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Introduction

Aim of the Deliverable

Actual rates of freshwater species extinction due to human actions are considered to be much higher than
background (natural) extinction rates. However, efforts to set global conservation priorities have, until recently,
largely ignored freshwater diversity thereby excluding some of the world's most species rich, threatened, and
valuable taxa. With the increasing availability of large-scale spatial data on freshwater biodiversity, we are now
able to get a better understanding of global freshwater diversity gradients and their probable causes that will
further serve to address some questions fundamental to conserving freshwater taxa, namely, to determine the
major historical and environmental drivers of contemporary species distributions. Such information is important to
further our understanding of how species might respond to on going and future impacts to the environments in
which these species are living.

Summary of the manuscript*

Here we model, using simultaneous autoregressive (SAR) procedures, global species richness and
endemism patterns for five freshwater taxa (i.e. aquatic mammals, aquatic birds, fishes, crayfish and aquatic
amphibians) and investigate the environmental factors driving these patterns at the river drainage basin grain in

light of three prominent ecological hypotheses (i.e. “climate/productivity”, “area/environmental heterogeneity” and
“history/dispersion” hypotheses) already proposed to interpret global patterns of biodiversity.

The database includes 819 river drainage basins covering nearly 80% of Earth’s surface. The river drainage
basins were delineated using the HydroSHEDS database (Hydrological data and maps based on Shuttle
Elevation Derivatives at multiple Scales; Lehner et al. 2008). For each drainage basin, a dataset was compiled
based on the global distributions of 13,413 freshwater species among five taxonomic groups (i.e. 462 crayfish,
3263 aquatic amphibians, 8870 freshwater fishes, 699 aquatic birds, and 119 aquatic mammals). Species
occurrence data on crayfish, amphibians and mammals, were collated and provided by the International Union
for Conservation of Nature (IUCN 2011). Aquatic birds occurrences were collated and provided by Birdlife
International (2011) (http://www.birdlife.org/). Fish species occurrences were obtained from a global database of
native freshwater fish species by river basin (Brosse et al. 2013). These combined datasets represent the most
up-to-date and comprehensive global coverage available for freshwater species distributions at this scale. Global
patterns of freshwater species diversity are described using two diversity descriptors: species richness and
degree of endemicity. Species richness is a measure of the total number of native species present in a drainage
basin. Endemicity, estimated using the 'corrected weighted endemicity' index defined by Crisp et al. (2001), is
calculated as the sum of species present in a drainage basin weighted by the inverse of the number of drainage
basins where the species occurs divided by the total number of species in the drainage basin. The index varies
between 0 and 1 where a drainage basin holding only endemic species has a value of 1 and a basin with no
endemic species has a value of 0.

For all freshwater taxa considered, SAR models perform marginally better in explaining species richness
(Pseudo R? = 0.71 % 0.07) than endemicity (Pseudo R? = 0.65 £ 0.09). We also find that species richness and
endemism patterns are significantly correlated among taxa. Apart from some taxa distinctiveness (i.e., fishes),
the “climate/productivity” hypothesis is found to explain the greatest variance in species richness and endemism
patterns, followed by factors related to the ‘“history/dispersion” and “area/environmental heterogeneity”
hypotheses.

Tisseuil C, Cornu JF, Beauchard O, Brosse S, Darwall W, Holland R, Hugueny B, Tedesco PA, Oberdorff T
(2013). Global diversity patterns and cross-taxa convergence in riverine systems. Journal of Animal
Ecology 82, 365-376.
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Other papers related to the deliverable but concerning exclusively freshwater fishes have been published by IRD
and UPS within BioFresh:

Leprieur F, Tedesco PA, Hugueny B, Beauchard O, Diirr HH, Brosse S & T Oberdorff (2011). Partitioning global
patterns of freshwater fish beta diversity reveals contrasting signatures of past climate changes.
Ecology Letters 14, 325-334.

Oberdorff T, Tedesco PA, Hugueny B, Leprieur F, Beauchard O, Brosse S & HH Durr (2011) Global and regional
patterns in riverine fish species richness: A review. International Journal of Ecology doi:
10.1155/2011/967631.

Tedesco PA, Leprieur F, Hugueny B, Brosse S, Diirr HH, Beauchard O, Busson F & T Oberdorff (2012). Patterns
and processes of global riverine fish endemism. Global Ecology and Biogeography 21, 977-987.
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Global diversity patterns and cross-taxa convergence
in freshwater systems

Clement Tisseuil'*, Jean-Francois Cornu’, Olivier Beauchard?, Sebastien Brosse®, William
Darwall*, Robert Holland*, Bernard Hugueny', Pablo A. Tedesco' and Thierry Oberdorff'*

"Muséum National d’Histoire Naturelle, Département Milieux et Peuplements Aquatiques, UMR BOREA-IRD 207/
CNRS 7208/MNHN/UPMC, Paris, France; 2Ecosystem Management Research Group, Department of Biology, Faculty
of Sciences, University of Antwerp, Universiteitsplein 1, BE-2610, Antwerpen (Wilrijk), Belgium; 3Laboratoire Evolution
et Diversité Biologique, UMR 5174, CNRS-Université Paul Sabatier, 118 Route de Narbonne, 31062, Toulouse Cedex
4, France; and *Global Species Programme, International Union for Conservation of Nature (IUCN), 219¢c Huntingdon
Road, Cambridge, CB3 0DL, UK

Summary

1. Whereas global patterns and predictors of species diversity are well known for numerous
terrestrial taxa, our understanding of freshwater diversity patterns and their predictors is
much more limited.

2. Here, we examine spatial concordance in global diversity patterns for five freshwater taxa
(i.e. aquatic mammals, aquatic birds, fishes, crayfish and aquatic amphibians) and investigate
the environmental factors driving these patterns at the river drainage basin grain.

3. We find that species richness and endemism patterns are significantly correlated among
taxa. We also show that cross-taxon congruence patterns are often induced by common
responses of taxa to their contemporary and historical environments (i.e. convergent pat-
terns). Apart from some taxa distinctiveness (i.e. fishes), the ‘climate/productivity’ hypothesis
is found to explain the greatest variance in species richness and endemism patterns, followed
by factors related to the ‘history/dispersion’ and ‘area/environmental heterogeneity’ hypothe-
ses.

4. As aquatic amphibians display the highest levels of congruency with other taxa, this taxon
appears to be a good ‘surrogate’ candidate for developing global freshwater conservation
planning at the river drainage basin grain.

Key-words: amphibians, birds, congruence, crayfish, endemicity, fish, freshwater, global

scale, mammals, species richness

Introduction

Actual rates of freshwater species extinction due to
human actions are considered to be much higher than
background (natural) extinction rates (Ricciardi &
Rasmussen 1999; Jenkins 2003; Dudgeon 2010; Naiman &
Dudgeon 2010; Vorosmarty ez al. 2010). However, efforts
to set global conservation priorities have, until recently,
largely ignored freshwater diversity (Revenga & Kura
2003; Brooks et al. 2006), thereby excluding some of the
world’s most speciose, threatened and valuable taxa
(Myers et al. 2000; Abell, Thieme & Lehner 2011;
Darwall ef al. 2011). With the increasing availability of
large-scale spatial data on freshwater biodiversity, we
are now able to obtain a better understanding of global

*Correspondence authors. E-mails: clement.tisseuil@gmail.com
and oberdorf@mnhn.fr

freshwater diversity gradients and their probable causes
that will further serve to address some questions funda-
mental to conserving freshwater taxa, namely, to deter-
mine the major historical and environmental drivers of
contemporary species distributions. Such information is
important to further our understanding of how species
might respond to ongoing and future impacts to the envi-
ronments in which these species are living. Underpinning
this approach are three main requirements: (i) describing
diversity patterns by considering as many freshwater taxa
as possible (Margules & Pressey 2000; Darwall & Vié
2005; Lamoreux et al. 2006; Hermoso, Linke & Prenda
2009), (ii) highlighting, for each taxon, factors responsible
for the observed diversity patterns (Qian & Ricklefs 2008;
Toranza & Arim 2010) and (iii) assessing the generality of
the patterns observed and of the processes causing those
patterns to occur (Lawton 1999). Answers from (iii) will
further justify the use of surrogates (i.e. the use of one

© 2012 The Authors. Journal of Animal Ecology © 2012 British Ecological Society
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taxon to predict patterns for other taxonomic groups
(Lamoreux et al. 2006; Rodrigues & Brooks 2007) in
conservation planning, as the effectiveness of using surro-
gates strongly depends on the assumption of common
ecological mechanisms underlying cross-taxon congruence
patterns (Qian & Ricklefs 2008).

Three main non-mutually exclusive mechanisms have
already been proposed to explain cross-taxon congruence
patterns at large spatial extents. The first mechanism
refers to a common and independent response of taxa to
contemporary environmental factors (Hawkins et al.
2003; Willig, Kaufman & Stevens 2003; Field ez al. 2009).
The second mechanism proposes that concordant diver-
sity patterns of different taxa are determined by a shared
biogeographic history (Ricklefs & Schluter 1993; Wiens &
Donoghue 2004). Finally, the third mechanism relies on
the influence of one taxon on another through functional
dependencies between taxa (Jackson & Harvey 1993;
Qian & Kissling 2010) such as, for example, parasites
and their hosts (Nunn ez al. 2003) or predators and their
prey (Johnson & Hering 2010). Whereas mechanisms 1
and 2 have been proposed for numerous terrestrial taxa
(Currie 1991; Gaston 2000; Field et al. 2009; Qian &
Kissling 2010), evidence for these two mechanisms is
more limited concerning freshwater taxa (OberdorfT,
Guégan & Hugueny 1995; Hillebrand 2004; Field et al.
2009; Heino 2011).

Here, we describe the global distribution of five fresh-
water taxa (i.e. aquatic mammals, aquatic birds, fishes,
crayfish and aquatic amphibians) at the river basin grain,
using those measures commonly applied to define diver-
sity hot spots; that is, species richness and degree of ende-
micity (Myers et al. 2000; Orme et al. 2005; Ceballos &
Ehrlich 2006). We further evaluate the extent to which
these diversity patterns are congruent across taxa and
investigate whether the mechanisms already proposed to
explain diversity patterns at the global extent in terrestrial
realms also apply in freshwater realms (Currie 1991;
Gaston 2000). Finally, we investigate the mechanisms
underpinning cross-taxon congruence patterns by explor-
ing the extent to which they are convergent across taxa,
that is, we determine whether these mechanisms act
similarly in type, shape and strength.

Materials and methods

SPATIAL SCALE AND DISTRIBUTION DATA

The study was conducted on 819 river drainage basins covering
nearly 80% of Earth’s surface. Due to data constraints, we lim-
ited our study to 819 basins. The river drainage basins were
delineated using the HydroSHEDS database (Hydrological data
and maps based on Shuttle Elevation Derivatives at multiple
Scales; Lehner, Verdin & Jarvis 2008). For direct application to
conservation planning within river basins, the use of a smaller
spatial grain such as subdrainage grain will be more appropriate,
as we acknowledge that many species do not inhabit the entire

basin. Unfortunately, fish species diversity data were not avail-
able at this spatial grain. We thus decided to work at the drain-
age basin grain to maximize the number of analysed taxa.
However, for strictly freshwater species with low dispersal capaci-
ties, such as fishes and to a lesser extent crayfish and aquatic
amphibians, the use of drainage basin grain should be particu-
larly well adapted as drainage basins receive new colonists so
rarely that immigration and speciation processes often occur on
similar time-scales and can be considered as specific to each
drainage basin (Hugueny, Oberdorff & Tedesco 2010 for a dis-
cussion focused on fishes). Thus, river basins are considered, to
some extent, independent entities that can be used in a compara-
tive analysis to explore the factors shaping freshwater diversity
patterns. We acknowledge that the justification for using drainage
basins as the spatial unit in our study is questionable for some
taxa with high dispersal capacities, such as birds or mammals
(but see fish, Oberdorff e al. 2011). However, the river basin, in
contrast to the standard grid systems often applied in analysis of
data sets in these types of study, represents an ecologically
defined unit appropriate for studies of both terrestrial and fresh-
water species distributions. Basin boundaries represent ecological
discontinuities (grid boundaries do not) within which there is a
high degree of connectivity between habitats and environmental
parameters (Dudgeon er al. 2006; Abell, Allan & Lehner 2007;
Linke, Norris & Pressey 2008), and, as such, are ideal for testing
fundamental and applied ecological theories of dispersal patterns.
The use of drainage basins also avoids cases where species from
neighbouring, but ecologically distinct, basins are incorrectly
included within the analysis simply because the unit, should this
be a grid, overlaps both drainage systems.

For each drainage basin, we compiled a data set based on the
global distributions of 13, 413 freshwater species among five tax-
onomic groups (i.e. 462 crayfish, 3263 aquatic amphibians, 8870
freshwater fishes, 699 aquatic birds and 119 aquatic mammals).
Species occurrence data on crayfish, amphibians and mammals
were collated and provided by the International Union for Con-
servation of Nature (IUCN 2012). Aquatic birds occurrences
were collated and provided by Birdlife International (2011; http://
www.birdlife.org/). The freshwater state of these previous species
was defined following the classification system of wetland types
used by the Ramsar Convention (http://www.ramsar.org/cda/en/
ramsar-documents-info-information-sheet-on/main/ramsar/1-31-59%
SE21253_4000_0__ #type). Fish species occurrences were obtained
from a global database of native freshwater fish species by river
basin (Brosse et al. 2012). These combined data sets represent the
most up-to-date and comprehensive global coverage available for
freshwater species distributions at this scale.

DIVERSITY DESCRIPTORS

Global patterns of freshwater species diversity were analysed
using two diversity descriptors: species richness and degree of
endemicity. Species richness is a measure of the total number of
native species present in a drainage basin. Endemicity, estimated
using the ‘corrected weighted endemicity’ index defined by Crisp
et al. (2001) and Linder (2001), is calculated as the sum of species
present in a drainage basin weighted by the inverse of the number
of drainage basins where the species occurs divided by the total
number of species in the drainage basin. This index thus corrects
for the species richness effect (Gaston et al. 1998) by measuring
the ‘proportion’ of endemics in a drainage basin. In our data, the

© 2012 The Authors. Journal of Animal Ecology © 2012 British Ecological Society, Journal of Animal Ecology, 82, 365-376



index is only moderately correlated with species richness (mean
Spearman correlation values, p = 0-46 + 0-15). The index varies
between 0 and 1, where a drainage basin holding only endemic
species has a value of 1 and a basin with no endemic species has
a value of 0.

Diversity descriptors were analysed separately for each taxo-
nomic group, after log-transforming and standardizing data to
zero mean and unit variance to allow between taxa comparisons
(but see Fig. S1, Supporting information for original richness and
endemic values).

ENVIRONMENTAL FACTORS

We grouped environmental factors in accordance with the ‘cli-
mate/productivity’, ‘area/environmental heterogeneity’ and ‘his-
tory/dispersion’ hypotheses [see Field er al. (2009) for a detailed
description of these three hypotheses]. Data sources and defini-
tions are presented in Table S1 (Supporting information) in addi-
tion to the brief overview below. Prior to the analyses,
environmental factors were transformed to improve normality
when necessary (Tables S2 and S3, Supporting information).

To test the ‘climate/productivity’ hypothesis, we used the
annual mean and seasonality of (i) temperature; (ii) precipitation;
(iii) actual evapotranspiration; (iv) potential evapotranspiration;
(v) solar radiation; and (vi) run-off within each drainage basin.
These variables measure the mean climatic condition and the sea-
sonal climatic variability within each drainage basin and are used
as surrogates for energy entering the system (Hawkins et al.
2003). Indeed, energy can influence richness by means of two
rather different processes. Whereas Wright (1983) considers
energy to be a factor that determines resources available for a
given biological community and thus as a productivity factor per
se (productive energy), Currie (1991) considers energy to be a fac-
tor that determines the physiological limits of the species (ambi-
ent energy). In the former, one would expect variables such as
actual evapotranspiration or precipitation to be important predic-
tors of species diversity, whereas in the latter, variables linked
with temperature or available solar energy would predominate
(Hawkins et al. 2003). A principal components analysis (PCA) on
correlation matrices was performed to reduce the multidimensio-
nality and to eliminate collinearity between variables. We
retained the first two PCA components as synthetic predictors in
our models because they explain together most part (77%) of the
total variability (Table S2, Supporting information) and outline
the two major energy-related hypotheses, namely the ‘ambient’
(PC1) and the ‘productive’ energy hypotheses (PC2; Table S2,
Supporting information).

To test for the ‘area/environmental heterogeneity’ hypothesis,
we considered four synthetic variables recognized as important
factors shaping biodiversity through increasing habitat diversity
and availability, thus favouring speciation while reducing species
extinction rates (MacArthur & Wilson 1963; Williamson 1988):
(i) surface area of the river drainage basin (km?); (ii) river basin
altitudinal range (m) — as a measure of topographic heterogeneity
(Jetz & Rahbek 2002); (iii) land cover heterogeneity within each
drainage basin (measured as the Shannon diversity index based
on the proportion of land cover classes within each drainage
basin; Tedesco et al. 2012); and (iv) climate heterogeneity (i.c.
spatial climatic variability) within each drainage basin (measured
as the standard deviation of each climatic factor). A PCA on
correlation matrices was performed, and the first two axes,
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explaining 61% of the variance (Table S3, Supporting informa-
tion), were retained as synthetic predictors describing (i) a gradi-
ent of heterogeneity in river basin climatic conditions; and (ii) a
gradient in river basin sizes.

To test the ‘history/dispersion’ hypothesis, which attempts to
explain differences in richness gradients by the potential for
re-colonization of systems since the last major climate change or
by the degree of stability in past climatic conditions (Oberdorff
et al. 2011), we considered three predictors: (i) the biogeographic
realm to which each drainage basin belongs (i.e. Afrotropical,
Australian, Nearctic, Neotropical, Oriental, Palearctic; Leprieur
et al. 2011); (ii) the degree of basin isolation characterized by
whether or not it is within a land mass, peninsula or island
(Oberdorff, Guégan & Hugueny 1995); and (iii) historical climate
stability measured as the difference in mean annual temperature
between the present and the last glacial maximum (c. 21 000 years
ago) as estimated from six different global circulation models
(Tedesco et al. 2012).

STATISTICAL ANALYSES

We explored cross-taxon congruence by calculating, for each
diversity descriptor, pairwise Spearman correlation coefficients
(p) between taxa. Correlation coefficients were interpreted using
the standard proposed by Lamoreux et al. (2006): correlation val-
ues of around 0-50 and higher were considered to be good,
around 0-30 as moderate and 0-10 and below as weak.

For each taxonomic group, we used generalized linear models
(GLMs) and simultaneous autoregressive (SAR) models to evalu-
ate the support in our data for the three hypotheses through relat-
ing each diversity descriptor to our environmental predictors
(including their quadratic terms). We selected the SAR analysis to
deal with strong spatial autocorrelation in the data. A ‘full model’
was built using the overall set of predictors, and the most
parsimonious models were then retained by using a drop-in-
deviance test with a 1% level of confidence (F-test; Chambers &
Hastie 1991). We then applied a hierarchical partitioning approach
(Chevan & Sutherland 1991) to the ‘full model’ to quantify the
explanatory power of each ecological hypothesis in explaining
diversity descriptor patterns. A common autoregressive parameter
value extracted from the full SAR model was set for all combina-
tions of submodels during hierarchical partitioning process, thus
conserving a common spatial structure across all submodels.

Finally, we assessed cross-taxon convergence by testing the
respective effects of each environmental predictor and taxon on
our two diversity descriptors, where a comparable effect of an
environmental predictor among taxa indicates convergence
(Schluter 1986; Lamouroux, Poff & Angermeier 2002; Ibanez
et al. 2009). For a given pairwise comparison, we first applied a
SAR model excluding the predictor of interest. Convergence was
then tested on model residuals while controlling for other predic-
tor effects. As for hierarchical partitioning, a common autore-
gressive parameter value extracted from the full SAR model was
set for all predictor-specific SAR models to maintain a common
spatial structure. We then built two separate models relating the
residuals and the predictor of interest, accounting for the interac-
tion term between taxa and the predictor (model 1) or not (model
2). Model 1 assumes that the response to the predictor is different
between taxa, whereas model 2 assumes that the response is simi-
lar in shape but could differ by some constant amount. Finally,
we compared the mean squared values for the two models using

© 2012 The Authors. Journal of Animal Ecology © 2012 British Ecological Society, Journal of Animal Ecology, 82, 365-376
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an F-test assuming that convergence between two taxa is signifi-
cant if the null hypothesis that ‘model 1’ did not significantly
(P > 0-05) outperform ‘model 2’ (Logez, Pont & Ferreira 2010) is
accepted.

Results

Figures 1 and S1 (Supporting information) summarize the
global distributions of the two diversity descriptors for
the five taxa analysed. Centres of species richness and
restricted-range species (endemicity) are generally concen-
trated in tropical and subtropical drainage basins for all
taxonomic groups. The highest species richness is found,
for most taxa, in South America, Eastern Africa and
South-East Asia with the notable exceptions of crayfish
diversity, which is concentrated in North America,

Southeast Australia and to a lesser extent Europe (Hobbs
1988; Fig. 1). The highest level of endemicity is found for
all taxa but crayfish (i.e. Mississipi drainage) in northern
South America (Andean and Amazon drainages), Central
Africa and South-East Asia (Fig. 1).

