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Migratory animals respond to environmental heterogeneity by predictably
moving long distances in their lifetime. Migration has evolved repeatedly
in animals, and many adaptations are found across the tree of life that
increase migration efficiency. Life-history theory predicts that migratory
species should evolve a larger body size than non-migratory species, and
some empirical studies have shown this pattern. A recent study analysed
the evolution of body size between diadromous and non-diadromous
shads, herrings, anchovies and allies, finding that species evolved larger
body sizes when adapting to a diadromous lifestyle. It remains unknown
whether different fish clades adapt to migration similarly. We used an
adaptive landscape framework to explore body size evolution for over
4500 migratory and non-migratory species of ray-finned fishes. By fitting
models of macroevolution, we show that migratory species are evolving
towards a body size that is larger than non-migratory species. Furthermore,
we find that migratory lineages evolve towards their optimal body size more
rapidly than non-migratory lineages, indicating body size is a key adaption
for migratory fishes. Our results show, for the first time, that the largest
vertebrate radiation on the planet exhibited strong evolutionary determinism
when adapting to a migratory lifestyle.

1. Introduction

Migration is a widespread phenomenon among animals in which individuals
predictably move long distances at various stages in their life cycle [1].
During migration, species often move hundreds to thousands of kilometres to
exploit heterogeneous resources for fitness gains [2—4]. Traversing such great
distances imposes extreme physiological demands [5-7], and presumably to
offset these demands, the evolution of migration is often linked to phenotypes
that increase energy efficiency [6,8]. The repeated evolution of migration
throughout the radiation of animals predicts common patterns in trait evolution
associated with long-distance migration [2,9].

Long-distance migration selects for efficient locomotion and high energy
storage [10,11], and many species across the tree of life have adaptations that
minimize migration costs [7,12,13]. For instance, many migratory insects
evolved large body sizes and wings that allow for more efficient long-distance
movement [7,14], and many avian migrants evolved longer and more pointed
wings than non-migrants [15,16]. Some adaptions, such as increased body
sizes, have apparently evolved across multiple clades of animals including
birds, fishes, mammals and insects [17,18], indicating shared selective pressures
and a common phenotypic response when adapting to a migratory behaviour
[6,7]. However, few studies have explicitly investigated phenotypic diversifica-
tion across broad lineages of migratory and non-migratory species in a
comparative phylogenetic framework.

Ray-finned fishes (Actinopterygii) are an ideal group to test whether
disparate lineages share common selective pressures and phenotypic patterns
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when adapting to a migratory behaviour. Comprising over
29000 species [19], fishes are the most diverse vertebrate
radiation, representing approximately half of all vertebrates.
Fishes have transitioned between migratory and non-
migratory behaviour repeatedly and have evolved different
modes of migration that include both freshwater and
marine migrants, and diadromous migrants that move
between freshwater and marine environments at different
life-history stages [20,21]. Fishes also exhibit remarkable
variation in body size across phylogenetic scales [22-24],
with individuals ranging from species of sturgeon that
reach multiple metres in length, to a coral reef dwarf goby,
which reach only a few centimetres [19]. Most studies on
ecomorphological adaptation to migration have focused on
intraspecific variation in diadromous fishes, and found that
migratory populations have significantly larger body sizes
than non-migratory populations [25-27]. Selection is hypoth-
esized to favour larger body size to increase migration
distance by improving energetic efficiency [7] and allowing
individuals to bypass natural barriers to movement [28].
For example, diadromous rainbow trout are significantly
larger than landlocked populations, presumably because
larger body size allows adults to migrate hundreds of kilo-
metres to natal freshwater spawning grounds on a limited
energy budget [26,29,30]. Larger body sizes in migratory
fishes are not restricted to intraspecific populations. A
study investigating body size across lineages of diadromous
and non-diadromous fishes found that directional selection
was driving diadromous Clupeiformes (shads, herrings,
anchovies and allies) towards a larger body size than
non-diadromous lineages [31]. The results of these studies
suggest that a larger body size may represent an adaptive
peak [32,33] in migratory fishes, and suggests there may be
a high degree of evolutionary determinism [34-36] across
large phylogenetic scales in migratory fishes.

