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A B S T R A C T

Biotic and abiotic forces govern the evolution of trophic niches, which profoundly impact ecological and evo-
lutionary processes and aspects of species biology. Herbivory is a particularly interesting trophic niche because
there are theorized trade-offs associated with diets comprised of low quality food that might prevent the evo-
lution of herbivory in certain environments. Herbivory has also been identified as a potential evolutionary
“dead-end” that hinders subsequent trophic diversification. For this study we investigated trophic niche evo-
lution in Clupeoidei (anchovies, sardines, herrings, and their relatives) and tested the hypotheses that herbivory
is negatively correlated with salinity and latitude using a novel, time-calibrated molecular phylogeny, trophic
guilds delimited using diet data and cluster analysis, and standard and phylogenetically-informed statistical
methods. We identified eight clupeoid trophic guilds: molluscivore, terrestrial invertivore, phytoplanktivore,
macroalgivore, detritivore, piscivore, crustacivore, and zooplanktivore. Standard statistical methods found a
significant negative correlation between latitude and the proportion of herbivorous clupeoids (herbivorous
clupeoid species/total clupeoid species), but no significant difference in the proportion of herbivorous clupeoids
between freshwater and marine environments. Phylogenetic least squares regression did not identify significant
negative correlations between latitude and herbivory or salinity and herbivory. In clupeoids there were five
evolutionary transitions from non-herbivore to herbivore guilds and no transitions from herbivore to non-her-
bivore guilds. There were no transitions to zooplanktivore, the most common guild, but it gave rise to all trophic
guilds, except algivore, at least once. Transitions to herbivory comprised a significantly greater proportion of
diet transitions in tropical and subtropical (< 35°) relative to temperate areas (> 35°). Our findings suggest cold
temperatures may constrain the evolution of herbivory and that herbivory might act as an evolutionary “dead-
end” that hinders subsequent trophic diversification, while zooplanktivory acts as an evolutionary “cradle” that
facilitates trophic diversification.

1. Introduction

Trophic niche evolution can profoundly impact ecological and

evolutionary processes, including phenotypic evolution, speciation, and
community assembly (Kalko et al., 1998; Duda and Palumbi, 2004; Day
et al., 2011; Pekár et al., 2011; Davis et al., 2012; Chubaty et al., 2014;
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Goldman-Huertas et al., 2015; Burin et al., 2016). Understanding biotic
and abiotic forces that govern the evolution of trophic niches offers
critical insight into biogeographic patterns (Futuyma and Moreno,
1988; Floeter et al., 2005; Slatyer et al., 2013; Brown, 2014). Herbivory
is a particularly interesting trophic niche because there are theorized
trade-offs associated with diets containing large quantities of low
quality food (little energy per unit mass) and it has been identified as a
potential evolutionary “dead-end” that hinders subsequent trophic di-
versification (Gaines and Lubchenco, 1982; Floeter et al., 2005; Lobato
et al., 2014; Burin et al., 2016; Sanchez and Trexler, 2016). If trade-offs
restrict the evolution of herbivory in certain environments and her-
bivory constrains trophic diversification, there may be predictable
geographic patterns of herbivory and trophic evolution (Floeter et al.,
2005, 2004; González-Bergonzoni et al., 2012; Chubaty et al., 2014;
Sanchez and Trexler, 2016).

There are trade-offs associated with herbivory. To meet metabolic
demands, herbivores may spend more time foraging, have reduced
activity levels, slower digestion, and higher energy allocation to di-
gestive tissues, relative to species consuming primarily high quality
prey (Ralston and Horn, 1986; Elliott and Bellwood, 2003; Floeter et al.,
2005; Sanchez and Trexler, 2016). Proposed advantages of herbivory
include increased prey encounter rates, little energy required to capture
prey, and utilization of suboptimal habitats (Floeter et al., 2005).
Herbivorous fishes are abundant in many marine and freshwater
aquatic communities (Nakamura et al., 2002; Ibañez et al., 2009;
González-Bergonzoni et al., 2012; Hundt et al., 2014; Egan et al., 2017)
and consume low quality prey such as detritus, algae, macrophytes, and
phytoplankton (Wilson et al., 2003; Heck et al., 2008; Hundt et al.,
2014).

Abiotic environmental gradients might determine geographic pat-
terns of herbivory. High salinity and cold temperature may decrease the
probability of herbivory arising in fishes by preventing them from ob-
taining enough energy to meet metabolic demands (Gaines and
Lubchenco, 1982; Floeter et al., 2005; González-Bergonzoni et al.,
2012). Cold temperatures slow production of detritus and algae and
decrease digestion rates, which may limit the evolution of herbivory
(Gaines and Lubchenco, 1982; Floeter et al., 2005; Behrens and
Lafferty, 2007; Clements et al., 2009; González-Bergonzoni et al.,
2012). The influential “digestion constraint” hypothesis (Gaines and
Lubchenco, 1982) states that in ectotherms energy requirements are
difficult to meet at low temperatures when low quality materials
comprise a substantial portion of the diet because digestion rate de-
creases more quickly than metabolic rate with declining temperature
(Brett and Higgs, 1970; Horn and Gibson, 1990; Floeter et al., 2005).
There may be low availability of detrital, algal, and plant matter in
marine relative to freshwater habitats (Winemiller and Lesli, 1992), a
scenario that predicts a negative relationship between salinity and
herbivory. Previous studies found negative correlations between her-
bivory and salinity and herbivory and latitude in fishes, supporting the
existence of environmental constraints on herbivory, although herbi-
vores are present in both marine and temperate areas (Floeter et al.,
2005; González-Bergonzoni et al., 2012).