The diversity descriptors are, in most cases, significantly
correlated across taxa, although the mean correlation val-
ues are generally low (p = 0-33 £ 0-18, P < 0-01). How-
ever, correlation values are higher for species richness
(p =040 +0-17;, P <0-01) than for endemicity
(p =027 £ 0-19; P < 0-01; Table 1). On average, amphib-
ians (p = 0-50 + 0-27), fish (p = 0-42 + 0-28) and aquatic
birds (p = 0-39 £ 0-32) display the highest levels of con-
gruence with other taxa for our two diversity descriptors,
as compared to aquatic mammals (p = 0-36 + 0-18) and
crayfish (p = 0-02 + 0-14).
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wnl
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Fig. 1. Global diversity maps (species richness and endemicity) for freshwater fishes, aquatic amphibians, aquatic mammals, crayfish
and aquatic birds. For comparison purpose, the diversity descriptor values of each taxon are rescaled between 0 and 100.
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Table 1. Pairwise Spearman rank correlation tests applied across five freshwater taxa regarding species richness and endemicity in the
819 river drainages analysed. Correlation values (p) are calculated using raw data (lower triangular part of the matrix) and full simulta-
neous autoregressive (SAR) model residuals (i.e. after accounting for environmental filters and spatial autocorrelation; upper triangular

part of the matrix), respectively

Amphibians Mammals Fish Crayfish Birds
Total native species richness
Amphibians 0-38%%* 0-13%%* 0-21 %% 0-51%%*
Mammals 059 0-08%* 0-04" 0327
Fish 0-69%** 0-58%** 0-16%** 0-11%**
Crayfish 0-21%** 0-14%** 0-12%** 0-01™
Birds 0-82%** 0-38%** 0-53%** —0-02™
Endemicity
Amphibians 0-28%** 0-19%** 0-04™ 0-35%%**
Mammals Q-4 %% —0-01™ 0-03" 0-23 %%
Fish 0-64%** 0-34%** 0-02™ 0-08%*
Crayfish —0-01™ 0-05™ —0-16%** —0-15%**
Birds 0-64%** 0-39%** 0-61%** —0-2%**

The significance (P) of each correlation value is symbolized as follows: ***P < 0.01; **P < 0-05; *P < 0-1; ns (P > 0-1).

Results of GLMs are overall concordant with those of
the SAR models. However, SAR results indicate that
there is a highly significant spatial autocorrelation in the
residuals as the P-value of the likelihood ratio test (LR)
comparing the model with no spatial autocorrelation to
the one which allows for it is lower than 0-01 (Table 2).
This results in higher pseudo R? values for SAR models
than for GLM ones due to the influence of the spatial
autocorrelation component. To avoid the potential biases
in parameter estimates due to the strong spatial autocor-
relation structure in our data, parameter estimates and
P-values reported in the text are for SAR models (Bini
et al. 2009; Beale et al. 2010). However, for comparative
purposes, GLM results are also provided in Table S4
(Supporting information). For all freshwater taxa consid-
ered, SAR models perform marginally better in explaining
species richness (Pseudo R*> = 0-71 + 0-07) than endemicity
(Pseudo R?> = 0-65 + 0-09; Table 2). With the exception of
a few models (such as fish species richness and endemicity),
drainage basin latitudinal position is not selected in models
(drop-in-deviance F-test; P < 0-01). This suggests that the
major environmental factors underlying the latitudinal
diversity gradients are integrated in our models.

Hierarchical partitioning applied to the SAR models
highlights the underlying causes shaping our diversity de-
scriptors (Fig. 2). Whatever the taxon analysed, the three
prominent ecological hypotheses (i.e. ‘climate/productiv-
ity’, ‘area/environmental heterogeneity’ and ‘history/dis-
persion’ hypotheses) already proposed to interpret global
patterns of biodiversity are significantly influencing our
two diversity descriptors. When averaging the results
across taxa, species richness (Fig. 2a) appears to be
primarily explained by predictors related to the ‘climate/
productivity’ hypothesis (51 + 15% of explained vari-
ance), and more specifically by the ambient energy, which
alone accounts for 44 + 13% of the explained variance.
Predictors related to the ‘history/dispersion’ (mainly the

historical climate stability and the differences between
biogeographical realms) and ‘area/environmental hetero-
geneity’ hypotheses account for 24 + 9% and 25 £+ 17%
of explained variance, respectively. Compared with species
richness, patterns of endemicity are primarily explained
by factors related to the ‘climate/productivity’ hypothesis
(44 + 15% of explained variance), while the relative influ-
ence of the ‘area/environmental heterogeneity’ hypothesis
remains constant and that of the ‘history/dispersion’
hypothesis gains in importance (30 £ 10% of explained
variance; Fig. 2b). There are, however, some exceptions,
such as the fishes, for which the ‘area/environmental het-
erogeneity’ hypothesis is the predominant factor explain-
ing species richness, while the ‘history/dispersion’
hypothesis best explains patterns of endemism.

Cross-taxon convergence tests for each significant pre-
dictor in the final SAR models are described in Table 3,
and the relationships between diversity descriptors and
environmental predictors are shown in Fig. 3. For both
diversity descriptors, only 33% of all convergence tests
are significant (F-test; P > 0-05; Table 3). The percentage
of convergence tests is higher for predictors related to the
‘area/environmental heterogeneity’ (50% of cases) and
‘climate/productivity’ (34% of cases) hypotheses than for
predictors associated with the ‘history/dispersion’ hypoth-
esis (15% of cases). It is noteworthy that the number of
significant convergent tests with area per se (i.e. river
basin size) is higher for patterns of endemism (67% of
cases) than species richness (23% of cases). In addition,
there is no evidence for difference in the convergence pat-
terns of endothermic and ectothermic taxa (Table 3 and
Fig. 3). Analysing the shape of the main convergent
relationships, and the diversity descriptor examined, taxo-
nomic diversity exhibits a hump-shaped or monotonic
increase with ambient and productive energy and a mono-
tonic positive relationship with area per se (i.e. river basin
size) and environmental heterogeneity (Fig. 3).
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Table 2. Spatial autoregressive models (SAR) applied to species richness and endemicity for each of the five freshwater organisms. Only
the final SAR models and their significant variables (drop in deviance test with 1% level of confidence) are shown

Species richness Endemicity
Amphibians Mammals Fish Crayfish  Birds Amphibians Mammals Fish Crayfish  Birds

Intercept 0-29 0-72 —0-16 —0-66 0-71 0-28 0-37 0-01 —0-57 0-53
Ambient energy 0-45 0-08 093 0-32 0-45 0-26 0-26 0-33 0-28 0-25
Ambient energy? —0-15 —0-13 0-10 —0-10 —0-29 —0-15 —0-13 —0-27
Productive energy 0-07 0-15 —0-05 0-13 0-06 —0-12 0-16
Productive energy? —0-06 —0-20 —0-11 —0-07 —0-11
Area 0-16 0-49 0-13 0-16 0-17 0-09 0-31 0-14 0-24
Area? 0-04 0-10 0-04 0-06 0-03 0-07 0-04 0-08
Environmental —0-06 0-14 0-13 —0-09

heterogeneity
Environmental 0-05

heterogeneity?
Land Peninsula —0-19 0-10

Island
Historical climate 0-10 0-02 —0-30

stability
Historical climate 0-08 —0-08

stability?
Australian —0-70 —1-49 —0-15 1-17 —0-39 —0-59 —1.02 1-31 —0-39
Nearctic —0-49 —0-61 0-34 1-05 —0-92 —0-51 —0-44 0-92 —0-81
Neotropical —0-19 —0-45 —0-25 0-35 —0-30 —0-02 —0-16 0-34 —0-02
Oriental 0-07 —0-96 0-25 0-55 —0-36 —0-08 —0-67 0-46 0-16
Palearctic 0-25 —0-55 0-36 0-70 —0-31 0-14 —0-31 0-64 —0-40
Pseudo R* 0-80 0-60 0-74 0-74 0-66 0-74 0-52 0-64 0-72 0-59
AlIC 1019-89 1588-00 1259-84 123979 147738  1256-77 174458 1503-12 131725  1620-84
Likelihood ratio 818-17 585-70 27821  686-07 190-51  805-11 448-38 22833 666-17 237-31

test value
Likelihood ratio 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00

test P-value

Discussion

A major goal in biogeography and ecology is to under-
stand the causes of taxonomic diversity gradients. Here,
examining two non-mutually exclusive mechanisms
already proposed to explain cross-taxon congruence pat-
terns [(i) a common and independent response of taxa to
contemporary environmental factors; and (ii) a shared
biogeographic history of taxa], we analysed for the first
time the global distribution of five freshwater taxa (aqua-
tic mammals, aquatic birds, fishes, crayfish and aquatic
amphibians). We identified a number of recurrent patterns
driven by some common environmental factors. Although
this study is essentially correlative,
attempted to determine causality by determining the

we have also

extent to which these environmental factors produce con-
vergent patterns (i.e. patterns similar in shape and
strength) across taxa. We are aware that there is still a
debate among scientists in the way to select the most suit-
able statistical methods for biogeographical studies, espe-
cially regarding the spatial autocorrelation question
(Hawkins 2012). However, we are confident in our choice
of using GLM and SAR models for three main reasons:
(i) both methods find an overall consensus in the current
literature, so that our results are directly comparable with
other studies (for a review of biogeographical studies

using spatial models, see Dormann et al. 2007); (ii) both
methods provided comparable results; and (iii) the general
conclusions that we draw about the most important driv-
ers of freshwater biodiversity are consistent with previous
biogeographical studies (Field ez al. 2009).

Our results support the notion that climate per se, pro-
ductivity, area and history all play an important role in
explaining freshwater diversity patterns at the global scale.
Among these drivers, ‘climate/productivity’ was most
often prominent (except for fishes, see below), counting
for, on average, around 50% of the explained variance
for both species richness and endemicity patterns. This
result supports the idea that ‘climate/productivity’ predic-
tors similarly drive terrestrial and freshwater diversity pat-
terns at the global scale and slightly contrasts with results
of a meta-analysis identifying a reduction in the primacy
of climate/productivity in water compared with that on
land (Field ef al. 2009). However, the latter study suffered
from some of the limits inherent to meta-analysis that
could explain this discrepancy (Field et al. 2009), such as
an under-representation of taxa or explanatory variables
in the literature analysed. When separating the influence
of ‘ambient” and ‘productive’ energy factors, the ambient
energy hypothesis appears more important than the latter
in shaping diversity patterns, irrespective of the taxa and
diversity descriptors considered. This last result indicates
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Fig. 2. Hierarchical partitioning applied
to the final simultaneous autoregressive
(SAR) models obtained for each freshwa-
ter taxon and quantifying the total contri-
bution (given as the percentage of the
total explained deviance based on Pseudo

R%) of the key ecological hypotheses in
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explaining: (a) species richness and (b)
endemicity.

there is no differential response between ectothermic and
endothermic taxa to the two forms of energy (i.e. ambient
or productive energy). While the importance of ambient
energy for ectothermic taxa is not surprising, as these
organisms are dependent on external heat sources for
thermoregulation (Brown et al. 2004; Buckley & Jetz
2007; Davies et al. 2007; Qian 2010), such a result is quite
unexpected for endotherms, given their supposed lower
dependence on thermal energy (Turner, Gatehouse &
Corey 1987; Currie 1991; Hawkins et al. 2003). However,
the overall role of these two alternative hypotheses is diffi-
cult to determine, as the environmental factors associated
with each are not mutually exclusive.

Excluding the influence of ‘climate/productivity’ factors,
‘history/dispersion’ factors are the second best predictor
of the two diversity descriptors (explaining 24% and 30%
of variance, on average, in species richness and endemic-
ity, respectively). This result supports the hypothesis that
historical factors also play a part in explaining species
richness patterns per se (Latham & Ricklefs 1993;
Oberdorff, Guégan & Hugueny 1995; Wiens & Donoghue
2004; Tedesco et al. 2005; Hawkins et al. 2006; Hortal
et al. 2011) and patterns of endemicity in particular
(Whittaker, Willis & Field 2001; Vetaas & Grytnes 2002;

Percentage of explained variance

Sandel et al. 2011; Tedesco et al. 2012). Moreover, our
finding that convergent diversity patterns are induced by
historical climate stability and biogeographical realms for
some of our taxa (Fig. 3) corroborates the hypothesis that
common biogeographic history determines, at least in
part, current spatial patterns of species diversity (Buckley
& Jetz 2007; Ricklefs 2007; Aratjo et al. 2008).
Area/environmental heterogeneity was the third most
significant constraint acting on our two diversity descrip-
tors (explaining 25% of variance, on average, in species
richness and endemicity, respectively). The influence of
area and environmental heterogeneity factors in species
diversity gradients is not surprising as these factors have
been previously reported by others to contribute to the
maintenance of spatial gradients in terrestrial and fresh-
water diversity (MacArthur & Wilson 1963; Williamson
1988; Guegan, Lek & Oberdorff 1998; Oberdorff, Lek &
Guegan 1999). A more interesting finding relates to fresh-
water fishes for which the ‘area and environmental hetero-
geneity’ hypothesis is found to be the major predictor of
patterns for both species richness and endemism, support-
ing the conclusions of several previous studies (Oberdorff,
Guégan & Hugueny 1995; Tedesco et al. 2005; Oberdorff
et al. 2011). It is not surprising that area/environmental
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Fig. 3. Partial effect of full simultaneous autoregressive (SAR) model predictors on (a) species richness and (b) endemicity for the five
freshwater taxa. Only predictors selected in final SAR models (see Table 2), and for which the cross-taxon convergence test is significant

(F-test; P > 0-05; see Table 3), are shown.

heterogeneity predictors are predominant in explaining
the diversity patterns of freshwater fishes. In contrast to
the other taxa analysed (i.e. birds, aquatic mammals,
amphibians, crayfish), which have varying abilities to col-
onize other river systems by land or by sea, the dispersal
options for strictly freshwater fishes are limited by their
restriction to river drainage basins such that gene flow is
limited in ways that can promote intrabasin diversification
(Burridge et al. 2008; Tedesco et al. 2012). Life for strictly
freshwater fishes is more equivalent to that in ‘island or
mountain top archipelagos’ (Rosenzweig 1995).

The third mechanism that has been proposed to explain
cross-taxon congruence throughout biotic interactions (i.e.
presence of functionally dependent taxa) was not formally
tested in the present study. However, it was observed that
cross-taxon correlations were considerably reduced and
often no longer significant (Table 1) once the effects of
contemporary and historical factors had been accounted
for. This suggests there is limited evidence for biotic inter-
actions playing a primary role in driving cross-taxon con-
gruence at the global scale.

In conclusion, our convergence tests broadly support
the view of: (i) a hump-shaped or monotonic increase in
freshwater diversity with increasing ambient and produc-
tive energy; and (ii) a linear increase in diversity with
increasing area and environmental heterogeneity (Fig. 3).
Thus, in spite of profound functional differences between
taxa (i.e. homoeotherms vs. ectotherms), these two predic-
tors appear to act similarly in terms of the shape and
strength of their response curves. Interestingly, cross-
taxon convergence patterns were more pronounced for

contemporary than historical conditions, suggesting that
taxa respond to contemporary environmental conditions
in similar ways whatever their evolutionary history. This
last result is corroborated by recent findings based on
phylogenetic and distributional data for terrestrial mam-
mals and amphibians (Hawkins et al. 2011).

Our results have potentially important implications for
global freshwater conservation planning. Although identi-
fication of potential surrogates for freshwater biodiversity
is urgently needed, studies conducted at the global extent
and at the drainage basin grain are still critically lacking
(Rodrigues & Brooks 2007; Heino 2011). Until now, fish
have commonly been used as surrogates in freshwater
conservation planning, presumably because their distribu-
tion and ecological requirements are comparatively well
understood relative to most other freshwater taxa (Abell
et al. 2008). However, the extent to which fishes are
effective surrogates for other aquatic taxa has not been
comprehensively evaluated (Rodrigues & Brooks 2007;
Olden et al. 2010). Our results bring new insights into this
question indicating, at the river drainage basin grain, that:
(i) species richness and endemicity patterns are fairly well
correlated across most freshwater taxa studied (except for
crayfish that shows low level of congruency with other
taxa), with aquatic amphibians displaying the highest
levels of congruency with other taxa; and (ii) the
responses of taxa to their contemporary and historical
environments are broadly convergent with the notable
exception of fishes that show a predominant response to
area, in contrast to other taxa, in shaping their diversity
gradient (see explanations above). Furthermore, the lack
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of congruence between crayfish and other taxa relates to
their complete absence from a broad pan-tropical belt
encompassing most of South America, continental Africa,
South/South-East Asia, and most of the Indo-Pacific, due
to specific historical contingencies (Hobbs 1988). We con-
clude, therefore, that aquatic amphibians represent a use-
ful ‘surrogate’ for patterns of freshwater diversity at the
river drainage basin grain. Moreover, as amphibians are
considered highly threatened (Stuart ez al. 2004; Hof et al.
2011) and have previously been listed as potential surro-
gates for species diversity in terrestrial ecosystems at the
global scale (Grenyer et al. 2006; Lamoreux et al. 2006),
use of this taxon to represent patterns of species spatial
diversity could also help unify terrestrial and freshwa-
ter conservation efforts under a common framework
(Darwall et al. 2011). However, it is important to note
that the spatial scale of investigation (extent and grain
size) can greatly influence our perception of patterns and
processes (Rahbek 2005). Therefore, while our results
(obtained at the drainage basin grain) may be useful for
broad intergovernmental planning to increase trans-
boundary cooperation, their validity for conservation
planning at finer spatial resolutions (e.g. subdrainage) is
not warranted (see Darwall ef al. 2011) and should
require further research.
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Summary

1. Whereas global patterns and predictors of species diversity are well known for numerous
terrestrial taxa, our understanding of freshwater diversity patterns and their predictors is
much more limited.

2. Here, we examine spatial concordance in global diversity patterns for five freshwater taxa
(i.e. aquatic mammals, aquatic birds, fishes, crayfish and aquatic amphibians) and investigate
the environmental factors driving these patterns at the river drainage basin grain.

3. We find that species richness and endemism patterns are significantly correlated among
taxa. We also show that cross-taxon congruence patterns are often induced by common
responses of taxa to their contemporary and historical environments (i.e. convergent pat-
terns). Apart from some taxa distinctiveness (i.e. fishes), the ‘climate/productivity’ hypothesis
is found to explain the greatest variance in species richness and endemism patterns, followed
by factors related to the ‘history/dispersion’ and ‘area/environmental heterogeneity’ hypothe-
ses.

4. As aquatic amphibians display the highest levels of congruency with other taxa, this taxon
appears to be a good ‘surrogate’ candidate for developing global freshwater conservation
planning at the river drainage basin grain.

Key-words: amphibians, birds, congruence, crayfish, endemicity, fish, freshwater, global

scale, mammals, species richness

Introduction

Actual rates of freshwater species extinction due to
human actions are considered to be much higher than
background (natural) extinction rates (Ricciardi &
Rasmussen 1999; Jenkins 2003; Dudgeon 2010; Naiman &
Dudgeon 2010; Vorosmarty ez al. 2010). However, efforts
to set global conservation priorities have, until recently,
largely ignored freshwater diversity (Revenga & Kura
2003; Brooks et al. 2006), thereby excluding some of the
world’s most speciose, threatened and valuable taxa
(Myers et al. 2000; Abell, Thieme & Lehner 2011;
Darwall ef al. 2011). With the increasing availability of
large-scale spatial data on freshwater biodiversity, we
are now able to obtain a better understanding of global

*Correspondence authors. E-mails: clement.tisseuil@gmail.com
and oberdorf@mnhn.fr

freshwater diversity gradients and their probable causes
that will further serve to address some questions funda-
mental to conserving freshwater taxa, namely, to deter-
mine the major historical and environmental drivers of
contemporary species distributions. Such information is
important to further our understanding of how species
might respond to ongoing and future impacts to the envi-
ronments in which these species are living. Underpinning
this approach are three main requirements: (i) describing
diversity patterns by considering as many freshwater taxa
as possible (Margules & Pressey 2000; Darwall & Vié
2005; Lamoreux et al. 2006; Hermoso, Linke & Prenda
2009), (ii) highlighting, for each taxon, factors responsible
for the observed diversity patterns (Qian & Ricklefs 2008;
Toranza & Arim 2010) and (iii) assessing the generality of
the patterns observed and of the processes causing those
patterns to occur (Lawton 1999). Answers from (iii) will
further justify the use of surrogates (i.e. the use of one
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taxon to predict patterns for other taxonomic groups
(Lamoreux et al. 2006; Rodrigues & Brooks 2007) in
conservation planning, as the effectiveness of using surro-
gates strongly depends on the assumption of common
ecological mechanisms underlying cross-taxon congruence
patterns (Qian & Ricklefs 2008).

Three main non-mutually exclusive mechanisms have
already been proposed to explain cross-taxon congruence
patterns at large spatial extents. The first mechanism
refers to a common and independent response of taxa to
contemporary environmental factors (Hawkins et al.
2003; Willig, Kaufman & Stevens 2003; Field ez al. 2009).
The second mechanism proposes that concordant diver-
sity patterns of different taxa are determined by a shared
biogeographic history (Ricklefs & Schluter 1993; Wiens &
Donoghue 2004). Finally, the third mechanism relies on
the influence of one taxon on another through functional
dependencies between taxa (Jackson & Harvey 1993;
Qian & Kissling 2010) such as, for example, parasites
and their hosts (Nunn ez al. 2003) or predators and their
prey (Johnson & Hering 2010). Whereas mechanisms 1
and 2 have been proposed for numerous terrestrial taxa
(Currie 1991; Gaston 2000; Field et al. 2009; Qian &
Kissling 2010), evidence for these two mechanisms is
more limited concerning freshwater taxa (OberdorfT,
Guégan & Hugueny 1995; Hillebrand 2004; Field et al.
2009; Heino 2011).

