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distribution ranges to test the relative importance of various 
factors in shaping species richness of Bivalvia and Gastrop-
oda. We show that the mid-domain effect, that is, a hump-
shaped richness gradient in a geographically bounded sys-
tem despite the absence of environmental gradients, plays 
a minor role in determining species richness of freshwater 
mollusks in sub-Saharan Africa. The western branch of the 
East African Rift System was included as dispersal barrier 
in richness models, but these simulation results did not fit 
observed diversity patterns significantly better than models 
where this effect was not included, which suggests that the 
rift has played a more complex role in generating diversity 
patterns. Present-day precipitation and temperature explain 
richness patterns better than Eemian climatic condition. 
Therefore, the availability of water and energy for primary 
productivity during the past does not influence current spe-
cies richness patterns much, and observed diversity patterns 
appear to be in equilibrium with contemporary climate. 
The availability of surface waters was the best predictor of 
bivalve and gastropod richness. Our data indicate that habi-
tat diversity causes the observed species–area relationship, 
and hence, that environmental heterogeneity is a princi-
pal driver of freshwater mollusk richness on a continental 
scale.

Keywords  Diversity gradients · Climate simulations · 
Mid-domain effect · Species–area relationship · Dispersal 
barrier · East African Rift System (EARS)

Introduction

Large-scale geographic variation in species richness and 
specifically, why diversity consistently peaks in the trop-
ics and declines toward the poles, has been studied in many 

Abstract  Species diversity and how it is structured on 
a continental scale is influenced by stochastic, ecological, 
and evolutionary driving forces, but hypotheses on deter-
mining factors have been mainly examined for terrestrial 
and marine organisms. The extant diversity of African 
freshwater mollusks is in general well assessed to facili-
tate conservation strategies and because of the medical 
importance of several taxa as intermediate hosts for tropical 
parasites. This historical accumulation of knowledge has, 
however, not resulted in substantial macroecological stud-
ies on the spatial distribution of freshwater mollusks. Here, 
we use continental distribution data and a recently devel-
oped method of random and cohesive allocation of species 
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taxonomic groups (Gaston 2000). Numerous hypotheses 
have been proposed to explain species richness and how it 
is determined by various ecological and evolutionary driv-
ing forces. So far, these hypotheses have been mainly tested 
for terrestrial and marine ecosystems (Beck et  al. 2012), 
whereas freshwater habitats are still underexplored (but 
see Heino 2011; Wagner et  al. 2014). Case studies across 
ecosystems have found that species richness patterns on a 
continental scale can be driven by productivity (Cardinale 
et al. 2009; Pinel-Alloul et al. 2013), evolutionary history 
(Tedesco et  al. 2012; Hutter et  al. 2013), and climate (Li 
et al. 2009; Levinsky et al. 2013), such as the contemporary 
availability of water and energy (Gaston 2000; Keil et  al. 
2008). The role of water and energy in generating species 
richness patterns has been mainly proposed for terrestrial 
systems (Whittaker et  al. 2007), but they may also  be of 
importance in marine and freshwater realms (Hawkins 
et al. 2003; Hurlbert and Stegen 2014). Moreover, dynam-
ics of the past, such as the historical availability of water 
and energy, are believed to influence extant richness pat-
terns drastically (Whittaker et  al. 2007; Zagmajster et  al. 
2014). One proposed mechanism behind the water–energy 
hypothesis is that primary productivity is limited mainly by 
insolation and precipitation and that elevated plant biomass 
may allow higher animal diversity (reviewed in Hawk-
ins et  al. 2003). Habitat heterogeneity is also believed to 
increase species richness because more heterogeneous hab-
itats provide more niche space, which may enable the coex-
istence of more species in a given area (Hortal et al. 2009).

Geography and geological processes also affect species 
richness patterns on various scales and via several pro-
cesses, such as orogenesis (Cotterill and Wit 2011; Hoorn 
et  al. 2013). Major tectonic events such as rift formation 
may have great effects on how species are distributed on 
a continental scale. Rifting causes substantial geological, 
ecological, and climatic changes, which ultimately affect 
regional biota by changing their habitats and by creating 
new corridors or barriers for dispersal (Danley et al. 2012) 
through the alteration of (paleo)drainages (Schwarzer 
et al. 2012). Under certain circumstances, these direct and 
indirect effects may promote isolation and a greater degree 
of endemism (Plumptre et al. 2007), as is observed related 
to lake-level changes in rift lakes (e.g., Schultheiß et  al. 
2009; Genner et al. 2010; Schultheiß et al. 2011, b). Argu-
ably, the consequences of rifting are complex, but simu-
lation studies have demonstrated that barriers for disper-
sal, as created by rifting, affect species richness patterns 
(Šizling et al. 2009).

The East African Rift System (EARS) is a phenomenal 
setting to study the effects of geological processes on the 
freshwater fauna, and the ecological and biotic conse-
quences of rifting, because global hotspots of freshwater 
biodiversity arose in this setting, as exemplified by the 

extensive radiations of cichlid fishes (e.g., Danley et  al. 
2012; Salzburger et al. 2014). There is considerable debate 
about when rifting and the topographic uplift began (e.g., 
Bauer et  al. 2010, 2012), but a recent study suggests that 
both branches of the EARS started developing synchro-
nously from around 25 MYA (Roberts et al. 2012). The rift-
ing process created tectonic basins, some of which are filled 
with lakes, and altered river catchments and hydrographic 
connections at various periods in the past (e.g., Beadle 
1981; Goudie 2005; Stankiewicz and de Wit 2006). The 
effects of topographic changes on regional and continental 
climate during rift development have moreover been stud-
ied extensively in the EARS (e.g., Sommerfeld et al. 2014; 
Chakraborty et al. 2009; Kaspar et al. 2010; Prömmel et al. 
2013). These studies demonstrated that topography affects 
atmospheric circulation and that before the uplift of East 
Africa, conditions were drier west of the western branch of 
the EARS and more humid east of it.

