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Gene Flow Constrains and Facilitates Genetically Based Divergence in

Quantitative Traits

Sarah W. Fitzpatrick!?>, Corey A. Handelsman?, Julian Torres-Dowdall®, Emily W.
Ruell*, E. Dale Broder®, John A. Kronenberger*’, David N. Reznick®, Cameron K.
Ghalambor*’, Lisa M. Angeloni*’, and W. Chris Funk*’

Theory predicts that gene flow will decrease phenotypic differences among populations. Correlational studies have in
some cases documented constraining effects of gene flow on phenotypic divergence and/or have also provided
evidence for local differentiation despite high gene flow. However, correlative studies are unable to evaluate how gene
flow affects genetically based phenotypic divergence or the extent to which gene flow constrains adaptive divergence.
Translocation experiments using Trinidadian guppies provided an opportunity to test the effects of new gene flow on
quantitative traits in native recipient populations. We measured a suite of traits in guppies reared in common garden
environments before and multiple generations following gene flow from guppies that originated from a different
environment. We interpreted our results in light of a priori predictions based on evolutionary theory and extensive
background information about guppies and our focal populations. Although we could not include a spatiotemporal
control that would allow us to be certain that the observed changes were directly caused by gene flow, we found that
post-gene flow populations showed genetically based shifts in most traits. Whether traits shifted in predicted adaptive
directions or whether they became more or less similar to the source population depended on the trait and initial
conditions of the population. Our study provided a rare opportunity to test how recent gene flow affects genetically
based changes in traits with known adaptive significance, and our results attest to the complex interactions between

gene flow and selection.

(e.g., gene flow) can have wide-ranging effects on

adaptive divergence, demography, and species’
ranges, but is rarely the primary interest of studies on eco-
evolutionary dynamics, which tend to focus on the role of
selection (Hendry, 2017; Lowe et al., 2017). However, gene
flow can interact with selection and cause eco-evolutionary
outcomes that are demonstrably different from ‘no gene
flow’ scenarios (Garant et al., 2007). For example, experi-
mental addition of gene flow has shown changes in
abundance (Kronenberger et al., 2016) and invasion success
(Wagner et al., 2017) relative to ‘no gene flow’ controls, and
experimental removal of gene flow has shown changes in
phenotypic evolution (Riechert, 1993; Nosil, 2009). The
challenge is understanding the specific role of gene flow on
eco-evolutionary dynamics and phenotypic evolution given
complex interactions among gene flow, drift, and selection
(Garant et al., 2007; Guillaume and Whitlock, 2007; Hendry,
2017).

Evolutionary theory predicts that gene flow should reduce
phenotypic divergence among populations by homogenizing
allele frequencies at loci affecting traits (Haldane, 1948;
Slatkin, 1978; Garcia-Ramos and Kirkpatrick, 1997). In this
way, gene flow is often considered a constraining force that
limits local adaptation within a species (Mayr, 1963;
Lenormand, 2002). Evidence for this in nature is provided

( ; ENETIC exchange among divergent populations

by the commonly documented positive relationship between
levels of genetic and phenotypic divergence (King and
Lawson, 1995; Calsbeek and Smith, 2003; Hendry and Taylor,
2004; Nosil and Crespi, 2004). In other words, populations
that are more genetically isolated are often more phenotyp-
ically distinct. Indeed, two experimental reductions of gene
flow showed predicted increases in phenotypic differentia-
tion (Riechert, 1993; Nosil, 2009). However, there are also
examples of substantial phenotypic divergence among
populations that experience high gene flow, suggesting that
gene flow does not play a purely constraining role (Saint-
Laurent et al., 2003; Hoekstra et al., 2004; Fitzpatrick et al.,
2015; Moody et al., 2015). In fact, gene flow can promote
adaptive evolution by providing beneficial alleles and
increasing additive genetic variation, thereby causing a faster
response to selection (Swindell and Bouzat, 2006). In
addition, gene flow into small, inbred populations can mask
deleterious alleles and reduce the occurrence of detrimental
traits (Keller and Waller, 2002).

There are several reasons why it has proven difficult to
evaluate how gene flow affects adaptive divergence in natural
populations (Garant et al.,, 2007; Hendry, 2017). First, the
correlations between genetic and morphological divergence
often used to evaluate the constraining role of gene flow are
typically limited to traits measured on wild-caught individ-
uals. Therefore, the genetic basis of these traits is unknown,
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due to a lack of either extensive pedigrees or common-garden
experiments (Merild and Hendry, 2014). Understanding the
genetically based effects of gene flow on traits is important,
as phenotypic plasticity can maintain phenotypic divergence
between populations even when gene flow imposes a
constraint on genetic divergence (Crispo, 2008). Second,
determining cause and effect from these patterns is con-
founded because adaptive divergence may, in turn, cause
reduced gene flow (Rasanen and Hendry, 2008). Finally,
understanding how traits relate to fitness in a given
environment is difficult, but necessary, because drift can
cause populations to become phenotypically differentiated
by chance (Keller and Taylor, 2008). Populations may
become phenotypically divergent in the absence of local
adaptation, in which case homogenizing gene flow would
not constrain adaptation per se, only neutral divergence.
Therefore, rigorously testing whether gene flow constrains
adaptive divergence requires clear predictions about selection
and adaptation in different environments, a manipulation of
gene flow that allows pre- versus post-gene flow compari-
sons, and the ability to assess whether gene flow caused
genetically based changes in traits.

