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Explaining large-scale patterns
of vertebrate diversity

John J. Wiens

Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721-0088, USA

The major clades of vertebrates differ dramatically in their current species
richness, from 2 to more than 32 000 species each, but the causes of this vari-
ation remain poorly understood. For example, a previous study noted that
vertebrate clades differ in their diversification rates, but did not explain why
they differ. Using a time-calibrated phylogeny and phylogenetic comparative
methods, I show that most variation in diversification rates among 12 major
vertebrate clades has a simple ecological explanation: predominantly terres-
trial clades (i.e. birds, mammals, and lizards and snakes) have higher net
diversification rates than predominantly aquatic clades (i.e. amphibians, croco-
dilians, turtles and all fish clades). These differences in diversification rates are
then strongly related to patterns of species richness. Habitat may be more
important than other potential explanations for richness patterns in verte-
brates (such as climate and metabolic rates) and may also help explain
patterns of species richness in many other groups of organisms.

1. Introduction

Vertebrates are the dominant group of animals on the Earth, given their abun-
dance, large body sizes and presence at the top of both aquatic and terrestrial
foodwebs [1]. They include humans and most animals they consume, and
may be the most intensively studied organisms. Yet, we know little about
what explains their patterns of species richness among clades. For example,
some vertebrate clades contain only a handful of living species (e.g. coelacanth
(Actinistia) with 2, lungfish (Dipnoi) with 6 and crocodilians with 25), whereas
others contains thousands (for example, birds (Aves) with more than 10000,
ray-finned fish (Actinopterygia) with more than 32 000; electronic supplemen-
tary material, table S1). To clarify, numerous studies have tested the causes of
richness patterns within major vertebrate clades, such as the latitudinal rich-
nesss gradient within amphibians and mammals (e.g. [2,3]). However, few
studies have addressed the dramatic variation in richness across these clades.
For example, Alfaro et al. [4] described dramatic variation in diversification
rates among vertebrate clades, but did not test whether any intrinsic traits or
ecological correlates explained why these rates varied. Several authors have
hypothesized that occurrence in terrestrial habitats might generally increase
diversification and richness of clades (given that terrestrial habitats were colo-
nized later but have higher richness today), but without explicit quantitative
analyses [5-8]. Here, I show that much of the variation in diversification
rates and richness among major vertebrate clades can be explained by a
simple ecological variable (ignored in most vertebrate studies): whether the
clade contains predominantly aquatic or terrestrial species.

2. Material and methods

Detailed methods are provided in the electronic supplementary material, appendix
S1. The time-calibrated phylogeny of gnathostomes from Alfaro ef al. [4] was used to
obtain clade ages. These ages and relationships are very similar to those from
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Figure 1. Phylogenetic tree of vertebrates used in the analyses, and species richness of the 12 major clades in aquatic and terrestrial habitats. The tree shown used ages
for cyclostomes and the vertebrate root from Erwin et al. [12]; an alternative tree used dates from Blair & Hedges [13]. Myxiniformes, hagfish; Petromyzontiformes,
lamprey; Actinopterygia, ray-finned fish; Chondrichthyes, sharks, rays, and relatives; Actinistia, coelacanth; Dipnoi, lungfish; Lepidosauria, lizards, snakes and tuatara;

Testudines, turtles; Aves, birds; alligators, crocodiles, and relatives.

phylogenomic analyses using species-tree methods [9], but the
tree [4] differs in including all major gnathostome clades. This
phylogeny was expanded to include cyclostomes (lamprey,
hagfish), using two sets of divergence times (trees, hereafter). Cur-
rent numbers of described species in each habitat and clade were
summarized from literature sources and online databases. Species
were considered aquatic if they spend a significant portion of their
lives in water, including fish, amphibians with aquatic larval
stages, and tetrapods occuring primarily in aquatic habitats. The
net diversification rate of each clade was estimated using the
method-of-moments estimator for stem ages [10], using three
assumed ratios of extinction to speciation (relative extinction
fraction: e =0, 0.5 and 0.9). Analyses were repeated for all three
relative extinction fractions and both trees. The net diversification
rate incorporates the impacts of both speciation and extinction, but
does not require that speciation, extinction or diversification be
constant over time [8]. The stem age incorporates the entire history
of the clade, and not simply the age of the clade of surviving
species (which could be substantially younger). The relationship
between the diversification rate of each clade and its proportion
of terrestrial species was tested using phylogenetic generalized
least-squares (PGLS) regression, which accounts for phylogenetic
non-independence of clades [11]. Data on stem ages, richness,
diversification rates and proportions of terrestrial species for
each major clade are summarized in the electronic supplementary
material, table S1. The phylogeny and richness patterns are also
summarized in figure 1.

