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ABSTRACT 
 

Species richness varies greatly among habitats, geography, and groups of organisms. 

What factors are responsible for these differences, and how did these differences arise over time? 

Within a clade, species are added through speciation and removed through extinction. Within a 

region or habitat, species can also be added through colonization. Organismal traits or 

environmental factors may influence richness indirectly by affecting speciation, extinction, or 

colonization. The goal of this dissertation is to investigate how these three processes have varied 

over time to form the species richness patterns observed today. To do this, I take advantage of 

four recent developments in evolutionary biology: (1) the collection of DNA sequence data 

across many taxa; (2) the time-calibration of molecular phylogenies; (3) the increased 

complexity of models of diversification and ancestral reconstruction; and (4) the aggregation of 

taxonomic, geographic, paleontological and trait data into public databases. In Appendix A, we 

investigate the disparity in amniote species richness between marine and nonmarine habitats. We 

found that, surprisingly, there was no systematic difference in rates associated with habitats. 

However, there was a strong relationship between species richness and the timing of habitat 

transition. Many marine transitions went extinct, and as a consequence almost all living marine 

lineages are Cenozoic in age. In contrast, amniotes have occupied land uninterrupted for over 

300 million years. We concluded that extinction and time interact to produce the richness 

disparity between marine and nonmarine habitats. In Appendix B, we investigated the causes of 

the peak in marine richness at the Central Indo-Pacific (CIP) hotspot using percomorph fishes as 

a focal clade. We found that diversification rates were similar among warm oceans, and highest 

in cold oceans. The high diversity of the CIP is due to many lineages that colonized from 34–5.3 

million years ago and then diversified in-situ. Other oceans have fewer colonizing lineages 
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and/or more recent colonization leaving limited time for in-situ diversification. In Appendix C, 

we investigated the causes of the latitudinal diversity gradient on continents, using freshwater 

ray-finned fishes as a model clade. Colonization time explained 2–5 times more of the variation 

in species richness than diversification rates among 3,000+ freshwater drainage basins. The 

Neotropics is species-rich because it has supported steady diversification for ~100 million years, 

while other tropical regions have had periods of low diversification. While high-latitude lineages 

that are dominant today did not arrive until the Cenozoic, they diversified at a comparable or 

higher rate than tropical lineages. Finally, in Appendix D we tested the longstanding hypothesis 

that sexual dichromatism increases diversification rates. We tested this hypothesis at three 

phylogenetic scales: across all ray-finned fishes, within individual clades, and within nested 

subclades of the largest clades. We found no difference in rates between monochromatic and 

dichromatic fishes at the scale of all fishes. Only a few clades showed a relationship with 

dichromatism and diversification. Surprisingly, these clades did not include the subjects of 

classic population-level studies (e.g. cichlids). Support for such a relationship increased in most 

smaller subclades examined. We concluded that when sexual dichromatism influences 

diversification, its effects will be localized to small phylogenetic scales. Overall, the works in 

this dissertation yield new insights into longstanding problems in evolution and ecology. 
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INTRODUCTION 
 

Species richness varies greatly among habitats, geography, and groups of organisms. 

What factors are responsible for these differences, and how did these differences arise over time? 

Within a clade, new species arise through speciation and are lost through extinction. Therefore, a 

clade may contain many species because it has a fast rate of net diversification (speciation minus 

extinction). Alternatively, a clade may be species rich because it is old, allowing speciation to 

build richness over time even at a modest rate (Wiens 2011; Wiens 2017). To explain species 

richness differences in space, one must also consider the rate or timing of dispersal among places 

(Ricklefs 1987; Stephens & Wiens 2003; Wiens 2011). Similarly, one can explain richness 

differences among habitats by considering the timing or rate of transition between habitats, a 

process analogous to dispersal in biogeography. Organismal traits, geologic events, or 

environmental variables may change species richness indirectly by influencing speciation, 

extinction, or dispersal/habitat transition (more inclusively termed “colonization”). 

The causes of biodiversity gradients have been of interest since the birth of our field. For 

example, Darwin (1859) and Wallace (1878) thought that the greater diversity in the tropics 

relative to the temperate zone was related to climactic stability (see also Willis 1922; Mittelbach 

et al. 2007). Several developments have been made over the past two decades that allow us to 

examine the causes of biodiversity gradients from a broader and more rigorous perspective than 

ever before. First, the accumulation of sequence data has allowed for the construction of 

phylogenies for entire clades, such as mammals (Rolland et al. 2014), birds (Jetz et al. 2012), 

squamates (Zheng & Wiens 2016) and ray-finned fishes (Rabosky et al. 2013; Rabosky et al. 

2018). Second, molecular phylogenies are now time-calibrated (meaning the branches are scaled 

to time in millions of years) using the fossil record and models of molecular evolution 
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(Drummond et al. 2006), allowing us to understand the timing of evolutionary events. Third, 

models of diversification (Maddison et al. 2007; Rabosky 2014; Beaulieu & O’Meara 2016) and 

ancestral reconstruction (Ree & Smith 2008; Matzke 2014) are more complex now than they 

have ever been, allowing for the modeling of complicated evolutionary histories on phylogenies. 

Fourth, taxonomic, geographic, paleontological and ecological data for thousands of species are 

now aggregated on public databases (e.g. FishBase; Froese & Pauly 2019), facilitating the ease 

of comparisons across whole clades. 

In this thesis, I take advantage of these four developments in evolutionary biology to 

examine the causes of global biodiversity gradients. Specifically, I use time-calibrated molecular 

phylogenies of vertebrates to understand rates of diversification and the timing of evolutionary 

events. When appropriate, I also discuss how the fossil record compares to the insights gained 

from molecular phylogenies of living taxa. Appendix A is on the disparity in species richness 

between marine and nonmarine habitats. Appendix B is on the causes of high diversity in the 

Central Indo-Pacific relative to other oceans. Appendix C is on the causes of the latitudinal 

diversity gradient on continents. Finally, Appendix D is on the influence of sexual dichromatism 

on diversification rates. 

 

Explanation of the dissertation format 

This dissertation represents four individual scientific works. Each work in its present format is 

found in Appendices A–D. Appendices A and B are published (Miller & Wiens 2017, Ecology 

Letters; Miller et al. 2018, Proceedings of the Royal Society B). Appendix C was sent for review 

at Nature Communications as presented herein. Finally, Appendix D is in preparation for initial 

submission to Nature. Supplementary material is included herein for the two unpublished works 
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(Appendices C and D). For the two published works (Appendices A and B), supplementary 

material can be found on the publisher’s website as stated in each appendix. Each work is 

summarized below. 

 

Contributions 

All four works were collaborative in nature. I am the first and corresponding author on all works 

represented here.  

1. Appendix A: My advisor John Wiens conceived the project and contributed to study 

design, interpretation of results, and writing. I designed and performed analyses, 

interpreted results, and led writing the paper. 

2. Appendix B: I conceived the study, designed and performed analyses, and led writing the 

paper. Kenji Hayashi and Dongyuan Song collected data, helped make decisions about 

collecting and processing data, and helped write the paper. John Wiens contributed to the 

interpretation of results and writing the paper.  

3. Appendix C: I conceived the study and led writing the manuscript. Cristian Román-

Palacios designed and performed analyses and helped write the paper. Specifically, 

Cristian performed analyses explaining variation in local species richness that greatly 

improved the paper. I designed and performed analyses explaining variation in species 

richness at the regional scale.  

4. Appendix D: I conceived the study, collected data on sexual dichromatism, designed and 

performed analyses, and led writing the paper. John Wiens helped with interpreting 

results and writing the paper. Sarah Mesnick’s Ph.D. thesis from the University of 
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Arizona (Mesnick 1996) was a starting point for collecting dichromatism data. Sarah also 

gave suggestions on the final manuscript. 

 

Dissertation aims and outcomes 

Each of the four works share a similar goal: explaining the processes and events that have lead to 

present-day patterns in species richness in vertebrates. Towards this goal, all four works utilize 

large (1000+ species) time-calibrated phylogenetic hypotheses. The use of large phylogenies 

allows for synthesis across many taxa. The aims, approach, and outcome of each work is 

summarized here. 

 

Appendix A: Miller, E.C. & J.J. Wiens. 2017. Extinction and time help drive the marine-

terrestrial biodiversity gradient: is the ocean a deathtrap? Ecology Letters 20:911–921. 

Among amniote vertebrates (mammals, birds, and “reptiles”) only 1–3% of species are 

marine (Boxshall et al. 2016). Traditionally, hypotheses for this difference have focused on 

opportunities for speciation on land versus in the ocean: for example, that the ocean has fewer 

barriers to dispersal and opportunities for population subdivision (Grosberg et al. 2012). 

However, empirical tests of these hypotheses are rare.  

To explain why more amniotes live on land, we first tested for differences in 

diversification rates among living marine and nonmarine lineages using phylogenies of 

mammals, birds, squamates and turtles. Contrary to expectations, we did not find that marine 

lineages had systematically lower diversification rates than nonmarine relatives. In fact, some 

marine lineages (e.g. sea snakes, gulls) had among the fastest rates of diversification. Next, we 

obtained the timing of all transitions between nonmarine and marine habitats using ancestral 
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reconstruction on phylogenies. We found that extant species richness of each habitat transition 

was strongly related to the time since that lineage entered the habitat. Almost all living marine 

lineages entered the ocean during the Cenozoic (beginning 66 mya). In contrast, almost all living 

nonmarine species are descended from the original colonization of land over 300 million years 

ago. We reviewed the fossil record of marine transitions from the literature and found that extinct 

marine transitions were significantly older than living marine transitions. This suggests that the 

extinction of older marine lineages drives the low mean age of living marine lineages. Finally, 

we used simulations to show that increasing marine extinction rates can drive marine invasions 

to be younger, but increasing the rate of nonmarine-to-marine transition did not affect the age of 

marine lineages.  

Overall, our results show that time and extinction interact to produce the marine-

nonmarine richness disparity. Specifically, living marine invasions have had limited time to 

replace the diversity lost from the extinction of earlier invasions. In contrast, amniotes have 

continuously occupied land. This explanation does not clearly align with existing hypotheses for 

the richness disparity among habitats. 

 

Appendix B: Miller, E.C., K.T. Hayashi, D. Song, & J.J. Wiens. 2018. Explaining the ocean’s 

richest biodiversity hotspot and global patterns of fish diversity. Proceedings of the Royal 

Society B 285:20181314. 

In the ocean, species richness peaks at the Central Indo-Pacific (CIP), a region containing 

the Coral Triangle and extending from southern Japan to the Great Barrier Reef. Traditionally, 

the major hypotheses for high diversity in the CIP focus on whether its species originated in-situ, 

or whether species preferentially colonized there after originating elsewhere (Bellwood et al. 
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2017). A problem with this framework is that it does not consider the rates or timing of the 

relevant processes, and therefore cannot completely explain the richness pattern. For example, a 

region’s biota could have been entirely derived through in-situ speciation but at a slow rate, 

leading to low richness.  

Here, we tested three hypotheses for the high richness of the CIP: (i) lineages there have 

higher diversification rates than other oceans, (ii) the CIP was colonized earlier than other 

oceans, or (iii) lineages have simply colonized the CIP more frequently regardless of timing. To 

obtain the number of colonizations among oceans and their timing, we performed ancestral area 

reconstruction on a phylogeny of ray-finned fishes in the clade Percomorpha. Percomorphs are 

cosmopolitan, so we divided the global oceans into eight regions and included freshwater 

habitats as a ninth region. We found a strong relationship between species richness and both the 

number of colonizations and the summed age of all colonizations to each marine region. 

However, while the CIP had the greatest summed age (with most colonizations taking place 

between 34–5.3 mya), the adjacent Central Pacific region had the greatest number of 

colonization. This suggests that the earlier age of colonizations, not simply their number, drove 

the CIP hotspot. Surprisingly, diversification rates were decoupled from species richness among 

the oceans, with the fastest diversification rates in cold marine and freshwater groups. 

Freshwater habitats worldwide contained similar richness to the CIP, but this richness was 

achieved through few, old colonizations with high diversification rates. 

Overall, our results show that the high diversity of the CIP is due to its colonization by 

many lineages during the period 34–5.3 mya. Other oceans were colonized by fewer lineages, 

and/or colonized later on average allowing less time for diversification. This was the first 

demonstration that time-for-speciation was important for generating the CIP hotspot. 
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Appendix C: Miller, E.C. and C. Román-Palacios. Evolutionary time explains the distribution of 

freshwater fish diversity. In review, Nature Communications. 

The latitudinal diversity gradient has been called Earth’s foremost biodiversity pattern. 

Competing evolutionary hypotheses for the gradient fall into two categories: diversification rates 

are faster in the tropics, or lineages have spent more time diversifying in the tropics than the 

temperate zone (Mittelbach et al. 2007). Many recent studies focus on calculating diversification 

rates associated with latitude (e.g. Rabosky et al. 2018). Comparatively fewer recent studies test 

the alternative explanation of time-for-speciation (Wiens & Donoghue 2004). 

Here we examine the causes of local and regional species richness in freshwater habitats 

among the six major continental regions of the world, using freshwater ray-finned fishes. At the 

local scale, we used General Additive Models to compare the importance of mean diversification 

rates versus mean colonization time for explaining species richness among 3,000+ freshwater 

drainage basins. We found that colonization time explains 2–5 times more of the variation in 

species richness than diversification rates, including latitudinal differences in richness. However, 

we also found that diversification rates interact with colonization time, in that diversification 

rates explain richness differences among recently-colonized basins (which tend to be temperate). 

Therefore, richness patterns may have different underlying causes depending on the spatial scale 

(i.e. when comparing tropical and temperate basins, versus comparing basins in the temperate 

zone). 

At the regional scale, we reconstructed the timeline of colonization and in-situ 

diversification within six continental regions. The Neotropics is the most diverse region because 

diversification has been steady for ~100 million years. The other three tropical regions (Indo-
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Malay, Afrotropics and Australasia) are also old, but have more temporal variation in their 

diversification dynamics including periods of low diversification. The Nearctic and Palearctic 

lineages that make up most of the present-day diversity did not arrive until after the end-

Cretaceous mass extinction. However, after colonization these lineages had similar (or higher) 

rates of diversification to those in the tropics. Overall, the history of colonization and 

diversification in the tropics supports the importance of colonization time and stability for 

generating richness disparities. One possibility that deserves future investigation is that high sea 

level in Laurasia during the Cretaceous (Ronov 1994) prevented earlier colonization of high-

latitude freshwater fishes. 

 

Appendix D: Miller, E.C., S.L. Mesnick, and J.J. Wiens. Sexual dichromatism is not associated 

with diversification across fishes. In preparation. 

Darwin (1871) originally hypothesized that sexually selected traits were important for 

generating new species. The evidence for this hypothesis is controversial across animals overall 

(Kraaijeveled et al. 2011), but is compelling in ray-finned fishes. Population-level studies in 

classic systems (e.g. cichlids; Seehausen et al. 1997) show that individuals prefer mates with 

local variants in nuptial color. Existing studies testing for an effect of dichromatism on 

diversification are limited to individual lineages. No study has tested if dichromatism influences 

diversification at the scale of all ray-finned fishes. 

Here, we test if sexual dichromatism affects diversification at three phylogenetic scales: 

across all ray-finned fishes, in individual clades where dichromatism evolves, and within nested 

subclades of the largest clades. To do this, we assembled a dataset of the presence of sexual 

dichromatism across 10,898 species of fishes from the literature (34.6% of species and 100% of 
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orders), the largest ever compiled for any animal group. Across fishes, we found no difference in 

diversification rates between monochromatic and dichromatic species. At smaller scales, among 

18 families or orders, only 4 clades showed unequivocal evidence of an effect of dichromatism 

on diversification (Anabantiformes, Blenniiformes, Centrarchiformes, and Tetraodontiformes). 

Although dichromatism is expected to increase speciation rates, we found that the effect on 

speciation, extinction, and/or net diversification varied widely among these four groups. 

Surprisingly, the focal lineages for many population-level studies on mate preferences did not 

show differences in diversification associated with dichromatism (e.g. Cichlidae, 

Cyprinodontiformes, Labridae, Percidae, and Syngnathiformes). Finally, support for an effect of 

dichromatism increased in most nested subclades examined. For example, we found a positive 

effect of dichromatism on diversification in the family Poeciliidae (guppies), but not the order 

Cyprinodontiformes which contains Poeciliidae. These results do not appear to be driven by 

sampling biases or the failure to detect dichromatism in the UV spectrum. 

Overall, these results suggest that when sexual dichromatism influences diversification, 

these effects are likely to be short-lived and localized to small phylogenetic scales. Therefore, 

sexual dichromatism is not a driver of diversification-rate differences among distantly related 

clades of fishes. 
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Abstract
The marine-terrestrial richness gradient is among Earth’s most dramatic biodiversity patterns, but
its causes remain poorly understood. Here, we analyse detailed phylogenies of amniote clades,
paleontological data and simulations to reveal the mechanisms underlying low marine richness,
emphasising speciation, extinction and colonisation. We show that differences in diversification
rates (speciation minus extinction) between habitats are often weak and inconsistent with observed
richness patterns. Instead, the richness gradient is explained by limited time for speciation in mar-
ine habitats, since all extant marine clades are relatively young. Paleontological data show that
older marine invasions have consistently ended in extinction. Simulations show that marine extinc-
tions help drive the pattern of young, depauperate marine clades. This role for extinction is not
discernible from molecular phylogenies alone, and not predicted by most previously hypothesised
explanations for this gradient. Our results have important implications for the marine-terrestrial
biodiversity gradient, and studies of biodiversity gradients in general.

Keywords
Amniotes, diversification rates, extinction, marine-terrestrial gradient, species richness, time-for-
speciation.
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INTRODUCTION

The greater richness on land relative to the ocean is among
the most dramatic global species richness patterns (~ 85% vs.
~ 15% of macroscopic species; May 1994; Grosberg et al.
2012). This pattern is surprising because life originated in the
ocean (Kenrick et al. 2012). The ocean also covers ~ 70% of
Earth’s surface (May 1994). Thus, the ocean should have
higher richness based on both greater time and area. Several
hypotheses have been proposed to explain higher richness on
land, including greater primary productivity, habitat hetero-
geneity and opportunities for genetic isolation (e.g. Vermeij &
Dudley 2000; Benton 2001; Grosberg et al. 2012). All factors
must ultimately influence speciation, extinction, or the timing
or frequency of dispersal between habitats, as these are the
only mechanisms that directly change species richness of habi-
tats (Ricklefs 1987).
The hypothesis that diversification rates (speciation minus

extinction rates) differ between marine and terrestrial taxa
was previously discussed in the paleontological literature
(Benton 2001) but is rarely tested in a phylogenetic context.
Recently, Wiens (2015) found support for higher net diversifi-
cation rates in animal phyla with lower proportions of marine
taxa. However, no study has attempted to disentangle the
roles of speciation, extinction and colonisation patterns in
producing greater species richness in terrestrial relative to
marine environments. Most existing hypotheses imply reduced
speciation in the ocean rather than greater extinction.
Amniote vertebrates (including mammals, birds, crocodil-

ians, turtles and lepidosaurs [lizards and snakes]) are an excel-
lent system for testing the mechanisms underlying the marine-
terrestrial diversity gradient. First, the gradient occurs within

each of these five major groups (1–4% marine; Boxshall et al.
2016). Second, amniotes have re-invaded the ocean many
times since their origin 300–350 million years ago (Vermeij &
Dudley 2000; Kelley & Pyenson 2015), and therefore have
potential for high marine richness based on colonisation times
alone (all else being equal). Third, relatively complete time-
calibrated molecular phylogenies are available for all groups,
facilitating analyses of diversification and colonisation.
Fourth, amniotes have a well-documented fossil record in
both marine and terrestrial environments (Benton 2001).
Here, we integrate molecular phylogenies, palaeontology

and simulations to examine the mechanisms underlying the
marine-terrestrial richness gradient in amniotes. We first test
if extant marine lineages have lower diversification rates than
non-marine lineages, and if differences are explained by speci-
ation and/or extinction rates. We then use ancestral recon-
structions to test if limited time in marine habitats can explain
low marine richness. Finally, we integrate paleontological data
and simulations to reveal the effects of extinction and time on
marine richness. Our results have important implications for
the marine-terrestrial richness gradient, and for biodiversity
gradients in general.

MATERIALS AND METHODS

Phylogenies and habitat data

We obtained time-calibrated molecular phylogenies for mam-
mals (5020 species sampled, including 94% of described spe-
cies; Rolland et al. 2014), birds (6670, 67%; Jetz et al. 2012),
lepidosaurs (4162, 42%; Zheng & Wiens 2016) and turtles
(215, 61%; Jaffe et al. 2011; Table S1). To facilitate analyses,
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we treated habitat as a binary character throughout the text.
Species were coded as ‘marine’ if they were obligately depen-
dent on marine environments. Species in other habitats
(including terrestrial, freshwater and brackish environments)
were coded as non-marine (Boxshall et al. 2016; see
Appendix S1).

Net diversification rates

We first tested if clades with higher proportions of marine
species have lower net diversification rates. We used the
method-of-moments estimator for net diversification rates
(Magall!on & Sanderson 2001), following Wiens (2015). Simu-
lations show this estimator can be relatively accurate, and
does not require a positive relationship between clade age and
richness (Kozak & Wiens 2016). Furthermore, net diversifica-
tion rates can strongly predict richness among habitats even
under diversity dependence (Pontarp & Wiens 2017).
We estimated net diversification rates of monophyletic fami-

lies of mammals, birds and turtles. For lepidosaurs, we used
genera of Elapidae, which contains 97% of marine lepidosaur
species. The method-of-moments estimator requires clade
ages, extant richness and an assumed relative extinction frac-
tion (e = l/k, where k = speciation rate and l = extinction
rate). We used standard alternative e values of 0, 0.5 and 0.9.
We used crown and stem ages from the phylogenies above.
Extant species richness was obtained from Uetz & Hosek
(2015; lepidosaurs, turtles), Wilson & Reeder (2005; mam-
mals) and Jetz et al. (2012; birds).
We tested relationships between the net diversification rate

of each clade and its proportion of marine species using phy-
logenetic generalised least squares regression (PGLS; Martins
& Hansen 1997). We conducted separate analyses for turtles,
mammals, birds and elapid snakes. For each clade, marine
richness was estimated using the WoRMS database (Boxshall
et al. 2016). Phylogenies were trimmed to one species per
clade. PGLS analyses were conducted in the R package caper

version 0.5.2 (Orme 2013), with lambda estimated and kappa
and delta set to one.

State-dependent speciation and extinction

To test the impact of habitat on speciation and extinction
rates in the four amniote groups, we used the HiSSE
approach in the package hisse version 1.8 (Hidden State Spe-
ciation and Extinction; Beaulieu & O’Meara 2016). HiSSE
allows for the possibility that there are unmeasured states that
impact diversification, partially overlapping with the observed
states (here, marine and non-marine habitat).
HiSSE optimises species turnover (s = k + l) and the

extinction fraction (e = l/k) for states 1A, 1B, 0A and 0B,
where 1 and 0 represent habitat and A and B, the hidden
states. We tested three null models: (1) ‘Null-Two’ and (2)
‘Null-Four’, which assume all diversification rate differences
among taxa are associated with the hidden states (not habi-
tat), and (3) BiSSE-equivalent (Maddison et al. 2007), in
which all differences are due to habitat, without measuring
hidden states (see Appendix S2). We then fit four alternative
HiSSE models: (4) a full HiSSE model, with e and s freely
varying among the four states, (5) full model with s con-
strained to be equal between habitats, (6) e constrained, and
(7) equal transition rates between habitats. We corrected for
incomplete phylogenetic sampling using described richness for
marine and non-marine habitats (references above; Table S1).
The model with the lowest AIC was preferred and considered
strongly supported given DAIC ≥ 4 from the next value
(Burnham & Anderson 2002). We transformed s and e esti-
mates to speciation and extinction rates (Table 1).
Simulations show that BiSSE-related methods can give

problematic results when one state occurs in <10% of sampled
species (Davis et al. 2013). Since marine species are rare in
amniotes (1–4%), we also fit HiSSE models on clades chosen
such that the proportion of marine species was >10% while
maximising the total included species (maximising power).

Table 1 Results showing phylogenetic signal in habitat (D statistic) and HiSSE analyses of diversification rate differences between marine and non-marine
lineages

Clade D HiSSE Best Model AIC Akaike weight rmarine-A rmarine-B rnonmarine-A rnonmarine-B

Mammals
Trimmed !0.48 *emarine = enonmarine 4109.21 0.59 0.867 0.048 0.344 0.052
Whole !0.51 emarine = enonmarine 30 847.58 0.48 0.107 0.011 0.316 0.061

Birds
Trimmed 1 !0.70 Full HiSSE 4932.21 0.93 0.035 0.070 0.039 0.147
Trimmed 2 0.24 *smarine = snonmarine 2087.50 0.53 1.147 0.067 !0.486 0.057
Whole !0.41 emarine = enonmarine 42 785.86 1.00 0.606 0.080 0.274 0.050

Lepidosaurs
Trimmed !1.27 emarine = enonmarine 2109.98 0.88 0.580 0.086 0.022 0.130
Whole !0.94 *emarine = enonmarine 32 927.49 0.70 0.100 0.658 0.151 0.031

Turtles !1.41 Null-Four 1798.53 0.97 0.135 (A) 0.021 (B) 0.056 (C) !0.0003 (D)

*=∆AIC between best model and null model ≤ 4.
Values of D < 1 indicate high phylogenetic signal due to few observed sister-clade differences (Methods). We compared the fit of HiSSE models with asym-
metrical parameters between habitats to alternative models that constrained these parameters to be equal. HiSSE optimises turnover (s = k + l) and the
extinction fraction (e = l/k), with results transformed to speciation (k) and extinction (l) here. Net diversification rate (r) is equal to k!l. Hidden states in
HiSSE are denoted by A and B. For turtles, Null-Four was selected, and hidden states A–D are identical between habitats (Appendix S2). Full results are
in Tables S3, S4 and S7, including transition rate estimates between habitats and hidden states.
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Four clades met these criteria (hereafter ‘trimmed’ trees; see
Appendix S1): (1) mammalian clade within Laurasiatheria
containing carnivores and ungulates (618 species, 19% mar-
ine); (2) bird clade containing penguins, petrels and related
orders (636 species, 24% marine); (3) the bird order Charadri-
iformes (278 species, 35% marine); (4) lepidosaur clade con-
taining elapid snakes (280 species, 11% marine). Turtles were
not reduced because BiSSE has low power with <200 species
(Davis et al. 2013).
The trimmed trees have the added benefit of comparing

marine colonisations with their closest non-marine relatives.
For example, higher non-marine rates might be observed
because a few non-marine clades have exceptionally high
diversification rates, not because invading marine habitats per
se reduces diversification (Maddison & FitzJohn 2014).

Frequency and timing of colonisation

Instead of differences in diversification rates, marine richness
might be lower because amniotes colonised marine habitats
more recently (time-for-speciation effect; Stephens & Wiens
2003). We compared the age of each phylogenetically indepen-
dent transition (to either non-marine or marine habitats) with
its present-day richness.
To identify independent marine colonisations and their ages,

we performed ancestral reconstructions of habitat on the
whole phylogeny of each group using maximum likelihood
with the ‘ace’ function in ape version 3.4 (Paradis et al. 2004).
We assumed a single transition rate between habitats. We did
not perform reconstructions using HiSSE, nor models with
asymmetrical transition rates, because these models produced
highly problematic reconstructions (i.e. reconstructing the
ancestor of all mammals as marine). This may be due to com-
plications with rare states (Davis et al. 2013). We identified
marine invasions by the oldest node with a proportional likeli-
hood ≥0.95 for the marine state. This yielded reconstructions
corresponding to known marine clades (Table S5). An excep-
tion was the ancestor of hippopotamuses and cetaceans
(‘whippomorpha’), which was reconstructed as marine. We
instead used crown cetaceans.
We identified crown and stem ages of each independent

marine colonisation and determined their richness in marine
habitats (excluding secondarily non-marine members). Impor-
tantly, the stem and crown ages should encompass much of
the uncertainty surrounding the timing of marine transitions.
Monotypic colonisations do not have a crown age, so we per-
formed analyses either excluding them or assuming habitat
transitions occurred mid-branch (stem/2). Deviations from
this assumption are unlikely to affect our conclusions, because
monotypic invasions are relatively young, reducing the range
of possible ages.
To compare the amount of time amniotes have diversified

in each habitat, we also identified independent non-marine
colonisations. All amniotes are ultimately descended from a
single invasion of land. We used Amniota as a single non-
marine transition with crown and stem ages of 330 and
350 Ma (Chiari et al. 2012). We estimated richness in non-
marine habitats derived from this initial colonisation, includ-
ing crocodilians (25 species; Uetz & Hosek 2015).

Additionally, we identified secondarily non-marine colonisa-
tions (nested within marine clades) and their richness, crown
age and stem age as described above.
We tested for the time-for-speciation effect on marine and

non-marine richness by fitting standard and PGLS regressions
relating ages of habitat transitions to their present-day rich-
ness. We performed separate analyses using crown and stem
ages, and among marine clades only. We log10-transformed
richness but not age (following Hutter et al. 2013).
We used ages from molecular phylogenies because most liv-

ing marine clades lack fossil records. Ages from fossil data for
some clades (i.e. cetaceans) are younger than those used here
(Donoghue & Benton 2007). Younger ages would further sup-
port our conclusions, by reducing the time-for-speciation in
marine habitats.

