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Abstract

The crustacean order Stomatopoda comprises approximately 500 species of mantis shrimps.
These marine predators, common in tropical and subtropical waters, possess sophisticated
visual systems and specialized hunting appendages. In this study, we infer the evolutionary
relationships within Stomatopoda using a combined data set of 77 morphological
characters, complete mitochondrial genomes, and three nuclear markers. Our data set
includes representatives from all seven stomatopod superfamilies, including the first
sequence data from Erythrosquilloidea. Using a Bayesian relaxed molecular clock with fossil-
based calibration priors, we estimate that crown-group unipeltatan stomatopods appeared
~140 (95% credible interval 201-102) million years ago in the late Mesozoic. Additionally,
our results support the hypothesis that specialized smashing and spearing appendages
appeared early in the evolutionary history of Unipeltata. We found no evidence of a
correlation between rates of morphological and molecular evolution across the phylogeny,
but identified very high levels of among-lineage rate variation in the morphological
characters. Our total-evidence analysis recovered evolutionary signals from both molecular
and morphological data sets, demonstrating the merit in combining these sources of

information for phylogenetic inference and evolutionary analysis.
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Introduction

Stomatopod crustaceans (Malacostraca: Stomatopoda), or mantis shrimps, are
known for their advanced visual systems and their unique ‘spearing’ and ‘smashing’ hunting
appendages (Marshall et al., 2007; Patek, 2019). Previous studies of stomatopods have
focused on these novel features, as well as their charismatic nature and social behaviours
(Gagnon et al., 2015; Green and Patek, 2018; Franklin et al., 2019; Koga and Rouse, 2021).
Despite this research, the phylogenetic relationships among the major lineages of
stomatopods have not been resolved with confidence. The approximately 500 extant
species of stomatopods are divided into seven superfamilies: Gonodactyloidea, Squilloidea,
Lysiosquilloidea, Bathysquilloidea, Erythrosquilloidea, Parasquilloidea, and Eurysquilloidea
(Ahyong, 1997, 2001). The three largest and best studied superfamilies are
Gonodactyloidea, Lysiosquilloidea, and Squilloidea (Ahyong and Harling, 2000; Ahyong and
Jarman, 2009). The extant stomatopods form the suborder Unipeltata, while the order also
includes the extinct suborders Palaeostomatopodea and Archaeostomatopodea (Schram et
al., 2013).

Studies of stomatopod morphology provide the basis for the current classification of
the group (Manning, 1968, 1980; Ahyong, 1997; Ahyong and Harling, 2000). Analyses of
morphological data provide strong support for some of the relationships among
superfamilies, including the placements of Squilloidea and Lysiosquilloidea; however, they
have been unable to robustly resolve other deep nodes in the tree, such as the position of
Bathysquilloidea (Ahyong and Harling, 2000). Recent molecular studies have shed light on
the evolutionary relationships and divergence times among the stomatopod superfamilies,
but have produced phylogenetic estimates with generally weak support for deep nodes.
These studies used multilocus data sets or mitochondrial genomes and have supported
different estimates of the relationships among the three major superfamilies. Porter et al.
(2010) and Van Der Wal et al. (2017) inferred a sister relationship between Gonodactyloidea
and Squilloidea, whereas Ahyong and Jarman (2009) found a sister relationship between
Lysiosquilloidea and Squilloidea. The poor phylogenetic resolution of deep stomatopod
relationships has persisted in analyses of whole mitochondrial genomes (Hwang and Jung,
2021; Hwang et al., 2021; Koga and Rouse, 2021; Yang et al., 2021), while the placement of

the superfamily Erythrosquilloidea has not been interrogated using molecular data.


