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Abstract. One of the most widely recognized patterns in ecology is the increase in species richness
from poles to tropics. Literature suggests that the Congolian lowland rainforest does not follow this
pattern: the Central Congolian forest (CCLF), south of the Congo River, is thought to harbor fewer
vertebrate species and endemics than the Northeastern (NELF) and Northwestern lowland rainforests
(NWLF) north of the Congo River. We used data from the Global Biodiversity Information Facility
(GBIF) database on terrestrial vertebrates (mammals, birds, and reptiles), to test whether differences
in sampling effort caused the irregular biodiversity pattern in this region. Our results show that even
though the diversity within the Congolian lowland rainforests remains to be fully mapped, current
differences in richness are unlikely to be caused by undersampling alone. We argue that the lower
vertebrate richness in the CCLF is due to both its relatively small size and isolated position: Forest cover
fluctuated throughout the history of the Congo Basin due to climatic variability, reducing speciation
and increasing extinction, while immigration towards the CCLF is limited due to the barrier effect of
the Congo River. The implications of these findings are discussed in the context of both fundamental
ecology and conservation management.
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Introduction

One of the most widely recognized patterns in ecology is the increase in species richness from poles
to tropics (WILLIG et al. 2003). Increased area, energy, time, climate stability, and temperature in the
tropics are thought to be the drivers of the latitudinal gradient (FINE 2015). Within the tropics elevation
is a major determinant of species richness (GRYTNES & MCCAIN 2007). The patterns in species richness
within the Congolian lowland rainforest seem to be the exception to these general patterns. Within the
Congo Basin lowland rainforests, three ecoregions are identified based on faunal and floristic species
richness and endemism (OLSON et al. 2001): the Central Congolian lowland rainforest (CCLF) south
of the Congo River, and the Northeastern (NELF) and Northwestern lowland rainforests (NWLF) north
of the Congo River (Fig. 1). The CCLF is thought to harbor lower vertebrate species richness and
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endemism compared to the northern lowland forests (COLYN et al. 1991; BROOKS et al. 2001; DE KLERK
et al. 2002). Species richness maps based on range maps show that the CCLF has lower levels of
richness, for all vertebrate groups, than all other Afrotropical rainforest ecoregions (OLSON ef al. 2001;
LEWIN et al. 2016).

However, the observed diversity differences could be artificial. First of all, the accuracy of species
richness estimates depends on sampling effort, and diversity data for the Congo Basin are known to be
incomplete (GIBSON et al. 2011; PHILLIPS et al. 2017). Distribution maps for species based on a limited
number of verified occurrences can be misleading (HERNANDEZ et al. 2006), making richness patterns
based on stacked range maps potentially unreliable. To control for the dependency of species richness
on sample size, we can compare sampling curves (GOTELLI & COLWELL 2001) and correct for sample
completeness (CHAO & JOST 2012). The sampling curve shows the accumulation of species richness
with increased sample size. The sample completeness is the inverse of the slope of the accumulation
curve, meaning that when the sampling curve reaches an asymptote, the sample completeness is 100%
(CHAO & JosT 2012). However, comparing the sampling effort based on sampling curves assumes
samples were obtained randomly (GOTELLI & COLWELL 2001). Within ecoregions, this depends on the
spatial distribution of sampling sites (REDDY & DAVALOS 2003). Secondly, all species that have part
of their range within the ecoregion will be considered present throughout the ecoregion, regardless of
the proportion of overlap. However, if species richness differences are due to environmental conditions
then only species that thrive in the studied environment should be considered. The assessment of species
richness levels in the Congo Basin is important to determine conservation strategies (ANTHONY et al.
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Fig. 1 — Map of the Congo basin lowland forest ecoregions (which stretch over Cameroon, DR Congo,
Congo, Central African Republic, and Gabon), including the location of protected areas and rivers
separating the ecoregions.
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2015): which species are undersampled; which areas remain unknown; and how are differences in
regional species richness reflected in protected areas?