Beyond several ecological factors that are known to 
influence geographic patterns of species richness (see 
above), simulation studies have demonstrated that, even in 
the absence of environmental gradients, plotting diversity 
on geographic transects usually produces a hump-shaped 
curve (Colwell and Hurtt 1994). Hence, greater species 
richness in the tropics could have emerged simply from the 
assumption of a random association between the latitudinal 
range and the placement of this range along latitudes (Col-
well and Hurtt 1994). In short, in a bounded geographic 
setting, higher richness is expected in the center, even if 
variation in fundamental biological processes (e.g., adapta-
tion, speciation, extinction, and predation) is not structured 
along a geographic gradient (Colwell and Hurtt 1994). A 
hump-shaped distribution pattern that is simply caused by 
geometric constraints is known as the “mid-domain effect” 
(MDE). The MDE has been proposed as a model for test-
ing the importance of ecological drivers in generating 
species richness patterns because it allows evaluating the 
degree to which observations can be explained by geomet-
ric constraints (Colwell and Lees 2000). Debate is ongo-
ing about whether the MDE is a fully neutral model [i.e., 
all species sharing initially the same properties (dispersal, 
speciation, and extinction) sensu Gotelli and McGill 2006], 
a null model (i.e., pattern generated by randomization) 
against which potential ecological drivers of species rich-
ness have to be tested (McCain 2004), or whether geomet-
ric constraints are explanatory factors of equal validity to 
more biological drivers in explaining observed patterns of 
species richness (Colwell et al. 2009). In the following, we 
will use the term “geometric model” for species richness 
models that assume environmental gradients to be absent.

Current insights into spatial variation in species richness 
of African freshwater biota are based on data from a lim-
ited set of habitat types and a restricted set of taxa (Wagner 
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et al. 2012, 2014; but see Darwall et al. 2011). Invertebrates 
are particularly underrepresented in these studies, and mol-
lusks have not been included (Graf et  al. 2011; Seddon 
et al. 2011; see Collen et al. 2014), despite (1) being tax-
onomically well studied, (2) being a major component of 
macroinvertebrate communities, and (3) their considerable 
degree of species diversity (Mandahl-Barth 1988; Brown 
1994; Daget 1998; Graf and Cummings 2011). The absence 
of freshwater mollusks from macroecological analyses of 
sub-Saharan Africa is unfortunate because current knowl-
edge on taxonomy and distribution is considerably more 
advanced for mollusks than other freshwater invertebrates 
(Salzburger et al. 2014). Here, we try to address the above-
mentioned knowledge gap for both classes of freshwater 
mollusks, Gastropoda and Bivalvia. They differ in their 
biology, ecology, and life-history parameters (e.g., Dillon 
2000), and hence, these taxa may display different patterns 
of richness depending on environmental conditions (e.g., 
Davis 1982; Dillon 2000; Ponder and Colgan 2002).

In this paper, we investigate whether observed species 
richness patterns in African freshwater bivalves and gas-
tropods are caused primarily by geometric constraints or 
whether a combination of geometric constraints and eco-
logical drivers explains patterns better (Fig.  1). Through 

the comparison of simulated and observed species richness 
patterns, we specifically tested the role of two ecological 
aspects for which strong impacts on species richness pat-
terns have been proposed: environmental heterogeneity and 
the availability of water and energy for primary production. 
Because of the complexity of these ecological factors, we 
used several proxies to test their effects (Fig.  1), and we 
also examined whether species richness is better explained 
by past or contemporary patterns of water–energy avail-
ability by utilizing three climate models. In addition, we 
adapted our models to investigate whether inclusion of the 
EARS as a barrier for dispersal affects predicted species 
richness (Fig. 1).

Materials and methods

This study treats continental sub-Saharan Africa as a bio-
geographic entity. There is some debate as to whether strict 
borders between zoogeographic regions exist and whether 
they are consistent among taxa (e.g., Kreft and Jetz 2010; 
Holt et al. 2013). However, for freshwater fauna, and par-
ticularly mollusks, the Sahara indeed delimits the Afrotrop-
ical zoogeographic region (Graf et al. 2011; Seddon et al. 

Fig. 1   Conceptual outline of 
hypothesized drivers of species 
richness and the simulations 
we performed to test how these 
drivers shape species richness 
in bivalves and gastropods. The 
explanatory power of geomet-
ric constraints, environmental 
heterogeneity, or climatological 
models related to water–energy 
availability in shaping species 
richness patterns was tested 
with simulations that use prob-
ability maps and random range 
allocations (see text). Further-
more, the influence of the East 
African Rift System (EARS) 
as a barrier for dispersal was 
included in our simulations, 
resulting in a total of 12 rich-
ness simulations
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2011). For all our analyses, we employed the Albers equal-
area conic projection, with a grain size of 100 × 100 km, 
which is a resolution that has typically been applied for 
studies on a continental scale (e.g., Beck et al. 2012).

Range maps, range‑size frequency distribution, and species 
richness

We used distribution data of sub-Saharan freshwater mol-
lusk species compiled during the freshwater biodiver-
sity assessments of Africa by the International Union for 
Conservation of Nature (IUCN; Darwall et  al. 2011). We 
excluded Malagasy species and island endemics, 30 brack-
ish water species, and one questionable subfossil species 
(Table S1). Four range maps were adapted to include data 
from Brown (1994) (Table S1), e.g., by adding missing type 
localities. The resulting range maps for 82 bivalve and 318 
gastropod species represent 70.1 and 86.8 %, respectively, 
of the known Afrotropical and Malagasy species richness 
in these classes (Strong et al. 2008; Bogan 2008). Range-
size frequency distributions (RSFDs) were calculated for 
bivalves and gastropods separately. African freshwater mol-
lusks have been intensively studied because of the medi-
cal importance of some gastropods that act as intermediate 
hosts for tropical parasites, and because of conservation 
concerns related to bivalves (Brown 1994; Daget 1998; 
Graf and Cummings 2011). After previous phases of split-
ting and lumping, the taxonomy is overall well resolved, 
but it is still not fully stable, and taxonomic uncertainty 
may influence estimates of species richness. Specifically, 
for some of the endemic lacustrine species flocks, such as 
that of Lavigeria in Lake Tanganyika, species diversity is 
uncertain, as more species may need to be described (West 
et  al. 2003; Glaubrecht 2008; Schultheiß et  al. 2009). To 
assess the robustness of our conclusions against taxonomic 
uncertainty, we repeated our calculations and simulations 
excluding all taxa that are endemic to rift lakes (Table S2; 
Supplementary material).

