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1 | INTRODUCTION

Fixed genotypic differences and phenotypic plasticity, that is, the
ability of a single genotype to produce different phenotypes de-

pending on the respective environment, have often been viewed as
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Abstract

Adaptive phenotypic plasticity and fixed genotypic differences have long been con-
sidered opposing strategies in adaptation. More recently, these mechanisms have
been proposed to act complementarily and under certain conditions jointly facilitate
evolution, speciation, and even adaptive radiations. Here, we investigate the relative
contributions of adaptive phenotypic plasticity vs. local adaptation to fitness, using
an emerging model system to study early phases of adaptive divergence, the general-
ist cichlid fish species Astatotilapia burtoni. We tested direct fitness consequences of
morphological divergence between lake and river populations in nature by perform-
ing two transplant experiments in Lake Tanganyika. In the first experiment, we used
wild-caught juvenile lake and river individuals, while in the second experiment, we
used F1 crosses between lake and river fish bred in a common garden setup. By
tracking the survival and growth of translocated individuals in enclosures in the lake
over several weeks, we revealed local adaptation evidenced by faster growth of the
wild-caught resident population in the first experiment. On the other hand, we did
not find difference in growth between different types of F1 crosses in the second
experiment, suggesting a substantial contribution of adaptive phenotypic plasticity
to increased immigrant fitness. Our findings highlight the value of formally compar-
ing fitness of wild-caught and common garden-reared individuals and emphasize the
necessity of considering adaptive phenotypic plasticity in the study of adaptive

divergence.
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opposing strategies by which organisms can adapt to different en-
vironments (Schlichting & Pigliucci, 1998; Kawecki & Ebert, 2004).
However, there is growing evidence that under certain conditions,
genotypic variability and phenotypic plasticity are complementary

mechanisms that jointly facilitate adaptation, speciation and even
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adaptive radiation (for reviews see: Price, Qvarnstrom, & Irwin,
2003; West-Eberhard, 2003; Pfennig etal., 2010; Schneider &
Meyer, 2017).

In particular, adaptive phenotypic plasticity—the generation of a
phenotype that is better suited for a novel environment (Ghalambor,
McKay, Carroll, & Reznick, 2007)—can promote the expansion of
populations into new niches (Yeh & Price, 2004; Richards, Bossdorf,
Muth, Gurevitch, & Pigliucci, 2006; Thibert-Plante & Hendry, 2011).
This is because adaptive phenotypic plasticity can temporarily pro-
tect genetic diversity from the direct impact of natural selection,
thereby saving time for beneficial mutations to arise and to spread
within a population, which may eventually result in genetic differ-
entiation (Schlichting, 2004). Whether adaptive phenotypic plas-
ticity facilitates or constrains adaptive divergence depends on how
close the “plastic” phenotype is to the fitness optimum in a given
environment.

Theory predicts that if there are no fitness costs associated with
plasticity, a close match between the “plastic” phenotype and the
fitness optimum would lead to stabilizing selection, so that genetic
differentiation is unlikely to build up between populations. On the
other hand, any incomplete response relative to a new fitness op-
timum would lead to directional selection with respect to extreme
phenotypes (Price et al., 2003; Ghalambor et al., 2007).

Divergent natural selection between populations exposed to
different environments leads to divergence in phenotypic traits
that influence survival and reproduction. This adaptive diver-
gence should reduce gene flow between populations because
nonadapted migrants will suffer increased costs compared to local
residents (Hendry, 2001). To experimentally evaluate whether or
not adaptive divergence reduces gene flow in nature, it is neces-
sary to perform manipulative field experiments that mimic sec-
ondary contact between divergent populations in a natural habitat
(Nosil, 2012). Interestingly, the role of phenotypic plasticity is
often overlooked in such experiments, even though selection/in-
troduction experiments in nature are among the most powerful
ways to scrutinize the role of plasticity in adaptation (Ghalambor
et al., 2007).

Reciprocal transplant experiments provide so far the strongest
evidence for divergent selection by demonstrating that ecotypes or
incipient species suffer from reduced fitness in each other’s envi-
ronment (reviewed in Hereford, 2009). Such studies are commonly
performed in plants (reviewed in Leimu & Fischer, 2008) and are be-
coming more and more common in insects and fish that inhabit tem-
perate habitats of the northern hemisphere (e.g., Risdnen & Hendry,
2014; Soria-Carrasco etal., 2014; Gosden, Waller, & Svensson,
2015; Moser, Frey, & Berner, 2016; Soudi, Reinhold, & Enggvist,
2016; Kaufmann, Lenz, Kalbe, Milinski, & Eizaguirre, 2017). Very
few such studies have, however, been conducted with animals that
inhabit remote areas in the tropical climate (e.g., Thorpe, Reardon,
& Malhotra, 2005; Schwartz, Weese, Bentzen, Kinnison, & Hendry,
2010; Bongaerts et al., 2011; Kenkel & Matz, 2016).

Cichlid fishes are one of the most species-rich vertebrate fam-
ilies, whose natural distribution ranges from Central and South

America, across Africa and the Middle East to Madagascar and
southern India/Sri Lanka. Cichlids are an important model system
in speciation research (Kornfield & Smith, 2000; Kocher, 2004;
Seehausen, 2006) and provide well-described examples of pheno-
typic plasticity in key ecological traits, such as pharyngeal jaw anat-
omy, body shape, gill size and brain mass (Greenwood, 1964; Meyer,
1987; Wimberger, 1992; Smits, Witte, & VanVeen, 1996; Bouton,
Witte, & Van Alphen, 2002; Crispo & Chapman, 2010; Muschick,
Barluenga, Salzburger, & Meyer, 2011). Adaptive phenotypic plas-
ticity in cichlids has been proposed to play a key role in their im-
pressive radiations (Galis & Metz, 1998; Muschick etal., 2011;
Schneider & Meyer, 2017).

The Haplochromini represent the most species-rich and ecolog-
ically diverse tribe of African cichlids (Turner, 2007). Among them,
Astatotilapia burtoni (Glinther, 1894) is an excellent model system to
study early phases of adaptive divergence. This generalist species in-
habits Lake Tanganyika and affluent rivers (Figure 1a). Adjacent lake
and river environments differ in both abiotic and biotic conditions
including water parameters, habitat structure, prey composition,
and parasite communities (Theis, Ronco, Indermaur, Salzburger, &
Egger, 2014; J. Rajkov, W. Salzburger, B. Egger, unpublished data).
Various lake and river “populations pairs” in A. burtoni show similar
adaptations to divergent selection regimes despite different levels
of genetic differentiation (Fy;) among them (Egger, Roesti, Béhne,
Roth, & Salzburger, 2017).