If undersampling alone would not explain species richness differences among ecoregions, this would
indicate differences in large-scale drivers of speciation and extinction between ecoregions (FINE 2015).
In the Congo Basin, speciation and extinction rates were catalyzed by climatic fluctuations and its
geological history. Environmental theories of African faunal evolution state that important evolutionary
changes during the Pliocene-Pleistocene interval (the last ca 5.3 million years) were mediated by
changes in African climate or shifts in climate variability. Marine sediment sequences demonstrate that
subtropical African climate periodically oscillated between markedly wetter and drier conditions, paced
by earth orbital variations, with evidence for step-like ( 0.2 Ma) increases in African climate variability
and aridity near 2.8 Ma, 1.7 Ma and 1.0 Ma, coincident with the onset and intensification of high-latitude
glacial cycles (DEMENOCAL 2004). Due to these climatic fluctuations the Congo Basin rainforest has
retracted and re-expanded several times over the past million years (MALEY 1996; PLANA 2004; MALEY
et al. 2018). In dry periods lowland rainforests became refugia where forest-dependent animals were
able to persist until more favorable conditions (i.e., wetter and warmer) allowed them to re-expand their
ranges (PLANA 2004). The Pleistocene refuge hypothesis postulates that forest fragmentation led to the
isolation and subsequent divergence of forest-associated taxa (COLYN et al. 1991). At the same time,
glacial maxima would often have meant large numbers of local extinctions (PLANA 2004). Indeed, the
lower alpha diversity in African rainforest trees compared to Amazonia could be linked to the lower
number of species adapted to warm wet climate, which could in turn be linked to higher extinction rates
due to environmental instability (PARMENTIER ef al. 2007).

The Congo River as we know it today originated 3.5MYA when geological activity freed the island lake
in the center of the Congo Basin to flow into the Atlantic Ocean (MYERS THOMPSON 2003). Although
the location of the Congo River has changed over the course of millions of years, it has presented a
transcontinental water barrier to dispersal for the past 34 million years (TAKEMOTO ef al. 2015). The
riverine barrier hypothesis suggests that isolation of species’ populations on both sides of the rivers led
to allopatric speciation (COLYN ef al. 1991). The Congo River is known to be a distribution barrier for
several monkey (COLYN ef al. 1991; HARCOURT & WOOD 2012), ape (ERIKSSON ef al. 2004; TAKEMOTO
et al. 2015), rodent (KATUALA et al. 2008; KENNIS et al. 2011), and bird species (LOUETTE 1992).
Nevertheless, rivers were probably shrunken during arid periods and presented less effective barriers to
gene flow (ANTHONY et al. 2007; KENNIS et al. 2011; TAKEMOTO et al. 2015). Therefore, the Pleistocene
refuge and river barrier hypotheses are not necessarily mutually exclusive; taxa historically segregated
in refugia were limited by river barriers in their re-expansion during humid conditions (HUNTLEY &
VOELKER 2016).

Here, we (1) show that diversity differences between ecoregions in three terrestrial vertebrate groups
based on occurrences from GBIF cannot be explained by differential sampling effort; and (2) argue
that the climatic and geological history of the Congo Basin rainforest can drive differences in species
richness and (3) discuss the implications for biodiversity conservation in the region.

Material and methods

Our study area includes all Congolian lowland forest ecoregions as defined by OLSON et al. (2001): the
Central Congolian lowland rainforest (CCLF), and the Northeastern (NELF) and Northwestern lowland
rainforests (NWLF) (Fig. 1). Ecoregions are defined as relatively large units of land containing a distinct
assemblage of natural communities and species, with boundaries that approximate the original extent of
natural communities prior to major land-use change (OLSON et al. 2001). The CCLF, NELF, and NWLF
belong to the biome of tropical and subtropical moist broadleaf forests of the Afrotropical realm. The
northern, eastern and western limits of the CCLF are bound by the Congo River and swamp forest, while

25



Belg. J. Zool. 149 (1): 23-42 (2019)

in the south there is a gradual transition to savanna-forest mosaic (BLOM 2019a). The NELF is located in
the northeastern portion of the Democratic Republic of Congo (DRC) and extends into the Southeastern
portion of the Central African Republic (CAR). The northern margin is fixed by the transition to savanna
and woodland habitats, the eastern border is bounded by the Albertine Rift Montane Forests, and the
southern and western margins are delimited by the Congo River and its tributaries, primarily the Elila
River (BLOM & ScCHIPPER 2019). The NWLF stretches across four countries - Cameroon, Gabon,
Republic of Congo, and the CAR. It is bordered to the north and south by forest-savanna mosaics and to
the east by swamp forest and the Ubangi river, while the western limit grades gradually into the lowland
rainforests of the Atlantic Equatorial Coastal Forests ecoregion (BLOM 2019b).

We compared occurrence records for mammals, birds, and reptiles in the Global Biodiversity
Information Facility (GBIF) database queried on 2™ October 2018 — to assess the sampling coverage
in each ecoregion. All occurrences lying within the boundaries of each ecoregion were exported using
the rgbif package (CHAMBERLAIN et al. 2018) in R3.1 (R Core Team 2017). We only used records
from extant taxa that were identified up to the species (or subspecies) level. Records originating from
countries that are not part of our study area were considered to have incorrect coordinates and were
removed from our dataset. As GBIF is an international network that collects species occurrence records
from its participants, it currently does not include all available occurrences. We calculated the number
of occurrences for each quarter-degree grid cell in ArcGIS 9.3 (ESRI 2008) to assess the location and
intensity of collecting for each species group. To assess the number of species missing from GBIF,
we retrieved presence/absence data for reptiles, birds, and mammals, for each of the three terrestrial
ecoregions from the WWF WildFinder database (WORLD WILDLIFE FUND 2006). As the WWF data
were gathered from numerous scientific works, field guides, or directly from experts, the database offers
a comprehensive list of species. To ensure consistency in taxonomy, species names were matched with
TUCN nomenclature (IUCN 2018) using the redlist package (CHAMBERLAIN & SALMON 2018).