https://doi.org/10.1101/2023.11.05.565425
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.05.565425; this version posted November 5, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Combined molecular and morphological data sets provide valuable opportunities for
improving phylogenetic support, as well as understanding the broad relationship between
evolutionary processes at the genetic and phenotypic scales. For example, a correlation
between morphological and molecular evolutionary rates might be expected if we assume
that changes in phenotype are generally accompanied by genetic change (Omland, 1997;
Asar et al., in press). An analysis of a large data set detected a correlation between rates of
morphological and molecular evolution in crustaceans and other arthropods during the
Cambrian explosion (Lee et al., 2013). Ecological opportunism or smaller body size, coupled
with short generation times, was proposed to explain this correlation. However, there have
been few studies of molecular and morphological evolutionary rates in stomatopods and
other crustaceans. Studies of stomatopods found no evidence that sea surface temperature,
depth, latitude, and habitat type influence the rate of morphological evolution (Reaka and
Manning, 1981, 1987). However, they did find evidence for an inverse relationship between
body size and rates of morphological evolution. In contrast, body size does not show a clear
association with rates of molecular evolution in invertebrates (Thomas et al. 2006).

In this study, we use a combination of molecular and morphological data to infer an
evolutionary time-tree for extant stomatopods. Our total-evidence analyses are based on 77
morphological characters, complete mitochondrial genomes, and three nuclear genes from
representatives of all seven superfamilies. We present a new timescale of evolution for the
group, including a comparison of morphological and molecular evolutionary rates. Our
results demonstrate the evolutionary insights that can be gained by using combined data

sets for phylogenetic inference.

Materials and methods

Taxon sampling

Tissue samples were collected from 27 stomatopod species preserved in ethanol or
formalin from the Australian Museum (Sydney), Florida Museum of Natural History
(Gainesville), Lee Kong Chian Natural History Museum (National University of Singapore),
Muséum national d’Histoire naturelle (Paris), and Western Australian Museum (Perth).

Genetic sequence data from these samples were combined with publicly available data on
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GenBank for a focal set of 34 taxa. Our data set includes representatives of all seven
stomatopod superfamilies (Bathysquilloidea n = 3, Erythrosquilloidea n = 1, Eurysquilloidea
n =2, Gonodactyloidea n = 10, Lysiosquilloidea n = 7, Parasquilloidea n = 1, and Squilloidea n
=10). These taxa represent 30 of the 118 stomatopod genera, belonging to 16 of the 17

stomatopod families (Supplementary Table S1).

Morphological characters

We scored the morphology of the 34 stomatopod exemplars in our data set
(Supplementary Table S2). Our morphological matrix includes 77 unordered and equally
weighted variable characters described by Ahyong and Harling (2000). These characters
were found to be phylogenetically informative by Ahyong and Harling (2000) and are
derived from external somatic morphology, in particular, features of the carapace,
abdomen, telson, eyes, maxillipeds, and pleopods.

The morphological character matrix was analysed using both maximum likelihood
and Bayesian inference. Maximume-likelihood phylogenetic estimates were obtained using
RAXML 8.0.14 (Stamatakis, 2014). To account for the lack of invariant sites in the
morphological data, we used the Lewis-type correction for ascertainment bias (Lewis, 2001).
Bootstrapping was used to quantify nodal support for the estimated topology, based on
1000 pseudoreplicates of the data.

Bayesian phylogenetic analysis was performed using MrBayes 3.2.5 (Ronquist et al.,
2012), with the Mkv model of character change. The posterior distribution was estimated
using Markov chain Monte Carlo (MCMC) sampling, with one cold and three heated Markov
chains. We drew samples every 103 steps over a total of 10’ MCMC steps and discarded the
initial 25% of samples as burn-in. The analysis was run in duplicate and convergence was
evaluated using the average standard deviation of split frequencies. Samples from the two
runs were combined and the maximum-clade-credibility tree was identified using

TreeAnnotator, part of the BEAST 2 package (Bouckaert et al., 2019).

Mitochondrial and nuclear data

We obtained gill and muscle tissue samples from 27 stomatopods for DNA
extraction. Genomic DNA was extracted from 23 ethanol-preserved specimens using the
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Qiagen DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), and from four formalin-fixed
specimens using the QlAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. The genomic DNA samples were quantified using a Qubit 2.0
Fluorometer (Thermo Fisher Scientific, Sydney, Australia) and sent to Macrogen (Seoul,
South Korea) and BGI (Shenzhen, China) for shotgun sequencing. Paired-end sequencing was
performed at both facilities (150 bp), with Macrogen and BGI using the Illumina X-Ten and
Illumina HiSeq 2500 platforms, respectively. Using these sequencing platforms, we
generated 1-2 Gb of shotgun reads.