River fish have a shallower body compared to lake fish, which
is associated with different flow regimes in the two habitat types,
whereas lake fish have a superior mouth position, longer gill rakers
as well as more elongated lower pharyngeal jaw bones compared

FIGURE 1 Astatotilapia burtoni adult male and two females;
lake (KaL—Kalambo Lake) and river (KaR—Kalambo River upstream)
habitats (a). Lake Tanganyika with inflowing rivers, location of

the experimental enclosures and the two populations used in this
study (b)
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to river fish (Theis et al., 2014). These shifts in trophic structures
have been implicated in differential resource use in the two habi-
tat types. Common garden experiments conducted by Theis et al.
(2014) demonstrated that differences in body shape and gill raker
length have both a plastic and a genetic component and that F1 hy-
brids are generally intermediate between the parental ecotypes in
body shape and gill raker length.

Establishing the link between ecological divergence and fitness
differences among populations is crucial to provide evidence that
the traits that differ between populations from different habitats
are in fact adaptive. In this study, we test the direct fitness conse-
quences of morphological divergence between lake and river A. bur-
toni in nature and evaluate the relative contribution of phenotypic
plasticity to fitness and performance (sensu Arnold, 1983). To do
so, we performed two independent transplant experiments in Lake
Tanganyika, one using wild-caught juvenile lake and river individuals
and a second one using different types of F1 crosses between lake
and river fish (pure lake, pure river, and hybrids) that were initially
bred in ponds filled with lake water.

Our prediction was that, if adaptation to different environ-
ment in A. burtoni was mainly due to strong local adaptation, resi-
dent lake fish would perform better in lake enclosures than foreign
river fish in both of our experiments, and that hybrids between
lake and river fish would show an intermediate performance be-
tween that of the purebred lines. On the other hand, if there was
substantial adaptive phenotypic plasticity, we would not expect a
difference in performance of the F1 individuals raised in a com-

mon habitat.

2 | MATERIAL AND METHODS

2.1 | Study populations and generation of
experimental lines

We chose two populations from the Kalambo River system
(Figure 1b), a lake population near the estuary (KalL) and an upstream
river population (referred to as Ka2 in Theis et al., 2014, 2017; Egger
et al., 2017; hereafter referred to as KaR), for the transplant experi-
ments for two main reasons. First, these two populations show the
largest difference in body shape and diet composition within any of
the lake-stream population pairs examined by Theis et al. (2014): the
lake population (KaL) feeds almost exclusively on plant material and
algae, whereas the upstream river population (KaR) feeds mostly on
macro-invertebrates. Second, the facilities where the experiments
could be performed in a sheltered bay protected from waves and
fishing activities were adjacent (~3 km) to the location where the
KalL population was sampled.

For the first transplant experiment, juvenile fish were collected
in October 2015 at the two locations (KaL and KaR), using baited
minnow traps. For the second transplant experiment, we generated
an F1 cohort by crossing wild-caught adult individuals from the two
source populations (KaL and KaR) to create pure lake (KaL x Kal),
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pure river (KaR x KaR), and hybrid (KaL x KaR) individuals. The pa-
rental specimens were caught at the source locations using fishing
rods in November 2015. The crosses were raised in concrete ponds
supplied with lake water and rocks for shelter between November
2015 and July 2016. Fish were fed with commercial flake food. We
used 6-7 ponds for every type of cross, with one male and 3-10
females in each pond to maximize adult and juvenile survival. Hybrid
crosses were created in both directions (river female x lake male,
river male x lake female). Fish collection in the wild and the trans-
plant experiments were performed under study permits nr. 003376,
004264, 004266 and 004273.

2.2 | Study design

In order to test fitness consequences of the morphological di-
vergence between lake and river A. burtoni and to evaluate the
relative contribution of phenotypic plasticity to fitness and per-
formance in nature, we performed two transplant experiments,
one with wild-caught juveniles from the two populations (KalL
and KaR) and one with juveniles from F1 crosses among and be-
tween these populations (KaL x KaL, KaR x KaR, and KaL x KaR)
(Figure 2). The aim of the first experiment with wild-caught indi-
viduals was to mimic the natural situation in the case of migration
between environments to test for possible immigration barriers.
For example, in this experiment individuals could suffer additive
parasite infection resulting from early exposure within their habi-
tat and late exposure to parasites after transplant, just as it would
occur for natural migrants (Kaufmann et al., 2017). The use of F1
offspring in the second experiment permitted us to assess the ef-
fect of plasticity on fitness in a foreign habitat. To this end, we
acclimated individuals from both populations for one generation
under common conditions (lake water) similar to environmental
conditions under which their fitness was going to be measured
as advised in Kawecki and Ebert (2004). In both experiments ge-
netic samples from all individuals were taken during all measure-
ments to enable tracking of individual fish using microsatellite
genotyping. Experiments were performed in up to six enclosures
(Figure 2, S1) positioned in a sheltered bay ~3 km south of the
location where KalL population was sampled. The enclosures were
2m x 2 mx1mand positioned in the lake so that they were filled
to less than 1 m. They were built in August 2015 using metal poles
and 8 mm square mesh, thus allowing the passage of small organ-
isms across the enclosure walls.

In experiment 1, the enclosures were stocked with 30 individuals
each at the end of the dry season (low lake water level). In experi-
ment 2, the enclosures were stocked with 60 individuals each during
the mid dry season (higher lake water level) (Figure S1).

In this study, we were limited to one-way transplant experiments
in the lake habitat. Although including the reciprocal experimental
setup - transplanting lake fish into the river habitat - would have
been desirable, this was not feasible given the highly variable river

environment and local fishing activities.
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FIGURE 2 Experimental design of the transplant experiments
with sample sizes (blue rectangles indicate enclosures). Experiment
1 with wild-caught individuals (a), and experiment 2 with F1 crosses
raised in ponds with lake water (b). KaL—Kalambo Lake, KaR—
Kalambo River upstream

2.3 | Transplant experiment 1: Wild-caught juvenile
performance

Wild-caught juveniles were photographed with a digital camera
(Nikon D5000) on their left side, measured with a ruler (+0.5 mm),
weighed on an electronic balance (5 mg), sexed if possible by visual
inspection of external coloration and the genital papilla, fin-clipped,
and tagged with visible implant elastomer tags (VIE, Northwest
Marine Technology) before the start of the experiment. Each indi-
vidual received a population tag (KaL - front left side of the dorsal
fin, KaR - front right) to enable subsequent sorting, size matching
and counting of recaptured individuals. Experimental fishes were
selected for size and sex to achieve a similar size distribution be-
tween the two populations within each enclosure and a ~1:1 sex
ratio in each population. After this treatment, all the individuals
could recover for 24 hr in concrete tanks filled with lake water (one
tank per enclosure) to ensure that fish were all in good shape.

Prior to the release of A. burtoni, all enclosures were emptied of
wild fish and potential predators by angling and extensive minnow
trapping and a fine net skirt was sewn to the inside of each cage and
buried to prevent fish from escaping. The enclosures were covered
on the top with removable 8 mm mesh lids to prevent bird predation.
In October 2015 each of the five enclosures used in this experiment
was stocked with 15 individuals from the lake (KaL) and 15 from the
river (KaR) population, except for enclosure 3, which was stocked
with 16 individuals of each type, and enclosure 5, which was stocked
with 16 individuals of KalL and 14 of KaR due to handling errors
(n = 152 total) (Figure 2).