The IUCN initially mapped mollusk distributions to 
watersheds (Darwall et al. 2011), as delineated by the high-
est available resolution of the HYDRO1k Elevation Deriva-
tive Database (published by the US Geological Survey 
Earth Resources Observation and Science Center; Masu-
tomi et  al. 2009). Similar approaches have been used in 
other studies of species richness patterns (Markovic et  al. 
2014). Range maps were gridded onto the domain by ras-
terizing only those parts of the distribution that cover more 
than 50 % of one grid cell. However, in case a species dis-
played a fragmented distribution, single fragments smaller 
than the grain size were also gridded to preserve the signal 
of a scattered distribution within small watersheds. Species 
richness was calculated by summing the overlapping ranges 
in each grid cell. All calculations and richness simulations 

were performed using the package raster version 2.2-31 
(Hijmans 2014) in R version 3.0.1 (R Core Team 2014).

Species richness simulations

To evaluate the extent to which current species richness 
patterns are driven by geometric constraints, environmen-
tal heterogeneity, or water–energy availability, we per-
formed richness simulations for each of these potential 
drivers, to subsequently estimate the correlation between 
simulated results and observed species richness. Specifi-
cally, we constructed four types of Monte Carlo models 
to simulate species richness under each of these potential 
drivers and performed 100 species richness simulations 
with each driver to create statistical populations of simula-
tions that were used to test correlations with observed spe-
cies richness.

Geometric constraints only

In general, two methods have been proposed to randomize 
range allocation for testing a two-dimensional MDE (Jetz 
and Rahbek 2001; VanDerWal et al. 2008). The latter one 
defines species ranges as rectangular units defined by the 
longitudinal and latitudinal extent of the species’ observed 
range. The other approach focusses on the actual size of 
observed species ranges, and because it does not over-
estimate range sizes, we applied this approach. The way 
simulated species ranges are constructed with this second 
approach has been compared to “the spreading of dropped 
dye” (Jetz and Rahbek 2001): the first grid cell to be occu-
pied is chosen randomly, and subsequent grid cells adja-
cent to already occupied cells are added randomly, until the 
observed range size has been reached. This mode of range 
allocations was performed for all species, each with its 
own observed range size, and the complete simulation was 
repeated 100 times for the entire dataset.

Because the western branch of the EARS appears to 
have acted as a dispersal barrier for many freshwater mol-
lusks since the Pliocene (Schultheiß et al. 2014), with the 
result that many freshwater mollusk species occur only 
at one side of this rift branch, we repeated simulations 
of geometric constraints with the western branch of the 
EARS as a dispersal barrier for randomized range building. 
We defined this barrier by considering the cells along the 
western branch of the EARS as a hard boundary, so that 
when the boundary is reached, the chance of adding a grid 
cell at its other side is reduced to zero. Note, however, that 
spreading around the boundary is possible at its northern 
and southern end, so that this additional parameter does not 
prevent taxa with a wide range to occur at both sides of the 
western branch of the EARS, as was observed in nature for 
some taxa.
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Water–energy hypothesis and climate simulations

The random range allocation model that we used for test-
ing the presence of geometric constraints can be altered to 
test hypotheses related to ecological drivers. The effects 
of ecological drivers can be simulated by replacing the 
assumption of an unstructured bounded lattice with a rug-
ged surface, where the addition of grid cells to a range is 
more likely in one direction (i.e., more likely toward val-
leys in the rugged surface than toward peaks) (see Rahbek 
et  al. 2007). The rugged surface can be modeled so that 
ruggedness reflects the environmental characteristics of a 
particular ecological factor and variation of that ecological 
factor on the grid. From this rugged surface, a probabil-
ity map for spatial range expansion is created, and range 
allocation based on this probability map (i.e., the specific 
underlying environmental driver) can then be compared to 
observed species richness to investigate the effect of the 
driver beyond the effects of geometric constraints alone 
(Levinsky et al. 2013). In this modification, the first cell is 
chosen based on the ecological probability landscape, and 
subsequent cells are added adjacently to already occupied 
grid cells based on these probabilities as well.

The impact of the availability of water and energy for 
primary production has received substantial attention dur-
ing the previous decade, but a consensus on relationships 
of these factors to species richness is still lacking (Levinsky 
et al. 2013). Different studies implemented a variety of dif-
ferent climate variables (e.g., Whittaker et al. 2007; Rahbek 
et al. 2007; Dias et al. 2014). Here, we follow the approach 
of Levinsky et al. (2013) and constructed a probability map 
using the first axis of a principle component analysis (PCA) 
that includes mean temperature of the warmest month and 
annual sum of precipitation. These variables are taken from 
the climate simulations of Prömmel et  al. (2013), which 
were obtained using a non-hydrostatic regional climate 
model CCLM (COSMO model in CLimate Mode; Rockel 
et al. 2008). The original climate model covered the African 
continent almost entirely with a resolution of 0.5 x 0.5°. All 
climatic variables were resampled to the approximately 
four times coarser resolution of 100 x 100 km adopted in 
our study.

