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ABSTRACT: A clear longitudinal gradient in species richness across
oceans is observed in extant marine fishes, with the Indo-Pacific
exhibiting the greatest diversity. Three non-mutually-exclusive evolu-
tionary hypotheses have been proposed to explain this diversity gradient:
time for speciation, center of accumulation, and in situ diversification
rates. Using the morphologically disparate syngnatharians (seahorses,
dragonets, goatfishes, and relatives) as a study system, we tested these
hypotheses and additionally assessed whether patterns of morphological
diversity are congruent with species richness patterns. We used well-
sampled phylogenies and a suite of phylogenetic comparative methods
(including a novel phylogenetically corrected Kruskal-Wallis test) that
account for various sources of uncertainty to estimate rates of lineage di-
versification and morphological disparity within all three major oceanic
realms (Indo-Pacific, Atlantic, and eastern Pacific), as well as within the
Indo-Pacific region. We find similar lineage diversification rates across
regions, indicating that increased syngnatharian diversity in the Indo-
Pacific is due to earlier colonizations from the Tethys Sea followed by
in situ speciation and more frequent colonizations during the Miocene
coinciding with the formation of coral reefs. These results support both
time for speciation and center of accumulation hypotheses. Unlike
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species richness unevenness, shape disparity and evolutionary rates are
similar across oceans because of the early origin of major body plans
and their subsequent spread via colonization rather than in situ evolu-
tion. Our results illustrate how species richness patterns became de-
coupled from morphological disparity patterns during the formation of
a major biodiversity hot spot.

Keywords: diversity gradients, historical biogeography, ultraconserved
elements (UCEs), dispersal, morphology.

Introduction

Three processes directly change the species richness of a re-
gion: speciation, extinction, and dispersal (Ricklefs 1987).
Variation in the rates and timing of these processes are re-
sponsible for shaping diversity gradients such as those ob-
served along latitudinal (Rolland et al. 2014), longitudinal
(Cowling et al. 2017), elevation (Vasconcelos et al. 2020),
and depth (Miller et al. 2022) gradients. The mechanisms
behind this variation are ultimately a combination of biotic
and abiotic factors, such as climatic stability, geographical
barriers, productivity, competition, and predation (Mittel-
bach et al. 2007; Edgar et al. 2017).

Multiple non-mutually-exclusive hypotheses have been
proposed to explain species richness patterns from an evo-
lutionary process perspective (e.g., Gaboriau et al. 2019).
The time for speciation hypothesis (Stephens and Wiens
2003), sometimes referred to as the museum hypothesis,
suggests that earlier colonization of regions provides lineages
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with more time to diversify, ultimately leading to higher
species richness. The center of accumulation hypothesis
(Ladd 1960) posits that higher diversity of a region is due
to preferential colonization. A highly diverse region may sub-
sequently act as a source, with species dispersing to new re-
gions, or as a sink where colonization outpaces outward dis-
persal (Jablonski et al. 2006). The center of origin or in situ
diversification rate hypothesis (Briggs 1974; Rohde 1992),
sometimes referred to as the cradle, posits that regions with
higher rates of speciation will exhibit greater species richness.
Other hypotheses that remain largely untested include the
center of survival, which suggests that the stability of an area
may enable persistence, leading to increased species diversity
(Barber and Bellwood 2005), and the center of overlap hy-
pothesis, which posits that species with widespread ranges
tend to overlap more in centrally positioned areas, lead-
ing to increased diversity in those areas (Woodland 1983).
Recent macroevolutionary studies focusing on diversity
gradients have emphasized time for speciation as a promi-
nent explanatory factor in various clades, including fresh-
water (Miller and Romén-Palacios 2021; Garcia-Andrade
et al. 2023) and marine (Miller et al. 2018) fishes, terrestrial
turtles (Stephens and Wiens 2003), and plants (Cowling
et al. 2017). Some studies have also observed lower diver-
sification rates in regions with high species richness, as
seen for marine fishes along a latitudinal diversity gradient
(Rabosky et al. 2018), although the reverse is true for am-
phibians, mammals, and certain groups of reef fishes that
have higher speciation rates in the tropics (Pyron and Wiens
2013; Rolland et al. 2014; Siqueira et al. 2016).

Despite extensive research into the factors contributing to
the heterogeneity of species richness across regions, studies
assessing the temporal relationship between species richness
and morphological or functional diversity have received far
less attention (Crouch and Jablonski 2023; Diamond and
Roy 2023). Here, we consider three potential relationships
between morphological and lineage diversity: no correlation,
a positive correlation, or a negative correlation. Disparity and
richness can be decoupled if regions with varying levels of
species richness exhibit similar levels of morphological dis-
parity and rates of trait evolution. This can happen if regions
have similar environmental and ecological pressures that
generate functional redundancy, including via morphologi-
cal convergence, where distantly related species can perform
similar functional roles leading to morphological overlap
across regions (Ricklefs 2012; Mouillot et al. 2014; Price
et al. 2015; McLean et al. 2021). Uncorrelated patterns may
also arise because all major body plans in a group originated
before the group dispersed to other regions (Friedman
2010). On the other hand, species-poor areas (e.g., temper-
ate zones) may exhibit greater morphological disparity
because of in situ evolution. This could happen because of
the increased ecological opportunity resulting from lower

biotic interactions, compared with regions with higher spe-
cies richness where competition may be elevated, thereby
promoting faster rates of morphological evolution (Lawson
and Weir 2014; Burns et al. 2024). This second scenario
would result in an inverse relationship between morpho-
logical disparity and species richness (Hipsley et al. 2014;
Lépez-Martinez et al. 2024). Finally, richness and disparity
can be positively correlated, especially within biodiversity
hot spots. This can be attributed to the emergence of novel
niches (Schluter 2015), such as specialized diets (Kissling
et al. 2012), thereby promoting trait evolution. Alterna-
tively, it may result from these regions being colonized
earlier, allowing more time for morphological evolution
(similar to the time for speciation hypothesis), in which
case morphological evolutionary rates do not vary across
the gradient.