Niche conservatism

Niche conservatism is crucial for the time-for-speciation effect
by reducing successful transitions between habitats that would
otherwise homogenise richness over time (Wiens et al. 2010;
Hutter et al. 2013). Given niche conservatism, closely related
species will share similar trait values, as indicated by phyloge-
netic signal (Wiens et al. 2010). We tested phylogenetic signal
in habitat for each group using the D statistic (Fritz & Purvis
2010) with caper. D is [Σdobs ! mean(Σdb)]/[mean(Σdr) !
mean(Σdb)], where Σdobs is the observed count of sister clades
differing in a binary trait, Σdb is that under a simulated Brow-
nian motion threshold model (high signal) and Σdr is that
under phylogenetic randomness (no signal). Means represent
1000 simulations of trait data on each tree. Values of D < 1
indicate high phylogenetic signal because there are few
observed sister-clade differences (Table S7).

Extinct marine colonisations

Many extinct marine invasions are known only from the fossil
record and may not be detectable from molecular phylogenies
(Kelley & Pyenson 2015). We collected data on the temporal
durations of extinct marine clades, and tested if living marine
clades significantly overlap in time with extinct marine clades.
A lack of overlap suggests frequent marine extinction, because
older clades are less likely to persist (Bromham et al. 2016).
We searched the paleontological literature for independent

marine colonisations within crown Amniota, confirmed using
published phylogenies. For each extinct invasion, we deter-
mined the clade’s first and last appearance using occurrence
data from the Paleobiology Database (2016) (http://paleo
biodb.org; see Appendix S3).
For comparison to living marine invasions, we used both

crown and stem ages of extant marine clades determined from
phylogenies (above). Again, these ages may be older than
those suggested by fossil data. However, younger clade ages
reduce the observed overlap with extinct clades. Therefore,
clade ages from molecular phylogenies are conservative for
our purposes.
We performed two-sample Welch’s t-tests comparing the

mean ages of origination and extinction with the mean stem
and crown ages of living marine clades. This provides four
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possible measures of temporal overlap. We performed alterna-
tive analyses: (1) including all clades, (2) removing 33 extant
single-species colonisations (relatively young), (3) removing six
colonisations that went extinct before the Cretaceous (rela-
tively old), and (4) removing both categories 2 and 3. We
log10-transformed ages to improve normality.

Simulations of marine extinction

We performed two sets of simulations informed by observa-
tions in the fossil record (above) to test if extinction or alter-
native factors can explain the young age of extant marine
colonisations. First, we considered three factors that may
explain why a given state will have young origins: increased
extinction rate, increased lability (both gains and losses) and
increased losses relative to gains (Bromham et al. 2016). We
simulated trees with a binary trait under a BiSSE model, con-
straining the root as non-marine, using the package diversitree
version 0.9–7 (FitzJohn 2012; see Appendix S4). Trees were
constrained to contain 10 000 species and be over ≥ 105 Ma.
We first considered a null model with speciation, extinction
and transition rates identical between habitats. Starting values
for the null were the mean speciation, extinction and transi-
tion rates across mammals, birds and lepidosaurs, estimated
from BiSSE models assuming no state-dependent differences
(Table S10). From this empirical value of e (l/k; ~0.23), we
increased e of the marine state to 0.5 and 0.9. We simulated
12 sets of 50 trees each: three with each alternative e value
(null, 0.5, 0.9) and a single transition rate estimated from
empirical phylogenies (‘Baseline’), these three epsilon values
with losses of marine habitat 10 9 higher than gains (‘High
reverse’), three with a single transition rate set 3 9 higher
than the empirical rate (‘Labile’) and three with marine gains
3 9 higher and losses 10 9 higher (‘Labile and high
reverse’).
For each simulated tree, we performed ancestral reconstruc-

tions to identify independent marine colonisations (see above).
We performed ANOVA and Tukey post hoc pairwise compar-
isons to test for significant differences in means among the 12
models in total marine richness, number of marine colonisa-
tions and relative age of marine colonisations (crown age of
marine clade divided by age of the whole tree, to accommo-
date differing ages of trees). We log10-transformed data to
improve normality.
The second set of simulations tested if the observed pattern

of non-overlapping geological durations of extinct and extant
marine clades can be explained by high marine extinction
rates or infrequent marine colonisation (causing a lag until
recolonisation after an extinction event). We simulated trees
as above but retaining extinct clades, under 12 models: ‘Base-
line’ with the null gain/loss rate and marine e = null, 0.5, 0.9
and 0.99 (‘null’ as above; Table S10), ‘Labile’ with a single
transition rate 10 9 higher with alternative e values (above),
and ‘Very Labile’ with this rate 20 9 higher and alternative e
values (above).
Next, for each simulated tree, we determined the age of

extinct and extant marine colonisations (defined as the oldest
node with a proportional likelihood ≥ 0.95 for the marine
state) and the time of extinction for extinct marine clades.

Due to low sample sizes of extinct marine clades, we simu-
lated 150 trees under each model, and pooled data for three
trees prior to age comparison (akin to combining multiple
amniote groups as described above for durations). Ages were
log10-transformed. We performed two t-tests comparing either
ages of extinct and extant clades or comparing the time of
extinction with ages of extant marine clades. We performed
tests on 50 sets of three trees each.
We caution against literal comparison of metrics between

empirical and simulated data. Empirical phylogenies will differ
from phylogenies simulated under simple models, especially
when trees are large (Pennell et al. 2012). Birds, mammals
and lepidosaurs include clades with many different diversifica-
tion rates (Database S2). Rather than attempting to simulate
clades exactly matching empirical ones (impossible given only
two sets of rates across all trees), we instead use simulations
to understand the general roles that extinction and transition
rates may play in generating the observed patterns.

RESULTS

Diversification rate differences

We found little support for the hypothesis that differences in
diversification rates between extant marine and non-marine
clades explain the marine-terrestrial richness gradient in
amniotes. The proportion of marine species per clade did not
have a significant effect on net diversification rates for any
group, except for marine elapids having higher diversification
rates using crown ages (r2 = 0.20, P = 0.04; Fig. S1; Table S2;
Database S2). Non-marine clades had a wide range of diversifi-
cation rates. In mammals and turtles, marine clades had low
or intermediate diversification rates. However, in elapid snakes
and birds, marine clades had among the highest rates.
HiSSE analyses also showed little support for higher non-

marine diversification rates (Fig 1). BiSSE-equivalent models
and models assuming equal transition rates had poor fit in all
clades (Table S3). Mammals (whole tree) and trimmed bird
clade 1 were the only groups with higher non-marine diversifi-
cation rates. In the trimmed mammal clade, trimmed bird
clade 2, lepidosaurs (whole tree) and turtles, the null HiSSE
models could not be rejected with DAIC ≤ 4 (diversification
rate differences driven by hidden states, not habitat). In the
whole bird tree and trimmed lepidosaur clade, marine clades
had higher net diversification rates. While extinction rate esti-
mates were often near-zero, there was no consistent trend for
lower speciation or higher extinction rates in marine clades
(Table S4).

Time and relative richness of habitats

Our results suggest that higher non-marine richness is
explained by a time-for-speciation effect, with lower extant
richness in marine habitats because of recent colonisation,
and limited dispersal between habitats due to niche conser-
vatism.
Extant marine colonisations were strikingly young relative

to the timeframe amniotes have been evolving on land
(Fig. 2). The mean crown age of marine clades was 10.4 Ma
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Figure 1 Ancestral state reconstructions of trimmed clades, and boxplots of confidence distributions of net diversification rates among observed states
(M = marine, blue, and N = non-marine, brown) and hidden states (A and B). Figures are derived from best-fit HiSSE models (highest Akaike weight).
Colours inside branches represent habitat reconstruction (black = marine and white = non-marine). Colours outside of branches represent net
diversification rates (warmer = faster relative to all rates across the tree). Scale bars show time in millions of years before present, Ma. Silhouettes are from
Phylopic [phylopic.org] (Appendix S5 for credits). Turtles are not pictured because the null model had the best fit. Full results are in Tables 1, S3 and S4.
Results show that net diversification rates are generally inconsistent with observed richness differences between marine and non-marine amniotes. Ancestral
state reconstructions shown here are for visualisation of diversification rates, and not used to identify marine clades (see Methods).
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(0.2–68.5 Ma) vs. 330 Ma for Amniota. We identified 58 liv-
ing marine colonisations (33 single-species) and 26 secondarily
non-marine colonisations (15 single-species). The relationship
between colonisation times and present-day richness from
each colonisation event was highly significant (crown ages:
P < 0.001, r2 = 0.65, Fig. 2; stem ages: P < 0.001, r2 = 0.59).
Alternative analyses among marine clades only and excluding
monotypic colonisations were also highly significant
(Table S6; Fig. 2; Fig. S2).
Phylogenetic signal in habitat was high across all four

groups (negative D; Table 1; Table S7). In addition, HiSSE
models estimated low transition rates from non-marine to
marine (Table S4). Reverse transition rates were higher in
mammals, birds and lepidosaurs, seemingly because freshwa-
ter transitions are common within marine clades. Although
there were more overall transitions from non-marine to mar-
ine, these freshwater transitions were all relatively young,
yielding high rates (Table S5).

Insights from fossils and simulations

There was little temporal overlap between extinct and extant
marine clades, suggesting that extant marine clades are young
and replaced older, extinct marine lineages (Fig. 3). We sum-
marised phylogenetic and temporal information for 26 extinct
marine colonisations (Table S8). The origin of extinct clades
was always significantly older than that of extant clades
(crown and stem ages), even when removing exceptionally old
or young marine invasions (Table S9). The time of extinction
was significantly older than crown ages (mean extinction
time = 109 Ma, crown age = 10.4 Ma; P = 0.0002) except
when both old and young clades were removed, and stem ages
when all clades were included (mean stem age = 17.1 Ma;
P = 0.003).
Simulations showed that high marine extinction rates can

explain young extant marine clades, because older marine
invasions do not persist. Our first set of simulations (Fig. 4;
Table S11) showed that: (1) only increasing marine extinction
yielded significantly younger marine colonisations relative to
null extinction rates (estimated from phylogenies); (2) increas-
ing transition rates from marine to non-marine did not consis-
tently reduce marine richness or the number or age of marine
invasions; and (3) increasing the rate of marine colonisation
dramatically increased marine richness by producing more
marine clades, but not older marine clades. Similarly, in our
second set of simulations, non-overlapping durations of
extinct and extant marine clades were driven by high marine
extinction rates (Fig. 5). The mean time of extinction deviated
significantly from the mean age of extant clades most fre-
quently with e ≥ 0.9.
Two patterns in the simulated data differ somewhat from

our empirical data. First, extant marine clades can be much
older than those simulated under empirical parameters (Base-
line model; Figs 2 and 5). We simulated trees under constant
transition rates for each state, which should yield more transi-
tions on recent branches (most branches in a phylogeny are
young). However, adaptive radiation theory predicts relatively
early transitions in habitat (Schluter 2000), consistent with
older marine clades. This discrepancy does not overturn our
conclusions, because older marine clades should generate
higher marine richness, but instead empirical and simulated
marine richness is comparable (Table S1; Table S11). Extinc-
tion is known to have reduced richness in older extant marine
clades, like cetaceans (Pyenson et al. 2014).
Second, significant gaps between durations of extinct and

extant clades are more common under high lability, seemingly
in conflict with strong phylogenetic signal in habitat in empiri-
cal phylogenies (Table 1). Importantly, mean temporal dura-
tions deviate when e ≥ 0.9 under all transition scenarios, but
standard deviations surrounding extinction times remain wide
under Baseline models (Fig. 5). Increasing lability increases
the sample size of marine invasions, leading to more frequent
detection of significant gaps in duration.

DISCUSSION

The higher species richness of non-marine relative to marine
environments is one of the most dramatic patterns in global

Figure 2 Evidence for the time-for-speciation effect on present-day
richness in each habitat: amniotes colonised non-marine habitats (brown)
much earlier than living marine clades (blue; top panel), and older marine
clades contributed more richness to marine habitats than younger clades
(bottom panel). We performed linear regression of ages associated with
colonisation events (marine or non-marine) vs. richness contributed by
each event. Here, we used crown ages and assumed monotypic clades had
a crown age = half the stem age (alternative analyses also significant;
Fig. S2; Table S6).
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biodiversity. Recent analyses across animals showed that this
pattern is caused by higher diversification rates in terrestrial
lineages (Wiens 2015), but the mechanisms underlying this dif-
ference were unclear (e.g. speciation vs. extinction, and the
factors acting on each). Here, we integrate detailed phyloge-
nies, paleontological data and simulations to gain insights into
these mechanisms. Our results are surprising for several rea-
sons. We find no consistent difference in diversification rates
between habitats in major amniote clades. Instead, lower mar-
ine richness is explained by niche conservatism, limited time-
for-speciation in extant marine lineages and extinction of
older marine lineages across > 250 million years. Thus, our

results suggest that: (1) the time and diversification rate
hypotheses can act synergistically to explain richness patterns,
especially when there is limited time for speciation to compen-
sate for past extinction events, (2) frequent marine extinction
is a major factor contributing to lower marine richness, a
hypothesis that is not clearly related to any of the widely dis-
cussed ecological mechanisms previously hypothesised to
explain the marine-terrestrial richness gradient, and (3) unsuc-
cessful colonisations ending in extinction over long geological
time scales can be an important (but underappreciated) com-
ponent of the time and niche conservatism hypotheses. We
discuss these ideas below.

Figure 3 Stratigraphic ranges of 26 extinct clades (with names) vs. extant marine clades. On average, extinct clades originated and went extinct prior to the
mean age of extant clades (Table S9). This suggests that extant clades are relatively young, and the oldest marine clades have failed to persist. Extinct
clades were identified from published phylogenies (Table S8) and dates obtained from PaleoDB (http://paleobiodb.org). Ages of extant clades were
obtained from molecular phylogenies because most extant clades do not have a fossil record (Table S5). These ages are generally older than those estimated
from fossils. Extant single-species clades are omitted for clarity. Grey dashed lines indicate mass extinction events: Permian (252 Ma), Late Triassic
(201 Ma) and Cretaceous (66 Ma). Extinct clades with an estimated stratigraphic range < 3 Ma were elongated for visibility (+ 3 Ma). See Appendices S3,
S5 and Tables S5 and S8 for details of clades, ages and Phylopic silhouette credits.

© 2017 John Wiley & Sons Ltd/CNRS

Letter Marine-terrestrial biodiversity gradient 7

http://paleobiodb.org
Elizabeth Miller
28



Extinction and time interact

Our results suggest that higher non-marine species richness in
amniotes is driven (in part) by a combination of extinction of

marine clades and limited time for recolonisation to rebuild
marine richness, rather than just differences in speciation and
extinction rates among extant lineages. Diversification rates
(speciation–extinction) and time are generally seen as compet-
ing but non-exclusive explanations for biodiversity gradients
(Wiens 2011), and most studies examining both factors find
strong support for one over the other (Pontarp & Wiens 2017

Figure 4 Simulated distributions of marine richness (log10-transformed;
top), number of independent marine invasions (middle) and relative age
of extant marine clades (bottom). White boxes = ‘Baseline’ models; blue
boxes = ‘High reverse’ models; yellow boxes = ‘Labile’ models; and red
boxes = ‘Labile and high reverse’ models (see Methods; Appendix S4;
Table S11). The extinction fraction (ratio of extinction to speciation) of
the marine state was increased from the null model (rates from empirical
phylogenies; Table S10) to 0.5 and 0.9. Boxplots show upper and lower
quartiles, medians and outliers. Tukey post hoc pairwise comparisons
suggest: (1) increasing marine extinction creates younger extant marine
invasions relative to the null; (2) increasing the rate of marine to non-
marine transitions does not affect richness, number or age of invasions;
and (3) increasing the rate of non-marine to marine transitions increases
marine richness and number of invasions, but does not influence the age
of invasions.

Figure 5 Simulated distributions of (a) mean ages of extinct (black) and
extant (blue) marine clades, and (b) mean time of extinction of extinct
clades and age of extant clades. We pooled data from three simulated
phylogenies and performed t-tests to assess significance of temporal
overlap of extant and extinct invasions (following our empirical analyses
of fossil amniotes in Table S9). Data represent means and standard
deviations among 50 pools of three trees each. Pie charts show the
number of significant t-tests (orange) out of 50 tests after log10-
transforming ages. Models include: ‘Baseline’, ‘Labile’ and ‘Very Labile’,
with the extinction fraction (ratio of extinction to speciation) of the
marine state increased from the null (rates from empirical phylogenies) to
0.5, 0.9 and 0.99 (Appendix S4; Tables S10, S11). Durations of extinct
and extant marine invasions deviated most frequently with high marine
extinction rates (e ≥ 0.9), and this deviation is significant most often when
marine invasions are common (Labile and Very Labile models).

© 2017 John Wiley & Sons Ltd/CNRS

8 E. C. Miller and J. J. Wiens Letter

Elizabeth Miller
29



and references therein). We show that diversification rates and
time can work synergistically to produce richness patterns.
Importantly, this pattern was not apparent from molecular
phylogenies alone because they do not include ancient marine
extinctions.
Amniotes show a striking pattern of replicated marine

extinctions and recolonisations. Across all major clades,
ancient marine invasions have ended in extinction but have
been replaced by extant groups (Fig. 3; Pyenson et al. 2014;
Kelley & Pyenson 2015). Remarkably, a similar pattern
occurred in the largest fish radiation (actinopterygians), with
extinction of ancient marine lineages and replacement by re-
invasion from freshwater (Carrete Vega & Wiens 2012;
Betancur-R et al. 2015).
Our results demonstrate that mechanisms explaining large-

scale patterns might only be apparent over sufficiently long
time scales. Extinction of only a few lineages during the
Mesozoic could have important consequences for species rich-
ness. Some marine colonisations, such as ichthyosaurs, are so
old that with an identical net diversification rate to their near-
est extant sister clade (Motani et al. 2015; Table S8), they
could contribute tens of thousands of marine species. Of
course, this richness has not been realised due to differences
in diversification rates. Simulations show that diversification
rates dominate richness patterns over longer timescales,
whereas time dominates over shorter timescales (Pontarp &
Wiens 2017). Thus, our overall results are consistent with
broad-scale analyses showing lower diversification rates in
marine clades (Wiens 2015), although our fine-scale diversifi-
cation results are not.

Ecological mechanisms underlying the marine-terrestrial gradient

This study may be the first to provide evidence for a strong role
for extinction in the marine-terrestrial biodiversity gradient.
Our findings on the importance of extinction and time for the
marine-terrestrial biodiversity gradient contrast strongly with
traditional ecological explanations, which imply reduced specia-
tion rates in marine clades. These hypotheses for low marine
richness include reduced primary productivity, less habitat
heterogeneity and fewer opportunities for geographic isolation
in marine environments (May 1994; Benton 2001; Grosberg
et al. 2012).
We show that a few clade-level extinction events may have

great consequences for extant marine richness in amniotes,
due to the interaction between extinction and time-for-
speciation (Figs 2 and 3). However, it remains unclear
whether marine lineages have higher extinction rates than
non-marine lineages, especially at the species level. High mar-
ine extinction rates are supported by our simulation results
(Figs 4 and 5), but the effect of extinction on non-marine
clades is not addressed in our simulations. Of course, many
non-marine groups have also gone extinct. Previous studies
have suggested that marine clades experience lower extinction
rates than terrestrial clades, given the greater longevity of
marine invertebrate genera (McKinney 1997). However, at
higher taxonomic levels, non-marine amniote clades have
greater longevity than marine clades (lepidosaurs and archo-
saurs, vs. their sister clades containing marine colonisations;

Motani et al. 2015; Table S8). Understanding how extinction
changes with phylogenetic scale may be important for explain-
ing the marine-terrestrial biodiversity gradient.
Future work on the marine-terrestrial gradient may benefit by

focusing on ecological mechanisms driving frequent extinction
in marine lineages (rather than reduced speciation). For exam-
ple, extinctions of major marine groups coincide with fluctua-
tions in sea level (Benson & Butler 2011; Pyenson et al. 2014;
Tennant et al. 2016). Coastal lineages may be especially vulnera-
ble to extinction over long time scales due to the ephemeral nat-
ure of coastal habitats. In fact, open-ocean marine amniotes
were better able to survive the Late Triassic mass extinction than
their coastal counterparts (Benson & Butler 2011).
Since most macroscopic marine species inhabit coastal habi-

tats (Tittensor et al. 2010), high turnover in coastal lineages
might underlie the marine-terrestrial biodiversity gradient in
general. Infrequent transitions from non-marine to marine
habitats are relevant for ancestrally non-marine groups (such
as tetrapods, angiosperms and insects), but might also result
from marine extinction (see below). Importantly, marine
extinction could drive the gradient in all clades, especially
ancient, ancestrally marine clades (Kenrick et al. 2012; Wiens
2015). Additional reasons for frequent extinction of marine
taxa may be the trend for larger body sizes (Clauset 2013)
and greater dependency on consumers for food (Tucker &
Rogers 2014) than non-marine taxa.

Mechanisms of niche conservatism

Low rates of marine colonisation alone were insufficient to
explain the deviance in age between extinct and extant marine
clades, but they clearly play a strong role in reducing marine
richness. In our simulations, increasing lability increased the
number of marine clades, whereas increasing extinction
reduced their ages (Fig. 4).
Niche conservatism is implicated here by the strong phyloge-

netic signal and low transition rates (Table 1; Table S4). This
signal arises because successful transitions between marine and
non-marine habitats are relatively rare (Vermeij & Dudley
2000). This rarity could occur through at least three, non-exclu-
sive factors: (1) individuals rarely attempt habitat transitions,
(2) individuals attempting this transition have reduced fitness,
and (3) when lineages successfully transition, they are more
likely to go extinct. Our simulation results illustrate this third
factor. Extinction reduces the number of surviving marine
colonisations even when the transition rate is increased (Fig. 4).
Additionally, the observation that single-species marine coloni-
sations are more common than colonisations that have diversi-
fied may exemplify this role of extinction (Table S5).

Role of speciation rates

In contrast to previous hypotheses (e.g. Grosberg et al. 2012),
extant marine clades often had high speciation rates (Figs 1,
S1; Table S4). These include hydrophiine snakes and charadri-
iform birds. These clades may have experienced little extinc-
tion because they are young (Fig. 2; Table S5). Their high
diversification rates may also be driven by invasion of novel
niche space (Schluter 2000).

© 2017 John Wiley & Sons Ltd/CNRS

Letter Marine-terrestrial biodiversity gradient 9

Elizabeth Miller
30



However, speciation rate differences may still be relevant
for explaining the marine-terrestrial richness gradient. Most
non-marine species richness within mammals and birds is con-
tained within a few terrestrial clades with high diversification
rates (e.g. rodents, bats, passerine birds). We found that anal-
yses of trimmed clades tended to reduce or reverse differences
in diversification rates between marine and non-marine clades
by excluding these exceptional terrestrial clades (Fig. 1). Per-
haps opportunities for rapid and sustained diversification are
greater on land (also exemplified by angiosperms and insects),
although not realised by all non-marine clades (Fig. S1). This
might be due to stronger effects of density-dependent diversifi-
cation due to reduced niche availability in marine environ-
ments (Sahney et al. 2010).
Additionally, when alive, all extinct marine clades were

much less rich than co-occurring terrestrial amniote clades
(Tennant et al. 2016). However, extinct marine clades may
have periodically high speciation rates but maintain low net
diversity because extinction rates are also high, such that they
experience frequent turnover with sea-level fluctuations (Ben-
son & Butler 2011). Future studies should examine temporal
patterns of wax and wane (Silvestro et al. 2014) in related
marine and non-marine clades.

CONCLUSION

In conclusion, we show that the marine-terrestrial biodiversity
gradient in amniotes is explained by a synergy between frequent
extinction of marine lineages and the young age of extant mar-
ine clades. This synergy is observed only by integrating molecu-
lar phylogenies, paleontological data, and simulations. More
broadly, we show how time and diversification rates can be
intertwined to explain richness patterns, that extinction can
play an important role in niche conservatism, and that future
ecological studies should consider marine extinction as a major
mechanism for low marine richness.
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For most marine organisms, species richness peaks in the Central Indo-
Pacific region and declines longitudinally, a striking pattern that remains
poorly understood. Here, we used phylogenetic approaches to address the
causes of richness patterns among global marine regions, comparing the
relative importance of colonization time, number of colonization events,
and diversification rates (speciation minus extinction). We estimated
regional richness using distributional data for almost all percomorph
fishes (17 435 species total, including approximately 72% of all marine
fishes and approximately 33% of all freshwater fishes). The high diversity
of the Central Indo-Pacific was explained by its colonization by many
lineages 5.3–34 million years ago. These relatively old colonizations allowed
more time for richness to build up through in situ diversification compared
to other warm-marine regions. Surprisingly, diversification rates were
decoupled from marine richness patterns, with clades in low-richness
cold-marine habitats having the highest rates. Unlike marine richness, fresh-
water diversity was largely derived from a few ancient colonizations,
coupled with high diversification rates. Our results are congruent with the
geological history of the marine tropics, and thus may apply to many
other organisms. Beyond marine biogeography, we add to the growing
number of cases where colonization and time-for-speciation explain
large-scale richness patterns instead of diversification rates.

1. Introduction
Why is the Central Indo-Pacific (CIP) so diverse? This region, including the
coral reefs of Southeast Asia and Australia, contains more species than any
other in the world’s oceans, across diverse taxa [1]. At similar latitudes, richness
declines dramatically with distance from this hotspot [1]. As a consequence,
richness differences among marine regions overwhelm correlations between
richness and present-day environmental variables [2–4]. Thus, explaining the
remarkable richness of the CIP region is crucial for understanding the origins
of marine diversity patterns in general.

The peak in marine diversity in the CIP has fascinated researchers for more
than 60 years [5]. Traditionally, four major hypotheses have been proposed to
explain this pattern (reviewed by [6,7]). First, the ‘centre-of-origin’ hypothesis
states that more new species originated in the CIP than surrounding regions
[8]. Second, the ‘centre-of-accumulation’ hypothesis states that lineages orig-
inating elsewhere preferentially colonized the CIP [9]. Third, the ‘centre-of-
overlap’ hypothesis states that species have widespread ranges that overlap
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in the CIP due to its central position in the broader Indo-West
Pacific [10]. Fourth, the ‘centre-of-survival’ hypothesis states
that lineages in the CIP experienced less extinction than
those in surrounding regions [11]. These four hypotheses
differ in the biogeographic origin of species (within the CIP,
elsewhere, or no prediction), and in the processes ultimately
responsible for high richness in the CIP (colonization, specia-
tion, or extinction).

Despite many important studies clarifying the origins of
tropical marine species [11–13], it remains unclear why the
CIP has more species than other regions. Based on first prin-
ciples, species richness in a region can only change via three
processes: in situ speciation, local extinction and colonization
from other regions [14]. The four ‘centre-of’ hypotheses do
invoke these core processes, but do not make specific predic-
tions about their rates or timing. For example, a region’s biota
could be entirely generated by in situ speciation (i.e. the
region is a centre-of-origin), but still have low richness if spe-
ciation rates were lower than in other regions, or if the region
was colonized more recently (allowing less time to build up
richness [15]). Moreover, recent analyses suggest that no
single ‘centre-of’ hypothesis fully explains this pattern, and
that these processes instead act in concert [6,11–13,16]. For
example, Cowman & Bellwood [12] detected many coloniza-
tions of the CIP during the early history of reef fish clades
(accumulation), followed by in situ diversification (origin
and survival). However, it remains unclear whether the CIP
has high richness because of older colonization(s), more
colonizing lineages or faster diversification rates.

We propose a new direction in answering this 60-year-old
mystery. Researchers have already suggested departing from
the traditional ‘centre-of’ framework to focus on rates of
diversification and colonization instead [7]. However, the
timing of colonization may also explain richness patterns,
irrespective of diversification rates. The time-for-speciation
hypothesis predicts that richness will be higher in regions
that were colonized earlier [15]. To our knowledge, no pre-
vious studies have compared the importance of the time-
for-speciation versus diversification-rate hypotheses for
explaining global marine richness patterns. Yet many studies
have compared these hypotheses in the broader literature on
species richness [17–19].

Here, we analyse the dominant group of marine fishes to
test three non-mutually exclusive explanations for the high
richness of the CIP: (i) lineages there have higher diversifica-
tion rates (speciation minus extinction), (ii) colonizations of
the CIP tend to be older, allowing more time for richness to
build up through in situ speciation, or (iii) lineages have
simply colonized the CIP more frequently, regardless of
timing. The cosmopolitan clade Percomorpha contains
approximately 90% of reef-associated fishes [20], including
important focal groups in previous studies of tropical
marine diversity (e.g. wrasses, damselfishes [11,12]). We
assembled a biogeographic dataset for more than 17 000 per-
comorph species, encompassing approximately 75% of all
marine and approximately 33% of freshwater ray-finned
fishes [21], and 72% of marine fishes overall [22]. We included
all percomorphs, including freshwater and cold-marine
species. This allowed us to compare the processes generating
diversity in all three habitats, as well as patterns within warm
oceans. We then performed analyses of biogeography and
diversification using an extensive time-calibrated phylogeny
[23]. We found that differences in diversification rates

among regions do not explain fish richness patterns in the
oceans. Instead, we found that repeated, older colonizations
of the CIP explain its exceptionally high diversity.

2. Material and methods
(a) Phylogeny and biogeographic data
We first extracted the clade Percomorpha (sensu [24]) from a
larger phylogeny of actinopterygian fishes [23]. This was the
most complete species-level phylogeny published at the time of
analysis (but see the very recent [25]). We then obtained a list
of all known percomorph species from FishBase.org (17 458
species as of August 2016 [22]). This allowed us to resolve discre-
pancies in taxonomy among data sources, and estimate richness
in each region, including species not sampled in the phylogeny.
After resolving taxonomic differences (electronic supplementary
material, appendix S1), the resulting phylogeny had 4571 species
(26% of Percomorpha).