Here, we describe the global distribution of five fresh-
water taxa (i.e. aquatic mammals, aquatic birds, fishes,
crayfish and aquatic amphibians) at the river basin grain,
using those measures commonly applied to define diver-
sity hot spots; that is, species richness and degree of ende-
micity (Myers et al. 2000; Orme et al. 2005; Ceballos &
Ehrlich 2006). We further evaluate the extent to which
these diversity patterns are congruent across taxa and
investigate whether the mechanisms already proposed to
explain diversity patterns at the global extent in terrestrial
realms also apply in freshwater realms (Currie 1991;
Gaston 2000). Finally, we investigate the mechanisms
underpinning cross-taxon congruence patterns by explor-
ing the extent to which they are convergent across taxa,
that is, we determine whether these mechanisms act
similarly in type, shape and strength.

Materials and methods

SPATIAL SCALE AND DISTRIBUTION DATA

The study was conducted on 819 river drainage basins covering
nearly 80% of Earth’s surface. Due to data constraints, we lim-
ited our study to 819 basins. The river drainage basins were
delineated using the HydroSHEDS database (Hydrological data
and maps based on Shuttle Elevation Derivatives at multiple
Scales; Lehner, Verdin & Jarvis 2008). For direct application to
conservation planning within river basins, the use of a smaller
spatial grain such as subdrainage grain will be more appropriate,
as we acknowledge that many species do not inhabit the entire

basin. Unfortunately, fish species diversity data were not avail-
able at this spatial grain. We thus decided to work at the drain-
age basin grain to maximize the number of analysed taxa.
However, for strictly freshwater species with low dispersal capaci-
ties, such as fishes and to a lesser extent crayfish and aquatic
amphibians, the use of drainage basin grain should be particu-
larly well adapted as drainage basins receive new colonists so
rarely that immigration and speciation processes often occur on
similar time-scales and can be considered as specific to each
drainage basin (Hugueny, Oberdorff & Tedesco 2010 for a dis-
cussion focused on fishes). Thus, river basins are considered, to
some extent, independent entities that can be used in a compara-
tive analysis to explore the factors shaping freshwater diversity
patterns. We acknowledge that the justification for using drainage
basins as the spatial unit in our study is questionable for some
taxa with high dispersal capacities, such as birds or mammals
(but see fish, Oberdorff e al. 2011). However, the river basin, in
contrast to the standard grid systems often applied in analysis of
data sets in these types of study, represents an ecologically
defined unit appropriate for studies of both terrestrial and fresh-
water species distributions. Basin boundaries represent ecological
discontinuities (grid boundaries do not) within which there is a
high degree of connectivity between habitats and environmental
parameters (Dudgeon er al. 2006; Abell, Allan & Lehner 2007;
Linke, Norris & Pressey 2008), and, as such, are ideal for testing
fundamental and applied ecological theories of dispersal patterns.
The use of drainage basins also avoids cases where species from
neighbouring, but ecologically distinct, basins are incorrectly
included within the analysis simply because the unit, should this
be a grid, overlaps both drainage systems.

For each drainage basin, we compiled a data set based on the
global distributions of 13, 413 freshwater species among five tax-
onomic groups (i.e. 462 crayfish, 3263 aquatic amphibians, 8870
freshwater fishes, 699 aquatic birds and 119 aquatic mammals).
Species occurrence data on crayfish, amphibians and mammals
were collated and provided by the International Union for Con-
servation of Nature (IUCN 2012). Aquatic birds occurrences
were collated and provided by Birdlife International (2011; http://
www.birdlife.org/). The freshwater state of these previous species
was defined following the classification system of wetland types
used by the Ramsar Convention (http://www.ramsar.org/cda/en/
ramsar-documents-info-information-sheet-on/main/ramsar/1-31-59%
SE21253_4000_0__ #type). Fish species occurrences were obtained
from a global database of native freshwater fish species by river
basin (Brosse et al. 2012). These combined data sets represent the
most up-to-date and comprehensive global coverage available for
freshwater species distributions at this scale.

DIVERSITY DESCRIPTORS

Global patterns of freshwater species diversity were analysed
using two diversity descriptors: species richness and degree of
endemicity. Species richness is a measure of the total number of
native species present in a drainage basin. Endemicity, estimated
using the ‘corrected weighted endemicity’ index defined by Crisp
et al. (2001) and Linder (2001), is calculated as the sum of species
present in a drainage basin weighted by the inverse of the number
of drainage basins where the species occurs divided by the total
number of species in the drainage basin. This index thus corrects
for the species richness effect (Gaston et al. 1998) by measuring
the ‘proportion’ of endemics in a drainage basin. In our data, the
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index is only moderately correlated with species richness (mean
Spearman correlation values, p = 0-46 + 0-15). The index varies
between 0 and 1, where a drainage basin holding only endemic
species has a value of 1 and a basin with no endemic species has
a value of 0.

Diversity descriptors were analysed separately for each taxo-
nomic group, after log-transforming and standardizing data to
zero mean and unit variance to allow between taxa comparisons
(but see Fig. S1, Supporting information for original richness and
endemic values).

ENVIRONMENTAL FACTORS

We grouped environmental factors in accordance with the ‘cli-
mate/productivity’, ‘area/environmental heterogeneity’ and ‘his-
tory/dispersion’ hypotheses [see Field er al. (2009) for a detailed
description of these three hypotheses]. Data sources and defini-
tions are presented in Table S1 (Supporting information) in addi-
tion to the brief overview below. Prior to the analyses,
environmental factors were transformed to improve normality
when necessary (Tables S2 and S3, Supporting information).

To test the ‘climate/productivity’ hypothesis, we used the
annual mean and seasonality of (i) temperature; (ii) precipitation;
(iii) actual evapotranspiration; (iv) potential evapotranspiration;
(v) solar radiation; and (vi) run-off within each drainage basin.
These variables measure the mean climatic condition and the sea-
sonal climatic variability within each drainage basin and are used
as surrogates for energy entering the system (Hawkins et al.
2003). Indeed, energy can influence richness by means of two
rather different processes. Whereas Wright (1983) considers
energy to be a factor that determines resources available for a
given biological community and thus as a productivity factor per
se (productive energy), Currie (1991) considers energy to be a fac-
tor that determines the physiological limits of the species (ambi-
ent energy). In the former, one would expect variables such as
actual evapotranspiration or precipitation to be important predic-
tors of species diversity, whereas in the latter, variables linked
with temperature or available solar energy would predominate
(Hawkins et al. 2003). A principal components analysis (PCA) on
correlation matrices was performed to reduce the multidimensio-
nality and to eliminate collinearity between variables. We
retained the first two PCA components as synthetic predictors in
our models because they explain together most part (77%) of the
total variability (Table S2, Supporting information) and outline
the two major energy-related hypotheses, namely the ‘ambient’
(PC1) and the ‘productive’ energy hypotheses (PC2; Table S2,
Supporting information).

To test for the ‘area/environmental heterogeneity’ hypothesis,
we considered four synthetic variables recognized as important
factors shaping biodiversity through increasing habitat diversity
and availability, thus favouring speciation while reducing species
extinction rates (MacArthur & Wilson 1963; Williamson 1988):
(i) surface area of the river drainage basin (km?); (ii) river basin
altitudinal range (m) — as a measure of topographic heterogeneity
(Jetz & Rahbek 2002); (iii) land cover heterogeneity within each
drainage basin (measured as the Shannon diversity index based
on the proportion of land cover classes within each drainage
basin; Tedesco et al. 2012); and (iv) climate heterogeneity (i.c.
spatial climatic variability) within each drainage basin (measured
as the standard deviation of each climatic factor). A PCA on
correlation matrices was performed, and the first two axes,
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explaining 61% of the variance (Table S3, Supporting informa-
tion), were retained as synthetic predictors describing (i) a gradi-
ent of heterogeneity in river basin climatic conditions; and (ii) a
gradient in river basin sizes.

To test the ‘history/dispersion’ hypothesis, which attempts to
explain differences in richness gradients by the potential for
re-colonization of systems since the last major climate change or
by the degree of stability in past climatic conditions (Oberdorff
et al. 2011), we considered three predictors: (i) the biogeographic
realm to which each drainage basin belongs (i.e. Afrotropical,
Australian, Nearctic, Neotropical, Oriental, Palearctic; Leprieur
et al. 2011); (ii) the degree of basin isolation characterized by
whether or not it is within a land mass, peninsula or island
(Oberdorff, Guégan & Hugueny 1995); and (iii) historical climate
stability measured as the difference in mean annual temperature
between the present and the last glacial maximum (c. 21 000 years
ago) as estimated from six different global circulation models
(Tedesco et al. 2012).

STATISTICAL ANALYSES

We explored cross-taxon congruence by calculating, for each
diversity descriptor, pairwise Spearman correlation coefficients
(p) between taxa. Correlation coefficients were interpreted using
the standard proposed by Lamoreux et al. (2006): correlation val-
ues of around 0-50 and higher were considered to be good,
around 0-30 as moderate and 0-10 and below as weak.

For each taxonomic group, we used generalized linear models
(GLMs) and simultaneous autoregressive (SAR) models to evalu-
ate the support in our data for the three hypotheses through relat-
ing each diversity descriptor to our environmental predictors
(including their quadratic terms). We selected the SAR analysis to
deal with strong spatial autocorrelation in the data. A ‘full model’
was built using the overall set of predictors, and the most
parsimonious models were then retained by using a drop-in-
deviance test with a 1% level of confidence (F-test; Chambers &
Hastie 1991). We then applied a hierarchical partitioning approach
(Chevan & Sutherland 1991) to the ‘full model’ to quantify the
explanatory power of each ecological hypothesis in explaining
diversity descriptor patterns. A common autoregressive parameter
value extracted from the full SAR model was set for all combina-
tions of submodels during hierarchical partitioning process, thus
conserving a common spatial structure across all submodels.

Finally, we assessed cross-taxon convergence by testing the
respective effects of each environmental predictor and taxon on
our two diversity descriptors, where a comparable effect of an
environmental predictor among taxa indicates convergence
(Schluter 1986; Lamouroux, Poff & Angermeier 2002; Ibanez
et al. 2009). For a given pairwise comparison, we first applied a
SAR model excluding the predictor of interest. Convergence was
then tested on model residuals while controlling for other predic-
tor effects. As for hierarchical partitioning, a common autore-
gressive parameter value extracted from the full SAR model was
set for all predictor-specific SAR models to maintain a common
spatial structure. We then built two separate models relating the
residuals and the predictor of interest, accounting for the interac-
tion term between taxa and the predictor (model 1) or not (model
2). Model 1 assumes that the response to the predictor is different
between taxa, whereas model 2 assumes that the response is simi-
lar in shape but could differ by some constant amount. Finally,
we compared the mean squared values for the two models using
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an F-test assuming that convergence between two taxa is signifi-
cant if the null hypothesis that ‘model 1’ did not significantly
(P > 0-05) outperform ‘model 2’ (Logez, Pont & Ferreira 2010) is
accepted.

Results

Figures 1 and S1 (Supporting information) summarize the
global distributions of the two diversity descriptors for
the five taxa analysed. Centres of species richness and
restricted-range species (endemicity) are generally concen-
trated in tropical and subtropical drainage basins for all
taxonomic groups. The highest species richness is found,
for most taxa, in South America, Eastern Africa and
South-East Asia with the notable exceptions of crayfish
diversity, which is concentrated in North America,

Southeast Australia and to a lesser extent Europe (Hobbs
1988; Fig. 1). The highest level of endemicity is found for
all taxa but crayfish (i.e. Mississipi drainage) in northern
South America (Andean and Amazon drainages), Central
Africa and South-East Asia (Fig. 1).

The diversity descriptors are, in most cases, significantly
correlated across taxa, although the mean correlation val-
ues are generally low (p = 0-33 £ 0-18, P < 0-01). How-
ever, correlation values are higher for species richness
(p =040 +0-17;, P <0-01) than for endemicity
(p =027 £ 0-19; P < 0-01; Table 1). On average, amphib-
ians (p = 0-50 + 0-27), fish (p = 0-42 + 0-28) and aquatic
birds (p = 0-39 £ 0-32) display the highest levels of con-
gruence with other taxa for our two diversity descriptors,
as compared to aquatic mammals (p = 0-36 + 0-18) and
crayfish (p = 0-02 + 0-14).
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Fig. 1. Global diversity maps (species richness and endemicity) for freshwater fishes, aquatic amphibians, aquatic mammals, crayfish
and aquatic birds. For comparison purpose, the diversity descriptor values of each taxon are rescaled between 0 and 100.
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Table 1. Pairwise Spearman rank correlation tests applied across five freshwater taxa regarding species richness and endemicity in the
819 river drainages analysed. Correlation values (p) are calculated using raw data (lower triangular part of the matrix) and full simulta-
neous autoregressive (SAR) model residuals (i.e. after accounting for environmental filters and spatial autocorrelation; upper triangular

part of the matrix), respectively

Amphibians Mammals Fish Crayfish Birds
Total native species richness
Amphibians 0-38%%* 0-13%%* 0-21 %% 0-51%%*
Mammals 059 0-08%* 0-04" 0327
Fish 0-69%** 0-58%** 0-16%** 0-11%**
Crayfish 0-21%** 0-14%** 0-12%** 0-01™
Birds 0-82%** 0-38%** 0-53%** —0-02™
Endemicity
Amphibians 0-28%** 0-19%** 0-04™ 0-35%%**
Mammals Q-4 %% —0-01™ 0-03" 0-23 %%
Fish 0-64%** 0-34%** 0-02™ 0-08%*
Crayfish —0-01™ 0-05™ —0-16%** —0-15%**
Birds 0-64%** 0-39%** 0-61%** —0-2%**

The significance (P) of each correlation value is symbolized as follows: ***P < 0.01; **P < 0-05; *P < 0-1; ns (P > 0-1).

Results of GLMs are overall concordant with those of
the SAR models. However, SAR results indicate that
there is a highly significant spatial autocorrelation in the
residuals as the P-value of the likelihood ratio test (LR)
comparing the model with no spatial autocorrelation to
the one which allows for it is lower than 0-01 (Table 2).
This results in higher pseudo R? values for SAR models
than for GLM ones due to the influence of the spatial
autocorrelation component. To avoid the potential biases
in parameter estimates due to the strong spatial autocor-
relation structure in our data, parameter estimates and
P-values reported in the text are for SAR models (Bini
et al. 2009; Beale et al. 2010). However, for comparative
purposes, GLM results are also provided in Table S4
(Supporting information). For all freshwater taxa consid-
ered, SAR models perform marginally better in explaining
species richness (Pseudo R*> = 0-71 + 0-07) than endemicity
(Pseudo R?> = 0-65 + 0-09; Table 2). With the exception of
a few models (such as fish species richness and endemicity),
drainage basin latitudinal position is not selected in models
(drop-in-deviance F-test; P < 0-01). This suggests that the
major environmental factors underlying the latitudinal
diversity gradients are integrated in our models.

Hierarchical partitioning applied to the SAR models
highlights the underlying causes shaping our diversity de-
scriptors (Fig. 2). Whatever the taxon analysed, the three
prominent ecological hypotheses (i.e. ‘climate/productiv-
ity’, ‘area/environmental heterogeneity’ and ‘history/dis-
persion’ hypotheses) already proposed to interpret global
patterns of biodiversity are significantly influencing our
two diversity descriptors. When averaging the results
across taxa, species richness (Fig. 2a) appears to be
primarily explained by predictors related to the ‘climate/
productivity’ hypothesis (51 + 15% of explained vari-
ance), and more specifically by the ambient energy, which
alone accounts for 44 + 13% of the explained variance.
Predictors related to the ‘history/dispersion’ (mainly the

historical climate stability and the differences between
biogeographical realms) and ‘area/environmental hetero-
geneity’ hypotheses account for 24 + 9% and 25 £+ 17%
of explained variance, respectively. Compared with species
richness, patterns of endemicity are primarily explained
by factors related to the ‘climate/productivity’ hypothesis
(44 + 15% of explained variance), while the relative influ-
ence of the ‘area/environmental heterogeneity’ hypothesis
remains constant and that of the ‘history/dispersion’
hypothesis gains in importance (30 £ 10% of explained
variance; Fig. 2b). There are, however, some exceptions,
such as the fishes, for which the ‘area/environmental het-
erogeneity’ hypothesis is the predominant factor explain-
ing species richness, while the ‘history/dispersion’
hypothesis best explains patterns of endemism.

Cross-taxon convergence tests for each significant pre-
dictor in the final SAR models are described in Table 3,
and the relationships between diversity descriptors and
environmental predictors are shown in Fig. 3. For both
diversity descriptors, only 33% of all convergence tests
are significant (F-test; P > 0-05; Table 3). The percentage
of convergence tests is higher for predictors related to the
‘area/environmental heterogeneity’ (50% of cases) and
‘climate/productivity’ (34% of cases) hypotheses than for
predictors associated with the ‘history/dispersion’ hypoth-
esis (15% of cases). It is noteworthy that the number of
significant convergent tests with area per se (i.e. river
basin size) is higher for patterns of endemism (67% of
cases) than species richness (23% of cases). In addition,
there is no evidence for difference in the convergence pat-
terns of endothermic and ectothermic taxa (Table 3 and
Fig. 3). Analysing the shape of the main convergent
relationships, and the diversity descriptor examined, taxo-
nomic diversity exhibits a hump-shaped or monotonic
increase with ambient and productive energy and a mono-
tonic positive relationship with area per se (i.e. river basin
size) and environmental heterogeneity (Fig. 3).
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Table 2. Spatial autoregressive models (SAR) applied to species richness and endemicity for each of the five freshwater organisms. Only
the final SAR models and their significant variables (drop in deviance test with 1% level of confidence) are shown

Species richness Endemicity
Amphibians Mammals Fish Crayfish  Birds Amphibians Mammals Fish Crayfish  Birds

Intercept 0-29 0-72 —0-16 —0-66 0-71 0-28 0-37 0-01 —0-57 0-53
Ambient energy 0-45 0-08 093 0-32 0-45 0-26 0-26 0-33 0-28 0-25
Ambient energy? —0-15 —0-13 0-10 —0-10 —0-29 —0-15 —0-13 —0-27
Productive energy 0-07 0-15 —0-05 0-13 0-06 —0-12 0-16
Productive energy? —0-06 —0-20 —0-11 —0-07 —0-11
Area 0-16 0-49 0-13 0-16 0-17 0-09 0-31 0-14 0-24
Area? 0-04 0-10 0-04 0-06 0-03 0-07 0-04 0-08
Environmental —0-06 0-14 0-13 —0-09

heterogeneity
Environmental 0-05

heterogeneity?
Land Peninsula —0-19 0-10

Island
Historical climate 0-10 0-02 —0-30

stability
Historical climate 0-08 —0-08

stability?
Australian —0-70 —1-49 —0-15 1-17 —0-39 —0-59 —1.02 1-31 —0-39
Nearctic —0-49 —0-61 0-34 1-05 —0-92 —0-51 —0-44 0-92 —0-81
Neotropical —0-19 —0-45 —0-25 0-35 —0-30 —0-02 —0-16 0-34 —0-02
Oriental 0-07 —0-96 0-25 0-55 —0-36 —0-08 —0-67 0-46 0-16
Palearctic 0-25 —0-55 0-36 0-70 —0-31 0-14 —0-31 0-64 —0-40
Pseudo R* 0-80 0-60 0-74 0-74 0-66 0-74 0-52 0-64 0-72 0-59
AlIC 1019-89 1588-00 1259-84 123979 147738  1256-77 174458 1503-12 131725  1620-84
Likelihood ratio 818-17 585-70 27821  686-07 190-51  805-11 448-38 22833 666-17 237-31

test value
Likelihood ratio 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00

test P-value

Discussion

A major goal in biogeography and ecology is to under-
stand the causes of taxonomic diversity gradients. Here,
examining two non-mutually exclusive mechanisms
already proposed to explain cross-taxon congruence pat-
terns [(i) a common and independent response of taxa to
contemporary environmental factors; and (ii) a shared
biogeographic history of taxa], we analysed for the first
time the global distribution of five freshwater taxa (aqua-
tic mammals, aquatic birds, fishes, crayfish and aquatic
amphibians). We identified a number of recurrent patterns
driven by some common environmental factors. Although
this study is essentially correlative,
attempted to determine causality by determining the

we have also

extent to which these environmental factors produce con-
vergent patterns (i.e. patterns similar in shape and
strength) across taxa. We are aware that there is still a
debate among scientists in the way to select the most suit-
able statistical methods for biogeographical studies, espe-
cially regarding the spatial autocorrelation question
(Hawkins 2012). However, we are confident in our choice
of using GLM and SAR models for three main reasons:
(i) both methods find an overall consensus in the current
literature, so that our results are directly comparable with
other studies (for a review of biogeographical studies

using spatial models, see Dormann et al. 2007); (ii) both
methods provided comparable results; and (iii) the general
conclusions that we draw about the most important driv-
ers of freshwater biodiversity are consistent with previous
biogeographical studies (Field ez al. 2009).