Most studies on species richness and morphological di-
versity focus on the latitudinal diversity gradient in terres-
trial organisms (e.g., Drury et al. 2021), with some also
examining marine fishes (e.g., Burns et al. 2024). Less at-
tention has been given to longitudinal patterns. For ex-
ample, shallow marine groups show a clear longitudinal
gradient in species richness across the oceans, with higher
diversity observed in the Indo-Pacific (IP) compared with
the eastern Pacific (EP) and Atlantic (Atl) oceans (e.g.,
Tittensor et al. 2010; Edgar et al. 2017). Species richness
peaks within the central Indo-Pacific (CIP), a subregion of
the IP that includes the Indo-Australian archipelago (IAA)
diversity hot spot (Renema et al. 2008). The hypotheses
given above have been individually proposed to explain
the processes driving the high biodiversity of the CIP,
although it is now believed that present-day reef fish dis-
tributions are the result of a combination of accumula-
tion, survival, in situ speciation (e.g., Bowen et al. 2013;
Bellwood et al. 2015), and earlier colonization (Miller
et al. 2018).

Researchers have also examined morphological diversity
in reef fishes from a biogeographic perspective, investigating
various ecological and morphological traits like diet, habitat,
body size, and body shape (Mouillot et al. 2014; Siqueira et al.
2019; McLean et al. 2021; Diamond and Roy 2023; Burns
et al. 2024). To date, global-scale studies including all reef-
associated fishes have identified trait similarities between
marine realms, suggesting shared functional roles across bio-
geographic communities (Mouillot et al. 2014; McLean et al.
2021). However, within individual reef-associated clades
(e.g., surgeonfishes, rabbitfishes, and parrotfishes), greater
disparity has been observed in the IP compared with the
Atl (Siqueira et al. 2019), possibly because of the highly
complex and structurally diverse coral formations provid-
ing more available niches in the former (Sanciangco et al.
2013). This example illustrates how the different phyloge-
netic scales across studies can lead to different findings,



with both types of studies providing value. Studies focused
on a single clade can offer insights into specific biological
processes that are often obscured in global-scale analyses
because of the lack of detail (Clarke 2021). By focusing on
a single clade that follows the same global pattern of inter-
est, it is possible to meticulously trace its evolutionary
history and ecological dynamics, thereby achieving a
more precise understanding of the underlying patterns
and processes.

The teleost clade Syngnatharia (669 species), which
includes seahorses, pipefishes, flying gurnards, goatfishes,
dragonets, and sea moths, offers an excellent opportunity
to investigate the extent to which species richness and mor-
phological patterns found on a global scale (Miller et al.
2018; McLean et al. 2021) are also reflected within a single
marine clade. This diverse clade is widely distributed across
the globe and exhibits the same longitudinal diversity gra-
dient seen across all marine fishes (Miller et al. 2018). Orig-
inating in the ancient Tethys Sea during the Late Cretaceous
(Santaquiteria et al. 2021; Stiller et al. 2022), syngnatharian
lineages have since colonized tropical and temperate bio-
geographic regions across the globe and diversified in var-
ious habitats, including seagrass beds, coral and rocky reefs,
and mangrove forests (Froese and Pauly 2021; Santaquiteria
etal. 2021; Stiller et al. 2022). The IP region has the highest
syngnatharian species richness (~535 species), far sur-
passing other oceanic realms (Atl: ~94 species; EP: ~29 spe-
cies). Additionally, compared with other fish clades of
similar age, syngnatharians are exceptional in exhibiting a
great diversity of body plans and novelties, including elon-
gated snouts and bodies, prehensile tails, and hyoid barbels
(Neutens et al. 2014; Nash et al. 2022), rendering them
an ideal system for assessing morphological disparity with
geography.

Here, we examine lineage diversification and body shape
morphometrics broadly across Syngnatharia, considering
their associations with different biogeographic regions. We
aim to understand the evolutionary processes influencing
the longitudinal diversity gradient from a diversity and dis-
parity perspective. Specifically, we ask whether the higher
species richness in the IP is explained by the time for speci-
ation, center of accumulation (more colonization events),
and/or center of origin (higher in situ diversification rates)
hypotheses. Additionally, we investigate the morphological
disparity along the longitudinal axis to assess the degree of
correlation with the species richness gradient. To test these
hypotheses, we first expanded on prior phylogenomic anal-
yses of Syngnatharia (Santaquiteria et al. 2021) to include
a total of 323 species (~50% of the species diversity). We
then conducted a suite of comprehensive phylogenetic
comparative methods that carefully consider uncertain-
ties in topology, divergence times, and other sources of
variation.
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Methods

See the supplemental PDF for additional methodological
details.

Taxonomic Sampling, Phylogenetic Inference,
and Tree Uncertainty

The phylogenetic framework for our comparative analy-
ses builds on two previous studies that examined the
evolutionary and biogeographic history of syngnathar-
ians based on ultraconserved elements (UCEs; 932 loci)
sequenced from 163 species (Longo et al. 2017; Santa-
quiteria et al. 2021). To account for tree uncertainty in
downstream comparative analyses (see Santaquiteria et al.
2021), we estimated 56 backbone time trees, 28 dated with
MCMCTree (dos Reis and Yang 2019) and 28 dated with
RelTime (Tamura et al. 2012), using as input topologies
from alternative UCE matrices analyzed with both maxi-
mum likelihood (14 RAXML trees; Stamatakis 2014) and
coalescent (14 ASTRAL-III trees; Mirarab and Warnow
2015) approaches. To improve taxonomic representation in
our analyses, we expanded the sampling on all backbone
trees by incorporating 160 additional syngnatharian taxa
via publicly available mitochondrial sequences. This ex-
pansion covered approximately 50% of the extant diver-
sity within the group, accounting for 323 of 669 spe-
cies (see app. 1, available in the Dryad Digital Repository
[https://doi.org/10.5061/dryad.zkh1893gd; Santaquiteria
et al. 2024]). We rigorously vetted these sequences through
a series of quality control steps and considered discrep-
ancies in phylogenetic placement compared with a recent
phylogenomic study (Stiller et al. 2022). For time calibration,
we used a combination of 13 primary calibrations, includ-
ing four new calibrations, placed on the backbone trees.
After backbone trees were calibrated using MCMCTree
and RelTime, multiple secondary calibrations were then
placed on the expanded trees using congruification (East-
man et al. 2013) in conjunction with treePL (Smith and
O’Meara 2012).