To assemble the mitochondrial genomes, we generated BLAST databases to filter the
reads according to their similarity to other crustacean mitochondrial genomes. We
performed de novo assemblies on the filtered set of reads for each species using the Qiagen
CLC Genomics Workbench 10 (https://www.giagenbioinformatics.com). The assembled
contigs for each species were then mapped to a reference genome (>4x coverage) to obtain
consensus sequences in Geneious 10.2.3 (https://www.geneious.com). To map contigs we
used the published mitochondrial reference genome of Oratosquilla oratoria (de Haan,
1844) (Liu and Cui, 2010). The 27 mitochondrial genomes were annotated using the online
MITOS WebServer (Bernt et al., 2013). Most of the mitochondrial protein-coding genes were
recovered in all our samples, but some of the highly degraded specimens (formalin fixed)
yielded incomplete sequences. For each species, we concatenated the protein-coding genes,
transfer RNA genes (tRNAs), and ribosomal RNA genes (rRNAs).

A similar approach was taken to assemble nuclear sequence data. We generated a
BLAST database to identify and filter reads from three nuclear genes: small subunit 18S
rRNA (18S), large subunit 28S rRNA (28S), and histone 3 (H3). We selected these three genes
because of their online availability and effectiveness in resolving phylogenetic relationships.
We performed de novo assemblies on the filtered set of reads for each species and each
nuclear gene using the CLC Genomics Workbench 10 and mapped the contigs to reference
sequences, as described above for the mitochondrial genomes.

The sequences of the mitochondrial protein-coding genes, mitochondrial tRNAs,
mitochondrial rRNAs, and nuclear markers were aligned separately using MUSCLE 3.8.31
(Edgar, 2004). The nucleotide sequences of the protein-coding genes were translated to
amino acids to check for frameshift mutations and premature stop codons. Given the
potentially negative impacts of substitution saturation on phylogenetic inference, we
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applied Xia’s test in DAMBE 6 (Xia, 2017) to the tRNA genes, each rRNA gene, and each
nuclear gene, and each of the three codon sites of the mitochondrial protein-coding genes.
We found evidence of saturation in mitochondrial 16S and third codon sites, based on
simulations on a symmetrical tree (Supplementary Table S3). Therefore, we removed these
subsets of the data for all subsequent phylogenetic analyses. The remaining alignments
were concatenated for further analyses (total length of 14,598 bp). We found that the
degree of compositional heterogeneity in the data set posed a low risk of causing biased
phylogenetic inferences, as evaluated using PhyloMAd (Duchéne et al., 2017, 2018). The
optimal partitioning scheme was selected for the data set using the Bayesian information
criterion in PartitionFinder 2.1.1 (Lanfear et al., 2012; Lanfear et al., 2017), and
implemented in all of our phylogenetic analyses (Supplementary Table S4).

We analysed the concatenated data set using maximum likelihood and Bayesian
inference. Maximume-likelihood analysis was performed using RAXML with 1000 bootstrap
replicates, with a separate GTR+G model of nucleotide substitution applied to each data
subset. Bayesian phylogenetic estimates were obtained using MrBayes, with the same
partitioning scheme and substitution models as used in our maximum-likelihood analysis.
MCMC sampling was performed with one cold and three heated Markov chains, with
samples drawn every 2x103 steps over a total of 2x10” MCMC steps. The initial 25% of
samples were discarded as burn-in. The analysis was run in duplicate and convergence was

evaluated using the average standard deviation of split frequencies.