Our results support the notion that climate per se, pro-
ductivity, area and history all play an important role in
explaining freshwater diversity patterns at the global scale.
Among these drivers, ‘climate/productivity’ was most
often prominent (except for fishes, see below), counting
for, on average, around 50% of the explained variance
for both species richness and endemicity patterns. This
result supports the idea that ‘climate/productivity’ predic-
tors similarly drive terrestrial and freshwater diversity pat-
terns at the global scale and slightly contrasts with results
of a meta-analysis identifying a reduction in the primacy
of climate/productivity in water compared with that on
land (Field ef al. 2009). However, the latter study suffered
from some of the limits inherent to meta-analysis that
could explain this discrepancy (Field et al. 2009), such as
an under-representation of taxa or explanatory variables
in the literature analysed. When separating the influence
of ‘ambient” and ‘productive’ energy factors, the ambient
energy hypothesis appears more important than the latter
in shaping diversity patterns, irrespective of the taxa and
diversity descriptors considered. This last result indicates
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Fig. 2. Hierarchical partitioning applied
to the final simultaneous autoregressive
(SAR) models obtained for each freshwa-
ter taxon and quantifying the total contri-
bution (given as the percentage of the
total explained deviance based on Pseudo

R%) of the key ecological hypotheses in
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explaining: (a) species richness and (b)
endemicity.

there is no differential response between ectothermic and
endothermic taxa to the two forms of energy (i.e. ambient
or productive energy). While the importance of ambient
energy for ectothermic taxa is not surprising, as these
organisms are dependent on external heat sources for
thermoregulation (Brown et al. 2004; Buckley & Jetz
2007; Davies et al. 2007; Qian 2010), such a result is quite
unexpected for endotherms, given their supposed lower
dependence on thermal energy (Turner, Gatehouse &
Corey 1987; Currie 1991; Hawkins et al. 2003). However,
the overall role of these two alternative hypotheses is diffi-
cult to determine, as the environmental factors associated
with each are not mutually exclusive.

Excluding the influence of ‘climate/productivity’ factors,
‘history/dispersion’ factors are the second best predictor
of the two diversity descriptors (explaining 24% and 30%
of variance, on average, in species richness and endemic-
ity, respectively). This result supports the hypothesis that
historical factors also play a part in explaining species
richness patterns per se (Latham & Ricklefs 1993;
Oberdorff, Guégan & Hugueny 1995; Wiens & Donoghue
2004; Tedesco et al. 2005; Hawkins et al. 2006; Hortal
et al. 2011) and patterns of endemicity in particular
(Whittaker, Willis & Field 2001; Vetaas & Grytnes 2002;

Percentage of explained variance

Sandel et al. 2011; Tedesco et al. 2012). Moreover, our
finding that convergent diversity patterns are induced by
historical climate stability and biogeographical realms for
some of our taxa (Fig. 3) corroborates the hypothesis that
common biogeographic history determines, at least in
part, current spatial patterns of species diversity (Buckley
& Jetz 2007; Ricklefs 2007; Aratjo et al. 2008).
Area/environmental heterogeneity was the third most
significant constraint acting on our two diversity descrip-
tors (explaining 25% of variance, on average, in species
richness and endemicity, respectively). The influence of
area and environmental heterogeneity factors in species
diversity gradients is not surprising as these factors have
been previously reported by others to contribute to the
maintenance of spatial gradients in terrestrial and fresh-
water diversity (MacArthur & Wilson 1963; Williamson
1988; Guegan, Lek & Oberdorff 1998; Oberdorff, Lek &
Guegan 1999). A more interesting finding relates to fresh-
water fishes for which the ‘area and environmental hetero-
geneity’ hypothesis is found to be the major predictor of
patterns for both species richness and endemism, support-
ing the conclusions of several previous studies (Oberdorff,
Guégan & Hugueny 1995; Tedesco et al. 2005; Oberdorff
et al. 2011). It is not surprising that area/environmental
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Fig. 3. Partial effect of full simultaneous autoregressive (SAR) model predictors on (a) species richness and (b) endemicity for the five
freshwater taxa. Only predictors selected in final SAR models (see Table 2), and for which the cross-taxon convergence test is significant

(F-test; P > 0-05; see Table 3), are shown.

heterogeneity predictors are predominant in explaining
the diversity patterns of freshwater fishes. In contrast to
the other taxa analysed (i.e. birds, aquatic mammals,
amphibians, crayfish), which have varying abilities to col-
onize other river systems by land or by sea, the dispersal
options for strictly freshwater fishes are limited by their
restriction to river drainage basins such that gene flow is
limited in ways that can promote intrabasin diversification
(Burridge et al. 2008; Tedesco et al. 2012). Life for strictly
freshwater fishes is more equivalent to that in ‘island or
mountain top archipelagos’ (Rosenzweig 1995).

The third mechanism that has been proposed to explain
cross-taxon congruence throughout biotic interactions (i.e.
presence of functionally dependent taxa) was not formally
tested in the present study. However, it was observed that
cross-taxon correlations were considerably reduced and
often no longer significant (Table 1) once the effects of
contemporary and historical factors had been accounted
for. This suggests there is limited evidence for biotic inter-
actions playing a primary role in driving cross-taxon con-
gruence at the global scale.

In conclusion, our convergence tests broadly support
the view of: (i) a hump-shaped or monotonic increase in
freshwater diversity with increasing ambient and produc-
tive energy; and (ii) a linear increase in diversity with
increasing area and environmental heterogeneity (Fig. 3).
Thus, in spite of profound functional differences between
taxa (i.e. homoeotherms vs. ectotherms), these two predic-
tors appear to act similarly in terms of the shape and
strength of their response curves. Interestingly, cross-
taxon convergence patterns were more pronounced for

contemporary than historical conditions, suggesting that
taxa respond to contemporary environmental conditions
in similar ways whatever their evolutionary history. This
last result is corroborated by recent findings based on
phylogenetic and distributional data for terrestrial mam-
mals and amphibians (Hawkins et al. 2011).

Our results have potentially important implications for
global freshwater conservation planning. Although identi-
fication of potential surrogates for freshwater biodiversity
is urgently needed, studies conducted at the global extent
and at the drainage basin grain are still critically lacking
(Rodrigues & Brooks 2007; Heino 2011). Until now, fish
have commonly been used as surrogates in freshwater
conservation planning, presumably because their distribu-
tion and ecological requirements are comparatively well
understood relative to most other freshwater taxa (Abell
et al. 2008). However, the extent to which fishes are
effective surrogates for other aquatic taxa has not been
comprehensively evaluated (Rodrigues & Brooks 2007;
Olden et al. 2010). Our results bring new insights into this
question indicating, at the river drainage basin grain, that:
(i) species richness and endemicity patterns are fairly well
correlated across most freshwater taxa studied (except for
crayfish that shows low level of congruency with other
taxa), with aquatic amphibians displaying the highest
levels of congruency with other taxa; and (ii) the
responses of taxa to their contemporary and historical
environments are broadly convergent with the notable
exception of fishes that show a predominant response to
area, in contrast to other taxa, in shaping their diversity
gradient (see explanations above). Furthermore, the lack
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of congruence between crayfish and other taxa relates to
their complete absence from a broad pan-tropical belt
encompassing most of South America, continental Africa,
South/South-East Asia, and most of the Indo-Pacific, due
to specific historical contingencies (Hobbs 1988). We con-
clude, therefore, that aquatic amphibians represent a use-
ful ‘surrogate’ for patterns of freshwater diversity at the
river drainage basin grain. Moreover, as amphibians are
considered highly threatened (Stuart ez al. 2004; Hof et al.
2011) and have previously been listed as potential surro-
gates for species diversity in terrestrial ecosystems at the
global scale (Grenyer et al. 2006; Lamoreux et al. 2006),
use of this taxon to represent patterns of species spatial
diversity could also help unify terrestrial and freshwa-
ter conservation efforts under a common framework
(Darwall et al. 2011). However, it is important to note
that the spatial scale of investigation (extent and grain
size) can greatly influence our perception of patterns and
processes (Rahbek 2005). Therefore, while our results
(obtained at the drainage basin grain) may be useful for
broad intergovernmental planning to increase trans-
boundary cooperation, their validity for conservation
planning at finer spatial resolutions (e.g. subdrainage) is
not warranted (see Darwall ef al. 2011) and should
require further research.
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Abstract

Here, we employ an additive partitioning framework to disentangle the contribution of spatial turnover and
nestedness to beta diversity patterns in the global freshwater fish fauna. We find that spatial turnover and
nestedness differ geographically in their contribution to freshwater fish beta diversity, a pattern that results
from contrasting influences of Quaternary climate changes. Differences in fish faunas characterized by
nestedness are greater in drainage basins that experienced larger amplitudes of Quaternary climate oscillations.
Conversely, higher levels of spatial turnover are found in historically unglaciated drainage basins with high
topographic relief, these having experienced greater Quaternary climate stability. Such an historical climate
signature is not cleatly detected when considering the overall level of beta diversity. Quantifying the relative
roles of historical and ecological factors in explaining present-day patterns of beta diversity hence requires
considering the different processes generating these patterns and not solely the overall level of beta diversity.
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INTRODUCTION

Determining whether the diversity of life is primarily influenced by
historical/evolutionary factors or contemporary environmental con-
ditions continues to be a controversial and longstanding issue in
ecology and biogeography (Ricklefs 2004). This debate was largely
based on studies exploring patterns and processes of species richness
at continental and global scales (e.g. Hawkins & Porter 2003; Araujo
et al. 2008; Dunn e al. 2009). In contrast, patterns and processes of
changes in species composition between places (i.e. beta diversity)
have generally received less attention on macroecological scales
(Gaston ez al. 2007a; McKnight e al. 2007; Buckley & Jetz 2008;
Melo et al. 2009) and the influence of history of place (i.e. the
sequence of change in past environments sexs# Brown 1995) has
never been explicitly considered in global-scale analyses of beta
diversity.

The few studies exploring beta diversity patterns on a global scale
have tested the niche limitation theory (Gaston ez a/. 2007a; Buckley
& Jetz 2008), which posits that areas with contrasting contemporary
environments would harbour different sets of species. However,
historical hypotheses cannot be excluded for explaining contempo-
rary patterns of species distribution (Graham ez 2/ 2006; Araujo ez al.
2008; Davies e al. 2009). For instance, the ‘historical climate stability’
hypothesis proposes that species were differentially excluded from
areas that experienced the most severe past climate changes, whereas
persistence and speciation were favoured by climate stability over

time (Dynesius & Jansson 2000; Araujo ef a/. 2008; Davies ez al.
2009). In the Northern Hemisphere, selective extinction caused by
Quaternary glaciations combined with insufficient time to recolonize
glaciated areas may explain present-day patterns of species distribu-
tion (e.g. Hawkins & Porter 2003). Subsequently, Dynesius &
Jansson (2000) argued that a latitudinal gradient in the amplitude of
climatic shifts caused by variations in Earth’s orbit on time-scales of
10-100 kyr (i.e. the Milankovitch oscillations) led to large changes in
the geographical distributions of species, the so-called orbitally
forced range dynamics (ORD). For instance, Jansson (2003) found
that regions with lower amplitudes of Milankovitch oscillations
throughout the Quaternary harboured higher proportions of range-
restricted species. Finally, past events in earth’s history such as the
emergence of geographical barriers (e.g. the uplift of mountain
ranges) may have fragmented and isolated ancestrally widespread
floras and faunas (vicariance), hence promoting distinct biota as a
result of allopatric speciation (Lomolino e# a/. 2006). Here, we argue
that it is important to consider simultaneously both historical
(historic climate, geographical barriers) and ecological hypotheses
(niche limitation) when analysing patterns and processes of beta
diversity. Present-day patterns of species distribution are probably
the product of the interaction between speciation, extinction,
colonization processes and ecological requirements of species
(Jansson & Davies 2008).

Understanding patterns and processes of beta diversity is central to
many applied and conceptual issues of ecology (Gaston e al 2007a;

"UMR 5119 “’Ecosystémes Lagunaires’” (CNRS-IFREMER-UM2-IRD), Université
Montpellier 2, Place Eugéne Bataillon, 34095 Montpellier, France

2UMR “'Biologie des Organismes et Ecosystémes Aquatiques” (IRD 207-CNRS 7208-
MNHN-UPMC), Muséum National d’Histoire Naturelle, 43 rue Cuvier, 75005 Paris, France
3Ecosystem ManagementResearch Group, Department of Biology, Faculty of Sciences,
University of Antwerp, Universiteitsplein 1, BE-2610 Antwerpen (Wilrijk), Belgium

4Faculty of Geosciences, Utrecht University, P.O. Box 80115, 3508 TC Utrecht,
The Netherlands

°Laboratoire d’Ecologie Fonctionnelle, U.M.R 5245, C.N.R.S — Université Paul
Sabatier, 118 route de Narbonne, F-31062 Toulouse Cedex 4, France
*Correspondence: E-mail: fabien.leprieur@univ-montp2.fr

© 2011 Blackwell Publishing Ltd/CNRS



326 F. Leprieur et al.

Letter

Buckley & Jetz 2008; Anderson e# al. 2010). However, beta diversity
may reflect two antithetic phenomena: spatial turnover of species and
nestedness of assemblages (Baselga 2010). Yet, most previous studies
did not distinguish between these two components of beta diversity
(e.g. Buckley & Jetz 2008; Qian et a/. 2009), which may make
interpretation of the processes involved more difficult (Leprieur e/ al.
2009; Baselga 2010). Nestedness occurs when assemblages in
depauperate sites are subsets of species of successively richer sites,
hence reflecting a spatial pattern of species loss (or gain) that results
from different processes (i.e. selective colonization, selective extinc-
tion, nestedness of habitats, interspecific variation in tolerance to
environmental conditions) (Whittaker & Fernandez-Palacios 2007,
Leprieur ef al. 2009). One might therefore expect higher levels of beta
diversity caused by species losses ot gains in regions that experienced
the most severe past climate changes (Leprieur ef 2/ 2009; Baselga
2010). In contrast, species spatial turnover implies the gains and losses
of species from place to place (species replacement) as a consequence
of environmental sorting and/or spatial and historical constraints,
including geographical isolation due to dispersal barriers (Gaston ez al.
2007b). One might therefore expect that regions with greatest spatial
turnover in species composition with their immediate neighbours
would also show greatest differences in contemporary environmental
conditions (Gaston ef a/. 2007a).

In the present study, we explore a uniquely comprehensive
database of freshwater fish species distributions (Leprieur ez al 2008;
Blanchet ez a/. 2010). We used freshwater fish as a biological model
because this species-rich group of vertebrates presents numerous
advantages in large-scale ecological studies (Oberdorff ez al 1999;
Reyjol ez al. 2007; Leptrieur ez al. 2009). For instance, drainage basins
are separated from one another by barriers insurmountable for
strictly freshwater fishes (land or ocean), and hence form what can
be considered as biogeographical islands whose space is perfectly
delimited (Guegan ez al. 1998; Oberdorff ez al. 1999). According to
Rosenzweig (1995), ‘freshwaters are like fish archipelagos’ physically
subdividing a species between drainage basins and limiting gene flow
in ways that can promote local diversification. Here, we first
quantified beta diversity at the drainage basin scale and then mapped
the resulting beta diversity patterns at the global extent. Second, we
disentangled the contributions of spatial turnover and nestedness to
beta diversity patterns using the quantitative framework recently
proposed by Baselga (2010). Specifically, we explored whether these
two components (i.e. spatial turnover and nestedness) display
congruent spatial patterns at the global scale. Finally, we assessed
the relative roles of contemporary environmental conditions,
geographical isolation, Quaternary climate stability and Quaternary
glacial history in shaping present-day patterns of beta diversity. We
expect that disentangling spatial turnover and nestedness patterns
should permit strong inferences about the roles of historical vs.
contemporary environmental factors in shaping present-day patterns
of beta diversity (Baselga 2010).

MATERIALS AND METHODS
Distribution data

We used the worldwide database of freshwater fish occurrences per
drainage basin (# = 1058) described in Leprieur ef a/ (2008). Our
species database contains species occurrence data for the world’s
freshwater fish fauna at the drainage basin scale. We consider both
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exorheic (i.e. open systems in which surface waters ultimately drain to
the ocean) and endorheic basins (i.e. closed systems in which surface
waters drain to inland termini whence they evaporate or seep away). It
constitutes the most comprehensive global database of freshwater fish
occurrences at the drainage basin scale (i.e. 1058 drainage basins
covering more than 80% of Earth’s surface, and 9750 species
corresponding to 80% of all freshwater species described). This
database results from an extensive literature survey of both native and
non-native freshwater fish species check lists. The resulting database
was gathered from bibliographical sources including published papers,
books and grey literature databases.

In the present study, we only considered native species that are
strictly freshwater (i.e. species that cannot tolerate salinity) because
migratory and brackish species would introduce potential bias in the
analyses as we considered each drainage basin as a biogeographical
island (Oberdorff ez al. 1999; Reyjol e al. 2007). In addition, we did
not deal with the endemic fish species of ancient lakes (e.g. Lake
Malawi) because these species may bias the analyses due to differences
in speciation processes between ancient lakes and drainage basins
(Leveque ez al. 2008). Finally, we only considered the drainage basins
for which environmental and historical data were available, which led
to a total of 841 drainage basins and 7816 species for subsequent
analyses.

Beta diversity measures

We applied a dissimilarity-based approach (Koleff ez a/ 2003) to
quantify beta diversity at the drainage basin scale. This approach is
commonly used for grid cell data and consists of quantifying beta
diversity as the mean of the dissimilarity index values between a
focal cell and each of the #» immediate neighbouring cells (Lennon
et al. 2001; Koleff et al. 2003; Gaston ez al. 2007a; Melo ez al. 2009).
Using the additive partitioning framework proposed by Baselga
(2010), we also provided two separate components of spatial
turnover and nestedness underlying the total amount of beta
diversity. Specifically, this framework consists of decomposing the
pair-wise Sorensen dissimilarity index (Byorp) into two additive
components accounting for pure spatial turnover (B, and
nestedness (Buesp). The Simpson dissimilarity index (also called
beta-sim index or Bsim,p) describes spatial turnover without the
influence of richness gradients (Lennon ez al 2001; Koleff ez al.
2003; Gaston et al. 20072; McKnight ez 2/ 2007). Using basic
operations on fractions, Baselga (2010) derived a Nestedness-
resultant dissimilarity index (Buesp) and showed that By, is simply
the difference between Byorp and Bymp (€. Bsorp = Bsimp + Presp)-
Specifically, B, reflects the increasing dissimilarity between
nested assemblages due to the increasing differences in species
richness (Baselga 2010). For each dissimilarity index (Bsor,p, Bsim,p
and Beqpp), we calculated the mean of the dissimilarity index values
between a focal drainage basin and each of the » immediate
neighbouring basins (Beor-ar Psim-a a0d Presa)- It is worth noting that
Bresa is not a measure of nestedness per se, ie. PBhesa do not
measure the degree of nestedness among adjacent basins, but
reflects the average difference in their fish faunas caused by a
process of species loss or gain between nested assemblages (called
hereafter nestedness for simplicity). The three measures of beta
diversity (Bsor-a> Psima and Presa) Were used in subsequent analysis.
More particularly, we provided maps of Bgorar Bsim-a a0d Presa 00 2
wortldwide scale.
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Environmental and historical data

We collected data related to geographical isolation, habitat diversity,
contemporary climate and historical climate for each drainage basin
(see Table S1 in Appendix S1 for bibliographical sources).

The mean values of 17 contemporaty climatic variables related to
temperature, precipitation and surface runoff, actual and potential
evapotranspiration were first calculated over the surface area of each
drainage basin from 0.5° X 0.5° grid climate data (see Table S1 in
Appendix S1 for bibliographical sources). These climatic variables
have been previously found to be correlated with large-scale patterns
of freshwater animal diversity (e.g. Oberdotff ez a/. 1999; Reyjol ez al.
2007; Leprieur et al. 2009). A Principal components analysis (PCA)
was performed to account for the collinearity observed among
climatic variables and to reduce the number of variables in our
analyses to a set of three composite principal components that
describe dominant gradients of variation in the original climate-based
vatiables (Table S2 in Appendix S1). The first axis PCA1 was (1)
strongly correlated with variables related to temperature and actual
evapotranspiration (i.e. a measure of energy availability which is
closely tied to the water-temperature balance (Hawkins & Porter
2003). PCA1 represents a temperature gradient from drainage basins
in warm and stable climate to those in cold and instable climate. The
second axis PCA2 was strongly correlated with variables related to
precipitation and surface runoff (i.e. the amount of water running
over the land sutrface during the year). The third axis PCA3
was strongly correlated with the coefficient of variation of monthly
precipitation. To characterize the range of climatic conditions
encountered in each drainage basin, we also determined the
presence/absence of 14 biomes (i.e. vegetation type associated with
regional variations in climate).

Then, the surface area (kmz) and the mean altitude (m) were
compiled for each drainage basin from a Geographic Information
System (GIS) and bibliographical soutces. The sutface area is a
relevant indicator of habitat diversity and influences both extinction
and speciation processes in biogeographical ‘island” systems (Guegan
et al. 1998; Lomolino e al. 2006). Altitude is commonly used as a
proxy of geographical isolation in large-scale ecological studies (Jetz &
Rahbek 2002; Melo efal 2009). Concerning freshwater, high
topographic relief of drainage limits implies less frequent drainage
connections and species crossovers (Smith 1981) (see Appendix S1).