Biogeographic History and Timing
of Regional Colonization

We estimated ancestral ranges using the R package Bio-
GeoBEARS (Matzke 2013) following the approach outlined
in Santaquiteria et al. (2021) to incorporate phylogenetic
uncertainty. We built a presence/absence matrix by coding
each extant species according to its geographic range based
on a seven-area biogeographic scheme (Spalding et al. 2007;
Kulbicki et al. 2013): western Indian Ocean (WIO), CIP,
central Pacific (CP), temperate Australasia (TA), tropical
eastern Pacific (TEP), western Atlantic (WA), and eastern


https://doi.org/10.5061/dryad.zkh1893gd

E000 The American Naturalist

Atlantic (EA). We also used paleogeographic domain in-
formation as biogeographic constraints based on data ob-
tained from the 10 fossils used to calibrate our trees, adding
the ancient Tethys Sea as the eighth area. We evaluated
12 biogeographic models (table S5; tables S1-S7 are available
online) using three time slices (92-12, 12-2.8, and 2.8-0 Ma)
and a connectivity matrix based on dispersal proba-
bilities between regions that change with continental rear-
rangements. As the summary phylogeny, we used the
“master” tree (expanded RAXML tree inferred using the
932-UCE backbone tree and dated in RelTime). On the ba-
sis of the sensitivity of biogeographic inferences previously
identified for the group, we accounted for both topological
uncertainty and inclusion/exclusion of the jump dispersal
or founder speciation event (j parameter), which favors
long-distance dispersal events, in biogeographic models
(Ree and Sanmartin 2018; Matzke 2022). We summarized
ancestral range estimates from all 28 RelTime trees by over-
lying average probabilities across compatible nodes on the
master tree (Matzke 2019) using the best-fit model with
(+7) and without (—j) the j parameter.

We assessed the center of accumulation and time for
speciation hypotheses by estimating the frequency and
timing of colonization events between areas. To accom-
plish this, we conducted biogeographic stochastic map-
ping analyses by simulating 100 stochastic histories on the
master tree based on the best-fit biogeographic models
(Dupin et al. 2017). From each stochastic map, we extracted
the ranges at every node and tip, identifying all individual
colonizations, their descendants, and the timing of coloniza-
tion for each region. For each region, we then calculated the
number of cumulative lineages (because of a combination
of colonization and speciation), number of independent
colonization events, immigration and emigration rates, spe-
ciation rates, and extirpation rates across time by averaging
across 100 histories. This approach follows the biogeo-
graphic methodology developed by Xing and Ree (2017)
and implemented previously (e.g., Ding et al. 2020; Miller
et al. 2022). We repeated all biogeographic analyses using
the “alternative” tree (expanded RAXML tree inferred us-
ing the 932-UCE backbone tree and dated in MCMCTree)
and all 28 MCMCTree trees.

Diversification Rates among Regions

To assess the influence of geographic distribution on lineage
diversification dynamics (testing the in situ diversification
rates hypothesis), we estimated diversification rates based
on the set of 56 expanded phylogenies and three different
approaches for calculating rates. We also assessed the sensi-
tivity of diversification rate analyses to 12 terminal nodes
with shallow divergences (ie., T-like terminal nodes with

branch lengths <0.5 Ma), which may indicate taxonomic
oversplitting and can “force” models to fit extremely fast
rates. For geographic-dependent analyses, we fitted 24 dif-
ferent area-independent and area-dependent models in
GeoHiSSE (Caetano et al. 2018), both with and without
the j parameter (table S4). Because GeoHiSSE allows com-
parisons of only two regions at a time, we analyzed each
focal area against the remaining areas: IP vs. EP + Atl, EP
vs. IP + Atl, and Atl vs. IP + EP. From these comparisons,
we extracted only the tip-associated diversification rates
for each focal area (IP, Atl, and EP), without performing
statistical pairwise tests. We calculated the sampling frac-
tions for each region across all comparisons (IP: 47.85%;
EP: 65.52%; Atl: 65.96%). We then estimated the Akaike
information criterion (AIC) values for each of the models
and averaged tip-associated rates from the best three mod-
els (~95% accumulative weight) using Akaike weights.
To estimate diversification rates in Bayesian Analysis of
Macroevolutionary Mixtures (BAMM ver. 2.5.0), for each
tree, we estimated prior parameters for time-variable
speciation and extinction models using the R package
BAMMTools (Rabosky et al. 2014). After running BAMM
independently for each tree, we combined all results by
calculating the mean diversification rate for each tip. Fi-
nally, we also estimated tip rates using the DR statistics
function for each tree (Jetz et al. 2012).

For each analysis, we compared mean tip-associated
lineage diversification rates between (i) all oceanic realms
(IP, EP, and Atl), (ii) all subareas within the IP (WIO,
CIP, CP, and TA), and (iii) both sides of the Atl (EA and
WA). We conducted these analyses for all syngnatharian
lineages, as well as within four separate suborder-level
clades in isolation—Syngnathoidei, Callionymoidei, Mulloi-
dei, and Dactylopteroidei—to account for phylogenetic scale
(Clarke 2021; Miller et al. 2021; fig. 1). Residual errors from
lineage diversification rates were not normally distributed
(even after log transformation). Therefore, to assess sta-
tistical significance of tip-rate differences among the dif-
ferent biogeographic regions, we implemented a novel
phylogenetically corrected nonparametric Kruskal-Wallis
test (see the supplemental PDF for more details). Briefly,
we placed the values of diversification rates into a vector
and then multiplied this vector by the inverse of the square
root of the covariance matrix (i.e., if this matrix is denoted
asP,thenP = QA 2Q7, where Q and A are the matrices
of eigenvectors and eigenvalues of the covariance matrix,
respectively; Garland and Ives 2000). By doing so, the di-
versification rates were weighted in this manner by the
phylogeny, and we applied the Kruskal-Wallis test to these
values. If the P values were significant, we ran a pairwise
comparison using the kwAllPairsConoverTest function
with Bonferroni correction implemented in the R pack-
age PMCMRplus (Pohlert 2021). For each statistical test
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Figure 1: Syngnatharian phylogeny (323 species based on 932 ultraconserved elements and the cytochrome oxidase subunit I or COI marker)
biogeographic history (A) and regional lineage accumulation (B) and speciation rates (C) over time based on ancestral range inferences and bio-
geographic stochastic mapping. The central Indo-Pacific (CIP) has accrued the largest number of lineages, experiencing a steep increase after the
closure of the Tethys Seaway. Speciation rates are synchronous across areas, with three notable increases. Boxes at nodes are color-coded by area
or areas with the highest maximum likelihood probability; the heat map in front of the tips represents the distribution of extant species. Major
geological events are depicted with dotted lines: Paleocene-Eocene Thermal Maximum (PETM; ~56 Ma), Indo-Australian archipelago (IAA;
33.9-5.3 Ma) rearrangement (associated with the expansion of modern coral reef formations), Tethys Seaway closure (12 Ma), and the clo-
sure of the Isthmus of Panama (2.8 Ma). WIO = western Indian Ocean; CP = central Pacific; TA = temperate Australasia; EP = eastern
Pacificc WA = western Atlantic; EA = eastern Atlantic; Tet = Tethys Sea. For complementary analyses, see figures S5-S9 and S13-S16.