The number of occurrences per species was used to create sampling curves for each species group
and for each ecoregion. Sample completeness, the proportion of the total number of individuals in
a community that belong to the species represented in the sample, was calculated using the iINEXT
package in R (HSIEH et al. 2016). We compared species richness at equal sample completeness, using for
each species group the lowest sample completeness of all ecoregions. Non-overlapping 95% confidence
intervals indicate significant differences at a level of 5% between ecoregions (CHAO et al. 2014).

Apart from analyzing all species within each database (the complete dataset), a second analysis included
only those species that are known to thrive within the habitats of the studied ecoregions (habitat dataset).
To ensure that we only included species that are known to frequently occur in the ecoregions’ habitats,
we only included those species for which (sub)tropical moist lowland and swamp forest (Habitats 1.6
and 1.8) are suitable habitat according to the IUCN Red list (IUCN 2018). This analysis was only
possible for birds and mammals as the Global Reptile Assessment is still underway.

To assess the relative isolation of each ecoregion and the effects of the Congo and Ubangi rivers as
faunal barriers, we determined similarities in terms of species composition using the adjusted Jaccard
similarity index. We determined similarities between the northern (both NELF and NWLF) versus the
central (CCLF) ecoregions to test for the effect of the Congo River, and between the western (NWLF)
versus eastern (NELF) ecoregions to test for the effect of the Ubangi river. The classic Jaccard index
of compositional similarity [S /S +S,] (and other indices that depend upon the same variables) are
notoriously sensitive to sample size, especially for assemblages with numerous rare species (CHAO
et al. 2005, 2006). We therefore used an estimator for this index that includes the effect of unseen shared
species, based on abundance-based sample data (CHAO et al. 2005, 2006). The adjusted Jaccard index
was calculated using the SpadeR package (CHAO ef al. 2015).
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TABLE 1

(a) Number of occurrences and species, sample completeness, and GBIF completeness for three
terrestrial vertebrate groups within the three ecoregions based on the complete and habitat dataset. (b)
Total surface area and protected area of each ecoregion.

(a) CCLF NELF NWLF
Complete Habitat Complete Habitat Complete Habitat
Mammals
Number of occurrences 3556 3262 19403 17547 5534 5006
Number of species 82 69 224 171 180 154
Sample completeness 99.3% 99.4% 99.8% 99.9%  992%  99.5%
GBIF completeness 71.9% 67.6% 113.1%  103.0% 94.7%  90.6%
Birds
Number of occurrences 768 601 15704 13964 7245 6177
Number of species 253 185 652 403 511 335
Sample completeness 85.7% 88.0% 99.3% 99.7% 98.7%  99.4%
GBIF completeness 74.0% 75.5% 1183%  115.1% 97.9%  97.4%
Reptiles
Number of occurrences 43 431 492
Number of species 19 104 94
Sample completeness 70.0% 91.7% 93.5%
GBIF completeness 24.7% 88.9% 76.4%
(b) CCLF NELF NWLF
Surface area
Ecoregion (km?) 412,882 535,865 432,190
Protected area (km?) 90,471 60,759 69,317
Proportion protected 21.1% 11.3% 16.0%

We determined the area of each ecoregion that is under some level of protection, by intersecting the
protected areas with known extent (UNEP-WCMC and IUCN 2018) with each ecoregion.

Results

The number of occurrences is consistently lower in the CCLF compared to the NELF and NWLF,
especially for birds and reptiles (Table 1a), indicating that the sampling effort is lower in the CCLF. The
sampling completeness indicates that species inventories in all three ecoregions are incomplete. More
importantly, the sample completeness differs between ecoregions and is markedly lower in the CCLF for
reptiles and birds. The location of collection largely depends on the accessibility, with most occurrences
clustered along rivers in all ecoregions (Fig. S1). Higher intensities are noted along the eastern border
of the NELF and major cities such as Kisangani. The spatial collection bias towards accessible locations
(e.g., along the rivers or close to major cities) is similar in all ecoregions, and we therefore assume that
the associated underestimation of species richness would be similar (REDDY & DAVALOS 2003). Largest
differences in species richness between the, more complete, WWF database and the GBIF dataset are
found for reptiles (Fig. 2 and Tables la, S1, S2, and S3). Between ecoregions the CCLF shows largest
differences between databases, while GBIF contains more bird and mammals species than GBIF in the
NELF.
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Fig. 2 — Number of species in each ecoregion based on the GBIF or WWF dataset using all available
species or only those with specified habitat requirements.
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When standardized for sample completeness, species richness of mammals, birds, and reptiles is
significantly lower in the CCLF compared to the NELF and NWLF (Figs 3—4). The NELF is the most
speciose ecoregion for birds and reptiles, while for mammals the NELF and NWLF are equally speciose.
The same conclusions apply when only species with specified habitat requirements were included. The
observed number of species within the habitat dataset is lowest in the CCLF based on both the GBIF and
WWF dataset (Fig.2). When standardized for sample completeness the habitat dataset showed similar
patterns to the complete dataset.