Trinidadian guppies (Poecilia reticulata) provide a system in
which the above criteria could be met. Namely, we could test
the effects of experimentally induced gene flow on quanti-
tative traits, measured in a common garden environment,
with a priori predictions about the adaptive direction in
which traits tend to vary with respect to the environment.
Trinidadian guppies are a model system for studying rapid
adaptation in the wild (Endler, 1980; Reznick et al., 1990,
1997; Magurran, 2005). Divergent selection pressure typically
associated with level of predation has resulted in genetically
based adaptive differences that have evolved mostly in
parallel across independent drainages (Reznick and Bryga,
1996; Reznick et al., 1996). Multiple translocation experi-
ments in which guppies from high predation localities were
introduced into low predation environments have provided
evidence for rapid, genetically based adaptation to the release
of predation (Endler, 1980; Reznick and Bryga, 1987), though
not in all cases (Gordon et al., 2009). Extensive gene flow
from introduced populations has been documented through-
out native populations at far downstream distances (Shaw
and Carvalho, 1992; Fitzpatrick et al., 2015). Despite this
high gene flow from originally divergent introduced popu-
lations, guppy phenotypes from downstream populations
were generally well matched to their local predation regime
(Fitzpatrick et al., 2015), providing further evidence for at
least partly deterministic selection of similar traits in similar
environments. Whether this adaptive phenotypic divergence
was genetically based or maintained through phenotypic
plasticity could not be determined from traits measured in
the wild. Guppies within the introduced populations have
shown initial plasticity in some traits, followed by genetically
based phenotypic evolution (Reznick and Bryga, 1987; Karim
et al., 2007; Handelsman et al., 2013, 2014), as predicted
during colonization of a new environment (Ghalambor et al.,
2007). However, the extent to which gene flow has caused
genetically based changes in traits in the native populations
that existed downstream from introduction sites was previ-
ously unknown.

We conducted a series of common garden assays to test for
effects of gene flow on genetically based phenotypic
evolution in two native populations that received gene flow
from an adaptively divergent source population. We first
measured a suite of traits from descendants of wild caught
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guppies captured in two focal low predation (LP) sites. Next,
guppies from a high predation (HP) source site were
introduced upstream from the two focal reaches (Fig. 1A) as
part of a separate study by D. Reznick and colleagues (as
outlined in Travis et al., 2014). We measured the same suite
of traits in fish from this source population in the common
garden environment. We then replicated the common
garden assay using guppies captured at the same low
predation focal sites approximately ten guppy generations
after gene flow from the upstream introduction experiments.
Migration was expected to be unidirectional and downstream
from introduction sites into the native populations due to
waterfall barriers that limit upstream dispersal. Indeed,
subsequent to the introduction experiments, we documented
extensive gene flow caused by an influx of migrants
originating from the introduction sites (Fig. 1B; Fitzpatrick
et al.,, 2016). Ideally, our design would include a temporal
control, namely, a population that did not receive gene flow
sampled at the same points to ensure temporal consistency
aside from gene flow, but we were unable to include this
control in our study. Despite this, we believe that we have a
unique ability to assess how specific traits of ecological
importance were impacted by a manipulation of gene flow.

We took advantage of a priori understanding of Trinidadian
guppies, including detailed natural history knowledge of our
specific focal guppy populations and their environment, to
make predictions about the effects of gene flow. Fish (Gilliam
et al., 1993), invertebrate communities (Zandona et al.,
2011), abiotic characteristics and resource levels (Kohler et
al., 2012), and phenotypic variation of guppies (Torres
Dowdall et al.,, 2012a; Bassar et al.,, 2013) have been
previously characterized for the drainage in our study,
providing an unusually fine-scale understanding of the
selective environment. Guppy populations found in upland
headwater tributaries consistently show low levels of genetic
variation and are subject to strong genetic drift, likely caused
by founder effects, as these populations are typically
colonized by one or few individuals (Crispo et al., 2005;
Barson et al., 2009; Baillie, 2012). Our focal sites represented
the highest upstream extent of guppies prior to the
introduction experiments and indeed showed extremely
low levels of neutral genetic variation before gene flow
(Table 1), even compared to other upland populations found
throughout Trinidad (Fig. 1C). As expected when popula-
tions experience substantial drift, non-parallel phenotypes
were previously documented despite the similarity of the
environment with respect to predation (Torres Dowdall et al.,
2012a; Fitzpatrick et al., 2014). However, selection could also
explain phenotypic non-parallelisms if there were non-
predator related environmental differences between these
two streams. In general, there is an increasing appreciation of
the highly context-dependent nature of phenotypic varia-
tion across native guppy populations (Gordon et al., 2009;
Fitzpatrick et al.,, 2014; Pérez-Jvostov et al., this volume,
2017).