conducted across the different methods, we set the degree
of confidence to 95% and estimated the degrees of freedom,
x° values, and P values. For visualization purposes, the data
are presented as nontransformed in “Results” and as log
transformed in the figures.

Morphological Disparity and Rates by Region

To assess phenotypic disparity across biogeographic re-
gions, we used two-dimensional geometric morphometric
analyses to examine morphospace occupation and evolu-
tionary rates within major oceanic realms as well as within

subareas of the IP. We performed all morphological analy-
ses considering all syngnatharian species and also within
each suborder, as the results obtained with the entire clade
may be obscured by the outstanding morphological dis-
parity across the group. We placed a total of 12 landmarks
and two semilandmarks using lateral photographs from
474 specimens in 171 species (two to five specimens to ac-
count for intraspecific variation) sourced from museum
collections (e.g., Smithsonian) and other online repositories
(Bray and Gomon 2021; Froese and Pauly 2021). To accom-
modate seahorse, pigmy pipehorse, and sea dragon speci-
mens with bent body structures, we created two alternative
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schemes: a head-only set (including these specimens) and
a full-body set (excluding them; fig. S1; figs. S1-S38 are
available online). We used the R package geomorph (Ad-
ams et al. 2021) to summarize variation in syngnatharian
morphology using Procrustes superimposition, which cor-
rects for size, scale, and rotation while calculating species-
average coordinates. Using all 56 trees as input, we then
conducted a principal component analysis (PCA) as well
as a phylogenetically corrected PCA (pPCA) using phytools
(Revell 2012). For downstream morphological analyses, we
selected PCs and pPCs explaining 95% of the variation (one
to four axes for the head-only shape and one to six axes for
the full-body shape; see “Results”).

To quantify the morphospace occupancy of syngnathar-
ians in each of the major biogeographic regions, we calcu-
lated the overlap (Jaccard and Serenson statistics) between
each region using the R package hypervolume (Blonder
et al. 2018). We used pPC scores obtained from the master
tree and the alternative tree as input. We created four-
dimensional hypervolumes for the head-only scheme and
six-dimensional hypervolumes for the full-body scheme.
To examine contemporary trait disparity in syngnathar-
ians, we used the R package dispRity (Guillerme 2018). Us-
ing the dispRity.per.group function, we calculated the sum
of variances for each biogeographical region based on both
landmark schemes using PC and pPC scores as input. We
also analyzed disparity through time in syngnatharians us-
ing pPC scores obtained from our master tree and alter-
native tree, by calculating the sum of variance metric using
the dtt.dispRity function in dispRity. We then evaluated
the fit of eight morphological evolutionary models in the
R package mvMORPH (Clavel et al. 2015) using pPC and
PC scores for each scheme across all trees (RelTime and
MCMCTree): (i) a single-rate Brownian motion (BM), (ii) a
single-regime Orstein-Uhlenbeck (OU), (iii) an early burst
(EB), (iv) multiregime BM, (v) multiregime OU, (vi) EB to
independent rates OU shift, (vii) BM to independent rates
OU shift, and (viii) EB to independent rates BM shift.
For the models with multiple regimes and shifts, we ap-
plied a trait change at 78 Ma across the tree, as we observed
a steep decline of the morphological disparity at this time
that also coincides with the origination of suborders (see
“Results”). Finally, to assess morphological evolutionary
rates within areas, we estimated rates for each syngna-
tharian lineage across regions in BAMM, with the caveat
that each PC/pPC needed to be analyzed separately (Uyeda
et al. 2015). We ran BAMM independently for all 56 trees.
We then combined the MCMC results from all selected PCs
and pPCs and calculated mean rates for each lineage across
the 28 RelTime trees and the 28 MCMCTTree trees. Last, we
compared the statistical significance of morphological rates be-
tween realms and IP regions using the modified Kruskal-
Wallis test as explained for diversification rates (see above).

Results

See the supplemental PDF for extended results.