For this study, we examined the tempo and mode of
body size evolution across more than 4500 migratory and
non-migratory ray-finned fishes to determine whether natu-
ral selection drives larger body sizes in migratory fishes. To
reconstruct the macroevolutionary landscape, we synthesized
data from the primary literature on the migratory status and
maximum body size for individual species across ray-finned
fishes and tested body size evolution using phylogenetic
comparative methods. Specifically, we assessed (1) how
many times migration has evolved across ray-finned fishes,
(2) whether migratory fishes had a significantly larger body
size than non-migratory lineages, (3) the hypothesis that
migratory lineages share a deterministic pattern of evolving
towards a larger body size optimum than the non-migratory
lineages optimum, and (4) whether there was an increase in
the rate of body size evolution in migratory lineages, as
predicted when traits are under strong natural selection.
Our macroevolutionary study offers critical insights into
how migration can shape phenotypic evolution across the
largest radiation of vertebrates.

2. Material and methods

(a) Ecological classification and body size

Any classification of migratory species requires a clear definition
of migration. We follow Bowlin et al. [1] and define migratory
species as any species that cyclically and predictably move

long distances from one area to another using active transport. n

We obtained an initial migration classification of ray-finned
fish species in the Rabosky et al. [37] phylogeny from FishBase
[38] using the R package rfishbase [39]. We then performed a
primary literature review of fish migration to compare the
classifications from the FishBase database with our definition
of migration. We further examined species descriptions, field
guides and checklists to correctly classify migratory species
and remove the inclusion of false positives in our dataset. We
removed species from the database that were classified as
migratory in FishBase for which we could not confirm with
another source through our search of the primary literature,
personal observations or communication with taxonomic experts.

The classification of non-migratory species proved more
difficult because species were rarely labelled as non-migratory
in the primary literature unless the non-migratory species was
being compared to a closely related migratory species. To classify
non-migratory species, we made non-migratory the default
classification for species for which we could not find primary
sources stating the species were migratory and in which FishBase
classified the species as either ‘non-migratory’ or ‘unknown’.
Once we finalized the migration database, we assembled maxi-
mum body size data for each species in the database from
FishBase [38] using the R package rfishbase [39]. We then
logyo-transformed the body size data to correct for normality as
many of the statistical tests we use assume an underlying
normal distribution. We had a total of 4648 number of species,
with 590 species classified as migratory and 4058 classified as
non-migratory. We trimmed the Rabosky et al. [37] phylogeny
to the 4648 number of species we had ecological and body size
data for using the drop.tip function in the R package ape [40].
The trimmed phylogeny was used in all subsequent analyses.
Not all tips in the Rabosky et al. [37] phylogeny are placed
based on underlying genetic data; many species in the phylogeny
are placed using taxonomic back-filling of taxa without molecu-
lar data. However, the majority of the taxa (n = 4635) used in our
tree were placed using genetic data, with only 13 species being
imputed based on taxonomy.

(b) Ancestral state reconstructions

We inferred the number of times that migration evolved using
stochastic character mapping with the function make.simmap
in the R package phytools [41]. The evolutionary history of
migration was reconstructed 100 times on all 100 distribution
of trees from Rabosky et al. [37] to account for phylogenetic
uncertainty in the position of the imputed taxa. We visualized
the uncertainty in number of times migration evolved across
all 100 trees using a histogram. To assess the best model for
the transition matrix, we fitted a model with an equal rate of
transition between migratory and non-migratory lineages and a
model with all rates different using the function ace in the R
package ape [40]. We compared the two models using a likeli-
hood ratio test and found that an all rates equal model was the
best model. We used the ‘equal rates” (ER) model and estimated
the prior distribution of the states at the root of the tree and used
the MCMC option to set the parameters of the Q matrix. The
distribution of maximum body size and migration status was
visualized across the MCC from [37] using the function
plotTree.wBars in the R package phytools [41].