Combined morphological and molecular data

We assembled a concatenated data set containing 77 morphological characters and
14,598 nucleotide sites. Total-evidence phylogenetic analyses were performed using both
maximum likelihood and Bayesian inference. The partitioning scheme for the molecular data
followed the recommendation of PartitionFinder as described above, but with an additional
subset for the morphological data (Supplementary Table S4). Maximum-likelihood analyses
were performed using RAXML with 1000 bootstrap replicates. The Mkv model of character
change was applied to the morphological characters, whereas a separate GTR+G model was

assigned to each of the eight molecular data subsets.
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To co-estimate the stomatopod phylogeny and evolutionary timescale, we
conducted Bayesian phylogenetic analyses in BEAST 2.6.4 (Bouckaert et al., 2019) using the
same data-partitioning scheme as in our maximume-likelihood analyses. We used Bayesian
model averaging (bModelTest) for the substitution model (Bouckaert and Drummond,
2017), allowing a separate evolutionary rate for each of the data subsets (Duchéne et al.
2020). To investigate the relationship between rates of morphological and molecular
evolution, we ran two analyses: the first using separate uncorrelated log-normal clock
models for the morphological and molecular data sets, and the second using separate
uncorrelated log-normal clock models for the morphological, mitochondrial, and nuclear
data sets (Drummond et al., 2006). Owing to the composition of our morphological data set,
and because we were primarily interested in the evolutionary rates within Stomatopoda, we
did not include outgroup taxa. Instead, we placed a monophyly constraint on all taxa
excluding Hemisquilla, based on the highly supported position of Hemisquilla in most
previous phylogenetic analyses of the group (Ahyong and Jarman, 2009; Porter et al., 2010;
Van Der Wal et al., 2017). A recent analysis of mitochondrial genomes found a nested
position of Hemisquilla within Stomatopoda (Koga and Rouse, 2021); topology tests showed
some support for this placement, but the inclusion of highly genetically divergent outgroup
taxa might have had a disruptive impact on phylogenetic inference.

The molecular dating analyses were calibrated using fossil evidence. Each fossil
calibration was implemented as an exponential prior on the corresponding node age
(Supplementary Table S5), reflecting a declining probability of the node age being older than
the minimum age indicated by the fossil evidence (Nguyen and Ho, 2020). The 97.5% soft
maximum for the age of crown stomatopods was based on the appearance of Daidal
acanthocercus Jenner, Hof & Schram, 1998 (Stomatopoda, Archaeostomatopodea) in the
Carboniferous (313 million years ago, Ma) (Schram, 2007; Van Der Wal et al., 2017). The
occurrence ages of five stomatopod fossils were used to calibrate internal nodes. We used
fossils reliably assigned to four extant genera (Pseudosquilla, Odontodactylus, Bathysquilla,
and Squilla) and one extinct stomatopod genus (Squilloidea: Ursquilla) (Haug et al., 2013;
Schram et al., 2013; Wolfe et al., 2016; Van Der Wal et al., 2017). The four fossils
corresponding to extant genera were used to calibrate the split between each genus and its
sister lineage. The Ursquilla fossil was used to calibrate the node separating Squilloidea and

Alainosquilla (Gonodactyloidea) (Supplementary Table S5).
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To evaluate the sensitivity of the results to the choice of tree prior, we conducted
analyses using both a Yule speciation model and a birth-death model for the tree prior
(Stadler, 2009). These two models were compared using marginal likelihoods, calculated
with the stepping-stone estimator (Xie et al., 2011), and the Bayes factor was interpreted
according to the guidelines of Kass and Raftery (1995). Posterior distributions of parameters
were estimated using MCMC sampling, with samples drawn every 10* steps over a total of
108 steps. We ran analyses in duplicate to check for MCMC convergence and inspected the
samples using Tracer 1.7.1 (Rambaut et al., 2018). To compare morphological and molecular
evolutionary rates, we tested for a correlation using the Bayesian posterior mean estimates

of branch rates (Asar et al., in press).