The enclosures were checked twice every day and sampled
15 days post-release and again after 24 days, which is when the

experiment was terminated. We chose this duration because we

wanted to terminate the experiment before the individuals were sex-
ually mature and could start reproducing, to prevent the confounding
effect of mouthbrooding and egg laying on female weight gain, as
well as possible introduction of non-native populations and hybrid
offspring in the wild. To sample the fish in the enclosures, we set 10
minnow traps with inaccessible bait in tea infuser spoons per enclo-
sure one hour before dusk and removed them one hour after dawn
on the following day. Recaptured individuals were then assigned to
their source population, counted, measured, weighed, sexed if pos-
sible, fin-clipped and a photograph was taken, providing survival
information as fitness measure and body mass information as perfor-
mance measure related to fitness (sensu Arnold, 1983). After the first
measurement (15 days post-release), all fish were set back into their
original enclosures. After the second measurement, all recaptured
individuals were euthanized with an overdose of clove oil, dissected
to confirm their sex, fin-clipped, and preserved in ethanol.

Genomic DNA from fin clips taken at every time point was ex-
tracted using 5% Chelex solution (Casquet, Thebaud, & Gillespie,
2012). The samples were genotyped at five microsatellite loci
(Ppun5, Ppun?, Ppun21, UNH130, and Abur82) following the meth-
ods described in Theis et al. (2014). Samples from the same individu-
als taken at different time points were matched using the R package
Allelematch (Galpern, Manseau, Hettinga, Smith, & Wilson, 2012) to
identify individual fish and to obtain individual-level data for survival
and growth.

2.4 | Transplant experiment 2: F1 generation and
hybrid juvenile performance

All available F1 offspring were pooled per cross type (KalL x KalL,
KaR x KaR or KaL x KaR) before the beginning of the experiment,
and experimental individuals were selected from that pool with the
aim of achieving a similar size distribution between different types
of crosses within each enclosure and a ~1:1 sex ratio in each cross
type. Selected individuals were tagged (KaL x KaL - front left side
of the dorsal fin, KaR x KaR - front right, KaL x KaR - middle right)
with the VIE tags. In July 2016, during the mid dry season, each of
the six enclosures was stocked with a total of 60 juvenile A. bur-
toni from our F1 line, whereby 20 juvenile individuals were taken
from the pure lake cross (KalL x Kal), 20 from the pure river cross
(KaR x KaR) and 20 from the hybrid cross (KaL x KaR), resulting in
a total number of experimental fish of n = 240 (Figure 2). The den-
sities used in the experiments are close to those observed at the
Kalambo lake location where dozens of fish are typically caught in
an empty minnow trap within minutes. Fish were measured after
14 and 28 days as described above. Termination of the experiment,
including the microsatellite genotyping, was performed as in experi-
ment 1 (see above).

2.5 | Data analysis

We assessed survival between different experimental populations
using generalized linear mixed effect models (GLMMs) with survival
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as a dependent variable (coded as O:dead and 1:alive) and popula-
tion (lake, river, (hybrid)), initial mass, sex (male, female, immature),
size deviation (deviation in initial mass from the mean mass per
cage), and their interaction (sex: size deviation) as fixed predictors.
The replicated enclosures were set as a random effect. The signifi-
cance of fixed effect parameters was determined by type Il xz-based
likelihood-ratio tests (based on a binomial distribution with logit
function; glmer and drop1 function in R).

We calculated absolute growth rates in mg/day and specific
growth rates (SGR = 100*(In (final mass)-In (initial mass))/time) for
survivors. To correct for individual differences in mass at the be-
ginning of the experiment, specific growth rates were regressed on
initial mass. The residual SGR values (rSGR) were used as a measure
of relative growth performance (following Scharsack, Kalbe, Harrod,
& Rauch, 2007). We assessed growth rates between different exper-
imental populations using linear mixed effect models (LMMs) with
growth rate or rSGR as a dependent variable, population (lake, river,
(hybrid)), and sex (male, female, immature) as fixed predictors. The
replicated enclosures were set as a random effect. The significance
of each variable was tested with type Il ANOVAs with Kenward-
Roger correction for F-statistics and df in linear mixed models (Imer
and ANOVA functions in R).

Some individuals were still immature at the end of the exper-
iment, without visible genital papilla or sex-specific coloration
and thus it was not possible to sex them (sexed as immature).
We found sex to be the dominant effect in the survival and
growth analysis, especially when the immature individuals were
included, and therefore, we subsequently conducted the analysis
on adults only (immature individuals excluded) and on each sex
separately.

Generalized linear mixed effect models and LMMs were calcu-
lated with the R package Ime4 (Bates, Maechler, Bolker, & Walker,
2015). Significance level for the fixed effects was obtained using
the dropl function of the Ime4 package for GLMMs and ImerTest
package (Kuznetsova, Brockhoff, & Christensen, 2017) for LMMs.
Tukey-Kramer posthoc tests were applied to test for significance of
pairwise comparisons between populations using the Ismeans pack-
age (Lenth, 2016). All statistical analyses were performed in R ver-
sion 3.3.2 (R Core Team, 2016).

3 | RESULTS

3.1 | Transplant experiment 1: High overall survival
of wild-caught individuals and faster growth of
resident population compared to non-residents

The survival was high in this experiment (92%) and did not differ
between the lake and river fish (population Xﬁle =0.340,p =0.560)
(Table 1a, Figure 3a). When only adults were analyzed, there was an
effect of size deviation between the experimental fish on survival
(size deviation ngzl =4.513, p=0.034). When male and females
were analyzed separately size deviation only had an effect on male
survival (size deviation ngzi =6.373,p=0.012).
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Models with relative (rSGR) (Table 2) and absolute growth rate
(Table S1) showed comparable results, so we only discuss the re-
sults for the relative growth rate here. Absolute growth rate values
are shown in Figure S2. Relative growth rate was associated with
sex and population of origin (sex Fy131 = 12.229, p < 0.001; popu-
lation Fi130=7.665p= 0.006) (Table 2a, Figure 4a). When imma-
ture individuals were excluded, the effect of sex was comparable
to the population effect (sex F1106.2 = 5.958,p = 0.016; population
F1,106A2 =5.739, p=0.018). Lake fish grew faster than river fish
in their local environment, and males grew faster than females.
Relative growth rate was higher in the lake males than in river
males (population Fieas= 6.509, p =0.013), but was not differ-
ent between the lake and river females (population Fy 389 = 0.104,
p = 0.749).

