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abstract: The nearly universal pattern that species richness increases from the poles to the equator (the latitudinal diversity gradient
[LDG]) has been of intense interest since its discovery by early naturalhistory explorers. Among the many hypotheses proposed to explain the
LDG, latitudinal variation in (1) productivity, (2) time and area available for diversiﬁcation, and (3) speciation and/or extinction rates have
recently received the most attention. Because tropical regions are older
and were formerly more widespread, these factors are often intertwined,
hampering efforts to distinguish their relative contributions to the LDG.
Here we examine the global distribution of endemic lake ﬁshes to determine how lake age, area, and latitude each affect the probability of
speciation and the extent of diversiﬁcation occurring within a lake.
We analyzed the distribution of endemic ﬁshes worldwide (1,933 species and subspecies from 47 families in 2,746 lakes) and ﬁnd that the
probability of a lake containing an endemic species and the total number of endemics per lake increase with lake age and area and decrease
with latitude. Moreover, the geographic locations of endemics in 34 of
41 families are found at lower latitudes than those of nonendemics.
We propose that the greater diversiﬁcation of ﬁsh at low latitudes may
be driven in part by ecological opportunities promoted by tropical
climates and by the coevolution of species interactions.
Keywords: latitudinal diversity gradient, speciation, endemism, species diversity.