Evolutionary transition rates between trophic niches are variable
and different trophic niches can have distinct consequences for sub-
sequent ecological diversification (Price et al., 2012; Burin et al., 2016).
Some trophic niches may act as “cradles” of diversity from which dif-
ferent trophic niches frequently evolve while others may act as evolu-
tionary “dead-ends” that, once evolved, rarely give rise to additional
trophic diversity (Dennis et al., 2001; Price et al., 2012; Lobato et al.,
2014; Santini et al., 2015; Burin et al., 2016). Studies describing the
evolution of diet in bony fishes find that herbivory may be an evolu-
tionary dead-end because there are frequent transitions to herbivory,
but infrequent transitions from herbivory to other diets (Davis et al.,
2012; Price et al., 2012; Lobato et al., 2014; Santini et al., 2015; Burin
et al., 2016; Lavoué et al., 2017a). Only a handful of studies have in-
vestigated the consequences of herbivory for diversification, and few

studies have focused on actinopterygian fishes (Lobato et al., 2014).
For this study we investigated trophic niche evolution in Clupeoidei

(anchovies, sardines, herrings, and their relatives). Clupeoidei contains
over 30 herbivorous species and freshwater, marine, temperate, and
tropical species (Whitehead et al., 1988; Lavoué et al., 2013; Bloom and
Lovejoy, 2014). Recent studies have identified strongly supported
lineages within Clupeodei, but failed to resolve relationships among
these lineages, in part because they used a small number of loci and
relied heavily on mitochondrial DNA (Bloom and Lovejoy, 2012;
Lavoué et al., 2013, 2017b,c; Bloom and Lovejoy, 2014). The most
comprehensive phylogenetic hypothesis for Clupeoidei contains 153 of
approximately 400 clupeoid species (Bloom and Lovejoy, 2014). This
phylogeny contains robust sampling of South American taxa, but poor
sampling of several trophically diverse Indo-Pacific lineages. For ex-
ample, the herring genus Herklotsichthys (12 species) is entirely missing
and the diverse anchovy genera Stolephorus (20 species) and Thryssa (24
species) and sardines in the genus Sardinella (22 species) are each re-
presented by only three species.

In this study, we investigated the evolution of herbivory and asso-
ciations between herbivory and habitat in clupeoid fishes. Our first
objective was to use an updated molecular dataset to reconstruct a new
clupeoid phylogeny with more representative sampling of Indo-Pacific
trophic diversity. We then used this phylogeny to estimate the history of
trophic niche evolution in clupeoids and test the hypotheses that her-
bivory is negatively correlated with salinity and latitude (proxy for
temperature).

2. Materials and methods

2.1. Taxon sampling and molecular data collection

This study adhered to the Lavoué et al. (2014) classification of
Clupeoidei and revisions suggested for the genus Encrasicholina (Hata
and Motomura, 2017), genus Sardinella (Stern et al., 2017), and genera
Pseudosetipinna, Setipinna, and Lycothrissa (Lavoué and Ho, 2017). We
acquired DNA sequences for 191 individuals from 190 clupeoids and
the denticle herring Denticeps clupeoides to serve as an out-group
(Supplementary Table 1). Our sampling included all major clupeoid
lineages and 67 of 82 genera. We downloaded sequences from GenBank
and generated additional sequences from specimens we collected. We
extracted total genomic DNA using Qiagen® DNAeasy Blood and Tissue
Kits (Qiagen, Valencia, CA) following the manufacturer’s protocol. We
used polymerase chain reaction (PCR) to amplify four nuclear (rag1,
rag2, slc, zic1) and two mitochondrial loci (cytb, 16s) that have been
used extensively for actinopterygian systematics (Li et al., 2007, 2010;
Near et al., 2012). PCR reactions contained 2.75 μl water, 1.5 μl
genomic DNA, 6.25 μl GoTaq® Green Master Mix (Promega, Madison,
WI), 1.0 μl primers and were conducted using published PCR cycling
protocols and amplification primers (López et al. 2004; Li et al., 2007,
2010; Bloom and Lovejoy, 2012). We used Exosap to remove excess
primers and nucleotides from PCR products (Werle et al., 1994). We
sequenced purified PCR products using ABI Prism® BigDye Terminator
version 3.1 chemistry (Applied Biosystems, Foster City, CA) at the
University of Minnesota Biomedical Genomics Center DNA Sequencing
and Analysis Facility. We edited sequences, produced contigs and
consensus sequences, and aligned consensus sequences using the
MUSCLE algorithm (Edgar, 2004) in Geneious v. 6.0.3 (www.geneious.
com; Biomatters Ltd., Auckland, New Zealand). We confirmed the
quality of alignments by visual inspection of sequences and their amino
acid translation and comparing our alignments to alignments pre-
viously published by Bloom and Lovejoy (2014), then trimmed se-
quences to the following lengths (in base pairs): rag1 1571, rag2 1269,
slc 770, zic1 902, cytb 1143, 16s 1480.
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2.2. Phylogenetic analyses