3. Results

There is a significant, positive relationship between the pro-
portion of terrestrial species in each clade and the clade’s
diversification rate (figure 2), explaining roughly two-thirds
of the variation in diversification rates among clades (table 1).
Moreover, there is a significant, positive relationship between
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Figure 2. Relationship between habitat (proportion of terrestrial species) and

net diversification rates among 12 major vertebrate clades. Results are based

on ordinary least-squares regression (to illustrate the raw data), the root age

of Erwin et al. [12], and an extinction fraction of 0.5 (full results in table 1).

diversification rates and richness among these clades (table 1).
Although ray-finned fish (Actinopterygia) might appear to
be a strong exception to the overall pattern (aquatic, with high
richness; figure 1), they are relatively old, and therefore have
lower diversification rates than predominantly terrestrial
clades (birds, mammals and lepidosaurs; figure 2).

4. Discussion

Vertebrates are one of the most well-studied groups of organ-
isms, but few studies have addressed why their major clades
differ so dramatically in their current richness. The results
here show that habitat explains most variation in large-scale
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Table 1. Relationships between the proportion of terrestrial species in major vertebrate clades and their net diversification rates (estimated under three relative extinction n
fractions), and using two alternate ages for cyclostomes and the vertebrate root [12,13]. AIC, Akaike information criterion; div. rate, diversification rate; prop., proportion.

variables r

Erwin et al. [12] tree»

div. rate (e = 0) ~ prbp. terrestrial

div. rate (e = 0.5) ~ prop. terrestrial 0.6615
ad‘iv. fate (e= 0.9) ~‘prop. terrestrial ‘ 0.6685
In-species ~ div. rate (e = 0) 0.8471
In-species ~ div. rate (e = 0.5) 0.8617
In-species ~ div. rate (e = 0.9) 0.8765
Blair & Hedges [13] tre‘eb ‘

div. rate (e = 0) ~ prop. terrestrial 0.6503
div. rate (e = 0.5) ~ prbp. terrestrial 0.6431
div. rate (e = 0.9) ~ prop. terrestrial 0.6308
In-species ~ div. rate (e =0) 0.7996
In-species ~ div. rate (e = 0.5) 0.8164
In;spécies ~ div.‘ rate (‘eb =09 ‘ 0.8356

06504

p-value AIC
0.0008 754384
0.0008 74,8602
0,001 79.8808
<0.0001 405479
<0.0001 39.4395
<0.0001 382015
0.0020 703817
00022 697182
0.0026 67.1607
0.0002 393290
0.0001 384524
<0.0001 373477

*Optimization for PGLS analysis failed, and ordinary least-squares regression was used instead.

patterns of vertebrate diversification and richness. These results
are surprising in showing that a relatively simple ecological
variable explains variation in diversification rates over a time-
scale of more than 500 Myr (figure 1), and that variation in
diversification rates in turn explains large-scale richness pat-
terns among clades (table 1). Furthermore, this ecological
variable is not often considered in explaining large-scale rich-
ness patterns among clades. Yet, these results suggest that
habitat might be more important than other, more conventional
explanations for vertebrate richness patterns.

For example, the results here show that climate may not
always be the primary driver of large-scale richness patterns
among clades. Many vertebrate clades do show a strong lati-
tudinal diversity gradient (e.g. amphibians and mammals;
[2,3]). However, the most species-poor of these 12 major ver-
tebrate clades are aquatic clades that occur almost exclusively
in tropical regions (e.g. actinistians, crocodilians and dipno-
ans; [1]). In these cases, the negative effects of habitat on
diversification seem to overcome the potentially positive
impacts associated with occurrence in tropical regions.

Similarly, some authors have suggested that higher meta-
bolic rates drive higher rates of diversification (e.g. [14,15]).
Birds and mammals are endothermic and thus have meta-
bolic rates approximately 10 higher than those of most
comparably sized ectothermic vertebrates [1]. However, treat-
ing endothermy as a binary variable shows no significant
relationship with diversification rates (electronic supple-
mentary material, table S2). Moreover, models including both
habitat and endothermy explain negligible additional varia-
tion and have a higher Akaike information criterion (AIC),
relative to models based on habitat alone (table 1 and electronic
supplementary material, table S2).