Introduction
The rich diversity of life at tropical latitudes is remarkably
consistent across habitats and taxonomic groups (Hillebrand
2004), establishing the latitudinal diversity gradient (LDG)
as Earth’s dominant biogeographic pattern. Although expla-
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nations for the LDG date back to the time of Wallace and
Darwin, no consensus on the drivers of elevated tropical diversity has yet emerged. Current hypotheses for the LDG focus primarily on temperate/tropical differences in productivity (energy), historical time and area, and rates of speciation
or extinction (Gaston 2000; Mittelbach et al. 2007; Brown
2014; Fine 2015; Pigot et al. 2016), but disentangling these
and other potential hypotheses for the LDG is challenging.
The Earth has a single shared history that can limit the ability to make inferences when potential drivers are inseparable
(e.g., the greater age and area of the tropics relative to extratropical regions; Mittelbach et al. 2007).
Latitudinal variation in the rates of both speciation and
extinction ﬁgures prominently in many hypotheses for the
LDG (Mittelbach et al. 2007; Brown 2014), and phylogenetic
inference is increasingly employed to estimate these rates for
different taxa and apply them to studies of the LDG (Ricklefs
2007; Morlon 2014). It is perhaps surprising then that current phylogenetic analyses have yielded little consensus on
either the magnitude or direction of latitudinal differences
in rates of speciation or extinction. For example, analyses of
bird phylogenies (probably the best studied of all taxonomic
groups) have differentially found higher speciation rates at
low latitudes (Ricklefs 2006), higher recent speciation at high
latitudes (Weir and Schluter 2007), and little difference in
speciation rates across latitude (Rabosky et al. 2015; PulidoSantacruz and Weir 2016). There are many challenges to estimating geographical variation in speciation and extinction
rates from phylogenetic data (Morlon 2014; Rabosky and
Goldberg 2015), and evolutionary biologists continue to develop new methods to address these challenges (e.g., Rabosky and Huang 2016). In this study, we take a different approach to the question of whether latitude affects speciation
by examining the global distribution of endemism in freshwater ﬁsh.
Fish represent the bulk of the planet’s vertebrate diversity, with nearly 29,000 described species (Froese and Pauly
2016), 41% of which are found in freshwater. Like other
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vertebrates, freshwater ﬁsh diversity is greatest in the tropics (Tisseuil et al. 2013), and the diversity of ﬁsh increases
with area in lakes (Barbour and Brown 1974) and river basins (Oberdorff et al. 1995). Owing to the restricted dispersal
of lake ﬁsh, a measure of the generation of new species in
situ can be obtained by identifying single-lake endemics
(deﬁned as species and subspecies conﬁned to a single lake;
hereafter simpliﬁed to “endemic”), which can persist in their
natal lakes sometimes for millions of years (as in the case of
deep-water sculpins in Lake Baikal; Sherbakov 1999). The
global distribution of endemic ﬁsh thus provides a unique
record of speciation events, with lakes containing endemic
ﬁsh found from the equator to latitudes as high as 67.57N
(Lake El’gygytgyn, Siberia). Moreover, lakes with endemic
ﬁsh range in age from a few thousand to millions of years old
and provide natural replicates of lake ages and sizes across
latitude (ﬁg. A1; ﬁgs. A1–A5 available online). Thus, it is possible to estimate the relative importance of time, biogeography, and environment in the evolution of endemic freshwater ﬁsh, providing an opportunity to examine long-standing