Three climate simulations from Prömmel et  al. (2013) 
were used representing different forcing mechanisms as 
described by Kaspar et  al. (2010) and with modifications 
by Prömmel et  al. (2013). The first climate simulation 
was a pre-industrial control simulation with pre-industrial 
greenhouse gas concentrations, topography, and orbital 
parameters. The second represented Eemian climate con-
ditions (i.e., 125,000  years BP) by changing the orbital 
parameters and greenhouse gas concentrations to values 
from that time but keeping the topography at pre-industrial 
conditions. The third simulation represented the effects of 

tectonic forcing by reducing topography in Southern and 
Eastern Africa by 50 % whereas the orbital parameters and 
greenhouse gas concentrations were kept at pre-industrial 
levels. This model arguably is an oversimplification of the 
more complex rifting process, which began in the north and 
propagated to the south (Maslin and Christensen 2007), 
but changing topography alone may give a better insight 
into the explanatory power of this factor. Hence, this cli-
mate model does not represent a single moment in time, but 
rather, general Miocene conditions. The modeled topog-
raphy probably represents Early to Middle Miocene con-
ditions in the north and Middle to Late ones in the south 
(Prömmel et al. 2013). Systematic errors in climate models 
were corrected by comparison with gridded observation of 
temperature (ERA-Interim reanalysis; Dee et al. 2011) and 
precipitation (Global Precipitation Climatology Centre full 
data reanalysis product; Schneider et al. 2011; Rudolf and 
Schneider 2005).

Environmental heterogeneity

As mentioned in the introduction, heterogeneity in habitats 
may have a strong effect on species richness. We incor-
porated this aspect in our analyses by taking topographic 
variability within grid cells as a proxy for habitat hetero-
geneity, which is an approach that has been utilized before 
(Rahbek et al. 2007). However, we modified the approach 
of former authors by including areas above the snowline 
because some African mollusks occur in ecosystems at 
greater altitudes (Mandahl-Barth 1988; Brown 1994; Böß-
neck 2012). For each 10,000-km2 cell, we calculated the 
difference between maximum and minimum elevation as 
given by the GTOPO30 dataset with a spatial resolution 
of approximately 1 km at the equator. These differences in 
elevation were directly transformed into a probability map. 
Increased topographic variation also increases the habitable 
surface area; hence, the proxy we used to some extent also 
reflects available space, which may influence patterns of 
extant species richness (Rahbek et al. 2007).

A second proxy of environmental heterogeneity in fresh-
water ecosystems is the availability of freshwater habitats 
within each grid cell. We assessed this aspect on a 1 x 1 km 
scale using high-resolution data from www.diva-gis.org 
(accessed October 26, 2013). Specifically, we subdivided 
each 10,000-km2 grid cell into 10,000 grid cells of 1 km2. 
For each of these small grid cells, we weighted water avail-
ability. If <50 % of the grid cell was occupied by surface 
water, the cell received a value of zero. If >50 % was occu-
pied by surface water, the cell received a value of 1 or 2, 
depending on whether this surface water was ephemeral or 
perennial, respectively. Subsequently, we added the values 
obtained for all of the 1-km2 cells within a 10,000-km2 cell 
to obtain a summary value for water availability in each 

http://www.diva-gis.org
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of the large grid cells, which again was converted in a fre-
quency density distribution and a probability map.

Because lotic systems are, on average, more stable and 
long-lived than lentic systems (Hof et  al. 2008), we also 
calculated the availability of running water separately in 
exactly the same way as indicated above.

In summary, we ran simulations with three proxies of 
environmental heterogeneity, i.e., one representing topo-
graphic variability, one with general surface water area, and 
one characterizing the surface occupied by rivers (Fig. 1).

Statistical analyses

In total, 12 species richness simulations were outlined 
above accounting for various factors that may affect the 
distribution of mollusks in sub-Saharan Africa (Fig. 1). As 
mentioned, we ran 100 simulations for each of these sce-
narios and calculated summary statistics of predicted spe-
cies richness. These statistics were used for Pearson’s cor-
relation analyses to test the extent to which the simulated 
and observed diversity patterns are correlated. Acknowl-
edging that spatial autocorrelation overestimates the num-
ber of observations, we corrected P-values using Dutilleul’s 
method as implemented in the R package SpatialPack ver-
sion 0.2 (Osorio et al. 2012).

To test whether the 12 ways of simulating species rich-
ness (Fig. 1) differ in the way they predict observed rich-
ness patterns of African mollusks, we performed a Bayes-
ian alternative of an Analysis of Variance (BANOVA) using 
all simulation runs. This method is capable of dealing with 
non-homogenous variances (Kruschke 2011), but also 
has several other advantages. First, the number of simula-
tions is chosen arbitrarily, and even very small differences 
will yield significant results using traditional statistics if 
the number of individual observations (i.e., simulations) 
is greatly increased (White et  al. 2014). In a Bayesian 
framework, the parameters of interest (here, the deflec-
tion of each model from the overall tendency and the dif-
ferences among groups) are estimated directly by reallo-
cating the coefficients across a set of possible candidates 
(i.e., the prior) during each Markov chain Monte Carlo 
run (MCMC), so that the number of simulations does not 
directly affect significance levels. Moreover, in contrast 
to traditional methods, no test statistic is required because 
the reliability of the parameter of interest is given by the 
95  % highest density interval (HDI), which summarizes 
where the majority of reallocated coefficients falls (i.e., the 
posterior). The position of 95 % HDI in comparison with 
the overall mean resulting from all performed simulations 
forms the basis for evaluation. If the HDI does not include 
zero, that particular simulation differed substantially from 
the overall mean, and strong indications exist for a cred-
ible deflection of the particular simulation from this mean 

(Kruschke 2013). The second reason for adopting a Bayes-
ian framework is that we aim to test for pairwise differ-
ences between individual simulations and groups of simu-
lations, e.g., groups including or excluding the EARS as 
dispersal barrier. Such correlations are in traditional sta-
tistics typically assessed with post-hoc testing after which 
the obtained P-values are corrected, to mitigate chances 
for false positives. Such corrections are not necessary in a 
Bayesian framework because differences between groups 
can be directly estimated from pairwise comparisons of the 
posterior distributions of each simulation (Kruschke 2011). 
The BANOVA was performed using package rjags version 
3-11 (Plummer 2013) for R. Visual inspection of prelimi-
nary runs revealed substantial autocorrelation in posterior 
distributions. Therefore, after removing a burn-in of 10,000 
generations, we sampled 10,000 runs for bivalves and gas-
tropods at each 35 and 100th step, respectively.