We generated two datasets for phylogenetic analyses. A “6-gene”
dataset contained all six loci for a subset of 49 species from major
clupeoid lineages for which we had sequences for at least five genes and
the outgroup D. clupeoides. The purpose of the 6-gene dataset was to
resolve higher-level clupeoid relationships. A “4-gene” dataset max-
imized taxon sampling, containing all 191 individuals and rag1, rag2,
slc, and cytb gene sequences. The 4-gene dataset excluded zic1 and 16s
because we did not have these sequences for most species
(Supplementary Table 1).

We tested for substitution saturation for each locus in our datasets
using the Xia et al. (2003) method in DAMBE6 (Xia, 2017). Rag1 codon
positions two and three and all rag2 codon positions were saturated
(Supplementary Fig. 1). We removed rag1 and rag2 third codon posi-
tions for downstream analyses, but retained rag1 position two and rag2
positions one and two because the latter sites were only slightly above
the critical saturation index value and preliminary analyses and pre-
vious research suggested these positions contained valuable informa-
tion for resolving recent clupeoid branching events (Bloom and
Lovejoy, 2012; Bloom and Lovejoy, 2014). For all analyses, we selected
partitioning schemes and nucleotide substitution models using Bayesian
information criterion (BIC) scores in PartitionFinder v. 1.01 (Lanfear
et al., 2012). We did not implement the invariant sites parameter be-
cause it is redundant with the gamma distribution parameter (Yang,
2006). The best fitting partitioning scheme identified by Parti-
tionFinder for both datasets partitioned by gene and codon position and
assigned GTR+ gamma nucleotide substitution models to all partitions.

To time-calibrate our phylogeny we used six exponential calibration
priors based upon previous reviews of clupeoid fossils and priors im-
plemented by Bloom and Lovejoy (2014) and Lavoué et al. (2017b): (1)
we used the crown clupeoid †Cynoclupea nelsoni (Malabarba and Dario,
2017) to set a minimum age of 125Ma for the most recent common
ancestor (MRCA) of Clupeoidei and set a soft 95% maximum age of
145Ma due to the absence of Jurassic Clupeomorpha fossils, (2) a
Dorosoma petenense fossil (Miller, 1982) to set a minimum age of 2.5Ma
for the MRCA of Dorosoma and set a soft 95% maximum age of 86.3
because most crown clupeoid fossils are younger, (3)-(5) a minimum
age of 3.0Ma and soft 95% maximum age of 86.3 for three sister pairs
of anchovies separated by the Isthmus of Panama, and (6) †Eoengraulis
fasolo (Marramà and Carnevale, 2016) to set a minimum age of 50Ma
for the MRCA of Engraulidae and set a soft 95% maximum age of
86.3 Ma. We implemented all six priors when analyzing the 4-gene
dataset, but only used the Clupeoidei and Engraulidae priors (priors 1
and 6) when analyzing the 6-gene dataset due to the reduced taxon
sampling.

We conducted Bayesian phylogenetic analyses in BEAST v.2.4.5
(Bouckaert et al., 2014) via the CIPRES Science Gateway portal (Miller
et al., 2010). For both datasets we conducted concatenated analyses
and species tree analyses via *BEAST and ran five or more identical,
independent BEAST runs. All analyses implemented a birth-death spe-
ciation prior, an uncorrelated lognormal clock model of molecular
evolution, set Markov chain Monte Carlo (MCMC) lengths of 300 mil-
lion generations, and logged results every 10,000th generation. We
visualized results in Tracer v.1.6.0 (Rambaut et al., 2014) to confirm
that MCMC runs reached stationarity, sufficient effective sample sizes
of parameters (> 200), and convergence of independent runs. We
checked node age ranges to confirm MCMC correctly sampled from
node age calibration priors. We combined trees and removed burnin in
LogCombiner v.2.4.5 and used TreeAnnotator v.2.4.5 to generate
maximum clade credibility trees (Bouckaert et al., 2014).

We conducted maximum likelihood phylogenetic analyses in
RAxML v.8.2.4 (Stamatakis, 2014) via CIPRES using 4-gene and 6-gene
datasets. All maximum likelihood analyses used the same partitioning
scheme implemented in the Bayesian analyses: by gene and codon po-
sition with GTR+ gamma substitution models. Tree searching and non-

parametric bootstrap estimation of node support was conducted si-
multaneously using the rapid bootstrapping algorithm. We used the
bootstopping option, which determines the number of bootstrap re-
plicates required to obtain stable support values and halts analyses
automatically.

