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Introduction

Abstract

Understanding population-level responses to human-induced changes to habi-
tats can elucidate the evolutionary consequences of rapid habitat alteration.
Reservoirs constructed on streams expose stream fishes to novel selective pres-
sures in these habitats. Assessing the drivers of trait divergence facilitated by
these habitats will help identify evolutionary and ecological consequences of
reservoir habitats. We tested for morphological divergence in a stream fish that
occupies both stream and reservoir habitats. To assess contributions of genetic-
level differences and phenotypic plasticity induced by flow variation, we
spawned and reared individuals from both habitats types in flow and no flow
conditions. Body shape significantly and consistently diverged in reservoir habi-
tats compared with streams; individuals from reservoirs were shallower bodied
with smaller heads compared with individuals from streams. Significant popula-
tion-level differences in morphology persisted in offspring but morphological
variation compared with field-collected individuals was limited to the head
region. Populations demonstrated dissimilar flow-induced phenotypic plasticity
when reared under flow, but phenotypic plasticity in response to flow variation
was an unlikely explanation for observed phenotypic divergence in the field.
Our results, together with previous investigations, suggest the environmental
conditions currently thought to drive morphological change in reservoirs (i.e.,
predation and flow regimes) may not be the sole drivers of phenotypic change.

deleterious impacts on native aquatic organisms (Dud-
geon et al. 2006; Fullerton et al. 2010), they are wide-

Understanding how populations respond to widespread
and rapid environmental change will be a first step in
elucidating the evolutionary consequences of disturbed
habitats. Habitats altered by humans may destine popula-
tions to extirpation (Barnosky et al. 2011), but they may
also constrain future evolutionary adaptability by lower-
ing genetic diversity (Myers and Knoll 2001) or modify
phenotypic traits of populations that can mediate ecosys-
tem-level dynamics (Palkovacs et al. 2011). Stream
impoundments across the planet have severely altered
aquatic ecosystems (Dynesius and Nilsson 1994; Nilsson
et al. 2005; Downing et al. 2006). While impounded
streams and their associated reservoirs generally have
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spread, can be treated as replicated units, and impact a
wide-range of taxa, making them a good system to assess
population-level responses to human-altered habitats.

The standing bodies of water above dams have drasti-
cally different environmental conditions compared with
natural streams and likely exert novel selective pressures
on stream fishes not experienced during their evolution-
ary history (Baxter 1977). Atypical selective pressures in
these new habitats are evidenced by changes to native
stream fish communities (e.g., obligate stream fishes are
usually extirpated from reservoirs, increased abundances
of piscivorous fishes, Taylor et al. 2001; Gido et al. 2009).
But in spite of these pressures, some stream fishes persist
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in reservoirs and recent investigations have suggested
these habitats may drive rapid phenotypic
divergence in resident populations (Haas et al. 2010;
Franssen 2011; Franssen et al. 2013). A mechanistic
understanding of the factors that contribute to pheno-
typic divergence in reservoir habitats will elucidate the

novel

potential evolutionary consequences of altered habitats.

Variation in fish morphologies across habitats with
variable water velocities combined with tight linkages
between morphology and performance (Gosline 1971;
Alexander 1967; Schaefer et al. 1999; Langerhans 2008)
may help predict how reservoir habitats may alter pheno-
types of reservoir-resident fishes. Fishes in lotic habitats
often have fusiform morphologies that reduce drag and
facilitate sustained swimming, whereas shallower anterior/
head regions and increased caudal areas in lentic waters
facilitates faster burst speeds and increased maneuverabil-
ity (Gosline 1971; Alexander 1967; Langerhans and De-
Witt 2004; Langerhans 2009). Intra- and interspecific
body shape variation investigated in reservoirs and nearby
streams substantiated these general patterns (Haas et al.
2010; Franssen 2011; Franssen et al. 2013). However,
these lentic—lotic-morphological relationships are not uni-
versal. Some fishes can exhibit the opposite pattern with
more streamlined body shapes in natural lakes compared
with streams (e.g., Hendry et al. 2002; McGuigan et al.
2003; Krabbenhoft et al. 2009). Hence, species-specific
ecologies and standing genetic variation within popula-
tions will likely regulate how species respond to reservoir
habitats (Franssen et al. 2013); yet, these contingencies
make predicting species-specific responses to reservoir
habitats difficult.