3.2 | Transplant experiment 2: Low overall
survival and no growth differences among F1
individuals

Survival was much lower in this experiment (42%) than in the ex-
periment with wild-caught individuals (Figure 3). The number of
survivors per enclosure showed a strong positive correlation with
variance in size (standard length at the beginning of the experiment)
between individuals within the same enclosure (r=0.87, R?>=10.7,
p = 0.024), meaning that survival was higher in enclosures with more
variance in size among individuals. There was a sex effect on sur-
vival (sex, ng:l =41.91, p < 0.001, Table 1b) due to higher mortality
of immature individuals. When only adults were analyzed, there was
no apparent difference in survival among different crosses (popula-
tion ngzl =5.784, p = 0.055), with a tendency of lower survival in
river individuals than hybrids (post hoc test: KaR x KaR - KaL x KaR,
p = 0.074, Figure 3b).

Unlike in experiment 1, there was no difference in rSGR among
different types of crosses (population F1,142.5 =1.749, p=0.178,
Table 2, Figure 4b), with a tendency of lower rSGR in lake individuals
than hybrids (post hoc test: KaL x KaL - KaL x KaR, p =0.092). As in
experiment 1, males grew faster than females (sex, F1,141.7 =36.653,
p < 0.001).

4 | DISCUSSION

The goal of this study was to test for local adaptation in diver-
gent lake and river populations of a generalist East African cichlid
fish. Using two different setups, one with wild-caught individu-
als and one with F1 crosses including hybrids raised in a com-
mon environment, we were able to examine the contribution of
phenotypic plasticity to the adaptation of these populations to
different environments. We thus provide the first demonstra-
tion of adaptive divergence between lake and river populations
of a cichlid species at the level of whole-organism performance,
evidenced by higher growth rates in the wild-caught resident
population compared to nonresident fish in the first experiment.
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(a) Experiment 1 - wild-caught

TABLE 1 Generalized linear mixed
models of survival for A. burtoni

fish (b) Experiment 2 - F1 crosses

transferred to lake habitat (df: degrees of

Model 1: whole dataset

freedom)

Residuals df = 140

Residuals df = 362

Effect df x? p df X p
Sex 2 1.036 0.596 2 41.910 <0.001
Population 1 0.340 0.560 2 6.034 0.049
Initial mass 1 1.032 0.310 1 0.300 0.584
Size deviation 1 1.169 0.280 1 0.864 0.353
Sex: size deviation 2 9.968 0.007 2 6.761 0.034
Model 2: immature individuals excluded

Residuals df = 111 Residuals df = 318
Effect df x> p df %2 p
Sex 1 0.106 0.745 1 0.441 0.507
Population 1 0.243 0.622 2 5.784 0.055
Initial mass 1 0.089 0.765 1 0.371 0.542
Size deviation 1 4.513 0.034 1 1.040 0.308
Sex: size deviation 1 1.650 0.199 1 2.435 0.119
Model 3: males only

Residuals df = 68 Residuals df =172
Effect a1 p df x P
Population 1 0.007 0.935 2 2.729 0.256
Initial mass 1 1.803 0.179 1 0.871 0.351
Size deviation 1 6.373 0.012 1 3.131 0.077
Model 4: females only

Residuals df =40 Residuals df = 142
Effect df x? p df X p
Population 1 0.018 0.892 2 3.217 0.200
Initial mass 1 0.269 0.604 1 0.094 0.760
Size deviation 1 0.258 0.611 1 0.033 0.856

Experiment 1—wild-caught fish (a), experiment 2—F1 crosses (b). Significant effects (p < 0.05) are

highlighted in bold.

On the other hand, we found a strong contribution of adaptive
phenotypic plasticity, evidenced by equal growth rates between
different types of F1 crosses in the second experiment. In the
following, we discuss the findings of this study in the context of

adaptive divergence.

4.1 | Higher survival of wild-caught fish and
mortality due to male aggression

Survival in experiment 1 using wild-caught individuals was much
higher than in experiment 2 using F1 crosses (92 vs. 42%). A likely
explanation for this result is the lower density of fish in the first ex-
periment (30 vs. 60 individuals per enclosure). Alternatively, fitness

of wild-born fish could generally be higher. A transplant experiment
in trout, for example, revealed that wild-born individuals consist-
ently outperformed both the foreign laboratory-born groups and
their laboratory-born locally produced counterparts (Westley, Ward,
& Fleming, 2012).

Survival in experiment 2 was higher in enclosures with more
variance in size among the individuals. A similar observation was re-
cently reported in threespine stickleback fish, in which survival was
lower for average-sized individuals within a cage than for individuals
whose initial mass was much larger or smaller than their cage mean
(Bolnick & Stutz, 2017).

We further found that male survival in experiment 1 was af-
fected by individual’s deviation in size from the mean size per
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average number of surviving fish +ClI 5
95%) in the lake habitat for wild-caught
individuals (a) and F1 crosses (b). Lake 0
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(light gray), river (black) and hybrid (dark
gray dotted) individuals

enclosure, indicating that male aggression was the most likely
causal factor for mortality. This is further substantiated by the in-
spectionofthedeceasedindividualsthatwewereabletorecoveron
the water surface during the controls of the enclosures; we found
that these fish had injuries, likely from fights with conspecifics.
A. burtoni males are known to be territorial and highly aggressive
toward conspecifics (Fernald & Hirata, 1977; Fernald, 1980), and
a size difference of less than 10% body length has been shown
to provide a significant advantage to the larger opponent in ter-
ritorial combats (Alcazar, Hilliard, Becker, Bernaba, & Fernald,
2014).

4.2 | Higher growth rate in wild-caught lake fish
but not in F1 crosses

As predicted for local adaptation, we found higher growth rates in
wild-caught resident lake individuals in their native environment
in experiment 1 compared to river fish. Yet, contrary to our pre-
diction for local adaptation, there was no apparent difference in
growth of F1 individuals in experiment 2. The lake-river hybrids
that were expected to show intermediate performance even
grew slightly faster than purebred F1 individuals (Figure 4b). This
mirrors results from other systems in which the fitness of some
hybrid genotypes equals or exceeds that of purebreds (Rundle,
2002). A large body of research on stickleback provides possible
explanations for our results. In a recent stickleback study, Best
et al. (2017) found that F1 hybrids performed best in a mesocosm
experiment and suggested that this might result from increased
heterozygosity in hybrids, helping them overcome the effects of
mildly deleterious alleles, or from novel combinations of dominant
alleles at different loci. However, because F1s tend to be heter-
otic, and outbreeding depression is often not expressed until the
F2 or later generations, conclusions about the relative fitness of
hybrids must be tentative (Lexer, Randell, & Rieseberg, 2009).
River stickleback, whether migrants or residents, were found
to generally grow faster than lake fish (Scharsack et al., 2007;
Kaufmann et al., 2017), suggesting a river-specific trait of faster
growth in this species. It has also been suggested that selection

on juvenile hybrid stickleback may be weaker than detected in

Days post-release

Days post-release

adults (Hatfield & Schluter, 1999). Future studies should aim to
investigate fitness of adult hybrids between A. burtoni lake and
river populations.

In our experiments it was not possible to directly compare the
growth rates of wild-caught river fish and F1 generation raised in
lake water due to the different seasons in which the two exper-
iments were performed and due to different densities of fish per
enclosure. Growth rates were higher in the first experiment with
wild-caught individuals, which was, however, performed with lower
density and at the beginning of the rainy season when water tem-

perature is higher.