2.3. Diet data, trophic guilds, and herbivory characters

Trophic guilds are groups of species that eat similar prey (Root,
1967; Simberloff and Dayan, 1991; Garrison and Link, 2000). To fa-
cilitate phylogenetic comparative analysis of herbivory evolution in
clupeoids we assigned species to trophic guilds. We collected diet data
from large juvenile and adult specimens for 115 clupeoid species from
peer reviewed articles and by quantifying the diet of nine clupeoid
species via gut content analysis (Supplementary methods; Supplemen-
tary Table 1; Supplementary Table 2). We condensed 97 total prey types
into sixteen prey categories for analysis (Supplementary Table 3). Prey
categories were based upon previous studies and focused on morpho-
logical and functional similarity of prey rather than taxonomy
(Nakamura et al., 2002; Nakane et al., 2011; Egan et al., 2017). Diet
data were reported in the literature qualitatively and quantitatively as
% volume, % number, and % occurrence of prey types. These data
provide distinct, but largely congruent descriptions of the relative
proportion of prey in the diets of fishes (Hyslop, 1980; Baker et al.,
2014). In some cases, condensing % occurrence data into prey cate-
gories resulted in categories with values over 100%. In these cases we
capped the value at 100%. We treated the different quantitative data
types equivalently in analyses because a coarse description of diet was
sufficient to examine our questions. We used program R v.3.3.1 and a p-
value of< 0.05 as the threshold for statistical significance for all sta-
tistical analyses (www.r-project.org). We calculated differences in prey
consumption using Czekanowski dissimilarity index matrices
(Czekanowski, 1909) and used hierarchical agglomerative clustering to
group species based upon dietary similarity using the program R vegan
package (Oksanen et al., 2016). We identified statistically significant
groupings, which we designated as trophic guilds, using a bootstrap
randomization approach previously described by Buchheister and
Latour (2015) and Egan et al. (2017). We identified major diet differ-
ences between trophic guilds and used this information to assign clu-
peoid species to trophic guilds for which only qualitative data were
available.

We estimated one continuous and one binary herbivory character.
We measured the continuous herbivory diet character as the proportion
of prey of low nutritional value in clupeoid diets (algae, detritus,
phytoplankton, plant, and pollen prey categories). We coded a binary
herbivory character based upon our continuous herbivore character and
considered a species herbivorous if 20% of its diet was comprised of low
quality prey. When possible, we assigned binary herbivore character
states for species with no diet data based upon the diets of closely re-
lated species and qualitative observations of feeding and digestive
structures. The terms herbivore, detritivore, and omnivore are often
used inconsistently or interchangeably due to the limited resolution of
diet data and differences in research focus. We acknowledge that these
can be distinct trophic guilds, but for this study we use the term her-
bivore to describe any species consuming significant quantities of low
quality prey (Floeter et al., 2005; González-Bergonzoni et al., 2012).

2.4. Habitat and range data

We collected clupeoid range and salinity use data from compiled
Ocean Biogeographic Information System (www.iobis.org; Grassle,
2000) and Global Biodiversity Information Facility (www.gbif.org;
GBIF, 2017) occurrence records accessed via AquaMaps (Kaschner
et al., 2016) and from Whitehead et al. (1988). We used these data to
discretely code habitat use in two ways: (1) marine, catadromous,
anadromous, or freshwater and (2) primarily feeds in freshwater

J.P. Egan et al. Molecular Phylogenetics and Evolution 124 (2018) 151–161

153

http://www.r-project.org
http://www.iobis.org
http://www.gbif.org


habitats (catadromous or freshwater) or primarily feeds in marine ha-
bitats (anadromous or marine). We recorded the northernmost and
southernmost latitude of each species’ range and used the absolute
value of the latitude of the furthest occurrence of each species from the
equator as a continuous character to serve as a proxy for each species’
temperature use.

2.5. Statistical analyses

To test our hypothesis that herbivory and latitude are negatively
correlated we conducted linear regression of the proportion of herbi-
vorous clupeoid species (binary herbivory character) versus latitude at
5° intervals. We did not include latitudinal transects above 80° in any
analyses because no clupeoid species occurred above this latitude. To
test our hypothesis that herbivory is positively correlated with fresh-
water habitats we conducted simple linear regression of salinity (binary
predictor variable) versus the proportion of herbivores. We also tested
for a difference in the proportion of herbivorous clupeoids between
freshwater and marine habitats using the prop.test MASS function.

We also tested our hypotheses using phylogenetically informed
methods. All phylogenetic comparative analyses used the time-cali-
brated clupeoid phylogeny produced by the 4-gene concatenated ana-
lysis after removing taxa with missing habitat or diet character data. We
estimated the evolutionary history of habitat (freshwater, marine,
anadromous, or catadromous) and diet (trophic guilds) using Revell’s
(2012) modification of Bollback’s (2006) Bayesian stochastic character
mapping method and the maximum likelihood re-rooting method of
Yang et al. (1995) using the make.simmap (Revell, 2012) and re-
rootingMethod phytools (Revell, 2012) functions, respectively. We es-
timated the evolutionary history of continuous character data (her-
bivory and latitude) using the maximum likelihood-based contMap
phytools function. We tested our hypotheses that herbivory and latitude
are negatively correlated (two continuous characters) and herbivory
and freshwater habitat use are positively correlated (binary discrete
predictor variable vs. continuous response variable) in clupeoids using
phylogenetic generalized least squares regression (PGLS) with the gls
phytools function. In our PGLS analyses the assumption of normally
distributed residuals was violated. We explored the consequences of
violating this assumption using the MCMCglmm package (Hadfield,
2010) to compare p-values obtained from fitting linear models to our
data assuming either normally or exponentially distributed residuals.
To examine the impact of phylogenetic correction on linear regression
analyses we also conducted standard linear regression of herbivory
versus salinity and latitude. We tested for differences in the proportion
of evolutionary diet transitions that were from non-herbivore to her-
bivore (transitions to herbivory/total number of evolutionary transi-
tions) between tropical/subtropical areas (35°S> and<35°N) and
temperate areas (> 35°S and 35°N<) and freshwater and marine ha-
bitats using the prop.test MASS function.