The adjusted Jaccard index shows that the species compositions of the NWLF and NELF are more
similar than the species composition of the CCLF compared to the northern ecoregions. Furthermore,
similarity decreases from birds to mammals to reptiles (Fig. 5). As the habitat dataset only includes
species with equal habitat requirements, compositional similarity will generally be higher based on the
habitat dataset than on the complete dataset.

The proportion of area protected is inversely correlated to the ecoregion size (Table 1b).
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Fig. 3 — Sampling curves for mammals, birds, and reptiles based on the complete and habitat datasets
in each of the three ecoregions. Non-overlapping confidence intervals indicate significant differences in
species richness.
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Discussion

Our analyses show that species inventories of the Congo Basin lowland forest ecoregions are
incomplete, but that undersampling alone does not explain the differences in species richness between
these ecoregions. Both the complete and habitat datasets derived from the GBIF database show that
observed and standardized species richness are significantly lower in the CCLF, compared to the NELF
and NWLF. We used the GBIF dataset as it is the largest database with sampling records, allowing us
to assess sampling completeness. However, the GBIF database does not necessarily include all known
species from the region. The GBIF database contains notably less species than WWF database in the
CCLF and to a lesser extent the NWLF. Especially reptiles are underrepresented in the GBIF database. On
the other hand, the GBIF dataset contains more mammal and bird species than does the WWF database
for the NELF, and some entire reptile families are not included in the WWF database (Table S3). This
shows that even databases that are considered comprehensive such as WWF Wildfinder do not contain
all species occurring in the Congo Basin. Indeed, a comprehensive literature study on reptiles yielded
considerably more species in each of the ecoregions: 150 species in the CCLF, 241 in the NWLF and
249 in the NELF (LEWIN et al. 2016). Nevertheless, studies that attempted to use all available data show
similarly large differences between the CCLF and the northern ecoregions, NELF and NWLF (BROOKS
et al. 2001; LEWIN et al. 2016). Controlling for habitat requirements ensures that analyzed species are
effectively dependent on the habitats that determine the outline of the ecoregions. In this way occasional
savanna species or overflying vagrants can be excluded from analysis. Indeed, many of the excluded
species were only found once (singletons), which explains the higher sample completeness in the habitat
dataset. Even though our selection criteria are conservative (only two habitat types) and the true amount
of lowland forest dependent species will likely be higher, the observed richness of the NELF and NWLF
based on the habitat dataset is never higher than the species richness of the CCLF based on the complete
dataset (Table 1a).

As we limited our assessment to Congolian lowland rainforests, observed diversity differences among
ecoregions cannot be explained by current ecological drivers: productivity, energy, or climate are likely
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Fig. 4 — Species richness standardized for sample completeness (with 95% confidence interval) was
lowest in the CCLF for all species groups, and in both the complete and habitat datasets.
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to be similar among the studied ecoregions (PEEL et al. 2007; SAATCHI et al. 2011; FAYOLLE et al. 2014).
However, the studied ecoregions do differ in topographic complexity: the NELF declines in elevation
from east to west, from the Albertine Rift Mountains towards the Congo River (BLOM & SCHIPPER
2019), the central portion of the CCLF is low-lying while hills up to 700-800 m are found in the south
(BLOoM 2019a), and NWLF has a more uniform relief (BLOM 2019b). As our results suggest that both
NELF and NWLF are significantly more speciose than the CCLF, topographic complexity alone cannot
explain these differences. Instead, we argue that the differences in speciation and extinction rates are
provoked by climatic fluctuations and associated forest area fluctuations throughout the history of the
Congo Basin, while the isolation and relatively small area of the CCLF ultimately led to lower speciation
and immigration, and higher extinction.