(c) Phylogenetic ANOVA and evolutionary covariation
We used phylogenetic ANOVA to test for differences in body size
between migratory and non-migratory species. We performed a
phylogenetic ANOVA in the R package geiger v2.0 using the
function phy.anova [42]. For the phylogenetic ANOVA, we per-
formed 10000 simulations under a Brownian motion model of
evolution. We visualized differences in the body size between
migratory and non-migratory species using a boxplot in R.
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We tested for evolutionary covariation between a species’s
body size and migratory status using the threshold model
[43,44] as implemented in the function threshBayes of the R
package phytools [41]. We ran threshBayes for 1.0 x 10° gener-
ations, sampling every 100 generations. Under the threshold
model, a discrete character evolves as a function of underlying
continuously varying attribute called ‘liability’. Once ‘liability”’
crosses a value, the state of the discrete character changes in
value [43,44]. The threshold model can be used to test for evol-
utionary covariation between continuous and discrete traits [44].

(d) Macroevolutionary model fitting

We tested seven evolutionary models in the R package OUwie
[45] to determine whether migratory and non-migratory fishes
evolved towards different adaptive peaks in body size. The evol-
utionary models were run on all 100 SIMMAP reconstructions
from our ancestral character reconstruction analysis across all
100 trees (see above) to account for phylogenetic uncertainty.
The first two evolutionary models we tested were models of
Brownian motion, which assumes no trait differences between
migratory and non-migratory lineages, with trait variation accru-
ing randomly as a proportion of time. The simplest Brownian
motion model was a single-rate Brownian motion model (BM1),
while the more complex Brownian motion model (BMS) allows
different rates of stochastic variance for migratory and non-
migratory lineages. The next model, a single Ornstein-Uhlenbeck
model (OU1), assumes that migratory and non-migratory
lineages are evolving towards a shared trait optimum. The next
sets of models were multi-peak OU models, with increasing
parameter complexity. The simplest multiple peak OU model
was OUM, which assumes different trait optima (6) for migratory
and non-migratory lineages, but each lineage has the same
strength of selection towards the optimal trait value (o) and the
same rate of stochastic variance (6%). OUMA allows a to vary
between lineages, OUMV allows lineages to differ o® values
and OUMVA allows both  and ¢* to vary between lineages.

Model fit was evaluated using the Akaike information
criterion for small sample size (AICc). We calculated the relative
strength of support for each model in each iteration using
Akaike weights and averaged across all iterations for each
model. The model with the best AIC weight was selected as
the best model. Eigen decomposition of the Hessian matrix
provides an indication of whether the model search returned
the maximum-likelihood estimate [45]. If the eigenvalues are
positive, then the results are considered reliable. To ensure that
all maximume-likelihood results were reliable, we removed
any model run that returned a negative eigenvalue prior to
evaluating the model fit.

OUwie uses complex OU models that can be incorrectly
favoured over models of Brownian evolution [46,47]. To deter-
mine whether we had significant power to accurately detect the
complex models, we performed 100 OUwie simulations for
max body size using the function OUwie.sim. The simulated
datasets were performed with the parameter estimates for each
of the six models in our empirical dataset. Each set of simulations
corresponding to a given model was then run through all seven
models in OUwie to determine if each simulated model could be
accurately recovered.

Models of continuous trait evolution have been shown to
produce misleading results when the ecological states of taxa
are misclassified [48,49]. Large-scale comparative studies may
contain a few species with erroneous ecological states, especially
among poorly studied taxonomic groups. To determine whether
the results of the OUwie analyses were influenced by possible
ecological misclassifications, we used the R package 11lou [50]
to capture evolutionary shifts in body size optima without a
pre-defined classification of behaviour. 1lou detects shifts in
trait evolution under a model-selection and evaluation approach

implemented using the least absolute shrinkage and selection n

operator (LASSO) method [51,52]. The relative position of the
adaptive optima and shift magnitudes was evaluated using AICc.