We developed a priori predictions about how traits would
respond to gene flow based on evolutionary theory, previous
background information about this model system (.e.,
predicted adaptive direction of traits in low predation
environments), and specific details about our focal popula-
tions (i.e., taking into account initial non-parallelism in
native low predation populations). Our predictions fall under
two primary hypotheses: the ‘gene flow constrains divergence’
hypothesis, and the ‘divergence in the face of gene flow’
hypothesis (Fig. 2). Under the first hypothesis, as generally
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Fig. 1. (A) Schematic diagram of the introduction scenario that provided the ability to test the effects of gene flow from guppies originating from an
adaptively divergent high predation (HP) source population (solid red) into two native low predation (LP) sites (solid purple). Introduction sites
(dashed red) were located upstream from native focal sites, and gene flow was expected to be unidirectional and downstream. (B) Rates of
migration (m, solid line) and heterozygosity (H, dashed line) estimated in the focal populations after the upstream introductions took place (noted by
red arrow). Estimate of m is based on mark-recapture data, and H is based on 12 microsatellite loci detailed in Fitzpatrick et al. (2016). (C)
Heterozygosity estimates from the high predation source population (solid red), the two native low predation (LP) focal sites before gene flow (solid
purple), and 11 low predation guppy populations found in other headwater tributaries throughout the Northern Range mountains in Trinidad (open

circles). All estimates are based on averages across the same ten microsatellite loci described in Fitzpatrick et al. (2015) and Baillie (2012).

predicted by theory, we expected gene flow to cause traits to
become more similar to the source population, thereby
eroding initial divergence (Fig. 2A). However, field measure-
ments of traits suggest that locally adapted traits are
maintained despite gene flow from an originally divergent
source (Fitzpatrick et al., 2015). If this divergence has a
genetic basis and natural selection is strong enough to
overcome gene flow, it would provide evidence that
divergence can be maintained despite gene flow (Fig. 2D).
It is important to note that these hypotheses are not
intended to be alternatives to one another and in fact they
could both be true at the same time. That is, strong divergent
selection could cause some divergence while gene flow
constrains the optimal level of divergence. While keeping
that in mind, we believe that our predictive framework is a
useful way to evaluate the overall effects of gene flow on
quantitative traits.

We incorporated our understanding of initial conditions
(i.e., low genetic variation and some non-parallel pheno-
types) of the native recipient populations into our predic-
tions. In small populations, unpredictable allele frequency

changes due to drift should lead to genetic and phenotypic
heterogeneity among populations. Initial non-parallel diver-
gence caused by low genetic variation could therefore be
eroded by gene flow as both populations converge to become
more similar to the source (Fig. 2B). However, if initial non-
parallelisms were indeed caused by low genetic variation, and
thus a lack of variation to respond to selection, we might
expect the interaction between gene flow and selection to
result in post-gene flow traits that match the expected
direction of divergence across the predation regime (solid
gray line in Fig. 2E). If initial non-parallelisms were instead
due to differences in the selective environment between the
neighboring low predation streams, we would expect the
non-parallelism to be maintained (dashed line in Fig. 2E).
Finally, if traits did not show initial divergence across
predation regime, under the ‘gene flow constrains divergence’
hypothesis, we would expect no change in traits following
gene flow (Fig. 2C). But if a lack of genetic variation
prevented adaptive divergence in small native low predation
populations before gene flow, we would expect the interac-
tion of selection and gene flow to cause parallel divergence in

Table 1. Summary of guppy populations used in the quantitative trait analyses. Years correspond to timing of field collections. Samples from 2008
were collected prior to gene flow from upstream introduction experiments (pre), whereas 2011 samples were collected after gene flow (post).
Sample sizes refer to number of G, reared individuals included in trait analyses. Population genetic parameters N,, effective population size, A,, allelic
richness, and H, heterozygosity were estimated with ten microsatellite loci as described in Fitzpatrick et al. (2015).

Year Population type Predation level Stream # males # females N, A, H

2008 source high Guanapo 23 31 988 (208, inf) 12 0.80
pre low Taylor 15 31 2 (0.5,74) 2 0.19
pre low Caigual 21 28 3 (1,43) 2 0.17

2011 post low Caigual 24 19 921 (195, inf) 11 0.78
post low Taylor 18 13 229 (99, inf) 9 0.71
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Fig. 2. Predicted trait responses depending on the role of gene flow and patterns of initial divergence between high predation source and native low
predation populations. Under the ‘gene flow constrains divergence’ hypothesis, traits will resemble the source population after gene flow (A-C).
Under the ‘divergence in the face of gene flow” hypothesis, trait divergence from the source population will be maintained or increase after gene flow
(D-F), unless selection favors a high predation-like phenotype (dashed line in E). Differences among the three predictions under each hypothesis are

based on initial patterns of trait variation before gene flow.

post-gene flow populations (Fig. 2F). Testing these predic-
tions in a system amenable to experimentation in both wild
and laboratory environments provided a unique opportunity
to interpret the effects of gene flow on phenotypic evolution
of adaptive traits.