The lower species richness of the CCLF could be due to its relatively small size. In general, larger
ecoregions have on average larger-ranged species, which translates into higher speciation rates (presuming
larger ranges lead to higher probabilities of allopatric speciation) and lower extinction probabilities
(presuming larger ranges have lower probabilities of extinction) (GASTON 2000; FINE 2015). In Affica,
current ecoregion size explains a substantial proportion of the variation in richness of reptiles (LEWIN
et al. 2016). Evidence can also be found in species’ demographics. For instance, based on population
genetics, central and eastern Chimpanzee (Pan troglodytes) subspecies (occurring north of the Congo
River) were inferred to have expanded tenfold between around 50,000 and 80,000 years ago and today,
while the population size of the neighboring Bonobo (Pan paniscus; occurring in the Central rainforests)
remained constant (HVILSOM et al. 2014). The effect of ecoregion size was likely exacerbated in glacial
maxima when lowland rainforest retracted into forest refugia. Indeed, historical habitat area is often a
better predictor for species richness than current habitat area (JETZ & FINE 2012). CHAPMAN (1983)
noted a slight correlation between the number of tropical rainforest primate species in a refugium today
and the estimated area of the rainforest refugia during the last glacial maximum.

Still, compared to the CCLF the similar-sized NWLF hosts significantly higher numbers of species.
This can be explained by the larger barrier effect of the Congo River compared to its tributaries (e.g.,
the Ubangi river) which form the border between the northern ecoregions. Indeed, there is a higher
similarity in terms of species composition between the NWLF and NELF than between the CCLF and
both northern ecoregions (Fig. 5). The barrier effect of the Congo River is reflected in the evolutionary
history of some forest-associated species. Historical east-west movement was recorded in both the
Gorilla genus (ANTHONY et al. 2007) and Chlorocebus lhoesti species group (ToOSI 2008). These
primates currently occur in the east and west of the Congolian forest, implying that they were able to
cross large rivers north of the Congo River but never established sustainable populations south of the
Congo River. Bonobos only branched off from other Pan clades during an arid period in the middle
Pleistocene when its common ancestor was able to cross the Congo River (TAKEMOTO et al. 2015).
A species of Cricetomys occurring south of the Congo River was found to be more closely related to a
savanna species occurring south of the rainforest than to rainforest species north of the river (OLAYEMI
et al. 2012). The combined effect of the smaller habitat area and isolated position of the CCLF compared
to the northern ecoregions led to lower speciation, higher extinction, and lower immigration resulting in
lower levels of richness and endemism within the CCLF.

The effect of habitat area and isolation on speciation, extinction and immigration will be most
pronounced for species with high habitat affinity and low dispersal capacities. Indeed, evidence for the
Pleistocene refuge and the riverine barrier hypotheses was mostly found in less mobile taxa (NICOLAS
et al. 2005; KENNIS et al. 2011; JACQUET et al. 2014), while more mobile taxa originated well before
the Pleistocene and were merely conserved in forest refugia (FJELDSA & LOVETT 1997). Even within
species groups, the barrier effect of the Congo River is not uniform among taxa. For instance, most
rodent (KENNIS ef al. 2011) and shrew (GAMBALEMOKE et al. 2008) species are limited to one side of
the Congo with exceptions occurring on both banks, while few bat (HASSANIN ef al. 2015, 2018) and
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bird species (HUNTLEY & VOELKER 2016), occur on only one side of the Congo River. If richness is
limited by habitat area and isolation, this implies that diversity differences among Congolian lowland
forests are mostly due to forest-associated taxa with limited dispersal capacities. Indeed, historical
habitat stability is more likely to explain patterns of species richness in species with limited dispersal
capacities (GRAHAM et al. 2006) or limited ecological flexibility (ROWAN et al. 2016). Our study shows
that differences between the CCLF and northern ecoregions in species richness are most pronounced for
mammals (Fig. 4) while compositional similarity is highest for birds (Fig. 5).