Finally, we quantified two historically based variables related
to Quaternary climate stability and Quaternary glacial history.
The Quaternary Period encompasses approximately the last 1.8
million years and was characterized by as many as 20 glacial advances
and retreats. To describe Quaternary climate stability, we used the
change in annual temperature between the present and the Last
Glacial Maximum [LGM, « 21 thousand years ago (kya)], instead of
precipitation. As pointed out by Jansson & Davies (2008), the ability
of GCMs to infer precipitation correctly remains poor and temper-
ature is likely to be correlated with change in general climate, including
precipitation, at the global scale. We extracted the annual temperature
during the LGM from five GCM models, namely BMRC2, CCC2.0,
CCM1, GEN2 and UGAMP (data available from the Wotld Data
Center for Paleoclimatology, http://www.ncdc.noaa.gov/paleo/mod-
el.html). For each GCM, the change in mean annual temperature
between the present and the LGM was calculated and the resulting
values were averaged to account for vatiation among models (Jansson
& Davies 2008). This measure correlates closely with the amplitude of

Quaternary climatic oscillations on time-scales of 10-100 kyr (i.e. the
Milankovitch oscillations) (Jansson 2003). To describe Quaternary
glacial history, we measured the percentage of maximum glacier
coverage during the Quaternary glaciation periods for each drainage
basin (i.e. the percentage of glacier coverage during one of the
Quaternaty ice ages, corresponding in most cases to the glaciation at
the LGM).

According to the niche limitation theory (Gaston ef a/. 2007b), one
might expect that drainage basins with greatest differences in species
composition with their immediate neighbouring drainage basins (i.c.
greatest levels of beta diversity) would also show greatest differences
in environmental conditions (i.e. climate, habitat diversity). For each
environmental variable (i.e. the climate PCA1, PCA2 and PCA3
vatiables, sutface area, altitude), we therefore quantified contemporaty
environmental dissimilarity as the mean of absolute differences
between a focal drainage basin and each of its immediate neighbours
(Gaston et al. 2007a; Melo et al. 2009). We further described
contemporary environmental dissimilarity as the mean of differences
in biome composition between a focal drainage basin and each of its
immediate neighbours (Melo ez a/. 2009). As for species composition
data, we decomposed the pair-wise Serensen dissimilarity index
(Bsorp) into two additive components accounting for pure spatial
turnover (Bgmp) and nestedness (Boespp) (see Appendix S1). In the
text, we mentioned the environmental dissimilarity-related variables as
the name of the variable plus the suffix .diff’ (e.g. Climate PCA1.diff).

Differences in regional evolutionary history (i.e. differences in
speciation and extinction rates) can trigger species richness and
endemism discrepancies among biogeographical realms (e.g. Buckley
& Jetz 2007), which may ultimately explain large-scale patterns of beta
diversity characterized by spatial turnover (see Buckley & Jetz 2008)
ot/and nestedness. We therefore considered the biogeographical
realm (Afrotropical, Australian, Nearctic, Neotropical, Oriental,
Palearctic) to which drainage basins belong to control for the possible
confounding effects of variation in species richness and endemism.

We finally obtained 10 variables related to contemporatry environ-
mental dissimilarity (Climate PCA1.diff, Climate PCA2.diff, Climate
PCA3.diff, Biome.diff, Altitude.diff, and Area.diff), geographical
isolation (Altitude), Quaternary climate stability (Temperature anom-
aly between present and the LGM), Quaternary glacial history (% of
maximum glacier coverage during the Quaternary period) and regional
evolutionary history (biogeographical realm).

Statistical analysis

First, we quantified the overall relationship between beta diversity
measures (Beora Psimas Pres.a) and each of the variables related to
contemporary environmental conditions, geographical isolation, Qua-
ternary climate stability and Quaternary glacial history. To do so, we
used the Spearman rank correlation coefficient (p) to accommodate
the non-normal distributions of By, Standard significance tests are
not appropriate for spatially autocorrelated data because the assump-
tion of independence is violated, which can greatly inflate Type-I
statistical error rates (Legendre 1993). We therefore tested for
significance using a method proposed by Clifford ez a/. (1989), which
corrects the sample size of two variables based on the level of the
spatial dependency in and between them (Lennon efal 2001;
McKnight ¢ a/. 2007). This method uses the concept of ‘effective
sample size’, which is the equivalent sample size for the two patterns
when the redundancy produced by spatial autocorrelation is removed

© 2011 Blackwell Publishing Ltd/CNRS
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(Clifford et al. 1989). Analyses were performed using the sam software
(Rangel et al. 2010) that is freely available at http://www.ecoevol.
ufg.br/sam.

Finally, we applied boosted regression trees (BRT) to assess the
relative importance of each of the ecological and historical variables
considered in shaping the observed patterns of Beora Psima and
Bresar BRT model is a form of multivariate regression model using
regression decision trees and a boosting algorithm (see Appendix S1).
In the present study, we applied the methodology proposed by Elith
et al. (2008) using a BRT model that assumes a Gaussian distribution
of the response variable. Optimal model parameters were determined
by only altering the number of trees and the learning rate until
predictive deviance was minimized without overfitting (see Appen-
dix S1). Once an optimal combination of number of tree and
learning rate was found, model performance was evaluated using a
ten-fold cross-validation procedure with resubstitution. The percent-
age of explained deviance was therefore based on aggregated cross-
validation results. We assessed the relative contributions of predictor
vatiables in the BRT model using the method developed by
Friedman (2001). This consists of summing, by predictor, reductions
in error across all the individual regression trees (Friedman 2001).
The BRT models were fitted in R version 2.8.1 (R Core Team 2000),
using GBM package version 1.5-7 plus custom code written by Elith
et al. (2008).

@
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Spatial autocorrelation has become an important issue in geograph-
ical ecology over the past decade (Rangel ef a/ 2010). As BRT do not
account for spatial autocorrelation in both the dependent and
explanatory variables, we also performed simultaneous autoregressive
error  (SARgnor) models (see Appendix S2) and compared the
respective results of the two models.

RESULTS

We first mapped freshwater fish beta diversity at the global scale
(Fig. 1a), i.e. the average difference in species composition, expressed
by the Sorensen dissimilarity index, between a focal drainage basin and
its immediate neighbouring drainage basins (B,oy.,). The highest values
of beta diversity were found in western USA, Central and South
America, Africa, southern FEurasia and Australia, whereas the lowest
values were mostly located in northern Eurasia and northern North
America (Fig. 1a). Applying an additive partitioning framework, we
then mapped the spatial turnover and nestedness components of beta
diversity (Fig. 1b,c), respectively Pgm-a and Poesa. Although spatial
turnover and nestedness were found to contribute similarly to beta
diversity on average (average Pgor, = 0.47 £ 0.24 SD, average
Beima = 0.27 £ 0.25 SD, average Bpes, = 0.21 £ 0.15 SD, 7 = 841
drainage basins), this did not hold for every drainage basin. For 197
drainage basins of 841 (23.4%), spatial turnover contributed, for more

Figure 1 Global distribution of beta diversity (» = 841 drainage
basins) according to the (a) Serensen dissimilarity index (Bsor.a),
(b) the Simpson dissimilarity index (Bgim-) and (c) the Nestedness
dissimilarity index (Bpes.,). Beta diversity is expressed as the mean
of the dissimilarity index values between a focal drainage basin
and each adjacent drainage basin.
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Figure 2 Contribution in percentage of (a) the Simpson and (b)
Nestedness dissimilarity indices (Bgim-o and Ppesa, respectively) to
overall beta diversity (Beora see Fig. 12). Boora = Baima T Presa

(see Material and Methods for more details).
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than 75%, to beta diversity (Fig. 2a). Inversely, nestedness contrib-
uted, for more than 75%, to beta diversity in 239 drainage basins of
841 (28.4%) (Fig. 2b). For instance, patterns of beta diversity in
western USA, Mexico, South Africa and southern Eurasia (including
South-East Asia) are almost completely caused by species replacement
(Figs 1b and 2a). In contrast, patterns of beta diversity in northern
North America, northern Europe and north-castern Eurasia are
caused in many cases by a process of species loss only (i.e. nestedness)
(Figs 1c and 2b).

Besides varying in their contribution to beta diversity and showing
different geographical patterns, spatial turnover and nestedness
components (Bgm.a and Phe,, respectively) displayed contrasting
relationships with variables related to contemporary environmental
conditions, geographical isolation, Quaternary glacial history and

Quaternary climate stability. Indeed, univariate correlation tests (see
Table 1) showed significant negative relationships between g, and
the percentage of glacier coverage, and the temperature anomaly
between present and the LGM, respectively. In contrast, a weak but
positive relationship was found between B, and the temperature
anomaly between present and the LGM. It is worth noting that the
relationships depicted with historical variables were not observed
when considering overall beta diversity (Bsor.o). Then, Pgim o was found
to be positively and significantly associated with mean altitude and
several indicators of contemporary environmental dissimilarity (i.e.
Altitude.diff, Climate PCA1.diff, Climate PCA2.diff and Climate
PCA3.diff), a result not found for By, (Table 1). In contrast, Buesa
was found to be positively related to differences in surface area among
adjacent drainage basins (Area.diff).

Table 1 Correlations between the spatial turnover (Bgp,.,) and nestedness (Bhes.a) components of beta diversity (Byo,.,) and each of the considered ecological and historical

variables
Bsor—u Bsim—a B11c>—a

Variables p Corrected d.f. p Cortrected d.f. p Corrected d.f.
Altitude* 0.299 (*+¥) 125.587 0.324 (*+¥) 145.743 —0.111 (ns) 309.316
% of maximum glacier coverageT —0.140 (ns) 56.591 —0.265 (*) 61.367 0.070 (ns) 181.952
Temperature anomaly (present — LGM) —0.170 (ns) 60.316 —0.306 (**) 61.368 0.142 (%) 163.224
Altitude.diff§ 0.329 (*+F) 99.466 0.348 (**+%) 118.141 —0.075 (ns) 357.967
Area.diff§ 0.264 (*+¥) 322.348 0.079 (ns) 385.276 0.273 (**%) 598.555
Biome.diff§ 0.294 (*+F) 341.493 0.006 (ns) 721.388 0.086 (*) 601.858
Climate PCA1.diff§ 0.208 (*+¥) 362.120 0.180 (***) 408.549 —0.012 (ns) 520.679
Climate PCA2.diff§ 0.284 (*+F) 193.462 0.312 (*+%) 213.231 —0.048 (ns) 471.749
Climate PCA3.diff§ 0.346 (*+¥) 152.910 0.326 (**%) 178.698 —0.015 (ns) 465.926

The suffix “diff" indicates that the variable consists of the mean difference between the focal drainage basin and the adjacent drainage basins. Significance of Spearman’s

correlation coefficient (p) was tested using degrees of freedom (d.f.) corrected for spatial autocorrelation.

LGM, Last Glacial Maximum; PCA, Principal components analysis.
*Variable related to geographical isolation.

FVariable related to Quaternary glacial history.

{Variable related to Quaternary climate stability.

§Indicator of contemporary environmental dissimilarity.

The significance (P) is given in parentheses: ***, P2 < 0.001; **, P < 0.01; *, P < 0.05; ns (P > 0.05).

© 2011 Blackwell Publishing Ltd/CNRS
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Figure 3 Results of boosted regression trees showing the partial dependency between beta diversity and single explanatory variables related contemporaty environmental

dissimilarity geographical isolation, Quaternary climate stability and Quaternary glacial history. Results are shown for the Simpson dissimilarity index (Bgm_): plot (a) to (j), and
the Nestedness dissimilarity index (Bues.a): plots (k) to (t). The suffix “.diff indicates that the variable consists of the mean difference between the focal drainage basin and the
adjacent drainage basins. In plots (¢) and (p), numbers on the x axis correspond to the biogeographical realms (1: Afrotropical, 2: Australian, 3: Nearctic, 4: Neotropical,
5: Oriental, 6: Palearctic). The plots are ranked according to the relative importance of each predictor variable, which is indicated below in brackets. Ticks at the top of each plot

indicate the decile distribution for the variable.

These findings were roughly confirmed by the application of BRT.
According to a cross-validation procedure, the BRT models
explained 59.3, 40.2 and 36.4% of the total deviance for PBgoa,
Baim-a and Phesa respectively. Partial dependency plots are presented in
Fig. 3 to show the effect of a particular variable on B, and By, after

© 2011 Blackwell Publishing Ltd/CNRS

accounting for the average effects of all other variables in the
model. Fitted functions by the BRT model were frequently nonlinear
and varied in shape for both B, and Bpeea (Fig. 3). Four variables
related to Quaternary climate stability (Fig. 3a), geographical isolation
(Fig. 3b) and contemporary environmental dissimilarity (Fig. 3c,d)
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were found to be the best predictors of Py, (ie. their relative
contribution to the BRT model ranged from 15 to 20% per variable).
For instance, spatial turnover (Bgm.,) decreased with increasing
temperature anomaly between present and the LGM up to « 13 °C
and then remained constant (Figs 3a and S2). In contrast, the
magnitude of species loss measured by By, increased with increasing
temperature anomaly between present and the LGM (Fig. 3I),
Quaternary climate stability being the second best predictor of
Bres.a- The biogeographical realm was ranked as the 5th and 6th most
contributing variable in the BRT models for PBgm. and Paesa
respectively (Fig. 3e,p), hence testifying that observed patterns of
beta diversity characterized by spatial turnover or nestedness are not
primarily explained by differences in species richness and endemism
among biogeographical realms.

Boosted regression trees and SARg.,, models showed broadly
similar results (Table S3 in Appendix S2), e.g. both methods revealed
contrasting relationships between the measure of Quaternary climate
stability and the spatial turnover (Bgm..) and nestedness (Bpesa)
components of beta diversity. In addition, the SAR.,,, models were
able to reduce autocorrelation in model residuals to a non-significant
level for both Bgm-a Pacsa a0d Peora (See Appendix S2).

Finally, three-dimensional surface plots showing fitted values of
Beim-a and Presa as a function of the two most influential variables in
the BRT models are presented in Fig. 4. These plots show that the
two most influential variables in the BRT models have additive rather
than interactive effects on Bgin_, and Puesa The highest By, values
were found in high-altitude drainage basins experiencing low
temperature anomalies between present and the LGM (Fig. 4a).
In contrast, highest B, values were found in drainage basins with
the greatest differences in surface area with adjacent basins and
experiencing high temperature anomalies between present and the

LGM (Fig. 4b).

DISCUSSION

Here, we show that Quaternary climate changes played a major role
in shaping present-day patterns of spatial turnover and nestedness in
the global freshwater fish fauna. More particularly, disentangling the
contribution of spatial turnover and nestedness to the global beta
diversity pattern revealed contrasting signatures of Quaternary
climate changes. For instance, our results showed that differences
in fish faunas characterized by nestedness were greater in previously
glaciated drainage basins of the Northern Hemisphere, which
experienced larger amplitude of Quaternary climate oscillations (see
Figs 5 and S1). It is also worth noting that these northernmost
basins are inhabited by species with larger geographical range sizes
(see Fig. S3 and Griffiths 2006). Two major and non-mutually
exclusive mechanisms can be put forward to account for these
observed patterns: (1) selective extinctions of small-range species
caused by successive glaciations during the Quaternary period
(Hocutt & Wiley 1986; Griffiths 20006); (2) selective post-glacial
colonization of species from southern refuge areas (e.g. the
Mississippi and Danube drainage basins in North America and
Europe respectively) during intermittent connections among drainage
basins (Hocutt & Wiley 1986; Reyjol ez a/. 2007). For instance, the
fish fauna of the Laurentian Great Lakes Basin in North America is
mainly the product of colonization events from the Mississippi basin
refugia after the LGM («. 80% of its present-day fish fauna) (Hocutt
& Wiley 1980).

Fitted values

drpise
0y,
R

m,#"
AN
s 'g“t;o,,’ 3

Fitted values

Figure 4 Three-dimensional surface plots showing fitted values of the (a) Simpson
dissimilarity (Bsim.a) and (b) Nestedness dissimilatity (Byes.) as a function of the two
most influential variables in the BRT-models. All variables except those graphed are
held at their means. The suffix “.diff indicates that the variable consists of the mean
difference between the focal drainage basin and the adjacent drainage basins.

Overall, our results parallel the recent findings of Davies e al.
(2009) suggesting that large oscillations in Quaternary temperatures
played a major role in shaping the global-scale contemporary
distribution of mammal range sizes via the selective extirpation of
small-range species during glacial expansion and/or recolonization by
good dispersers after glacial retreats. For freshwater fish, dispersal
ability is strongly linked to body size (Griffiths 2006). This may
explain why previously glaciated drainage basins of the Northern
Hemisphere are dominated by large-bodied species (Blanchet ez al.
2010).

Interestingly, the effect of Quaternary climate stability on the
nestedness component of beta diversity was mediated by drainage
surface area. Whatever the levels of Quaternary climate stability,
greater differences in fish faunas characterized by nestedness were

© 2011 Blackwell Publishing Ltd/CNRS
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Figure 5 Plot of the relationship between Quaternary climate stability (expressed
by the temperature anomaly between present and the LGM), for each drainage
basin and their corresponding median latitude.

found in drainage basins with greater differences in surface area with
adjacent basins (Fig. 4b). Such a result is not entirely surprising in
island-like systems such as drainage basins (Leprieur ez @/ 2009),
where differential extinction controlled by area is considered the
primary force behind nestedness (Whittaker & Fernandez-Palacios
2007).

Conversely, our analysis revealed greater differences in fish faunas
characterized by spatial turnover in historically unglaciated drainage
basins (e.g. in western USA, Mexico, South America, Africa and
South-East Asia, Fig. 1b), which experienced greater Quaternary
climate stability compared with high-latitude basins of the Northern
hemisphere (Figs S1 and S2). These drainage basins with distinct fish
faunas are also characterized by higher levels of fish endemism
(Revenga ez al. 1998; Oberdorff ez al. 1999). Our results are consistent
with these previous studies and show that the ‘historic climate
stability” hypothesis (Graham ef a/. 2006; Araujo et al. 2008; Jansson &
Davies 2008) should be balanced against contemporary climate based-
hypotheses (Gaston e al. 2007a; Buckley & Jetz 2008; Melo ez al.
2009) when analysing patterns and processes of spatial turnover. For
instance, contemporary climatic conditions were found to be minor
predictors of spatial turnover, after having controlled for the effect of
other factors (see Fig. 3).

It is commonly accepted that the evolution and distribution
patterns of freshwater fishes reflect the paleogeographical complexity
of a region, more particulatly, the development of drainage basins
and their isolation and interconnection processes (Hocutt & Wiley
1986; Bermingham & Martin 1998). Several regional-scale studies
showed that the uplift of mountain ranges promoted distinct fish
faunas as a result of allopatric speciation (e.g. Albert ez al. 2000).
Then, freshwater fishes probably experienced higher extinction rates
in tectonically active regions (Badgley 2010) as topographic com-
plexity reduces habitat area and connectedness (Smith 1981). It is
therefore not surprising that geographical isolation and topographic
complexity (measured by altitude per se and differences in altitude
among adjacent basins, respectively) were found to be important
predictors of spatial turnover. For instance, whatever the levels of
Quaternary climatic stability, spatial turnover of fish species was
higher in drainage basins with high topographic relief (Fig. 4a). These
findings are broadly consistent with recent studies analysing patterns
and processes of spatial turnover for the New World’s mammal, bird
and amphibian species (McKnight ez 2/ 2007; Melo et al. 2009).
For example, Melo ez al (2009) showed that neighbouring areas

© 2011 Blackwell Publishing Ltd/CNRS

that differ in altitude with their surroundings harboured different sets
of bird and mammal species. According to these authors, this may
reflect either species adaptation to particular environmental condi-
tions by range shifts or species divergence by vicariance or both.
To summarize, geographical isolation of drainage basins combined
with Quaternary climate changes provides a patsimonious explana-
tion for present-day patterns of spatial turnover in the global
freshwater fish fauna.

Patterns of beta diversity that originally refer to the extent of species
replacement along a gradient (Whittaker 1960) are commonly
quantified using broad-sense measures such as the Jaccard and
Sorensen dissimilarity indices (e.g. Buckley & Jetz 2008; Qian ez al.
2009). These beta diversity measures incorporate richness gradients
(Gaston ¢# al. 2007b) and hence do not distinguish between the ‘true’
spatial turnover and nestedness components of beta diversity (Baselga
2010). For instance, use of the Serensen dissimilarity index revealed
that Quaternary climatic stability was marginal in explaining observed
patterns of freshwater fish beta diversity (Table 1 and Fig. S4).
In contrast, it did show that a combination of factors related to
contemporary environmental conditions (e.g. those related to climate,
energy availability and habitat) best explained the global variation of
freshwater fish beta diversity (Fig. S4). This contrasts strikingly with
the results obtained when disentangling the contribution of spatial
turnover and nestedness to beta-diversity patterns (see above). The
fact that the Sorensen dissimilarity index account for differences in
both species richness and species identities may well explain this
discrepancy (Leprieur ef a/. 2009; Baselga 2010). It is indeed well
known that climate, energy availability and habitat diversity are the
main drivers of the global variation in freshwater fish species richness
(Guegan et al. 1998). Overall, our results suggest that broad-sense
measures of beta diversity may not be appropriate to tease apatt
the relative roles of historical and ecological factors in explaining
present-day patterns of beta diversity.