MATERIALS AND METHODS

Field sampling and rearing guppies in a common garden.—
Populations included in our study were sampled from three
sites within the Guanapo watershed in the Northern Range
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Mountains of Trinidad. Two low predation (LP) headwater
tributaries (Taylor River and Caigual River) and the high
predation (HP) river (Guanapo) that served as the source for
introduction experiments were sampled prior to introduc-
tions. Between January and April of 2008, 25-30 male and
25-30 female guppies were captured from each site with
butterfly nets and transported to Colorado State University
under an export permit granted by Trinidad’s Fisheries
Division of the Ministry of Food Production. In 2011,
approximately ten guppy generations after high predation
guppies from the Guanapo site were introduced into
previously guppy-free sites upstream from native LP Taylor
and LP Caigual populations (Travis et al., 2014), we re-
sampled and transported 25-30 male and 25-30 female
guppies from these same two low predation sites (Fig. 1A).
Details about numbers sampled and population genetic
parameters before and after gene flow are provided in Table 1.

We conducted two common garden assays using lab
protocols designed to be as similar as possible to quantify
genetic differentiation in traits before and after gene flow
from an introduced, adaptively divergent source population.
The pre-gene flow common garden assay consisted of native
Taylor, Caigual, and Guanapo populations sampled in 2008.
The post-gene flow assay consisted of Taylor and Caigual
populations sampled in 2011. Genome-wide SNP data
suggest all individuals in the 2011 sample are hybrids
between Taylor or Caigual and Guanapo (Fitzpatrick, unpubl.
data). We did not include the Guanapo population in 2011
due to concerns that high levels of gene flow from upstream
introduction experiments confound this as a control site.

To minimize maternal and other environmental effects on
traits, wild-caught guppies were reared at Colorado State
University for two generations in custom-made recirculating
systems under standardized lab conditions (described in
Torres-Dowdall et al., 2012b; Handelsman et al., 2013; Ruell
et al., 2013). Wild-caught females were randomly outcrossed
with unique males to produce first generation (G;) laborato-
ry-born individuals, which were also randomly outcrossed to
produce the second-generation (G;) laboratory-born individ-
uals used in this study. We observed low lab mortality and
low crossing failure rates using this protocol, ensuring that
selection to laboratory conditions should not be a major
factor in our study.

Quantifying phenotypic traits.—We measured a series of life
history, body shape, and coloration traits, which have
previously been shown to exhibit adaptive divergence based
on the local predation regime in guppies. We measured two
life history traits (age and size at maturity) on both males and
females following previously published methods (Reznick,
1982; Torres Dowdall et al., 2012a). Based on previous field
and common garden studies, we expected guppies adapted to
low predation environments to exhibit a slow life history
with later maturation at larger body sizes than populations
that experience high predation (Reznick, 1982; Reznick and
Endler, 1982; Reznick and Bryga, 1996). A slowed life history
is thought to be favored under low predation conditions
where competition for resources in high density environ-
ments is a stronger fitness determinant than reproducing
before being preyed upon, as in high predation environ-
ments (Bassar et al., 2013). Guppy body shape has also been
shown to exhibit mostly parallel patterns of divergence
corresponding to predation regime (Alexander et al., 2006;
Hendry et al., 2006; Torres-Dowdall et al., 2012b). Specifical-
ly, fusiform bodies with dorsal orientation of the mouth are

Copeia 105, No. 3, 2017

thought to improve escape ability in high predation localities
(O’Steen et al., 2002), whereas water flow and resource
acquisition in low predation habitats favor deeper bodies
with a more terminal orientation of the mouth (Robinson
and Wilson, 1995; Alexander et al.,, 2006). Increased male
coloration tends to evolve in low predation environments in
response to strong sexual selection, whereas inconspicuous
males are favored by natural selection in high predation
localities (Endler, 1980; Brooks and Endler, 2001).

To measure male and female life history traits (age and size
at maturity), second-generation (G) juveniles were first
anesthetized with tricaine methanesulfonate (MS-222) at 29
days after birth and sexed. At the age of four weeks, juvenile
males can be differentiated from females based on the
presence/absence of melanophores in a triangular patch that
appears on the ventral abdomen, which is present only in
females thereafter (Reznick, 1982). One male and one female
per full-sibling family were housed individually, and all were
reared under the same conditions until reaching sexual
maturity. G, females were crossed with randomly chosen
unrelated G; males on a weekly basis. Males were added to
the female tank in the evening and removed the following
morning so as not to interfere with food rations given to
females. Tanks were checked daily for the presence of the first
brood, and we considered female age at maturity as the
number of days until first parturition. Males were considered
to be sexually mature when the apical hood became even
with the tip of the gonopodium (Reznick, 1990). Males were
checked weekly for the first appearance of the apical hood
and then checked daily until reaching maturity.

At maturity, both males and females were anesthetized,
spread laterally on a white background alongside a metric
ruler, and digitally photographed using a Canon EOS Rebel
XSi SLR digital camera (Canon U.S.A., Inc., Melville, NY). We
quantified variation in size and body shape at male and
female maturity with landmark-based geometric morpho-
metrics using the photographs taken on the day of maturity
(James and Marcus, 1993). Body size and shape were
characterized by eight homologous landmarks and six semi-
landmarks digitized with TPSDig2 (Rohlf, 2010) from images
of each specimen. We used centroid size (square root of sum
of squared distances of each landmark to the location on the
fish that minimizes that sum) as our estimate for overall body
size (Bookstein, 1991). Male and female raw landmark
coordinates were analyzed separately; first they were subject-
ed to a Procrustes fit whereby variation from position,
orientation, and isometric size is removed from the data
(Rohlf and Slice, 1990).