We demonstrated that species inventories for three large vertebrate groups are incomplete and that
diversity differences between Congolian lowland forests are likely caused by forest-associated taxa with
low dispersal abilities. This has several implications for biodiversity conservation in the region. First,
successful conservation of biodiversity depends, in part, upon an accurate assessment of the diversity
to be preserved. Given current and future threats to biodiversity in the Congolian lowland forests
(ABERNETHY et al. 2013; TYUKAVINA et al. 2018), increased effort to survey its biodiversity is required.
Our study confirms incomplete sampling for all three vertebrate groups (with reptiles holding largest
deficits), but this situation is also true for plants (LOVETT et al. 2000; BROOKS ef al. 2001; PARMENTIER
et al. 2007). Second, the proportion of area protected within each ecoregion remains limited: the
NELF and NWLF do not reach the Aichi Biodiversity Target 11 (CBD 2011) of 17%. Even though the
NELF hosts the highest number of species within the Congolian lowland forests and is considered a
conservation priority area (BROOKS et al. 2001), it has the lowest proportion of area protected within the
Congo Basin (Table 1). Knowing that within the NELF there is a whole cohort of bird species with very
small restricted ranges (HALL & MOREAU 1970) and the ranges of many threatened species currently
fall outside protection (DE KLERK et al. 2004), there is an urgent need for more protected area within
the Congolian lowland forest, particularly the NELF. Lastly, the lower species richness in the CCLF is
contradictory to ecological theory, as areas with higher levels of energy-related variables such as primary
productivity, potential evapotranspiration, solar radiation, temperature, and rainfall tend to have higher
species richness (BROOKS et al. 2001; LEWIN ef al. 2016). This means the CCLF can be considered a
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Fig. 5 — Similarity (+SE) in terms of species composition between the northern (NELF and NWLF)
is higher than similarity between the central (CCLF) ecoregion and NWLF and NELF for all species
groups, and in both the complete and habitat datasets.
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diversity anomaly (after RICKLEFS 2006). Diversity anomalies are usually identified on a global extent
(e.g., RICKLEFS et al. 2006; SWENSON et al. 2016), so to our knowledge the richness differences between
the Congolian lowland forest ecoregions would represent the first anomaly on a regional scale. This
means that an increased effort to study the biodiversity within the Congo Basin would not only facilitate
conservation measures, but will also contribute to fundamental research in determining, for example,
how the differences in regional species richness influence ecosystem functioning or local diversity.
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Supplementary material
TABLE S1

The number of mammal species per family in each ecoregion based on the complete and habitat datasets
of the GBIF and WWF database.

GBIF WWF
Complete Habitat Complete Habitat
CCLF NELF NWLF CCLF NELF NWLF|CCLF NELF NWLF CCLF NELF NWLF
Anomaluridae 2 5 3 2 5 3 3 5 6 3 5 6
Bovidae 3 13 8 3 12 8 8 11 12 8 11 12
Canidae 0 0 1 0 0 0 0 0 0 0 0 0
Cercopithecidae 12 25 11 12 24 10 10 16 13 10 16 13
Chrysochloridae 0 1 1 0 1 1 0 1 1 0 0 1
Elephantidae 1 1 1 1 1 1 1 1 1 1 1 1
Emballonuridae 0 2 2 0 2 2 2 2 2 2 2 2
Erinaceidae 0 0 1 0 0 0 0 0 0 0 0 0
Felidae 1 3 1 1 2 1 2 2 2 2 2 2
Galagidae 1 3 3 1 3 3 2 3 5 2 3 5
Giraffidae 0 1 0 0 1 0 1 1 0 1 1 0
Gliridae 2 4 2 2 4 2 1 3 4 1 3 4
Herpestidae 3 5 4 3 4 4 5 6 4 5 5 4
Hippopotamidae 0 1 1 0 1 1 1 1 1 1 1 1
Hipposideridae 2 5 7 2 5 7 4 7 5 4 7 5
Hominidae 1 1 2 1 1 2 1 2 2 1 2 2
Hystricidae 1 2 1 1 1 1 1 2 2 1 1 1
Leporidae 0 1 0 0 0 0 0 0 0 0 0 0
Lorisidae 0 3 3 0 3 3 1 1 2 1 1 2
Macroscelididae 1 1 0 1 1 0 1 1 0 1 1 0
Manidae 0 3 3 0 3 3 3 3 3 3 3 3
Megadermatidae 0 0 1 0 0 0 1 1 1 0 0 0
Miniopteridae 1 1 1 1 1 1 0 0 1 0 0 1
Molossidae 0 10 7 0 8 7 4 9 9 3 7 8
Muridae 25 43 33 17 22 20 14 26 21 11 19 17
Mustelidae 2 2 3 1 1 1 3 3 3 2 2 2
Nandiniidae 1 1 1 1 1 1 1 1 1 1 1 1
Nesomyidae 3 7 4 2 2 2 1 3 3 1 2 3
Nycteridae 1 5 6 1 4 6 5 7 9 5 6 7
Orycteropodidae 0 0 0 0 0 0 1 1 0 1 1 0
Procaviidae 0 2 1 0 2 1 1 1 1 1 1 1
Pteropodidae 2 11 12 2 11 12 6 12 10 6 11 10
Rhinolophidae 0 3 3 0 1 3 2 4 5 2 2 4
Sciuridae 6 14 10 5 10 10 6 6 9 5 6 9
Soricidae 3 21 19 2 16 17 1 20 24 1 16 19
Spalacidae 1 1 0 0 0 0 0 0 0 0 0 0
Suidae 0 2 2 0 1 2 1 2 2 1 2 2
Tenrecidae 1 1 1 1 1 1 1 1 1 1 1 1
Thryonomyidae 0 2 1 0 1 1 1 1 1 1 1 1
Tragulidae 1 1 0 1 1 0 1 1 1 1 1 1
Vespertilionidae 2 10 15 2 7 12 13 25 18 8 16 14
Viverridae 3 7 5 3 7 5 4 6 5 4 6 5

Number of Species 82 224 180 69 171 154 114 198 190 102 166 170
Number of Families 26 38 36 25 36 33 36 37 35 35 35 34
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TABLE S2

The number of bird species per family in each ecoregion based on the complete and habitat datasets of
the GBIF and WWF database.