3. Results

3.1. Clupeoid phylogenetic relationships and divergence times

The Bayesian 6-gene *BEAST and BEAST concatenated analyses
yielded identical topologies. Bayesian posterior probabilities indicated
support for some recent clupeoid branching events, but little support for
higher-level relationships. There were no strongly supported differences
between Bayesian and maximum likelihood analyses so we only discuss
the results of the Bayesian analyses (Fig. 1; Supplementary Fig. 2).
Engraulidae (anchovies), Dussumieriinae (round herrings, rainbow
sardines), Spratelloidinae (round herrings), and the Clupeidae sub-
families Clupeinae (herrings), Ehiravinae (sprats), Dorosomatinae
(gizzard shads, sardinellas, herrings), and Alosinae (shads, menhadens),
were recovered as monophyletic, but not Clupeidae or Dussumieriidae
(Fig. 1). Spratelloidinae was recovered as sister to all remaining

Clupeoidei and Chirocentrus (wolf herrings) was sister to all clupeoids
except Spratelloidinae. Engraulidae and Pristigasteridae (longfin her-
rings) were recovered as sister. A lineage containing Dussumieriinae,
and all Clupeidae subfamilies was sister to the En-
graulidae+ Pristigasteridae lineage.

The 4-gene Bayesian *BEAST analyses failed to converge so we only
report results of the concatenated BEAST Bayesian analyses (Fig. 2;
Supplementary Fig. 3). There were no strongly supported differences
between concatenated Bayesian and maximum likelihood analyses so
we only discuss the results of Bayesian analyses (Fig. 2; Supplementary
Figs. 3 and 4). Engraulidae, Dussumieriinae, Spratelloidinae, all clu-
peidae subfamilies except Clupeinae, and Pristigasteridae were re-
covered as monophyletic, but not Clupeidae or Dussumieriidae (Fig. 2).
Spratelloidinae was recovered sister to all remaining clupeoids. In
contrast to the 6-gene analysis Engraulidae was recovered sister to all
clupeoids except Spratelloidinae, Chirocentridae was recovered sister to
Pristigasteridae, and Pristigasteridae and Chirocentridae were placed in
a lineage with Dussumieriinae and Clupeinae. The clupeid genera
Herklotsichthys, Sardinella, Pellonula, and Microthrissa, pristigasterid
genera Pellona and Ilisha, Indo-Pacific anchovy genera Thryssa and
Coilia, and New World anchovy genera Engraulis, Anchoa, Anchoviella,
and Anchovia were not monophyletic.

Age estimates from the 4-gene and 6-gene Bayesian concatenated
analyses were similar (Figs. 1 and 2). We estimated an early to middle
Cretaceous (mean posterior age of 126Ma in both analyses) MRCA of
Clupeoidei (Fig. 2). Branching events between major clupeoid lineages
were estimated to occur during the middle and late Cretaceous and
early Cenozoic: Spratelloidinae (4 gene MRCA=82Ma, 6 gene
MRCA=77Ma), Pristigasteridae+Dussumieriinae + Clupeidae
lineage (4 gene MRCA=79Ma, 6 gene MRCA=74Ma), Engraulidae
(4 gene MRCA=53Ma; 6 gene MRCA=50Ma), and Pristigasteridae
(4-gene MRCA=34Ma).

3.2. Trophic guilds and character evolution

Hierarchical agglomerative clustering and bootstrap randomization
analyses identified eight trophic guilds (most important prey categories
shown in parentheses): terrestrial invertivore (terrestrial invertebrates,
fish), molluscivore (molluscs, fish), macroalgivore (benthic macroalgae,
rotifers), detritivore (detritus, zooplankton), phytoplanktivore (phyto-
plankton, detritus), piscivore (fish, crustaceans), crustacivore (crusta-
ceans, zooplankton), and zooplanktivore (zooplankton, crustaceans).
The zooplanktivore guild contained the most species and the mollus-
civore and algivore guilds contained the fewest (one species each;
Supplementary Table 1). No species in our dataset consumed ex-
clusively low quality prey. Most zooplanktivores occurred in marine
environments (∼79%). The only macroalgivore inhabits tropical
freshwater environments, the only molluscivore is tropical and marine,
and all three terrestrial invertivore species inhabit freshwater with two
species occurring in the tropics and one in the subtropics. The re-
maining trophic guilds were found in both freshwater and marine ha-
bitats.