Morphological analyses were performed in two steps
within the ‘geomorph’ package in R v3.1.3 (Adams and
Otarola-Castillo, 2013). First, we performed a Procrustes
ANOVA (Goodall, 1991) to test for population differences
after removing the variance in body shape accounted for by
centroid size. For both sexes we found that shape differed by
population, independent of size (males: P=0.001; females: P
= 0.01). However, we did not find a significant interaction
between size and shape (males: P=0.317; females: P =0.14).
Next, we performed a principal components analysis (PCA)
using the covariance matrix of Procrustes coordinates. The
first two PCA axes (PC1, PC2) explained 57.5% of the total
differentiation in shape for males and 53.2% for females and
were considered separate ‘traits’ for further analyses. We
examined thin-plate spline deformation grids to facilitate
biological interpretation of observed shape differences
(Supplementary Fig. 1; see Data Accessibility). For both males



Fitzpatrick et al.—Effects of gene flow on quantitative traits

and females, the first two PC axes generally corresponded to
variation in body depth, length of caudal peduncle, and
position of the mouth and eye.

We quantified male coloration at maturity using tradition-
al outline methods following previously established proto-
cols for measuring color in guppies (Ruell et al., 2013). We
used photographs taken on the day of maturity (described
above). Illumination of males in photographs was held
constant by using a single camera without flash and lighting
with two full-spectrum fluorescent lights that were perma-
nently fixed on either side of the camera. All photographs
were taken at a single location in a windowless room. Body
area and color outlining was conducted using the freehand
tool in Image] 1.46r. One person (J.A.K.) counted total
number of distinct pigment-based color elements and
assigned them to three categories of color (black, orange,
and yellow-white). Total body area and area of each color
element were measured and three metrics of color from these
methods were extracted: i) total area of all color elements, ii)
total number of distinct color elements, and iii) total area of
orange. To correct for male body size, total area of all color
elements and total area of orange were measured as
proportions of total body area.

Statistical analyses—We evaluated our predictions about how
gene flow should affect genetically based changes in traits by
fitting linear mixed effects models for each univariate trait.
Population type (pre-gene flow, post-gene flow, or source)
was included as a fixed effect with stream included as a
random effect (following Table 1). Each trait was thus
modeled individually using maximum likelihood, and
significance of overall population differences was tested with
likelihood ratio tests against the null model that included
only the random effect. Residual plots were used to
determine that model assumptions of normality and homo-
scedasticity were met. Female age at maturity was square-root
transformed to normalize the data prior to analysis. Models
were carried out with package ‘Ime4’ in R (Bates and
Maechler, 2009). We then performed post hoc Tukey’s HSD
tests with the ‘multcomp’ R package to determine significant
pairwise differences and test our specific predictions about
divergence among pre- and post-gene flow phenotypes
within low predation sites compared to the source popula-
tion (Hothorn et al., 2008).

In addition to testing our predictions based on means and
variances of univariate traits, we examined the effect of gene
flow on multivariate trait responses using discriminant
analyses on principal components (DAPC; Jombart et al.,
2010). This method determines the degree to which
populations overlap in multivariate trait space, or how
‘ecologically exchangeable’ they are (Hendry et al., 2013).
Under the ‘gene flow constrains divergence’ hypothesis, we
expect individuals from post-gene flow populations to be
more similar and therefore show higher exchangeability with
the source population. Whereas, under the ‘divergence in the
face of gene flow” hypothesis, we expect little overlap with the
source population and possibly increased exchangeability
between low predation populations after gene flow. We
conducted separate DAPCs for sets of male (life history, body
shape, and coloration) and female (life history and body
shape) traits. For each DAPC, we determined the assignment
probability for a given individual in post-gene flow popula-
tions into each of the five candidate populations (CA-pre,
CA-post, TY-pre, CA-post, source). We then determined the
mean and 95% confidence intervals for the proportion of
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post-gene flow populations that were correctly classified into
all other populations.

RESULTS

We compared the two LP populations before and after gene
flow to the HP source population for 11 total traits: four life
history traits (male age and size at maturity; female age and
size at maturity), four morphometric traits (male PC1 and
PC2; female PC1 and PC2), and three male color traits (total
color area, total orange area, and number of distinct color
elements).

Support for the ‘gene flow constrains divergence’ hypothesis.—
Six out of the 11 traits we measured before and again ten
generations after the onset of gene flow supported the
hypothesis that gene flow homogenizes traits (Fig. 3A-F).
That is, these traits became more similar to the source
population after gene flow. Most of these traits (female body
shape axis PC2, male body shape axis PC1, and all three color
metrics) were initially divergent from the source in both LP
populations and shifted in parallel towards the source
population after gene flow. Initial patterns of divergence in
the three metrics of coloration were opposite to the expected
direction in guppies; the high predation source population
was generally more colorful than native low predation
populations (Fig. 3D-F). Given that we know female guppies
typically prefer increased coloration, the apparent homoge-
nization caused by gene flow in these traits could be due to
the combined effects of selection in the LP environment as
well as homogenizing gene flow. In contrast, the shifts in
body shape axes were in the direction expected to be
maladaptive. Higher values of female body shape axis PC2
correspond to an upturned mouth position relative to the eye
and higher male body shape axis PC1 values correspond to
an elongated caudal peduncle, both of which are more
typical of the high predation ecotype. Male age at maturity
was also consistent with the ‘gene flow constrains divergence’
hypothesis (compare Fig. 3C to 2B). Initial non-parallel
divergence between the two native low predation sites was
diminished as post-gene flow Caigual males shifted to an
earlier maturation comparable to the source and pre-gene
flow Taylor, but post-gene flow Taylor males did not change
(Fig. 3C).