Biogeographic History and Timing
of Regional Colonization

The best-supported biogeographic model in our ancestral
range reconstruction analyses was BAYAREA +j (table S5).
Considering recent criticisms on the implementation of
the jump dispersal parameter ( j), we conducted the biogeo-
graphic analyses and interpreted the results herein with and
without this parameter. Ancestral range reconstructions
are similar to those obtained in previous studies for Syn-
gnatharia (fig. 1A; Santaquiteria et al. 2021; Stiller et al.
2022; see also fig. S37). Ancestral syngnatharian lineages
originated in the Tethys Sea in the Late Cretaceous around
87 Ma. Syngnathids (seahorses and pipefishes) subsequently
dispersed eastward into the IP around 52 Ma, right after
the Paleocene-Eocene Thermal Maximum (PETM). The
remaining families dispersed into the IP more recently,
during the Miocene and the IAA rearrangement (20 Ma
on). Finally, all major families except pegasids (sea moths)
colonized the Atl and the EP multiple times via alternative
routes (figs. 1A, S6; see also Santaquiteria et al. 2021). The
BAYAREA results without the j parameter show similar
patterns but with more widespread ancestral distributions
(fig. S7). Finally, results obtained using MCMCTTree trees
are similar, except that ancestral colonizations are inferred
to have occurred ~10 million years earlier (figs. S8, S9).
On the basis of analyses of biogeographic stochastic his-
tories, we find that more than 50% of syngnatharian line-
ages have similar dispersal rates from the Tethys Sea into
the WIO, CIP, and WA regions (0.037-0.045), with the
highest dispersal rate observed into CIP (0.045; fig. 2A).
Lineages began colonizing the IP more frequently around
23 million years ago, coinciding with the diversification of
corals and the formation of coastal habitats (fig. 2B;
Bellwood et al. 2017). More than 60% (~250 species) of
lineages dispersed out of CIP into different subareas within
the IP. These events mostly occurred around when the IAA
rearrangement concluded (~5 Ma; Lohman et al. 2011).
Fewer dispersal events (~40% lineages) happened outside
the remaining (non-CIP) areas and mostly occurred after
the IAA rearrangement (fig. 2A). These findings are sup-
ported by the cumulative lineage plot over time (fig. 1B),
which shows that syngnatharian lineages have primarily ac-
crued throughout their history in the IP, particularly within
the CIP. Notably, lineages started dispersing to the CIP
more frequently after the Tethys Seaway closure (fig. 1B).
We also observed that syngnatharian lineages tended to dis-
perse at high rates among adjacent areas (fig. 24). Dispersal
rates are higher within IP subareas (0.028-0.046) than
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Figure 2: Tempo and mode of dispersal and colonization events
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diagrams for dispersal events outside each region; line width repre-
sents the percentage of lineages dispersing from a focal area to the
rest of the areas. The total number of lineages dispersed and dispersal
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between oceanic realms (0.005-0.015). Within the IP, WIO
is the region that received the highest number of coloniza-
tions (22 independent lineages), followed closely by TA
(20), while colonizations into CIP and CP are roughly half
of that (11 and 10, respectively). Colonization events over
time into the Atl and EP tend to be more recent, mostly
concentrated around the closure of the Isthmus of Panama
(fig. 2B). Fewer lineages have colonized these two realms
compared with the IP (fig. 2). Dispersal rates are highest
from the EA into the WA (0.057), followed by from the
EP into the WA (0.050), and from the WA into the EP
(0.030) and EA (0.043). Dispersal rates from these three
areas into the IP are overall lower, ranging from 0.016 to
0.037 (fig. 2A). At the two extremes, the CIP receives twice
as many lineages as it disperses (118 received vs. 244 dis-
persed), while the EA receives 52 lineages and disperses 20
(fig. 24).

Speciation rates per area over time tend to correlate
with major geological and climatic events (fig. 1C). We
observe three major peaks: one marking the early Tethyan
origin of all main (suborder-level) lineages in Syngnatharia
(~80 Ma), a second peak within the IP after the PETM
(~56 Ma), and a third peak in all areas, mostly after the be-
ginning of the TAA rearrangement (~35 Ma). Thereafter,
speciation rates had similar dynamics within each ocean
showing a decrease to the present, particularly after the clo-
sure of the Isthmus of Panama (2.8 Ma). Finally, extirpation
rates across regions are rarely constant over time, although
the WA shows higher rates until ~60 Ma (fig. S13). When
comparing all of these results with those obtained using the
BAYAREA model without the j parameter, we find similar
patterns (fig. S14), although colonization rates tend to be
higher overall when including jump dispersal in the model
(fig. S10). Analyses conducted on the alternative tree pro-
duced results similar to those obtained from the master tree
(figs. S11, S12), except the sequence of events began slightly
earlier in MCMCTTree analyses (figs. S15, S16).

Diversification Rates among Regions

After accounting for topological and divergence time un-
certainties, lineage diversification analyses show no major
differences whether using all taxa (323 tips) or after exclud-
ing potential instances of taxonomic oversplitting (311 tips;
see fig. S17). Thus, here we report the results obtained using

rates are depicted outside and inside the diagrams, respectively.
B, Total number of colonizations per area over time. Note that while
the IP has higher total colonizations over time compared with other
regions, the relative proportion of colonizing (vs. dispersing) line-
ages is actually lower than in other basins. For example, the EA
has 52 colonizations and 20 outward dispersals, whereas the CIP has
118 colonizations and 244 outward dispersals. For complementary
analyses, see figures S10-S16.
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the complete taxonomic dataset. The CIP, particularly in
New Caledonia, Philippines, Taiwan, and Japan, is the re-
gion with the highest species richness, while the Atl and
EP have the lowest (fig. 3C). BAMM and DR analyses show
no significant differences in lineage diversification rates ac-
ross the three major realms (BAMM: x*> = 0.262, df = 2,
P = 887; DR: x* = 0.747,df = 2, P = .688) or within
the IP subareas (BAMM: x> = 5.121, df = 3, P = .163;
DR: x* = 0.794, df = 3, P = .851; fig. 34; table S6).
Uniquely, GeoHiSSE=j estimates using model averaging
identified the highest rates in the EP (median: 0.12), followed
by the IP (0.008), with the lowest in the Atl (0.004; fig. 3A).

Species with widespread distributions tend to have higher di-
versification rates based on GeoHiSSE=j (figs. 3A, S18).
Clades that undergo bursts of speciation also exhibit higher
rates in GeoHiSSE#j and BAMM. Specifically, this pattern
is observed in Syngnathus lineages within the EP (e.g., the
most recent common ancestor [MRCA] of S. auliscus and
S. californiensis) and the Atl (e.g., MRCA of S. schlegeli and
S. pelagicus) regions, consistent with findings reported by
Stiller et al. (2022). Additionally, similar trends are observed
in Callionymus spp. within the IP (e.g., MRCA of C. valen-
ciennei and C. planus). Using tip-associated rates calculated
from GeoHiSSE (+j: x> = 23.16, df = 2, P = 9.36e—6;



