiles) to produce a binary-weighted endemism map and
we estimated the values of weighted endemism for each country.
Finally, we performed sensitivity analyses in relation to the mapping
strategy and for the presence of species with <3 unique records per
grid cell. To do this, we calculated species richness and endemism
with the following datasets: (1) without SDMs to remove unsuitable
habitats and (2) without species with <3 unique records per grid cell.

2.6 | Generalized dissimilarity modelling (GDM)

To evaluate how much of the species turnover can be attributed to
theindependent and combined influences of geographic distance and
bioclimatic variables (question 2), we used Generalized Dissimilarity
Modelling (GDM). This method is widely used to identify the con-
tributions of different factors to explaining beta diversity patterns
(e.g. Blois et al., 2013; Capinha et al., 2015; Fitzpatrick et al., 2013).
We focused only on turnover (reflecting replacement), to the ex-
clusion of nestedness (reflecting species loss), in light of multiple
studies showing that turnover dominates amphibian beta diversity
in regions below the 37th parallel north, which encompasses all of
Africa (Azevedo et al., 2021; Baselga et al., 2012; Jiménez-Robles
et al., 2017); however, we acknowledge that a comprehensive un-
derstanding of beta diversity requires evaluating both turnover and
nestedness (Baselga, 2010) and suggest this as an objective for fu-
ture study on the endemic amphibians of the GC region.

We calculated species turnover among grid cells with >5 species,
thereby minimizing possible effects of nestedness that might arise
when species in locations with very low species richness are sub-
sets of species in areas with relatively high species richness (Ulrich &
Gotelli, 2007; Wright & Reeves, 1992). We built GDM models using
all possible combinations of bioclimatic variables (after removing
those deemed to be colinear, as described above). We then consecu-
tively excluded from the full model the bioclimatic variable with the
smallest contribution. In each iteration, we calculated the relative
variable importance (percentage of explained deviance between a
model with and without a variable) and significance (p-value <.05)
through matrix permutations for each variable (n=1000). According
to Wagner and Fortin (2015), model selection using AIC is not ap-
plicable to analyses of regression matrices such as GDM. Thus, we
used a comparable approach that involves selection of the model
with the highest explained deviance (Azevedo et al., 2021). This ap-
proach retained only important bioclimatic variables after more than
160 successive permutations (following the 0.16 optimization level
suggested by Heinze et al., 2018). All analyses were done in R using
the package betapart (Baselga, 2010; Baselga et al., 2018).

We used I-splines to identify the most important biocli-
matic variables that could account for the nonlinear monotonic
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relationships between variables and species turnover (i.e. partial
ecological distance). We produced the models using the R-package
gdm (Ferrier et al., 2007). We then used GDMs to predict species
turnover across the entire study area (background of bioclimatic
variables). The results were clustered with the unweighted pair
group method using arithmetic averages (UPGMA) to define biore-
gions with similar species composition. UPGMA is a frequently
used agglomerative hierarchical clustering approach with good
performance in clustering dissimilarity for bioregionalization stud-
ies (Kreft & Jetz, 2010).

Table S5 showsthe ODMAP (Overview, Data, Model, Assessment,
and Prediction) standardized protocol (Zurell et al., 2020) used in this
study. All R code used in the analyses is included in Appendix S2.

3 | RESULTS
3.1 | Rangesize

Species distribution modelling had sufficient predictive power
for occurrences, as evidenced by the AUC. Only two species
had AUC<0.75 and were mapped using the MCP approach. Of
the 117 species with >10 unique records, 50 had good model-
ling performance (AUC>0.75) and were used for removing
unsuitable habitats within the MCP polygons. For all 164 spe-
cies with 23 unique records, we obtained a mean range size (+
s.d.) of 192,312 +253,870km? (median= 84,089 km?; Table S6).
The mean range size for species with 3-10 records was

(a)
9 ]
o 50
40
o 30
20
_ 10
0
o
2

51,508 + 145,239 km? (median=4091km?; Table S6), while that
for species with >10 records was 248,875 +266,343 km? (me-
dian= 159,309 km?; Table Sé).