Support for the ‘divergence in the face of gene flow’ hypothe-
sis.—Female age at maturity (Fig. 4A) was the only trait for
which adaptive divergence was maintained (Caigual) or
facilitated (Taylor). Although age at maturity shifted slightly
earlier (towards the source population) in Caigual, it was not
found to be significantly different from the pre-gene flow
population. Pre- and post-gene flow differences in this trait
were also non-significant in Taylor, but age at maturity
shifted later (in the predicted adaptive direction), enough to
be considered significantly different from the source, and
there was also an increase in variation for this trait.

Several traits became divergent from the source population
following gene flow, but opposite to the expected adaptive
direction. For example, both male and female size at maturity
substantially decreased following gene flow, maturing at sizes
even smaller than the high predation source site (Fig. 4B, C).
Female body shape axis PC1 and male body shape axis PC2
also exhibited divergence away from the source population.
Thin-plate spline deformations indicate that post-gene flow



468 Copeia 105, No. 3, 2017
(A) (B) (C)
Chi-sq:25.33 Chi-sq:48.96 60 Chi-sq:14.64
p<0.0001 p<0.0001 p=0.006
o 0.0104 — | &
O ) 0.01 a 3 % b
o o o 58
O a a (0]
§. 0.005 ab % %*
< 0.00- =)
2 2 T 56 ab
S 0.000 S S ab
o o —
K] o] ©
2 © -0.011 Q a
= (o))
& ~0.0051 be g & 41 ea
[} c b b o
. g
-0.010+ —-0.024 52
X, X, @ ' ' S X
& & g &S & &g e & & TS
EUE G S NP £ (¥FA Y £ F (¥
(D) (E) (F)
Chi-sq:14.19 | Chi-sq:16.19 Chi-sq:29.83
0.30 | p=0.007 w p=0.003 p<0.0001
I=
GE) 0.06 a
© ) 2124 ¢a ’ o - °
© 0.25 al ® abl =
© L ¥ab 3 o) ab
S a o S
(] "6 ©
2 © 101 ab o 0.04- bc
c 0.20 o =
£ 3 IS
S b
b < 8 0.02- c
0.15]
X X, e & e & T
\\}& & Qo" N & Qos o*& & Q‘? N & QO% Qk& & Qo" *,Q@ ro’
‘90 (y\ (_/V“/ A '\‘\' ‘—)O (y\ (/V" A '\\\/ ‘90 (y (/?“/ ~ '\\\'
Fig. 3. Means and 95% confidence intervals for six traits that conformed to the ‘gene flow constrains divergence” hypothesis: (A) Female body shape

PC2, (B) male body shape PC1, (C) male age at maturity, (D) total color area, (E) number of color elements, and (F) total orange area. Population IDs
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Tukey’s HSD tests.

guppies evolved deeper bodies (Supplementary Fig. 1; see
Data Accessibility).

Ordination plots from the DAPC exchangeability analyses
also provide support for the ‘divergence in the face of gene flow’
hypothesis. Namely, Caigual and Taylor post-gene flow
populations are phenotypically distinct from the source
population, and this result was consistent for both females
and males (Fig. 5). Post-gene flow males and females from
both streams had very low probabilities of being classified
into the source population (CA [Caigual] females: 0.08=0.05;
CA males: 0.0220.01; TY [Taylor] females: 0.06+0.05; TY
males: 0.06+0.07). In contrast, post-gene flow Caigual and
Taylor populations were phenotypically similar to each other
based on multivariate traits. The highest rates of ‘mis-
classification” were individuals from post-gene flow Caigual
that were assigned to post-gene flow Taylor (CA females:

0.25+0.06; CA males: 0.45+0.13), and vice versa (TY
females: 0.40+0.13; TY males: 0.31+0.08).

DISCUSSION

In general, we found that gene flow induced genetically
based shifts in quantitative traits. Most phenotypes measured
on individuals from the same sites and reared for two
generations in a common garden environment differed
depending on whether they were sampled before or
approximately ten generations after gene flow from a source
population that was originally adapted to a different
environment. While gene flow is recognized as one of the
classical evolutionary forces, its role in shaping phenotypic
evolution and eco-evolutionary dynamics remains contro-
versial (Mayr, 1963; Ehrlich and Raven, 1969; Rasanen and
Hendry, 2008; Ellstrand, 2014). Our study provided a rare
opportunity to test how a recent onset of gene flow affected
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genetically based changes in traits with known adaptive
significance, and our results indeed attest to gene flow’s
“multifarious” effects (Garant et al., 2007).