Stochastic character mapping and ancestral state reconstruction
yielded congruent results regarding the evolutionary history of habitat
and diet in clupeoidei so we only discuss the results of stochastic
character mapping. Character mapping favored a zooplanktivore
trophic guild and marine habitat use as the root character states for
Clupeoidei and identified 43.0 and 31.8 average changes between diet
and habitat character states, respectively (Figs. 3 and 4). Zooplankti-
vore to crustacivore (8 transitions) and zooplanktivore to piscivore (8
transitions) were the most common transitions between trophic guilds
and marine to freshwater were the most frequent habitat transitions (13
transitions; Fig. 3 and Supplementary Fig. 5). Herbivore trophic guilds
evolved three times in tropical freshwater environments, three times is
subtropical marine environments, and twice in tropical marine en-
vironments (Figs. 4 and 5 and Supplementary Figs. 3 and 5). Character
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mapping identified an additional origin of herbivory when using binary
herbivory coding, rather than trophic guilds because the white sardi-
nella (Sardinella albella) was assigned to the zooplanktivore trophic
guild, but also consumed substantial quantities of phytoplankton. There
were three transitions between herbivore trophic guilds (phyto-
planktivore to detritivore, detritivore to phytoplanktivore, and either
detritivore or phytoplanktivore to algivore) and no transitions from an
herbivore to non-herbivore guild (Figs. 3 and 4).

3.3. Spatial patterns of herbivory

Linear regression found a statistically significant negative correla-
tion between latitude and the proportion of herbivorous clupeoid spe-
cies (p=0.003; Fig. 5). Linear regression did not find a correlation
between salinity and the proportion of herbivores (p=0.108) and the
prop.test analysis found no significant difference in the proportion of
herbivores between freshwater (9% of species) and marine habitats
(14% of species; p= 0.107). The PGLS regressions did not identify
statistically significant correlations between herbivory and latitude
(p=0.588) or herbivory and salinity (p= 0.794) and MCMCglmm
analyses confirmed that non-significant p-values are obtained in both

models assuming exponentially distributed residuals and models as-
suming normally distributed residuals. Standard linear regression
yielded a higher p-value than PGLS for latitude versus herbivory
(p= 0.927) and a lower p-value than PGLS for salinity vs herbivory
(p= 0.683). The proportion of total diet transitions that were from
non-herbivore to herbivore was significantly greater in tropical/sub-
tropical areas (6 of 21 transitions with S. albella transition included)
than temperate areas (0 of 10 transitions; p= 0.017). There was no
significant difference in the proportion of diet transitions that were
from non-herbivore to herbivore in freshwater versus marine habitats
(3 transitions in each habitat with S. albella transition included;
p=1.0).

4. Discussion

4.1. Clupeoid phylogenetic relationships and divergence times

Our phylogenetic hypothesis for Clupeoidei recovers the same major
lineages identified by previous studies (reviewed by Lavoué et al.,
2014), but relationships among these lineages remain problematic
(Bloom and Lovejoy, 2012, 2014; Lavoué et al., 2013; Lavoué et al.,

Fig. 1. Time-calibrated clupeoid phylogeny resulting from concatenated Bayesian analysis of the 6-gene dataset in BEAST v.2.4.5. Nodes are labeled with posterior Bayesian probabilities
if support is< 0.95. Time, in millions of years, is shown along the x-axis. Node bars show the 95% highest posterior density interval of divergence time estimates. Shaded clupeoid
lineages: (1) Alosinae, (2) Dorosomatinae, (3) Ehiravinae, (4) Clupeinae, (5) Dussumieriinae, (6) Engraulidae, (7) Pristigasteridae, (8) Chirocentridae, and (9) Spratelloidinae.

J.P. Egan et al. Molecular Phylogenetics and Evolution 124 (2018) 151–161

155



2017b,c). The 6-gene and 4-gene analyses did find strong support for
the position of Spratelloidinae sister to all remaining clupeoids. Bloom
and Lovejoy (2014) also recovered Spratelloidinae in this position using
nuclear and mitochondrial loci, but using mitochondrial datasets
Lavoué et al. (2013 and 2017c) placed Spratelloidinae sister all clu-
peoids except Engraulidae and sister to Chirocentridae, respectively.
Our 6-gene phylogeny did not confidently place Pristigasteridae, but
the 4-gene analysis found strong support for a close affiliation with

Clupeinae and Dussumieriinae (Figs. 1 and 2; Supplementary Fig. 1).
One recent molecular study also recovered Pristigasteridae in a clade
with Dussumieriinae and Clupeinae (Li and Ortí, 2007), but Lavoué
et al. (2013) and Bloom and Lovejoy (2014) recovered Pristigasteridae
as sister to Clupeidae with weak support. The minor differences be-
tween our phylogenetic hypothesis and previous studies are likely due
to our exclusion of the 3rd codon positions of rag1 and rag2 due to
substitution saturation, inclusion of additional nuclear markers, and