questions about the relationship between latitude and speciation. Our analysis of in situ speciation at the scale of individual lakes (and river basins) complements studies of endemism and speciation on islands (reviewed in Warren et al.
2015), as well as recent studies on global gradients in vertebrate diversity conducted at the scale of bioregions (Jetz
and Fine 2012; Belmaker and Jetz 2015).
As Tedesco et al. (2012, pp. 977–978) note, “endemic species have always been fascinating because they should reﬂect the roles of speciation, extinction and dispersal ultimately responsible for their restricted distribution.” The
restricted distribution of endemics within particular geographic regions that are often of known history makes it possible to relate both the presence of an endemic species (i.e.,
evidence of a speciation event) and the number of endemic
species (a measure of diversiﬁcation) to potential drivers of
diversity. Recent studies of the distribution and abundance
of endemic species in light of factors thought to inﬂuence
evolutionary rates, including area, age, isolation, and environment, have demonstrated the positive effects of area and
isolation on speciation leading to endemicity in multiple taxa
(e.g., Anolis lizards on Caribbean islands [Losos and Schluter 2000], Tetragnatha spiders in the Hawaiian archipelago
[Gillespie and Baldwin 2010], multiple taxa on islands worldwide [Kisel and Barraclough 2010; reviewed in Warren et al.
2015], ﬂora on islands and mountains worldwide [Steinbauer
et al. 2016], angiosperms on islands worldwide [Weigelt et al.
2016]).
In ﬁshes, Tedesco et al. (2012) found that the global richness of riverine endemic species was positively related to
drainage basin area and climatic stability, Wagner et al.
(2014) demonstrated strong effects of lake area and depth
on the number of cichlid species arising via in situ specia-
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tion in African lakes, and Doi et al. (2012) hypothesized
that lake age and endemism affect food chain length based
on isotopic analysis of ﬁsh from young and ancient lakes.
Although some of the above studies suggest a greater preponderance of endemic species in the tropics compared to
the temperate zone (e.g., see ﬁg. 2 in Tedesco et al. 2012), no
studies to our knowledge have directly quantiﬁed how endemicity varies with latitude, age, and area. Here we develop a data set on the distribution of endemic ﬁsh in the
world’s largest lakes to examine this question.
We compiled data on native ﬁsh diversity (endemic and
nonendemics), lake age (continuous occupancy), area (and perimeter), latitude, elevation, maximum depth, pH, and productivity (chlorophyll a, total phosphorus, Secchi depth)
from 1,949 published sources for 2,746 natural lakes with a
surface area ≥50 km2 that are listed in the Global Lakes and
Wetlands Database (Lehner and Döll 2004). These data were
analyzed to determine how age, area, and latitude together
with potential physical, chemical, and biological factors contribute to (1) the probability of at least one endemic occurring in a lake and (2) the total number of endemic ﬁsh in a
lake (a measure of net diversiﬁcation). Although we control
for the effect of age in our analysis of endemism in lake ﬁshes,
we cannot assess the effects of latitude or area on speciation
rate per se because the ages of ﬁsh species are unknown. Because we cannot estimate how extinctions may have inﬂuenced contemporary patterns of endemism, endemic species
richness in a lake is best viewed as an estimate of the extent
of diversiﬁcation (speciation minus extinction), and the presence of an endemic species in a lake is evidence of a least
one speciation event. To determine whether there is a geographic bias in the occurrence of new species relative to the
background distribution of species, we performed a familylevel analysis comparing the latitudinal distribution of endemic ﬁsh to that of nonendemic ﬁsh.