Does gene flow constrain divergence?—In the absence of other
evolutionary forces, gene flow should homogenize allele
frequencies between distinct populations, making them
more phenotypically similar (Slatkin, 1978). Following this
theory, under the ‘gene flow constrains divergence’ hypothesis,
we predicted that gene flow from a genetically distinct source
population would cause traits in recipient populations to
become similar to the source after gene flow. We found
support for this hypothesis in just over half of traits we
measured (Fig. 3A-F). We did not measure the fitness
consequences of these changes, but the body shape and life
history traits that fit the ‘gene flow constrains divergence’

pattern (Fig. 3A-C) shifted in the maladaptive direction
based on what we would predict for guppies in a low
predation environment. That is, female guppies gained a
more upturned mouth, male guppies evolved an elongated
caudal peduncle, and Caigual males evolved an earlier age of
maturation. These shifts towards the typical high predation
ecotype suggest that gene flow constrained adaptive diver-
gence for these traits. Interestingly, we observed no change in
male age at maturity in the Taylor. Previous work suggested
that a young age at maturity might be an adaptive anomaly
for this stream due to selection from non-predator induced
sources of mortality (Fitzpatrick et al., 2014). Thus, our result
could be an example of the scenario represented by the
dashed line in Figure 2E, namely, maintenance of non-
parallel divergence in the face of gene flow.
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All metrics of male coloration also became more similar to
the source population and therefore fit the ‘gene flow
constrains divergence’ hypothesis. However, the initial diver-
gence pattern we observed in color metrics (i.e., greater
coloration in high predation source) is opposite to what is
commonly documented when comparing low versus high
predation sites (Endler, 1980; Houde, 1997; Magurran, 2005),
but see Weese et al. (2010) and Millar and Hendry (2012) for
examples that highlight complexities to this paradigm. One
possible explanation for the initially low coloration in native
Caigual and Taylor is that pre-gene flow populations were
limited by a lack of genetic variation to evolve high
coloration. This is consistent with extremely low neutral
genetic variation observed before gene flow (Table 1). Indeed,
inbreeding is known to reduce coloration in guppies
(Sheridan and Pomiankowski, 1997; van Oosterhout et al.,
2003; Johnson et al., 2010). Although we were unable to
measure inbreeding depression in our focal populations per
se, the native populations exhibited extremely low levels of
genetic diversity, even compared to other upland guppy
populations throughout Trinidad (Fig. 1C). Thus, although
the homogenizing role of gene flow is generally considered to
reduce fitness and limit adaptation (Garcia-Ramos and
Kirkpatrick, 1997; Lenormand, 2002), in this case it may
have caused a shift in the direction that would presumably
increase fitness. It is also possible that selection acting on the
increased genetic variation caused by gene flow contributed
to the increase in post-gene flow coloration, given that the
trait means of post-gene flow populations tended to be
higher than the high predation source population (Fig. 3D-
F). Furthermore, increased coloration has been shown to be
one of the fastest traits to evolve within introduced guppy
populations (Endler, 1980), and the interaction between gene
flow and selection for increased coloration in upstream
populations could have caused a rapid evolutionary response
in this trait. Previous work has shown that female guppies
from low predation environments do not discriminate
against male guppies from high predation sites in the same
drainage (Schwartz et al.,, 2010), suggesting that female
choice was not likely acting as a barrier to gene flow.

Does divergence occur in the face of gene flow?—Delayed age at
female maturity was maintained in the Caigual, and evolved
in the Taylor, despite gene flow from a population that
matures at an early age (Fig. 4A). Age at female maturity
therefore fits the prediction under our ‘divergence in the face of
gene flow” hypothesis. Delayed female maturity, along with
increased time between broods, is likely favored by selection
in low predation environments because it increases develop-
ment time for offspring to reach a larger size at birth (Reznick
and Bryga, 1996). Larger offspring are thought to have higher
fitness in this environment due to the gape-limited predator
Rivulus hartii that selectively feeds on smaller size classes of
guppies and increased competitive ability in a low resource
environment (Bassar et al., 2013). Therefore, it is conceivable
that divergence in this trait could be maintained by strong
selection even under high gene flow that homogenizes other
traits. One mechanism for this is differential introgression
throughout the genome where gene flow homogenizes
populations at neutral or nearly-neutral loci but locally
adaptive loci are maintained through differential selection
(Poelstra et al., 2014; Soria-Carrasco et al., 2014). Thus, even
in the face of substantial gene flow from initially maladapted
upstream populations, the alleles that underlie delayed
female maturity may persist in the population and aid in
the rapid recovery of local adaptation following gene flow.
We also observed divergence away from the source
population in male and female body size and body shape
axes (Fig. 4B-E), but these traits diverged in a presumably
maladaptive direction. We attribute the decrease in body size
of our laboratory populations at least in part to genotype by
environment interactions, because large sizes at male
maturity in post-gene flow Caigual and Taylor populations
have been maintained in the wild (Fitzpatrick et al., 2015).
Interactions among genetic divergence, plasticity, and gene
flow are complex and poorly understood (Crispo, 2008;
Thibert-Plante and Hendry, 2011), and we do not have clear
expectations about how these interacting forces would affect
observed patterns in body size. Growth rate, size at maturity,
and offspring size have been shown to be highly plastic in
guppies (Krause and Liesenjohann, 2012; Torres-Dowdall et
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al., 2012b; Handelsman et al., 2013) In fact, the source
population in our study and other low predation populations
have been shown to plastically respond to environmental
cues in traits like size and morphology but not age at
maturity (Handelsman et al., unpubl. data). One theory is
that a chronic stress response, such as alteration in cortisol
levels (Fischer et al., 2014), could reduce growth. It is possible
that an unknown stressor in the post-gene flow lab
environment induced this plastic response.