3.2 | Patterns of species richness and endemism

Endemic amphibian richness (mean=44; range 5-131 species;
Figure 4a; Table S7) was strongly concentrated in the lower GC
region that includes the Democratic Republic of Congo (e.g. some
forests in Lulimba town within South Kivu Province, Kalemie town,
on the western shore of Lake Tanganyika, and other forests lo-
cated along Lakes Tanganyika and Mweru, extending to the Mbuji-
Mayi in Kasai-Oriental Province), Nigeria-Cameroon mountains
(e.g. Mountains Obudu, Oku, Bamenda, Bamboutos, Manengouba,
Cameroun, Tchabal-Mbabo, Tchabal Gangdaba), Republic of
Congo, Equatorial Guinea, and Gabon. Other areas of high en-
demic species richness were in the Upper Guinean-Congolian for-
est along the coasts of Togo, Ghana (e.g. Cape Coast in Central
Region, Axim and Sekondi in Western Region etc.), Cote d’ lvoire
(e.g. Grand-Bassam and Sud-Comoé in southeastern Cote d’ Ivoire),
Guinea, Sierra Leone, and Liberia (Figure 4a). In sum, the lower
GC forest, particularly forests of Cameroon (mean=131 species),
Gabon (mean=71 species), Nigeria (mean= 64 species), Equatorial
Guinea (mean=59 species), Republic of Congo (mean=58 spe-
cies), Democratic Republic of Congo (mean=52 species) and Cote
D'lIvoire (mean=50 species), stood out as centres of endemic am-

phibian species richness in the GC region (Figure 4a; Table S7).
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FIGURE 4 Geographic patterns of (a) species richness, (b) weighted endemism and (c) significant weighted endemism of endemic

amphibians of the African Guineo-Congolian forest.
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The weighted endemism metric identified the Nigeria-Cameroon
mountains (southern Nigeria through southwestern Cameroon),
which comprise the Cameroonian Highland forest ecoregion, as an
area of high endemism (Figure 4b).

Spatial patterns of species richness and weighted endemism con-
trasted with those based on the results of the randomization test
for significant endemism (Figure 4c). This finding was expected, as
the randomization test incorporates endemic species richness in
calculating weighted endemism. The randomization test for signif-
icant endemism returned four major areas of significant weighted
endemism that were higher than random. While three areas of sig-
nificant weighted endemism were found in the lower GC region
(Nigeria-Cameroon mountains, Democratic Republic of Congo and
Cote d'lvoire), we identified only one such area in the upper GC for-
est in Ghana (Figure 4c).

The result of the sensitivity analyses in relation to the mapping
strategy and exclusion of species with <3 unique records (Figure S3)
showed that exclusion had no effect on the results of the species
richness and endemism. This demonstrated the stability of the re-

sults, suggesting that our approach was robust.

3.3 | Patterns of species turnover

The GDM analyses captured 29.10% of deviation (model devi-
ance=1056.20; p-value <.001) and identified endemic areas ac-
cording to the heterogenous turnover patterns of amphibians in
the GC forests. Geographic distance was by far the strongest pre-
dictor of turnover (55.90%), and three bioclimatic variables - pre-
cipitation of the warmest quarter (5.50%), mean temperature of
the wettest quarter (4.30%), and mean diurnal temperature range
(3.50%) - also contributed. The GDM-fitted I-splines further sup-
ported the conclusion that geographic distance between grid cells
was a dominant predictor of turnover (Figure 5). The nonlinear
shapes of the GDM curves showed an increasing rate of commu-
nity compositional change with increasing geographic distance
between grid cells.

The clustering analysis of the turnover component of compo-
sitional dissimilarity using UPGMA identified five bioregions for
GC endemic amphibians, which coincided partly with the different
ecoregions (Figure 6) as follows: (1) forested areas in Cote d'lvo-
ire, Senegal, western/southern Burkina Faso, Ghana and southern
parts of Togo and Benin; (2) areas in northern and eastern parts
of Burkina Faso, Benin (excluding southern region), Togo (exclud-
ing southern region), Nigeria (excluding southern region), northern
Cameroon, and northern Central African Republic; (3) forested
areas in southern Nigeria, Cameroon, Equatorial Guinea, western
Central African Republic, Gabon, Republic of Congo, and west-
ern/northern parts of Democratic Republic of Congo; (4) forested
areas in southern and eastern parts of Central African Republic
and some northern parts of Democratic Republic of Congo; and
(5) forested areas in southern and eastern parts of Democratic
Republic of Congo.
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4 | DISCUSSION