We compared eight marine biogeographic regions (figure 1),
delimited based on previous studies of coastal fish biogeography
[26–28]. We divided the warm oceans (tropical þ warm temper-
ate) into six regions. To incorporate all percomorph species, we
also included two cold-marine regions (cold temperate þ polar:
Northern and Southern Hemispheres). Additionally, we treated
freshwater and brackish habitats (‘freshwater’ for brevity) as a
ninth region, irrespective of geography. We also performed
alternative analyses in which we combined the six warm-
marine regions to reflect the three major biogeographic
realms: the Atlantic (Western and Eastern Atlantic), Indo-
West Pacific (Western Indian, CIP and Central Pacific) and
Eastern Pacific [26–28].

We estimated total richness in each marine region using
georeferenced localities. Most data were from the Ocean Biogeo-
graphic Information System (OBIS) [29], augmented using the
Global Biodiversity Information Facility (GBIF) [30] and FishBase
[22] when needed. We were able to categorize 12 434 marine
species (more than 99% of all marine percomorphs) as present or
absent in each region. A total of 5019 species were restricted to
freshwater (based on habitat data from [22]), and were thus
absent from the 8 marine regions.

We systematically searched the occurrence data for errors
(electronic supplementary material, appendix S1). Nevertheless,
even at a coarse scale, a species’s range can differ across reposi-
tories [31]. To assess uncertainty in area assignments, we
constructed two alternative biogeographic datasets, one based
on FishBase only [22] and the other based on IUCN only [32].
Regional richness was strongly related among the three datasets
(electronic supplementary material, figure S1). Species ranges
were identical between repositories in most cases. Details of
obtaining and cleaning occurrence data are in the electronic
supplementary material, appendix S1.

(b) Ancestral-range estimation and colonization history
We estimated the frequency and timing of colonization of each
region using the Dispersal-Extinction-Cladogenesis framework
(DEC) [33] implemented in the R package BioGeoBEARS
v. 0.2.1 [34]. We restricted dispersal among marine regions across
time and space based on changing ocean connectivity. Since
these reconstructions were based on modern localities only, we
also performed a second set of reconstructions incorporating
fossil occurrences. In this second set, following [12], we con-
strained clade origins to the East Atlantic if they had Eocene
fossil representatives in the Tethys Ocean (fossil occurrences
from [13]). Additionally, we excluded the CIP and adjacent
Central Pacific from these nodes, and disallowed colonization
of the CIP until 34 Ma (million years ago). This conforms to
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the ‘hopping hotspots’ model [35], in which the CIP was poten-
tially unsuitable for reef fishes prior to 34 Ma. Additional details
of both reconstructions are in the electronic supplementary
material, appendix S2.

A colonization to a new region was inferred when the esti-
mated geographical range for a node contained a different
region than its parent node. Under a DEC model, this can only
be achieved through anagenetic range expansion. Since our
goal is to understand effects of colonization on richness, we
did not distinguish between forms of range inheritance that do
not involve colonizing new regions (e.g. sympatry or vicariance
[33]). After identifying colonizations, the age of each event was
estimated as the crown-group age of the focal node. For single-
species colonizations (which lack a crown age), we assumed
that the colonization occurred at the midpoint of that species’s
terminal branch (as illustrated in electronic supplementary
material, figure S2).

We performed linear regressions between log10-transformed
regional species richness and each of three metrics of coloniza-
tion history: (i) the earliest colonization of each region, (ii) the
number of colonizations of a region, and (iii) the summed ages
of all colonizations of a region (‘summed time-for-speciation’).
Only the last two metrics reflect contributions of multiple coloni-
zations, which may be important in highly connected marine
systems [6]. The summed time-for-speciation metric [18] reflects
both the amount of time each colonizing lineage has been present
in the region, and the cumulative contribution of multiple
lineages colonizing the region. This metric may be high for a
region because of frequent colonizations, older colonizations or
both. To incorporate uncertainty in ancestral-range estimations,
we simulated 100 possible biogeographic histories given the phy-
logeny, species ranges and model of range inheritance [36]. For
each of the 100 replicates, we calculated colonization metrics
and performed regressions of these metrics with regional rich-
ness. We did not perform phylogenetic regression analyses
since the units of analysis here were regions (which are not
connected by a phylogeny).

Biogeographic models (i.e. DEC) do not implement a correc-
tion for missing species. To explore how our results might
change as phylogenetic sampling increases, we compared
biogeographic reconstructions of Labridae (wrasses and parrot-
fishes, a focal group in previous biogeographic studies [11,12])
between the 2013 phylogeny [23] and a newly published phylo-
geny with greater sampling [25]. Of 630 total labrid species, these
phylogenies contained 244 and 339 species respectively [22].
Results were very similar between phylogenies (electronic
supplementary material, appendix S2). Therefore, our recon-
structions should capture the broad-scale differences in
colonization influencing regional richness patterns, even with
incomplete sampling.

(c) Biogeographic analyses of different time periods
To assess the relative contributions of older versus more recent
colonizations to extant regional richness, we separately analysed
the colonizations occurring during two well-established periods
of reef-fish evolution. We first focused on the period from 34
to 5.3 Ma, when peak marine biodiversity shifted from the
Tethys to the CIP, and when many coral reef fish genera origi-
nated [13]. We then analysed the period between 5.3 and 0 Ma,
a period of increased diversification in reef fish species
globally [13].

We performed regression analyses for each time period as
described above. Unlike analyses across all Percomorpha, the
regional richness in these regressions was the pool of extant
species in the region descended from colonizations occurring
during the time period of interest. For each colonization occur-
ring in the focal time bin, we counted the number of terminal
taxa sampled in the phylogeny descended from that colonization
and still occurring in the same region. To obtain the regional rich-
ness for the time period, we summed this count across all
colonizations for the region during that time bin (single-species
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Figure 1. The time-for-speciation effect and the number of colonization
events explain differences in species richness among global-scale marine
regions. (a) When all events are included, the CIP leads in summed time-
for-speciation, with freshwater (FW) an outlier removed prior to analysis.
(b) The number of colonizations is also strongly related to regional richness,
but the CP has more colonizations than the CIP. (c,d ) From 34 – 5.3 Ma,
summed time also best explains high richness in the CIP. The CIP leads in
number of colonizations only if fossil constraints are used (see electronic sup-
plementary material, appendix S2). (e,f ) From 5.3 Ma to the present, the WI
and CP have the greatest summed time, most colonizations, and highest rich-
ness descended from these colonizations. All values are means of 100
stochastic reconstructions [36] (confidence intervals too narrow to be visible).
The ‘tip-estimated regional richness’ (c – f ) is the extant richness descended
from lineages that colonized each region during the focal period, estimated
from the phylogeny. Richness was log10-transformed prior to performing
regressions. WA, Western Atlantic; EA, Eastern Atlantic; WI, Western Indian;
CIP, Central Indo-Pacific; CP, Central Pacific; EP, Eastern Pacific; NC, northern
cold; SC, southern cold; FW, freshwater.
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events were simply added to this number). We used only species
sampled in the phylogeny to count regional richness, because we
could not assign phylogenetically unsampled species to coloniza-
tions from a specific time period. Phylogenetically sampled
richness is strongly related to total richness for each region
( p ¼ 0.0001, r2 ¼ 0.89; electronic supplementary material,
table S2), so our conclusions should not be explained by incomplete
sampling alone. These regional richness counts estimated from the
tree were stable across 100 simulated histories (figure 1c–f ).

Finally, to visualize the temporal origins of extant richness in
each region more generally, we counted the number of coloniza-
tions and their descendant richness within 5 Ma time bins from
the root of the phylogeny to the present (figure 2). Descendant
richness for each time bin was calculated as described above.

(d) Diversification rates
We used two approaches to test if richness patterns were
explained by regional differences in diversification rates. First,
we performed regressions of log10-transformed regional richness
and each region’s weighted mean net diversification rate, which
is the average net diversification rate of clades weighted by their
richness in each region [19]. This approach allowed us to directly
include all known species of a clade in calculations of diversifica-
tion rates (including undersampled groups [7,37]). Second, we
used state-dependent speciation-extinction (SSE) models that
allow for ‘hidden states’ [38] (see below).

To obtain a region’s weighted mean net diversification
rate, we first calculated net diversification rates of clades using

the method-of-moments estimators [39]. These estimators
only require clade age (crown or stem), known extant rich-
ness, and a correction for the failure to sample extinct clades
(1 ¼ extinction/speciation rate). Simulations show that this
approach is relatively accurate, even given incomplete species
sampling and heterogeneous rates within clades [40]. We per-
formed separate analyses using families and genera, which differ
systematically in age and geographical range. Non-monophyletic
families were aggregated into clades with related families; non-
monophyletic genera were excluded (electronic supplementary
material, appendix S3). Following standard practice, we assumed
three values of e (0, 0.5, 0.9). Overall, we performed analyses includ-
ing diversification rates for 200 family-level clades and 1131
monophyletic genera. The weighted mean rate was calculated for
each region as the net diversification rate of each clade multiplied
by the clade’s richness in the region, summed across clades, and
divided by the total richness of these clades in the region. We also
performed alternative analyses in which we weighed rates by
endemic richness (species restricted to each region).

In addition, we compared regional diversification rates using
SSE-class models, which do not depend on a priori clade delimi-
tation. We used the Hidden State Speciation and Extinction
framework (HiSSE and GeoHiSSE) [38,41], which estimates spe-
ciation, extinction, and transition rates for a known character and
an unknown (‘hidden’) character that overlaps with the character
of interest. Inclusion of hidden states significantly reduces type-1
error by allowing diversification rates to vary with factors other
than geography, thereby creating biologically meaningful null
models [38].
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Figure 2. The CIP is dominated by more frequent and older colonizations compared with other regions. (a – c) The cumulative number of colonizations across the
Cenozoic, in 5 million-year time bins. (a) In reconstructions without fossil constraints, the CIP was colonized by more lineages than any other region until approxi-
mately 5 Ma, when it was surpassed by the CP. (b) Reconstructions with fossil constraints yield similar results. (c) Compared with warm oceans, there are fewer
colonizations into freshwater and the cold oceans. (d – f ) The proportion of living species in the region descended from colonizations that occurred during or prior to
each time-bin. (d ) Without fossil constraints, a greater proportion of species in the CIP are descended from older colonizations overall, compared with other warm
marine regions. (e) With fossil constraints, the oldest colonizations (greater than 34 Ma) contribute more to Atlantic richness than other regions, but the Atlantic is
ultimately dominated by more recent colonizations (approximately last 20 Ma). The CIP is still dominated by relatively older colonizations approximately over the last
30 million years. ( f ) A high proportion of living freshwater richness comes from older colonizations (greater than 34 Ma). Dashed lines indicate the start of the
Oligocene (34 Ma) and Pliocene (5.3 Ma).
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Since HiSSE and GeoHiSSE models are currently limited to
comparing two states, we performed binary comparisons by
combining regions. We compared: (i) the combined Indo-West
Pacific (Western Indian, CIP and Central Pacific) versus other
warm oceans (East Pacific and Atlantic); (ii) warm versus cold
oceans; and (iii) freshwater versus marine habitats. We pruned
the phylogeny to only include species occurring in the relevant
regions for each binary comparison (warm marine species,
marine species and all species). Since one species cannot be
assigned to two regions simultaneously in HiSSE, we performed
alternative analyses assigning widespread species to one group
or the other (e.g. only species restricted to the Indo-West Pacific
assigned there versus all species occurring there). We fitted
alternative models that partitioned variation in rates by geogra-
phy, hidden states or both. GeoHiSSE [41] explicitly models
geographical range evolution, and allows species to occur in
both regions. We only include results from comparisons among
warm oceans using GeoHiSSE, because parameter estimates
were problematic for the other comparisons. We did not use
GeoSSE (geographical model without hidden states [42]) because
simulations suggested a type-1 error rate of 65% given our data.
Details of HiSSE, GeoHiSSE and GeoSSE analyses are in the
electronic supplementary material, appendix S3.

3. Results
Our analyses of biogeography and diversification revealed
three major results. First, the hotspot of marine richness in
the CIP is explained by many, relatively old colonizations
that allowed greater time to accrue species richness (through
in situ speciation) than in other regions. Second, diversifica-
tion rates are similar among the warm oceans, but are
higher in cold marine clades, despite the low richness of
these habitats. Third, in contrast to marine diversity, high
freshwater richness is derived largely from a few successful
lineages, with ancient origins and high diversification rates.

(a) Regional richness
Based on occurrence data from all 17 453 species of perco-
morph fishes, regional richness was highest in freshwater
(6584 species globally) and in the CIP (5659 species). Richness
was moderate in the Central Pacific (3697) and Western
Indian Oceans (2677), both flanking the CIP. Richness was
lower in the Western Atlantic (1845), northern cold oceans
(1749), Eastern Pacific (1570) and Eastern Atlantic (1210),
and lowest in the southern cold oceans (929). The distribution
of percomorph richness among regions reflects the longitu-
dinal and latitudinal diversity gradients [1], as well as high
richness in freshwater.

(b) Timing and frequency of colonization
Results are summarized as means across 100 simulated bio-
geographic histories [36]. We found that variation in
richness among marine regions (excluding freshwater) was
strongly related to both summed time-for-speciation
(figure 1a; mean p ¼ 0.002; mean r2 ¼ 0.85) and the number
of colonizations of each region (figure 1b; mean p ¼ 0.002,
mean r2 ¼ 0.85). The CIP had the greatest summed time
among all marine regions. However, there were more coloni-
zations of the adjacent Central Pacific region than the CIP.
Thus, the age of colonizations is needed to explain the peak
in richness at the CIP, not their number alone. These results
were similar using reconstructions with additional fossil

constraints (electronic supplementary material, appendix
S2). Results using the earliest colonization were not signifi-
cant (electronic supplementary material, appendix S2),
apparently because colonizations after 34 Ma generated pre-
sent-day richness patterns among warm oceans (figures 1
and 2).

Our results from analyses including only colonizations
from 34 to 5.3 Ma (figure 1c,d ) were similar to those spanning
the entire history of Percomorpha (figure 1a,b). The number
of colonizations into each region and their summed time-
for-speciation were both strongly related to the extant rich-
ness descended from those events (number of events: mean
p , 0.001, mean r2 ¼ 0.85; summed time: mean p , 0.001,
mean r2 ¼ 0.86). The CIP had greater summed time-for-
speciation in reconstructions both with and without fossil
constraints. However, in those with fossil constraints, the
CIP also had the most colonizations from 34 Ma to 5.3 Ma
(electronic supplementary material, appendix S2). Interest-
ingly, even after preventing colonization of the CIP before
34 Ma, its high richness is still explained by many older colo-
nizations compared to other regions (figure 2; electronic
supplementary material, appendix S2).

From 5.3 Ma to the present, the relationships between
regional richness and both metrics of colonization were
again significant (figure 1e,f; number of events: mean p ¼
0.003; mean r2 ¼ 0.77; summed time: mean p ¼ 0.002, mean
r2 ¼ 0.79). In this period, however, the two regions adjacent
to the CIP (Western Indian, Central Pacific) surpassed all
other marine regions in regional richness derived from
these more recent colonizations. Results from both sets of
reconstructions were very similar.

To summarize, the high richness of the CIP is explained
by both the number of colonizations and their age, as com-
bined by the summed-time metric (figure 1). Specifically,
there were many more colonizations of the CIP than other
regions from 34 Ma to 5.3 Ma, allowing more time-for-specia-
tion cumulatively across many lineages (figures 1 and 2).

After combining regions, we still found a strong relation-
ship between summed time-for-speciation and regional
richness (electronic supplementary material, appendix S2).
The combined Indo-West Pacific region had higher coloniza-
tion metrics in all analyses. This suggests the relationship
described above is not an artefact of our delimitation of
regions, nor of frequent interchange between contiguous
regions (electronic supplementary material, appendix S2).

Freshwater habitats (containing 38% of all percomorphs)
showed a very different pattern of colonization relative to
marine regions. Although global freshwater richness is simi-
lar to that of the CIP, freshwater diversity is derived from
relatively few habitat transitions. Thus, freshwater habitats
appeared as an outlier in the relationships between regional
richness, colonizations, and summed time-for-speciation
(figure 1a,b). This pattern is driven by ancient transitions.
An estimated 80% of extant freshwater richness was derived
from only approximately 18 habitat transitions, all before
35 Ma (figure 2c,f ). These include Cichlidae (1685 species;
crown age ¼ 71.4 Ma) and Cyprinodontiformes (1280 species;
crown age ¼ 93.5 Ma). In contrast, extant diversity in the CIP
is predominately descended from approximately 530–700
colonizations since 35 Ma (depending on constraints used;
figure 2). Thus, similar richness in freshwater and the CIP
was achieved through very different colonization histories
(figures 1 and 2).
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(c) Diversification rates
Regional richness was not significantly related to weighted
mean diversification rates of regions (for families: p ¼ 0.22,
r2 ¼ 0.20, using the crown age and assuming 1 ¼ 0.5;
figure 3a). When using families, the diversification-richness
relationship was negative. Despite their relatively low rich-
ness, the two cold marine regions had the highest mean net
diversification rates. Among 200 family-level clades, the 10
clades with the highest diversification rates all had peak rich-
ness in the northern or southern cold oceans (including
Zoarcidae, Nototheniidae and members of Scorpaeniformes;
electronic supplementary material, dataset S2). Weighted
mean rates were similar among the six warm marine regions,
despite dramatic differences in richness. The clades with the
highest richness were shared among the six warm regions
(i.e. gobies, blennies, wrasses; electronic supplementary
material, figure S9, appendix S3). Analyses using genera,
which are typically younger and more geographically
restricted than families, produced similar rates among warm
regions (figure 3a). Interestingly, mean freshwater rates were
much higher using genera than families. Results were congru-
ent with rates calculated using stem ages, alternative values of
1, and a weighting scheme based on endemic richness (elec-
tronic supplementary material, appendix S3).

Hidden-state analyses were consistent with those based
on clades. The combined Indo-West Pacific had similar net
diversification rates to other warm oceans on average
(figure 3b), and the hidden states had a stronger influence
on diversification rates than geography. This was consistent
using both SSE methods, and with alternative assignments
of widespread species to either binary group using HiSSE.
When only species restricted to cold oceans were assigned
to the cold group, cold oceans had higher net diversification
rates than warm oceans. Similarly, when only species
restricted to freshwater were assigned to the freshwater
group, freshwater clades had slightly higher inferred net
diversification rates than marine clades. However, assigning
species found in both habitats to these groups (cold and fresh-
water, respectively) eliminated these differences. Extended
results can be found in the electronic supplementary material,
appendix S3. Overall, these results were consistent with the
idea that species richness patterns in the ocean are better
explained by the frequency and timing of colonization than
by strong differences in diversification rates.

4. Discussion
In this study, we explored the causes of the dramatic differ-
ences in species richness among major regions in the
world’s oceans, especially the high richness of the CIP. We
show that the exceptional richness of the CIP is explained
by the relatively older colonization of this region by many
lineages, followed by in situ speciation. Surprisingly, the
CIP hotspot was not explained by higher diversification
rates relative to other warm marine regions. We discuss
these drivers of global marine richness patterns below, as
well as the origins of freshwater percomorph diversity.

(a) Colonization history among warm marine regions
Our results suggest that the dramatic differences in
species richness among warm oceans are explained by
differences in both the number and timing of coloniza-
tions among regions. These patterns appear to reflect
the geological history of the global marine tropics. The
shift in peak richness away from the Tethys ( present-
day East Atlantic) during the Oligocene and Miocene
(34 – 5.3 Ma) was concomitant with the collision of the
Australian and Pacific plates with continental Southeast
Asia [35]. This collision created a wide platform of shal-
low ocean, allowing reef formation in the present-day
CIP. Our biogeographic analyses revealed many coloniza-
tions of the CIP during this time, which gave rise to most
of the extant diversity of the region (figures 1 and 2).
Among the other five warm marine regions, richness
differences are explained by fewer colonizing lineages
altogether (Atlantic, East Pacific [12,43]), and only limited
timespans with high colonization rates (Western Indian
and Central Pacific; figures 1 and 2 [12]).

Most importantly, lineages descended from these relatively
old colonizations of the CIP persisted in the region up to the
present-day (figure 2). Historical extinction events likely con-
tributed to the lower richness of other warm marine regions
[3,43–45]. For example, a biodiversity hotspot also existed in
the Western Indian Ocean from 23 to 16 Ma, during the for-
mation of the present-day CIP hotspot [35]. However, the
lineages that occurred there appear to have migrated or gone
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extinct [35]. Thus, most living species in the Western Indian
Ocean are descended from more recent colonizations than
those in the CIP (figure 2d,e). A similar pattern occurred in
the East Atlantic (the former Tethys hotspot), although a greater
proportion of its extant diversity can be traced to earlier coloni-
zations than the Western Indian (figure 2d,e). Our results
support the idea that biodiversity centres first accumulate
lineages via colonization, followed by in situ diversification
within these lineages [12,46]. In particular, our results
demonstrate that the traditional centre-of-accumulation,
centre-of-origin and centre-of-survival hypotheses may be
synthesized via the time-for-speciation effect, which explains
the high richness of the CIP. Specifically, lineages colonized
the CIP earlier, were not subsequently eliminated by extinc-
tion, and thus were able to diversify longer than lineages in
other regions.

Many marine organisms seem to have biogeographic
histories similar to those found here in fishes, including
benthic invertebrates, mangroves and planktonic eukaryotes
[3,13,35,45,47]. In addition, recent analyses suggest that
diversification rates in corals are not higher in the CIP
than other regions (see below), and instead colonization
rates explain the region’s high coral richness [47]. Therefore,
our proposed explanation for the exceptional diversity of the
CIP (more colonizations and time, not faster diversification)
may apply broadly across marine groups.

(b) Net diversification rates in the warm oceans
Our results suggest that marine richness patterns are
explained by differences in colonization history, especially
time-for-speciation, rather than differences in diversification
rates per se. This explanation has important precedents in ear-
lier studies on the biogeography and diversification of reef
fishes [11,12]. These studies showed that rapid diversification
began much earlier and was sustained for longer in the Indo-
West Pacific than in other regions. However, it was pre-
viously unclear if high richness in the CIP was thus due to
earlier diversification or higher diversification rates.

A ‘centre-of-origin’ model is sometimes interpreted to pre-
dict higher speciation rates in the CIP (e.g. [47]). Whereas
higher speciation rates would indeed support this model,
they are not necessary. Our results demonstrate that earlier colo-
nization to a region may also result in relatively high richness
via in situ speciation, independent of the speciation rate itself.
In support of this idea, a recently published study showed
that speciation rates are similar in ray-finned fishes across the
warm oceans, despite differences in richness [25]. Our results
concur, using net diversification rates (speciation minus extinc-
tion). Note that richness patterns could potentially be explained
by differences in diversification rates even if speciation rates
were constant, given variation in extinction rates.

Several studies have reported higher diversification rates
in reef-inhabiting lineages relative to nonreef lineages
[44,48] (but see [20]). The CIP supports greater area of reef
habitat than other tropical oceans [2], including during
times of extensive Pleistocene glaciation [3]. Therefore, one
would expect higher diversification rates in reef-fish lineages
within the CIP, perhaps due to reduced extinction rates
[3,7,45]. In light of our results, instead of increasing diversifi-
cation rates per se, larger reef area in the CIP may have
attracted and maintained more colonists, and supported
longer periods of sustained diversification, compared to the

younger reefs of other tropical marine regions [43]. Extinction
may play a different role by erasing the diversity of historical
hotspots. These extinctions may reduce the time for extant
lineages to rebuild richness via colonization and speciation
[49]. Further, extinction rates estimated from extant clades
may not reflect these historical extinction events [49]. This
hypothesis should be further investigated in the context of
marine richness, especially by using the fossil record.

The rate estimates used here [39] reflect the outcome of
speciation and extinction over a given period of time (clade
age). Further analysis may elucidate how diversification
rates changed over time. For example, were diversification
rates in the CIP higher in the past? The comparison of rates
among regions is complicated by widespread species [16],
limitations on the number of regions allowed by available
methods [42], and limited phylogenetic sampling in key
groups (e.g. cryptobenthic fishes [7,37]). In principle, the
region-of-origin of widespread species could be inferred
using ancestral-range reconstructions, and then temporal
differences in rates among regions could be assessed (e.g.
[50]). However, this approach may be limited when few
species are sampled, because only splitting events in the phy-
logeny are used to record in situ speciation. Overall,
assessments of diversification-rate differences among regions
should become more precise in the future. However, our
results suggest that colonization timing may be a more
important driver of richness patterns than diversification
rates alone, and should be prioritized in future studies.
Future studies might also consider how diversification, colo-
nization and time-for-speciation explain richness differences
at smaller scales within regions (e.g. the richness of the Red
and Mediterranean Seas [51]).

(c) Rapid diversification outside the warm oceans
Marine lineages in coldwater regions had the highest diversi-
fication rates across Percomorpha (see also [25,48]), yet these
regions also had low richness (figure 3a). This decoupling of
rates and richness could be attributed to the young ages
of rapidly diversifying coldwater families (electronic sup-
plementary material, dataset S2). In addition, the few
successful colonizations of cold regions from warm oceans
also contributes to their low richness (figure 1), and is consist-
ent with the tropical conservatism hypothesis ([52], see also
[48]). These observations also help resolve the richness para-
dox posed by [25]. Thus, coldwater lineages exemplify the
problem with implicitly linking high species richness with
high diversification rates, without testing the role of
colonization.

Notably, rapid diversification in cold regions is a repli-
cated pattern, both across clades and geographical space,
occurring in both northern and southern cold waters
(figure 3a; in agreement with [25] for speciation rates). This
rapid diversification may be driven by ecological opportunity
after repeated glaciation events drove high-latitude faunas
locally extinct [53]. Note that the northern cold oceans have
higher richness than the southern cold oceans, apparently
due to more colonizing lineages in the north (figures 1 and 2).

Our results also shed light on the origins of freshwater
fish diversity. We found that freshwater percomorph diver-
sity, though similar in magnitude to the CIP, is dominated
by a few ancient clades with exceptional species richness
and high diversification rates (figures 1 and 3; electronic
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supplementary material, figure S6). Some authors have
hypothesized that freshwater clades have higher rates of
diversification than marine clades due to finer population
fragmentation [48,54]. However, high diversification rates
are not a universal feature of freshwater clades (electronic
supplementary material, appendix S3). Thus, we speculate
that rapid diversification might be better explained by eco-
logical factors within freshwater (e.g. rivers versus lakes)
rather than occupancy in freshwater alone.

5. Conclusion
The high species richness of the CIP is a striking biodiversity
pattern seen in many groups of marine organisms [1]. The
processes that explain this pattern have remained poorly
understood. Here, we provide an explanation for these
regional differences in marine species richness, a 60-year-
old mystery [5]: in fishes, the CIP’s high richness is explained
by many, relatively old colonizations of the region, allowing
more time for in situ speciation to build up richness. This
explanation is consistent with the geologic history of the
marine tropics, and may apply to many other marine organ-
isms with similar biogeographic histories [35]. Beyond
marine biogeography, our study adds to the growing

number of cases where regional differences in richness
are unrelated to diversification rates [55]. Instead, the time-
for-speciation effect may be the predominant driver of spatial
richness patterns formed over relatively short geological time
scales (e.g. Cenozoic [17]).
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APPENDIX C: EVOLUTIONARY TIME EXPLAINS THE GLOBAL DISTRIBUTION OF 
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Abstract: 

The latitudinal diversity gradient is Earth’s foremost biodiversity pattern, persistent across clades 

and geologic time. The evolutionary causes of the latitudinal diversity gradient are debated, with 

hypotheses invoking either faster rates of diversification or greater stability in the tropics 

allowing for long-term accumulation of diversity. Here we test the diversification-rate and 

colonization time hypotheses in freshwater ray-finned fishes, a group comprising nearly a quarter 

of all living vertebrate species. We found that diversification rates among >3,000 freshwater 

habitats are not systematically related to latitude, consistent with analyses in other groups. 

Instead, the timing of colonization to continental regions had 2–5 times more explanatory power 

for local species richness than diversification rates. Earlier colonization explains high richness in 

the tropics, and the exceptional diversity of the Neotropics in particular is the result of 100 

million years of sustained diversification. In contrast, most extratropical fish lineages colonized 

shortly after the end-Cretaceous mass extinction, leaving limited time to build diversity even in 

places where diversification rates are high. Our results demonstrate that evolutionary time, 

reflecting colonization and long-term persistence of lineages, is a powerful driver of biodiversity 

gradients. 

 

Keywords: 

Diversification rates, freshwater fishes, latitudinal diversity gradient, species richness, time-for-

speciation 

  



 

 

46 

Introduction: 

Species richness decreases from the equator to the poles. The latitudinal biodiversity 

gradient has been called the Earth’s first-order biodiversity pattern due to its pervasiveness 

across groups and geologic time (1). There are only three processes that can directly change 

regional species richness: in-situ speciation, local extinction, and colonization from other regions 

(2). Therefore, evolutionary hypotheses for the latitudinal diversity gradient ultimately invoke 

diversification rate differences (involving rates of speciation, extinction or both) and/or 

differences in the timing or frequency of colonization of the tropics (3).   

There has been great interest in comparing diversification rates across phylogenies in 

recent years, due to the confluence of the construction of large time-calibrated molecular 

phylogenies (e.g. [4, 5]) and the increasing complexity of models of diversification (e.g. [6, 7]). 