3. Results

Our SIMMAP reconstructions showed that the ancestor
of ray-finned fishes was non-migratory in more than half of
the reconstructions, but that migration evolved early at
the base of ray-finned fishes (electronic supplementary
material, figure S1). Transitions between a migratory and
non-migratory life-history strategy occurred at least 434
times across ray-finned fishes with at least 503 different tran-
sition events possible (figure 1). Migration independently
evolved 289 times on average across ray-finned fishes includ-
ing multiple origins at the base of the tree and many more
independent evolutions occurring throughout crown groups
(figure 1). Transitions back to a non-migratory behaviour
were much less common, only occurring 70 times on average
in ray-finned fishes (figure 1).

Migratory species generally have larger body sizes than
non-migratory species (figure 2). The largest body sizes
achieved in ray-finned fishes are found in migratory species
(figure 2). About 85% of non-migratory species are less
than 1.5 log-transformed size while about 60% of migratory
species are larger than 1.5 log-transformed size. Migratory
species can vary anywhere from 0.5 to 2.8 log-transformed
maximum body size. Even though migratory lineages vary
significantly in maximum body size, most migratory lineages
have a larger body size than their nearest non-migratory
sister taxa (figure 1). The results of the Phylogenetic ANOVA
revealed that migratory lineages have statistically larger
body sizes than non-migratory lineages regardless of phyloge-
netic placement (F=664.1, p=1.0 x 10™%). Under the threshold
model, we found strong evolutionary covariation between
body size and migratory behaviour (r =0.93).

The OUwie analyses of body size for migratory versus
non-migratory lineages find the best-fit model of evolution
is OUMV, a model supporting different optimal trait
value (0) and different rates of stochastic variance (¢*) for
migratory and non-migratory lineages (table 1; electronic
supplementary material, figure S2). Parameter estimates
show migratory lineages have larger 8 and o* than non-
migratory lineages, which indicates a higher rate of variance
around the adaptive optima than non-migratory lineages
(table 1; electronic supplementary material, figure S3). The
next best model selected in OUwie was OUMA, a model sup-
porting different optimal trait values (6 and different strength
of selection towards the optimal trait value (o) (table 1). The
OUMYV model found that migratory lineages were evolving
towards a larger body size with a stronger pull of adaptation
than non-migratory lineages. No other model of evolution
was closely supported, with the next nearest model over
28 AIC larger than either the OUMV or OUMA model
(table 1; electronic supplementary material, figure S2).

The results of our simulations show that our dataset has
enough statistical power to differentiate between the different
models of evolution (electronic supplementary material,
figure S4). The BM1 and BMS models were recovered as
the best model during their simulation sets, indicating that
model overfitting was not causing the complex OU models
to be favoured in our empirical OUwie analyses. The more
complex multi-peak OU models had consistently lower AIC
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scores than either of the Brownian motion models (BM1 and
BMS) or the single peak OU model (OU1) across their sets of
simulations. There was a slight overlap among the OUMA
and OUMYV models during their respective simulation sets,
but each model was consistently recovered as the best
model in their respective set of simulations. There was a
degree of variance in our simulated estimates of 6, @ and ¢”
(electronic supplementary material, figure S5), but the simu-
lated parameters were closely aligned, with the empirical
parameter values indicating enough statistical power to
recover relatively accurate parameter estimates (electronic
supplementary material, figure S5).