As expected, we found that species richness and endemism in am-
phibians of the GC region are geographically unevenly distributed.
Nevertheless, the centres of endemic species richness identified
in our study largely overlapped with areas of high endemism. We
found the Nigeria-Cameroon mountains to be the areas of highest
species richness and endemism for GC amphibians. The importance
of the Nigeria-Cameroon mountains, previously identified as a cen-
tre of amphibian biodiversity (Penner et al., 2011), was confirmed.
Our results are consistent with previous studies that have identi-
fied montane regions as areas of high vertebrate species richness
and endemism (e.g. Kafash et al., 2020; Rahbek et al., 2019; Shipley
& McGuire, 2023). The Nigeria-Cameroon mountains consist of
dense humid rain forests and deep gorges flanked by towering
mountains (e.g. Obudu Plateau, Mounts Cameroon, Oku, Bamenda,
Bamboutos, Manengouba, Tchabal-Mbabo, Tchabal Gangdaba, etc.),
which results in diverse climate and vegetation types and a variety
of habitats for amphibian species (Penner et al., 2011). Montane
regions are regarded as both museums and cradles of biodiversity,
where old taxa have survived because of relatively stable climates or
the mitigation of climate change impacts by altitudinal range shifts
(Barthlott et al., 2005; Kreft & Jetz, 2007; Mutke & Barthlott, 2005)
and where new taxa are rapidly emerging because of new ecological
opportunities caused by recent uplifts in the mountain. Combined
with limited gene flow and dispersal barriers, these factors have
resulted in radiations of many clades, resulting in large numbers
of range-restricted species on mountains (Fjeldsa & Lovett, 1997,
Gentry, 1982; Hughes & Eastwood, 2006).

Another prominent centre of species richness and endemism
for amphibians is forested areas in Democratic Republic of Congo,
Cote d'lvoire, and Ghana. These forests have previously been
shown to be centres of species richness for diverse taxa, including
plants and animals (Burgess et al., 2002; de la Estrella et al., 2012;
Kiper et al., 2004; Linder, 2001; Linder et al., 2005, 2012; Penner
et al., 2011; Sosef et al., 2017). Our results are consistent with
the hypothesis that climatic history during the Pleistocene ac-
counts for some variation in species richness and endemism pat-
terns across the GC region (Jansson, 2003; Maley, 1996). Previous
studies (e.g. Murali et al., 2021; Penner et al., 2011) have reported
that areas with high biodiversity in GC often coincide with areas
where Pleistocene refugia may have existed. Areas of high ende-
mism identified in our study (forested and montane ecosystems
in southwestern Cameroon, southern parts of Nigeria, Cote d'lvo-
ire, and Ghana) have previously been postulated as refugia for
narrow-ranged and endemic amphibian species in the GC region
(Maley, 1996; Penner et al., 2011).

The IUCN Red List showed that about 36% of endemic GC am-
phibian species in our study are threatened with extinction. The high
values of endemic species richness coupled with increasing threats
from human activity emphasize the outstanding importance of the
GC region for global amphibian conservation. Although the GC
region was previously covered by forests, only a fraction of these
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FIGURE 5 Generalized dissimilarity model (GDM) I-spline showing (a) the relationship between observed compositional dissimilarity
and the linear predictor of the regression equation from GDM (predicted ecological distance between site pairs); (b) relationship between
observed and predicted compositional dissimilarity; and (c-f) partial functions for variables significantly associated with endemic amphibian
species turnover. The maximum height reached by each curve indicates the total amount of compositional turnover associated with that
variable (relative contribution of the variable to the species turnover), assuming all other variables are constant. The slope of each function
indicates the rate of the compositional species turnover observed along the gradient. Abbreviations: BIO8 =mean temperature of the
wettest quarter; BIO18 =precipitation of warmest quarter and BIO2 =Mean Diurnal temperature Range.
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FIGURE 6 Bioregions of species richness of endemic amphibians
in the GC forest based on the UPGMA hierarchical clustering.

The five clusters (demarcated with colours) show the relative
abundances of similar species within each bioregion.

forests remains undisturbed (CILSS, 2016). With increasing human
settlement and cultivation across the GC region, the vegetation has
been grossly modified by deforestation, fire, grazing, agricultural
practices, soil disturbance, and altered drainage arising from the use
of chemical fertilizers and pesticides in farmland (Carr et al., 2015;
CILSS, 2016). To date, the main driver of habitat loss in this re-
gion is the transformation of natural habitats into agricultural land
(Carr et al., 2015; Chazdon, 2003; GBF, 2023; Geist & Lambin, 2002;

MEA, 2005) due to increasing demand for food and money by grow-
ing human populations (Burgess et al., 2007). For instance, from
2002 to 2021, agricultural land in the GC region doubled while for-
est cover was reduced. High forest losses were recorded in Benin,
Cote d'lvoire, Ghana, Guinea, Nigeria, Sierra Leone, and Togo
(Global Forest Watch, 2023). A growing body of studies (e.g. Blyth
et al., 2002; Burgess et al., 2002, 2007; Chidumayo et al., 2011;
Nneji et al., 2019; Plumptre et al., 2004) has reported adverse ef-
fects of habitat alteration on the temporal and spatial compositions
of vertebrates. These considerations underscore the urgent need for
improved conservation plans for endemic amphibians and their as-
sociated habitats in the GC region. The results we present here could
help guide future regional biodiversity studies and the identification
of priority areas for the conservation of endemic amphibians in the
GC region.