In addition to univariate trait analyses, we felt it was
important to include the multivariate exchangeability anal-
ysis because phenotypic traits can relate to each other
through genetic correlations and therefore respond to direct
and indirect selection, gene flow, and drift (Lande and
Arnold, 1983). Multivariate trait responses provided support
for divergence in the face of gene flow from the source site.
Interestingly, post-gene flow populations were not only
distinct from the source but more similar and ‘ecologically
exchangeable’ with each other. This could be due to
directional selection in the low predation environment, but
multivariate trait responses are more difficult to interpret
biologically.

Putting the effects of gene flow in context—The gene flow
scenario we studied here differs from how gene flow is
usually incorporated into standard population genetic
models, and from other classic empirical systems that have
addressed similar questions. First, levels of migration
increased throughout our study (Fig. 1B) and were much
higher than what is typically observed between adaptively
divergent populations in nature (Slatkin, 1985). Second,
before the onset of gene flow, recipient populations were
small, isolated, had low genetic variation, and were
potentially inbred (Table 1). Finally, although the original
source population was adapted to a different environment,
high predation guppies possess many universally beneficial
characteristics such as high genetic variation (Barson et al.,
2009) and high fecundity (Reznick, 1982). Later generation
immigrants in our study may not only have retained those
characteristics, but also likely started to evolve important
low predation traits. Considering these characteristics of the
immigrants and the depressed state of the recipient
populations, the beneficial impacts of gene flow may be
exaggerated in our study compared to more standard
examples of maladaptive gene flow between divergent
populations, such as between Timema stick insects adapted
to different host plants (Nosil and Crespi, 2004), or lake
versus stream stickleback (Hendry et al., 2002). But despite
these differences, we also observed constraints on adaptive
divergence in some traits, similar to previous studies. In fact,
more univariate traits seemed to be constrained (n = 6) than
to diverge in the adaptive direction (n = 1).

A novel contribution of our study was the ability to
compare variation in phenotypes from the same populations
before and after gene flow, thereby avoiding the confounding
factors of geography and causality (i.e., does gene flow
constrain adaptive divergence or vice versa?). Furthermore,
gene flow caused by secondary contact between once-
isolated populations is increasingly common under invasion
scenarios and climate-induced range shifts and is also a
potential management strategy to increase variation in small,
genetically depauperate populations (Allendorf et al., 2001;
Currat et al., 2008; Crispo et al.,, 2011). Our study thus
directly addresses a growing need to gain a better under-
standing of how human-mediated gene flow affects evolu-
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tion of fitness-related traits in order to effectively manage
imperiled populations.

Most studies evaluating how gene flow affects phenotypes
are limited to measuring traits in the wild (Merild and
Hendry, 2014). However, ambiguity about the relative
influence of genetic change versus direct environmental
effects on phenotypes restricts the scope of inference in these
studies (Crispo, 2008). Previous work on guppies sampled
downstream from multiple introduction experiments
showed that locally adapted traits, when measured on wild-
caught fish, are generally maintained in the face of high gene
flow (Fitzpatrick et al.,, 2015). But the extent to which
observed phenotypic divergence across the predation gradi-
ent was genetically based or maintained through plasticity
could not be discerned by measuring traits in the wild. Thus,
an advantage of this study was the ability to test the effect of
gene flow on genetically based changes in traits measured in
the common garden assays. Ideally, we would have included
pre-gene flow populations measured in the common garden
at the second time point (2011) to control for any temporal
differences in the lab environment, but unfortunately these
control populations no longer exist. We interpreted shifts in
lab-measured traits from G, individuals as evidence for a
genetic response to gene flow because maternal and other
indirect environmental effects were reduced, and the com-
mon garden environment was highly controlled.

Conclusions.—We provided evidence that gene flow has
caused genetically based changes in traits. Differences
observed between populations and among traits confirm
that gene flow does not have a single evolutionary role
(Slatkin, 1987; Garant et al., 2007). As predicted by theory,
we showed that most traits were homogenized by gene flow.
However, our finding of an increase in male coloration after
gene flow suggests that homogenization does not necessarily
constrain adaptation, especially if recipient populations have
experienced high genetic drift prior to gene flow. We also
showed evidence in one trait for which the adaptive
direction was maintained despite high levels of gene flow,
suggesting that strong selection can counteract high levels of
gene flow. Given that many of the traits we found to
resemble the high predation ecotype in the common garden
showed local adaptation in the wild (Fitzpatrick et al., 2015),
our results point to the complex interactions between
plasticity, genetic divergence, and gene flow that shape
phenotypic diversity in the wild. Over contemporary time,
gene flow has the potential to be a much larger source of
genetic variation than mutation, but also has the potential to
quickly erode local differentiation.
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