Fig. 2. Time-calibrated clupeoid phylogeny inferred by concatenated Bayesian analysis of our 4-gene dataset in BEAST 2.4.5. Time, in millions of years, is shown along the x-axis. Node
bars show the 95% highest posterior density interval of divergence time estimates. Line drawings of representative clupeoids from top to bottom: Alosa chrysochloris, Brevoortia tyrannus,
Clupeichthys aesarnensis, Sundasalanx mekongensis, Herklotsicthys castelnaui, Escualosa thoracata, Sardinella albella, Ethmalosa fimbriata, Limnothrissa miodon, Chriocentrus dorab, Ilisha
melastoma, Opisthopterus tardoore, Clupea harengus, Dussumieria elopsoides, Amazonsprattus scintilla, Lycengraulis batesii, Pterengraulis atherinoides, Anchoa mitchilli, Anchoa hepsetus,
Cetengraulis edentulus, Engraulis japonicus, Encrasicholina punctifer, Stolephorus nelsoni, Coilia dussumieri, Thryssa setirostris, and Spratelloides gracilis.
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more representative taxon sampling.
Divergence times of major clades estimated by the 4-gene and 6-

gene analyses were congruent, but differed from previous studies and
were often younger (Fig. 2; Lavoué et al., 2013, 2017b; Bloom and
Lovejoy, 2014). For example this study estimated a Cretaceous rather
than Jurassic MRCA of Clupeoidei and ages of 34Ma, 50–53Ma, and
77–83Ma, for Pristigasteridae, Engraulidae, and Spratelloidinae. Bloom
and Lovejoy (2014) estimated ages of and 71Ma (Pristigasteridae),
88Ma (Engraulidae), 108Ma (Spratelloidinae) and Lavoué et al. (2013)
estimated ages of 53Ma (Pristigasteridae), 73Ma (Engraulidae), and
57Ma (Spratelloidinae). These differences are likely largely due to our
use of both mitochondrial and nuclear loci and exclusion of two fossils

used in previous studies due to controversy regarding their placement
(Lavoué et al., 2017b): †Gasteroclupea branisai, previously used to set a
minimum age of 67Ma for the MRCA of Pristigasteridae, †Nolfia ria-
chuelensis, previously used to set a minimum age of 99Ma for the MRCA
of Clupeidae (Bloom and Lovejoy, 2014), †Lecceclupea ehiravaensis to set
a minimum age of 74Ma for the MRCA of the clupeid lineage Ehiravini
(Gilchristella+ Clupeichthys; Lavoué et al., 2013).

4.2. Trophic guilds and character evolution

The digestion constraint hypothesis suggests that cold temperatures
constrain the evolution of herbivory and predicts a negative

Fig. 3. Summary of diet (A) and habitat use (B) transition frequencies (average number of transitions) in Clupeoidei estimated using the 4-gene concatenated Bayesian phylogeny with
taxa missing habitat and diet character data removed and 1000 stochastic character mapping simulations. We only show transitions with average frequencies greater than 1.0. A
representative clupeoid species is pictured with each character state. Detritivore, phytoplanktivore, and algivore are considered herbivorous trophic guilds.
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relationship between herbivory and latitude (Gaines and Lubchenco,
1982; Floeter et al., 2005). Our linear regression and prop.test analyses
support the existence of a latitudinal herbivory gradient, finding a
significant negative correlation between the proportion of herbivorous
clupeoids and latitude and a grater proportion of transitions from non-
herbivore to herbivore in tropical/subtropical (six transitions) than
temperate areas (no transitions; Figs. 5 and 6). PGLS analysis found no
significant correlation between herbivory and latitude. Keeping in mind
the strengths and weakness of our various statistical analyses taken
together, these findings provide some support for the temperature
constraint hypothesis. All clupeid species in herbivorous trophic guilds
were historically assigned to one of the two “shad” Clupeidae sub-
families (Dorosomatinae and Alosinae) based on morphology, sug-
gesting this niche evolved rarely. Our phylogeny suggests that

herbivory evolved multiple times and that herbivorous clupeids and
anchovies convergently evolved similar morphologies such as deep,
laterally compressed bodies and long digestive tracts (Whitehead et al.,
1988).

The detritivorous gizzard shads (Dorosoma spp.) and the phyto-
planktivorous menhadens (Brevoortia) were the only clupeoids in her-
bivorous trophic guilds with ranges extending into temperate areas.
Most species in the gizzard shad and menhaden lineages have primarily
subtropical or tropical ranges (Supplementary Table 2) and herbivory
was inferred to have evolved in the subtropics prior to colonization of
temperate regions in both lineages (Figs. 4 and 5). The long digestive
tracts characteristic of Brevoortia and Dorosoma spp. are an apparent
adaptation to digest detritus in addition to zooplankton, potentially
allowing them to circumvent temperature constraints of herbivory