Using GDM, we identified several factors that could explain
amphibian species richness and endemism patterns in the GC
region. As predicted, we found that turnover is primarily influ-
enced by the geographic distance between grid cells and second-
arily by environmental differences (i.e. climatic variation). This
suggests that dispersal limitation (geographic distance) is more
important than niche limitation (environmental difference) in reg-
ulating amphibian beta diversity. Penner et al. (2011) highlighted
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potential geographical barriers in the GC region (mountains,
Cameroon volcanic line, rivers) that could limit species dispersal
across the entire region. These constraints may increase vulner-
ability to extinction in the face of rapid climate change (Aradjo &
Pearson, 2005). The generally low dispersal ability of amphibians
(Blaustein et al., 1994; Wells, 2007) relative to most other ani-
mal taxa also increases the likelihood of local extinction, particu-
larly among endemics that are sensitive to environmental change
(Chen et al., 2011).

Other than geographic distance, precipitation of the warmest
quarter, mean temperature of the wettest quarter, and mean di-
urnal temperature range best predicted species turnover. Several
previous studies have found one or more of these bioclimatic vari-
ables to be important in explaining the observed distribution and
richness patterns of amphibians (Ballesteros-Barrera et al., 2022;
Barrett et al., 2014; Guo et al., 2021). Bioclimatic factors such as
precipitation and temperature are especially likely to influence
ecological processes and biological functioning in amphibians
(Olden & Rooney, 2006). Variables related to extreme environ-
mental conditions (precipitation of the warmest quarter and mean
temperature of the wettest quarter) emerged as important in ex-
plaining the turnover in GC endemic amphibians, similar to previous
studies on amphibians (Bolitho & Newell, 2022; Guo et al., 2021).
Precipitation of the wettest quarter has also been linked to both
tree diversity and water availability (Soares & Brito, 2007). Tree
diversity and cover may sustain amphibian diversity in various
direct and indirect ways, while water availability plays a pivotal
role in the breeding and life cycle of amphibians. The role of two
temperature variables in determining turnover accords with stud-
ies that have linked temperature to immune function in amphib-
ians (Miller et al., 2018). The coupling of water and temperature
variables as predictors of turnover suggests that environmental
change may have dramatic impacts on endemic amphibians of the
GC region, especially if geographical patterns of precipitation and
temperature shift independently.

We acknowledge several important caveats. One, already men-
tioned, is that we focused exclusively on the turnover component
of beta diversity; consideration of nestedness in future studies may
provide further insight. Another is that most of the data used in the
study were sourced from biological collections. On the one hand,
this underscores the value of specimen data from museums and
other repositories for baseline ecological studies (Beck et al., 2012;
Powney & Isaac, 2015); at the same time, however, our dataset has
limitations that are inherent to information assembled from col-
lections, such as patchy sampling effort and lack of taxonomic re-
visions. Museum data are also subject to potential biases, such as
erroneous identification and over- or underrepresentation of certain
areas, habitat types, and species (Elith & Leathwick, 2009; Oliveira
et al., 2016). While we took several steps to ensure high data quality
and mitigate biases associated with the occurrence records, the pat-
terns revealed in our study may, to some extent, reflect differences
among sampled locations rather than between those locations and
the overall GC region.
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5 | CONCLUSION AND
RECOMMENDATIONS

We evaluated spatial patterns of richness and determinants of
turnover in endemic amphibians of the GC biodiversity hotspot.
Patterns of species richness and endemism are not uniform across
this region - the Nigeria-Cameroon mountains and forested re-
gions of the Democratic Republic of Congo, Cote d'lvoire and
Ghana host a higher richness of endemic amphibians than other
areas. We encourage more studies on other taxonomic groups to
test the generality of this unbalanced spatial pattern of endemic
species richness in the GC region. Also, we recommend a more
detailed study investigating the effects of disturbance-related en-
vironmental variables on amphibians as well as other taxonomic
groups endemic to the region. Effective conservation plans in key
areas of richness for endemic amphibians are needed to ensure
the long-term persistence and survival of this highly threatened
fauna. Our study advances the understanding of GC endemic
amphibians by identifying geographic distance and a subset of
bioclimatic variables (precipitation of the warmest quarter, mean
temperature of the wettest quarter and mean diurnal tempera-
ture range) as major determinants of species turnover. However,
studies involving a broader range of taxa are needed to evaluate
other contemporary environmental and historical factors affect-
ing the biodiversity of the GC region as a whole. Regional- and
continental-scale conservation plans often identify priority
areas critical to the persistence of their conservation targets.
However, fine-scale research and planning will help to refine the
understanding of where actions could be taken for greatest ef-
fect within these priority areas and to inform what those actions
should be.
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