Our findings also have important implications for applied issues in
ecology and biogeography. For instance, beta diversity measures are
commonly used to delineate biogeographical regions (Kreft & Jetz
2010) and to set conservation priorities among localities or regions
(Margules & Pressey 2000). Here, we show a low spatial congruence
between turnover and nestedness patterns over the world (see Figs 1
and 2), hence providing evidence that future conservation studies
should not solely consider the overall level of beta diversity (e.g.
Wiersma & Urban 2005) but also the different processes generating
beta diversity patterns (i.e. spatial turnover vs. nestedness). Indeed,
whether beta diversity patterns are characterized by nestedness or
spatial turnover implies opposite consetrvation strategies. For example,
conservation prioritization among adjacent drainage basins should be
devoted to the richest ones when beta diversity is primarily
characterized by nestedness (e.g. the river drainages of Northern
Europe). In contrast, conservation efforts to a large number of river
basins are required when beta diversity patterns are generated by a
process of species replacement (e.g. the river drainages of Western
United States and Mexico).

To conclude, this study cleatly shows that spatial turnover and
nestedness differ geographically in their contributions to freshwater
fish beta diversity, a pattern that reflects contrasting signatures of
Quaternary climate changes. This extends previous regional-scale
studies showing that the imprint of cyclical changes in climate and
glacier coverage during the Quaternary period can persist longer
among species with dispersal limitation (e.g. Hewitt 2004; Araujo ez al.
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2008). This study also emphasizes that using broad-sense measures of
beta diversity may overestimate the role of niche-based processes
compared with processes related to dispersal limitation and historical
contingency. This has important implications as the role of
historical/evolutionary factors in shaping present-day patterns of
species diversity remains the subject of considerable debate, stressing
the difficulty of testing historical and evolutionary hypotheses based
on current species distributions (Ricklefs 2004).
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We integrate the respective role of global and regional factors driving riverine fish species richness patterns, to develop a synthetic
model of potential mechanisms and processes generating these patterns. This framework allows species richness to be broken
down into different components specific to each spatial extent and to establish links between these components and the processes
involved. This framework should help to answer the questions that are currently being asked by society, including the effects of
species invasions, habitat loss, or fragmentation and climate change on freshwater biodiversity.

1. Introduction

The diversity of life, usually referred to as “biodiversity”, is
not evenly distributed throughout the globe. A considerable
proportion is to be found in the tropics, while the poles
are only home to a small fraction, and between the two
extremes there is a whole diversity gradient. Ecologists, bio-
geographers, and paleontologists have studied the reasons
for these differences, but the question remains open despite
the dozens of hypotheses that have been put forward on
the subject [1-5]. The present analysis is limited to one
important aspect of biodiversity, species richness, which is
defined as the number of species present at a given time in
a given place. Species richness gradients can be examined
across a variety of spatial extents (extent is the geographic
separation between the furthest points) and grains (grain is
the area of the sampling unit) [6]. But ecologists, who up to

the 90s preferred experimental approaches, mainly focussed
on the factors and processes that influence species richness
at fine grain sizes and spatial extents (based on published
papers in Ecology between 1980 and 1986, cited by May
[7]). However, it is now recognized that species richness
patterns are directly influenced by processes working at
much larger scales; that is, regional or even continental [8—
12]. This gave birth to macroecology [13, 14], whose aim
is to highlight the statistical properties that emerge from
complex ecosystems, in order to identify general patterns at
different space-time scales of observation, and particularly
at the macroscopic scale. If we follow Brown’s ([13, page
6]) definition of macroecology: “it is a non-experimental,
statistical investigation of the relationship between the dynam-
ics and interactions of species populations that have typically
been studied on small scales by ecologists and the processes
of speciation, extinction, and expansion and contraction of



ranges that have been investigated on much larger scales by
biogeographers, paleontologists, and macroevolutionists. It is
an effort to introduce simultaneously a geographical and a
historical perspective in order to understand more completely
the local abundance, distribution, and diversity of species, and
to apply an ecological perspective in order to gain insights
into the history and composition of regional and continental
biotas.” In fact, determining which factors and processes are
responsible for the variation in species richness patterns is a
crucial issue for conservation planning in the face of current
and future global and regional anthropogenic impacts [15].

Here, we review patterns and predictors of riverine fish
species richness at the drainage basin grain and at global and
regional extents. The “freshwater fish” model is particularly
well adapted to this type of study since drainage basins
are separated from one another by barriers (oceans, or
land) that are—for all practical purposes—insurmountable
for strictly freshwater fishes, and thus form a kind of
insular habitats. Like remote islands, drainage basins are not
under equilibrium conditions, as they receive new colonists
so rarely that immigration and speciation often occur on
similar timescales. This absence of migration between river
basins over large temporal scales implies that extinction and
speciation processes are specific of each drainage basin [16].
Thus, river basins are, to some extent, independent entities
that could be used in comparative analysis to explore the
factors that shape overall fish community richness between
them. Incidentally, a considerable amount of exploitable
data is now available that enables the use of comparative
approaches to test the main ecological hypotheses currently
under consideration. In this chapter we will use this natural
experiment framework to review and discuss the relative
role of regional and continental features in determining river
drainage basin diversity patterns.

Unless otherwise specified, the term “river drainage
basin” will refer to rivers flowing into the ocean (including all
their tributaries). For rivers that are part of a bigger drainage
basin, the term “tributary” will be used. In this paper we
will focus on two grains sizes (i.e., river drainage basin or
tributary drainage basin) at two different extents (i.e., global
to regional). The term species richness (or species diversity)
describes here the total number of species encountered
within a river basin or within a tributary.

2. Global Approach to Riverine
Fish Species Richness

At the intercontinental scale, three major hypotheses that
sum up the majority of different hypotheses proposed (see
[3] for a review) have already been tested to explain the
variability of riverine fish species richness.

The first, the area hypothesis [17, 18] refers to the
existence of a positive relationship between the number of
species present in a given area and the size of this area. This
relationship has been described by a power function in the
form S = CA? (where S is the number of species, A is
the (surface) area, and C and Z are constants to be fitted)
[19, 20]. It suggests that size (the surface of a river drainage

International Journal of Ecology

basin in the case of riverine fishes) limits the number of
species an area can harbor, and, due to its universal appli-
cation, almost serves as a law in community ecology [21].
Several nonexclusive explanations have been put forward
to explain this species-area relationship (Schoener 2010)
but three of them are most often invoked: (1) the size-
dependent extinction rate [17, 18], (2) the size-dependent
speciation rate [22], and (3) the diversity of the habitat
[18]. According to the first explanation the probability of
extinction of a species increases with a reduction in the
size of the “island”, due to a decrease in its population size.
The second explanation suggests a positive effect of area
on speciation rate by exposing species to greater ecological
heterogeneity and/or geographical barriers [5]. The third
explanation suggests that the heterogeneity of the habitat and
the diversity of available food resources increase with the
size of the “island” thus offering a large number of available
niches and consequently favouring the coexistence of a large
number of species [23].

The second hypothesis, the species-energy hypothesis
[24, 25] predicts a positive correlation between species
richness and the energy available within the system. This
hypothesis has received empirical support from a large
number of studies carried out on different communities of
animals and plants [24, 26-36]. This being said, there is
still a certain ambiguity even in the way the hypothesis is
expressed. In fact, energy can influence richness by means
of two rather different processes. Wright [24] considers
energy to be a factor that determines resources available for
a given biological community and thus as a productivity
factor per se, whereas Turner et al. [33] and Currie [27], for
example, consider energy to be a factor that determines the
physiological limits of the species. In the former, one would
expect a variable such as net primary production to be an
important predictor of species richness whereas in the later,
variables linked with temperature or available solar energy
would predominate [29].

Finally, the third hypothesis, the historical hypothesis
[37], attempts to explain differences in richness gradients
by the potential for recolonisation of systems and thus by
the degree of maturity achieved since the last major climate
change or by the degree of stability in past climatic conditions
[38, 39]. This last hypothesis, which combines past environ-
mental conditions with geographic contingencies regulating
dispersal possibilities, has been relatively neglected compared
to the others. Two main reasons can explain this gap: (i) in
essence, past conditions are much more difficult to evaluate
and accurately measure than present conditions and (ii)
current and past conditions are globally highly correlated.

2.1. The Roles of Area and Energy. In the first global studies
conducted in this topic Oberdorff et al. [40] and Guégan et al.
[41] used data obtained for 292 drainage basins on 5 different
continents to identify the factors responsible for variations
in riverine fish species richness within the framework of
the three above-mentioned hypotheses. The models resulting
from these exploratory analyses tend to show that, at this
spatial extent, the factors associated with the first two
hypotheses (i.e., the area hypothesis and the species-energy
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FiGure 1: Global freshwater fish species richness patterns at the drainage basin grain.

hypothesis) predominate. Only taking into consideration
three summary factors, that is, the total surface area of the
river drainage basin, the mean flow at the river mouth and
the net terrestrial primary productivity within the basin,
those models explain between 78 and 93% (depending on the
statistical model) of the natural variability of the river basin
species richness, the mean annual river discharge explaining
the greater part of the variance in species richness.

Based on a comprehensive species richness dataset
(Figure 1) recently compiled (926 river basins analyzed, see
[42, 43] and the Supplementary Appendix available online
at doi: 10.1155/2011/967631 for further details on the data-
base), we performed a spatial autoregressive model (SAR,
see [44]) accounting for the spatial configuration of drainage
basins. The final model explains 77.1% of the total variation
in species richness. Results of this new analysis confirm
previous findings concerning the effects of area-related
and climate-related variables, but also reveal a significant
influence of past climatic changes and geographic isolation
of drainage basins on species richness patterns (see Table 1
and Figure 2). These historical effects have also been revealed
in previous regional analyses (see [45-48] although on a
different spatial grain) but, regarding freshwater fish, this is
the first time that the effect of past climatic variability (from
glacial periods of the Pleistocene to present day) on species
richness patterns is detected at the global scale (but see [39]
for an effect of climatic variability on beta diversity).

With respect to the area hypothesis, these results confirm
those of several previous studies carried out at the regional
scale that identified the size of the river drainage basin and/or
the mean flow at the river mouth as important predictors
of river basin species richness [46, 52-56]. Furthermore,
according to our SAR model, habitat diversity still plays
a significant role in explaining richness gradients after
accounting for drainage area (Table 1). However these results
do not fully answer the questions following from the area

hypothesis, that is, are species richness patterns due to area-
dependant rates of extinction and/or speciation, or to an
increase in habitat diversity, or both?

With respect to the species-energy hypothesis, the results
obtained by Oberdorff et al. [40] and Guégan et al. [41]
tend to favour the hypothesis of an effect of energy on
richness through an increase in available resources for the
species. (Net Primary Productivity is an important predictors
of species richness.) However, a difficulty in discussing
further this last result is that these authors used estimates
of terrestrial primary productivity from Lieth’s models
[57] instead of real aquatic primary productivity (data not
available). Even if considering that terrestrial productivity
gives a correct estimation of aquatic productivity (as food
webs supporting fish are largely based on allochthonous
inputs), using estimates of terrestrial primary productivity
probably under-estimates true aquatic productivity (see [58]
for a review). However, our SAR model also gives support
to an indirect effect of energy through species physiological
limits (positive effect of variables linked with temperature in
the model, see Table 1).

The species-energy theory as developed by Wright et
al. [25] posits a positive link between species richness
and energy availability [59]. However, in plant and animal
communities, a variety of patterns in species richness
have been observed over productivity gradients, including
positive, negative, and unimodal relationships [60-63]. It
is not clear yet why richness shows these (apparently)
contradictory relationships with productivity even if some
explanations have already been proposed. For example, it
has been suggested that all these noted relationships may
just be incomplete segments of an overall hump-shaped,
unimodal relationship over a broader range of productivity.
Nevertheless, evidence for this possibility is currently limited
at best [60, 63]. Results from Oberdorff et al. [40], Guégan
et al. [41], and our SAR model support the view of
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TaBLE 1: Results from a spatial autoregressive model (SAR) relating species richness to environmental, climatic, and historical variables.
Spatial analysis was performed with R statistical package [49] and spdep library [50] (see the Supplementary Appendix for further
explanations). The spatial structure was implemented by a neighbourhood matrix of the drainage basins (see [46] and the Supplementary
Appendix for further explanations) and assuming that the autoregressive process occurs in the error term (i.e., the “spatial error model”
described by Dormann et al. [44]). Further methodological details on species richness, environmental variables computing, and modelling
procedure are available in the Supplementary Appendix. Habitat heterogeneity was estimated by applying Shannon’s diversity index to
proportions of biomes (i.e., vegetation types associated with regional variations in climate) within drainage basins. Temperature anomaly
represents the Quaternary climate variability measured as the change in mean annual temperature between the present and the Last Glacial
Maximum (LGM, circa 21 thousand years ago). Following Oberdorff et al. [51] we also considered whether or not a drainage basin was on
a land mass, a peninsula, or an island (LPI; continental mass = 0; peninsula = 1; island = 2). All other variables are fully explained in the
Supplementary Appendix. The Moran’s I value represents the remaining autocorrelation on the residuals of the model for the first distance

class, that is, neighbour drainages (the values for the remaining distance classes are also nonsignificant).

Related hypothesis Variable St:;?;rjtlezsed Standard error z value P-value
Drainage area 0.548 0.032 17.123 <.0001
Habitat heterogeneity 0.188 0.031 6.012 <.0001
Habitat size and Altitudinal range —-0.208 0.194 —1.069 n.s.
diversity Altitudinal range? 0.130 0.200 0.649 n.s.
Runoff 0.784 0.091 8.628 <.0001
Runoff? -0.761 0.098 -7.797 <.0001
Historical climatic Temperature anomaly 0.559 0.147 3.815 <.0001
stability and geographic Temperature anOIna]y2 —0.37 0.130 —2.857 .0043
isolation Land-Peninsula-Island (LPI) -0.257 0.041 —6.349 <.0001
Actual Evapotranspiration 0.073 0.049 1.493 n.s.
Precipitation 0.376 0.058 6.464 <.0001
Climate/energy Temperature 0.778 0.085 9.209 <.0001
Temperature? 0.195 0.047 4.176 <.0001
Precipitation seasonality 0.009 0.040 0.227 n.s.
pseudo R? 0.771
AIC 1851.4
Moran’s 0.0046 n.s

amonotonically increase of riverine fish species richness with
increasing productivity at the global scale (Figure 2).

At this spatial scale, the only direct historical factor
significantly acting on species richness was past climatic
variability (see Figure 2 and results of the SAR model in
Table 1). It is thus tempting to conclude that history is
a minor driver of diversity at the global scale. However
we should keep in mind that all the variables used in the
SAR model are interrelated to some extent and difficult
to separate. This can be visualized in Figure 3, where the
explained variance of a linear regression has been partitioned
into three different groups of factors related to the area,
energy and historical hypotheses. Currie [27], referring to
land animals, put forward an explanation for the absence
of influence of history on contemporary diversity patterns:
that historical factors only influence species richness over
relatively short periods, that is, less than the period of
time since the last glacial maximum. Nevertheless this
explanation seems inappropriate for riverine fishes. In their
case, community saturation should be more difficult to reach
than for land animals in the sense that their colonization
depends on potential connections between river drainage

basins. It is thus logical to expect that the influence of
historical events should still be detectable in riverine fish
communities at the global scale and that the weak influence
of this driver most often noticed comes preliminary from
difficulties in defining the appropriate variables.

2.2. The Role of History. It is not always simple to separate
effects linked to history from those linked to current
environmental factors, but comparisons between similar
environments in different regions could address variation in
speciation and extinction caused by different history [66]. In
order to highlight the potential influence of historical factors
on species richness, Oberdorff et al. [65] studied rivers
on two different continents, North America and Western
Europe, which have comparable climatic and environmental
characteristics but a rather different history (Figure4).
After having initially identified the main ecological factors
responsible for variations in species richness on the two
continents (i.e., factors related to river size, productivity,
and climate), the second phase of the study integrated in
the model factors presumed to reflect historical events (i.e.,
distance from the larger refugial area and surface area of
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FIGURE 2: Fish species richness for each river basin as a function of drainage area (a), habitat heterogeneity (b), altitudinal range (c),
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and precipitation seasonality (j). See Table 1 for variables description.
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FIGURE 4: Plot of fish species richness as a function of the surface
area of drainage basins for West European and North American
rivers. Variables expressed in logarithmic values (Ln): redrawn from
Oberdorff et al. [65].

drainage basin covered by the ice sheet during the last
Pleistocene glaciation) in order to examine their relative
contribution in explaining species richness gradients.
Results showed that ecological factors (particularly the
size of the river and to a lesser extent available energy)
explain a large part of variations in species richness between
the two continents, while one historical factor (distance
from the larger refugial area) appears to be more marginal
though significant, while the other (surface area of drainage
basin covered by the ice sheet during the last Pleistocene
glaciation) is invariably rejected. These results thus seem to
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agree with conclusions reached at the global scale, suggesting
a marginal role of history in driving contemporary diversity
patterns. This is rather surprising if one accepts the low
dispersion capacity generally attributed to fish communities.
A preliminary explanation is that the most northern regions
of Western Europe and North America are mainly populated
with euryhaline species that could have rapidly recolonised
rivers via coastal fringes. At the same time, the fact that a
“continental” effect is highly significant in the final model
leads to think that other historical factors not taken into
account in the study are perhaps involved in differences
between rivers on the two continents, like, for example,
differences in the process of speciation which seem to occur
more often in North American refuge zones [67]. In fact,
some North American genera such as Notropis have radiated
at a rate not encountered in any of the European genus [67].
If speciation rate is assumed to be inversely related to body
size [68], a low speciation rate is also suggested by body size
distribution of European fish with dominance of medium
and large species, conversely to North America were small
fish predominate [67, 69, 70]. A complex array of factors is
probably involved in this pattern, but speciation events seem
to have occurred more frequently in North American refugial
areas than in West European ones [67]. Moreover, the data
analysed by Oberdorff et al. [65] also show that after river size
and net primary productivity have been factored out, North
American rivers are still 1.7 times as rich as European ones.
Consistent with this, other recent studies trying to
evaluate the role of history in shaping riverine fish diversity
patterns at regional and intercontinental scales found a
significant influence of history in forging riverine species
richness patterns [45-48]. For example, Tedesco et al. [46]
have analyzed the effect of rain forest refuges at the last
glacial maximum (LGM) on tropical freshwater fish diversity
patterns in three different regions, that is, Tropical South
America, Central America, and West Africa. At the end of
the most recent glacial period (Last Glacial Maximum, LGM;
18,000 years BP), while ice sheets in the Northern Hemi-
sphere extended from the Arctic southward to cover most
of North America and central Asia to approximately 45°N
latitude, African, and Amazonian rain forests contracted in
response to glacial aridity [71]. Following this scenario, in the
Northern Hemisphere, high fish species extinctions should
have occurred in the rivers totally or partially glaciated,
while few extinctions should have occurred in the few
refuge zones representing remnants of preglaciation habitats.
At the same time, in the tropical zone of the Southern
Hemisphere, overall reduced precipitation should have led to
high extinction rates in river basins affected by the drought
(through a decrease in river basins discharge and active
surface area), and few or no extinctions in river basins
having kept their characteristic natural (e.g., precipitation
patterns and vegetation conditions). Indeed, Tedesco et al.
[46] found that both river drainage area and contact (or
absence of contact) with LGM rain forest refuges explained
the greatest proportions of variance in the geographical
pattern of riverine species richness. In the three examined
regions, highest richness was found in drainages that were
connected to the rain forest refuges (Figure 5). However, they
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FIGure 5: Plot of species richness as a function of total surface
area of the drainage for river basins from tropical South America,
Central America and tropical Africa. Black circles represent the
basins that were in contact with a rain forest refuge zone during the
LGM; white circles represent basins completely isolated from rain
forest refuges. Lines correspond to simple linear regressions for each
group. Variables are expressed in logarithmic values (Ln): redrawn
from Tedesco et al. [46].

also found that, at the continental scale, South American
rivers were more species rich than their African and Central
American counterparts, respectively. Therefore, a historical
signal seems to persist even when the regional historical
effect (climate at the LGM) has already been accounted for.
These results suggest that from the LGM to the present day
(a time scale of 18,000 years), extinction processes should
have played a predominant role in shaping the current
diversity pattern. By contrast, the continental effects could
reflect historical contingencies explained by differences in
speciation and extinction rates between continents at larger
time scales (millions of years). Despite these few studies, the
role of historical processes in shaping present-day distribu-
tion patterns of diversity is still the subject of considerable
debate, stressing the difficulties of testing historical processes
based on current species distributions. More refined tests
of historical factors involving intercontinental comparisons
are needed to better assess the relative importance of
ecological and historical processes in shaping contemporary
diversity patterns. In this context, endemic species have
always been fascinating because they should reflect the roles
of speciation, extinction, and dispersal ultimately responsible
for their restricted geographic distribution. They are then
good candidates for analysing the role of historical processes
in present-day distribution patterns of diversity.