GBIF WWF
Complete Habitat Complete Habitat
CCLF NELF NWLF CCLF NELF NWLF CCLF NELF NWLF CCLF NELF NWLF
Accipitridae 14 33 22 9 21 15 21 33 24 15 20 17
Acrocephalidae 0 8 5 0 2 1 2 6 6 0 1 2
Alaudidae 1 2 1 0 0 0 0 2 0 0 0 0
Alcedinidae 9 11 13 7 8 9 10 12 12 8 8 9
Anatidae 2 6 4 1 2 2 4 17 7 1 2 2
Anhingidae 1 1 1 1 1 1 1 1 1 1 1 1
Apodidae 6 12 10 4 9 7 5 9 9 4 7 6
Ardeidae 7 13 10 1 3 2 13 14 14 4 3 4
Bucerotidae 7 9 8 7 9 8 6 7 7 6 7 7
Buphagidae 0 0 1 0 0 1 0 0 1 0 0 1
Burhinidae 0 0 2 0 0 0 0 1 1 0 0 0
Calyptomenidae 1 2 1 1 2 1 1 3 3 1 3 3
Campephagidae 2 8 3 2 6 3 1 4 5 1 4 5
Caprimulgidae 3 4 7 2 2 3 4 9 11 2 4 4
Charadriidae 2 9 7 0 0 0 7 7 6 0 0 0
Ciconiidae 3 6 3 1 1 1 5 6 4 1 1 1
Cisticolidae 12 34 24 7 22 16 12 27 30 8 18 17
Coliidae 0 1 1 0 1 1 1 1 1 1 1 1
Columbidae 8 13 11 7 11 7 7 12 11 7 8 9
Coraciidae 3 4 4 3 4 4 2 5 2 2 4 2
Corvidae 2 1 2 0 0 0 1 1 1 0 0 0
Cuculidae 11 20 16 10 16 14 15 18 20 13 14 15
Dicruridae 1 3 4 1 3 4 2 3 4 2 3 4
Emberizidae 0 0 0 0 0 2 0 0 0
Estrildidae 15 26 20 12 16 14 14 21 19 14 15 14
Falconidae 0 5 6 0 1 0 2 3 3 0 0 0
Fringillidae 1 7 2 0 1 0 0 0 1 0 0 1
Glareolidae 1 3 2 0 0 0 4 3 2 0 0 0
Gruidae 0 1 0 0 1 0 0 0 0 0 0 0
Heliornithidae 1 1 1 1 1 1 1 1 1 1 1 1
Hirundinidae 9 14 16 6 11 10 11 12 13 6 6 6
Hyliotidae 0 2 2 0 1 1 1 1 2 1 0 1
Indicatoridae 2 7 7 2 7 7 6 8 9 6 7 8
Jacanidae 0 1 1 0 0 0 1 1 1 0 0 0
Laniidae 1 5 2 0 1 1 0 2 3 0 2 2
Laridae 0 3 4 0 0 0 3 4 3 0 0 0
Leiotrichidae 0 2 0 0 2 0 0 2 2 0 2 1
Locustellidae 1 4 2 0 0 0 1 3 3 0 0 0
Lybiidae 9 12 13 9 12 12 9 10 13 9 10 13
Macrosphenidae 0 6 5 0 4 4 4 6 6 3 4 4
Malaconotidae 0 18 13 0 14 9 4 10 11 4 7 8
Meropidae 7 11 9 5 6 6 6 9 8 5 5 6
Modulatricidae 0 1 0 0 0 0 0 0 0 0 0 0
Monarchidae 5 7 5 5 7 5 4 5 4 4 5 4
Motacillidae 4 13 9 0 1 0 4 7 9 1 1 1
Muscicapidae 11 43 31 9 25 21 13 34 32 11 22 22
Musophagidae 5 4 5 4 2 4 2 3 3 2 3
Nectariniidae 13 29 20 11 20 17 17 19 17 16 17 15
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GBIF WWF
Complete Habitat Complete Habitat
CCLF NELF NWLF CCLF NELF NWLF CCLF NELF NWLF CCLF NELF NWLF
Otididae 2 1 2 0 0 0 0 1 0 0 0 0
Pandionidae 0 1 1 0 0 0 1 1 1 0 0 0
Paridae 0 3 2 0 1 1 1 1 1 1 1 1
Parulidae 0 1 1 0 1 1 0 0 0 0 0 0
Passeridae 1 2 1 0 0 0 1 1 1 0 0 0
Pelecanidae 0 0 0 0 0 0 2 1 2 0 0 0
Pellorneidae 1 5 3 1 4 3 3 3 3 3 3 3
Phalacrocoracidae 1 1 1 1 1 1 1 1 1 1 1 1
Phasianidae 2 9 5 2 5 3 2 6 5 2 4 4
Phoeniculidae 0 3 1 0 2 1 0 3 2 0 3 2
Phylloscopidae 0 4 2 0 3 2 2 3 3 2 3 3
Picathartidae 0 0 1 0 0 1 0 0 0 0 0 0
Picidae 5 11 11 5 10 10 7 13 12 7 12 10
Pittidae 0 1 1 0 1 1 1 2 2 1 2 2
Platysteiridae 3 11 10 3 9 8 3 8 10 3 8 8
Ploceidae 13 39 29 9 23 21 14 27 21 13 20 17
Pluvianidae 0 1 1 0 0 0 0 0 0 0 0 0
Podicipedidae 0 1 1 0 0 0 1 1 1 0 0 0
Psittacidae 2 4 3 2 4 3 5 4 2 4 4
Pycnonotidae 13 33 26 13 31 25 18 26 25 18 25 24
Rallidae 4 13 10 2 4 3 7 10 11 3 3 4
Remizidae 0 2 1 0 1 1 0 1 2 0 1 1
Sagittariidae 0 0 1 0 0 0 0 1 0 0 0 0
Scolopacidae 2 10 6 0 0 0 11 15 12 0 0 0
Scopidae 1 1 1 0 0 0 1 1 0 0 0
Scotocercidae 2 4 3 2 4 3 2 3 3 2 3 3
Sittidae 0 0 1 0 0 0 0 0 0 0 0 0
Stenostiridae 0 3 2 0 3 2 2 2 2 2 2 2
Strigidae 4 10 7 4 9 6 9 14 12 9 12 11
Sturnidae 5 10 7 4 5 4 3 4 6 3 4 4
Sylviidae 0 3 1 0 0 0 1 1 1 0 0 0
Threskiornithidae 1 2 3 0 1 2 4 6 6 1 2 2
Trogonidae 1 3 2 1 3 2 1 2 2 1 2 2
Turdidae 2 11 7 2 7 5 4 7 6 3 6 5
Turnicidae 0 1 1 0 0 0 1 1 2 0 0 0
Tytonidae 0 0 1 0 0 0 0 1 0 0 0 0
Upupidae 0 1 0 0 0 0 0 1 0 0 0 0
Vangidae 3 5 5 3 4 4 3 3 3 3 3 3
Viduidae 1 3 3 0 1 0 1 1 2 0 0 0
Zosteropidae 0 1 1 0 1 1 0 1 1 0 1 1
Number of species 253 652 511 185 403 334 342 551 522 245 350 344
Number of families 58 84 85 44 66 61 71 83 80 54 60 62
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TABLE S3