—j: x> = 29.46, df = 2, P = 4.01e—7), we find signifi-
cant differences between Atl and IP (+j: P = 7.6e—6;
—j: P = 9.50e—8) and between Atl and EP (+j: P =
.003; —j: P = .047), whereas all analyses show constant
diversification rates within IP subareas (median: ~0.008;
+jix? = 5.24,df = 3,P = .15 —j: x> = 5.55,df = 3,
P = .14; fig. 3A; table S6). At the suborder level, Syng-
nathoidei (+j: x> = 16.69, df = 2, P = 2.38e—4; —j:
x> = 19.42, df = 2, P = 6.06e—5) and Mulloidei (+j:
X' = 11.43,df = 2, P = .003; —j: x* = 16.87, df = 2,
P = 2.17e—4) also show major rate differences between
Atl and IP (+j: P = 1.3e—4 [Syngnathoidei] and 0.002
[Mulloidei]; —j: P = 2.2e—5 [Syngnathoidei] and 5.1e—5
[Mulloidei]) and between Atl and EP (+j: P = 0.045 [Syn-
gnathoidei] and 0.034 [Mulloidei]; —j: P = .013 [Mulloidei])
in GeoHiSSE=;j analyses (fig. S18; table S6). Other sub-
orders, however, show rate constancy across geographies
regardless of the method used (fig. S18). When comparing
these results with those obtained using MCMCTTree trees,
analyses based on all species also show no significant dif-
ferences among biogeographic regions (fig. S19; table S6).
Additionally, diversification rates across all three methods
show no significant differences between both sides of the
Al (x* = 0.06-2.75, df = 1, P = .09-.852; fig. S36).
We find significant differences when using MCMCTree
trees in the suborder Callionymoidei across the three
realms(+j: x> = 19.35,df = 2, P = 6.28e—5; —j: x> =
21.10, df = 2, P = 2.62e—5), particularly between the
Atl and the EP (+j: P = .008), between the Atl and the IP
(+j: P = 3e—5; —j: P = 1.1e—5), and within the IP sub-
areas (+j: x> =11.01, df = 3, P = .01; —j: x* = 9.79,
df = 3, P = .02). Differences were observed between the
CIP and the CP in GeoHiSSE+j (P = .040) and between
the CIP and the TA in GeoHiSSE—j (P = .049), which
were not apparent when using RelTime trees (table S6).
We also find significance in Mulloidei (BAMM: x* =
8.97,df = 2, P = .01; GeoHiSSE+j: x* = 9.98,df = 2,
P = .007; —j: x> =7.05, df =2, P = .029) between
the Atl and the IP across all the methods except for DR
(BAMM: P = .024; GeoHiSSE+j: P = .005; —j: P =
.035; fig. S20; table S6). Results of DR analyses after ac-
counting for topological incongruences with respect to the
Stiller et al. (2022) phylogeny are also similar (fig. S38;
table S6).

Morphological Disparity and Rates by Region

Morphospace analyses using both head and body shape
datasets show overlap in major realms and within the IP
(figs. 4, S21). Head morphology exhibits higher similarity
in both morphospace occupation and disparity within IP
subareas, particularly between CIP and TA (figs. 44, 5A4;
see app. 2, available on Dryad Digital Repository [https://
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doi.org/10.5061/dryad.zkh1893gd; Santaquiteria et al. 2024]).
Body shape overlap is generally lower than that of head
shape (fig. 4B; see app. 2). We found that disparity in head
morphology (including seahorses) is higher in the IP
(0.055) and EP (0.057) than in the Atl (0.048; fig. 5A). How-
ever, disparity in body morphology is higher in the Atl
(0.039) and EP (0.045) than in the IP (0.030; fig. 5B). Dis-
parity among subareas within the IP is rather similar, al-
though head shape has higher disparity than body mor-
phology (head: WIO [0.058], CP [0.058], CIP [0.056], TA
[0.056]; body: WIO [0.034], TA [0.032], CIP [0.028], CP
[0.028]; fig. 5). However, within the Atl the opposite pattern
is observed (head: EA [0.050], WA [0.051]; body: EA [0.040],
WA [0.041]; fig. S36]. Suborder-level analyses reveal idio-
syncratic patterns of disparity across biogeographic regions
that do not necessarily reflect results for Syngnatharia as a
whole (fig. 6). These findings hold when using different tree
sources (RelTime and MCMCTree) and PC versus pPC scores
(figs. 6, S26, S27).

Multivariate disparity through time analyses indicate that
a significant proportion of morphological variation origi-
nated early in the history of Syngnatharia (~87-78 Ma),
followed by a steady reduction in disparity during most
of the Cenozoic with a small peak to the present (figs. 5,
S§28). For head-only morphology, models with a shift in
evolutionary process over time, specifically BMOUi and
EBOUi models, were best supported (AICw = 0.61 and
0.36, respectively; fig. S29). Most of the analyses of full-
body morphology favored BM (AICw = 0.82-0.96; fig. S30).
Morphospace clustering tends to differentiate suborder-
or family-level lineages, which could be indicative of mul-
tiple adaptive peaks (fig. S31). Morphological evolution-
ary rates are similar across major realms (head: median,
~0.0005; body: 3.4e—5; EP and IP: 2.4e—5; fig. 3B). We
also observe these rates being similar within subareas of
the IP (head: WIO, CP, CIP, and TA [~0.0003]; body:
WIO and CP [1.9e—5], CIP [2.4e—5], TA [2.2e—5];
fig. 3B] and the Atl (head: EA [0.003], WA [0.002]; body:
EA [0.0003], WA [0.0006]; fig. S36]. No significant differ-
ences in rates were found between biogeographic regions
overall (table S7; figs. 3, $32-536), except within Syngna-
thoidei (x> = 9.75, df = 2, P = .007), with significant
differences in head-only morphology between the Atl
and the IP (P = .011), a result mostly driven by the high
morphological rates in the Atl for the genus Syngnathus
(figs. 6, S32; table S7). We observe similar results using
uncorrected PC scores, with significance in head-only
morphology (within IP: x> = 11.66, df = 3, P = .008),
between WIO and TA subareas (P = .035), and for full-
body morphology in Syngnathoidei (between realms: x> =
9.54, df = 2, P = .008) between the Atl and IP (P =
.011; fig. S33; table S7). Analyses using MCMCTree trees
are largely similar (fig. S34), with PC scores showing
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significance across the three main realms in body morpho-
logy (x* = 6.04, df = 2, P = .049) between the Atl and
the EP (P = .041) and between the Atl and the IP (P =
.0002) for Syngnathoidei (fig. S35; table S7).