4.3 | Adaptive phenotypic plasticity in
Astatotilapia burtoni

We found no difference in performance between purebred lake and
river crosses in experiment 2 indicating that the juveniles raised in
ponds with lake water developed phenotypes with equal fitness as
the residents in their non-native environment.

A common garden experiment that examined plasticity vs. ge-
netic contribution for body shape and gill raker length in lake and
river A. burtoni from the same river (Kalambo) found that F1 offspring
from between-population crosses display intermediate phenotypes
in comparison with within-population crosses (Theis et al., 2014).
However, it was also found that the differences between the within-
population crosses raised in the ponds were much smaller than the
differences observed between wild types. Moreover, offspring of
pure river crosses raised in ponds with lake water was closer to lake
fish from the wild than to river fish from the wild with respect to
body shape and gill raker length. This indicates that the change in
the mean trait values is in the same direction favored by selection
in the new environment, but below the new adaptive peak, which is
one of the conditions for adaptive phenotypic plasticity to facilitate
adaptation (Ghalambor et al., 2007). Theory predicts that at inter-
mediate levels of adaptive plasticity the produced phenotype moves
into the attractive domain of the higher fitness peak, and a period of
constancy of this new environment leads to a peak shift via “genetic
assimilation” (Pigliucci, Murren, & Schlichting, 2006). If the resultant

phenotypic variation has a fitness effect, then selection takes place;



RAJKOV ET AL.

7330 WI LEY_ECObe and Evolution

Open Access,

(a) Experiment 1 - wild-caught fish

(b) Experiment 2 - F1 crosses

TABLE 2 Analyses of variance tables of
mixed effect models on relative growth

Model 1: whole dataset (rSGR)
Effect num.df dendf F p num.df den.df F p

Sex 2 131 12.229 <0.001 2 141.3 18.418 <0.001
Population 1 130 7.665 0.006 2 142.5 1.748 0.178
Model 2: immature individuals excluded

Effect num.df den.df F p num.df den.df [F p

Sex 1 106.2  5.958 0.016 1 141.7 36.653  <0.001
Population 1 106.1 5.739 0.018 2 142.5 1.749 0.178
Model 3: males only

Effect num.df den.df F p num.df den.df F p
Population 1 64.8 6.509  0.013 2 79.9 1.161 0.319
Model 4: females only

Effect num.df dendf F p num.df den.df F p
Population 1 38.9 0.104 0.749 2 58.1 2.837 0.067

F-statistic was corrected with the Kenward-Roger approximation for mixed linear models.
Experiment 1—wild-caught fish (a) and experiment 2—F1 crosses (b). Significant effects (p < 0.05) are

highlighted in bold.
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FIGURE 4 Relative growth
-0.4 -0.4 performance (rSGR) +Cl 95% in the lake
River Lake River Hybrid Lake habitat for wild-caught individuals (a) and
Population Population F1 crosses (b)

and if this phenotypic variation has a genetic component, selection
leads to “genetic accommodation,” that is, adaptive evolution that
involves gene-frequency change (West-Eberhard, 2005).

A recent reciprocal transplant experiment in stickleback (Bolnick
& Stutz, 2017) detected substantial plastic convergence of immi-
grant fish toward the gene expression profile of the resident popula-
tion after translocation (Lohman, Stutz, & Bolnick, 2017). However,
stream fish placed in lake cages did not reach the optimum expres-
sion in the lake.

Cichlid species that show phenotypic plasticity are often riv-
erine or a part of very recent intralacustrine adaptive radiations
(Greenwood, 1964; Meyer, 1989; Smits et al., 1996; Chapman, Galis,
& Shinn, 2000) and riverine species show the highest level of adaptive
plasticity among the East African cichlids investigated so far, lending
support to the ‘flexible stem hypothesis’ (Schneider & Meyer, 2017).

If temporal and/or spatial variation is higher in river than in lake hab-
itat, plasticity would be favored over genetic divergence (Scheiner,
1993; Sultan & Spencer, 2002). East African rivers are prone to strong
seasonal and interannual fluctuations in water flow rate (Dettinger &
Diaz, 2000). Within the Kalambo River, seasonal fluctuations in en-
vironmental parameters associated with a seasonal influx of water
during the rainy season are supposedly higher than in the lake (Figure
S3); thus, A. burtoni likely experiences a high degree of temporal and
spatial variation in this river system compared to the lake.

High levels of gene flow among populations should favor the
evolution or maintenance of phenotypic plasticity over local ad-
aptation (Sultan & Spencer, 2002). Estimated migration rate for
the Kalambo River system is higher from the river to the lake
(m~2.02E-04) than vice versa (m~6.02E-05) (Egger et al., 2017),
which should favor plasticity in the riverine population. In a study
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of geographic variation of phenotypic plasticity in another hap-
lochromine cichlid, Pseudocrenilabrus multicolor, that inhabits both
riverine and swampy areas, high levels of phenotypic plasticity for
both gill size and brain mass were observed (Crispo & Chapman,
2010). F1 offspring from populations that are close to the connec-
tion between the swamp and river, and thus have the highest po-
tential for dispersal between environments, were shown to have
more plastic brains.

Plastic lineages can persist in a new habitat, even if there are
no similar niches available, and are therefore expected to have
higher potential for adaptive diversification than nonplastic lin-
eages (Schneider & Meyer, 2017). In stickleback, transcriptomic
plasticity may play a substantial role in migrants’ adaptation to
novel environments (Lohman et al., 2017). In this system genetic
divergence and plasticity appear to work together in shaping
between-ecotype differences in gene expression (Lohman et al.,
2017) and parallel adaptive phenotypic divergence between lake
and stream populations (Oke et al., 2016). Our results provide
support for the same forces working together in a cichlid lake-

stream system.

5 | CONCLUSION

This study provides rare empirical data on fitness estimates in a
cichlid species in the wild, using both wild-caught and F1 individu-
als. We found a substantial contribution of plasticity to increased
immigrant performance in a foreign environment. This finding
highlights the value of formally comparing fitness of wild-caught
and common garden-reared individuals in the study of local adap-
tation. Given that a single lake-stream population pair was stud-
ied, it is possible that some of the observed patterns are unique
to this system. Future studies should aim to overcome logistical
challenges and investigate this and other reproductive barriers
in additional lake-stream population pairs including those known
to exhibit stronger genomic differentiation in order to achieve a

more general understanding of adaptive divergence in this system.

ACKNOWLEDGMENTS

We would like to thank Adrian Indermaur, Fabrizia Ronco, Kolja
Smailus, Gaélle Pauquet, and Daniel Luscher for help in the field,
the crew of the Kalambo Lodge for their logistic support in Zambia,
and the Lake Tanganyika Research Unit, Department of Fisheries,
Republic of Zambia, for research permits. We thank Dario Moser
and Fabrizia Ronco for valuable suggestions on experimental
design, Miya Qiaowei Pan for DNA extraction protocol, Nikolas
Vellnow for advice on statistical analyses, and Robert Spirig for
valuable feedback on the manuscript. This study was supported
by grants from the Swiss Zoological Society (SZS) to JR and the
Swiss National Science Foundation (SNSF, grant 31003A_156405)
to WS.