Results

RSFDs of bivalves and gastropods were both left-skewed, 
indicating that most taxa have highly restricted distri-
butions, whereas few occupy large geographic ranges 
(Fig.  2). In general, species richness maps of gastropods 
and bivalves showed greatly similar patterns in sub-Saha-
ran Africa (rPearson = 0.49 DF = 152.3 P < 0.001) with the 
highest richness in Lakes Malawi, Tanganyika, and Victoria 
(Fig. 3). Species richness peaked in longitudinal and latitu-
dinal positions that correspond to the African Great Lakes 
(AGL), which testifies to the regional effects of rifting on 
species richness (Fig.  3, but see Fig S1 for a comparison 
without AGL endemic species). Despite great similarities, 
some differences exist between the overall distribution of 
bivalves and gastropods: bivalves reach relatively greater 
richness in forest–rivers of West Africa, and gastropod 
communities are more diverse in the East African coastal 
rivers and the Congo watershed. 

Different random range allocation models showed vari-
ous predictions of species richness (Fig.  4). The patterns 
revealed by various simulations were consistently similar 
for both classes. The two simulations relying purely on 
geometric constraints showed the typical pattern of a mid-
domain effect, i.e., highest species richness in the center of 
the domain (Fig. 4). Generally, the distribution of species 
richness was rather homogenous for both classes: richness 
peaked at 7.02 and 14.78 species, for bivalves and gastro-
pods, respectively, with minimal values of 1.51 and 3.52 
at coastal grid cells. Whenever the EARS was included as 
a dispersal barrier in simulations, a higher richness peak 
was produced and this peak shifted toward the northwest 
in comparison with the peaks in simulations based solely 
on geographic constraints (Fig. 4). Climate-driven richness 
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simulations, which were based on a probability map that 
reflects precipitation and temperature, resulted consistently 
in more pronounced richness peaks in northern sub-Saha-
ran Africa. Simulations guided by the grid cell probabilities 
based on topographic heterogeneity showed highest species 
richness along the rift shoulders and at the Gulf of Guinea 

(Fig. 4). Simulations that used surface area of inland waters 
as proxy of environmental heterogeneity revealed a broader 
richness peak than the one obtained for climate-driven 
simulations and the peak extended more toward the south-
east. Comparisons of simulated and observed species rich-
ness patterns resulted in significant results only for the four 

Fig. 2   Frequency distribution of range sizes of (a) 82 bivalve and (b) 
318 gastropod species on a semi-logarithmic scale (actual frequency 
numbers are indicated). Range maps on which these frequency dis-

tributions are based were first compiled during the IUCN freshwater 
biodiversity assessments of Africa (Darwall et  al. 2011) and were 
modified to include data from Brown (1994) and other resources

Fig. 3   Extant species richness patterns in sub-Saharan Africa in 
10,000-km2 grid cells for (a) Bivalvia and (b) Gastropoda. All maps 
use Albers equal-area projection. The legend for the gastropod dataset 
has been truncated at its top end because the high diversity in Lake 
Tanganyika would otherwise obscure patterns elsewhere in Africa. 
Black areas indicate regions that are not occupied by any of the mol-

lusk species assessed by the IUCN (Darwall et al. 2011). Summarily 
latitudinal and longitudinal richness gradient are indicated at the top 
and right side: Solid lines show species richness per 100-km-wide lat-
itudinal and longitudinal sector, respectively, and dashed lines illus-
trate richness gradients corrected for the number of grid cells sampled 
per sector
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models of environmental heterogeneity that deal with the 
availability of surface water. Pearson’s correlation coeffi-
cients for these models are consistently higher than those of 
other models in both classes; they range between 0.54 and 
0.63 for bivalves and between 0.44 and 0.47 for gastropods 
(Table 1).

Pearson’s correlation coefficients between simulated and 
observed species richness showed overall higher values and 
more variability for bivalves than for gastropods, testifying 
to the differences in sample sizes (i.e., total species diversity; 
Fig.  5). The BANOVA indicated that many simulations for 
both bivalves and gastropods displayed credible deflections 
from the common mean of all models (Table 2). The Bayes-
ian test of pairwise differences between simulations revealed 
that the geometric constraints model resulted in significantly 
lower correlation coefficients (see lower case letters in Fig. 5) 
than the other models (with a mean difference between two 
models of up to ΔrPearson = 0.3; Table S3). Climate models 
including water–energy availability predicted species richness 
better than the models of geometric constraints. However, the 
pattern differs somewhat between bivalves and gastropods: 
Simulations using pre-industrial climatic proxies for these 
resources correlated better with observed species richness 

Fig. 4   Averaged patterns of species richness obtained from 100 sim-
ulations for each of the different range cohesion methods that were 
implemented (see Fig.  1) for (a) Bivalvia and (b) Gastropoda. The 

superimposed line is showing the western branch of the East African 
Rift System (EARS), which was included in the respective simula-
tions as barrier for the allocation of species ranges

Table 1   Pearson correlation coefficients between observed and simu-
lated species richness using different range cohesion methods

Due to spatial autocorrelation, all P-values have been calculated with 
reduced degrees of freedom. Significant correlations (α ≤  0.05) are 
highlighted in bold