A growing number of analyses across whole groups are revealing that speciation and/or net 

diversification rates are similar among latitudes (general review in ref. 8; birds: [4, 9]; mammals: 

[9, 10]; ants: [11]), or even higher in high latitudes (marine fishes: [5]; angiosperms: [12]). These 

studies raise the question: if diversification rates do not explain spatial differences in richness 

then what does? A potential resolution to this question is to compare the relative importance of 

colonization timing and diversification rates in explaining species richness (13, 14). If a region 

was colonized early in the history of a clade, it is expected to contain more species than recently-

colonized regions due to greater time allowed for speciation (14). For example, tropical marine 

fishes have slow speciation rates (5), but the tropics have high richness because of earlier and 

more frequent colonization relative to high latitudes (15). Although the influence of time on 

species richness is not a new idea (3, 16–20), relatively few recent studies have simultaneously 

inferred colonization and diversification history to explain spatial richness patterns (21). 
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Here we reconstruct the history of global colonization and diversification to explain the 

latitudinal diversity gradient in freshwater fishes. Freshwater fishes represent nearly a quarter of 

all vertebrate species (22) and are major components of ecosystems in both tropical and 

temperate latitudes (23). In particular, freshwater fishes have features that are conducive to 

testing both diversification and colonization hypotheses. First, living freshwater fishes represent 

a wider range of ages than other vertebrates (e.g. birds), with some radiations diversifying during 

the Mesozoic or earlier (24, 25) and others only during the most recent glaciation cycles (26). 

Second, freshwater fishes have low dispersal ability, and therefore their diversification dynamics 

likely retain signatures of regional events (22, 25, 27). Our study capitalizes on the aggregation 

of natural history observations and genetic data over many years (5, 28), allowing us to make 

comparisons at larger spatial and taxonomic scales than was feasible in the past. 

  

Results and Discussion: 

Diversification and colonization of local faunas: Global richness of freshwater actinopterygian 

fishes (28) reflects the latitudinal diversity gradient found in other major groups (Fig. 1; 

Spearman’s rank correlation between local richness and latitude: rho=-0.27, p<0.001). However, 

latitude alone only explains about 10% of the variance in species richness across basins 

(Generalized Additive Model [GAM], r2=0.092, p<0.001; Fig. 1; Table S1). Longitude alone had 

similar explanatory power (GAM, r2=0.10, p<0.001). The interaction between longitude and 

latitude (i.e. geographical position) explains a higher proportion of the variance in species 

richness (r2=0.26, p<0.001). These results appear to reflect the strikingly high richness in the 

Neotropics. For example, the Amazon basin contains about twice as many known species as the 

world’s second-most rich basin, the Congo (2,968 vs 1,554 species, respectively; Fig. 2A). This 
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observation prompts a second, related goal in addition to explaining the latitudinal diversity 

gradient: explaining why richness differs dramatically between realms even at similar latitudes.  

To examine the role of diversification rates in explaining species richness, we first 

estimated basin-specific rates using occurrence records for 14,947 extant species across 3,119 

freshwater drainage basins (28). Generalized Additive Models were used to test whether 

diversification rates decrease with increasing latitude. We did not recover a latitudinal trend in 

diversification rates (Fig. 1; Fig. 2B; Table S1). Still, we estimated that 34–51% of the variance 

in species richness among basins is explained by differences in diversification rates alone (all 

p<0.001; Table S2). These results suggest that diversification rate differences have been relevant 

for creating spatial richness differences in general, though not among latitudes. 

As an alternative to diversification rates, we tested if the timing of colonization could 

also explain spatial patterns of species richness. To infer the timing of colonization to major 

regions of the world (28; Fig. 3), we fit a model of range inheritance (29, 30) on a time-

calibrated molecular phylogeny of all ray-finned fishes (6). We then traced each species back in 

time to the arrival of the region(s) it inhabits. Colonization time was summarized for each basin 

as the mean or median regional colonization time of co-occurring species. We found that 

colonization time alone explained 31–32% of the variance in species richness among freshwater 

basins (GAMs including median or mean colonization time as a predictor of richness with 

p<0.001; Table S2). Furthermore, unlike diversification rates, we found a latitudinal trend in 

colonization time (Fig. 1). Low-latitudes were colonized earlier by modern fish lineages than 

higher latitudes on average (median colonization time: r2=0.142, rho=-0.23, p<0.001; mean 

colonization time: r2=0.271, rho=-0.29, p<0.001; Figs. 1, 2C; Table S1). The basins found 

farthest south, in South America and Australasia, represent an exception to this overall pattern 
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(Fig. 2C). These basins contain few species but with ancient colonization times (>180 million 

years ago [mya]) and appear to be relicts of past Gondwanan connections. 

We found that both diversification rates and the timing of colonization have individually 

played a role in driving the spatial patterns of freshwater fish richness globally. However, it 

remains unclear whether or not these processes are jointly responsible for the most species-rich 

basins. If so, then one would expect these basins to harbor fast-diversifying lineages that 

colonized a long time ago. We used spatially explicit regression models to examine the 

relationship between the timing of colonization and diversification rate across basins. We 

estimate that colonization times explained 24–42% of variance in diversification rates (all 

p<0.001; Table S3), with diversification rates being higher in recently-colonized basins (rho=-

0.13–-0.06, all p<0.01; Table S3). This inverse scaling found between diversification rates and 

colonization times suggests that richness in recently-colonized basins is being primarily driven 

by diversification rates. Conversely, richness among basins that have been inhabited for a long 

time is mainly influenced by the relative timing of colonization, allowing longer time scales to 

build richness through average or slow rates of diversification.   

To compare the relative importance of diversification rates and colonization time, we fit 

GAMs including both variables as predictors of species richness. We found that the present-day 

distribution of freshwater fish richness across basins, including latitudinal and longitudinal 

trends, is mainly a consequence of differences in colonization timing and not diversification 

rates. Specifically, relative to diversification rates, we found that differences in colonization time 

have contributed 2–5 times more to differences in species richness among basins (based on 

deviance values for alternative GAM models; Tables S4–S6).  
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Altogether, these results show that the latitudinal diversity gradient in freshwater fishes is 

driven by earlier colonization of the tropics rather than faster diversification rates. The 

freshwater habitats of the Neotropics, Afrotropics, and Indo-Malay regions support many species 

whose parent clades have been present since the Mesozoic Era (252–66 mya; Fig. 2C). 

Colonization time also explains the especially high richness of the Amazon River and 

surrounding basins, with an older median colonization time than that inferred for any African or 

Southeast Asian basins (Amazon: median colonization time of 159 mya; Fig. 2C). In contrast, 

95.4% of basins in the Nearctic and Palearctic regions had a median colonization time after the 

K-T boundary (66 mya). Relatively fast diversification rates seem to explain why some 

temperate basins (e.g. those found 40–50ºN) have higher richness than expected given their 

recent colonization (Fig. 1). Still, diversification rates have not been fast enough during this short 

window of time to build richness rivaling that of the tropics. Overall, our results show that the 

world’s most diverse faunas were more likely to have been built through greater time allowed for 

diversification rather than fast rates of diversification. 

 

Regional diversification and colonization dynamics over time: Given the importance of 

diversification over long time scales, we aimed to understand how in-situ diversification has 

changed over time to build present-day richness. To build a timeline of colonization and lineage 

accumulation, we used our ancestral area reconstructions to identify the continental region(s) 

where individual speciation events occurred. We then calculated a rolling per-capita rate of 

diversification over the past 200 million years specific to each region (21). We compared 

diversification dynamics inferred using this approach to those from region-specific subtrees 

made by simply removing all species not found in each region. 
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Both approaches show that the extreme diversity of the Neotropics is the result of 

sustained diversification over ~100 million years (Fig. 3; Fig. S3). While Neotropical 

diversification rates were never especially high (Fig. 2B; Fig. S4), they have remained 

remarkably stable (Figs. 3, 4; Figs. S3, S4). Our results are consistent with a body of evidence 

from fossil and molecular data that the modern Neotropical biota was assembled over long time 

scales rather than from recent diversification (31–35). This is in spite of the relatively recent 

origins of the modern Amazon river (34). 

The other two major tropical regions (Indo-Malay, Afrotropics) have much more 

dynamic histories. The Indo-Malayan fauna was nearly as diverse as the Neotropics at the K-T 

boundary (Fig. 3; Fig. S3). However, diversification rates in the Indo-Malay region appear to 

have declined over the Cenozoic. Simulations using the gamma statistic (36) suggest this pattern 

is not attributable to incomplete sampling alone (Table S8). Slow rates of recent diversification 

in Southeast Asia conflict with the hypothesis that the region’s high diversity is due to repeated 

allopatry from Pleistocene sea level fluctuations (37). The Afrotropics have similar present-day 

richness to Southeast Asia but show a contrasting temporal pattern. African fishes only recently 

achieved comparable richness to Southeast Asian fishes due to rapidly increasing diversification 

rates over the past 20 million years. This period saw several tectonic changes in Africa, most 

notably collision with the Eurasian plate and the spreading of the East African Rift Valley (38, 

39). In contrast with long-term diversification in the Neotropics, diversification dynamics in 

Africa and Southeast Asia are characterized by periodic changes in rates, contributing to their 

lower present-day richness. 

While major tropical radiations began diversifying during the Mesozoic, most groups in 

extratropical regions did not arrive until the early Cenozoic (66 mya–present; Figs. 2C, 5). 
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Following the late arrival of freshwater fishes into extratropical regions, diversification rates 

eventually outpaced those of most tropical areas (Fig. 4; Fig. S4). Interestingly, diversification 

rates have dropped over the past 20 million years in North America (Fig. 4; Fig. S4; Table S8) 

but increased in the Palearctic over the same period. One possibility is that aridification of the 

western United States over the past 25 mya slowed diversification rates through extinction and 

reduced suitable habitat to support new species (40, 41). This is consistent with the fossil record, 

as families such as Centrarchidae and Ictaluridae have fossil representatives in places now too 

arid to support them (42). At the same time, rates may have increased in the Palearctic realm in 

association with orogeny in central Asia (such as the formation of the Qinghai-Tibetan Plateau 

from 29–18 mya and surrounding mountain ranges more recently; 21, 43). In addition, the 

Palearctic realm includes very young but rapidly diversifying communities found in North 

African deserts (Fig. 2). 

 

Clade-specific diversification dynamics: The world’s freshwater fish communities are 

dominated by two clades: the Otophysi and the Percomorpha (Fig. 4A). The Otophysi are a 

monophyletic radiation dating to the early Cretaceous and include minnows (Cypriniformes), 

catfishes (Siluriformes), tetras (Characiformes), and knifefishes (Gymnotiformes). Almost all 

species are exclusive to freshwater and are therefore thought to have limited potential for 

dispersal (44). In contrast, Percomorpha has marine origins (45), with many lineages invading 

freshwater independently and at different times in geologic history. These lineages include 

cichlids, guppies, darters, bettas, and many others (23). The three major tropical regions 

(Neotropics, Afrotropics, and Indo-Malay) were colonized by both otophysan and percomorph 
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lineages during the Cretaceous (Fig. 5; Fig. S5). Thus, both clades contribute to the early median 

colonization times for tropical drainage basins (Fig. 2C) despite the older age of the former. 

We calculated per-capita rates of diversification for Otophysi and Percomopha to assess 

how each group has contributed to the dynamic seen for each region as a whole. In spite of the 

contrasting histories of these clades, their temporal diversification dynamics were congruent in 

the Neotropics, Indo-Malay, and Nearctic regions (Fig. 4B). In the other three regions, there 

were interesting contrasts between each clade’s dynamics. First, few otophysan lineages reached 

Australia, so dynamics there are driven by percomorphs. Second, the recent increase in African 

diversification rates are most dramatic in cichlids, which diversified greatly in the East African 

Rift System (Fig. S5; 26, 38). Third, diversification rates of Palearctic and Nearctic Otophysi are 

higher overall than co-occurring percomorphs (though temporal trends are congruent in both 

Nearctic groups). These results demonstrate how global richness patterns formed over time from 

the combined influence of colonization and diversification in two dominant clades. 

 

Tropical conservatism model: Our results for freshwater fishes closely align with the tropical 

conservatism model (20) and to a lesser extent with the out-of-the-tropics model (19), but with 

some important caveats. The overall pattern of colonization conforms to the expectations of both 

models; that is, older tropical clades (e.g. Otophysi) exported nested lineages to extratropical 

regions (e.g. Cyprinidae). However, the out-of-the-tropics model also predicts higher speciation 

and lower extinction rates in the tropics. A major prediction of the tropical conservatism model is 

that movement out of the tropics is limited by niche conservatism, or the tendency for related 

taxa to share similar environmental tolerances (20). Although we did not examine climactic 

niches in this study, some observations suggest that niche conservatism may indeed underlie 
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colonization patterns in freshwater fishes. Many tropical clades have few or no living species 

that reach temperate latitudes, including Cichlidae, Characiformes, Gymnotiformes, and 

Cyprinodontiformes. In addition, major radiations found in the Nearctic and Palearctic regions 

(such as Cypriniformes and Percidae) arrived during a period when the Earth was much warmer 

overall compared to the present day (46). Warmer global temperatures may have facilitated 

extratropical colonization during the early Cenozoic, and tolerance to temperate conditions may 

have evolved after colonization (20, 47). We predict that colonization and in-situ diversification 

preceded niche evolution in many extratropical fishes (47).  

 

Environmental and geologic stability of the tropics: The importance of time-for-speciation for 

explaining richness differences might be an indicator that the tropics have been more 

climactically stable over geologic time than higher latitudes, allowing diversification in early-

colonizing lineages to proceed over long time scales. Previous work has suggested that 

Quaternary glaciation cycles were important for generating the latitudinal diversity gradient, 

because lower latitudes were unaffected by glaciation (3, 48). In freshwater fishes, Quaternary 

climate cycles have left a signature on community composition and richness at high latitudes, 

suggesting that high latitudes were re-colonized by a subset of species after glaciers receded 

(49). Nonetheless, our reconstructions strongly imply that the latitudinal diversity gradient was 

already established at least by the mid-Cretaceous (Figs. 3, 5). In light of our results, we suggest 

that Quaternary events affected richness at the basin-level scale (for example, explaining lower 

richness of northern relative to southern North America; Fig. 2A; 41, 49), and exacerbated, but 

did not generate, the existing latitudinal diversity gradient.  
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Instead of Quaternary glaciation, an older series of events are needed to explain the 

formation of the modern latitudinal diversity gradient. Two candidate events are the isolation of 

Laurasia from Gondwana, and the rise and fall of epicontinental seas. Laurasia and Gondwana 

became separated by the developing Atlantic Ocean over the course of the Jurassic (199.6–145.5 

mya), and were separated by the time Otophysi and Percomorpha originated (142.1 and 122.7 

mya respectively; 5). Laurasian landmasses were flooded to a much greater extent than 

Gondwanan landmasses over the Cretaceous (145.5–66 mya; Fig. 5; 50). Large epicontinental 

seas covered central North America and Europe during this time, with North America drying out 

during the Paleocene and Europe remaining flooded until the Oligocene. The flooding of 

Laurasia and its increasing isolation from Gondwana may have impaired colonization of the 

landmass by freshwater fishes with poor salt tolerance until the Cenozoic, reducing the time 

allowed for diversification (Fig. 4B; Figs. S4). In support of this hypothesis, Mesozoic arrivals to 

Laurasia were groups with recent marine ancestry (Percopsiformes and Centrarchiformes in 

North America and Salmoniformes in Eurasia; Fig. 5; see also ref. 25), while major Cenozoic 

arrivals included otophysan groups (cyprinids and cobitids; Fig. 5; Fig. S5).  

 

Sensitivity to past range changes: The methods used here estimate ancestral ranges using the 

relationships and present-day distribution of living species. However, lineages may have had 

larger ranges in the past than their extant distributions let on. For example, birds peak in diversity 

in the tropics suggesting Gondwanan origins of many lineages, but the fossil record combined 

with niche modelling suggests that higher latitudes were also suitable for tropical clades in the 

past (51). It is tempting to suggest these biases are less applicable to fishes due to their lower 

dispersal ability. This claim appears to be supported by the fossil record of freshwater fishes, 
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which generally reflects the present-day distribution of relatives (52). Still, cases of range 

contractions are known in fishes (25, 42). For example, fossil Characiformes dating to the late 

Cretaceous and early Cenozoic are found in North America and Europe, farther north than the 

clade’s present-day distribution (25). 

To what extent may our conclusions be biased by failure to identify past ranges from 

living species? In a case where lineages were once more widespread than they are now (22, 25, 

41, 42, 51), undetected range contractions or extinctions would not necessarily conflict with 

trends reported here. In fact, this scenario would be consistent with the importance of time-for-

speciation for explaining present-day richness patterns, because unlike tropical lineages, groups 

found in the temperate zone today would have had limited time to replace past diversity lost by 

extinction (53, 54). A scenario where lineages originated in high latitudes but since shifted to the 

tropics would have more severe consequences by giving the false appearance of earlier 

colonization of the tropics. However, this scenario is not supported by the fossil record (e.g., 

fossils in the tropics still tend to be older than related fossils in the temperate zone; 22, 25). 

Therefore, our results at the regional scale are unlikely to be strongly biased by extinction or 

range changes. Our results at finer (basin-level) scales may be more sensitive to past range shifts. 

However, it would then be difficult to explain why present-day richness is strongly and 

consistently related to the time of arrival of parent clades to the region (Fig. 1; Tables S4–S6). 

 

Conclusion: We show that the latitudinal diversity gradient in freshwater fishes is driven by 

earlier colonization to low-latitude regions, extending the timeline of in-situ diversification in the 

tropics compared to higher latitudes. More broadly, our results suggest that the most likely path 

to building very high species richness in a given region is through diversifying consistently over 
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long periods of time rather than diversifying very quickly. The time-for-speciation effect is a 

reflection of colonization timing and opportunity, niche conservatism and evolution, 

environmental stability, and/or past extinction (13, 18, 20, 53). A priority for future research is 

determining which of these factors are most important for generating biodiversity patterns, how 

they interact, and why they vary in space and time. 
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Methods: 

Occurrence and phylogenetic data: Expert-vetted occurrence records of freshwater 

actinopterygian species were assembled by Tedesco et al. (28; see also the Freshwater 

Biodiversity Data Portal, http://data.freshwaterbiodiversity.edu/). Records were available for 

3,119 freshwater drainage basins covering 80% of the Earth’s surface (Fig. 2A). We removed 

non-native and uncertain records. Altogether, occurrence records from 14,947 species of 

freshwater fishes were used to estimate richness and diversification rates of basins. All analyses 

used time-calibrated molecular phylogenies of actinopterygians constructed by Rabosky et al. 

(5), which include 11,638 species with genetic data (36% of known species). 

 

Comparing diversification rates and colonization time among basins and regions: To estimate 

diversification rates for each basin (Figs. 1,2), we used three measures of diversification rates 

calculated using a megaphylogeny of all ray-finned fishes (5; see also the R package fishtree; 55, 

and http://fishtreeoflife.org). First, we used tip-based rates calculated from six different runs of 

BAMM (6) using the maximum likelihood phylogeny of species with genetic data. Second, we 

used estimates of the DR statistic (4) calculated using phylogenies with all unsampled species 

grafted using taxonomic constraints. We note that DR tip rates better approximate speciation 

rates than net diversification rates in comparison to tip rates from BAMM (56). For tip-based 

rates, we took the mean of rates among co-occurring species present in each basin. Third, we 

calculated net diversification rates using the Method-of-Moments estimator (57). Rates for each 

basin were calculated as the mean rate of all genera present, weighted by the relative local 

richness of each genus (15). Additional details of rate calculations are found in the Extended 

Methods (Supporting Information). 
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 To estimate colonization timing of major regions (and therefore the amount of time 

allowed for diversification since colonization; 13), we fit the dispersal-extinction-cladogenesis 

model (DEC; 29) using the R package BioGeoBEARS v.1.1 (30; additional details of 

reconstructions found in the Extended Methods, Supporting Information). Our analysis included 

six major continental regions of the world (delimitation following 28): the Neotropics, 

Afrotropics, Indo-Malay, Australasia, Nearctic, and Palearctic (Fig. 3). Species restricted to 

marine environments were coded as occurring in a seventh “marine” region. These species 

inform the timing of colonization of freshwater regions from the marine realm (Fig. S1). We 

used the maximum likelihood phylogeny including species with genetic data only (5), because 

semi-random grafting of unsampled species is inappropriate for comparative methods that model 

the evolution of traits associated with the tips (58). We set restrictions on dispersal among 

regions in concordance with rearranging plate tectonics through time (following 59; Table S7). 

To count events and incorporate uncertainty in the ancestral area reconstructions in downstream 

analyses, we simulated 100 possible biogeographic histories (“stochastic maps”) informed by the 

model fit and phylogeny (60). To summarize the amount of evolutionary time associated with 

each basin (Fig. 2C), we first traced each species back in time to the colonization of the major 

region(s) it inhabits; each species was given a mean colonization time across the 100 stochastic 

maps. 

 We used Generalized Additive Models (GAMs) to understand the relationships among 

latitude and longitude, local richness, diversification rates (13 alternative estimates per basin) 

and colonization time (2 alternative estimates per basin). First, we fit GAMs to examine the 

change in species richness, net diversification rates, and colonization time with latitude, 

longitude, and both (i.e. the interaction between longitude and latitude). We fit univariate GAMs 
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between predictor (latitude or longitude) and response variables (species richness, net 

diversification rates, or colonization time). Models that included the interaction between 

longitude and latitude as predictors used the smooth term between coordinates for each basin 

(e.g. s(long,lat) in GAM models). We analyzed absolute values of latitude in models that did not 

assume the interaction with longitude. Univariate GAMs were fitted using the gam function in 

the mgcv package in R (base; 61, 62). We also performed Spearman’s rank correlation tests 

between latitude and either species richness, net diversification rates or colonization times. 

Second, we analyzed the relationships between basin richness and net diversification alone, and 

richness and colonization time alone. To account for spatial autocorrelation, we included a 

smoother term that summarized the interaction between latitude and longitude in each basin (e.g. 

s(long,lat) in GAM models). Third, we examined the relationship between net diversification 

rates and colonization time among basins. We also performed Spearman’s rank correlation tests 

between diversification rates and colonization time to quantify the strength and direction of the 

association between these variables. Fourth, we compared the relative importance of colonization 

time and diversification rates for explaining richness among basins by including both variables 

as predictors of richness in GAMs. In total, we analyzed 42 different spatially-explicit GAM 

models. Our approach, which is based on the comparison of deviance estimates between 

alternative models, account for the non-independency between colonization times and 

diversification rates. More details of model fitting and model results can be found in the 

Extended Methods (Supporting Information) and Tables S1–6. 

 

Regional diversification dynamics through time: Estimating diversification associated with a 

single region is challenging because regions contain multiple clades of various origin. In 
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addition, common approaches for estimating diversification dynamics of a clade may not capture 

in-situ diversification dynamics because nested lineages may leave a region and diversify 

elsewhere, rendering the parent clade paraphyletic. Models that co-estimate diversification and 

complex colonization dynamics are presently limited to two-region comparisons (7). We took 

two approaches to estimating regional diversification in light of these issues. First, we used 

ancestral area reconstructions to count splitting events occurring in each region during 2-million 

year time bins along the phylogeny. Following ref. 21, we calculated a per-capita in-situ 

diversification rate for each region as the number of speciation events occurring in the region 

within the time bin divided by the number of lineages present in the region in the previous time 

bin. Diversification dynamics were summarized across the 100 stochastic maps to visualize 

uncertainty in the reconstructions (Fig. 4B). Second, we made a subtree for each region by 

simply removing all species in the phylogeny not found in that region. We then used BAMM 

v.2.5.0 (6) to estimate diversification rates through time for each regional phylogeny 

individually. Unlike our first approach, BAMM can correct for incomplete sampling. However, 

the first approach may be more appropriate when emigration is frequent, because it can be 

difficult to estimate the region where speciation took place without ancestral area 

reconstructions. Both approaches yielded consistent diversification dynamics through time, and 

in comparison to other regions (Figs. S3, S4). 

 Diversification declines towards the present were detected in some regions (Figs. 3, 4). 

To test if these declines could be the result of incomplete sampling, we calculated the gamma 

statistic and performed the Monte Carlo constant rates test to obtain a corrected p-value (36). We 

calculated gamma separately for each of the clades that comprised most of the diversity of each 

region (Fig. S5). Each regional radiation was identified using ancestral area reconstructions and 
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was descended from a single colonization of the region (lineages leaving the focal region were 

removed from clade subtrees). 
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Figure 1: Latitudinal gradients of freshwater fish species richness (blue; number of species), 

diversification rates (yellow; events/my), and colonization times (red; mya) for individual 

freshwater drainage basins. Species richness is derived from ref. 28. Diversification rates were 

estimated using BAMM under a time-constant rates model; values represent the mean tip-

associated values of species found in each basin (5; Fig. 2B). Colonization timing of major 

regions was inferred from ancestral area reconstructions (30); values represent the mean regional 

colonization time for species in each basin (Fig. 2C). 
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Figure 2: Geographical distribution of global freshwater fish (A) richness, (B) net diversification 

rates, and (C) mean colonization times of freshwater drainage basins. Species richness of basins 

is based on occurrences from ref. 28. BAMM-estimated rates of species diversification 
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calculated under a time-constant rates model (5) are depicted here. Colonization times of 

continental regions was inferred from ancestral area reconstructions (30; see Extended Methods). 

Richness and diversification rates were log-transformed.  
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Figure 3: The number of lineages through time for the six major continental regions of the 

world. Here, temporal dynamics of lineage accumulation were inferred from subtrees for each 

region, obtained by removing all species from the larger phylogeny not found in that region 

(occurrences from ref. 28; phylogeny from ref. 5). Important global events are enumerated. 
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Figure 4: (A): Total regional species richness divided among three groups of ray-finned fishes: 

Otophysi (red), Percomorpha (blue), and all other clades combined (green). Richness estimates 

are from ref. 28. Exemplar members of each group are illustrated. (B): Lineage accumulation 

and diversification rates over the Cenozoic (66 mya to present) in each region, estimated by 

using ancestral area reconstructions (30) on a molecular phylogeny including ~36% of all fish 

species (5). Per-capita rates of diversification were estimated using the approach of ref. 21. 
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Shaded regions represent the 95% quantile interval of rates among 100 simulated biogeographic 

histories (60). Paintings by Kathryn Chenard. 
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Figure 5. The relative contribution of individual colonization events to present-day species 

richness in each region. We used stochastic mapping (60) to identify independently colonizing 

lineages and their living descendants. An example of a simulated biogeographic history is shown 

here; inferences were similar among the 100 stochastic maps (Fig. S3). Numerically dominant 

lineages are enumerated, with taxonomy following ref. 5. Continental flooding estimates through 

time (area in 106 km2 covered by ocean) are from ref. 50. Plate tectonic maps were made by C.R. 

Scotese as part of the PALEOMAP project (http://scotese.com/earth.htm). Earlier colonization 

events were found to be more species rich than later colonizations (r2=0.27; p<0.0001; Fig. S2). 
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SECTION 1: RICHNESS, DIVERSIFICATION AND COLONIZATION AT BASIN 
SCALE 

 
Extended Methods 
 
Estimating diversification rates for each freshwater drainage basin: 

 
Species occurrences within freshwater drainage basins were retrieved from Tedesco et al. (2017). 

This database includes occurrence records for 14,953 fish species across 3,119 basins found 
within seven biogeographic realms (Tedesco et al. 2017). We excluded non-native and 

taxonomically questionable species (already coded therein) and analyzed an occurrence dataset 
of 14,947 species and 3,119 basins.  

 
We first estimated the Presence-Absence Matrix (PAM hereafter; Gotelli 2000; Arita et al. 2008) 

of species occurrence across drainages (Table A1 in FigShare repository). The PAM is a binary 
matrix summarizing in 14,947 rows (species) and 3,119 columns (drainage basins), the 

occurrence of each species (either 1 or 0) within each of the analyzed regions (from Tedesco et 
al. 2017). This PAM was later used to calculate the basin-specific rates of diversification.  

 
Diversification rate estimates were based on time-calibrated molecular phylogenies constructed 

by Rabosky et al. (2018; also retrievable from https://fishtreeoflife.org). Diversification rates 
were estimated for each basin using three different approaches: 

 
(i) BAMM tips (six alternative rate estimates per basin; Table A2): We analyzed the 

posterior distributions of six BAMM runs published by Rabosky et al. (2018). BAMM output 
was available from the Dryad directory associated with the study (Rabosky et al. 2018). We 

analyzed output from three independent runs under a time-constant model of diversification and 
three independent runs under a time-variable model. All BAMM analyses used the same 

topology: the maximum likelihood phylogeny including species with genetic data only (11,686 
species). BAMM event data was loaded into R using the getEventData function implemented in 

the BAMMtools R package (Rabosky et al. 2014). We calculated a mean net diversification rate 
(speciation minus extinction rate) for each drainage basin based on the tip-specific rates 

estimated by BAMM. We then calculated the mean tip rate of species marked as present (i.e. 
rows with 1 in PAM) within each basin. 

 
(ii) DR (one rate estimated per basin; Table A2): We also estimated diversification rates using 

the DR statistic (Jetz et al. 2012). DR tip rates estimated by Rabosky et al. (2018) were retrieved 
from the Dryad package associated with the study. DR values from this study were calculated 

using phylogenies with all unsampled species grafted using taxonomic constraints; values 
represent the means across a sample of 100 grafted phylogenies. Using the PAM for freshwater 

drainage basins, we estimated the mean DR value for each basin as the mean DR across all the 
species present (Table A2). 