3. Regional Approach to Riverine
Fish Species Richness

Changing the spatial extent we now consider variations in
richness in rivers and tributaries of comparable size that flow
in the same biogeographical region. In other words, we will
now control for the effects highlighted at the intercontinental
scale (i.e., energy and history) and focus on factors that
intervene at this regional scale. Two main explanations can
be put forward to explain differences in species-area relation-
ships at this scale: (1) the area-dependent extinction rates
hypothesis and (2) the habitat diversity hypothesis. In order
to distinguish effects specific to each hypothesis, Hugueny
[54] proposed considering two types of rivers: tributaries,
which can be freely colonized by species present throughout
the basin and completely isolated river drainage basins.
According to the hypothesis of size-dependent extinction
rates, tributaries should harbor overall a higher number of
species than river drainage basins of similar size, since the
immigration rate of the former is higher than zero while
the immigration rate of the later is actually zero. Conversely,
according to the hypothesis of habitat diversity, the same
number of species is to be expected in both categories
(tributaries and river drainage basins) as long as they are
of comparable size. In order to test the hypothesis of the
size-dependent extinction rate Hugueny [54] and Belkessam
et al. [72] compared the species richness of river drainage
basins and tributaries of similar size within bio-geographical
regions (West Africa and North-west France, resp.). The
results of these comparisons showed that species richness
of river drainage basins was overall lower than that of
tributaries of comparable size (Figure 6). These results thus
suggest that regional species richness is regulated in part by
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processes of extinction and immigration and that a priori,
the threshold of species richness is not only determined by
habitat diversity. Two other studies analysing colonisation
patterns of introduced species in several watersheds of North
America supported these previous results [73, 74]. These
studies show that fish communities are not saturated and
are thus capable of achieving higher species richness if the
pool of potential colonisers is artificially increased by the
introduction of other species. Another study of freshwater
fish communities brought into contact by the opening of
the Panama Canal in 1914 also supports this view. Smith et
al. [75] analyzed data on communities from Caribbean and
Pacific river basins sampled in 1911 and 2002. Numerous
species migrated through the canal and have reached similar
relative abundances in their new basin. Furthermore, it
appears that no species has gone extinct, hence increasing
species richness in both basins. The authors concluded that
the communities were unsaturated and that community
composition and richness were not regulated by interspecific
competition at least over ecological time scales (10-100
generations), but rather by regional processes of dispersal.

4. Concluding Remarks and Future Directions

At this stage, by synthesizing results presented above, we can
develop a preliminary integrated framework that provides
a potential mechanistic explanation for riverine fish species
richness patterns at the global scale (Figure 7). Although each
one of the processes involved in the framework outlined in
Figure 7 still needs to be refined, it may be helpful in pre-
dicting how current and future changes should alter species
richness patterns at large spatial scales. Invasion of exotic
species, habitat loss and fragmentation and global climate
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change held to be the primary causes of endangerment
to riverine fish species [76]. Below we focus on how the
results detailed in this paper could help us to forecast the
consequences of these changes on fish species richness.

4.1. Introduction of Exotic Species. Knowledge of the degree
of saturation of a community provides an important basis for
understanding how the community reacts or will react to the
introduction of new species. In this context, understanding
to what extent freshwater fish introductions have long-term
consequences for biodiversity is crucial to the adoption of
sound and effective conservation strategies. As previously
said, for strictly freshwater fishes, river basins (flowing into
the ocean) can be considered as nonequilibrated islands in
which species extinctions (related to historical events) are
not fully balanced by colonization from neighbouring river
basins [16, 46, 54, 72]. The implication is that river basins
are very likely to be unsaturated with species and thus more
susceptible to the establishment of nonnative species because
ecological space should be less densely packed and interspe-
cific competition should be less intense [75]. An implication
is that species introductions might have impacts on fish
communities that are smaller than would be expected if the
saturation point had already been reached [42, 43, 77, 78].

4.2. Fish Species Facing Habitat Loss and Fragmentation.
Habitat loss and fragmentation is one of the greatest threats
to biodiversity worldwide, and this certainly holds true for
riverine fishes. One of the conclusions of the present paper
is that extinction processes are quite important in setting
contemporary riverine fish species richness. It is thus almost
certain that disturbances, generated for example by dams,
weirs, reservoirs for water supply, diversion for irrigation
and industrial purposes (creating physical barriers blocking
normal migrations and movements of the biota or decreasing
habitat availability), flow modification, industrial pollution,
and eutrophication, all creating direct or indirect decreases
in habitat availability, will endanger or extinguish many
freshwater fish species in the future. The global scale models
described above, by including factors related to the size of
the river basin (i.e., surface area of the drainage basin, river
discharge) could be of use to predict patterns of extinction
due to this type of disturbance. Nevertheless, we should
keep in mind that there is an important time lag between
habitat loss and species loss [79, 80]. For example, Morita
and Yamamoto [81] have estimated that the probability of
extinction of a salmonid species (Salvelinus leucomaensis) in
an isolated stream basin of 1 km? is equal to 0.8 after 50 years
and is equal to 0.1 for an isolated stream basin of 10 km? for
the same time lag. That means that the processes involved
are rather slow, even for small rivers. This fact will be further
discussed in the next paragraph.

4.3. Future Richness Patterns under Global Climate Changes.
Changes in global climate are expected in the twenty first
century. At this point it is difficult to make precise predic-
tions about how these changes will affect rivers. The changes
may be varied and large, involving diverse characteristics as
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temperature, hydrology, and water level (through changes in
rainfall patterns) and consequently productivity within the
systems. The long-term effects of such changes are largely
a matter of speculation but by combining results obtained
by computer-driven General Circulation Models (GCMs)
and global models detailed here, a gross estimation of the
potential effects of global warming on river basin species
richness could be realised. For example, Xenopoulos et al.
[82] and Xenopoulos and Lodge [83] have developed global
scenarios of future losses in river discharge from climate
change and have applied these results to known relationships
between fish species and discharge to build gross scenarios of
losses of riverine fish richness at global and regional scales.
In rivers with hypothesized reduced discharge (about 30%
of the world rivers), these authors predicted fish losses up
to 75%. However, this species-discharge-based model only
projects the fraction of species “committed to extinction”,
primarily resulting from decreases in river flow. While such
extrapolations are useful for assessing rivers vulnerability
to climate change, the lag time between being “committed
to extinction” and actually going extinct may range from
decades to many millennia suggesting that the realized
extinction rates, at a given time, are likely to be lower and
perhaps much lower than the projected species “committed
to extinction” percentages [84]. New approaches quantifying
real extinction rates (i.e., the number of extinctions divided
by the time over which extinctions occurred) are now
critically needed to start organizing sound-effective remedial
conservation actions. In this sense, a promising way is the
use of empirical relationships established from historical
data (prehuman) between species extinction rates and area
of occupancy (extinction-area relationships) to predict true
extinction rates (integrating the time lags to extinction)
due to future habitat loss. Hugueny et al. [85] provided
an empirical extinction-area relationship for riverine fishes
by (i) estimating population extinction rates since the
fragmentation of paleorivers due to sea level rise at the end of
the Pleistocene and (ii) by combining this information with

rates estimated using population surveys and fossil records.
The use of this empirical extinction-area relationship (EAR)
to project riverine fish extirpation rates under future global
climate change may be a future fruitful approach.
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ABSTRACT

Aim To explore global patterns of riverine fish endemism by applying an island
biogeography framework to river drainage basins and highlight evolutionary
mechanisms producing two kinds of endemism: neo-endemism, arising from
within-drainage cladogenetic speciation, and palaeco-endemism, arising from
species range contraction or anagenetic speciation.

Location World-wide.

Methods We use a uniquely comprehensive data set of riverine fish species dis-
tributions to map global fish endemism patterns. We then use the relationships
between (1) total species richness and proportions of endemic species and (2) total
species richness and a measure of in situ (i.e. within-drainage basin) probability of
speciation by cladogenesis, to identify the two distinct forms of endemism. After
separating drainage basins into two different sets according to dominance of one of
these two forms, we apply a model averaging procedure to highlight, for both
datasets, the environmental and historical variables that better explain endemism
patterns. We finally analyse the effect of biotic components related to dispersal
ability on the percentages of both kinds of endemism among lineages.

Results Our results indicate that the two types of endemism are distributed
differently across space and taxonomic lineages: (1) neo-endemism, positively
related to the overall richness of the drainage basin, is essentially linked to in situ
cladogenetic speciation and is positively related to drainage basin area, negatively
related to climate variability since glacial periods and negatively related to all
proxies of dispersal ability; and (2) palaeo-endemism, not directly contributing to
drainage basin richness, is a pure process of extinction through range contraction
and/or isolation through time and is mostly related to geographic isolation, glacial
history and positively related to marine-derived origin of families.

Main conclusions The non-random spatial and taxonomic distribution of neo-
endemism and palaeo-endemism sharply reflects the role of evolutionary processes
and provides a way to identify areas of high conservation interest based on their
high present and future diversification potential.

Keywords
Dispersal ability, freshwater fish, glacial maximum, global distribution, island
biogeography, isolation, neo-endemism, palaeco-endemism, speciation.

INTRODUCTION

At large geographic scales, evolutionary and ecological hypoth-
eses have long competed as major determinants of present-day
biogeographic patterns of diversity. They have shaped the past
decades of research, producing numbers of biogeographic

© 2012 Blackwell Publishing Ltd

models (MacArthur & Wilson, 1967; Goldberg et al., 2005) and
explanations (Dynesius & Jansson, 2000; Jablonski et al., 2006;
Mittelbach et al., 2007) at the interface of biogeography, ecology
and evolution. In this context, endemic species have always been
fascinating because they should reflect the roles of speciation,
extinction and dispersal ultimately responsible for their
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restricted geographic distribution (Jetz et al., 2004; Emerson &
Kolm, 2005; Rosindell & Phillimore, 2011). However, our
knowledge of processes leading to endemism patterns is still
largely insufficient to make a significant contribution to the
debate around the driving forces of global diversity gradients
(Pimm et al., 1995).

Like the remote islands described in The theory of island bio-
geography (MacArthur & Wilson, 1967), drainage basins (i.e.
closed systems of interconnected rivers running from their
sources to the ocean) are not under equilibrium conditions for
native fishes as they receive new colonists so rarely that immi-
gration and speciation occur on similar time-scales (Hugueny
et al., 2010). Moreover, running waters are like ‘fish archipelagos’
(Rosenzweig, 1995), physically subdividing a species between
drainage basins and limiting gene flow in ways that can promote
diversification (Burridge et al., 2008). Conversely, this fragment-
ing process also often produces small population sizes and a
subsequent high extinction risk (Hugueny er al., 2011). River
drainage basins thus represent a specific island-like system offer-
ing an opportunity for testing ecological and evolutionary
hypotheses at large spatial extents.

Our aim here is to explore global patterns of riverine fish
endemism by applying an island biogeography framework to
drainage basins. In drainage basins, the occurrence of endemic
species (i.e. species present in a single drainage basin) can result
from different configurations: the species could be (1) ‘neo-
endemics’ that evolved in situ by cladogenesis (i.e. one species
evolves into several new species) and did not disperse out of the
area of origin (Fig. 1a); or (2) ‘palaeo-endemics’ that are either
species that evolved in situ by anagenesis (i.e. one species evolves
into a single new species) due to strong historical isolation
(Fig. 1b, also called ‘relictualization’ by Gillespie & Roderick,
2002, or ‘endemic allospecies’ by Heaney, 2000), or relicts of
previously widespread taxa, i.e. species that have experienced
range contraction (Fig. 1c). On the one hand, the cladogenetic
process, which generates neo-endemic species, increases both
the total species richness of a drainage basin and the number
and proportion of endemic species within that drainage basin.
On the other hand, the anagenesis and extinction processes,
which generate both kinds of palaeo-endemic species, replace
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immigrant (or resident) species with endemics, and thus do not
increase total species richness but do increase the number and
proportion of endemic species. Accordingly, the proportion of
endemics and total richness should be influenced by the type
of endemism prevailing within a drainage basin (i.e. neo-
endemism or palaeo-endemism). A positive relationship
between the proportion of endemics and total richness is
expected among drainage basins where neo-endemism domi-
nates, while a negative relationship is expected for drainage
basins where palaeco-endemism dominates. The specific case of
no endemic in a given drainage basin suggests either extinction
events followed by immigration of widespread species (e.g. for
recent drainage basins previously covered by ice sheets; Reyjol
et al., 2007), or unsuitable conditions for in situ speciation (e.g.
minimum area for speciation; Losos & Schluter, 2000).

To test this hypothesis we use a uniquely comprehensive data-
base of riverine fish species distributions (i.e. 9750 species cor-
responding to 80% of all freshwater species described, and 1058
drainage basins covering more than 80% of the earth’s terres-
trial surface; Blanchet et al., 2010; Leprieur et al., 2011). We first
map global patterns of endemism at the drainage basin grain.
We then formally identify the two forms of endemism, analysing
the relationships between total species richness, proportions of
endemics and an index of in situ cladogenetic speciation pro-
posed by Coyne & Price (2000). Finally, we examine the relative
roles of evolutionary and ecological processes by relating the
patterns of neo-endemism and palaeo-endemism to the envi-
ronmental characteristics, geographic and topographic isolation
and current and past climatic conditions of drainage basins.
Since the processes generating neo- and palaco-endemic species
are different, we expect that neo- and palaco-endemic patterns
will be explained by different environmental factors. According
to theory, rates of neo-endemism should be positively related to
drainage basin size and heterogeneity, both factors supposed to
promote speciation (Losos & Schluter, 2000) and to decrease
extinction (MacArthur & Wilson, 1967), and negatively related
to past climatic variability, a factor supposed to increase species
extinction risk (Dynesius & Jansson, 2000). We have no strong a
priori expectation regarding factors acting on palaeo-endemic
patterns, although past climatic variability, related to glacial

Neo-endemism
of species B and C

Palaeo-endemism
of species B

Palaeo-endemism
of species A

Figure 1 The origin of drainage basin endemism types adapted from the Emerson & Kolm (2005) origin of island endemism scheme.

Species A originates from the westernmost drainage basin and then colonizes the remaining ones during a time period of connection
between basins. After isolation of drainage basins, there are three possible mechanisms that may result in endemism in the middle drainage
basin: (a) neo-endemism of species B and C is the result of intra-drainage (i.e. in situ) cladogenetic speciation from the founding species A;
(b) palaeo-endemism of species B is the result of inter-drainage anagenetic speciation through isolation, and represents a surviving element
of the ancestral connected drainage basin (Gillespie & Roderick, 2002); and (c) palaeo-endemism of species A results from extinction of

species A in the first and third drainage basins (i.e. range contraction).
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history, should negatively affect palaco-endemic richness
(Reyjol et al., 2007). Finally, since level of isolation is an impor-
tant driver of endemism, past connections between neighbour-
ing drainage basins should negatively affect both kinds of
endemism.

The above framework considers diversity within a drainage
basin as an outcome of solely environmental and geographical
influences, taking a neutral view on organisms themselves.
However, clade history and biological traits may also greatly
contribute to explaining species distribution patterns at broad
spatial scales (e.g. Knouft & Page, 2011). As a complement to our
environmental approach relating patterns of neo-endemism
and palaco-endemism to drainage basin characteristics, we
analysed biotic components of lineages at the family level to
further explain and confirm patterns of endemism and the pro-
cesses behind them. While higher speciation rates are expected
in regions considered large enough for populations to be suffi-
ciently isolated, the influence of fragmentation on speciation
should also depend on the dispersal ability of organisms. For
instance, as body size has been positively related to dispersal
distance in active dispersers, including fish (e.g. Tales et al., 2004;
Jenkins et al., 2007), small-bodied species may experience
greater isolation and lower gene flow, and thus have a greater
potential for speciation. Furthermore, the current geographic
distribution range of lineages and their potentially marine-
derived origin can also be viewed as proxies of dispersal ability at
large temporal scales (Waters & Wallis, 2001; Lovejoy et al.,
2006). Because neo-endemic species are generated from in situ
cladogenetic speciation without subsequent dispersal, we expect
proportions of neo-endemism among families to be negatively
related to dispersal ability. Inversely, since dispersal is part of the
process producing palaeo-endemic relict species, dispersal
ability should be positively related to proportions of palaeo-
endemic species.

MATERIALS AND METHODS

Species richness and endemism data

We used a database containing fish species occurrence (compris-
ing hagfish, lampreys and cartilaginous and bony fish) for 1058
drainage basins distributed world-wide (Blanchet et al., 2010;
Leprieur etal.,, 2011). This database was compiled from an
extensive literature survey (bibliographic sources including
published papers, books and grey literature; references available
upon request) of check lists of native freshwater fish species.
Only complete species lists at the drainage basin scale were
considered. Only strictly freshwater native species were included
(secondary or migratory euryhaline fishes were systematically
withdrawn on the basis of species descriptions provided in Fish-
base; Froese & Pauly, 2010) in order to consider each drainage
basin as a closed system (Hugueny et al., 2010). In addition,
ancient lakes (Malawi, Tana, Kivu, Tanganyika, Albert, Edward,
Victoria, Turkana, Kyoga, Baikal, Titicaca and Biwa) and their
fish fauna were removed from the database to avoid any bias

Global riverine fish endemism patterns

related to differences in speciation processes between ancient
lakes and rivers (Lévéque et al., 2008).

Total species richness refers to the total number of native
fish species present in a drainage basin. Endemic species rich-
ness refers to the total number of endemic species present in a
drainage basin. Endemic species are defined here as those
inhabiting only one drainage basin (i.e. single-drainage
endemics as the analogy of ‘single-island endemics’ often
applied in insular systems); for those species, an extended lit-
erature search was conducted in order to guarantee their
endemic status. Although the endemic status of organisms can
have a differing biological significance depending on the geo-
graphic scale under consideration, riverine fish constitute an
excellent group to unambiguously define endemism because of
the insular nature of rivers for these organisms (see also
Appendix S1 in Supporting Information).

Current and historical environmental data

For each drainage basin, we compiled 11 variables to evaluate
the effect of environmental and historical drainage basin condi-
tions on levels of neo-endemism and palaco-endemism. These
variables are related to drainage basin size and environmental
heterogeneity, geographic and topographic isolation, and
present-day and historical climate (see Table S1 for a list of
variables, corresponding references and units). A geographic
information system of the global river systems and the corre-
sponding drainage basin limits (Vorosmarty et al., 2000) was
used to extract absolute or mean values for each of these
variables.

We collected four variables related to habitat size and hetero-
geneity: drainage surface area (DSA), habitat heterogeneity
(HH), elevation range (Eleving) and mean annual runoff
(ROumn); and four variables related to contemporary climate:
temperature (T), precipitation (PR), precipitation seasonality
(PReasonatity) and actual evapotranspiration (AET,.,). Elevation
range (i.e. the difference between maximum and minimum
elevations within a given drainage basin) is commonly used as a
proxy of topographic heterogeneity in large-scale ecological
studies and can be considered as a rough surrogate variable
reflecting historical opportunities for allopatric speciation (Jetz
& Rahbek, 2002; Jetz et al., 2004; Melo et al., 2009; Leprieur
et al., 2011). Habitat heterogeneity was estimated by applying
the Shannon’s diversity index to proportions of biomes (i.e.
vegetation types associated with regional variations in climate)
within drainage basins (see Appendix S1 for further details on
habitat and climatic variables).

We quantified a historically based variable related to Quater-
nary climate variability (i.e. Milankovitch climate oscillations),
responsible for large temperature changes toward the poles.
Quaternary climate variability was measured as the change in
mean annual temperature between the present and the Last
Glacial Maximum (LGM, c. 21 ka) estimated from six different
global circulation models (GCMs) (Jansson & Davies, 2008).
This measure closely relates to the amplitude of Quaternary
climatic oscillations (Jansson, 2003). For each GCM, the change
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in mean annual temperature between the present and the LGM
was calculated and the resulting values were averaged to produce
an overall anomaly variable, Tunomay (Jansson & Davies, 2008).

Following Oberdorff et al. (1999), we also considered whether
or not a drainage basin was on a land mass, a peninsula, or an
island (LPI; continental mass = 0; peninsula = 1; island = 2). This
can be related to geographical isolation since colonization rates
in peninsulas and islands should be sufficiently low to favour the
formation and maintenance of endemic species. Topographic
isolation of drainage basins was estimated according to the
probability of river basin connection during the Quaternary sea
level fluctuations (e.g. Swartz et al., 2007). At glacial periods the
sea level drastically regressed, potentially connecting neighbour-
ing drainage basins, reducing isolation and allowing for species
dispersal processes. The minimum linear distance from river
mouth to the bathymetry level =120 m (Distyy), i.e. the sea level
regression at the LGM (Lambeck et al., 2002), was used as a
measure of the probability of river basin connection.

In situ cladogenetic speciation index

As an index of in situ speciation by cladogenesis (P), we used the
proportion of endemic lineages that have diverged into two or
more descendant species within a given drainage basin. This
index was estimated for each drainage basin by dividing the
number of genera with two or more endemic species (i.e. rep-
resenting the number of lineages that have diversified in situ by
cladogenesis) by the number of genera with one or more
endemic species (i.e. representing the number of lineages that
could have speciated within the drainage basin). This method
was proposed by Coyne & Price (2000) and has been applied to
a wide variety of organisms inhabiting different island systems
(Kisel & Barraclough, 2010). Ideally, information showing that
endemic species from the same genera are actually sister species
(i.e. not arising from multiple colonization events) should be
necessary to consider in situ diversification as the mechanism
responsible. Unfortunately this information is not available for
every eventual case of in-situ cladogenetic speciation. However,
we systematically searched in the literature for phylogenetic
information involving each genus suspected of in situ specia-
tion. The search was applied on Google Scholar using ‘phylog-
eny’ and the targeted genus name as inputs. Cases of congeneric
endemic species shown not to be closest relatives (i.e. sister taxa)
were then reclassified as non-speciated lineages, i.e. palaeo-
endemics (Kisel & Barraclough, 2010).