Observed phenotypic shifts in reservoir habitats are
potentially due to phenotypic plasticity as environmentally
induced variation is widespread (Schlichting and Pigliucci
1998; West-Eberhard 2003). Nonetheless, environmentally
contingent phenotypes can become canalized, where the
previous environmental stimulus is no longer required to
produce the trait (Waddington 1942; Schmalhausen 1949;
Debat and David 2001). Even plastic responses to reser-
voir habitats may then facilitate evolution of resident pop-
ulations (Ghalambor et al. 2007; Pfennig et al. 2010).
Indeed, fishes can demonstrate flow-induced phenotypic
plasticity (Keeley et al. 2007; Pakkasmaa and Piironen
2001; Griinbaum et al. 2007), and given that some fishes
are plastic in response to variable flow regimes, pheno-
typic plasticity is potentially responsible for a portion of
the morphological divergence observed in reservoir habi-
tats. Assessing morphological responses of fishes to reser-
voirs, regardless of whether phenotypic divergence is due
to “genetic” or plastic contributions, will lend insight into
the potential evolutionary consequences of impound-
ments. While several recent studies have assessed morpho-
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logical changes of fishes in reservoir habitats (e.g., Haas
et al. 2010; Franssen 2011; Franssen et al. 2013), the con-
tribution of phenotypic plasticity to observed changes has
not been thoroughly evaluated (but see Franssen 2011),
and the ubiquitous nature of divergence in species previ-
ously investigated is not clear.

Here, we tested for phenotypic divergence of Cyprinella
venusta, a small-bodied native cyprinid, in reservoir habi-
tats (Fig. 1). Although Haas et al. (2010) had previously
demonstrated reservoir-induced morphological divergence
in this species from the southeastern U.S.A (Mobile River
Basin), we were interested in reproducing their results in
the Mississippi River Basin to assess the repeatability of
observed morphological responses to reservoirs. We also
assessed the potential contribution of flow-induced
phenotypic plasticity to observed morphological responses
in the field by rearing offspring of a reservoir and a
stream population in a common garden with lentic and
flowing treatments. We predicted C. venusta in reservoir
habitats would exhibit repeated trait shifts often associ-
ated with changes to flow variation (i.e., smaller anterior/
head regions, deeper bodied with larger caudal areas). We
also predicted C. venusta offspring reared in flowing
water would have more fusiform body shapes compared
with fish reared in lentic conditions and would
parallel shape variation observed in reservoir and stream
habitats.

Materials and Methods

Study sites and field collections

We investigated shape variation in C. venusta from three
reservoirs in the Hilly Gulf Coastal Plains in northwest
Mississippi, USA (Fig. 2). Impoundment of the Little Tal-
lahatchie River in 1940, the Yocona River in 1952, and
the Yalobusha River in 1954 created Sardis, Enid, and
Grenada Reservoirs, respectively. All three rivers histori-
cally flowed unimpounded into the Yazoo River in wes-
tern Mississippi and the three basins contain similar fish

Figure 1. We assessed body shape variation in Cyprinella venusta
from stream and reservoir habitats in northern Mississippi, USA.
Cyprinella venusta is a small-bodied cyprinid that is relatively common
in Gulf Coast stream systems.
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Figure 2. Map of sample sites where fish
N were collected to assess effects of reservoir

habitats on morphological variation in
Cyprinella venusta. Reservoir habitats are filled

Table 1. Sample sizes by basin and habitat and numbers and sizes of
individuals reared in stream mesocosms.

Habitat
Reservoir Stream
Study component  Basin n SL (SD) n SL (SD)
Field collections Enid 38 448(75 35 43.8(5.8)
Grenada 38 39.4 (6.6) 90 39.3(5.0)
Sardis 37 39.5(7.7) 29 42.0 (5.7)
Treatment
Flow No Flow
Population n  SL (SD) n  SL(SD)
Mesocosm experiment  Reservoir 34 375(.7) 17 419 (8.0)
Stream 31 41.2(6.4) 25 38.0(5.5

faunas. C. venusta adults were collected between Decem-
ber 2011 and January 2012 from reservoir habitats by
seine and a barge electrofisher, whereas stream habitats
were only sampled with a seine. All sampled stream habi-
tats were upstream of each reservoir with no known phys-
ical barrier obstructing migration between reservoir and
stream habitats. Fish were euthanized on site with an
overdose of MS-222, preserved and stored in 10% forma-
lin and returned to the laboratory for data acquisition.
One or two sites were sampled in each reservoir, and sev-
eral stream sites were sampled in each basin but fish were
opportunistically collected and individuals from sites
within each basin and habitat (i.e., stream or reservoir)
were combined (Table 1). The distance between reservoir
and stream collections within each basin was at least
35 km (Euclidean distance).
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circles, and stream habitats are filled triangles.