Results

Separate analyses of morphological and molecular data

The separate phylogenetic analyses of the morphological and molecular data sets
produced substantially different estimates of the stomatopod phylogeny. Maximum-
likelihood and Bayesian analyses of the morphological data yielded estimates that had
generally low node support (Fig. 1). When rooted along the branch leading to
Hemisquillidae (Hemisquilla), the morphological phylogeny placed Squilloidea,
Parasquilloidea, Eurysquilloidea, and Bathysquilloidea as a well-supported sister clade to
Lysiosquilloidea and Erythrosquilloidea. Lysiosquilloidea was not found to be monophyletic,
owing to the nested position of Erythrosquilloidea. Our results support the monophyletic
origin of specialized smashing in stomatopods (all gonodactyloids).

In contrast, the tree inferred from molecular data, when rooted on the branch
leading to Hemisquillidae (Hemisquilla), placed the gonodactyloid family Pseudosquillidae as
the sister clade to the remaining stomatopods with moderately high support (Fig. 2). The
inferred relationships among the three major superfamilies also differed from those
estimated from morphological data. In a broad sense, the molecular data supported
Squilloidea as the sister group to a clade containing Lysiosquilloidea, Gonodactyloidea
(excluding Hemisquillidae and Pseudosquillidae), Erythrosquilloidea, and Bathysquilloidea.

In agreement with the tree inferred from morphological data, Erythrosquilloidea was nested
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within a paraphyletic Lysiosquilloidea. A sister relationship between Bathysquilloidea and a
clade comprising Lysiosquilloidea and Erythrosquilloidea was strongly supported. However,
there was weak support for deep nodes in the molecular phylogeny, rendering it difficult to
draw conclusions about the relationships among superfamilies. Smashing stomatopods,
comprising the majority of gonodactyloids, formed a monophyletic group that was nested

within a paraphyletic group of spearing stomatopods (Fig. 2).

Total-evidence analyses and evolutionary rates

Maximume-likelihood and Bayesian analyses yielded almost identical phylogenetic
estimates for the combined morphological and molecular data set. The total-evidence
phylogenetic estimate was generally well supported, including the deep nodes of the tree
(Fig. 3). The tree supported Pseudosquillidae as the sister group to the remaining
stomatopods (excluding Hemisquilla), which is consistent with the results from our analysis
of the molecular data alone. The relationships among the three major superfamilies
resemble those in the tree inferred from morphological data alone: Gonodactyloidea
(excluding Hemisquilla, Pseudosquillidae, and Alainosquilla) forms the sister clade to the
remaining superfamilies. Three superfamilies, Lysiosquilloidea, Gonodactyloidea, and
Eurysquilloidea, as currently defined, were not found to be monophyletic (Fig. 3).

The Bayesian estimates of divergence times were robust to the choice of tree prior,
while comparison of marginal likelihoods showed very strong support for a Yule model over
a birth-death model (2 log Bayes factor > 10). Our molecular dating analyses provided an
posterior median estimate of 140 Ma (95% credible interval 201-102 Ma) for the age of
crown-group unipeltatan stomatopods. The date estimates suggest that all of the
stomatopod superfamilies had diverged from each other by the beginning of the Paleogene
(66 Ma). The divergence between smashing and spearing stomatopods occurred 98 Ma
(95% Cl 131-76 Ma).

We found no evidence of correlation between rates of morphological and molecular
evolution across the branches of the phylogeny. This result was obtained for the combined
molecular clock (p = 0.184; Fig. 4A) and when the mitochondrial and nuclear genes were
assigned separate clock models (Fig. 4B). We did not detect a correlation between

morphological and molecular rates after excluding terminal branches, on which
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morphological rates might be underestimated because of undersampling of
autapomorphies (Seligmann, 2010; Lee et al., 2013). The degree of among-lineage rate
heterogeneity, as measured by the coefficient of variation of rates (Drummond et al., 2006),
was much higher for the morphological data (3.27, 95% Cl 2.12—-4.66) than for the molecular
data (0.39, 95% Cl 0.30-0.48) (Fig. 5).