Present and historical correlates of endemism

Based on our index of in situ speciation (see above), we split
drainage basins into two categories (see Fig. S1): (1) drainage
basins likely to have undergone in situ cladogenetic speciation
(cladogenesis index P > 0) and (2) other drainages (cladogenesis
index P = 0). For these two sets of drainage basins, we further
built separate statistical models to assess the relative importance
of each of the 11 environmental and historical variables in
shaping the observed patterns of endemism. Generalized linear

models (GLMs) were fitted to proportions of endemic species
(as a response variable) with ‘quasibinomial’ distribution errors
and total richness values as weights. To determine the relative
importance of the explanatory variables for each set of drainage
basins, we ran models for all possible combinations of the
explanatory variables and then performed model averaging
based on the ‘quasi-Akaike information criterion’ (QAIC). As a
cut-off criterion to delineate a ‘top model set’ providing average
parameter estimates and confidence intervals, we used fitted
models with AQAIC < 2 (Grueber et al., 2011). To verify the
significant effect of the explanatory variables selected by the
model averaging procedure, we fitted a GLM with variables
having a relative importance value of more than 0.5. Finally, to
evaluate the potentially remaining spatial autocorrelation in the
model residuals, we computed Moran’s I indices between neigh-
bouring drainage basins (Sokal & Oden, 1978).

In recent years, several authors have demonstrated that the
number or proportion of single-island endemic species is not
independent of the total richness of the island. These authors
proposed null models to account for patterns of island ende-
mism attributable to the statistical properties of random
samples (e.g. Birand & Howard, 2008). To confirm that our
results are not affected by this confounding factor, we applied
the same statistical procedures as described above to levels of
endemism generated by a null model (see Appendix S1 for a
detailed description of the null model).

Family-level analysis

Our taxonomic approach was based on three variables used as
proxies for lineage dispersal ability: mean body size, geographic
distribution range and proportion of marine or brackish species
within families. Mean values of fish family body size was based
on the maximum body length of species reported in FishBase
(Froese & Pauly, 2010). The geographic distribution range of
families was estimated as the product of latitudinal and longi-
tudinal ranges using the median values of the drainage basins
and the species occurrences from our database. The proportion
of marine or brackish species (i.e. not strictly freshwater) within
families was used as a proxy for a marine origin of lineages. This
proportion was based on the water salinity preferences of species
reported in FishBase (Froese & Pauly, 2010).

We added to the analysis the absolute mean latitude of
occurrence of families and the mean surface area of the drain-
age basins occupied to control for their potential effects on
body size (Biedermann, 2003; Blanchet et al., 2010). We used
generalized linear mixed models (GLMMs), with ‘binomial’
distribution errors and total family richness as weights, the
proportions of neo-endemic and palaeo-endemic species being
the dependent variables. To account for the taxonomic relat-
edness of families, potentially leading to pseudo-replication,
taxonomic orders were used as a random factor. Prior to analy-
sis, some variables were transformed to improve normality (see
Table S1). Multicollinearity was checked using a variance infla-
tion factor procedure.

4 Global Ecology and Biogeography, ee, ee—ee © 2012 Blackwell Publishing Ltd



Number of
Endemic Species

[ Jo-3
412
I 13-25
B 26-54
B 55-97
. I 98- 237
I 238- 806

Propoi’l”:ion of
Endemic Species

[ Jo

[ 001-004
I 0.05-0.14
I 0.15-029
I 0.30-0.39
"I 0.40-1.00

Global riverine fish endemism patterns

L s

ST e

2 S !F
Tl

Figure 2 Global maps presenting different aspects of endemism per drainage basin: (a) numbers of endemic species; (b) proportions of

endemic species.

RESULTS

The global distribution of riverine fish endemism is summa-
rized in Fig. 2. The largest numbers and proportions of endemic
species are concentrated in large, species-rich tropical drainage
basins, and to a lesser extent in large drainages from dry and
temperate regions (Fig. 2a,b). More strikingly, Fig. 2(b) shows a
high proportion of endemism in non-tropical regions of North
and Central America, southern Africa, Australia, the Middle East
and Asia. These maps also reveal the absence of endemic species
in small coastal drainage basins world-wide and in most north-
ern and southern drainage basins of temperate regions, as well as
polar regions (Fig.2a,b). Outputs from the null model (see
Appendix S1) are coherent with the patterns described above,
highlighting drainage basins with significantly more endemic
species than expected by chance in tropical and arid regions of
the world (dark blue drainage basins in Fig. S2). However, null

model outputs also highlight significantly lower levels of ende-
mism for a large portion of Africa and all drainages from
Guyana, Suriname and French Guiana (dark red drainage basins
in Fig. §2).

In accordance with our palaco-endemic/neo-endemic frame-
work (see Fig. 1), we observe a U-shaped relationship between
the proportion of endemics and total drainage basin species
richness (Fig. 3a). Interpretation of this result as a differential
dominance of either palaeco-endemics or neo-endemics is con-
firmed by the nonlinear positive relationship observed between
our index of in situ cladogenetic speciation and overall species
richness (Fig. 3b). The index of in situ speciation also points to
the existence of a minimal surface area allowing for the presence
and maintenance of neo-endemic species within drainage
basins. This minimal area, about 4500 km?, corresponds to the
smallest drainage basin where a non-zero index value was found
(black square in Fig. 3b).
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Figure 3 (a) Proportions of endemic species per drainage basin
as a function of total species richness considering drainage basins
with at least one endemic species. (b) Relationship between our
index of within-drainage cladogenetic speciation (Coyne & Price,
2000) and total species richness. Trend lines in both relationships
result from segmented regression models with one break-point.
Noticeably, the break-point estimates from both relationships do
not differ significantly (4.31 = 0.24 and 3.98 * 0.54, respectively
for A and B). The U-shaped relationship (a) is supported by a
segmented regression (n = 181, R* = 0.40, P < 0.0001),
significantly performing better than a linear one (F, 5 = 46.16,

P < 0.0001). The broken-stick relationship (b) is supported

by a segmented regression (n = 181, R* = 0.26, P = 0.0001),
significantly performing better than a linear one (F,5 = 9.50,

P < 0.0001). The black square in panel (b) shows the position of
the smallest drainage basin (approximately 4500 km?*) with
non-zero index of within-drainage cladogenetic speciation.

Results of GLM models for drainage basins dominated
respectively by neo-endemics and palaeo-endemics are summa-
rized in Table 1. For both sets of drainage basins, GLM models
show higher levels of endemism in rivers that experienced stable
Quaternary climatic conditions (as measured by the tempera-
ture anomalies from the LGM to the present) (Table 1).
However, in drainage basins where neo-endemism dominates,
higher levels of endemism are also strongly positively related to
habitat size (i.e. drainage basin area) and negatively related to
topographical isolation (as measured by the distance from river
mouth to bathymetry level =120 m) and to temperature,
although in a nonlinear way for the latter (Table 1). In contrast,
for drainage basins where palaeo-endemism dominates, higher
levels of endemism are found in geographically isolated (i.e.
drainage basins situated on islands or peninsulas) and colder
regions (Table 1). Results of these two models thus clearly
emphasize the presence of different processes driving neo- and
palaeco-endemism patterns and are corroborated by results
obtained using the null model approach (see Table S2).
Although using outputs from the null model revealed some
differences compared with results from patterns of endemism
proportions (compare Tables 1 & S2), both approaches high-
lighted: (1) the negative effect of Quaternary climate variability
for neo- and palaeo-endemism; (2) the positive effect of habitat-
related variables for neo-endemism (drainage basin area for
both approaches and elevation range for the null model
approach); (3) the negative effect of energy-related variables
(temperature for both approaches and actual evapotranspira-
tion for the null model approach) for palaeo-endemism; (4) the
negative effect of drainage basin area for palaeco-endemism; and
(5) the positive effect of geographic isolation for palaeo-
endemism patterns.

Results of GLMM models confirm those from our environ-
mental approach, showing greater proportions of neo-endemic
species in lineages from lower latitudes and inhabiting larger
drainage basins (Table 2). More importantly, these GLMM
models also point out the significant negative influence of dis-
persal ability (either based on species body size, marine origin or
geographic range) on proportions of neo-endemic species and a
positive influence of dispersal ability (i.e. probability of marine-
derived origin) on proportions of palaeo-endemic species
among families (Table 2).

DISCUSSION

Neo- and palaeo-endemism

The terms ‘neo-endemic’ and ‘palaeo-endemic’ have usually
been used to broadly identify recent and ancient endemic
species, respectively (Lomolino et al., 2006). Following recent
works (Gillespie & Roderick, 2002; Mansion et al., 2009), here
we defined these terms in a more precise way to explore the
origins of endemism in riverine systems. Neo-endemics, classi-
cally referring to species that have differentiated where they are
found today, were here restricted to those that have been able to
speciate by cladogenesis. Palaeo-endemics, classically referring
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Table 1 Results of the GLM averaging approach obtained after splitting drainage basins into two categories: (a) drainage basins likely to
have undergone in situ speciation (in situ index of cladogenetic speciation P > 0, n = 52) versus (b) other drainages (P =0, n = 132).
Standardized Moran’s I-values of model residuals for neighbouring (i.e. adjacent) drainage basins were Ip., = 0.73 (n.s.) and Ip, = 1.83
(n.s.), respectively for (a) and (b) (see Appendix S1 for further specifications). Pseudo R indicates the proportion of explained deviance.

Average standardized

Explanatory variables Relative variable importance coefficient

Confidence interval (95%) GLM standardized coefficient t-value

(a) Drainage basins dominated by neo-endemism (i.e. with in situ index of speciation > 0)

DSA 1 0.724 (0.435; 1.01) 0.718 5.75%**
DSA? 0.92 0.190 (—0.0226; 0.404) 0.194 2.12*
HH 0.13 0.029 (—0.0864; 0.144)

HH? 0.04 —-0.001 (=0.0102; 0.00836)

EleViange 0.13 0.021 (—0.0687;0.11)

EleViang:” 0.07 —-0.005 (—0.0341; 0.0248)

RO 0.09 0.018 (=0.0686; 0.105)

RO’ 0.13 0.020 (~0.0655; 0.105)

AET 0.8 0.280 (—0.174; 0.734) 0.280 1.72
T 1 —0.845 (-1.37; -0.321) —-0.860 —4.04°%
T 0.96 —0.291 (=0.607; 0.0249) -0.315 —2.18%
PR 0.09 -0.012 (=0.101; 0.0778)

PRcasonality 0.2 0.042 (~0.113; 0.197)

LPI 0.08 0.009 (—0.0373; 0.0544)

Distya 1 -0.373 (=0.651; —0.0958) —-0.365 —2.92*
Tanomaly 1 —0.807 (-1.38; —0.238) -0.779 —2.91%*
Pseudo R’ 0.70

(b) Drainage basins dominated by palaco-endemism (i.e. with in situ index of speciation = 0)

DSA 0.76 —0.139 (—0.381; 0.103) —0.144 -1.4
DSA? 0.01 0.000 (=0.00206; 0.00219)

HH 0.05 0.006 (=0.0215; 0.0332)

HH? 0.01 0.000 (—0.00226; 0.00254)

EleViange 0.2 0.029 (—0.0803; 0.139)

EleViang:” 0.7 —0.078 (=0.229; 0.0727) —-0.116 -1.7
ROunn 0.73 0.315 (-0.222; 0.851) 0.303 1.75
RO’ 0.78 0.140 (=0.0702; 0.351) 0.145 1.79
AET 0 0.8 —0.294 (=0.7065 0.117) -0.514 —3.3%*
T 1 -0.393 (=0.709; —0.0765) —-0.337 —2.2%
T? 0.01 0.000 (=0.00291; 0.00308)

PR 0.43 —-0.207 (—0.742; 0.329) —0.404 -1.7
PRseasonality 0.73 —0.183 (—0.499; 0.133) -0.173 -1.8
LPI 1 0.306 (0.127; 0.485) 0.290 3.3%*
Distyo 0.43 —0.058 (—0.229; 0.113)

Tanomaly 1 -0.513 (—0.788; —0.239) —-0.514 —3.90%
Pseudo R? 0.44

Abbreviations: DSA, drainage surface area; HH, habitat heterogeneity; Eleviug, elevation range; T, temperature; PR, precipitation; PRcasonatity> precipi-
tation seasonality; AET,,, actual evapotranspiration; ROy, annual runoff; Tnomary, temperature anomaly from the Last Glacial Maximum to the present;

Distyy, distance to bathymetry level —120 m; LPI, land—peninsula—island.

Significance levels: ***P < 0.001; **P < 0.01; *P < 0.05; n.s. P > 0.05.

to the narrowly endemic descendants of once widespread taxa,
here also include species that have differentiated by anagenesis
from an ancestral immigrant. These definitions allow the sepa-
ration of drainage basins producing new species from the
others. In agreement with our expectations, we found a highly
significant U-shaped relationship between the proportion of
endemics and overall species richness (Fig. 3a), which supports
a concomitant contribution of neo- and palaeo-endemism in
generating the overall pattern. In addition, the positive relation-

ship we found between the index of in situ cladogenetic specia-
tion and species richness clearly supports the presence of greater
proportions of neo-endemics in the richest drainage basins and
palaeo-endemics in the poorest ones.

Present and historical correlates of endemism

Opverall, the global patterns in endemic riverine fish distribu-
tions show some broad similarities with patterns already
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Proportions of neo-endemics

Proportions of palaco-endemics

Table 2 Results of the generalized linear
mixed models used to test the

relationship between dispersal ability

Variables Estimate t-values Estimate t-values predictors, latitude (absolute values) and
drainage area on the proportions of both

BSimean —0.358 —6.694*** 0.033 0.570 . . .

: kinds of endemic species among fish

Marine,p -0.973 —5.056*** 0.451 2.776** s
families.

GeOrange -0.027 —2.356* -0.013 -0.973

Latmean -0.018 —4.151%%* 0.001 0.251

DSAean 0.414 9.892¢** —-0.023 -0.507

Abbreviations: BSyen, mean body size; Marineyop, proportion of marine species; GeOyange, geographi-
cal range; Latyean, mean occurrence latitude; DSAean, mean drainage surface area.

Significance levels: ***P < 0.001; **P < 0.01; *P < 0.05; n.s., P > 0.05.

described for other taxa (Grenyer et al., 2006), with fish endem-
ics being mostly concentrated in drainage basins from high-
energy tropical regions. However, contrasting with patterns
found for other taxa, high levels of fish endemism are also found
in drainage basins from low-energy regions of higher latitudes.
A number of recent reviews involving many taxa (e.g. Field et al.,
2009) have suggested that global species richness gradients most
often relate to factors that can be roughly classified into four
major categories: (1) habitat size and heterogeneity; (2) current
climate and productivity; (3) historical conditions of climate;
and (4) isolation. Patterns of riverine fish species richness are no
exception, as previous studies recognized a positive role of
habitat size, heterogeneity and productivity and a negative role
of isolation on drainage basin species richness (Oberdorff et al.,
1995). Concerning endemic species, previous studies (including
riverine fish studies) showed that, apart from overall species
richness, a combination of factors related to contemporary envi-
ronmental conditions and/or historical climate can broadly
explain patterns of endemic species richness at regional and
continental scales (Oberdorff et al., 1999; Jetz et al., 2004). Here
we provide evidence that distinguishing between neo-endemism
and palaco-endemism can shed light on the processes driving
riverine fish endemism. For instance, results clearly show higher
levels of neo-endemism in large drainage basins having experi-
enced stable climatic conditions through geological time (i.e.
from Quaternary glaciations to the present), suggesting a strong
link between neo-endemism and overall species richness pat-
terns. In contrast, higher levels of palaeo-endemism are found in
smaller and geographically isolated drainage basins situated in
low-energy regions, suggesting that palaco-endemics are clearly
not a random subset of the overall species richness. Overall,
these results highlight two different processes in generating
endemism, as neo-endemism was mostly related to factors
enhancing speciation (i.e. large drainage areas and climatic sta-
bility), while palaeo-endemism was related to factors enhancing
extinction and isolation (i.e. small drainage areas and strong
geographic isolation) favouring the formation of endemic
species through the process of relictualization (Gillespie &
Roderick, 2002).

We also noticed the presence of a threshold surface area,
about 4500 km?, under which no cladogenetic in situ speciation
seems possible within a drainage basin. We suggest that this last

pattern is due to the fact that small drainage basins, usually less
topographically complex and more ephemeral than their larger
counterparts, do not allow for allopatric speciation (Losos &
Ricklefs, 2009). This minimal surface area falls within estimates
from different island systems ranging from approximately 1 to
10,000 km? depending on the taxa considered (Losos & Schluter,
2000; Kisel & Barraclough, 2010).

The biotic component of endemism

Proportions of neo-endemic and palaeo-endemic species also
showed specific trends between families. The non-random taxo-
nomic distribution of these two forms of endemism in relation to
surrogate variables of species dispersal ability reflects the role of
isolation in the evolutionary processes generating current pat-
terns. Our three proxies of dispersal ability (i.e. body size, prob-
ability of marine origin and geographic range of families) were
negatively related to proportions of neo-endemic species, sug-
gesting antagonism between high immigration rates and the in
situ cladogenetic speciation process. This finding is in accordance
with the negative effect of the probability of river capture related
to Quaternary sea level fluctuations on the spatial distribution of
neo-endemism. The higher proportions of neo-endemic species
found in small-bodied families also accords with the faster rates
of molecular evolution associated with small-bodied species
(Martin & Palumbi, 1993; Bromham, 2011).

Proportions of palaeco-endemic species were positively related
to the probability of marine origin of lineages, suggesting colo-
nization of freshwaters through marine dispersal, generating
palaeo-endemic species by subsequent range contraction or
anagenetic speciation. Fish transitions from marine to freshwa-
ter habitats have been previously reported and hypothesized as
consequences of palaeo-environmental changes, incursions of
marine waters into formerly freshwater systems and the reori-
entation of major river drainages (e.g. Waters & Wallis, 2001;
Lovejoy et al., 2006). Our results suggest that at least some of the
palaeo-endemic species identified are unique freshwater repre-
sentatives of marine clades.

Limits and perspectives

The geographic distribution of relict and more derived clades
has long been considered a key issue to elucidate the puzzle of
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evolution and diversity (Stehli et al., 1969). For instance, recent
process-based models and empirical data have demonstrated
that macroevolutionary source regions (i.e. centres of origin or
‘cradles’) must have a high proportion of young taxa. Con-
versely, macroevolutionary sink regions (i.e. centres of accumu-
lation or ‘museums’) must be dominated by older taxa
(Goldberg et al., 2005; Jablonski et al., 2006). According to the
neo/palaeco-endemic dichotomy framework, this suggests that
macroevolutionary sources should harbour higher proportions
of neo-endemic species, and macroevolutionary sinks higher
proportions of palaeco-endemic species, if any. However, since
anagenesis also produces diversity, this hypothesis remains to be
tested by disentangling anagenetic (Fig. 1b) from relict (Fig. 1c)
palaeo-endemic species using distributional, phylogenetic and
fossil information.

The time since isolation of each drainage basin would also be
extremely helpful to disentangle the respective roles of coloni-
zation and speciation in generating current diversity patterns.
Unfortunately this kind of information is not available, at least
for global-scale analyses like the one intended here. More
regionally focused approaches should bring interesting insights
(e.g. Reyjol et al., 2007; Filipe et al., 2009). For instance, results
from the null model approach revealed fewer endemic species
than expected in three specific tropical/subtropical regions:
Guyana, Suriname and French Guiana, tropical West Africa and
the Okavango—Zambezi region (see Fig. S2). This finding is in
line with evidence showing that river systems in these regions
have experienced recent connections allowing for recent coloni-
zation (Diirr, 2003) and a subsequent decrease in levels of ende-
mism (see Fig.S2). The biogeographic importance of past
rearrangements of drainage networks, allowing dispersal
between currently isolated river systems, has been pointed out in
recent phylogenetic studies (e.g. Swartz et al., 2007; Burridge
et al., 2008). In agreement with these approaches, we found here
a negative effect of the probability of river basin connection
during the LGM sea level regression on neo-endemism
(Table 1). However, other geomorphological processes (e.g. epi-
sodic swamp or tributary connections) can act on dispersal
processes in freshwater-limited taxa (see Burridge et al., 2008),
thus also potentially affecting current patterns of endemism.
More precise information on past river configurations should
bring new insights into the mechanistic basis leading to patterns
of neo/palaco-endemism.

Conservation implications

Global hotspots of overall richness and endemism have been
widely used to determine priority areas for conservation.
However, overall richness and endemism patterns usually do not
show spatial congruence either between or within taxonomic
classes (e.g. Orme et al., 2005). By pointing out the nonlinear
relationship existing between endemism and overall richness
(Fig. 3a) and by determining the factors and processes respon-
sible for this nonlinearity, our results provide a mechanistic
explanation for this lack of congruence. Results further suggest
that disentangling palaco-endemic from neo-endemic species

Global riverine fish endemism patterns

when mapping biodiversity hotspots may be an interesting pros-
pect for future conservation practices (Brooks et al., 2006).
Indeed, priorities established on the basis of hotspots of overall
richness may successfully conserve areas of high neo-endemism
and consequently the main centres of evolutionary processes
(Mace et al., 2003). As the processes generating neo- and palaeo-
endemic species in one place are not mutually exclusive, this
strategy should also partly benefit palaco-endemic species.
However, when considering global conservation priorities, the
choice to specifically include palaeo-endemic relict species
already on the verge of natural extinction remains an open
question (Erwin, 1991).
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