The number of reptile species per family in each ecoregion based on the GBIF and WWF databases.

GBIF WWF
CCLF NELF NWLF | CCLF NELF NWLF

Agamidae 2 3 4 0 3 1
Amphisbaenidae 0 0 0 2 0 0
Anguidae 0 0 1 0 0 0
Atractaspididae 0 0 0 9 12 15
Boidae 0 1 1 2 2 2
Chamaeleonidae 0 10 6 1 7 4
Colubridae 3 22 18 36 46 44
Cordylidae 0 0 1 0 0 0
Crocodylidae 2 3 2 2 2 2
Elapidae 2 5 5 5 4 5
Gekkonidae 2 8 7 0 6 8
Geoemydidae 0 0 1 0 0 0
Lacertidae 0 2 2 3 5 4
Lamprophiidae 2 21 15 0 0 0
Leptotyphlopidae 0 0 0 0 1 3
Natricidae 0 2 4 0 0 0
Pelomedusidae 0 4 1 1 2 2
Phyllodactylidae 0 0 1 0 0 0
Pythonidae 0 1 1 0 0 0
Scincidae 1 9 11 6 11 15
Testudinidae 1 1 3 1 3 2
Trionychidae 0 1 0 0 1 1
Typhlopidae 1 3 4 3 5 8
Varanidae 1 1 1 1 1 1
Viperidae 2 7 5 5 6 6
Number of species 19 104 94 77 117 123
Number of families 11 18 21 14 17 17
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FIGURE S1 — Location and intensity of
GBIF samples are clustered along rivers
and major cities (top = birds; middle =

mammals; bottom = reptiles).