Our Bayesian phylogenetic analyses yielded no evidence of correlation between
rates of mitochondrial and nuclear evolution across the branches of the phylogeny (p =
0.929; Fig. 4C). As expected, substitution rates were lower in nuclear genes (mean rate
2.25x10%, 95% Cl 1.58x10%-2.85x10 substitutions per site per Myr) than in mitochondrial
genes (mean rate 1.80x103, 95% Cl 1.29x103-2.26x1073 substitutions per site per Myr). The
coefficient of variation of rates was higher for the nuclear markers (1.03, 95% Cl 0.80-1.27)

than for the mitochondrial genomes (0.38, 95% Cl 0.29-0.47).

Discussion

Phylogenetic relationships

This study has provided a total-evidence phylogenetic estimate for the seven
recognized superfamilies of Stomatopoda. Our estimate of the stomatopod phylogeny
based on combined morphological and molecular data is better supported than the trees
inferred using the two data types separately. The results of our analyses underscore
previous conclusions about the limitations of mitochondrial genomes in resolving deep
stomatopod relationships (Koga and Rouse, 2021). Here we have recovered evolutionary
signals from both data sets, revealing relationships that were present in the separate
morphological and molecular trees. A similar improvement in nodal support has also been
seen in other studies of combined morphological and molecular data, particularly in cases
where molecular sequence data were incomplete for some taxa (Hillis, 1987; Lee et al.,
2007; Bracken-Grissom et al., 2013; Ruhfel et al., 2013; Bracken-Grissom et al., 2014).

Our total-evidence phylogeny of Stomatopoda is congruent with previous evidence
of a sister relationship between major clades containing Lysiosquilloidea and Squilloidea
(Ahyong and Harling, 2000; Ahyong and Jarman, 2009). This result is in contrast with some

previous findings of a sister relationship between Gonodactyloidea and Squilloidea (Porter
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et al., 2010; Van Der Wal et al., 2017; Koga and Rouse, 2021). The placement of
Bathysquilloidea in our phylogenetic estimate also contrasts with that inferred by Van Der
Wal et al. (2017). Here we find strong support for Bathysquilloidea being closely related to
Lysiosquilloidea, rather than to Gonodactyloidea (Van Der Wal et al., 2017) or to a clade
comprising Squilloidea, Parasquilloidea, and Eurysquilloidea (Ahyong and Harling, 2000). The
close relationship between Eurysquilloidea, Parasquilloidea, and Squilloidea identified by
Van Der Wal et al. (2017) is also recovered here, and is consistent with previous
morphological estimates (Ahyong and Harling, 2000; Ahyong, 2001, 2005).

The placement of the coronidid lysiosquilloid, Neocoronida martensi, within
Eurysquilloidea is noteworthy. The elaborate dorsal telson ornamentation and aspects of
the raptorial claw of Neocoronida led to its original placement in the lysiosquilloids, but
other features of telson denticulation and uropod and maxillipedal structure align with
those of the eurysquilloids, especially Ankersquilla and Liusquilla (Ahyong and Lin, 2020;
Ahyong et al., 2020). Morphological re-evaluations currently underway, together with our
phylogenetic results, indicate that Neocoronida should be transferred from Lysiosquilloidea
to Eurysquilloidea.

The lack of support for a monophyletic Gonodactyloidea indicates that revisions
within this superfamily are required (Koga and Rouse, 2021). Specifically, our estimated
placement of Pseudosquillidae corroborates the findings of previous molecular studies,
suggesting that pseudosquillids are not true gonodactyloids and should be moved to a new
superfamily (Ahyong and Jarman, 2009; Porter et al., 2010; Koga and Rouse, 2021).
Similarly, the inferred position of the morphologically intermediate Alainosquillidae differs
from morphological estimates (Ahyong and Harling, 2000), indicating that this family might
not be a true gonodactyloid; it may require reclassification and is currently the subject of
further study. The position of Odontodactylidae as the sister group to all other specialized
smashing stomatopods is consistent with previous morphological and molecular analyses of
Gonodactyloidea (Ahyong and Harling, 2000; Barber and Erdmann, 2000; Porter et al.,
2010), which also inferred a monophyletic group of smashing stomatopods.