Fcology and Evolution o 7331
& WILEY- 7%

CONFLICT OF INTERESTS

None declared

AUTHOR CONTRIBUTION

BE and WS conceived and supervised the study, all coauthors
contributed to the experimental design, all authors conducted
the fieldwork. JR conducted the molecular laboratory work, ana-
lyzed the data, and wrote the manuscript, with feedback from all

coauthors.

DATA ACCESSIBILITY

Individual measurement data available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.7ns4pk2

ORCID

Jelena Rajkov http://orcid.org/0000-0003-1533-2430

Walter Salzburger http://orcid.org/0000-0002-9988-1674

Bernd Egger http://orcid.org/0000-0002-8928-2301

Alexandra Anh-Thu Weber http://orcid.org/0000-0002-7980-388X

REFERENCES

Alcazar, R. M., Hilliard, A. T., Becker, L., Bernaba, M., & Fernald, R. D.
(2014). Brains over brawn: Experience overcomes a size disadvan-
tage in fish social hierarchies. Journal of Experimental Biology, 217,
1462-1468. https://doi.org/10.1242/jeb.097527

Arnold, S. J. (1983). Morphology, performance and fitness. American
Zoologist, 23, 347-361. https://doi.org/10.1093/icb/23.2.347

Bates, D. M., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48.

Best, R. J., Anaya-Rojas, J. M., Leal, M. C., Schmid, D. W., Seehausen,
0., & Matthews, B. (2017). Transgenerational selection driven
by divergent ecological impacts of hybridizing lineages. Nature
Ecology & Evolution, 1, 1757-1765. https://doi.org/10.1038/
s41559-017-0308-2

Bolnick, D. I., & Stutz, W. E. (2017). Frequency dependence limits diver-
gent evolution by favouring rare immigrants over residents. Nature,
546, 285-288. https://doi.org/10.1038/nature22351

Bongaerts, P, Riginos, C., Hay, K. B., van Oppen, M. J., Hoegh-Guldberg,
0., & Dove, S. (2011). Adaptive divergence in a scleractinian coral:
Physiological adaptation of Seriatopora hystrix to shallow and
deep reef habitats. BMC Evolutionary Biology, 11, 303. https://doi.
org/10.1186/1471-2148-11-303

Bouton, N., Witte, F., & Van Alphen, J. J. M. (2002). Experimental ev-
idence for adaptive phenotypic plasticity in a rock-dwelling cichlid
fish from Lake Victoria. Biological Journal of the Linnean Society, 77,
185-192. https://doi.org/10.1046/j.1095-8312.2002.00093.x

Casquet, J., Thebaud, C., & Gillespie, R. G. (2012). Chelex with-
out boiling, a rapid and easy technique to obtain stable am-
plifiable DNA from small amounts of ethanol-stored spi-
ders. Molecular Ecology Resources, 12, 136-141. https://doi.
org/10.1111/j.1755-0998.2011.03073.x


http://orcid.org/0000-0003-1533-2430
http://orcid.org/0000-0003-1533-2430
http://orcid.org/0000-0002-9988-1674
http://orcid.org/0000-0002-9988-1674
http://orcid.org/0000-0002-8928-2301
http://orcid.org/0000-0002-8928-2301
http://orcid.org/0000-0002-7980-388X
http://orcid.org/0000-0002-7980-388X
https://doi.org/10.1242/jeb.097527
https://doi.org/10.1093/icb/23.2.347
https://doi.org/10.1038/s41559-017-0308-2
https://doi.org/10.1038/s41559-017-0308-2
https://doi.org/10.1038/nature22351
https://doi.org/10.1186/1471-2148-11-303
https://doi.org/10.1186/1471-2148-11-303
https://doi.org/10.1046/j.1095-8312.2002.00093.x
https://doi.org/10.1111/j.1755-0998.2011.03073.x
https://doi.org/10.1111/j.1755-0998.2011.03073.x

RAJKOV ET AL.

7332 WI LEY—ECOlOgy and Evolution

Open Access,

Chapman, L. J., Galis, F., & Shinn, J. (2000). Phenotypic plasticity and
the possible role of genetic assymilation: Hypoxia-induced trade-offs
in the morphological traits of an African cichlid. Ecology Letters, 3,
387-393. https://doi.org/10.1046/j.1461-0248.2000.00160.x

Crispo, E., & Chapman, L. J. (2010). Geographic variation in pheno-
typic plasticity in response to dissolved oxygen in an African cich-
lid fish. Journal of Evolutionary Biology, 23, 2091-2103. https://doi.
org/10.1111/j.1420-9101.2010.02069.x

Dettinger, M. D., & Diaz, H. F. (2000). Global characteristics of stream
flow seasonality and variability. Journal of Hydrometeorology, 1,
289-310.

Egger, B., Roesti, M., Bohne, A., Roth, O., & Salzburger, W. (2017).
Demography and genome divergence of lake and stream populations
of an East African cichlid fish. Molecular Ecology, 23, 5304-5322.

Fernald, R. D. (1980). Response of male cichlid fish, Haplochromis bur-
toni, reared in isolation to models of conspecifics. Zeitschrift fiir
Tierpsychologie, 93, 85-93.

Fernald, R. D., & Hirata, N. R. (1977). Field study of Haplochromis burtoni:
Quantitative behavioral observations. Animal Behavior, 64, 4.

Galis, F., & Metz, J. A. (1998). Why are there so many cichlid species?.
Trends in Ecology & Evolution, 13, 1-2. https://doi.org/10.1016/
S0169-5347(97)01239-1

Galpern, P., Manseau, M., Hettinga, P., Smith, K., & Wilson, P. (2012).
Allelematch: An R package for identifying unique multilocus
genotypes where genotyping error and missing data may be
present. Molecular Ecology Resources, 12, 771-778. https://doi.
org/10.1111/j.1755-0998.2012.03137.x

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007).
Adaptive versus non-adaptive phenotypic plasticity and the potential
forcontemporaryadaptationinnewenvironments. Functional Ecology,
21, 394-407. https://doi.org/10.1111/j.1365-2435.2007.01283.x

Gosden, T. P,, Waller, J. T., & Svensson, E. I. (2015). Asymmetric isolat-
ing barriers between different microclimatic environments caused
by low immigrant survival. Proceedings of the Royal Society B, 282,
20142459.

Greenwood, P. H. (1964). Environmental effects on the pharyngeal mill of
a cichlid fish, Astatoreochromis alluandi, and their taxonomic impli-
cations. Proceedings of the Linnean Society of London, 176, 1-10.

Hatfield, T., & Schluter, D. (1999). Ecological speciation in sticklebacks:
Environment-dependent hybrid fitness. Evolution (N.Y).,53,866-873.