Previous authors have suggested that clades occurring in
marine habitats may have lower diversification rates than
those on land, given higher species richness in terrestrial
environments overall coupled with the more recent invasion
of these habitats [5-8]. However, none has tested whether

habitats explain large-scale patterns of diversification and
species richness among clades. Further, the results here combine
marine and freshwater habitats. Interestingly, marine habitats
alone (i.e. proportion of primarily marine species in each
clade) do not show a significant relationship with diversification
rates (electronic supplementary material, table S3, appendix S1).

Several potential sources of error might change the detailed
results of this study, but not the overall conclusions. For
example, the tree used (figure 1) may be incorrect in showing
Actinistia (coelacanth) and Dipnoi (lungfish) as sister taxa
(instead of Dipnoi as sister to Tetrapoda; e.g. [16]). However,
these alternative relationships would simply make these two
clades older and would lower their diversification rates even
further. The same reasoning applies to Mixiniformes (hagfish)
and Petromyzontiformes (lamprey), whose relationships with
each other and with other vertebrates have been controversial
(see electronic supplementary material, appendix S1). Further-
more, there is a continuum in habitat usage between species
that are fully aquatic and fully terrestrial. Here, species were
considered aquatic if they were dependent on water, even if
they spend considerable time on land. A different threshold
might change the results somewhat. However, all fish clades,
all crocodilians and most turtle species should be consider-
ed aquatic by most definitions. Categorizing some birds,
lepidosaurs and mammals may be more challenging, but any
changes would have little impact on the conclusions here,
since these clades are mostly terrestrial anyways (electronic
supplementary material, table S1). Considering most amphi-
bians to be terrestrial rather than aquatic (70 versus 30%)
yields similar results, with an even stronger relationship
between terrestrial habitats and diversification (electronic sup-
plementary material, table S4). There are also different possible
ways of dividing vertebrates into clades, which might influence
the results. However, the goal here was to explain patterns of
richness among major vertebrate groups. Subdividing these
clades further would presumably generate additional variation
in diversification rates that would then require additional

90505107 :LL M2 ‘joig  baobuysijgndAranos|eor|qs


http://rsbl.royalsocietypublishing.org/

Downloaded from http://rsbl.royalsocietypublishing.org/ on January 15, 2018

variables to explain. Finally, new species continue to be
described in most clades. The analyses here focus on differences
in diversification rates among clades, and should be robust to
increasing species numbers (especially in larger clades).

Importantly, the results here are not inconsistent with
very fast diversification rates in some aquatic subclades
within these major groups (e.g. acanthomorphs and cichlids
within actinopterygian fish [4]) nor with fluctuations in
species richness within clades over time (for example, due
to global mass extinction events). The rates estimated here
are the outcome of both of these dynamics on net diversifica-
tion rates and present-day richness of these major clades. The
results show that habitat is an important predictor of these
large-scale patterns of diversification and diversity, even if
habitat alone does not explain every pattern in every
subclade at every point in time.

A major topic for future research following from these
results is to understand how occurrence in terrestrial habitats
drives higher diversification rates, and how aquatic habi-
tats lower diversification rates. Various hypotheses have been
proposed to explain why marine habitats have lower diversifi-
cation rates, such as more limited barriers to dispersal in
marine habitats [5-7]. Interestingly, this explanation may not
apply to freshwater habitats, which may instead promote geo-
graphical isolation. One possibility is that both marine and

freshwater habitats lower diversification rates of aquatic
clades by increasing their net extinction rates. Indeed, many
of the species-poor, aquatic clades of vertebrates have extensive
fossil records and appear to have had much higher diversity in
the past (for example, crocodilians, coelacanth and lungfish;
[1]). Addressing this topic quantitatively could be an intriguing
area for further study.

In summary, the results here show that a simple ecological
variable (habitat) explains much of the variation in diversifica-
tion rates and species richness among major vertebrate clades.
This variable has been largely ignored in explaining patterns of
vertebrate diversity and may be relevant to many other major
groups (e.g. plants, arthropods and molluscs). The results
also raise the possibility that local-scale habitats may be more
important than large-scale climates in explaining patterns of
clade diversification and richness.
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