Our study presents the first sequence data from any member of the superfamily
Erythrosquilloidea, represented by Erythrosquilla hamano Ahyong, 2001. Erythrosquilla and
the lysiosquilloids form a strongly supported clade that corroborates the morphological

synapomorphies uniting the two groups, particularly the ventrally ribbed maxilliped 3—4
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propodi (Ahyong and Harling, 2000). In our inferred phylogenies, however, Erythrosquilla
hamano was consistently nested within, rather than placed as a sister lineage to,
Lysiosquilloidea, albeit with only moderate support. This result does not support the
separate superfamily status of Erythrosquilloidea, but is nevertheless consistent with
morphological evidence of a close relationship between Erythrosquilloidea and
Lysiosquilloidea (Ahyong, 1997; Ahyong and Harling, 2000). Ahyong (2001) previously noted
that Erythrosquilla resembles a number of lysiosquilloid genera in telson and uropod
morphology. Further phylogenetic study is required to corroborate the present results and
to determine whether Erythrosquilloidea should continue to be recognized as a separate

superfamily or subsumed within Lysiosquilloidea.

Evolutionary timescale of Stomatopoda

Our estimate of the stomatopod evolutionary timescale indicates that diversification
events within the group occurred more recently than previously inferred. We estimate that
crown-group unipeltatan stomatopods appeared ~140 Ma in the late Mesozoic. The
posterior median estimate is approximately 50 Myr younger than in previous analyses, but
lies within the reported 95% Cl of the estimate by Van Der Wal et al. (2017). The
divergences among superfamilies appear to have taken place well before the separation of
the Atlantic and Pacific Oceans ~35 Ma in the Eocene, which is consistent with the
worldwide distributions of the major stomatopod lineages (Ekman, 1953; Reaka et al.,
2008).

Our results agree with those of Van Der Wal et al. (2017) in supporting the
hypothesis that the formation of new coastal habitat during the breakup of Pangaea and
Gondwana allowed stomatopods to diversify rapidly and to expand their range. These
biogeographic events shaped the distribution patterns of many marine groups, including
anomuran and brachyuran crabs (Bracken-Grissom et al., 2013; Tsang et al., 2014),
underpinning the Tethyan patterns of distribution that are seen today (George, 2006).

The divergence between smashing and spearing stomatopods in the Mesozoic
supports the hypothesis that specialized smashing and spearing appendages appeared early
in the evolutionary history of Unipeltata (Ahyong and Harling, 2000; Ahyong and Jarman,

2009). This contrasts with the hypothesis that smashing stomatopods evolved after a long
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history of spearing (Caldwell, 1991; Ahyong, 1997; Koga and Rouse, 2021). Our results
indicate that the two monophyletic groups most likely diverged from an unspecialized or
intermediate stomatopod ancestor, perhaps similar to present-day Hemisquilla (Ahyong and

Harling, 2000; Ahyong and Jarman, 2009; Braig et al., 2023).

Rates of morphological and molecular evolution

We did not find evidence of a correlation between rates of morphological and
molecular evolution across branches of the stomatopod tree. These results support the
findings of previous studies of morphological and molecular evolutionary rates in hermit,
king, and horseshoe crabs (Cunningham et al., 1992; Avise et al., 1994), as well as broader
studies of evolutionary rates in animals (Davies and Savolainen, 2006; Halliday et al., 2019)
and flowering plants (Asar et al., in press). The decoupling of morphological and molecular
rates might be attributed to different adaptive constraints acting on these data sets (Lee
and Palci, 2015). Alternatively, we might not be able to detect a correlation in these rates if
very little of the genome is linked directly to phenotypic and adaptive changes (Bromham et
al., 2002), or if some morphological variations are non-heritable (Hillis, 1987).