Methods
Database Construction
A database of endemic ﬁsh distributions was assembled for
the 2,746 largest natural lakes in the world. These lakes were
selected from the Global Lakes and Wetland Database Level 1
(GLWD-1; Lehner and Döll 2004), a compilation of water
bodies larger than 50 km2 in area that represents an unbiased sampling of lakes worldwide. After removing duplicates
and man-made reservoirs that were misattributed as natural
lakes, our database has 321 fewer lakes than the GLWD-1.
Latitude, longitude, surface area, perimeter, and elevation
data for these lakes were obtained from GLWD-1, and we
added data on lake age, depth, productivity, pH, temperature, as well as native and endemic ﬁsh distributions from
a review of nearly 2,000 literature sources (data are deposited
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in the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.70sr1; Hanly et al. 2016).
We performed a Google Scholar query for “[Lake Name]”
(including name variations, when applicable) to identify the
peer-reviewed literature for each lake. Articles were read until either all target data were collected or no more information could be obtained. In cases where complete data could
not be obtained through peer-reviewed literature, an additional Google Search query for “[Lake Name] ﬁletype:pdf ”
was used to locate gray literature such as technical reports
and government documents. Due to the scarcity of substantial literature published on most lakes, no quality screens
were performed. As an additional veriﬁcation measure to ensure the endemic status of each ﬁsh, a Google Scholar query
for “[Fish Scientiﬁc Name]” was carried out to either corroborate or invalidate single-lake endemicity.
We include as endemics those species and subspecies of
ﬁsh found only in a single lake and its tributaries. We deﬁne
lake age as the duration that a lake basin has been continuously occupied by water, as estimated from lake sediment
cores and from the timing of tectonic activity, glaciation, volcanism, natural damming, and impact events. Nonendemic
native ﬁsh species names were standardized across lakes using FishBase (Froese and Pauly 2016) to consolidate synonyms since original data sources spanned 8 decades and encompassed many taxonomic revisions. Names of endemic
ﬁsh were taken from the literature except where misapplication of a species name or taxonomic revision could be
determined.

Analyses on Lakes with Age Data
Presence/absence and the numbers of endemic ﬁsh taxa
were evaluated for the 252 lakes with estimates of age and
with complete data for all predictors. The distributions of
age, area, and latitude for these lakes are given in the appendix (ﬁg. A2). A generalized linear model (GLM) using the
presence or absence of endemic ﬁsh as a binomially distributed response, and a logit link function was constructed using the absolute value of lake latitude, hemisphere, logtransformed lake surface area, elevation, and age. A second
model was constructed for the log-transformed number of
endemic ﬁsh species or subspecies in lakes containing at least
one endemic ﬁsh with the same predictor variables. Lake
perimeter was not used in these models as it was strongly
correlated with lake area when both were log transformed
and standardized for analysis of the probability that a lake
contains an endemic (r p 0:90, P ! :0001) and for the restricted data set of lakes that had age data and contained endemics (r p 0:96, P ! :0001). To facilitate comparison of
effect sizes, standardized z-scores were calculated for each
variable except hemisphere prior to analysis by centering

and scaling each variable based on its mean and standard
deviation.

Multiple Missing Data Imputation on
the Full Lake Data Set
To test for the potential effect of predictors for which data
were limited (e.g., productivity, native species richness, maximum lake depth), a multiple missing data imputation was
performed using chained equations (Buuren and GroothuisOudshoorn 2011). Multiple imputation repeatedly generates imputed data sets using all nonmissing data (e.g., the
presence and number of endemics for all 2,746 lakes in our
case) but draws different plausible values for missing data
that reﬂect the range of uncertainty in those missing data
values. Pooled estimates are calculated on the set of multiple
imputation results such that signiﬁcant effects are found only
when they are consistent across imputations.
We pooled results from GLMs on 100 imputed data sets,
allowing us to obtain parameter estimates using all actual
predictor values from the full database of 2,746 lakes. This
imputation included lake age, maximum depth, mean pH,
maximum surface water temperature, the richness of nonendemic native ﬁsh, chlorophyll a, total phosphorus, and
maximum Secchi depth. All parameters except pH were log
transformed prior to imputation. Native ﬁsh species richness
was used for only the 288 lakes where sources attempted to
catalog all ﬁsh species, to prevent including artiﬁcially low
values for lakes where the full ﬁsh community (e.g., non–
sport ﬁsh) is not well documented. GLMs predicting the
probability that a lake contains an endemic and the number
of endemics in a lake were evaluated using these additional
predictors. We report the fraction of missing information,
the ratio of the difference of information in the complete
versus the incomplete data sets to the information contained
in the complete data set, as well as the total variance due to
missing data (l; Buuren and Groothuis-Oudshoorn 2011).
Although l was nontrivial and reached values up to 0.5, our
use of 100 imputations (an atypically large number of imputations in practice) is approximately double the number
needed to produce 95% conﬁdence in conﬁdence interval
half widths as well as the estimate of l (Bodner 2008). Although no similar theoretical generalization on the number of imputations needed to achieve conﬁdence in the estimate of P values is available, variability in the estimate is
unlikely to alter the rejection of a null hypothesis at the .05
signiﬁcance level when P ≤ :01. This condition is satisﬁed
for all our signiﬁcant ﬁndings except for the effect of lake
age (:01 ≤ P ≤ :05), for which we have run a separate, explicit analysis as previously described, and, nevertheless, the
variability in these estimates is minimized by the large number of imputations used.
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Comparison to Fish Endemism Patterns in Rivers
The distribution of endemics at the regional river-basin scale
was evaluated using data from the Fish-SPRICH database
(Brosse et al. 2013), which contains 4,193 endemic ﬁsh that
are restricted to single river basins. GLMs predicting the presence and number of endemic ﬁsh were performed using latitude, area, range of elevations within a basin, hemisphere,
and native ﬁsh richness for 928 of 1,054 river basins without
missing data. Age information for river basins is not available. Area, elevational range, and native ﬁsh richness were
log transformed.