Hendry, A. P. (2001). Adaptive divergence and the evolution of repro-
ductive isolation in the wild: An empirical demonstration using in-
troduced sockeye salmon. Genetica, 112-113, 515-534. https://doi.
org/10.1023/A:1013367100865

Hereford, J. (2009). A quantitative survey of local adaptation and fit-
ness trade-offs. American Naturalist, 173, 579-588. https://doi.
org/10.1086/597611

Kaufmann, J., Lenz, T. L., Kalbe, M., Milinski, M., & Eizaguirre, C. (2017).
A field reciprocal transplant experiment reveals asymmetric costs
of migration between lake and river ecotypes of three-spined stick-
lebacks (Gasterosteus aculeatus). Journal of Evolutionary Biology, 30,
938-950. https://doi.org/10.1111/jeb.13057

Kawecki, T. J., & Ebert, D. (2004). Conceptual issues in local
adaptation.  Ecology Letters, 7, 1225-1241. https://doi.
org/10.1111/j.1461-0248.2004.00684.x

Kenkel, C. D., & Matz, M. V. (2016). Gene expression plasticity as a mech-
anism of coral adaptation to a variable environment. Nature Ecology &
Evolution, 1, 14. https://doi.org/10.1038/s41559-016-0014

Kocher, T. D. (2004). Adaptive evolution and explosive speciation: The
cichlid fish model. Nature Reviews Genetics, 5, 288-298. https://doi.
org/10.1038/nrg1316

Kornfield, 1., & Smith, P. F. (2000). African Cichlid Fishes : Model
Systems for Evolutionary Biology. Annual Review of Ecology and
Systematics, 31, 163-182. https://doi.org/10.1146/annurev.
ecolsys.31.1.163

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest
package: Tests in linear mixed effects models. Journal of Statistical
Software, 82, 1-26.

Leimu, R., & Fischer, M. (2008). A meta-analysis of local adaptation in
plants. PLoS ONE, 3, 1-8.

Lenth, R. V. (2016). Least-squares means: The R Package Ismeans. Journal
of Statistical Software, 69, 1-33.

Lexer, C., Randell, R. A., Rieseberg, L. H. (2009). Experimental hybrid-
ization as a tool for studying selection in the wild. Ecology, 84,
1688-1699.

Lohman, B. K., Stutz, W. E., & Bolnick, D. I. (2017). Gene expression
stasis and plasticity following migration into a foreign environ-
ment. Molecular Ecology, 26, 4657-4670. https://doi.org/10.1111/
mec.14234

Meyer, A. (1987). Phenotypic plasticity and heterochrony in Cichlasoma
managuense (Pisces, Chichlidae) and their implications for speciation
in cichlid fishes. Evolution (N. Y)., 41, 1357.

Meyer, A. (1989). Cost of morphological specialization: feeding per-
formance of the two morphs in the trophically polymorphic cich-
lid fish, Cichlasoma citrinellum. Oecologia, 80, 431-436. https://doi.
org/10.1007/BF00379047

Moser, D., Frey, A., & Berner, D. (2016). Fitness differences between
parapatric lake and stream stickleback revealed by a field transplant.
Journal of Evolutionary Biology, 29, 711-719. https://doi.org/10.1111/
jeb.12817

Muschick, M., Barluenga, M., Salzburger, W., & Meyer, A.(2011). Adaptive
phenotypic plasticity in the Midas Cichlid fish pharyngeal jaw and its
relevance in adaptive radiation. BMC Evolutionary Biology, 11, 116.
https://doi.org/10.1186/1471-2148-11-116

Nosil, P. (2012). Ecological speciation. Oxford: Oxford University Press.
https://doi.org/10.1093/acprof:0sobl/9780199587100.001.0001

Oke, K. B., Bukhari, M., Kaeuffer, R., Rolshausen, G., Rasanen, K., Bolnick,
D. ., ... Hendry, A. P. (2016). Does plasticity enhance or dampen phe-
notypic parallelism? A test with three lake-stream stickleback pairs.
Journal of Evolutionary Biology, 29, 126-143. https://doi.org/10.1111/
jeb.12767

Pfennig, D. W., Wund, M. A., Snell-Rood, E. C., Cruickshank, T,
Schlichting, C. D., & Moczek, A. P. (2010). Phenotypic plastici-
ty’s impacts on diversification and speciation. Trends in Ecology &
Evolution, 25,459-467. https://doi.org/10.1016/j.tree.2010.05.006

Pigliucci, M., Murren, C. J., & Schlichting, C. D. (2006). Phenotypic plas-
ticity and evolution by genetic assimilation. Journal of Experimental
Biology, 209, 2362-2367. https://doi.org/10.1242/jeb.02070

Price, T. D., Qvarnstrom, A., & Irwin, D. E. (2003). The role of phenotypic
plasticity in driving genetic evolution. Proceedings of the Royal Society
B-Biological Sciences, 270, 1433-1440. https://doi.org/10.1098/
rspb.2003.2372

R Core Team (2013). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. URL
http://www.R-project.org/.

Rasanen, K., & Hendry, A. P. (2014). Asymmetric reproductive barri-
ers and mosaic reproductive isolation: Insights from Misty lake-
stream stickleback. Ecology and Evolution, 4, 1166-1175. https://doi.
org/10.1002/ece3.1012

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., & Pigliucci, M.
(2006). Jack of all trades, master of some? On the role of phenotypic
plasticity in plant invasions. Ecology Letters, 9, 981-993. https://doi.
org/10.1111/j.1461-0248.2006.00950.x

Rundle, H. D. (2002). A test of ecologically dependent postmating iso-
lation between sympatric sticklebacks. Society for the Study of
Evolution, 56, 322-329.

Scharsack, J. P., Kalbe, M., Harrod, C., & Rauch, G. (2007). Habitat-specific
adaptation of immune responses of stickleback (Gasterosteus acu-
leatus) lake and river ecotypes. Proceedings. Biological Sciences, 274,
1523-1532. https://doi.org/10.1098/rspb.2007.0210


https://doi.org/10.1046/j.1461-0248.2000.00160.x
https://doi.org/10.1111/j.1420-9101.2010.02069.x
https://doi.org/10.1111/j.1420-9101.2010.02069.x
https://doi.org/10.1016/S0169-5347(97)01239-1
https://doi.org/10.1016/S0169-5347(97)01239-1
https://doi.org/10.1111/j.1755-0998.2012.03137.x
https://doi.org/10.1111/j.1755-0998.2012.03137.x
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1023/A:1013367100865
https://doi.org/10.1023/A:1013367100865
https://doi.org/10.1086/597611
https://doi.org/10.1086/597611
https://doi.org/10.1111/jeb.13057
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1038/nrg1316
https://doi.org/10.1038/nrg1316
https://doi.org/10.1146/annurev.ecolsys.31.1.163
https://doi.org/10.1146/annurev.ecolsys.31.1.163
https://doi.org/10.1111/mec.14234
https://doi.org/10.1111/mec.14234
https://doi.org/10.1007/BF00379047
https://doi.org/10.1007/BF00379047
https://doi.org/10.1111/jeb.12817
https://doi.org/10.1111/jeb.12817
https://doi.org/10.1186/1471-2148-11-116
https://doi.org/10.1093/acprof:osobl/9780199587100.001.0001
https://doi.org/10.1111/jeb.12767
https://doi.org/10.1111/jeb.12767
https://doi.org/10.1016/j.tree.2010.05.006
https://doi.org/10.1242/jeb.02070
https://doi.org/10.1098/rspb.2003.2372
https://doi.org/10.1098/rspb.2003.2372
http://www.R-project.org/
https://doi.org/10.1002/ece3.1012
https://doi.org/10.1002/ece3.1012
https://doi.org/10.1111/j.1461-0248.2006.00950.x
https://doi.org/10.1111/j.1461-0248.2006.00950.x
https://doi.org/10.1098/rspb.2007.0210

RAJKOV ET AL.