Discussion

In this study, we conducted integrative comparative anal-
yses within a robust phylogenomic framework to test
three hypotheses that may explain the high species rich-
ness of syngnatharians in the IP and its correspondence
with morphological disparity. We found the strongest
support for the center of accumulation (higher coloniza-
tion events to the IP) and time for speciation (earlier col-

onization to the IP providing lineages with more time to
diversify) hypotheses and low support for the center of
origin hypothesis, as lineage diversification rates are
not significantly higher in the IP compared with the less
diverse Atl and the EP. The higher species richness of
the IP today for syngnatharians is thus attributed to its
relatively earlier colonization (after Tethys reorganiza-
tion), with diversification rates near the present remain-
ing constant across all three realms. These colonizations
also facilitated the spread of body plans to different re-
gions, explaining the high overlap in morphological dis-
parity in syngnatharians across oceans. This similarity is
not the result of independent evolution of the same body
plans within each biogeographic region but rather due to
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an early burst of shape evolution that likely occurred
within the Tethys. Thus, our results show that the gener-
ation of morphological disparity was largely decoupled
from species richness patterns. These findings align with
trends observed at larger phylogenetic scales in numer-
ous families of reef fishes, emphasizing the significance
of time and colonization in shaping regional species
richness (Miller et al. 2018), along with the presence of

analogous functional traits across an oceanic longitudinal
gradient (Mouillot et al. 2014; McLean et al. 2021).

The time for speciation and center of accumulation
hypotheses also find support across various taxa. For ex-
ample, terrestrial turtles in the eastern part of North
America (Stephens and Wiens 2003), freshwater fishes
in the Amazon basin in South America (Garcia-Andrade
et al. 2023), and, on a smaller scale, endemic plants in
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Cape Town in the Greater Cape Floristic Region of South
Africa (Cowling et al. 2017), all exhibit higher species rich-
ness in these regions because of early and greater number
of colonizations into these areas. Similarly, our results in-
dicate that the timing of colonizations significantly con-
tributes to the high species richness of IP syngnatharians,
paralleling trends seen across all marine reef fishes (Miller
et al. 2018). After colonizing the IP region from the Tethys
Sea, syngnatharian lineages underwent in situ speciation,
coinciding with the PETM paleoclimatic event at ~56 Ma,
during which global warming and ocean acidification oc-
curred (McInerney and Wing 2011). The fossil record
shows that this event also led to increased extinction in
some marine fish groups (Arcila and Tyler 2017), potential-
ly enabling syngnatharians to expand into novel niches.
The establishment of tropical reefs primarily composed of
scleractinian corals around the same period (Wallace and
Rosen 2006; Mihaljevi¢ et al. 2014; Santodomingo et al.
2015) might also have helped in accelerating speciation.
The early Eocene environmental conditions, which encom-
passed coastal biomes like seagrasses, potentially facilitated
the diversification and rapid expansion of different reef fish
clades into new ecological niches (e.g., Bellwood 2003;
Wainwright et al. 2012). In the Miocene (23 Ma on), with
the rearrangement of the IAA (which is part of the CIP),
a recognized hot spot for marine reef fishes (Renema et al.
2008; Leprieur et al. 2016), major reef fish groups, including
syngnatharians, wrasses, and damselfishes, began diversify-
ing across various regions globally, particularly flourishing
within the CIP region (Cowman and Bellwood 2011;
Siqueira et al. 2020). This period also saw the expansion
of modern coral reef formations mainly by acroporids
(e.g., Cowman and Bellwood 2011; Siqueira et al. 2021),
zooxanthellate corals, and gastropods (Williams and Duda
2008). Consequently, coral reefs have played a dual role as
both evolutionary cradles and ecological refuges for a wide
array of tropical marine lineages influencing species rich-
ness (Bellwood et al. 2005, 2015).

The lack of barriers or the presence of soft barriers along a
group’s range usually generates a peak of high species rich-
ness to the center of the geographical domain (middomain
effect; Colwell et al. 2004). It is also possible that syngna-
tharian diversity, and marine vertebrate and invertebrate di-
versity in general, is highest in the CIP because of its central
position within the IP (e.g., Tittensor et al. 2010; Edgar et al.
2017). This pattern may also be explained by species that oc-
cupy multiple regions (widespread range) within the IP, po-
tentially supporting the center of overlap hypothesis (not
tested in this study; Woodland 1983). Lineages originating
in this region exhibit high dispersal rates to surrounding
areas, serving as a source for the rest of the IP. However, be-
cause of stronger dispersal barriers across oceans, most
lineages that colonized either side of the Atl and the EP
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tended to remain within their respective regions. This ex-
plains the low number of dispersal events and rates observed
out of these regions. Consequently, the Atl and EP regions
have generally functioned as sinks. These regions have also
experienced higher extirpation rates compared with the IP,
primarily because of a series of geologic and climatic
events—the closure of the Tethys Seaway and the rise of
the Isthmus of Panama and the Middle Miocene Climate
Transition—that caused environmental changes, including
sea level and temperature fluctuations, ocean current circu-
lation oscillation, salinity variations, and shifts in primary
productivity (Leprieur et al. 2016; Steinthorsdottir et al.
2021). These patterns align with some results from our
lineage diversification rate analyses using GeoHiSSE=j,
which indicate higher net diversification rates in the IP
compared with the Atl. It is noteworthy, however, that this
finding might not be a result of elevated in situ speciation
in the IP but rather due to the higher extirpation rates
in the Atl as explained above.

Along the longitudinal axis, patterns of species richness
are decoupled from morphological disparity and rates of
head and body shape evolution, with species-rich areas
exhibiting similar disparity and rates of morphological evo-
lution as less specious areas. This contrasts with a recent
study in fishes that observed a negative correlation between
these factors along a latitudinal gradient, with species-poor
high latitudes exhibiting higher disparity and rates of body
shape evolution than more diverse equatorial latitudes
(Burns et al. 2024). Shallow reefs have been formed through
consistent environmental and ecological pressures generat-
ing most body plans in all of the biogeographic regions
(McLean et al. 2021). Despite significant differences in spe-
cies richness between realms and considering the evolu-
tionary history of syngnatharian clades and reef fishes in
general, these patterns suggest that functional space rich-
ness is similar across regions, indicating shared functional
roles (Mouillot et al. 2014; McLean et al. 2021).