Model Bivalvia Gastropoda

rPearson P-value rPearson P-value

Hypothesis of geometric constraints only

Geometric 0.319 0.120 0.339 0.154

Geometric + barrier 0.340 0.111 0.333 0.135

Hypothesis of geometric constraints + water–energy relationship

Control 0.462 0.080 0.413 0.069

Control + barrier 0.470 0.081 0.408 0.066

Orbital 0.481 0.095 0.340 0.150

Orbital + barrier 0.493 0.089 0.342 0.135

Tectonic 0.516 0.067 0.411 0.072

Hypothesis of geometric constraints + environmental heterogeneity

Topography 0.325 0.177 0.211 0.247

Surface water area 0.578 0.022 0.464 0.028

Surface water area + barrier 0.632 0.019 0.466 0.026

Lotic water area 0.539 0.033 0.446 0.034

Lotic water area + barrier 0.551 0.034 0.443 0.030
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for gastropods (mean ΔrPearson = 0.069; HDI = 0.044:0.084; 
Table S3) than did models of orbital forcing conditions from 
the past. But these pre-industrial models performed equally 
well as models employing tectonically forced climate (mean 
ΔrPearson  =  0.009; HDI  =  0.004:0.023; Table S3). For 
bivalves, the differences between climatic models are smaller, 
with a maximum of ΔrPearson =  0.055 (Table S3). Models 
of current climate and Eemian climate conditions both cor-
related in a very similar way with extant species richness 
(Table 2). Inclusion of the rift as dispersal barrier increased 
the correlations somewhat, though not significantly (Fig. 5). 
The tectonic model performed well for both bivalves and 
gastropods (Table 2, Fig. 2). Models including surface water 
area as proxy of environmental heterogeneity yielded the best 
correlations with observed species richness (Table 2); correla-
tion coefficients for these models are consistently higher than 
those of other simulations (see lower case letters in Fig. 5). 
An overall comparison of models that included the rift as bar-
rier did not correlate better with observed species richness 
than models without rift: The BANOVA results showed that 
the mean of these two groups of simulations are likely equiva-
lent because the posterior distribution of pairwise differences 
includes zero in both taxa (Bivalvia: mean ΔrPearson = 0.011, 
HDI = −0.001:0.024; Gastropoda: mean ΔrPearson = −0.004, 
HDI = −0.008:0.001). 

Analyses excluding lacustrine endemic faunas of the 
EARS to investigate whether taxonomic uncertainty affects 
correlations between observed and simulated species rich-
ness patterns (Fig. S1) resulted often in slightly higher 
Pearson’s correlation coefficients than those obtained when 
these endemics are included (Table S4). A significant, but 
nevertheless minor improvement (mean ΔrPearson = 0.015; 
HDI  =  0.013:0.018), was only achieved for gastropods, 
which arguably have larger species flocks in the EARS than 
bivalves (Fig. S2). Like for analyses utilizing all species, 
simulations based on surface water area yielded the best 
resemblance to extant species richness for the pruned data-
set (Table S4; Fig. S2).

Discussion

Range‑size determination in freshwater mollusks

On a continental scale, the relative importance of geometric 
constraints and ecological drivers on extant species rich-
ness depends somewhat on the frequency distribution of 
range sizes (Colwell and Lees 2000). If many of the studied 
species have large range sizes, richness pattern will be pre-
dominantly determined by geometric constraints, whereas 

Fig. 5   Violin plots showing populations of Pearson’s correlation 
coefficients obtained from observed species richness and individual 
runs (100 in total) of simulated species richness with each of the 
range cohesion methods for (a) Bivalvia and (b) Gastropoda (see 
Fig.  1). Letters above the plots indicate statistic similarity or dif-

ferences. Models with the same letter are not significantly different 
from one another, whereas those with different letters are. These dif-
ferences were inferred from a Bayesian alternative for ANOVA with 
post-hoc testing (see text for details)
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environmental constraints are usually more important if 
many species have small range sizes. Bivalves and gastro-
pods both show similar RSFD with few widely and many 
narrowly distributed species (Fig. 2), despite differences in 
their biology (e.g., mode of reproduction, feeding strategy, 
substrate preference, and dispersal capacity). Such left-
skewed RSFDs are characteristic for most taxa (Lomolino 
2010). Observed range sizes are influenced by both biotic 
and abiotic factors, and the range of a species is often set 
by dispersal limitation (for recent reviews, see, e.g., Cahill 
et al. 2014; Hargreaves et al. 2014). Some closely related 
taxa have massively different range sizes, which suggests 
that intrinsic properties at the class level are no major 
determinant of differences in range size and thus regional 
species richness patterns in freshwater mollusks.

Species richness patterns in Africa

Upon testing for the first time the role of various factors 
in shaping mollusk richness distributions on a continental 
scale, we found great similarity between richness patterns 
of bivalves and gastropods (Fig. 3). The latitudinal diversity 
gradient constructed here  resembles earlier, more general 
descriptions of diversity distributions (Brown 1994; Graf 

and Cummings 2011). The fine-scaled diversity patterns 
revealed here clearly testify to the role of rifting in generat-
ing diversity in African freshwater mollusks, because spe-
cies richness peaked within the EARS for both bivalves 
and gastropods. In general, diversity patterns of African 
freshwater mollusks seem to match recently compiled rich-
ness patterns for other African freshwater taxa that were 
included in a global diversity dataset (Collen et al. 2014).

The various simulations ultimately did not differ much 
between bivalves and gastropods in generated species rich-
ness patterns (Fig.  4), which is a consequence of these 
taxa’s similar RSFD (Colwell and Lees 2000). Our two-
dimensional geometric models resulted in a central rich-
ness peak (Fig.  4), which matches the MDE observed in 
birds (Jetz and Rahbek 2001). Most other studies that have 
investigated two-dimensional geometric models (e.g., Jetz 
and Rahbek 2001; Murphy et al. 2011 and others, summa-
rized in Colwell et  al. 2004), obtained similar correlation 
values between observed and simulated species richness 
to ours (converted to rPearson between 0.00 and 0.45). The 
correlation between patterns of observed species richness 
and those simulated with models of geometric constraints 
indicate that the distribution of mollusk richness is driven 
partly by the shape of sub-Saharan Africa.