 
(iii) MS (six rate estimate per basin; Table A2): In addition to tip-based rates, we used a clade-

based approach for estimating diversification rates for each drainage basin. In this case, we 
estimated rates of diversification using the ‘Method-of-Moments’ estimator (Magallón & 
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Sanderson 2001). For this, we first estimated the net rate of diversification for each monophyletic 
genus in the phylogeny (taxonomy follows Rabosky et al. 2018). We used the bd.ms function 

implemented in the geiger R package for calculating diversification estimates (Harmon et al. 
2007; Pennell et al. 2014; see below). Clade ages (both crown and stem age) were retrieved from 

the time-calibrated phylogenies (Rabosky et al. 2018). Species richness of genera was obtained 
from the Catalogue of Life database (Roskov et al. 2019). To correct for the failure to sample 

extinct lineages, we assumed three relative extinction fractions: 0, 0.5, and 0.9 (Table A3). 
Finally, the mean rate for each basin was estimated as the mean of all genera present, weighted 

by the relative local richness of each genus in each basin (Table A1). 
 

We note that, except for crown-based estimates of net diversification under MS, all net 
diversification rate estimates included all the species (BAMM and DR) or genera (stem-based 

MS) in tree with occurrence data across freshwater basins (see Tedesco et al. 2017). Results in 
the main text are primarily based on rates that were calculated using BAMM, DR and stem-based 

MS. Crown-based estimates excluded 53% of monophyletic genera in the tree (1,455 of 2,688; 
see Table A3) because genera with a single species do not have a crown age. 

 
Colonization times within basins: 

 
To estimate colonization timing of major regions (and therefore the amount of time allowed for 

diversification since colonization; Stephens and Wiens 2003), we fit the dispersal-extinction-
cladogenesis model (DEC; Ree and Smith 2008) using the R package BioGeoBEARS v1.1 

(Matzke 2014). Additional details of these reconstructions are given here (see Methods, main 
text). To assign each species in the phylogeny to one or more regions of occurrence (11,638 

species with genetic data to begin), we began with the cleaned occurrence dataset of 14,947 
species from Tedesco et al. (2017). We used FishBase (Froese and Pauly 2019) to assign 

biogeographic regions to 578 species in the phylogeny that were missing from Tedesco et al. 
2017. We removed 139 species from the phylogeny that were duplicates (subspecies), unresolved 

to species level, or had unclear biogeographic affinity. The computation time of biogeographic 
models scales strongly with the number of areas allowed for a single species (Matzke 2014; see 

below). Some species in the phylogeny were cosmopolitan (found in all seven continental 
regions sensu Tedesco et al. 2017). To improve computational feasibility, we excluded Oceania 

from reconstructions because only 22 species were endemic to this region (species endemic to 
Oceania were removed from the phylogeny rather than given an arbitrary alternative regional 

affinity). We then removed 14 species occurring in more than three major biogeographic regions 
of the world. This lowered the total number of regions to seven (including “restricted to marine 

habitats” as the seventh category), greatly improving the computational feasibility of ancestral 
area reconstructions. The maximum number of areas allowed for any single lineage was set to 

three. After these changes to the phylogeny and occurrence dataset, we performed ancestral area 
reconstructions using 11,499 species of ray-finned fishes left in the phylogeny. 

 
Following ancestral area reconstructions, we performed stochastic mapping (Dupin et al. 2016) 

to count individual colonization events and incorporate uncertainty in downstream analyses (Fig. 
S4). For each stochastic map, we traced each species back to the inferred timing of colonization 

by its parent clade. Each species was given a mean colonization time across all 100 stochastic 
maps. The timing of colonizations are not evenly distributed along the tree (Table A4); there are 
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a few very old colonization events (>200 mya) and many recent colonization events (<20 mya). 
For this reason, we took both the mean and median of colonization times among species found in 

each basin (Table A5).  
 

 
Testing the relationship between diversification rates, colonization times and species richness 

across biogeographical realms: 
 

We obtained diversification and colonization times for each freshwater basin following the 
procedures indicated above (see Tables A2, A5). We also obtained species richness at each 

freshwater basin from Tedesco et al. (2017; see also Table A1).  
 

First, we then used Generalized Additive Models (GAM) to examine how species richness, net 
diversification rates, and colonization times relate to latitude, longitude and both (i.e. the 

interaction between longitude and latitude; results in Table S1). GAM models were fitted using 
GAM function in the mgcv R package (R Core Team 2019; Wood 2011). We also used 

correlation analyses based on the Spearman test to estimate the strength and direction of the 
association between latitude and each of the analyzed predictors (species richness, net 

diversification rates, and colonization times). Correlations were fitted using the cor.test function 
in R (states package; R Core Team 2019). We excluded basins found in Oceania (a very small 

portion of the entire dataset) from analyses including colonization time as a response variable. 
This was because Oceania (n=17 basins) was not included in the ancestral area reconstruction 

analyses performed before. Models that included latitude alone as the independent variable 
assumed the absolute values of this predictor. We log transformed diversification rates and 

richness values and used raw values of colonization time.  
 

Second, we analyzed univariate regression models to test the relationships between (i) local 
richness and diversification rates, and (ii) local richness and colonization times (results in Table 

S2). We used spatially explicit GAM models that included a smoother term between longitude 
and latitude. 

 
Third, we tested if diversification rates and colonization times are related to each other across 

basins. For this, we fitted alternative spatially-explicit GAM models that assumed colonization 
times as the predictor of diversification rates (results in Table S3). Furthermore, we examined the 

correlation trend between variables using non-parametric correlation analyses under the 
Spearman method. 

 
Fourth, we estimated the relative contributions of colonization times versus diversification rates 

for explaining spatial diversity patterns. We fitted four types of spatially explicit regression 
models for each combination of diversification estimate, colonization estimate, and richness. 

First, we fit a null model that assumed species richness to be constant (“null_model”). Second, a 
model that assumed species richness to change with diversification rates (“div_model”). Third, 

we fitted a model that assumed species richness to change with colonization times 
(“time_model”). A final model assumed species richness to depend on both diversification rates 

and colonization times (full model). We then compared the fit of these four models using AIC 
values (Table S4). Finally, we estimated the amount of deviance explained by mean colonization 
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times (Table S5) or median colonization times (Table S6) in the full model (which was the best-
fitting model) as: (deviance(time_model)-deviance(full_model))/deviance(null_model). 

Similarly, we calculated the amount of deviance explained by diversification rates in the full 
model as: (deviance(div_model)-deviance(full_model))/deviance(null_model).  
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Table S1. Summary of results from Generalized Additive Models and Spearman correlation 
analyses testing the relationship between richness, diversification rates, and colonization times 

across latitude, longitude, and both latitude and longitude. Here we show the R2 value for each of 
the fitted regression models, along with the associated P-value. Additionally, we also show both 

rho and P values based on non-parametric correlation analyses. Richness (Table A1) and 
diversification rates (Table A2) were log-transformed. Diversification rates were estimated using 

three different approaches. For each basin we averaged tip-based rates among co-occurring 
species (BAMM and DR). Alternatively, we estimated clade-based rates of diversification and 

weighted these rates by the relative local richness at each of the analyzed basins (MS estimator). 
All results for BAMM are presented under two different models (time-constant [tc] and time-

variable [tv]) with three replicates each. Results for MS estimator are shown under crown- and 
stem-based estimations that assumed three relative extinction fractions (epsilon=0, 0.5, 0.9). 

Colonization times were derived from ancestral area reconstruction analyses (Table A5).  
 

 
Response variable Lat 

(R2) 
Lat 
(P) 

Lat 
(rho) 

Lat 
(p-rho) 

Long 
(R2) 

Long 
(P) 

long+lat 
(R2) 

long+lat 
(P) 

Richness 0.092 <0.0001 -0.273 <0.0001 0.101 <0.0001 0.257 <0.0001 

Diversificati
on 

BAMM_tc1 0.207 <0.0001 -0.118 <0.0001 0.034 <0.0001 0.372 <0.0001 

BAMM_tc2 0.211 <0.0001 -0.118 <0.0001 0.033 <0.0001 0.375 <0.0001 

BAMM_tc3 0.210 <0.0001 -0.117 <0.0001 0.033 <0.0001 0.374 <0.0001 

BAMM_tv1 0.207 <0.0001 -0.121 <0.0001 0.034 <0.0001 0.369 <0.0001 

BAMM_tv2 0.205 <0.0001 -0.122 <0.0001 0.033 <0.0001 0.369 <0.0001 

BAMM_tv3 0.212 <0.0001 -0.111 <0.0001 0.032 <0.0001 0.371 <0.0001 

Crown-0 0.121 <0.0001 0.214 <0.0001 0.041 <0.0001 0.270 <0.0001 

Crown-0.5 0.119 <0.0001 0.217 <0.0001 0.040 <0.0001 0.267 <0.0001 

Crown-0.9 0.108 <0.0001 0.236 <0.0001 0.037 <0.0001 0.243 <0.0001 

Stem-0 0.030 <0.0001 0.099 <0.0001 0.033 <0.0001 0.316 <0.0001 

Stem-0.5 0.030 <0.0001 0.116 <0.0001 0.032 <0.0001 0.313 <0.0001 

Stem-0.9 0.028 <0.0001 0.157 <0.0001 0.029 <0.0001 0.301 <0.0001 

 DR 0.127 <0.0001 0.334 <0.0001 0.238 <0.0001 0.390 <0.0001 

Colonization Mean 0.271 <0.0001 -0.232 <0.0001 0.116 <0.0001 0.621 <0.0001 

Median 0.253 <0.0001 -0.289 <0.0001 0.143 <0.0001 0.581 <0.0001 
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Table S2. Spatially-explicit Generalized Additive Models testing the relationship between (i) 
local richness and diversification rates, and (ii) local richness and colonization times. Here we 

show the R2 value of the regression model and the associated P-value. Richness (Table A1) and 
diversification rate values (Table A2) were log-transformed. Diversification rates were estimated 

using three different approaches. First, for each basin averaged tip-based rates among co-
occurring species (BAMM and DR). Alternatively, we estimated clade-based rates of 

diversification and weighted these rates by the relative local richness at each of the analyzed 
basins (MS estimator). All results for BAMM are presented under two different models (time-

constant [tc] and time-variable [tv]) with three replicates each. Results for MS estimator are 
shown under crown- and stem-based estimations that assumed three relative extinction fractions 

(epsilon=0, 0.5, 0.9). Regression models based on median and mean colonization times are 
presented (Table A4).  

 
 

Predictor R2 P 

Diversification BAMM_tc1 0.346 <0.0001 

BAMM_tc2 0.339 <0.0001 

BAMM_tc3 0.338 <0.0001 

BAMM_tv1 0.346 <0.0001 

BAMM_tv2 0.347 <0.0001 

BAMM_tv3 0.345 <0.0001 

Crown-0 0.384 <0.0001 

Crown-0.5 0.380 <0.0001 

Crown-0.9 0.373 <0.0001 

Stem-0 0.450 <0.0001 

Stem-0.5 0.468 <0.0001 

Stem-0.9 0.431 <0.0001 

 DR 0.364 <0.0001 

Colonization Mean 0.326 <0.0001 

Median 0.317 <0.0001 
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Table S3. Spatially-explicit Generalized Additive Models testing the relationship between 
colonization times and diversification rates. Diversification rate values (Table A1) were log-

transformed (Table A2). Here we show the R2 value of the regression model and the associated 
P-value. We also present rho and P values for the analyzed non-parametric correlation analyses 

between colonization times and diversification rates. Diversification rates were estimated using 
three different approaches. For each basin we averaged tip-based rates among co-occurring 

species (BAMM and DR). Alternatively, we estimated clade-based rates of diversification and 
weighted these rates by the relative local richness at each of the analyzed basins (MS estimator). 

All results for BAMM are presented under two different models (time-constant [tc] and time-
variable [tv]) with three replicates each. Results for MS estimator are shown under crown- and 

stem-based estimations that assumed three relative extinction fractions (epsilon=0, 0.5, 0.9). 
Regression models based on median and mean colonization times are presented (Table A4).  

 
 
Predictor Mean colonization Median colonization 

R2 p rho p-rho R2 p rho p-rho 

BAMM_tc1 0.393 <0.0001 -0.125 <0.0001 0.393 <0.0001 -0.125 <0.0001 

BAMM_tc2 0.395 <0.0001 -0.129 <0.0001 0.395 <0.0001 -0.129 <0.0001 

BAMM_tc3 0.394 <0.0001 -0.129 <0.0001 0.394 <0.0001 -0.129 <0.0001 

BAMM_tv1 0.390 <0.0001 -0.100 <0.0001 0.390 <0.0001 -0.100 <0.0001 

BAMM_tv2 0.390 <0.0001 -0.102 <0.0001 0.390 <0.0001 -0.102 <0.0001 

BAMM_tv3 0.390 <0.0001 -0.110 <0.0001 0.390 <0.0001 -0.110 <0.0001 

Crown-0 0.271 0.3040 -0.086 <0.0001 0.271 0.3040 -0.086 <0.0001 

Crown-0.5 0.268 0.3403 -0.084 <0.0001 0.268 0.3403 -0.084 <0.0001 

Crown-0.9 0.244 0.6527 -0.075 <0.0001 0.244 0.6527 -0.075 <0.0001 

Stem-0 0.323 <0.0001 -0.081 <0.0001 0.323 <0.0001 -0.081 <0.0001 

Stem-0.5 0.321 <0.0001 -0.079 <0.0001 0.321 <0.0001 -0.079 <0.0001 

Stem-0.9 0.311 <0.0001 -0.059 0.00123 0.311 <0.0001 -0.059 0.0012 

DR 0.421 <0.0001 -0.104 <0.0001 0.421 <0.0001 -0.104 <0.0001 
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Table S4. Comparison of the fit between spatially-explicit Generalized Additive Models testing 
the relationship between richness, colonization times and diversification rates. Here we show 

AIC values for four types of models: (1) a null model that assumed species richness to be 
constant (“null_model”); (2) a model that assumed species richness to change with 

diversification rates (“div_model”); (3) a model that assumed species richness to change with 
colonization times (“time_model”); (4) a model that assumed species richness to depend on both 

diversification rates and colonization times (full model). Species richness (Table A1) and 
diversification rate values (Table A2) were log-transformed. Diversification rates were estimated 

using three different approaches. For each basin we averaged tip-based rates among co-occurring 
species (BAMM and DR). Alternatively, we estimated clade-based rates of diversification and 

weighted these rates by the relative local richness at each of the analyzed basins (MS estimator). 
All results for BAMM are presented under two different models (time-constant [tc] and time-

variable [tv]) with three replicates each. Results for MS estimator are shown under crown- and 
stem-based estimations that assumed three relative extinction fractions (epsilon=0, 0.5, 0.9).  
 
 
Diversification 

rate 

Null 

(Rich~1) 

Rich~Div Mean colonization 

Rich~MeanCol Rich~Div+MeanCol 

BAMM_tc1 8400.334 7587.393 7836.450 7472.405 

BAMM_tc2 7616.768 7485.287 

BAMM_tc3 7620.506 7485.733 

BAMM_tv1 7584.666 7466.191 

BAMM_tv2 7583.127 7451.808 

BAMM_tv3 7589.509 7448.818 

Crown-0 7472.779 7061.564 

Crown-0.5 7493.822 7091.397 

Crown-0.9 7528.402 7163.631 

Stem-0 7211.262 6853.110 

Stem-0.5 7106.583 6764.016 

Stem-0.9 7312.933 6905.648 

DR  6457.553  6275.569 

 
 
Table S4 continued 

 
Diversification rate  Median colonization 

  Rich~MedianCol Rich~Div+MedianCol 

BAMM_tc1  7877.499 7489.062 

BAMM_tc2  7497.560 

BAMM_tc3  7498.212 

BAMM_tv1  7470.739 

BAMM_tv2  7454.573 

BAMM_tv3  7455.221 
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Crown-0  7056.105 

Crown-0.5  7086.756 

Crown-0.9  7158.146 

Stem-0  6882.025 

Stem-0.5  6789.368 

Stem-0.9  6922.365 

DR   6317.071 
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Table S5. Results for spatially-explicit Generalized Additive Models testing the relationship 
between richness, mean colonization times and diversification rates. Here we show the estimated 

R2, p-value and deviance for four types of GAM models: (1) a null model that assumed species 
richness to be constant (“null_model”); (2) a model that assumed species richness to change with 

diversification rates (“div_model”); (3) a model that assumed species richness to change with 
colonization times (“time_model”); (4) a model that assumed species richness to depend on both 

diversification rates and colonization times (full model). The fit of each of these models is 
presented in Table S4. Results from models using the median colonization time are shown in 

Table S6. We show the contribution of colonization times and diversification rates in explaining 
the spatial patterns of species richness across basins based on the estimated deviance for each 

predictor (i.e. “Dev. Time” for colonization times and “Dev.div” for diversification rates). 
Results are presented for 13 estimates of diversification rates and two different values of 

colonization times.  
 

 

 
Table S5 continued 

 

Div rate ~1  
(R2) 

~1 (p) ~1 (dev) NetDiv  
(R2) 

NetDiv  
(p) 

NetDiv  
(dev) 

ColTime  
(R2) 

ColTime  
(p) 

ColTimes  
(dev) 

BAMM_tc1 0.257 <0.0001 2672.931 0.346 <0.0001 2131.558 0.326 <0.0001 2283.367 

BAMM_tc2 0.339 <0.0001 2152.685 

BAMM_tc3 0.338 <0.0001 2155.699 

BAMM_tv1 0.346 <0.0001 2129.899 

BAMM_tv2 0.347 <0.0001 2129.037 

BAMM_tv3 0.345 <0.0001 2133.446 

Crown-0 0.384 <0.0001 2037.990 

Crown-0.5 0.380 <0.0001 2052.203 

Crown-0.9 0.373 <0.0001 2075.734 

Stem-0 0.450 <0.0001 1853.462 

Stem-0.5 0.468 <0.0001 1790.828 

Stem-0.9 0.431 <0.0001 1916.262 

DR     0.364 <0.0001 1804.268    

Div rate NetDiv+ColTimes  
(R2) 

NetDiv+ColTime 
(p) 

NetDiv+ColTime  
(dev) 

Dev.Time  
(%) 

Dev.Div  
(%) 

Time(%)/ 
Div(%) 

BAMM_tc1 0.370 <0.0001 2045.578 8.896 3.217 2.766 

BAMM_tc2 0.367 <0.0001 2054.468 8.564 3.675 2.331 

BAMM_tc3 0.367 <0.0001 2054.772 8.552 3.776 2.265 

BAMM_tv1 0.371 <0.0001 2041.522 9.048 3.306 2.737 

BAMM_tv2 0.374 <0.0001 2031.353 9.428 3.655 2.580 

BAMM_tv3 0.375 <0.0001 2029.326 9.504 3.895 2.440 

Crown-0 0.433 <0.0001 1800.409 18.068 8.888 2.033 
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Crown-0.5 0.427 <0.0001 1818.496 17.392 8.743 1.989 

Crown-0.9 0.413 <0.0001 1862.915 15.730 7.962 1.976 

Stem-0 0.482 <0.0001 1667.471 23.042 6.958 3.311 

Stem-0.5 0.497 <0.0001 1618.482 24.875 6.448 3.858 

Stem-0.9 0.473 <0.0001 1696.617 21.952 8.217 2.671 

DR  0.402 <0.0001 1677.830 22.654 4.730 4.789 
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Table S6. Results for spatially-explicit Generalized Additive Models testing the relationship 
between richness, median colonization times and diversification rates. Here we show the 

estimated R2, p-value and deviance for four types of GAM models. First, a null model that 
assumed species richness to be constant (null_model). Second, a model that assumed species 

richness to change with diversification rates (div_model). Third, we fitted a model that assumed 
species richness to change with colonization times (time_model). A final model assumed species 

richness to depend on both diversification rates and colonization times (full model). The fit of 
each of these models is presented in Table S4. Results using the mean colonization time are 

presented in Table S5. We show the contribution of colonization times and diversification rates 
in explaining the spatial patterns of species richness across basins based on the estimated 

deviance for each predictor (i.e. “Dev. Time” for colonization times and “Dev.div” for 
diversification rates). Results are presented for 13 estimates of diversification rates and two 

different values of colonization times.  
 

 
 

Table S6 continued 
 

Div rate ~1 
(R2) 

~1 (p) ~1 
(dev) 

NetDiv 
(R2) 

NetDiv 
(p) 

NetDiv 
(dev) 

ColTime 
(R2) 

ColTime 
(p) 

ColTimes 
(dev) 

BAMM_tc1 0.257 4E-197 2672.9 0.346 1.55E-51 2131.558 0.317 3.31E-
44 

2313.507 

BAMM_tc2 0.339 1.84E-44 2152.685 

BAMM_tc3 0.338 4.97E-43 2155.699 

BAMM_tv1 0.346 2.46E-50 2129.899 

BAMM_tv2 0.347 1.44E-50 2129.037 

BAMM_tv3 0.345 2.05E-49 2133.446 

Crown-0 0.384 1.16E-
112 

2037.990 

Crown-0.5 0.380 1.01E-
107 

2052.203 

Crown-0.9 0.373 7.91E-
100 

2075.734 

Stem-0 0.450 7.00E-
191 

1853.462 

Stem-0.5 0.468 3.33E-
219 

1790.828 

Stem-0.9 0.431 2.33E-
164 

1916.262 

DR     0.364 8.53E-32 1804.268    

Div rate NetDiv+ColTimes 
(R2) 

NetDiv+ColTime 
(p) 

NetDiv+ColTime 
(dev) 

Dev.Time 
(%) 

Dev.Div 
(%) 

Time(%)/ 
Div(%) 

BAMM_tc1 0.366 8.20E-26 2056.643 9.610 2.803 3.429 

BAMM_tc2 0.524 1.90E-21 1508.815 30.105 5.512 5.461 

BAMM_tc3 0.364 1.52E-25 2062.363 9.396 3.379 2.781 

BAMM_tv1 0.523 7.58E-22 1512.857 29.954 5.567 5.381 

BAMM_tv2 0.364 1.67E-25 2062.905 9.376 3.472 2.701 
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BAMM_tv3 0.525 1.49E-21 1508.096 30.132 5.544 5.435 

Crown-0 0.370 2.14E-25 2044.222 10.075 3.205 3.143 

Crown-0.5 0.529 1.20E-20 1495.214 30.614 5.143 5.953 

Crown-0.9 0.373 3.75E-24 2032.708 10.505 3.604 2.915 

Stem-0 0.373 3.97E-26 2033.187 10.487 3.751 2.796 

Stem-0.5 0.529 7.26E-21 1494.642 30.635 5.255 5.830 

Stem-0.9 0.434 6.14E-33 1795.925 19.364 9.056 2.138 

DR  0.529 2.03E-20 1494.228 30.651 5.017 6.110 
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SECTION 2: COLONIZATION AND DIVERSIFICATION DYNAMICS AT REGIONAL 
SCALE 
 
 
Table S7: Constraints on dispersal between regions by time period used in DEC model fitting 
(Ree and Smith 2008; Matzke 2014). We constrained dispersal probabilities with time in 

concordance with tectonic activity and changing connectivity among regions. Constraint 
decisions and relevant time bins follow Toussaint et al. 2017 for freshwater beetles. That is, 

dispersal between adjacent regions was not constrained; dispersal probability among regions 
separated by a small water barrier was set to 0.75; dispersal probability among regions separated 

by another landmass was set to 0.50; and dispersal probability among regions separated by a 
large water barrier was set to 0.25. The dispersal probability between marine and freshwater 

habitats was set to 0.05 at all times to reflect the difficulty of habitat transitions. 
 

 
0-20 mya: Nearctic and Neotropic regions connected by Isthmus of Panama; Tethys Ocean 

closed connecting Africa and Europe; Nearctic and Europe intermittently connected 
 

 Neotropics Palearctic Nearctic Afrotropics Australasia 
Indo-
Malay Marine 

Neotropics - 0.25 1 0.25 0.25 0.25 0.05 

Palearctic 0.25 - 0.75 1 0.5 1 0.05 

Nearctic 1 0.75 - 0.25 0.25 0.25 0.05 

Afrotropics 0.25 1 0.25 - 0.25 0.5 0.05 

Australasia 0.25 0.5 0.25 0.25 - 1 0.05 

Indo-
Malay 0.25 1 0.25 0.5 1 - 0.05 

Marine 0.05 0.05 0.05 0.05 0.05 0.05 - 

 
 

20-40 mya: India closer to Africa via Arabian Peninsula; Australia approaching Indo-Malay; 
Isthmus of Panama not connected; Africa and Europe separated by Tethys Ocean; Europe and 

Nearctic connected through Beringia   
 

 Neotropics Palearctic Nearctic Afrotropics Australasia 
Indo-
Malay Marine 

Neotropics - 0.25 0.75 0.25 0.25 0.25 0.05 

Palearctic 0.25 - 1 0.75 0.25 1 0.05 

Nearctic 0.75 1 - 0.25 0.25 0.25 0.05 

Afrotropics 0.25 0.75 0.25 - 0.25 0.75 0.05 

Australasia 0.25 0.25 0.25 0.25 - 0.25 0.05 

Indo-
Malay 0.25 1 0.25 0.75 0.25 - 0.05 

Marine 0.05 0.05 0.05 0.05 0.05 0.05 - 
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40-80 mya: South America and Africa are separated; Australia still connected to Antarctica 
 

 Neotropics Palearctic Nearctic Afrotropics Australasia 

Indo-

Malay Marine 

Neotropics - 0.25 0.75 0.75 0.5 0.25 0.05 

Palearctic 0.25 - 1 0.75 0.25 1 0.05 

Nearctic 0.75 1 - 0.25 0.25 0.25 0.05 

Afrotropics 0.75 0.75 0.25 - 0.25 0.75 0.05 

Australasia 0.5 0.25 0.25 0.25 - 0.25 0.05 

Indo-

Malay 0.25 1 0.25 0.75 0.25 - 0.05 

Marine 0.05 0.05 0.05 0.05 0.05 0.05 - 

 
 

80-150 mya: South America and Africa connected; India and Palearctic connected to Africa by 
land 

 

 Neotropics Palearctic Nearctic Afrotropics Australasia 

Indo-

Malay Marine 

Neotropics - 0.5 0.75 1 0.5 0.5 0.05 

Palearctic 0.5 - 1 1 0.25 1 0.05 

Nearctic 0.75 1 - 0.25 0.25 0.25 0.05 

Afrotropics 1 1 0.25 - 0.25 0.75 0.05 

Australasia 0.5 0.25 0.25 0.25 - 0.75 0.05 

Indo-

Malay 0.5 1 0.25 0.75 0.75 - 0.05 

Marine 0.05 0.05 0.05 0.05 0.05 0.05 - 

 
 

150-350 mya: Pangaea was intact 
 

 Neotropics Palearctic Nearctic Afrotropics Australasia 
Indo-
Malay Marine 

Neotropics - 0.5 1 1 0.5 0.5 0.05 

Palearctic 0.5 - 1 0.5 0.25 1 0.05 

Nearctic 1 1 - 1 0.25 0.25 0.05 

Afrotropics 1 0.5 1 - 0.5 1 0.05 

Australasia 0.5 0.25 0.25 0.5 - 1 0.05 

Indo-
Malay 0.5 1 0.25 1 1 - 0.05 

Marine 0.05 0.05 0.05 0.05 0.05 0.05 - 

 
 

350 mya-root of phylogeny (368 mya): Rheic ocean separates Euramerica and Gondwana 
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 Neotropics Palearctic Nearctic Afrotropics Australasia 

Indo-

Malay Marine 

Neotropics - 0.25 0.75 1 0.5 0.5 0.05 

Palearctic 0.25 - 1 0.25 0.25 1 0.05 

Nearctic 0.75 1 - 0.75 0.25 0.25 0.05 

Afrotropics 1 0.25 0.75 - 0.5 1 0.05 

Australasia 0.5 0.25 0.25 0.5 - 1 0.05 

Indo-

Malay 0.5 1 0.25 1 1 - 0.05 

Marine 0.05 0.05 0.05 0.05 0.05 0.05 - 
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Figure S1: The number of colonization events among regions inferred over time. Using ancestral 
area reconstructions, we identified nodes associated with colonizations to new regions. The 

source region was tallied as the region(s) reconstructed at the ancestral node of the colonizing 
lineage. The mean number of events among all 100 stochastic maps (Dupin et al. 2016) are 

shown. Three insights can be made: (1) most colonizing lineages arrive from the marine realm 
rather than from another continental region; (2) most colonization events over the phylogeny 

occurred during the Neogene (23–2.58 mya); and (3) connectivity among regions generally 
reflects tectonic events, such as an increase in exchange between the Neotropics and Nearctic 

regions as the Isthmus of Panama became connected. 
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Figure S2: Earlier colonizations to a region tend to be more species-rich than younger 
colonizations (time-for-speciation effect; Stephen and Wiens 2003). We estimated species 

richness descended from each colonization event by counting the number of tips in the 
phylogeny descended from the colonization event after subtracting nested lineages that left the 

focal region (see also Fig. 5). Colonization events from a single stochastic map are shown to 
ensure that species can be identified to a single colonization event. Stochastic maps do not 

strongly differ (Fig S3). We then fit a linear regression to colonization time and log-transformed 
descendent richness (p<0.0001; r2=0.27). 
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Figure S3: Two approaches used for estimating lineage accumulation through time in each 
region are congruent. (a) Lineages-through-time calculated using approach 1 (see Methods, Fig. 