Phylogenetic Considerations and Potential Sampling Bias
A species-level phylogeny for freshwater ﬁsh at a global scale
does not exist. Therefore, we were unable to employ standard phylogenetic controls in our analyses. Instead, we used
other means to examine the potential effects of sampling bias
and evolutionary nonindependence on our results. Speciation rates are often estimated per lineage in phylogenetic
analyses to control for the number of lineages contributing
to the overall speciation rate (Morlon 2014). We examined
whether the effect of latitude on the probability that a lake
contained an endemic species was the result of an increase
in the number of ﬁsh lineages per lake at low latitudes relative to high latitudes. We estimated the number of lineages
per lake by taking separate sums of the unique number of
families and genera in lakes where complete ﬁsh species
lists were available and tested whether the probability that
a lake contains an endemic was inﬂuenced by the number
of lineages in that lake using GLMs for families and genera.
To determine whether our model output from the data set
of 252 lakes with age data was driven by the African Great
Lakes, which display extreme ﬁsh endemism relative to other
lakes, we reevaluated these models for both the presence and
the number of endemics after excluding (1) the three largest and most speciose African Great Lakes (Victoria, Tanganyika, and Malawi) and (2) up to eight of the largest African
Great Lakes.
To determine whether our results were robust to excluding the remarkable endemism exhibited by the family Cichlidae worldwide, we also reevaluated our original models after removing all endemic cichlids from the lake analysis. To
further examine whether our results depend on the distribution of endemics within particular families, the latitudinal centers of distribution of both endemics and nonendemic natives within our lakes database were calculated for
each of the 47 ﬁsh families containing at least one endemic.
The mean latitude of endemic ﬁsh occurrence was compared
to that of nonendemic native ﬁsh for the 41 families with
data on both endemic and native distributions. The latitudinal center for each species or subspecies was determined
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by averaging the latitudes of each of the lakes in which it
occurs. Families excluded from this analysis were entirely
or predominantly composed of endemics for which no native distribution could be calculated (e.g., the Abyssocottidae of Lake Baikal; Sherbakov 1999).
Finally, as in any geographic comparison of biogeography,
our methods require that the division of taxonomic units
into species and subspecies is comparable across latitudes
such that lineages represent similar subsets of a phylogeny.
Moreover, geographic differences in sampling intensity may
introduce bias. To evaluate the possible effect of sampling
bias, we compiled records of the date of description of the
endemic ﬁsh in our database and determined whether new
endemic ﬁsh were being described at different rates in tropical versus extratropical regions.
Results
A total of 1,895 endemic species and 38 subspecies of ﬁsh
were found, inhabiting 107 lakes worldwide (examples: ﬁg. 1;
distribution: ﬁg. 2). For the set of 252 lakes with associated
age data, the probability that a lake contains an endemic ﬁsh
and the total number of endemic ﬁsh per lake are signiﬁcantly associated with increased lake age (GLM, z p 5:225,
P ! :001), increased area (GLM, z p 2:808, P ! :005), and
lower latitude (GLM, z p24:679, P ! :0001; ﬁg. 3), and
the standardized effect sizes of these variables are similar
in magnitude and statistically indistinguishable. Together,
these effects are highly predictive of the probability that
a lake contains an endemic ﬁsh (53.4% of total variance
explained; ﬁg. 4). Similarly, lake age (GLM, z p 4:042,
P ! :001), area (GLM, z p 6:394, P ! :0001), and latitude
(GLM, z p23:880, P ! :001) are jointly predictive of the
number of endemic ﬁsh per lake (34.7% of total variance
explained; ﬁg. 5), with the probability that a lake contains
an endemic increasing with lake age and area and decreasing with latitude. Lakes in the Western Hemisphere had a
lower probability of containing an endemic ﬁsh (GLM, z p
23:839, P ! :001), but for lakes with endemic ﬁsh there was
no difference in the number of endemic ﬁsh between hemispheres (GLM, z p21:132, P p :26; ﬁg. 3).
Our analysis of total endemic species richness includes
endemics that may have evolved via cladogenesis (i.e., one
species evolves into two or more new species) or by anagenesis (i.e., one species evolves into a single new species).
Cladogenesis is most often linked to diversiﬁcation, as it increases species richness locally (within a lake in our case),
whereas anagenesis does not (although anagenetic speciation may increase regional species richness through increases
in beta diversity). Coyne and Price (2000), in their analysis of
potential sympatric speciation events on islands, proposed
that a count of the number of genera with two or more endemic species provides a measure of the number of lineages
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Figure 1: Examples of endemic ﬁsh species from 11 different ﬁsh families. A, Adrianichthyidae (Oryzias nigrimas), Lake Poso, Indonesia;
B, Characidae (Moenkhausia pittieri), Lake Valencia, Venezuela; C, Cichlidae (Haplochromis nyererei), Lake Victoria; D, Clariidae (Bathyclarias foveolatus), Lake Malawi; E, Cyprinidae (Carassius cuvieri), Lake Biwa, Japan; F, Gobiidae (Benthophilus casachicus), Caspian Sea;
G, Mastacembelidae (Mastacembelus ellipsifer), Lake Tanganyika; H, Melanotaeniidae (Melanotaenia lacustris), Lake Kutubu, Papua New
Guinea; I, Mochokidae (Synodontis grandiops), Lake Tanganyika; J, Poeciliidae (Lamprichthys tanganicanus), Lake Tanganyika; K, Salmonidae
(Salmo letnica), Lake Ohrid, Macedonia. Photos were taken by the following photographers: A, Wikimedia Commons user Daiju Azuma (CCBY-SA 2.5 license); B, Wikimedia Commons user Michael Palmer of photorasa.com (CC-BY-SA 4.0 license); C, Kevin Bauman of http://
www.african-cichlid.com (CC-BY 1.0 license); D, Wikispecies user Michael K. Oliver (CC-BY-SA 4.0 license); E, Wikimedia Commons user
Daiju Azuma (CC-BY-SA 2.5 license); F, Yuriy Kvach (Wikimedia Commons user Ykvach; CC-BY-SA 3.0 license); G, French Wikipedia user
Jtanganyika (CC-BY-SA 3.0 license); H, Wikimedia Commons user Thomnight (CC-BY-SA 2.0 license); I, Wikimedia Commons user Haps
(CC-BY-SA 3.0 license); J, Loury Cédric (Wikimedia Commons user Cedricguppy; CC-BY-SA 4.0 license); K, Wikimedia Commons user
Albinfo (CC-BY-SA 3.0 license).