The substantial differences in evolutionary rate variation among lineages can partly
explain the lack of a correlation between morphological and molecular rates. In agreement
with previous studies, we found much greater among-lineage rate variation in
morphological characters than in the molecular data (Beck and Lee, 2014; Harrison and
Larsson, 2014). Further insights into the causes of such rate variation in morphological data
sets might come from comparing different partitioning schemes, which would reveal
whether the evolution of these characters is subject to a ‘common mechanism’ (Goloboff et
al., 2019). Previous studies have suggested partitioning large morphological data sets based
on anatomical area, position on the body, or type of character (Lee, 2016; Sim&es and
Pierce, 2021). In this context, the tools designed for partitioning molecular clocks might be
useful for comparing different clock-partitioning schemes for morphological characters
(Duchéne et al. 2014).

The choice of data sets in our analysis might also have some bearing on the lack of a
correlation between molecular and morphological evolutionary rates. Analysing larger

numbers of morphological characters will increase the power to detect a correlation with
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rates of molecular evolution (Omland, 1997; Asar et al., in press). For example, Lee et al.
(2013) found evidence of a correlation between morphological and molecular rates in
arthropods during the Cambrian explosion, using a large data set that comprised 395
morphological characters and 62 protein-coding genes. Our morphological characters might
not be sufficiently granular to capture the overall rate of morphological evolution in
stomatopod lineages, because many were scored for their effectiveness across relatively
high taxonomic levels. Alternatively, our molecular data set might not include the small
proportion of genes in the genome that are expected to be associated with measurable
phenotypic changes. This possibility is reflected in the lack of a correlation between the
rates in mitochondrial genomes and the nuclear genes in our data set, a finding that is
consistent with previous evidence from metazoans (Lynch et al., 2006; Allio et al., 2017). A
data set comprising a large number of nuclear genes with denser taxon sampling, along with
an expanded set of morphological characters, is likely to improve our power to detect any

rate correlations.

Conclusions

We have used a total-evidence approach to obtain a robust estimate of the
stomatopod phylogeny, including the relationships among all seven extant stomatopod
superfamilies. Our analysis of morphological and molecular rates did not yield evidence of a
correlation, but did indicate very high levels of among-lineage rate variation in the
morphological data set. The decoupling of morphological and molecular rates within
Stomatopoda is consistent with the results of previous crustacean studies. Our study has
highlighted the merit of combining morphological and molecular data in evolutionary
analyses. Future studies using genome-wide data and increased taxon sampling will improve

resolution of the phylogenetic relationships and evolutionary rates of stomatopods.
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Fig. 1. Bayesian maximum-clade-credibility phylogeny of the seven stomatopod
superfamilies inferred using 77 morphological characters. Support values at nodes are
shown for posterior probabilities above 0.50 and likelihood bootstrap percentages above
50%. Taxon colours correspond to their superfamily classification. Asterisks indicate species

with specialized ‘smashing’ appendages.
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Fig. 2. Bayesian maximum-clade-credibility phylogeny of the seven stomatopod

superfamilies inferred from mitochondrial genomes and nuclear 18S, 28S, and H3 (14,598

bp). Support values at nodes are shown for posterior probabilities above 0.50 and likelihood

bootstrap percentages above 50%. Taxon colours correspond to their superfamily

classification. Asterisks indicate species with specialized ‘smashing’ appendages.
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Fig. 3. Total-evidence Bayesian phylogenetic estimate of Stomatopoda, inferred from 77
morphological characters and 14,598 nucleotide sites. Branch lengths are proportional to
time. Taxon colours correspond to their superfamily classification. Support values at nodes
correspond to posterior probability (>0.95) and likelihood bootstrap support (>75%).
Calibrated nodes are represented by black circles. Horizontal grey bars denote 95%
credibility intervals of node-age estimates. Asterisks indicate species with specialized

‘smashing’ appendages.
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Fig. 4. Rates of morphological and molecular evolution for each branch in the inferred
stomatopod phylogeny, with (A) mitochondrial and nuclear data combined or (B)
mitochondrial (mt) and nuclear (nuc) evolutionary rates estimated separately. (C)

Comparison of rates of nuclear and mitochondrial evolution for each branch.
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Fig. 5. Coefficient of variation of stomatopod evolutionary rates in molecular and

morphological characters, estimated in a Bayesian relaxed-clock analysis of a combined

molecular and morphological data set.
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