4 in main text). We used ancestral area reconstructions to count the number of lineages present in 
each region during 2-million-year time bins over the phylogeny (Ree and Smith 2008; Matzke 

2014; Xing and Ree 2017). (intervals were very narrow for the number of lineages). (b) Log-
lineages-through-time calculated from ancestral area reconstructions as before. The bold line 

represents the mean rate among 100 stochastic maps (Dupin et al. 2016); the shading around 
each line represents the 95% quantile interval of rates. (c) Log-lineages-through-time calculated 

using approach 2 (also shown in Fig. 3 in main text). For each region, we created a subtree by 
simply removing all species not found in that region from the phylogeny of all fishes (Rabosky et 

al. 2018). Lineage-through-time plot was constructed using the function “ltt.plot” in ape (Paradis 
et al. 2004). 
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Figure S4: (a) Net diversification rates over time for each region, calculated using BAMM 
v.2.5.0 (Rabosky 2014). We used subtrees created for each region by removing all species not 

found in that region from the larger phylogeny of all fishes. Rate-through-time plots were created 
using the function “plotRateThroughTime” in BAMMtools (Rabosky et al. 2014). (b) For 

comparison with BAMM, per-capita diversification rates over time for each region calculated 
from ancestral area reconstructions using the approach of Xing and Ree 2017 (see also Fig. 4, 

main text). The width of shading represents the 95% quantile of rates inferred across the 100 
stochastic maps (Dupin et al. 2016). 
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Figure S5: Log-lineage-through-time plots of major radiations from each region. All regional 

radiations with at least 40 tips in the phylogeny were selected to ensure adequate power using 
gamma. The timing of individual radiations was taken from a single stochastic map (simulation 

of biogeographic history based on the model fit and phylogeny; Dupin et al. 2016) to ensure that 
species can be linked to a single colonizing node. Stochastic maps do not strongly differ (Fig 

S3). To show all speciation events that occurred in the region of interest, we removed nested 
lineages from each radiation that left the region (timing of emigration estimated from the 

stochastic map).  
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Table S8: Gamma statistic and corrected p-values from the Monte Carlo constant-rates (MCCR) 
test (Pybus and Harvey 2000) for each regional radiation. Proportion of sampled species was 

estimated using regional richness data from Tedesco et al. 2017. We ran 5,000 simulations using 
the MCCR test. A positive gamma value indicates that nodes are distributed closer to the tips 

than expected under constant diversification (increasing diversification); a negative gamma value 
indicates that nodes are distributed closer to the root than expected (decreasing diversification). 

Radiations with significantly negative gamma values after correction are in bold. 
 

 
Whole regions       

Region  Number of 
species in 
phylogeny 

Proportion 
sampled 

    

Neotropics  2432 0.40     

Afrotropics  1453 0.45     
Indo-Malay  1561 0.53     
Australasia  651 0.62     
Palearctic  1121 0.78     
Nearctic  931 0.92     

        
 
Regional radiations 

      

Region Radiation Number of 
species in 
phylogeny 

Proportion 
sampled 

Gamma Uncorrected 
p-value 

Corrected 
p-value 

Time of 
colonization 
(mya) 

Neotropics Base of Otophysi 949 0.32 0.18 0.85 1.00 124.41 
Neotropics Cyprinodontiformes 342 0.64 -0.18 0.86 0.99 91.41 
Neotropics Cichlidae 261 0.56 -0.82 0.41 0.98 52.18 
Neotropics Second colonization 

within Siluriformes 

95 0.33 -3.07 0.002 0.48 54.18 

Afrotropics Cichlidae 476 0.50 10.41 >0.001 1.00 67.7 
Afrotropics Cyprinidontiformes 129 0.72 -1.94 0.052 0.17 81.36 
Afrotropics Siluriformes 115 0.34 2.97 0.003 1.00 66.94 
Afrotropics Mormyridae 105 0.51 7.63 >0.001 1.00 368.03 
Afrotropics Characiformes 89 0.50 -0.05 0.96 0.97 107.87 
Indo-
Malay 

Cypriniformes 576 0.49 -6.77 >0.001 0.02 100.02 

Indo-Malay Siluriformes 233 0.49 -2.65 0.01 0.69 72.13 
Indo-
Malay 

Anabantiformes 131 0.82 -3.78 >0.001 0.001 108.08 

Indo-
Malay 

Gobiiformes 52 0.49 -5.3 >0.001 >0.001 93.62 

Australasia Atheriniformes 62 0.82 3.28 >0.001 1.00 53.49 
Australasia Terapontidae and 

allies 
55 0.83 2.43 0.02 1.00 86.13 

Australasia Galaxiiformes 42 0.98 2.33 0.02 0.99 172.16 
Palearctic Cyprinidae 289 0.82 -1.96 0.050 0.15 56.65 
Palearctic Second colonization 

within Cyprinidae 
86 0.78 0.93 0.35 0.95 30.62 

Palearctic Cobitidae and allies 64 1.0 -1.25 0.21 0.11 33.84 
Palearctic Salmoniformes 43 0.67 5.61 >0.001 1.00 121.52 
Nearctic Cyprinidae 249 0.93 -6.51 >0.001 >0.001 45.53 
Nearctic Percidae 203 1.0 -4.18 >0.001 >0.001 40.82 
Nearctic Catostomidae 63 0.90 0.01 0.99 0.60 39.25 
Nearctic Ictaluridae 40 0.95 -1.2 0.23 0.13 42.87 
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APPENDIX D: SEXUAL DICHROMATISM IS NOT ASSOCIATED WITH 

DIVERSIFICATION ACROSS FISHES 
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Sexually selected traits have been thought to drive speciation for almost 150 years, but 

support for this hypothesis has been persistently controversial (Darwin 1871; Ritchie 2007). 

In fishes, sexual dimorphism in color is associated with reproductive isolation and 

speciation among closely related species, as shown in classic studies of cichlids (Seehausen 

et al. 1997; Barluenga et al. 2006), guppies (Houde and Endler 1990), and sticklebacks 

(Boughman 2001). However, it is unclear whether these results generalize to explain 

richness patterns across ray-finned fishes, a group including 96% of fishes and the 

majority of vertebrate species. Here, we test for an association between sexual 

dichromatism and diversification (speciation minus extinction) at different scales in ray-

finned fishes. We obtained dichromatism data for 10,898 species, a dataset of 

unprecedented size. Remarkably, we found no difference in diversification rates between 

monochromatic and dichromatic species across all ray-finned fishes. At smaller scales 
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(families and orders), some groups showed a positive relationship between dichromatism 

and diversification. Surprisingly, we found no positive relationships in those clades that 

encompass the classic systems that initially linked dichromatism to speciation in fishes (e.g. 

cichlids, cyprinodontiforms). By examining multiple phylogenetic scales, our results may 

help resolve controversies over the role of sexual selection in speciation (Ritchie 2007; 

Kraaijeveld et al. 2011; Huang and Rabosky 2014; Tsuji and Fukami 2019): we find that 

sexual selection can drive diversification in particular groups, but this effect appears to be 

phylogenetically localized and short-lived. 

Darwin first observed that many of the most obvious differences between closely related 

species are in traits involved in courtship (Darwin 1871; Ritchie 2007). This observation led to 

the hypothesis that these traits are important in generating new species (Darwin 1871; Lande 

1981; West-Eberhard 1983). Under this hypothesis, the presence of sexual selection may help 

explain why certain animal clades are so species rich (Boughman 2007). Yet, studies testing for 

an association between diversification rates and proxies for sexual selection have yielded mixed 

results, with strong support in some studies but not others (Kraaijeveld et al. 2011; Huang and 

Rabosky 2014; Tsuji and Fukami 2019).  

Despite uncertainty in other animal groups, the evidence for an effect of sexual dimorphism 

on speciation in ray-finned fishes is compelling (Kraaijeveld et al. 2011). Ray-finned fishes often 

use visual signals in courtship (Mank 2007). Species-specific nuptial colors have been linked to 

assortative mating among species in several clades, including cichlids (Seehausen et al. 1997; 

Barluenga et al. 2006), darters (Martin and Mendelson 2014), guppies (Houde and Endler 1990), 

and sticklebacks (Boughman 2001). Furthermore, sexual dichromatism has been linked with 

diversification over macroevolutionary timescales in cichlids (Wagner et al. 2012), parrotfishes 
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(Kazancioglu et al. 2009), poeciliids (guppies and allies; Furness et al. 2019), and sunfishes 

(Smith et al. 2015). Orders of fishes vary greatly in species richness, ranging from 1 to >4,000 

species (Table S1; Rabosky et al. 2018; Froese and Pauly 2019). Thus, sexual dichromatism may 

help explain the striking differences in diversity among clades of fishes. 

Here, we test the effect of sexual dichromatism on diversification in ray-finned fishes. Ray-

finned fishes (Actinopterygii) contain ~96% of all fishes and ~50% of all vertebrates (Helfman et 

al. 2009). Two previous studies used sister-clade comparisons to test for an effect of sexual 

dimorphism (in color and other features) on diversification across ray-finned fishes (Mesnick 

1996; Mank 2007). Both found that groups with a greater prevalence of sexual dimorphism were 

more species-rich. However, this approach only includes groups that vary in the presence of 

dimorphism, and thus may bias estimates of diversification among monomorphic groups 

(Beaulieu and O’Meara 2018). Collectively, these two studies included only 30.9% of orders, 

11.6% of families, and 26.1% of species of ray-finned fishes (Froese and Pauly 2019). 

Dichromatism was characterized for 816 species in one study (Mank 2007) (Table S2) but was 

not characterized at the species level in the other (Mesnick 1996). Our study is an improvement 

for three reasons. First, we collect data on dichromatism for 10,898 species of ray-finned fishes 

(34.6% of described species; Froese and Pauly 2019), including 89.0% of families and 100% of 

orders. Our dataset is the largest on sexual dichromatism ever compiled for any animal group. 

Second, we use methods that can estimate diversification, speciation, and extinction rates 

(Rabosky and Huang 2016; Beaulieu and O’Meara 2016) rather than relying on species richness 

as a proxy for diversification. Third, we perform analyses at three scales: across all ray-finned 

fishes, within clades in which sexual dichromatism evolved, and within smaller subsets of these 
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clades. By sampling broadly across taxonomic and temporal scales, we can robustly assess 

whether sexual dichromatism has been a driver of diversification in fishes, and at what scales. 

We collected data on dichromatism for species with sequence data in a recent time-calibrated 

phylogeny (Rabosky et al. 2018). The phylogeny was based on sequence data compiled from 

previous studies, and was used in all analyses. Species sampling among clades (orders) in this 

phylogeny was proportional to their described richness (n=68 orders; Pearson’s correlation 

coefficient=0.97; P<0.001; Supplementary Text 1). We collected information on dichromatism 

for most species (93.6%) represented in the tree. Sexual dichromatism was present in 3,154 

sampled species (28.9%). This value is consistent with a previous estimate (Mank 2007) 

(Supplementary Text 1; Table S2). There was no difference in species sampling associated with 

the prevalence of sexual dichromatism among orders (n=68 orders; Pearson’s correlation 

coefficient=0.17; P=0.16; Supplementary Text 1).  

We used the Hidden State Speciation and Extinction framework (HiSSE; Beaulieu and 

O’Meara 2016) to test if sexual dichromatism influenced diversification rates. We compared 

alternative models that differed in whether shifts in diversification rates were associated with the 

evolution of sexual dichromatism (“dichromatism-dependent”), or whether these shifts were 

unrelated to dichromatism (“dichromatism-independent”; Extended Data Table 1).  

Across ray-finned fishes, dichromatism did not significantly impact diversification rates. 

Using HiSSE, a dichromatism-independent model received 100% of the support (based on 

Akaike weights; Extended Data Table 2). We then used the best-fitting HiSSE model to estimate 

mean rates of speciation, extinction, and diversification for monochromatic and dichromatic 

species (Fig. 1; Extended Data Table 3), and used phylogenetic ANOVA (Garland et al. 1993) to 

test for significant differences in rates between these categories. We found no significant 
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differences in mean rates of speciation (λmonochromatic=0.197; λdichromatic=0.241; P=0.491, 

n=10,898), extinction (μmonochromatic=0.123; μdichromatic=0.159; P=0.497), or net diversification 

(rmonochromatic=0.074; rdichromatic=0.081; P=0.273). Although SSE models only require a few 

hundred species to detect trait-dependent diversification (Davis et al. 2013), we did not recover 

such an association with 10,898 species.  

We also used an alternative method that identifies shifts in diversification rates across a 

phylogeny, and then tests for associations with a binary trait using a permutation test (Huang and 

Rabosky 2016). This approach also yielded no significant differences in rates between 

monochromatic and dichromatic species across ray-finned fishes (Extended Data Table 4). 

Finally, although some fishes see in the UV spectrum (Schweikert et al. 2018), we found no 

evidence that our results would be overturned by dichromatism outside of the human visible 

spectrum (Methods; Supplementary Text 3; Table S5). Overall, these results strongly suggest 

that sexual dichromatism has not influenced diversification rates across ray-finned fishes. 

Next, we identified 18 clades (families and orders) that varied in the presence of sexual 

dichromatism and had sufficient species richness for HiSSE analyses (Methods; Table S6). We 

fit HiSSE models on clades individually and estimated the relative Akaike weight of 

dichromatism-dependent and independent models (Extended Data Table 2). Dichromatism-

dependent models of diversification received >80% of the Akaike weight in only four clades 

(Fig. 2; Extended Data Table 2). In Tetraodontiformes (pufferfishes and relatives), dichromatic 

species had higher speciation rates but also higher extinction rates, such that monochromatic 

species actually had higher net diversification rates. Centrarchiformes (sunfishes and relatives) 

showed no significant difference in speciation or diversification rates. However, extinction rates 

were significantly lower in dichromatic species. Only the Anabantiformes (bettas and relatives) 
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and Blenniiformes (blennies) showed positive relationships between dichromatism and net 

diversification. However, in Anabantiformes the difference in diversification rates was again due 

to lower extinction rates in dichromatic species, not faster speciation rates. 

 Surprisingly, the 14 clades in which dichromatism-dependent models received weak or 

no support (i.e. rejecting the hypothesis that dichromatism influences speciation) encompassed 

many of the classic model systems linking sexual dichromatism and speciation. These included 

Cichlidae (Seehausen et al. 1997; Wagner et al. 2012; sum of AIC weight of dichromatism-

independent models=1.00; n=720 species), Cyprinodontiformes (guppies and relatives; Houde 

and Endler 1990; Furness et al. 2019; AIC weight=1.00; n=572), Labridae (including 

parrotfishes; Kazancioglu et al. 2009; AIC weight=1.00; n=337); Percidae (darters; Martin and 

Mendelson 2014; AIC weight=0.58; n=218); and Syngnathiformes (including sticklebacks, 

pipefishes and allies; Boughman 2001; AIC weight=1.00; n=162). Seven of these 14 clades 

showed no evidence for an effect of dichromatism on diversification (Fig. 2; Extended Data 

Figure 1). The remaining seven clades had only equivocal evidence for either a positive 

relationship (three clades; Extended Data Figure 2) or negative relationship (four clades; 

Extended Data Figure 3). These seven equivocal cases occurred when dichromatism-dependent 

and independent models received similar support (e.g. Gobiiformes and Percidae; AIC weight of 

dichromatism-independent models=0.40 and 0.58 respectively), or when a dichromatism-

independent model had strong fit but mean rates were still significantly different using 

phylogenetic ANOVA (Extended Data Table 3). Under the latter scenario, shifts towards faster 

diversification only partially overlapped with sexual dichromatism on the phylogeny. This 

pattern implies that these significant relationships actually have other (unknown) causes 

(Beaulieu and O’Meara 2016). Some authors have suggested that the rate of change in sexual 
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signals, not the presence of dichromatism alone, drives diversification (Gomes et al. 2016). Even 

if this is true for some groups examined here, this hypothesis cannot explain why monochromatic 

species often have similar (or faster) rates than dichromatic species. Thus, even though 

dichromatism have been strongly linked to speciation in many of these groups (Seehausen et al. 

1997; Barluenga et al. 2006; Wagner et al. 2012; Houde and Endler 1990; Furness et al. 2019; 

Kazciouglu et al. 2009; Boughman 2001; Martin and Mendelson 2014), we show that these 

colors have not increased diversification within the larger clades to which these groups belong. 

Finally, we subdivided the six largest clades into smaller groups and performed identical 

analyses (Methods; Table S6). Among these six large clades, dichromatism-independent models 

received 100% of the Akaike weight in five (Fig. 3; Extended Data Table 5). We identified eight 

subclades in total for these analyses. Support for dichromatism-dependent models strongly 

increased in four of eight subclades, relative to the larger clade to which they belong (to 39% of 

the Akaike weight in Characidae; 65% in Poeciliidae; 86% in Leuciscinae; 100% in Gobiidae; 

Fig. 3; Extended Data Table 5). However, the relationships between dichromatism and 

diversification among these groups were disparate. Characidae and Leuciscinae (tetras and 

minnows) had higher net diversification rates in monochromatic species (Extended Data Table 6; 

Extended Data Figure 4). Dichromatic species in Gobiidae (gobies) had higher speciation rates 

and but also higher extinction rates, leaving no significant difference in net diversification rates. 

Dichromatic species in Poeciliidae (guppies and relatives) did have significantly faster net 

diversification rates. However, in contrast to previous analyses (Furness et al. 2019), higher 

diversification rates in dichromatic poeciliids here were due to lower extinction rates, not higher 

speciation rates (Extended Data Table 6; Extended Data Figure 4).  
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Most surprisingly, we found no evidence for higher diversification rates in dichromatic 

species in the cichlid subfamilies Pseudocrenilabrinae and Cichlinae (Fig. 3; Extended Data 

Table 6; Extended Data Figure 4). This result is striking given that these subfamilies include the 

African Rift Lake and Neotropical cichilds, respectively. These subfamilies have been the focus 

of extensive work on sexual selection and speciation (Seehausen et al. 1997; Barluenga et al. 

2006; Wagner et al. 2012). 

Our study provides two insights about the role of sexual dichromatism in diversification. 

First, our results suggest that the effects of sexual dichromatism on diversification, when they 

exist, may be restricted to shallow phylogenetic scales. For example, a classic study shows that 

female guppies (Poecilia reticulata) prefer male color patterns from the same population (Houde 

and Endler 1990). We found evidence that dichromatism increases net diversification in the 

family Poeciliidae (Fig. 3), as expected if dichromatism drives reproductive isolation among 

incipient species. However, we found no such relationship in the order Cyprinodontiformes, 

which contains Poeciliidae (Fig. 3). Furthermore, diversification rate differences among the 18 

clades were stronger than the effects of dichromatism within them. For example, monochromatic 

cichlids have higher diversification rates than dichromatic anabantiforms, even though 

dichromatism increases diversification within Anabantiformes (Extended Data Table 3). 

Diversification rates vary greatly even within dichromatic cichlids, possibly related to 

environmental variables (Wagner et al. 2012; Extended Data Figure 1). Indeed, habitat and tropic 

divergence are thought to precede divergence in sexual signals in many vertebrate radiations 

(Streelman and Danley 2002). Thus, other variables (besides dichromatism) likely explain these 

rate differences among distantly related fish clades.  
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Second, dichromatism may influence diversification in ways beyond the expected positive 

effect on speciation rates (Lande 1981; West-Eberhard 1983). Among the eight clades for which 

a dichromatism-dependent model had the best fit (Extended Data Table 3; Extended Data Table 

5), dichromatism increased speciation in four (Blenniiformes, Tetraodontiformes, Gobiiformes, 

and Gobiidae), decreased speciation in one (Leuciscinae), and had no impact on speciation in 

three (Anabantiformes, Centrarchiformes, and Poeciliidae). Higher net diversification rates in 

dichromatic species were due to lower extinction rates (not faster speciation rates) in these latter 

three clades (Extended Data Table 3; Extended Data Table 6). Although observations within 

species (e.g. assortative mating among populations) suggest that dichromatism increases species 

richness by increasing speciation rates, dichromatism may have other effects on diversification 

after species have formed, such as reducing extinction rates. This finding potentially calls for 

new theory and new approaches for assessing the link between dichromatism and diversification 

(e.g. incorporating community ecology; Tsuji and Fukami 2019). 

Authors have generally taken two approaches to establish a role of sexual selection on 

speciation (Boughman 2007). The first involves demonstrating premating isolation associated 

with differences in secondary sex characteristics (Seehausen et al. 1997, Barluenga et al. 2006, 

Martin and Mendelson 2014, Houde and Endler 1990, Boughman 2001). The second approach 

links sexual dimorphism and increased diversification rates across species using comparative 

methods (Mesnick 1996; Mank 2007; Wagner et al. 2012; Smith et al. 2015; Furness et al. 2019; 

Kazancioglu et al. 2009). Our study suggests that the former may not lead to the latter: 

assortative mating among populations may not lead to faster diversification among clades. Most 

importantly, our study suggests that the well-demonstrated effects of dichromatism among 

populations and species can disappear over longer timescales (e.g. comparing monomorphic and 
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dimorphic orders). Thus, our study helps resolve the discordance between the experimental and 

theoretical evidence for the impact of sexual selection on speciation and diversification and the 

mixed evidence from macroevolutionary studies for this impact (Kraaijeveld et al. 2011; Ritchie 

2007). 

 

Online Content:  Methods, along with additional Extended Data display items and 

Source Data, are available in the online version of the paper; references unique to these sections 

appear only in the online paper. 
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METHODS 

Literature search. We conducted an extensive literature search to obtain information on the 

presence or absence of sexual dichromatism in ray-finned (actinopterygian) fishes. We focused 

on color differences between the sexes over other forms of sexual dimorphism because these 

differences are straightforward to identify, are likely to be reported if they exist (see below for 

justification), and have been previously linked to diversification (Mesnick 1996; Mank 2007; 

Kazancioglu et al. 2009; Kraaijeveld et al. 2011; Wagner et al. 2012; Furness et al. 2019). Sexual 

dichromatism was defined as any reported difference in color between the sexes at any stage in 

the adult life cycle, including differences in color pattern or intensity. This definition includes 

permanent and temporary dichromatism (Kodric-Brown 1998) as well as color changes 

associated with sex change. This definition is agnostic towards the degree of difference between 

the sexes, the mechanistic basis for color (e.g. melanic, carotenoid, or others), and whether males 

or females are the more colorful sex. 

Our search was conducted from 1 November 2017 to 1 June 2019. We focused our search 

for species sampled in the phylogeny used (Rabosky et al. 2018), given that our analyses of 

diversification required a time-calibrated tree among all included species. The species sampled in 

that tree represent a proportional sampling of species among orders (n=68 orders; Pearson’s 

correlation coefficient=0.97, P<0.0001; Supplementary Text 1). We used the rfishbase package 

v.2.99 (Boettiger et al. 2012) to reconcile synonyms across literature sources.  

We coded dichromatism as present for a species if at least one source described sex 

differences in color, following the definition above. There were two ways that species could be 

coded as monochromatic, if we found no sources claiming dichromatism in that species. The first 

way was if a source stated that the sexes were monochromatic in that species, or if all members 
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of a higher taxon were monochromatic. However, we anticipated that many sources were 

unlikely to explicitly state a species was monomorphic if the authors’ goal was to describe 

distinguishable features of the species (as is the case for many field guides). Therefore, we also 

coded dichromatism as absent if the color in life was described but no sex differences were 

mentioned. For each species, we separately listed whether sources claimed that the species was 

dichromatic, monochromatic, or if color was described but without mention of differences 

between sexes (Supplementary Data 1). See Supplementary Text 2 for further justification of 

including species with color descriptions without mention of sex differences. Full citations for 

references used to construct this dataset are found in Supplementary Data 1. 

We found relevant information for 10,898 species, including 93.3% of the species with 

phylogenetic information (Rabosky et al. 2018) and 34.6% of all described species (Froese and 

Pauly 2019). Data were obtained from 196 individual sources, including primary literature, 

online databases, regional field guides, taxonomic compilations, aquarist resources, and expert 

opinion (Supplementary Data 1). There was a mean of 2.5 sources associated with each species 

(standard deviation ±1.7 sources and range 1–15 sources). For most species in our dataset 

(75.7% of all species), we found more than one relevant source for a single species. Among these 

species, 1,486 (13.6% of all species) seemingly had a conflict in which ³1 source reported 

dichromatism and ³1 did not report dichromatism (see the full range of information for species 

in Table S3). Disagreements among sources usually fell into two general types: (1) a review 

suggested that all species in a higher taxon were monomorphic, but detailed studies of some 

species in that higher taxon revealed cases of dichromatism; (2) a study reported instances of 

dichromatism that may be difficult to observe, such as seasonal color changes or subtle 

differences, which were not reported in other sources. In both cases, apparent disagreement 
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among sources was due to dichromatism that was overlooked by some authors. For these 

reasons, we reconciled disagreement among sources by coding species as sexually dichromatic if 

one or more sources reported dichromatism.  

 Sexual dichromatism was reported for 3,153 species (28.9%). This proportion is not 

significantly different from the proportion reported in an earlier study (Mank 2007; 27.0% of 816 

species reported to be dichromatic; chi-square test: X2=1.45, P=0.23). This similarity suggests 

that the relative proportion of dichromatic species is not likely to change greatly by sampling 

additional species (see Supplementary Text 1; Table S2).  

Our dataset suggests that dichromatism is likely to be reported if it exists, but authors are 

less likely to explicitly report monochromatism (see details in Supplementary Text 2; Table S4). 

For many species (2,285 species or 26.5%) we only found indirect information about the absence 

of sexual dichromatism (category 3 sources). The benefit of including these species in our 

analyses is increasing taxonomic sampling for comparative analyses. Greater taxonomic 

sampling will increase the power to detect differences in diversification rates (Davis et al. 2013). 

Nevertheless, we performed additional analyses that excluded species that were coded as 

monochromatic based solely on color descriptions that did not mention sex differences 

(excluding 2,285 species, and analyzing the remaining 8,613). Results were similar to those 

including all species (Extended Data Table 4). 

 

Phylogenetic framework. We used a time-calibrated maximum-likelihood phylogeny of ray-

finned fishes containing 11,638 species with DNA sequence data (36.9% of all described 

species; Rabosky et al. 2018). We only included species with sequence data from that study, 

because semi-random grafting of unsampled species is inappropriate for methods that model the 
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evolution of traits associated with the tips (Rabosky 2015). We removed duplicate and 

unidentified species as well as species with no information on dichromatism, leaving 10,898 

species in the phylogeny. The proportion of species sampled in each order was not related to the 

prevalence of sexual dichromatism in that order (n=68 orders; Pearson’s correlation 

coefficient=0.17; P=0.16; see Supplementary Text 1).  

We performed analyses at three phylogenetic scales: across all ray-finned fishes, within 

18 clades individually, and within smaller subclades of the six largest of those 18 clades. Details 

for all 18 clades and 8 subclades are given in Table S6. To delimit clades, we targeted 

monophyletic higher taxa (families and orders) in which both monochromatism and 

dichromatism were present in >10% of the species (given potential problems for SSE methods 

when states are present in <10% of species; Davis et al. 2013). To maximize species sampling, 

we used orders instead of families in cases when individual families did not meet this proportion, 

or if we could include additional species while maintaining this proportion. Clades were 

extracted from the phylogeny of all ray-finned fishes (Rabosky et al. 2018), and contained from 

93–1098 species sampled in the phylogeny (mean=349.2, SD=265.4). The six largest clades 

(Characiformes, Cichlidae, Cyprinidae, Cyprinodontiformes, Gobiiformes, and Scorpaeniformes) 

included eight families and subfamilies that were also suitable for analyses under the same 

criteria specified above. These eight subclades each included 111–438 species (mean=273.8, 

SD=123.8).  

 

Diversification analyses. We tested for associations between dichromatism and diversification 

using the Hidden State Speciation and Extinction framework (HiSSE; Beaulieu and O’Meara 

2016) implemented in the R package hisse version 1.9.0 (Beaulieu and O’Meara 2016). HiSSE is 
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an advance over previous SSE (state-dependent speciation and extinction) models because it can 

detect diversification rate shifts that partially overlap with, but are unassociated with, a trait of 

interest. It can thereby reducing false associations between diversification rates and the focal trait 

(Rabosky and Goldberg 2015). We compared the fit of dichromatism-dependent models of 

diversification (in which dichromatism accounts for all or some of the diversification-rate 

heterogeneity in the tree) to dichromatism-independent models (in which dichromatism is 

apparently unrelated to diversification-rate heterogeneity). Models also differed in the number of 

free diversification and transition rate parameters allowed. We followed recommendations 

(Beaulieu and O’Meara 2016; Harrington and Reeder 2017) to compare the fit of dichromatism-

dependent models to dichromatism-independent models of similar complexity (similar number of 

free diversification rate and transition parameters). Details of the models used are in Extended 

Data Table 1. To correct for incomplete sampling, we calculated the proportion of unsampled 

species using rfishbase (Boettiger et al. 2012), assuming this proportion was identical between 

monochromatic and dichromatic species (an assumption supported above). Relative model fit 

was determined using Akaike weights (Beaulieu and O’Meara 2016; Caetano et al. 2018). 

When a dichromatism-dependent model of diversification had the best fit, a range of 

relationships between dichromatism and diversification were possible. Dichromatism could have 

a positive or negative effect on net diversification, and could have different (sometimes 

conflicting) effects on speciation and extinction. To characterize the relationship between 

dichromatism and diversification for each clade, we obtained model-averaged rates associated 

with each species (Caetano et al. 2018), with the contribution of each model to the mean value 

for each species proportional to that model’s Akaike weight. Then, we tested if mean speciation, 

extinction, and net diversification rates were significantly different between monochromatic and 
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dichromatic species, using phylogenetic ANOVA (Garland et al. 1993) implemented in phytools 

v0.6–44 (Revell et al. 2012). We performed this additional test because in some cases, a 

dichromatism-independent model received 100% of the Akaike weight but mean rates were 

significantly different between monochromatic and dichromatic species across the clade. This 

pattern apparently occurred when diversification-rate shifts partially overlapped with the 

evolution of dichromatism or monochromatism, implying that other (unknown) factors are 

responsible for rate shifts (see Extended Data Tables 3 and 6, and Supplementary Data 2).  