that have diversiﬁed in situ by cladogenesis. Based on this
alternative criterion of speciation, 31 of the 252 lakes with
age estimates had evidence of cladogenesis. An analysis of
the presence/absence of cladogenesis in these 252 lakes using a GLM demonstrates strong and signiﬁcant effects of
latitude (GLM, estimate p21:273, P ! :001), area (GLM,
estimate p 0:993, P ! :001), and age (GLM, estimate p
1:562, P ! :0001).

Subsequent analyses using a multiple missing data imputation allowed us to examine the effects of native ﬁsh species richness, as well as physical, chemical, and productivity
variables on endemic ﬁsh in all 2,746 lakes. These analyses again revealed strong effects where older lakes, lakes
of larger area, and lower-latitude lakes had a greater probability of containing an endemic and having a greater number of endemics. However, no detectable effects of species
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Figure 2: Distribution and richness of endemic ﬁsh species and subspecies (N p 1,933) in the 2,746 largest natural lakes in the world (surface area ≥50 km2).

richness, productivity, maximum depth, pH, or temperature
on endemism were found (table A1; tables A1–A5 available
online).
Further analysis of an independently assembled global
database of endemic freshwater ﬁsh (Fish-SPRICH; Brosse
et al. 2013) at the river-basin scale (not individual lakes) corroborates the patterns observed for lake ﬁsh. In river basins,
endemic ﬁsh presence and endemic ﬁsh richness decreased
signiﬁcantly with latitude and increased signiﬁcantly with
area, and additional signiﬁcant, positive effects were observed
for both elevational range and native ﬁsh richness. The effect
of basin age is unknown for this data set: ﬁgure A3, table A2.
Much of the global endemicity of lake ﬁsh occurs in the
African Great Lakes, where it is famously concentrated in
a single family, the Cichlidae. Nevertheless, our results were
robust to (1) excluding the largest three or eight African
Great Lakes from the data set (table A3) and (2) excluding the 11,000 endemic ﬁsh in the family Cichlidae, whose
mean latitudinal distribution is only 8.17 from the equator
(table A4). Moreover, an analysis comparing the geographic
centers of distribution of nonendemic ﬁsh species to the
mean latitudes of endemic ﬁsh shows that for 34 of 41 families, endemics are found at comparatively lower latitudes
than nonendemics (exact binomial test, P ! :0001; ﬁg. 6; table A5). The two families with the greatest number of endemic species, the Cichlidae (n p 745 named species) and
Cyprinidae (n p 139), both display this low-latitude bias
in the distribution of endemics (table A5).
Tropical lakes have more lineages (as measured by the total number of families or genera) than temperate lakes, but
there is no evidence that the number of lineages affects

whether a lake contains an endemic (ﬁg. A4). Thus, the
greater probably of a speciation event occurring in lowlatitude lakes is not a function of more ﬁsh lineages in the
tropics. Further, a comparison of temperate and tropical
differences in the rate at which endemic species are being
described suggests that the greater endemic species richness
in tropical regions may actually underestimate latitudinal
differences in diversiﬁcation, since the description of new
endemic ﬁsh is increasing much faster at tropical than extratropical latitudes (ﬁg. A5).
Discussion
Lakes, like islands, provide model systems for studying evolution (Warren et al. 2015). Our analyses, along with many
others (see “Introduction”), demonstrate a positive effect of
age and area on the probability of in situ speciation and the
extent of diversiﬁcation in island-like systems. Here, we
provide addition evidence for a strong relationship between
latitude and diversiﬁcation that is independent of age and
area effects. Our results show that the probability of a speciation event and the extent of diversiﬁcation increase with
decreasing latitude, as judged by the distribution of endemicity in both lake and river ﬁshes. Previous work on island
endemics has used a similar approach to study how in situ
speciation is affected by island size, age, and isolation (see
Warren et al. 2015 for a recent review), to examine the incidence of sympatric speciation (Coyne and Price 2000) and
the spatial scale of speciation on islands (Kisel and Barraclough 2010). However, to our knowledge, no island studies
have directly examined how the probability of in situ spe-
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Figure 3: Relationship between biogeographic variables and the probability that an endemic species occurs in a lake (A) and the number
of endemic ﬁsh species in a lake (B). Boxes represent the direction and
magnitude of the standardized effect size of each variable with associated normal-based 95% conﬁdence intervals. Asterisks denote signiﬁcant predictor variables: one asterisk p P ! :01, two asterisks p P !
:001, three asterisks p P ! :0001.

ciation varies with latitude. Recently, Jetz and Fine (2012)
and Belmaker and Jetz (2015) examined the inﬂuence of historical time, area, and present-day climate on global gradients in terrestrial vertebrate diversity by dividing the Earth
into 32 evolutionarily distinct “bioregions.” Like our lake
analyses, they found strong, positive effects of bioregion age
and area on endemic species richness. Unlike our study, Belmaker and Jetz (2015) conclude that diversiﬁcation rates (estimated phylogenetically) appear to have a relatively minor
inﬂuence on broad-scale patterns in species richness.
The observation that area is strongly predictive of endemism in lake ﬁshes is consistent with ﬁndings in African
cichlids (Wagner et al. 2014), Anolis lizards (Losos and
Schluter 2000), poeciliid ﬁsh (Furness et al. 2016), and other