Table 2   Deflection of 
simulation models from the 
overall mean, resulting from 
all performed simulations, and 
their 95 % HDI as estimated by 
the Bayesian alternative of an 
ANOVA

Bivalvia Gastropoda

Hypothesis of geometric constraints only
Geometric -0.069

-0.085:-0.053
-0.139

-0.183:-0.097
Geometric + Barrier -0.074

-0.09:-0.059
-0.140

-0.185:-0.097
Hypothesis of water-energy rela�onship

Control 0.041
0.032:0.051

-0.033
-0.060:-0.005

Control + Barrier 0.029
0.019:0.038

-0.015
-0.04:0.014

Orbital -0.027
-0.038:-0.017

0.008
-0.020:0.037

Orbital + Barrier -0.037
-0.046:-0.026

0.021
-0.008:0.050

Tectonic 0.032
0.022:0.041

0.021
-0.007:0.049

Hypothesis of environmental heterogeneity
Topography -0.197

-0.209:-0.185
-0.132

-0.163:-0.100
Surface water area
availability

0.090
0.081:0.098

0.096
0.066:0.124

Surface water area + Barrier 0.081
0.070:0.091

0.160
0.132:0.189

Lo�c water area 0.072
0.064:0.08

0.070
0.042:0.097

Lo�c water area + Barrier 0.059
0.048:0.069

0.083
0.054:0.111

Departures where the 95 % HDI 
does not include zero indicate 
credible differences from 
the overall tendency and are 
highlighted in bold
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Nevertheless, the limited strength of the correlation 
suggests that environmental gradients and evolutionary 
history play major roles in structuring biodiversity spa-
tially. Indeed, ecological models that incorporated spatial 
heterogeneity and climatological information predicted 
observed species richness better than models of geometric 
constraints alone. Our findings hence corroborate the pat-
terns observed in two similar studies dealing with the spe-
cies richness of South American birds (Rahbek et al. 2007) 
and of North American trees (Murphy et al. 2011). Species 
richness in both of these studies is explained best by water–
energy dynamics and hence climatological factors. Note-
worthy is that these studies used a highly similar approach 
to the one adopted here and that many of the models tested 
in the first study, like some of ours, were also on the edge 
of reaching significance. Our results document a strong 
and significant correlation of extant mollusk richness with 
models that incorporate the area of available water bodies. 
These models did not produce the most complex patterns 
of species richness; our simulations with topographic data 
simulated species richness distributions with peripheral 
richness peaks and cratered rings (Fig.  4). This complex 
spatial structuring resembles observed species richness pat-
terns of African birds (Jetz and Rahbek 2001), but not of 
bivalves and gastropods.

Simulations with a dataset that excluded all species 
endemic to rift lakes from the analyses indicated that our 
analyses are robust against taxonomic uncertainty. These 
additional analyses did not generate large differences, and 
our models still ranked the same in explaining observed 
species richness (Fig. S2). This observed robustness against 
different taxonomic scenarios for rift–endemic taxa is 
likely due to the limited influence of a few grid cells with 
spectacular species richness on correlation analyses with 
continent-wide data (<10 % of >2,000 grid cells).

Below, we will try to use our insights into correla-
tions between observed and simulated richness patterns to 
explore the mechanisms that may be responsible for gen-
erating and maintaining species richness patterns, which 
is a much needed insight (e.g., Hawkins et al. 2003; Cahill 
et al. 2014).

The EARS as dispersal barrier

Results of simulations that included the EARS as an imper-
meable barrier for organismal dispersal did not improve the 
fit with observed species diversity much beyond the fit of 
the same model without inclusion of this barrier (Fig.  5). 
This result was somewhat surprising, given that observed 
species distributions suggest a limited degree of trans-rift 
dispersal. Only two bivalve and 21 gastropod species (out 
of 82 and 318, respectively, so <10 %) occur at both sides 
of the rift. We had expected that the inclusion of the rift as 

a dispersal barrier would result in a westward shift of the 
richness peak toward the Congo Basin, which would have 
resembled empirical species richness better, at least for gas-
tropods, than the results of simulations based on geometric 
constraints alone (Fig. 4). Nevertheless, our observed spe-
cies richness patterns (Fig. 3) indicate great diversity within 
the rift, which suggests that the EARS played an important 
role in generating and structuring species richness. Hence, 
the rift had a more complex influence on species diver-
sity than was accounted for in our models. However, the 
effect of the EARS on continental species richness patterns 
remains overall rather limited, which could be contributed 
to the fact that the EARS represents <10 % of >2,000 grid 
cells. The regional effect of the EARS was exemplified in 
our analyses that excluded all species endemic to the rift 
lakes: Limited differences were observed from those that 
included the large species flocks of the EARS, and the 
ranking of our models in explaining observed species rich-
ness stayed the same (Fig. S2).

Mountain ranges, like the Tibetan Plateau, have been 
shown to act as strong dispersal barriers for freshwater gas-
tropods (e.g., von Oheimb et al. 2013), but this is not the pri-
mary role the EARS played in generating macroecological 
patterns. Perhaps the limited effect is due to the fact that the 
EARS is not a homogenous mountainous structure and that 
climate and topography may have interacted strongly with 
another in generating and obliterating dispersal corridors 
through time (e.g., Van Bocxlaer et al. 2008; Day et al. 2013; 
Schultheiß et  al. 2014). Beyond the diversity in the AGLs 
(e.g., Darwall et al. 2011; Salzburger et al. 2014; Schultheiß 
et  al. 2014), the uplift of the rift shoulders also promoted 
the evolution of mollusks endemic to high altitudes (Böß-
neck 2012). In conclusion, our study does not indicate that 
the western branch of the EARS impacted species richness 
in mollusks strongly, at least not as a potential dispersal bar-
rier between regions more to the east and west. However, in 
mollusks and in some vertebrates, it may have caused a high 
turnover in species composition at both sides of the Alber-
tine rift (Leprieur et al. 2011; Schultheiß et al. 2011a; Linder 
et  al. 2012), and at least for fishes, differences in species 
richness were observed as well (Leprieur et al. 2011).