Fig. 4. Evolutionary history of diet (trophic guilds) in Clupeoidei estimated using the 4-gene concatenated Bayesian phylogeny with taxa trophic guild data removed and 1000 stochastic
character mapping simulations. Detritivore, phytoplanktivore, and algivore trophic guilds are considered herbivorous.
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(Haskell, 1959; Schmitz and Baker, 1969; Mundahl and Wissing, 1987;
Smoot and Findlay, 2010; Chubaty et al., 2014). Dorosoma cepedianum
can survive on a strictly detritivorous diet (low quality), but exhibit
reduced growth and condition relative to periods when an omnivorous
diet (high quality) is consumed, and consume little detritus when

zooplankton are abundant (Mundahl and Wissing, 1987). Omnivorous
herbivory may be adaptive because it allows Dorosoma spp. to maintain
energy intake in seasonal temperate environments characterized by
fluctuating prey availability (Mundahl and Wissing, 1987; Frederiksen
et al., 2006; Ayón et al., 2011). Further description and comparison of
the digestive physiology and morphology, life history, and behavior of
temperate herbivorous fishes may illustrate how these fishes satisfy
metabolic demands with diets containing large proportions of poor
quality food.

None of our statistical analyses supported the hypothesis that her-
bivory is negatively correlated with salinity or found a significant dif-
ference in the proportion of transitions from non-herbivore to herbivore
in freshwater versus marine environments. Clupeoids evolved herbi-
vorous trophic guilds three times in freshwater and five times in marine
environments with three of these transitions occurring between dif-
ferent herbivore trophic guilds (Figs. 3 and 4; Supplementary Fig. 5).
Previous research that showed a correlation between herbivory and
salinity used data from both offshore and nearshore fish communities
(González-Bergonzoni et al., 2012). The majority of marine clupeoid
species inhabit nearshore environments (Whitehead et al., 1988).
Therefore, the lack of support for a relationship between freshwater
environments and herbivory in clupeoids could be because detrital,
algal, and plant material is readily available in nearshore habitats in
contrast to offshore habitats (Coates, 1993).

Our data suggest certain trophic guilds are evolutionary cradles that
give rise to ecological diversity, while others are evolutionary dead-
ends. Although approximately 50% of the clupeoids included in our
study were zooplanktivores, there were no evolutionary transitions to
this trophic guild in Clupeoidei (Figs. 3 and 4). Interestingly, zoo-
planktivory gave rise to all other trophic guilds, except algivory, at least
once, which indicates zooplanktivory acts as an evolutionary cradle
capable of giving rise to a diversity of trophic niches. There were three
transitions between herbivore guilds and no transitions from an her-
bivore to non-herbivore guild (Figs. 3 and 4). These findings are

Fig. 5. Number of clupeoid species (y-axis) at 5° latitudinal transects (absolute value of
latitude; x-axis). The light gray portion of bars represents the number of herbivorous
species and the light (herbivores) and dark (non-herbivores) portions of each bar are
labeled with number of species.

Fig. 6. Contmap ancestral state reconstructions of continuous characters estimated using our 4-gene concatenated Bayesian clupeoid phylogeny with taxa missing continuous character
data removed. The left contmap shows the evolutionary history of the herbivory character (warm colors= highly herbivorous) and the right contmap shows the evolutionary history of
the latitude character (cool colors=high latitudes).
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consistent with a general pattern of more transitions to herbivory than
from herbivory in fishes, birds, and mammals, and suggests that
sometimes herbivory acts as an evolutionary dead-end, limiting sub-
sequent trophic diversification (Davis et al., 2012; Price et al., 2012;
Lobato et al., 2014; Santini et al., 2015; Burin et al., 2016). The ecol-
ogies of herbivorous clupeoids are diverse. There are catadromous,
anadromous, marine, freshwater, tropical, subtropical, and temperate
herbivores, with maximum body lengths and lifespans ranging from
18.2 cm (Atlantic anchoveta, Cetengraulis edentulus) to 60 cm (Hilsa
shad, Tenualosa ilisha) and three years (Pacific anchoveta, Cetengrualis
mysticetus) to 10 years (Gizzard shad, Dorosoma cepedianum), respec-
tively (Whitehead et al., 1988). Although herbivory may hinder trophic
diversification, it might not limit other types of ecological diversifica-
tion. The repeated evolution of herbivory, piscivory, and crustacivory
in both freshwater and marine environments suggests that biotic forces
such as prey availability and presence or absence of niche overlap with
incumbent predators may play an important role in diet evolution
within Clupeoidei (Case, 1983; Bloom and Lovejoy, 2012; Donoghue
and Edwards, 2014).

The clupeoid trophic guilds we identified will be useful for fisheries
management and future ecological and evolutionary research. These
trophic guilds can be refined with additional diet data obtained using
complementary methods such as stable isotope and gut content ana-
lysis. Collecting prey size data may provide valuable insight into clu-
peoid ecology and evolution because prey size consumption appears to
vary within and between trophic guilds (Supplementary Table 2; Egan
et al., 2017) and size distributions of prey appear to regulate clupeoid
population sizes in some ecosystems (Ayón et al., 2011). The species in
the algivore and molluscivore trophic guilds should be subjected to
additional gut content analysis given the apparent rarity of these guilds
within clupeoids and their designation based upon a small number of
diet studies (Blaber et al., 1998; Mondal and Kaviraj, 2010; Phukan
et al., 2012; Shahraki et al., 2014).
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