Although a few body plans in Syngnatharia are restricted
to particular regions—for example, the bat shape of the
seamoths, the macroalgae- or octocoral-like appearance
of ghost pipefishes, or the camouflage-mimicking seaweed
morphology of sea dragons in the IP—what characterizes
the trajectory of morphological evolution in this group is an
early diversification in body plans before the Cretaceous-
Palaeogene (K-Pg) mass extinction event. It was during
this period (90-66 Ma) that acanthomorph fishes dis-
played an overall expansion in their general head shape
(Sallan and Friedman 2012), despite the low complexity
of reefs at this time (Kiessling 2009). After the K-Pg mass
extinction event, we observe morphospace clustering in
multiple regions of the morphospace, roughly aligning
with suborder-level clades within syngnatharians (Nash
et al. 2022), indicating the emergence of specializations,
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particularly within the IP. These specializations may have
arisen following the extinction of competitors (e.g., Friedman
2010; Wainwright and Longo 2017; Duarte-Ribeiro et al.
2018).

Uncertainties in Macroevolutionary Inferences
and Study Caveats

Implementing exhaustive and integrative phylogenomic
approaches to account for topological, divergence times,
and method uncertainty is crucial in macroevolutionary
analyses (e.g., Henao Diaz et al. 2019; Rincon-Sandoval
et al. 2020; Goswami et al. 2022). We utilized 28 trees from
independent gene subsets to address uncertainties in histor-
ical biogeography, lineage diversification, and morphologi-
cal evolution. In biogeographic analyses, dating methods
(Schwartz and Mueller 2010) and the jump dispersal pa-
rameter (Ree and Sanmartin 2018; Matzke 2022) had sig-
nificant impacts on speciation, extinction, and colonization
patterns. Diversification rate analyses showed varied out-
comes depending on method, influencing interpretations.
For example, BAMM (parametric) and DR (nonparametric)
tip-rate analyses fail to reject the time for speciation hy-
pothesis, as they identify no rate differences across oceans,
while GeoHiSSE (state-dependent diversification) supports
the center of origin hypothesis. As a result, we use caution
in our interpretations by considering incongruent re-
sults. Morphological analyses indicated consistent results
with pPC and PC scores, but dating methods influenced
the best-fit model selection for body plans. While tree un-
certainty had minimal impact in comparative analyses,
morphological evolution varied significantly across trees
(fig. S30), cautioning against reliance on single-tree esti-
mates. Despite these insights, single-tree approaches are still
common in estimating lineage diversification rates (e.g., Feng
et al. 2017; Xing and Ree 2017). We advocate for using
multiple trees and diverse methodologies to comprehen-
sively address uncertainty (e.g., Economo et al. 2018; Title
and Rabosky 2019). The age of Syngnatharia may influ-
ence observed patterns, warranting exploration in younger
clades (Clarke 2021; Miller et al. 2021; Nash et al. 2022; Di-
amond and Roy 2023). Morphological disparity varied
among suborders; for instance, the CP exhibited lower dis-
parity in Callionymoidei, Dactylopteroidei, and Mulloidei,
while the EP showed higher disparity in Syngnathoidei
(fig. S21).

Despite sampling nearly 50% of syngnatharian species
across regions and employing multiple approaches, we ac-
knowledge limitations in the reliability of phylogenetic ex-
tirpation estimates (Rabosky 2010; Beaulieu and O’Meara
2015). Disparities in sampling across oceans, speciation rate
variations, and taphonomic biases (distortions in the fos-
sil record) in our phylogenies could have influenced rate

estimations and biogeographic patterns. For instance, reef
fishes are well represented in the Eocene Bolca Lagerstitten
(western Tethys Sea; Bellwood 1996; Friedman and Car-
nevale 2018), contrasting with scarce Atl fossils. Notable
exceptions in the Atl include fossils from the Tenejapa-
Lacandén Formation in Palenque, Mexico, dating back to
63 Ma (Cantalice et al. 2022). Other limitations of our study
include the potential underestimation of morphological
disparity because of the absence of semilandmarks on fins
or ornaments (e.g., leaflike protrusions in leafy sea dragons)
and the inability to include seahorse specimens with bent
structures in full-body shape analyses. Capturing the glob-
ular shapes of syngnatharian species using two-dimensional
images is also challenging. Future work should prioritize
collecting computed tomography scan data for three-
dimensional geometric morphometric analyses (e.g., Buser
et al. 2018; Evans et al. 2023). While morphology can indi-
cate niche use, direct assessments of ecology, function, or
physiology could offer deeper insights into niche-related
evolution and its impact on group diversification in rela-
tion to historical events. Future studies should explore ad-
ditional biotic variables, such as different functional traits,
alongside environmental factors, such as sea level, temper-
ature, and primary productivity.

Conclusions

We find that the high diversity of syngnatharian species in
the IP is primarily due to older colonizations followed by in
situ speciation in the Paleocene, shortly after the PETM,
and lineage accrual in the Miocene at the onset of the
IAA rearrangement. In contrast, the EP and the Atl feature
lower regional diversities because of more recent coloniza-
tion and diversification onset, with lineages in these regions
mostly accruing during the Miocene. Overall, these findings
best support the time for speciation and center of accumu-
lation hypotheses. We also observe both disparity and rates
of morphological evolution to be similar across areas, with
clade-specific variations. Our results reveal uncorrelated
species richness and morphological disparities in syngna-
tharians along their longitudinal gradient. Instead, they
demonstrate that a considerable portion of syngnatharian
morphological variation emerged early in their evolution-
ary history in the Tethys Sea, followed by a gradual reduc-
tion in subclade disparity punctuated by the origin of
morphospace clustering, especially in head morphology.
This study advances our understanding of the evolutionary
processes that have shaped the diversity and morphology of
marine fishes in general and syngnatharians in particular,
underscoring the importance of considering multiple fac-
tors affecting historical biogeographic and macroevolution-
ary inferences.
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“Although so small, it is a plucky fish, and promptly resents any interference. Being a feeble swimmer, it depends, for defense, upon the
sharp spines of its dorsal fin, and it seems to know that when these are erected it is quite free from molestation. Especially angry does it
become when a great lubberly catfish chances to wander by and pokes his slimy nose into its haunts. At once the ‘bandy’ is up in arms,
and darts at the intruder with great violence.” Figured: “Banded Sunfish (Mesogonistius chatodon).” From “On the Habits of Certain Sun-
fish” by C. C. Abbott (The American Naturalist, 1883, 17:1254-1257).
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