Thellou analysis recovered 100 adaptive shifts in body size
across the phylogeny (electronic supplementary material,
figure S6). Most of the adaptive shifts occurred on branches
subtending families and larger clades across ray-finned

fishes. Radiations dominated by migratory species, rep-
resented by arrows in electronic supplementary material,
figure S6, tended to exhibit an adaptive shift in body size.
However, lineages that evolved migration in only a few species,
dispersed among a larger clade of non-migratory species,
tended to not exhibit adaptive shifts in body size. The lack of
adaptive shifts in these migratory lineages probably results
from the lack of power to distinguish between the subtle
shifts in body size occurring in a few migratory taxa and the
more pronounced body size shift of the larger clade.

4. Discussion

Migration has evolved hundreds of times across ray-finned
fishes, including numerous independent radiations in both
freshwater and marine lineages. Our analyses showed that
migratory species vary in size but were consistently larger
than their non-migratory sister group. Migratory species
are larger than non-migratory relatives in nearly all clades
and across all modes of migration, indicating shared selective
pressure and strong evolutionary determinism in the pattern
of body size evolution regardless of habitat, migratory
strategy or evolutionary history. Our OUwie parameter esti-
mates clarify the macroevolutionary processes underlying
these patterns and suggest that migratory lineages experi-
enced strong selection that resulted in more rapid evolution
towards a larger theta value. Taken together our results
demonstrate that migratory fishes are predictably larger
than their non-migratory relatives.

Migration is a widespread behaviour among animals
and is thought to be rapidly lost and regained among
many species and populations [9]. Our ancestral state recon-
structions show that migration is a common and highly
evolvable behaviour in fishes. Migration has evolved almost
290 times, including in almost every major clade of modern
ray-finned fishes. Although the evolution of migratory
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Table 1. Comparison of average model fits and parameter values for body size between migratory (m) and non-migratory (nm) species.

model rank AlCc AAICc AlCw 0 (m)
oumv 1 4961 0 0.98 177
OUMA 2 4970 9 0.02 1.78
Oum 3 4989 28 0 1.79
ou1 4 5538 577 0 1.16
BMS 5 10 329 5368 0 —
BM1 6 10 500 5539 0 —
OUMVA? — — — — —

®Model could not converge.

behaviour was relatively common in fishes, migratory
lineages rarely give rise to non-migratory descendants;
migratory lineages only transitioned to a non-migratory be-
haviour 25% of the time. Many migratory fishes have life-
history specializations that increase migration ability but
also reduce fitness through decreased fecundity [12,53,54]
and increased mortality [55,56]. The reduced rate of transition
back to a non-migratory behaviour is probably because
specialization for migration creates an evolutionary dead
end and limits further evolution [33,57-59].

Although migration has evolved across a remarkable
number of clades throughout the past 200 million years,
our results show that adaptation to a migratory behaviour
exhibits strong evolutionary determinism; migratory species
consistently evolve a larger body size than non-migratory
species despite some selective forces acting against large
body sizes [60,61]. Roff [7] suggested that a larger body
size in migratory fishes results in higher swimming efficiency
and reduced energetic requirements, which allows for longer
migrations and a better ability to bypass barriers to move-
ment [7,28]. This argument is supported by physiological
data, for example, a study on the body mass and bioener-
getics of 15 migratory species and populations found
increasing body mass resulted in an exponential decrease in
energetic cost per unit distance [62]. Moreover, intraspecific
studies have demonstrated that phenotypic traits can rapidly
evolve in response to the evolution of migration, or the loss of
migration [63,64], rather than predisposing larger species to
evolve migratory a behaviour. These studies offer a compel-
ling theoretical framework and functional explanation for
why larger body size is adaptive in migratory fishes and
suggest a link between intraspecific processes [28-30,64]
and widespread macroevolutionary patterns. We find that
directional selection is driving migratory and non-migratory
lineages towards different body size optima, with migratory
fishes converging on an optimum that is three times larger
than the optimum for non-migratory fishes. Migratory
fishes are also rapidly ascending the adaptive peak, with
body sizes in migratory fishes evolving faster than non-
migratory lineages. These results suggest that the evolution
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