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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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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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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

http://rspb.royalsocietypublishing.org/
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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
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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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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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and highest in the cold oceans. (a) The relationship between weighted mean
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present, weighted by each clade’s richness in that region. Here, rates were
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rates inferred by best-fit HiSSE models. We performed three binary compari-
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widespread species to these categories. Rates were averaged for each
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are given in the electronic supplementary material, appendix S3.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20181314

6

 on October 10, 2018http://rspb.royalsocietypublishing.org/Downloaded from 
(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

http://rspb.royalsocietypublishing.org/
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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

http://rspb.royalsocietypublishing.org/
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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.
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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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