Scheiner, S. M. (1993). Genetics and evolution of phenotypic plasticity.
Annual Review of Ecology and Systematics, 24, 35-68. https://doi.
org/10.1146/annurev.es.24.110193.000343

Schlichting, C. D. (2004). The role of phenotypic plasticity in diversifi-
cation. In T. J. DeWitt, & S. M. Scheiner (Eds.), Phenotypic Plasticity:
Fuctional and Conceptual Approaches (pp. 191-200). Oxford, UK:
Oxford University Press.

Schlichting, C. D., & Pigliucci, M. (1998). Phenotypic Evolution: A Reaction
Norm Perspective. Sunderland, Massachusetts: Sinauer Associates
Inc.

Schneider, R. F., & Meyer, A. (2017). How plasticity, genetic assimila-
tion and cryptic genetic variation may contribute to adaptive ra-
diations. Molecular Ecology, 26, 330-350. https://doi.org/10.1111/
mec.13880

Schwartz, A. K., Weese, D. J., Bentzen, P., Kinnison, M. T., & Hendry, A. P.
(2010). Both geography and ecology contribute to mating isolation in
guppies. PLoS ONE, 5, 1-7.

Seehausen, O. (2006). African cichlid fish: A model system in adap-
tive radiation research. Proceedings of the Royal Society B-
Biological Sciences, 273, 1987-1998. https://doi.org/10.1098/
rspb.2006.3539

Smits, J. D., Witte, F., & VanVeen, F. G. (1996). Functional changes in
the anatomy of the pharyngeal jaw apparatus of Astatoreochromis
alluaudi (Pisces, Cichlidae), and their effects on adjacent structures.
Biological Journal of the Linnean Society, 59, 389-409.

Soria-Carrasco, V., Gompert, Z., Comeault, A. A, Farkas, T. E., Parchman,
T. L., Johnston, J. S., ... Nosil, P. (2014). Stick insect genomes reveal
natural selection’s role in parallel speciation. Science, 344, 738-742.
https://doi.org/10.1126/science.1252136

Soudi, S., Reinhold, K., & Engqvist, L. (2016). Ecologically dependent and
intrinsic genetic signatures of postzygotic isolation between sym-
patric host races of the leaf beetle Lochmaea capreae. Evolution, 70,
471-479. https://doi.org/10.1111/ev0.12846

Sultan, S. E., & Spencer, H. G. (2002). Metapopulation structure favors
plasticity over local adaptation. American Naturalist, 160, 271-283.
https://doi.org/10.1086/341015

Theis, A., Ronco, F., Indermaur, A., Salzburger, W., & Egger, B. (2014).
Adaptive divergence between lake and stream populations of an East
African cichlid fish. Molecular Ecology, 23, 5304-5322. https://doi.
org/10.1111/mec.12939

Theis, A., Roth, O., Cortesi, F., Ronco, F., Salzburger, W., & Egger, B.
(2017). Variation of anal fin egg-spots along an environmental gradi-
ent in a haplochromine cichlid fish. Evolution, 71, 1-12.

Fcology and Evolution o 7333
& WILEY- 7%

Thibert-Plante, X., & Hendry, A. P.(2011). The consequences of phenotypic
plasticity for ecological speciation. Journal of Evolutionary Biology,
24, 326-342. https://doi.org/10.1111/j.1420-9101.2010.02169.x

Thorpe, R. S., Reardon, J. T., & Malhotra, A. (2005). Common garden and
natural selection experiments support ecotypic differentiation in the
dominican anole (Anolis oculatus). American Naturalist, 165, 495-504.
https://doi.org/10.1086/428408

Turner, G. F. (2007). Adaptive radiation of cichlid fish. Current Biology, 17,
827-831. https://doi.org/10.1016/j.cub.2007.07.026

West-Eberhard, M. J. (2003). Developmental plasticity and evolution.
Oxford: Oxford University Press.

West-Eberhard, M. J. (2005). Developmental plasticity and the origin of
species differences. Proceedings of the National Academy of Sciences
of the United States of America, 102(Suppl), 6543-6549. https://doi.
org/10.1073/pnas.0501844102

Westley, P. A. H., Ward, E. J., & Fleming, I. A. (2012). Fine-scale local
adaptation in an invasive freshwater fish has evolved in contempo-
rary time. Proceedings of the Royal Society B-Biological Sciences, 280,
20122327. https://doi.org/10.1098/rspb.2012.2327

Wimberger, P. H. (1992). Plasticity of fish body shape. The effects of
diet, development, family and age in two species of Geophagus
(Pisces: Cichlidae). Biological Journal of the Linnean Society, 45,
197-218. https://doi.org/10.1111/j.1095-8312.1992.tb00640.x

Yeh, P. J., & Price, T. D. (2004). Adaptive phenotypic plasticity and the
successful colonization of a novel environment. American Naturalist,
164, 531-542. https://doi.org/10.1086/423825

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Rajkov J, Weber AAT, Salzburger W,
Egger B. Adaptive phenotypic plasticity contributes to
divergence between lake and river populations of an East
African cichlid fish. Ecol Evol. 2018;8:7323-7333. https://doi.
org/10.1002/ece3.4241



https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1111/mec.13880
https://doi.org/10.1111/mec.13880
https://doi.org/10.1098/rspb.2006.3539
https://doi.org/10.1098/rspb.2006.3539
https://doi.org/10.1126/science.1252136
https://doi.org/10.1111/evo.12846
https://doi.org/10.1086/341015
https://doi.org/10.1111/mec.12939
https://doi.org/10.1111/mec.12939
https://doi.org/10.1111/j.1420-9101.2010.02169.x
https://doi.org/10.1086/428408
https://doi.org/10.1016/j.cub.2007.07.026
https://doi.org/10.1073/pnas.0501844102
https://doi.org/10.1073/pnas.0501844102
https://doi.org/10.1098/rspb.2012.2327
https://doi.org/10.1111/j.1095-8312.1992.tb00640.x
https://doi.org/10.1086/423825
https://doi.org/10.1002/ece3.4241
https://doi.org/10.1002/ece3.4241