At the scale of all ray-finned fishes, we also tested the robustness of our results using 

BAMM in addition to SSE models. BAMM is a trait-agnostic Bayesian framework for detecting 

shifts in diversification (Rabosky 2014). This contrasts with SSE models which jointly model 

trait evolution and diversification. However, we acknowledge that BAMM can be relatively 

insensitive to rate variation, especially for small clades (Rabosky 2014; Moore et al. 2016; 

Rabosky et al. 2017; Meyer and Wiens 2018). We used Structured Rate Permutations on 

Phylogenies (“STRAPP”; Rabosky and Huang 2016) to test if dichromatism was associated with 

shifts in diversification detected by BAMM. This approach is best applied to very large 

phylogenies because many rate shifts are needed to gain enough power to detect associations 

with a trait (Rabosky and Huang 2016). We processed the BAMM output from Rabosky et al. 

(2018) using the BAMMtools v2.1.6 (Rabosky et al. 2014). We performed 6 tests of association 

between dichromatism and rate-shifts. Specifically, we tested for associations between 

dichromatism and speciation, extinction, and diversification rates, with rates calculated using 

either a time-constant or time-variable model. We also performed another 6 tests using only the 

subset of species that have direct information about the presence or absence of dichromatism 

(n=8,613 species; see above). We generated a null distribution of the Mann-Whitney U-test 
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statistic by performing 1,000 permutations of BAMM rate shifts associated with each species, 

using the traitDependentBAMM function in BAMMtools. This null distribution was used to test 

if the rates associated with monochromatism or dichromatism are significantly different. 

 

Color perception.  Our dataset is based on human perceptions of fish color. Many birds that 

appear sexually monochromatic to humans are actually dichromatic in the UV spectrum (Eaton 

2005). We are not aware of any studies in fishes demonstrating that a species appears 

dichromatic in UV but monochromatic to humans, as is the case for many birds (Eaton 2005). 

Furthermore, it is clear that not all fishes that are capable of UV vision will appear sexually 

dichromatic in the UV spectrum. Fishes may use UV vision in many contexts, such as feeding on 

plankton that become more conspicuous in the UV spectrum (Losey et al. 1999). One review of 

151 coral reef fish species showed that 1/3 of species that were capable of UV vision did not 

have UV body coloration (Siebeck and Marshall 2001).  

Still, we assessed how our results would be affected under the most extreme case: if all 

species that are capable of UV vision appear dichromatic in the UV spectrum even if they appear 

monochromatic to humans. We took advantage of a compendium of lmax (photoreceptor class 

peak sensitivity) estimates across 277 species of ray-finned fishes (Schweikert et al. 2018) to test 

if our results may be biased by the failure to detect dichromatism outside the human-visible 

spectrum. Among the species in that study, 237 also had information in our dataset on human-

perceived dichromatism. We considered species to have UV-sensitive vision under two coding 

schemes. First, we coded only species with lmax values within the UV spectrum (10–400 nm) as 

UV-sensitive (n=28 species). Species with this range of lmax values are all capable of seeing in 

the UV spectrum (Yokoyama 2008). As an alternative, we broadened our cut-off for UV 
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sensitivity to include species with a lmax at 450 nm and below (n=145 species). Species with a 

lmax between 400–450 nm may be able to detect UV at low frequencies (Yokoyama 2008). 

Results of these analyses are reported in detail in Supplementary Text 3 and Table S5 and 

summarized here.  

We first tested if fishes that can see in the UV spectrum generally appear dichromatic to 

humans. Fishes with lmax values within the UV spectrum (10–400 nm) were significantly more 

likely to appear sexually dichromatic to humans than fishes with lmax values outside of this range 

(chi-square test: X2=5.97, P=0.0145, n=237 species). Under the broader cut-off of UV sensitivity 

(10–450 nm), there was no significant difference in the frequency of human-perceived sexual 

dichromatism among fishes with and without UV vision (chi-square test: X2=0.08, P=0.78, 

n=237 species). However, we emphasize again that many fishes use UV vision in nonsexual 

contexts such as feeding (Losey et al. 1999). These results suggest that fishes with the greatest 

potential to see colors in UV are also likely to have dichromatic elements detectable by humans. 

Second, we tested if diversification rates were significantly different among 

monochromatic and dichromatic fishes, assuming that all fishes that can see in the UV spectrum 

are sexually dichromatic, even if they were assigned as monochromatic based on human color 

vision. We used phylogenetic ANOVA (Garland et al. 1993) to test if net diversification rates 

differed among monochromatic and dichromatic species under this criterion, including all 237 

species with data on lmax that were included in the phylogeny. Diversification rates were 

calculated using BAMM from the phylogeny of all fishes with genetic data (n=11,686 species; 

Rabosky et al. 2018). We compared diversification rates among species with lmax data only. 

Using human-based dichromatism, dichromatic species had faster net diversification rates than 

monochromatic species only if Cichlidae was included; there were no significant differences 
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after removing Cichlidae (Table S5). When assuming that all species with lmax values from 10–

400 nm were sexually dichromatic, dichromatic species again had significantly faster rates only 

if Cichlidae was included. Finally, there were no significant differences in rates when assuming 

that all species with lmax values from 10–450 nm were sexually dichromatic. 

Overall, these results support our conclusion that sexual dichromatism will not influence 

diversification rates over deep timescales. First, species with the greatest ability to see in UV 

were also more likely to appear dichromatic to humans than other species. This pattern suggests 

that even if human vision causes us to miss dichromatism in the UV spectrum, those species are 

likely to already be scored as dichromatic based on human vision. Second, when analyzing only 

species with lmax data, significant differences in rates associated with sexual dichromatism were 

due to a single clade (Cichlidae). This clade had a strong influence on the results given the 

disproportionately large number of dichromatic species in this family with lmax data (see 

Supplementary Text 3 and Table S5). 

 

Data availability. All data and R scripts needed to replicate analyses (including the phylogeny 

used and diversification rate estimates for each species) will be deposited in a Dryad repository. 
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FIGURES AND FIGURE LEGENDS 

 

 

Figure 1  | Sexual dichromatism and diversification across ray-finned fishes. Major clades 

are enumerated. Representative clades with prior work on sexual dichromatism and reproductive 

isolation and/or diversification are shown in photographs: (A) parrotfishes (Kazancioglu et al. 

2009); B) darters (Martin and Mendelson 2014); (C) cichlids (Seehausen et al. 1997; Barluenga 

et al. 2006; Wagner et al. 2012); (D) guppies (Houde and Endler 1990; Furness et al. 2019). 

Across ray-finned fishes, there is no significant difference in speciation, extinction, or net 

diversification rates between sexually monochromatic and dichromatic species (see also 

Extended Data Tables 2 and 3). Rates for monochromatic species are shown on left in blue; rates 

for dichromatic species are shown on the right in red. Boxplots summarize rates for individual 

species, including medians, first and third quartiles, and outliers (outside the 95% confidence 

interval). Photograph credits: (A) François Libert; (B) Daniel MacGuigan; (C) Wikimedia 

Commons; (D) Marrabbio2, Wikimedia Commons.  
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Figure 2 | Sexual dichromatism and diversification within fish clades. Clades chosen for 

analyses are highlighted on the phylogeny. Dichromatism-dependent models of diversification 

received >80% of the AIC weight support in four of 18 clades (shown in lower panels). Among 

these four, dichromatism influences speciation, extinction, and net diversification in disparate 

ways. Dichromatism-independent models received high AIC weight support in 14 of 18 clades. 

Model fits for all clades are given in Extended Data Table 2. Mean speciation, extinction, and net 

diversification rates are given for all clades in Extended Data Table 3 and Extended Data Figures 

1–3. Rates for monochromatic species are shown on left in blue; rates for dichromatic species are 

shown on the right in red. Boxplots summarize rates for individual species, including medians, 

first and third quartiles, and outliers (outside the 95% confidence interval). Pie diagrams indicate 

relative Akaike weights for dichromatism-independent models (dark gray) and dichromatism-
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independent models (lighter gray). Photos: Tetraodontiformes: François Libert; 

Centrarchiformes: Cephas, Wikimedia Commons; Anabantiformes: Daniella Vereeken, 

Wikimedia Commons; Blenniiformes: Betty Wills, Wikimedia Commons. 
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Figure 3  | Sexual dichromatism and diversification at shallower phylogenetic scales. In four 

of six large clades, relative support for dichromatism-dependent models of diversification 

increases within these smaller subclades, relative to the larger clade to which they belong. Rate 

differences are shown for the three subclades for which dichromatism-dependent models 

received the most AIC weight support. Among these subclades, sexual dichromatism influences 

net diversification in different ways. Model fits for all subclades are given in Extended Data 

Table 5. Mean speciation, extinction, and net diversification rates are given for all subclades in 

Extended Data Table 6 and Extended Data Figure 4. Rates for monochromatic species are shown 

on left in blue; rates for dichromatic species are shown on the right in red. Boxplots show 

medians, first and third quartiles, and outlying points (outside the 95% confidence interval). Pie 

diagrams indicate relative Akaike weights for dichromatism-independent models (dark gray) and 

dichromatism-independent models (lighter gray).  
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EXTENDED DATA TABLES AND FIGURES 
 
 
Extended Data Table 1 | Details of alternative HiSSE models 
 

Number Free diversification 
parameters* 

Free transition parameters† Number of 
free 
diversification 
parameters* 

Number of 
free 
transition 
parameters† 

Total 
number of 
free 
parameters 

Dichromatism-dependent models:     

1 mono, dichrom qmono>qdichrom, qdichrom>qmono 4 2 6 
2 mono, dichrom one shared rate 4 1 5 
3 mono-A, dichrom-A, mono-B, 

dichrom-B 
all transitions free 8 8 16 

4 mono-A, dichrom-A, mono-B, 
dichrom-B 

one shared rate between mono and dichrom, all 
hidden state transitions free 

8 5 13 

5 mono-A, dichrom-A, mono-B, 
dichrom-B 

one shared rate between mono and dichrom, qA>qB, 
qB>qA 

8 3 11 

6 mono-A, dichrom-A, mono-B, 
dichrom-B 

one shared rate 8 1 9 

7 mono, dichrom-A, dichrom-B all transitions free 6 8 14 
8 mono, dichrom-A, dichrom-B one shared rate between mono and dichrom, all 

hidden state transitions free 
6 5 11 

9 mono, dichrom-A, dichrom-B one shared rate between mono and dichrom, qA>qB, 
qB>qA 

6 3 9 

10 mono, dichrom-A, dichrom-B one shared rate 6 1 7 
11 mono-A, mono-B, dichrom all transitions free 6 8 14 
12 mono-A, mono-B, dichrom one shared rate between mono and dichrom, all 

hidden state transitions free 
6 5 11 

13 mono-A, mono-B, dichrom one shared rate between mono and dichrom, qA>qB, 
qB>qA 

6 3 9 

14 mono-A, mono-B, dichrom one shared rate 6 1 7 
 
Dichromatism-independent models: 

    

15 one shared rate qA>qB, qB>qA 2 2 4 
16 one shared rate one shared rate 2 1 3 
17 A, B all transitions free 4 8 12 
18 A, B one shared rate between mono and dichrom, qA>qB, 

qB>qA 
4 3 7 

19 A, B one shared rate between mono and dichrom, all 
hidden state transitions free 

4 5 9 

20 A, B one shared rate 4 1 5 
21 A, B, C, D expanded transition rate matrix‡ 8 9 17 
22 A, B, C, D qmono>qdichrom, qdichrom>qmono, one shared rate among 

hidden state transitions 
8 3 11 

23 A, B, C, D one shared rate 8 1 9 

 
For each analysis, the relative fit of 23 HiSSE models were compared. HiSSE (Hidden State 

Speciation and Extinction) is an approach that jointly models diversification-rate heterogeneity 

and the evolution of a binary trait along a phylogeny. Diversification-rate heterogeneity may be 

partitioned among “hidden state” categories. In dichromatism-dependent models, monochromatic 

and dichromatic states may be further partitioned into hidden state categories to accommodate 

rate heterogeneity within these states (e.g. mono-A and mono-B). In dichromatism-independent 

models, all rate heterogeneity is associated with hidden states (A–D). We compared the fit of 
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dichromatism-dependent models with dichromatism-independent models of similar complexity 

(same number of free diversification-rate parameters; Beaulieu and O’Meara 2016). 

Mono=sexual monochromatism; dichrom=sexual dichromatism *Turnover and the extinction 

fraction are both freely varying among these categories. †In all cases we disallowed 

instantaneous transitions between a hidden and observed state (e.g. 0A>1B), so “all transitions 

free” refers to the remaining free transition parameters (e.g. 0A > 0B; 0A>1A). ‡This is a 

modified transition matrix from the original “CID-4” model of Beaulieu and O’Meara (2016) to 

accommodate greater transition-rate heterogeneity (Harrington and Reeder 2017). 
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Extended Data Table 2 | HiSSE model fit (relative Akaike weights) for all ray-finned fishes 
and each of the 18 clades 
  

All Ana Ath Bel Ble Cen Cha Cich Cy Cypr Gob Lab Per Pom Sal Sco Ser Syn Tet 

Dichromatism-dependent models (DD) 
1 - 0.06 - - - - - - - - - - - - - - - - 0.01 
2 - - - - - - - - - - - - - - - - - - - 
3 - - - - - - - - - - 0.05 - 0.08 - - - 0.01 - - 
4 - 0.02 0.01 - - - - - - - 0.53 - - - - - 0.01 - - 
5 - 0.11 0.06 0.01 - 0.01 - - - - 0.02 - - 0.01 - - 0.01 - 0.04 
6 - - 0.03 0.02 0.02 0.02 - - - - - - - 0.01 - - - - 0.06 
7 - - - - 0.40 - - - - - - - 0.34 - - - - - - 
8 - 0.04 - - - - - - - - - - - - - - - - - 
9 - 0.64 - - - - - - - - - - - - - - - - - 
10 - 0.01 - - - - - - - - - - - - - - - - - 
11 - - - - 0.56 0.87 - - - - - - - 0.05 - - 0.02 - - 
12 - - - - - - - - - - - - - - - - 0.15 - 0.01 
13 - - - - - - - - - - - - - - - - 0.08 - 0.07 
14 - - - - 0.01 - - - - - - - - - - - - - 0.75 
 
Dichromatism-independent models (DI) 
15 - - - - - - - - - - - - - - - - - - 0.02 
16 - - - - - - - - - - - - - - - - - - - 
17 - - - - - 0.09 - - - - 0.34 - - - - - - - 0.01 
18 - 0.03 - - - - - - - - - - - - 0.20 - 0.42 - - 
19 - 0.08 - - - - 0.01 - - - - - - - 0.78 - - - - 
20 - 0.01 - 0.91 - - - - - - - - - - - - - - - 
21 1 - 0.02 - 0.01 - 0.99 1 1 1 0.06 1 0.58 0.92 - 1 0.30 1 0.01 
22 - - 0.11 0.01 - - - - - - - - - - 0.01 - - - - 
23 - - 0.76 0.04 - - - - - - - - - - - - - - -                     

Sum 
AICw, 
DD 

- 0.87 0.11 0.04 0.99 0.90 - - - - 0.60 - 0.42 0.07 - - 0.28 - 0.95 

Sum 
AICw, 
DI 

1 0.13 0.89 0.96 0.01 0.10 1 1 1 1 0.40 1 0.58 0.93 0.99 1 0.72 1 0.05 

 
Model numbers refer to models in Extended Data Table 1. The weight for the best-fitting model 

for each analysis is boldfaced. AICw=Akaike weight; DD=dichromatism-dependent models; 

DI=dichromatism-independent models; - = Akaike weight <0.01. All=all ray-finned fishes; 

Ana=Anabantiformes; Ath=Atheriniformes; Bel=Beloniformes; Ble=Blenniiformes; 

Cen=Centrarchiformes; Cha=Characiformes; Cich=Cichlidae; Cy=Cyprinidae; 

Cypr=Cyprinodontiformes; Gob=Gobiiformes; Lab=Labriformes; Per=Percidae; 

Pom=Pomacentridae; Sal=Salmoniformes+Esociformes; Sco=Scorpaeniformes; Ser=Serranidae; 

Syn=Syngnathiformes; Tet=Tetraodontiformes. For details of each clade see Table S6. Full 

details of HiSSE results are in Supplementary Data 2.  
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Extended Data Table 3 | Results of phylogenetic ANOVA of rate differences between states 
  

Sum 
AICw, 
HiSSE 

DD 

Sum 
AICw, 
HiSSE 

DI 

Mean 
λmono 

Mean 
λdichrom 

P-
value, 

λ 

Mean 
μmono 

Mean 
μdichrom 

P-
value, 

μ 

Mean 
rmono 

Mean 
rdichrom 

P-
value, 

r 

Results 
summary 

All  - 1 0.197 0.241 0.491 0.123 0.159 0.497 0.074 0.081 0.273 No differences 

Ana 0.87 0.13 0.044 0.048 0.177 0.018 0.001 0.001 0.026 0.047 0.001 μmono > μdichrom 
rdichrom > rmono 

Ath 0.11 0.89 0.156 0.321 0.118 0.09 0.212 0.094 0.066 0.11 0.13 No differences 

Bel 0.04 0.96 0.213 0.108 0.507 0.14 0.048 0.508 0.073 0.059 0.501 No differences 

Ble 0.99 0.01 0.118 0.132 0.001 0.036 0.043 0.017 0.082 0.089 0.001 λdichrom > λmono 

μdichrom > μmono 
rdichrom > rmono 

Cen 0.90 0.10 0.094 0.105 0.785 0.075 0.033 0.001 0.019 0.073 0.053 μmono > μdichrom 

Cha - 1 0.188 0.145 0.041 0.103 0.076 0.148 0.085 0.069 0.001 λmono > λdichrom 
rmono > rdichrom 

Cich - 1 0.457 0.886 0.131 0.336 0.591 0.157 0.121 0.294 0.079 No differences 

Cy - 1 0.237 0.101 0.001 0.134 0.021 0.001 0.103 0.081 0.001 λmono > λdichrom 
μmono > μdichrom 

rmono > rdichrom 

Cypr - 1 0.193 0.153 0.618 0.111 0.09 0.754 0.082 0.063 0.034 rmono > rdichrom 

Gob 0.60 0.40 0.079 0.12 0.001 0.028 0.064 0.001 0.051 0.056 0.063 λdichrom > λmono 

μdichrom > μmono 

Lab - 1 0.105 0.099 0.798 0.004 0.003 0.586 0.101 0.096 0.822 No differences 

Per 0.42 0.58 0.101 0.104 0.848 0.012 0.007 0.053 0.089 0.097 0.476 No differences 

Pom 0.07 0.93 0.108 0.132 0.399 0 0 0.229 0.108 0.132 0.383 No differences 

Sal - 0.99 4.473 0.887 0.227 4.477 0.883 0.229 -0.004 0.004 0.22 No differences 

Sco - 1 0.359 0.408 0.801 0.235 0.263 0.877 0.125 0.145 0.499 No differences 

Ser 0.28 0.72 0.113 0.09 0.428 0.026 0.023 0.847 0.087 0.066 0.132 No differences 

Syn - 1 0.119 0.151 0.400 0.078 0.101 0.534 0.041 0.051 0.001 rdichrom > rmono 

Tet 0.95 0.05 0.151 0.276 0.001 0.085 0.27 0.001 0.066 0.005 0.001 λdichrom > λmono 
μdichrom > μmono 
rmono > rdichrom 
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Mean model-averaged rates estimated by HiSSE for each state are shown. Significant P-values 

are in bold. Short codes for clades are defined in Extended Data Table 2. Full details of HiSSE 

results are in Supplementary Data 2. AICw=Akaike weight; DD=dichromatism-dependent 

models; DI=dichromatism-independent models; - = Akaike weight <0.01. λ=speciation rate; 

μ=extinction rate; r=net diversification rate. Mono=sexually monochromatic; dichrom=sexually 

dichromatic. 
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Extended Data Table 4 | No effect of sexual dichromatism on diversification rates across 
ray-finned fishes using STRAPP  

 
Rate type Model of diversification P-value,  

all species included 
(n=10,898) 

P-value,  
species with direct 
information only 
(n=8,613) 

Speciation BAMM, time-variable 0.530 0.458 
Extinction BAMM, time-variable 0.610 0.564 
Net diversification BAMM, time-variable 0.534 0.397 
    
Speciation BAMM, time-constant 0.371 0.282 
Extinction BAMM, time-constant 0.646 0.665 
Net diversification BAMM, time-constant 0.290 0.183 

 
 

STRAPP (Structured Rate Permutations on Phylogenies; Huang and Rabosky 2016) is a method 

that tests whether rates estimated by BAMM (Rabosky 2014) are significantly associated with a 

binary trait. Results are based on 1,000 permutations of rates among species and presence of 

dichromatism among species. We generally included all species of ray-finned fishes with 

dichromatism data. However, in an alternative set of analyses, we included only species with 

direct reports of dichromatism or monochromatism (excluding species in which color was 

described but no sex differences were mentioned; see details in Supplementary Text 2). No 

comparisons were significant. 
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Extended Data Table 5 | HiSSE model fit (relative Akaike weight) among subclades of the 
largest fish clades 
 

 Characiformes Cichlidae Cyprinidae Cyprinodontiformes Gobiiformes Scorpaeniformes 
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Dichromatism-dependent models (DD) 
1 - - - - - - - - - - - - - - 
2 - - - - - - - - - - - - - - 
3 - - - - 0.02 - 0.81 0.06 - - 0.05 0.29 - - 
4 - 0.01 - - - - - 0.02 - 0.02 0.53 0.06 - - 
5 - 0.16 - - - - - 0.10 - 0.01 0.02 0.65 - 0.02 
6 - 0.01 - - - - - - - - - - - - 
7 - - - - - - 0.01 - - 0.03 - - - - 
8 - - - - - - - - - - - - - - 
9 - - - - 0.01 - - - - 0.58 - - - - 
10 - - - - - - - - - - - - - - 
11 - - - - - - 0.04 - - - - - - - 
12 - - - - - - - 0.01 - - - - - - 
13 - 0.19 - - - - - 0.10 - - - - - - 
14 - 0.01 - - - - - - - - - - - - 
 
Dichromatism-independent models (DI) 
15 - - - - - - - 0.14 - - - - - - 
16 - - - - - - - 0.07 - - - - - - 
17 - - - - 0.12 - 0.02 - - 0.19 0.34 - - 0.33 
18 - 0.05 - - 0.01 - - - - - - - - - 
19 0.01 - - - - - - 0.29 - 0.01 - - - - 
20 - - - - - - - 0.05 - - - - - - 
21 0.99 0.24 1 1 0.83 1 0.12 0.03 1 0.01 0.06 - 1 0.48 
22 - 0.29 - - - - - 0.03 - 0.12 - - - 0.16 
23 - 0.02 - - - - - 0.10 - - - - - - 
               
Sum 
AICw 
DD 

- 0.39 - - 0.03 - 0.86 0.29 - 0.65 0.60 1 - 0.03 

Sum 
AICw 
DI 

1 0.61 1 1 0.97 1 0.14 0.71 1 0.35 0.40 - 1 0.97 

 
Model numbers refer to models in Extended Data Table 1. The weight for the best-fitting model 

for each analysis is boldfaced. AICw=Akaike weight; DD=dichromatism-dependent models; 

DI=dichromatism-independent models; - = Akaike weight <0.01. For details of each clade see 

Table S6. Full details of HiSSE results are in Supplementary Data 2. 
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Extended Data Table 6 | Phylogenetic ANOVA of rate differences between states, among 
subclades of the largest fish clades 
 

 
Sum 

AICw, 
HiSSE 

DD 

Sum 
AICw, 
HiSSE 

DI 

Mean 
λmono 

Mean 
λdichrom 

P-
value, 

λ 

Mean 
μmono 

Mean 
μdichrom 

P-
value, 

μ 

Mean 
rmono 

Mean 
rdichrom 

P-
value, 

r 

Results 
summary 

Characiformes - 1 0.188 0.145 0.041 0.103 0.076 0.148 0.085 0.069 0.001 λmono > λdichrom 

rmono > rdichrom 

Characidae 0.39 0.61 0.209 0.135 0.001 0.109 0.066 0.023 0.100 0.069 0.001 λmono > λdichrom 

μmono > μdichrom 
rmono > rdichrom 

             
Cichlidae - 1 0.457 0.886 0.131 0.336 0.591 0.157 0.121 0.294 0.079 No differences 

Pseudocrenilab
rinae 

- 1 0.382 1.318 0.167 0.179 0.795 0.146 0.203 0.523 0.218 No differences 

Cichlinae 0.03 0.97 0.165 0.189 0.553 0.073 0.092 0.518 0.093 0.097 0.696 No differences 

             
Cyprinidae - 1 0.237 0.101 0.001 0.134 0.021 0.001 0.103 0.081 0.001 λmono > λdichrom 

μmono > μdichrom 
rmono > rdichrom 

Leuciscinae 0.86 0.14 0.119 0.069 0.001 0.001 0.004 0.048 0.118 0.065 0.001 λmono > λdichrom 
μdichrom > μmono 
rmono > rdichrom 

Danioninae 0.29 0.71 0.061 0.079 0.001 0.012 0.02 0.001 0.049 0.059 0.001 λdichrom > λmono 
μdichrom > μmono 
rdichrom > rmono 

             
Cyprinodontifor
mes 

- 1 0.193 0.153 0.618 0.111 0.09 0.754 0.082 0.063 0.034 rmono > rdichrom 

Poeciliidae 0.65 0.35 0.14 0.143 0.822 0.141 0.071 0.001 -0.001 0.072 0.001 μmono > μdichrom 
rdichrom > rmono 

             
Gobiiformes 0.60 0.40 0.079 0.12 0.001 0.028 0.064 0.001 0.051 0.056 0.063 λdichrom > λmono 

μdichrom > μmono 

Gobiidae 1 - 0.087 0.118 0.006 0.031 0.057 0.004 0.056 0.061 0.119 λdichrom > λmono 

μdichrom > μmono 
             
Scorpaeniform
es 

- 1 0.359 0.408 0.801 0.235 0.263 0.877 0.125 0.145 0.499 No differences 

Cottales 0.03 0.97 0.251 0.400 0.005 0.143 0.218 0.013 0.108 0.182 0.001 λdichrom > λmono 

μdichrom > μmono 
rmono > rdichrom 

 

Model-averaged rates calculated by HiSSE are shown (mean among species with each state). 

Significant P-values are in bold. Short codes for clades are defined in Extended Data Table 2. 

AICw=Akaike weight; DD=dichromatism-dependent models; DI=dichromatism-independent 

models; - = Akaike weight <0.01. λ=speciation rate; μ=extinction rate; r=net diversification rate. 

Mono=sexually monochromatic; dichrom=sexually dichromatic. Full details of HiSSE results are 

in Supplementary Data 2.   
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Extended Data Fig. 1 | Clades with no support for an effect of dichromatism on 
diversification 
 

 
 
All seven clades shown here have strong support for dichromatism-independent models and no 

clade-wide significant differences in rates. Model-averaged rates calculated by HiSSE for each 

species are summarized here. Rates for monochromatic species are shown on left in blue; rates 

for dichromatic species are shown on the right in red. Boxplots show medians, first and third 

quartiles, and outliers (outside the 95% confidence interval). Pie diagrams indicate relative 

Akaike weights for dichromatism-independent models (dark gray) and dichromatism-
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independent models (lighter gray). Short codes for clades as in Extended Data Table 2. Full 

details of HiSSE results are in Supplementary Data 2. 
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Extended Figure 2 | Clades with equivocal support for a positive effect of dichromatism on 
diversification 
 

 
 

The three clades shown here either have similar support for dichromatism-dependent and 

independent models (Gobiiformes and Percidae), or show strong support for dichromatism-

independent models but have significant clade-wide differences in rates (Syngnathiformes). In 

the latter case, diversification-rate shifts only partially overlap with the evolution of sexual 

dichromatism. Model-averaged rates calculated by HiSSE for each species are shown. 