taxa (e.g., Kisel and Barraclough 2010), suggesting that there
is a minimum area for in situ speciation. We searched the
literature for endemism in small lakes (surface areas !50 km2,
below the minimum size used in our analysis) and found
endemics in 74 of these water bodies, including those as small
as 0.0028 km2 (Tilapia guinasana in Lake Guinas, Namibia;
Nxomani et al. 1999). Thus, in situ speciation can occur in
small lakes, but despite the abundance of such lakes worldwide (1243,000 lakes between 0.1 and 50 km2 in the Global
Lakes and Wetlands Database; Lehner and Döll 2004), our
ﬁnding of only 74 lakes (!50 km2) with endemic ﬁsh suggests that these lakes have limited in situ speciation. Area
may increase the rate of speciation through larger population sizes, greater habitat heterogeneity (Kisel et al. 2011),
and increased environmental stability through time. There
are only a few old, deep, very large lakes worldwide, and
these also contain the extremes in the number of potential
cladogenesis events in multiple genera (using Coyne and
Price’s [2000] criterion: Lake Malawi 38, Lake Tanganyika
31, Caspian Sea 10, Lake Baikal 9).
Molecular evidence suggests that the pace of divergence
in extratropical lakes has been slow, even in those containing
relatively large adaptive radiations such as the Caspian Sea
and Lake Baikal. For example, the endemic Proto-Caspian
gobies of the subfamily Benthophilinae are estimated to
have originated 10 million years ago from a common ancestor that diverged into multiple genera 4.29–6.25 million
years ago, with the most recent identiﬁable radiations occurring 1–2 million years ago (Neilson and Stepien 2009).
In Lake Baikal, the age of the root of its 33-species cottoid
ﬁsh radiation is uncertain but is estimated at 1.2–6.5 Ma (Kontula et al. 2003). These deep-rooted divergence events contrast with the rapid divergence of hundreds of species of cichlids in the comparably young Lake Victoria, whose species
diverged 15,000–100,000 years ago (Brawand et al. 2014).
Another prime example of rapid ecological diversiﬁcation
in a tropical lake is the divergence of Labeobarbus ﬁsh in
Lake Tana, Ethiopia. This lake has been continuously isolated from the rest of the Nile basin and dried completely
within the past 25,000 years (De Graaf et al. 2007). It is hypothesized that a single riverine ancestor colonized Lake
Tana and generated a 15-species endemic ﬂock in 10,000–
25,000 years (De Graaf et al. 2010), with clear ecological divergence among species, including piscivory, a rare trait in
the family Cyprinidae (De Graaf et al. 2008).
Latitudinal Drivers of Speciation beyond Age and Area
Our analysis of endemism in freshwater ﬁsh provides fresh
insight into how age, area, and latitude are correlated with
the probability of speciation and the extent of diversiﬁcation.
Latitude, of course, does not directly affect speciation and diversiﬁcation but instead is correlated with mechanisms that
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Figure 4: Probability that a lake (N p 252) contains one or more endemic ﬁsh species from a logistic regression that includes latitude, age, and surface area for lakes in the New World
(50 km2 [A], 500 km2 [B], and 5,000 km2 [C]) and Old World (50 km2 [D], 500 km2 [E], and 5,000 km2 [F]). Shaded regions represent the 95% conﬁdence bands around the best model ﬁt
(solid lines).
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Figure 5: Heat map of the estimated number of endemic ﬁsh per lake (color scale) in tropical latitudes (23.437S–23.437N; A) and extratropical latitudes (123.437S or 7N; B) as a function of lake age (X-axis) and surface area (Y-axis) for lakes whose age is known and that contain at least one endemic ﬁsh.

Herder et al. 2008). Our data in fact suggest that the description of tropical ﬁsh diversity likely lags that of the temperate zone (ﬁg. A5).
Although species-poor environments can provide opportunities for ecological divergence and speciation, the ﬂip