Past and present water–energy availability and its impact 
on species richness

As mentioned several times above, the EARS may have 
influenced present-day species richness patterns of fresh-
water mollusks in sub-Saharan Africa through its impact 
on African climate (Trauth et al. 2005, 2009; Donges et al. 
2011; Prömmel et al. 2013). This impact includes changes 
in the distribution of precipitation and energy for primary 
productivity over the continent through time, and hence, 
the effects of the EARS on species richness may be largely 
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indirect. The rift–climate interaction has been outlined in 
several studies (e.g., Danley et  al. 2012), and the major 
impact of climate on distribution patterns on a continental 
scale has been demonstrated for many taxa, both terrestrial 
(e.g., Levinsky et al. 2013) and freshwater (e.g., Van Bocx-
laer et al. 2008; Damm et al. 2010; Dias et al. 2014). More-
over, a recent meta-analysis highlighted a greater influence 
of climate- and productivity-related parameters on species 
richness than that of factors related to other aspects of habi-
tat heterogeneity (Field et al. 2009).

We found that pre-industrial, recent climate explains 
observed species richness in gastropods better than Eemian 
climate conditions (Table  1). This result indicates that 
contemporary water–energy availability structures spe-
cies richness and that the imprint of past climate on cur-
rent species distributions is limited, despite the effects it 
had on generating and obliterating species in the past (e.g., 
Van Damme and Pickford 2003; Van Bocxlaer et al. 2008; 
Levinsky et al. 2013). These studies and our results suggest 
that species richness patterns may be very dynamic.

Environmental heterogeneity as drivers of species richness

Upon investigating environmental heterogeneity with mod-
els accounting for topographic variation, no significant 
correlation between observed and simulated species rich-
ness patterns was obtained (Table 1). This result suggests 
that temperature and other factors related to heterogeneity 
in elevation do not play a major role in structuring species 
richness geographically.

Models using available surface water area overall per-
formed best in explaining observed bivalve and gastropod 
richness patterns in sub-Saharan Africa. At least in the case 
of gastropods, the correlation of observed and simulated 
richness patterns was significantly better if lotic and lentic 
habitats were considered, than when only lotic waters were 
included (ΔrPearson = 0.018; Table S3; Fig. 5).

The area of surface waters has been suggested to be a 
critical determinant of distribution patterns of freshwa-
ter organisms including mollusks on regional and conti-
nental scales (Aho 1978; Dehling et  al. 2010). Although 
species–area relationships are often observed, like in our 
study, debate continues as to the mechanisms responsible 
for it (e.g., Lomolino 2010; Triantis et  al. 2012). In the 
case of freshwater mollusks, habitat availability and diver-
sity likely drive this correlation, as has been proposed for 
other taxa as well (Scheiner 2003). Future analyses may 
examine this issue by including more complex classifica-
tions of freshwater environments (and how environments 
have changed over time), as more ecological data on mol-
lusk habitat preferences become available. Lotic–lentic 
water availability and differences in the habitats they pro-
vide were shown to be determinants of species range sizes 

in aquatic Coleoptera: Running-water (lotic) beetle species 
have much smaller distributions than those occurring in 
standing water (Ribera and Vogler 2000), but more work on 
mollusks is required to document whether types of inhab-
ited water bodies are correlated with species range size. 
Our result that surface water area is the main predictor of 
species richness patterns in sub-Saharan Africa contrasts 
some of the results other workers obtained using similar 
methods (Rahbek et  al. 2007). These authors and others 
(summarized in Field et al. 2009) investigated environmen-
tal heterogeneity as a driver of terrestrial species richness 
on a continental scale, but found that climate factors and 
productivity explain observed species richness better. Sur-
prisingly, similar results were also obtained for some fresh-
water animals, including mollusks, in Europe (Field et al. 
2009; Dehling et al. 2010).

We expected strong correlations between observed pat-
terns and those simulated with climate models because sub-
Saharan Africa in general and East Africa in particular have 
experienced pronounced moisture–drought cycles (Trauth 
et al. 2005, 2009, 2010; Donges et al. 2011). However, our 
results demonstrate that the availability of surface waters 
has a stronger effect than climate stress. Perhaps the dif-
ferences between species richness patterns in Europe and 
Africa relate to an on average higher degree of instability 
of surface waters in Africa, and the greater limitations of 
energy at higher latitudes (Hawkins et al. 2003; Whittaker 
et al. 2007). Global richness patterns of freshwater fish are 
also more influenced by environmental heterogeneity than 
by climate and productivity (Oberdorff et  al. 2011), but 
the impact of climate may differ greatly between zoogeo-
graphic regions (Dias et al. 2014).

Interestingly, environmental heterogeneity had been pro-
posed as one of the main drivers of species richness where 
and when climatic conditions (water–energy hypothesis) 
are not limiting (Stein et al. 2014). Overall, our results indi-
cate that  factors like the availability of climatic water and 
energy do not currently structure mollusk species richness 
in most regions of sub-Saharan Africa, but drastic changes 
in climate parameters may have occurred in the past. Our 
study hence confirms that, in the absence of precipitation 
and insolation as limiting factors, the heterogeneity of 
freshwater environments in sub-Saharan Africa shapes spe-
cies richness patterns in bivalves and gastropods in highly 
similar ways.

Conclusions and future directions

Comparisons of observed and simulated species richness 
indicate that environmental heterogeneity and geometric 
constraints together shape bivalve and gastropod richness 
in sub-Saharan Africa, which has not been demonstrated 
on a continental scale. Our understanding of contemporary 
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geographic patterns of species richness in Africa could be 
further enhanced by more in-depth studies. Whereas all 
of our models are influenced by geometric constraints, 
future models should incorporate the fact that many mol-
lusks have limited dispersal capabilities in the absence of 
hydrographic connections, which may have contributed 
to the restricted occurrence of most species (left-skewed 
RSFD). Hence, species distribution patterns in the past and 
historic biogeography may have strongly influenced current 
species richness patterns, which could be investigated by 
implementing detailed information on species niches and 
phylogeny. Ideally, future studies that aim to model species 
richness could also embed changes in paleohydrographic 
connections (e.g., Dias et al. 2014).
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