Significant P-values are boldfaced. Rates for monochromatic species are shown on the left in 

blue; rates for dichromatic species are shown on the right in red. Boxplots show medians, first 

and third quartiles, and outliers (outside the 95% confidence interval). Pie diagrams indicate 

relative Akaike weights for dichromatism-independent models (dark gray) and dichromatism-

independent models (lighter gray). Short codes for clades as in Extended Data Table 2. Full 

details of HiSSE results are in Supplementary Data 2. 
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Extended Figure 3 | Clades with equivocal support for a negative effect of dichromatism on 
diversification 
 

 
 
The four clades shown here either have similar support for dichromatism-dependent and 

independent models (Serranidae), or show strong support for dichromatism-independent models 

but have significant clade-wide differences in rates (Characiformes, Cyprinidae, and 

Cyprinodontiformes). In the latter case, diversification-rate shifts only partially overlap with the 

evolution of sexual dichromatism. Model-averaged rates calculated by HiSSE for each species 

are shown. Significant P-values are boldfaced. Rates for monochromatic species are shown on 

left in blue; rates for dichromatic species are shown on the right in red. Boxplots show medians, 

first and third quartiles, and outliers (outside the 95% confidence interval). Pie diagrams indicate 

relative Akaike weights for dichromatism-independent models (dark gray) and dichromatism-

independent models (lighter gray). Short codes for clades as in Extended Data Table 2. Full 

details of HiSSE results are in Supplementary Data 2. 
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Extended Data Figure 4 | Diversification rates within subclades of the largest fish clades 
 

 

Model-averaged rates calculated by HiSSE for each species are shown for eight subclades that 

were nested within larger clades analyzed here (Methods). The relationships between sexual 

dichromatism and diversification were variable among these subclades. Significant P-values 

(based on phylogenetic ANOVA) are boldfaced. Rates for monochromatic species are shown on 

left in blue; rates for dichromatic species are shown on the right in red. Boxplots show medians, 

first and third quartiles, and outliers (outside the 95% confidence interval). Pie diagrams indicate 

relative Akaike weights for dichromatism-independent models (dark gray) and dichromatism-
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independent models (lighter gray). See Fig. 3 and Extended Data Table 6 for comparison 

between subclades and the larger family or order to which they belong. Full details of HiSSE 

results are in Supplementary Data 2. 
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SUPPLEMENTARY INFORMATION 
 

Sexual dichromatism is not associated with diversification in fishes over deep time 

 

In this file: 

• Supplementary Text 1: Assessing differences in phylogenetic sampling  

• Supplementary Text 2: Assessing differences in reporting of dichromatism versus 

monochromatism 

• Supplementary Text 3: Assessing the potential for bias from UV-based dichromatism 

• Table S1: Summary of the phylogenetic distribution of sexual dichromatism 

• Table S2: Comparing the proportion of species with sexual dichromatism between 

Mank’s dataset and the dataset assembled in this study 

• Table S3: Types of conflict in reports of dichromatism among 10,898 species 

• Table S4: Reports of sexual dichromatism across 10,898 species and 196 literature 

sources  

• Table S5: Results of phylogenetic ANOVA of diversification rates and sexual 

dichromatism under UV-based coding 

• Table S6: Details of 26 clades selected for individual analysis using HiSSE 

 

Other supplemental files: 

• Supplementary Data 1: Presence or absence of sexual dichromatism among 10,898 

species of ray-finned fishes with references (.xlsx file) 

• Supplementary Data 2: Maximum likelihood diversification and transition parameters 

of best-fitting HiSSE models for all clades analyzed (.doc file) 

 

All data and R scripts needed to replicate analyses are deposited in a Dryad repository, doi: 

XXXX. 
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Supplementary Text 1 | Assessing differences in phylogenetic sampling 
 

In this section, we assess relevant differences in phylogenetic sampling that may affect 
our results. First, we asked if sampling is representative among clades in the phylogeny used 

here (Rabosky et al. 2018). We first pruned species from the phylogeny with no information 
about dichromatism in our dataset (Supplementary Data 1). Following pruning, this phylogeny 

contained ~34.6% of described ray-finned fish species (n=10,898 species) and 100% of orders 
(Froese and Pauly 2019). For each order (n=68; Table S1), the number of species sampled in the 

tree was correlated with total described richness (Pearson’s correlation coefficient=0.97; 
P<0.0001). Therefore, we do not expect diversification rate differences among orders to be 

driven by over- or underrepresentation of species within these orders. 
Second, we asked if the frequency of sexual dimorphism reported in our study is 

consistent with prior estimates. We compared our dataset on sexual dichromatism 
(Supplementary Data 1) with that from an earlier study (Mank 2007). Mank’s dataset was 

compiled for 816 species from eighteen families. It included information on sexual dimorphism 
in general. Among those species having sexual dimorphism, 75% had dimorphism in color. We 

used the R package rfishbase (Boettiger et al. 2012) to reconcile synonymous names between the 
two datasets. Although our data included >10,000 species more than Mank’s, we found that the 

frequency of dichromatism was not significantly different between these two datasets (chi-square 
test: X2=1.45, P=0.23; Table S2). This suggests that the frequency of dichromatism estimated in 

our study may remain stable as even more species are assessed across ray-finned fishes.  
Third, we asked if dichromatic species were more likely to be sampled in the phylogeny 

than monochromatic species. This might be expected if molecular systematists prefer to study 
more colorful species, or species where sexual selection is strong. Most of the variation in the 

presence of sexual dichromatism is among major clades: there are several orders with no reports 
of sexual dichromatism at all (Table S1). If a bias exists, we would expect orders with more 

dichromatism to have more species sampled in the phylogeny than orders with less 
dichromatism. We found no correlation between the proportion of species sampled in the 

phylogeny and the proportion of species reported to be dichromatic in each order (n=68 orders; 
Pearson’s correlation coefficient=0.17; P=0.16). Therefore, we do not expect our results to be 

biased by differences in sampling between dichromatic and monochromatic species. 
Finally, some authors have argued that any correlation between sexual dichromatism and 

diversification is due to higher rates of species description in dichromatic groups, because 
sexually dimorphic characters can sometimes be used to diagnose species (for example, see 

Barraclough et al. 1995 and Panhuis et al. 2001). However, we found no difference in 
diversification rates associated with dichromatism at the scale of all fishes (Fig. 1). If such a bias 

in species description exists, it will be localized to individual groups and will not affect 
diversification rate differences over large scales.   

Overall, these results suggest that our analyses should not be strongly biased by 
phylogenetic sampling. In Supplementary Text 3, we address the possible impacts of UV-based 

dichromatism. 
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Supplementary Text 2 | Assessing differences in reporting dichromatism versus 
monochromatism 
 

We used a mean of 2.5 literature sources (standard deviation ±1.7 sources; range 1–15 

sources) to determine the presence or absence of sexual dichromatism for each species (Table 
S3). We coded dichromatism as present for a species if at least one source described differences 

in color between the sexes. However, during our literature search, we noticed that if the authors’ 
goal was to describe diagnostic features of the species (as is the case for many field guides) they 

would rarely describe a species as sexually monomorphic, even if they would often state that a 
species was sexually dichromatic. Thus, there were two ways that species could be coded as 

monochromatic, in those cases when we found no sources claiming dichromatism in that species. 
The first way was if a source stated that the sexes were monochromatic in that species, or if all 

members of a higher taxon were described as monochromatic. The second way was if the color 
in life was described but no sex differences were mentioned. For each species, we separately 

listed whether sources claimed that the species was dichromatic (“category 1” source), 
monochromatic (“category 2” source), or if color was described but without mention of color 

differences between sexes (“category 3” source) in Supplementary Data 1. 
To assess if sexual dichromatism was indeed more likely to be reported if it exists than 

monochromatism, we compared the frequency of dichromatism among species with sources that 
mentioned color without mentioning sex differences (category 3 sources). As noted above, only 

one source reporting dichromatism was needed to code a species as dichromatic, but the same 
species could have one or more sources that did not mention sex differences (Table S3). In our 

dataset, 7,132 of 10,898 species (65.4%) had at least one category 3 source (Table S4). If sexual 
dichromatism is more likely to be reported than monochromatism, there should be fewer reports 

of sexual dichromatism among species with category 3 sources than species with only category 1 
or 2 sources. 

Of the group of species with at least one category 3 source (n=7,132 species), only 17.2% 
were reported to be dichromatic by a different source (Table S4). This proportion of 

dichromatism was significantly lower than the proportion across all species in the dataset 
(28.9%; chi-square test: X2=323.31, P<0.0001). In contrast, about half (51.2%) of the species 

with only category 1 or 2 sources (n=3,766) were reported to be dichromatic. These results 
suggest that if a literature source describes color pattern of a species without mentioning sex 

differences, it is relatively unlikely that another source will describe the species as dichromatic. 
In contrast, if a species is dichromatic, it is likely to be explicitly reported in the literature. 

These results suggest that sexual dichromatism is likely to be reported if it exists, but 
sources are less likely to explicitly report monochromatism. For many species (2,285 species or 

26.5%) we only found indirect information about the absence of sexual dichromatism (only 
category 3 sources). The benefit of including these species in our analyses is increasing 

taxonomic sampling for comparative analyses. Greater taxonomic sampling will improve the 
power to detect differences in diversification rates (Davis et al. 2013). Nevertheless, we 

performed additional analyses in which we excluded species that were coded as monochromatic 
solely based on color descriptions that declined to mention sex differences (excluding 2,285 

species and performing analyses on the remaining 8,613 species). Results were similar to those 
including all species (Extended Data Table 4). 
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Supplementary Text 3 | Assessing the potential for bias from UV-based dichromatism 
 

Like many previous studies in fishes (Mank 2007; Wagner et al. 2012; Furness et al. 
2019), our dataset is based on human perceptions of fish color. In birds, many species that appear 

sexually monochromatic to humans are actually dichromatic in the UV spectrum (Eaton 2005). 
This pattern was first described from skins of museum specimens. Many fishes are also capable 

of seeing in the UV spectrum (Losey et al. 1999). A major barrier to assessing the occurrence of 
undetected dichromatism across fishes is that, unlike birds, fishes lose many of their colors after 

preservation. The alternative of taking measurements in life is not tractable at the scale of all ray-
finned fishes. 

On the positive side, we are not aware of any studies in fishes that have demonstrated that 
a species that appears dichromatic in the UV spectrum appears monochromatic to humans. This 

pattern contrasts strongly with birds, where human vision often underestimates dichromatism 
that is visible to other birds (Eaton 2005). Furthermore, it is clear that not all fishes that are 

capable of UV vision will appear sexually dichromatic in the UV spectrum. For example, one 
review of 151 coral reef fish species showed that 1/3  of species that were capable of UV vision 

did not have UV body coloration (Siebeck and Marshall 2001). Fishes may use UV vision in 
many contexts besides mating, such as feeding on plankton that become more conspicuous in the 

UV spectrum (Losey et al. 1999).  
Nevertheless, we assessed how our results would be affected under the most extreme 

case: if all species that are capable of UV vision appear dichromatic in the UV spectrum even if 
they appear monochromatic to humans. To assess how undetected UV-based dichromatism 

might bias our results, we took advantage of a recent compendium of lmax (photoreceptor class 
peak sensitivity) estimates across ray-finned fishes (Schweikert et al. 2018). These authors 

compiled information on spectral sensitivity of 277 species of ray-finned fishes, specifically 

chromacy (number of photoreceptor cell types) and lmax values (photoreceptor class peak 
sensitivity). Of these, 237 species had color information in our dataset and were sampled in the 

phylogeny used here (Rabosky et al. 2018). We tested if (1) fishes that can see in the UV 
spectrum also appear dichromatic to humans; and (2) if diversification rates were significantly 

different among monochromatic and dichromatic fishes, assuming that all fishes that can see in 
UV spectrum are actually sexually dichromatic. 

We tested if fishes that can see in the UV spectrum generally appear dichromatic to 

humans. Fishes with lmax values within the UV spectrum (10–400 nm) were significantly more 

likely to appear sexually dichromatic to humans than fishes with lmax values outside of this range 
(chi-square test: X2=5.97, P=0.0145, n=237 species). Under the broader cut-off of UV sensitivity 
(10–450 nm), there was no significant difference in the frequency of human-perceived sexual 

dichromatism among fishes with and without UV vision (chi-square test: X2=0.08, P=0.78, 
n=237 species). However, we emphasize again that many fishes use UV vision in nonsexual 

contexts such as feeding (Losey et al. 1999). These results suggest that fishes with the greatest 
potential to see colors in UV are also likely to have dichromatic elements detectable by humans. 

Next, we tested if diversification rates were significantly different among monochromatic 
and dichromatic fishes, assuming that all fishes that can see in the UV spectrum are sexually 

dichromatic, even if they were assigned as monochromatic based on human color vision. We 
used phylogenetic ANOVA (Garland et al. 1993) to test for differences in net diversification 

associated with monochromatism or dichromatism. We obtained rate estimates associated with 
each species (“tip rates”) from a previous study (Rabosky et al. 2018). We used the rates 
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estimated by BAMM (Rabosky 2014), as described in detail in the original study (Rabosky et al. 
2018). Rates were estimated using both a time-constant model and a time-variable model. These 

rates were calculated from a time-calibrated maximum-likelihood phylogeny containing all 
11,638 species with sequence data.  

We first used our human-based coding of dichromatism to test if diversification rates 
were significantly different among species with corresponding vision information (n=237 

species). This served as a control, prior to testing for differences associated with UV vision. 
Specifically, this test evaluated how the results were impacted by sampling this particular set of 

237 species with UV vision data. Phylogenetic ANOVA of these rates showed that dichromatic 
species had significantly higher diversification rates (Table S5). However, this result was driven 

by the family Cichlidae. Our results with inclusive sampling of cichlids (n=720 species) show 
that both monochromatic and dichromatic cichlids have high diversification rates relative to 

other lineages of fishes (Extended Data Table 3; Extended Data Fig. 1; Supplementary Data 2). 
However, 100% of the 17 species of cichlids sampled in the vision study (Schweikert et al. 2018) 

were dichromatic, whereas in our study only 66.9% were dichromatic (Table S6). After 
removing Cichlidae (and analyzing the remaining 220 species), there were no significant 

differences in rates between monochromatic and dichromatic species (Table S5). 
Second, we repeated phylogenetic ANOVA analyses after re-coding all species with UV-

sensitive vision as sexually dichromatic. We first coded only species with lmax values within the 
UV spectrum (10–400 nm) as UV-sensitive (n=28 species; 11.8%). Species with this range of 

lmax values are all capable of seeing in the UV spectrum (Yokoyama 2008). The 28 species from 
this group were in the families Ammodytidae, Aulorhynchidae, Cichlidae, Clupeidae, 
Cyprinidae, Fundulidae, Gasterosteidae, Hemiramphidae, Megalopidae, Mullidae, Osmeridae, 

Pholidae, Poeciliidae, Pomacentridae, Synodontidae, Telmatherinidae, and Trichodontidae. As 
with our analyses based on human-perceived dichromatism, dichromatic species had 

significantly faster diversification rates when cichlids were included, but no difference in rates 
when cichlids were excluded (Table S5). 

Finally, we broadened our cut-off for UV sensitivity to include species with a lmax at 450 

nm and below (n=145 species; 61.6%). Species with a lmax between 400–450 nm may be able to 
detect UV at low frequencies (Yokoyama 2008). We found no significant differences in 

diversification rates between monochromatic and dichromatic species after re-coding all species 
with UV sensitivity as sexually dichromatic (Table S5), both with and without Cichlidae. 

Overall, these results suggest that the apparent lack of rate differences between 
monochromatic and dichromatic species in our main results is unlikely to be attributable to a 

failure to identify dichromatism visible only in the UV spectrum. These results support our 
conclusion that sexual dichromatism do not influence diversification rates over deep timescales 

(e.g. explaining diversification rate differences among families of fishes). 
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Table S1 | Summary of the phylogenetic distribution of sexual dichromatism among orders 
of ray-finned fishes. All orders were included in analyses across all ray-finned fishes (e.g. Fig. 

1; Extended Data Table 4). Ordinal taxonomy and species richness follows Rabosky et al. (2018; 
see also http://fishtreeoflife.org/taxonomy). Phylogenetic sampling refers to the phylogeny used 

here (Rabosky et al. 2018), including only species with sequence data, and after duplicate tips 
and unidentified tips were removed. For discussion of sampling, see Supplementary Text 1. 

  
Order Number of 

described 
species 

Number 
sampled in 
phylogeny 

Number of 
monochromatic 
species 

Number of 
dichromatic 
species 

Number of 
sampled 
species 
with no 
color data 

1 Acipenseriformes 27 26 26 0 0 

2 Amiiformes 1 1 0 1 0 

3 Lepisosteiformes 7 7 5 2 0 

4 Albuliformes 11 8 8 0 0 

5 Anguilliformes 933 197 191 2 0 

6 Elopiformes 9 6 6 0 0 

7 Notacanthiformes 27 8 2 6 0 

8 Lepidogalaxiiformes 1 1 0 1 0 

9 Ateleopodiformes 13 6 6 0 0 

10 Aulopiformes 256 69 62 3 4 

11 Beryciformes 180 51 48 0 2 

12 Holocentriformes 83 43 43 0 0 

13 Anabantiformes 238 122 31 89 2 

14 Synbranchiformes 123 37 36 1 0 

15 Batrachoidiformes 82 18 17 1 0 

16 Carangiformes 160 129 125 4 0 

17 Incertae sedis in 
Carangaria 

105 55 53 0 2 

18 Istiophoriformes 12 11 11 0 0 

19 Pleuronectiformes 780 220 203 10 7 

20 Acanthuriformes 84 69 19 50 0 

21 Centrarchiformes 287 197 145 40 11 

22 Chaetodontiformes 177 125 122 3 0 

23 Ephippiformes 18 11 11 0 0 

24 Incertae sedis in 
Eupercaria 

967 463 421 31 11 

25 Labriformes 632 339 38 299 1 

26 Lobotiformes 7 2 2 0 0 

27 Lophiiformes 349 76 72 2 2 

28 Pempheriformes 190 54 46 2 5 

29 Perciformes 3002 1264 844 310 104 
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30 Spariformes 246 153 145 6 0 

31 Tetraodontiformes 431 249 166 61 20 

32 Uranoscopiformes 165 30 25 5 0 

33 Gobiiformes 1997 513 327 155 30 

34 Kurtiformes 349 89 79 10 0 

35 Ophidiiformes 525 44 44 0 0 

36 Incertae sedis in 
Ovalentaria 

756 294 206 66 21 

37 Atheriniformes 338 204 87 99 13 

38 Beloniformes 273 123 94 21 1 

39 Cyprinodontiformes 1263 587 52 520 10 

40 Blenniiformes 1080 272 90 163 19 

41 Cichliformes 1658 750 238 482 54 

42 Pholidichthyiformes 2 1 1 0 0 

43 Mugiliformes 79 61 61 0 0 

44 Scombriformes 267 138 132 1 5 

45 Syngnathiformes 620 163 98 64 0 

46 Lampridiformes 22 15 15 0 0 

47 Percopsiformes 11 9 8 1 0 

48 Gadiformes 616 193 193 0 0 

49 Stylephoriformes 1 1 1 0 0 

50 Zeiformes 33 19 18 1 0 

51 Polymixiiformes 10 4 4 0 0 

52 Myctophiformes 254 116 116 0 0 

53 Argentiniformes 87 16 12 0 4 

54 Esociformes 13 12 3 6 2 

55 Galaxiiformes 50 47 44 3 0 

56 Salmoniformes 218 88 31 53 0 

57 Osmeriformes 42 38 29 5 2 

58 Stomiatiformes 415 99 96 3 0 

59 Alepocephaliformes 140 22 14 0 8 

60 Clupeiformes 395 161 160 0 0 

61 Gonorynchiformes 37 5 5 0 0 

62 Characiformes 2052 485 399 82 0 

63 Gymnotiformes 205 44 43 0 0 

64 Siluriformes 3610 1160 1115 19 19 

65 Cypriniformes 4149 1703 890 468 327 

66 Hiodontiformes 2 2 2 0 0 

67 Osteoglossiformes 248 97 96 1 0 

68 Polypteriformes 14 14 14 0 0 
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Table S2 | Comparing the proportion of species with sexual dichromatism between a 
previous study and the present study. For details, see Supplementary Text 1. 

 
 

 Number of 

species sampled 

Number of dichromatic 

species 

Number of monochromatic 

species 

Mank (2007) 816 220 (27.0%) 596 (73.0%) 

This study 10,898 3,154 (28.9%) 7,744 (71.1%) 
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Table S3 | Types of conflict among literature sources. 
The range of information found for species on the presence of dichromatism is shown here. We 

used a mean of 2.5 sources (range 1–15 sources) to determine the presence or absence of 
dichromatism for each species. We placed literature sources for each species into one of three 

categories: the source reports dichromatism (category 1), the source reports monochromatism 
(category 2), or the source describes color without mentioning sex differences (category 3; see 

Supplementary Data 1 and Supplementary Text 2). Species were coded as sexually dichromatic 
for analyses if it had at least one source in category 1, even if other sources did not report sex 

differences. 
 
Combination of source types Code in analyses Number of species % of species 

Only one source    
Category 1 Dichromatic 570 5.2% 

Category 2 Monochromatic 1072 9.8% 
Category 3 Monochromatic 1009 9.3% 

Sum of species with one source  2651 24.3% 
    

Two or more sources    
Category 1 only Dichromatic 1096 10.1% 

Category 1 and 2 Dichromatic 262 2.4% 
Category 1 and 3 Dichromatic 796 7.3% 

Categories 1, 2 and 3 Dichromatic 428 3.9% 
Category 2 only Monochromatic 766 7.0% 

Category 2 and 3 Monochromatic 3623 33.2% 
Category 3 only Monochromatic 1276 11.7% 

Sum of species with ³2 sources  8247 75.7% 

    
Sum of all species  10898 100% 
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Table S4 | Reports of sexual dichromatism across 10,898 species and 196 literature sources. 
We used a mean of 2.5 sources (range 1–15 sources) to determine the presence or absence of 

dichromatism for each species (Table S3). We placed literature sources for each species into one 
of three categories: the source reports dichromatism (category 1), the source reports 

monochromatism (category 2), or the source describes color without mentioning sex differences 
(category 3; see Supplementary Data 1 and Supplementary Text 2). Species were coded as 

sexually dichromatic for analyses if it had at least one source in category 1, even if other sources 
did not report sex differences. Of the group of species with a category 3 source(s) (n=7,132 

species), only 17.2% also had a category 1 source (e.g., the species was reported to be 
dichromatic by a different source). In contrast, about half (51.2%) of the species with no 

category 3 sources were reported to be dichromatic (n=3,766). These proportions suggest that 
sexual dichromatism is likely to be explicitly reported if it exists. 

 
 

 All species Species coded as 

dichromatic 

Species coded as 

monochromatic 

% coded as 

dichromatic 

Species with category 

1 source(s) 
 

3,152 3,152 0 100% 

Species with category 
2 source(s) 

 

6,151 691 5,461 12.7% 

Species with category 

3 source(s) 
 

7,132 1,225 5,908 17.2% 

Species without 
category 3 sources 

 

3,766 1,929 2,100 51.2% 
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Table S5 | Results of phylogenetic ANOVA of diversification rates and sexual 
dichromatism, under three coding schemes for dichromatism. Significant P-values are in 

bold. For details, see Supplementary Text 3. 
 
Coding scheme 

for dichromatism 

Species included 

from dataset of 
Schweikert et al. 

(2018)  

BAMM model 

of 
diversification 

Mean net rate, 

monochromatic 
species 

Mean net 

rate, 
dichromatic 

species 

P-

value 

Dichromatism 

based on human 
vision (our data) 

All (n=237) time-variable 0.144 0.552 0.005 
All time-constant 0.166 0.546 0.007 
Cichlidae 

removed (n=220) 

time-variable 0.144 0.183 0.230 

Cichlidae 

removed 
 

time-constant 0.166 0.199 0.345 

Species with λmax 

≤400nm assumed 

to be dichromatic 

All time-variable 0.148 0.491 0.016 
All time-constant 0.169 0.500 0.017 
Cichlidae 
removed 

time-variable 0.148 0.170 0.500 

Cichlidae 
removed 

 

time-constant 0.169 0.189 0.557 

Species with λmax 

≤450nm assumed 
to be dichromatic 

All time-variable 0.134 0.340 0.069 

All time-constant 0.155 0.355 0.069 
Cichlidae 

removed 

time-variable 0.134 0.164 0.290 

Cichlidae 

removed 

time-constant 0.155 0.184 0.339 
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Table S6 | Details of 26 clades analyzed individually using HiSSE. We targeted 18 named 
clades (families and orders) in which monochromatism and dichromatism were both present in  

>10% of the sampled species (see justification in Methods). We opted to use orders instead of 
families in cases when individual families did not meet this proportion, or if we could improve 

power by adding species while maintaining this proportion. In the six largest clades, we also 
identified 8 subclades (families and subfamilies) for analysis using the same criteria. Taxonomy 

followed a recent classification based on the tree used here (Rabosky et al. 2018) unless 
otherwise noted with asterisks. 

 

 Subclade Families included Number 
of 

species 
with 

data 

Percent of 
species with 

sexual 
dichromatism 

Sampling 
fraction 

for 
HiSSE 

 

1 Anabantiformes Anabantidae, 

Badidae, Channidae, 
Helostomatidae, 

Nandidae, 
Osphronemidae, 

Pristolepididae 
 

120 74.2% 0.50 

2 Atheriniformes Atherinidae, 
Atherinopsidae, 

Bedotiidae, 
Dentatherinidae, 

Isonidae, 
Melanotaeniidae, 

Phallostethidae, 
Pseudomugilidae, 

Telmatherinidae 
 

186 53.2% 0.54 

3 Beloniformes Adrianichthyidae, 
Belonidae, 

Exocoetidae, 
Hemiramphidae, 
Zenarchopteridae 

 

115 18.3% 0.41 

4 Blenniiformes Blenniidae, 

Chaenopsidae, 
Clinidae, 

Dactyloscopidae, 
Gobiesocidae, 

Labrisomidae, 
Tripterygiidae 

 

253 64.4% 0.23 
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5 Centrarchiformes Aplodactylidae, 

Centrarchidae, 
Cheilodactylidae, 

Chironemidae, 
Cirrhitidae, 

Elassomatidae, 
Enoplosidae, 

Girellidae, Kuhliidae, 
Kyphosidae, Latridae, 

Oplegnathidae, 
Percalatidae, 

Percichthyidae, 
Sinipercidae, 

Terapontidae 
 

185 21.6% 0.65 

6 Characiformes Acestrorhynchidae, 
Alestidae, 

Anostomidae, 
Bryconidae, 
Chalceidae, 

Characidae, 
Chilodontidae, 

Citharinidae, 
Crenuchidae, 

Ctenoluciidae, 
Curimatidae, 

Cynodontidae, 
Distichodontidae, 

Erythrinidae, 
Gasteropelecidae, 

Hemiodontidae, 
Hepsetidae, 

Iguanodectidae, 
Lebiasinidae, 

Parodontidae, 
Prochilodontidae, 

Serrasalmidae, 
Triportheidae 

 

481 17.0% 0.23 

 Nested subclade Characidae 207 19.8% 0.19 

7 Cichlidae Cichlidae 

 

720 66.9% 0.43 

 Nested subclades Cichlinae* 261 70.5% 0.48 
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  Pseudocrenilabrinae* 438 66.4% 0.40 

8 Cyprinidae Cyprinidae 
 

1098 36.2% 0.36 

 Nested subclades Leuciscinae* 383 49.3% 0.67 

  Danioninae* 111 57.7% 0.34 

9 Cyprinodontiformes Anablepidae, 
Aplocheilidae, 

Cyprinodontidae, 
Fundulidae, 

Goodeidae, 
Notobranchiidae, 

Poeciliidae, 
Profundulidae, 

Rivulidae, 
Valenciidae 

 

572 90.9% 0.45 

 Nested subclade Poeciliidae 150 72.7% 0.42 

10 Gobiiformes Eleotridae, Gobiidae, 
Kraemeriidae, 

Odontobutidae, 
Rhyacichthyidae, 

Schindleriidae, 
Thalasseleotrididae, 

Xenisthmidae 
 

482 32.2% 0.24 

 Nested subclade Gobiidae 414 19.8% 0.19 

11 Labriformes Labridae 
 

337 88.7% 0.53 

12 Percidae Percidae 
 

218 83.9% 0.93 

13 Pomacentridae Pomacentridae 
 

205 22.9% 0.53 

14 Salmoniformes+Esociformes Esocidae, 
Salmonidae, 

Umbridae 
 

93 63.4% 0.38 

15 Scorpaeniformes** Agonidae, 
Anarhichadidae, 

Anoplopomatidae, 
Aulorhynchidae, 

Bathymasteridae, 

618 14.1% 0.31 
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Cottidae, 

Cryptacanthodidae, 
Cyclopteridae, 

Ereuniidae, 
Gasterosteidae, 

Hexagrammidae, 
Hoplichthyidae, 

Hypoptychidae, 
Jordaniidae, 

Liparidae, 
Neosebastidae, 

Pataecidae, 
Peristediidae, 

Pholidae, 
Platycephalidae, 

Psychrolutidae, 
Ptilichthyidae, 

Rhamphocottidae, 
Scorpaenichthyidae, 
Scorpaenidae, 

Sebastidae, 
Setarchidae, 

Stichaeidae, 
Synanceiidae, 

Tetrarogidae, 
Trichodontidae, 

Triglidae, 
Zanclorhynchidae, 

Zaniolepididae, 
Zaproridae, Zoarcidae 

 
 Nested subclade Infraorder Cottales 

(including families 
Agonidae, Cottidae, 

Cyclopteridae, 
Ereuniidae, 

Jordaniidae, 
Liparidae, 

Normanichthyidae, 
Psychrolutidae, 

Rhamphocottidae, 
Scorpaenichthyidae, 

Trichodontidae) 
 

226 24.3% 0.27 

16 Serranidae*** Serranidae*** 
 

214 17.8% 0.40 
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17 Syngnathiformes Aulostomidae, 

Callionymidae, 
Centriscidae, 

Dactylopteridae, 
Draconettidae, 

Fistulariidae, 
Mullidae, Pegasidae, 

Solenostomidae, 
Syngnathidae 

 

162 39.5% 0.27 

18 Tetraodontiformes Aracanidae, 

Balistidae, 
Diodontidae, 

Molidae, 
Monacanthidae, 

Ostraciidae, 
Tetraodontidae, 

Triacanthidae, 
Triacanthodidae, 
Triodontidae 

 

227 26.9% 0.52 

 
* Rabosky et al. (2018) did not delimit subfamilies in their phylogenetic taxonomy, so we use 
subfamilial classification from rfishbase (see also http://fishbase.org) 

 
** The order Scorpaeniformes is not recognized by Rabosky et al. (2018), but we selected the 

families traditionally included in Scorpaeniformes (see http://fishbase.org). These families form 
a clade despite not being recognized as an order under this classification (see 

http://fishtreeoflife.org/taxonomy). 
 

*** Serranidae is not monophyletic. We selected a monophyletic subclade within Serranidae 
containing the subfamilies Anthiinae, Diploprioninae, Epinephelinae, Grammistinae, 

Liopropomatinae, and Serraninae (subfamilial classification from rfishbase). 
 

 
 
 

 