Endemic – nonendemic mean latitude

may drive these processes. Several hypotheses have linked
the LDG to faster diversiﬁcation at lower latitudes (Mittelbach et al. 2007; Brown 2014; Fine 2015). For example, the
evolutionary speed hypothesis (Rohde 1992; Allen and Gillooly 2006) postulates that molecular evolution (nucleotide
substitution) is faster at higher temperatures, resulting in
higher speciation rates at low latitudes. The biotic interactions
hypothesis (Dobzhansky 1950; Schemske 2009; Schemske
et al. 2009) proposes that the relatively benign and stable
climate of the tropics leads to adaptation governed more by
biotic than abiotic factors, resulting in faster speciation because of ongoing coevolution. Stable tropical climates may
also result in lower extinction rates in the tropics, contributing to higher rates of diversiﬁcation (e.g., Pyron 2014; PulidoSantacruz and Weir 2016).
It has recently been suggested that speciation rates for
some taxa are actually higher in temperate regions than in
the tropics, because the relatively species-poor temperate zone
provides greater opportunities for ecological divergence (e.g.,
more open niches) and therefore more rapid speciation (reviewed in Schluter 2016). There are well-documented cases
of rapid diversiﬁcation in temperate ﬁshes, including species pairs within multiple families in postglacial lakes in the
Northern Hemisphere (Taylor 1999; Schluter 2016), but few
of these ecomorphs are formally recognized as species. The
case can be made that some temperate-lake ecomorphs deserve species status (e.g., Knudsen et al. 2006; Harrod et al.
2010), but incipient speciation is suspected in many tropical
lakes as well (e.g., Nxomani et al. 1999; Wilson et al. 2000;
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Figure 6: Degree latitude difference in the mean distribution of endemic ﬁsh (Y-axis) from the latitudinal centers of distribution of the
nonendemic species (X-axis) for each of 41 families. Across ﬁsh families, endemics are distributed at lower latitudes than nonendemics
(exact binomial test, P ! :0001; below dashed line).
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side of the coin is that over time species may become niches
for other species. “Every species is potentially a resource on
which some other species can in principle specialize or to
which another species must adapt” (Vermeij 2005, p. 20).
Strong biotic interactions, coupled with relatively benign
abiotic conditions, can create ecological opportunities that
allow tropical organisms to explore a wider range of niche
dimensions than their temperate counterparts, promoting
greater species diversity. For example, ﬁsh that mainly consume plants or fruits are common in the tropics but rare
elsewhere (Horn et al. 2011; Correa et al. 2015). Tropical
ﬁshes also display a bewildering array of adaptations rarely
seen in temperate ﬁshes, including scale eating, parasite
cleaning, and electrical communication (and predation).
Some of these unusual traits have evolved independently in
multiple families. For example, frugivory occurs in 17 Neotropical ﬁsh families (Correa et al. 2015), and scale eating
has evolved at least 19 times in tropical lineages (Martin
and Wainwright 2013). In addition, adaptive evolution of
visual receptors in African cichlids that occupy different
light environments (Wagner et al. 2012) and electroreceptors for communication in African catﬁsh (mormyrids; Carlson et al. 2011) are thought to promote the extensive diversiﬁcation of these groups.
We suggest that the more extensive diversiﬁcation of ﬁsh
(and other taxa) at low latitudes may be driven in part by
ecological opportunities promoted by tropical climates and
by the coevolution of strong species interactions. Endemism
in lakes is not unique to ﬁsh and has been observed across
a wide array of taxa including both benthic and planktonic
crustaceans (Marijnissen et al. 2006; Boxshall and Defaye
2008; Väinölä et al. 2008; Von Rintelen et al. 2010; Lorenschat et al. 2014), molluscs (West and Michel 2000; Von
Rintelen and Glaubrecht 2005, 2006; Albrecht et al. 2006),
and sponges (Meixner et al. 2007). Although freshwater ﬁsh
follow a classic LDG, it has been suggested that the overall
strength of the LDG is weaker in freshwater systems when
compared with marine and terrestrial realms (Hillebrand
2004), and some freshwater groups appear to show an inverse LDG (Heino 2001). Comparisons of our ﬁndings in
ﬁsh to other taxonomic groups may improve understanding of why diversiﬁcation varies with latitude.
In conclusion, a global analysis controlling for the effects
of lake age and area reveals a strong and independent effect
of latitude on the probably of in situ speciation and on the
extent of diversiﬁcation in freshwater endemic ﬁsh. Mechanisms underlying the positive effects of age and area on diversiﬁcation in island-like systems are well known (Warren et al. 2015); however, understanding why diversiﬁcation
may be enhanced at low latitudes remains a challenge. We
suggest that greater diversiﬁcation in the tropics may be
due to biological mechanisms that differ in kind and/or magnitude from those in temperate regions. The LDG may very
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well reﬂect a persistent difference in the selective forces across
what is not merely a geographic arc but the principal climatic
gradient on Earth.
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“During the past summer the author had no opportunity of ﬁshing in the Raritan River, at or about New Brunswick, at which point the
specimen was taken; but among a number of small collections from that river, no specimen of this cyprinoid occurred. From other streams,
generally not in the basin of the Raritan, isolated specimens have occurred, and the distribution seems to be without reference to salt water,
although the type, and two other specimens, were taken from streams having direct access to the sea.” Figured: Hybognathus. From “Further
Notes on New Jersey Fishes” by Charles C. Abbott (The American Naturalist, 1871, 12:717–720).
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