Morphological divergence and flow-induced
plasticity

We assessed potential genotypic differences and flow-
induced phenotypic plasticity in morphology between res-
ervoir and stream populations by spawning C. venusta
adults from a reservoir and stream population and rearing
their offspring in a common garden experiment with or
without flow present. We collected adult C. venusta from
Grenada Reservoir and the Yalobusha River upstream of
the reservoir on February 2, 2012 and returned them to
the laboratory. On 13 April 2012, 40 individuals (mean
size = 51.9 mm standard length, range = 40.9-64.2 mm)
from each population were split evenly (i.e., n =20
selected randomly) and stocked into one of four experi-
mental stream units (Matthews et al. 2006) located at the
Lake Thoreau Environmental Center near Hattiesburg,
MS (Fig. 3). Each unit consisted of three pools 183 cm
diameter and three shallow riffle habitats (183 cm in
length, see Matthews 2006). We applied flow in two of
the four stream units (water velocity in riffle habitats ran-
ged from 0.18 to 0.20 m/s) by use of four recirculating
pumps for each unit (Danner MAG-Drive model 1800;
Danner Manufacturing, Islandia, New York, discharge of
113 L min~' per pump) that transferred water from the
outflow end of units to the upstream riffle (Fig. 3). Pools
and riffles had sand and gravel substrate (mined from
local streams) and are colonized by various invertebrates
that provide a natural diet that was not supplemented.
Mesocosms were under 55% shade cloth and experienced
a natural photo and thermal regime. Water quality was
maintained by a constant supply (approximately
25 L h™") of groundwater. Thus, we had a 2 x 2 factorial
design with population crossed with flow and nonflow
treatments. Adult C. venusta were allowed to spawn and

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 3. Aerial view of one of two mesocosms used to assess the
relative  contribution of population-of-origin  and  flow-induced
phenotypic plasticity on shape variation of Cyprinella venusta
offspring. The left side of each mesocosm was the flow treatment
while the right side was the nonflow treatment.

then removed once juvenile fish were observed. All adults
were removed by 3 July 2012. Experimental stream units
were then monitored, and juveniles were culled to keep
densities approximately equal among the four units.
Spawned C. venusta were removed on 10 September 2012
and then 1 December 2012, euthanized by overdose of
MS-222 and preserved in 10% formalin. We only used
individuals that had reached adult size in analyses.

Geometric morphometrics

Body shape variation of field-collected and mesocosm-
reared specimens was quantified using geometric morpho-
metric analyses (Zelditch et al. 2004) with tps software

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 4. Location of 11 landmarks used to assess body shape
variation. The landmarks included: (1) tip of the snout, (2) corner of
the mouth, (3) center of the eye, (4) posterior tip of the supraoccipital
process, (5) anterior terminus of the dorsal fin base, (6) insertion of
the last dorsal ray on the caudal fin, (7) insertion of the last ventral
ray on the caudal fin, (8) anterior terminus of the anal fin base, (9)
anterior terminus of the pelvic fin base, (10) anterior terminus of the
pectoral fin base, and (11) posterior border of the bony opercle and
the body outline.

(http://life.bio.sunysb.edu/morph/) and R (R Development
Core Team 2011). The lateral left side of each individual
was photographed (Canon PowerShot A1100) with a refer-
ence scale, and the order of photographs randomized (to
reduce potential biases associated with the sequence speci-
mens were subjected to landmark demarcation), and set 11
homologous landmarks on each photograph using tpsDig2
software (Fig. 4; Rohlf 2004a). We rescaled landmark coor-
dinates using the reference scale, and aligned landmark
coordinates using a General Procrustes Analysis (GPA) to
remove the effects of scale, translation, and rotation on
shape variation for each group separately (i.e., field-col-
lected and mesocosm-reared individuals). Relative warps
(hereafter referred to as shape variables) for each group
were calculated (n = 18) but because some shape variables
often do not explain an appreciable amount of variation
(Rohlf 1993), we only retained shape variables that
explained more than 3% of the variation in shape for each
dataset (retained variables explained >89.0% of the vari-
ance in each data set). Variation in shape was visualized
using thin-plate spline transformation grids in tpsRegr
(Rohlf 2004b).

Data analyses

We developed our analyses to assess the relative contribu-
tion of reservoir basin and habitat type in shaping varia-
tion from field-collected individuals. We then tested
population-level effects and flow-induced phenotypic
plasticity on shape variation from individuals reared in
mesocosms in flow and non-flow conditions. We then
compared and contrasted shape variation between reser-
voir and stream populations collected from the field to
shape variation from mesocosm-reared individuals from
reservoir and stream populations reared under flow and

4651



Rapid Divergence and Phenotypic Plasticity

non-flow conditions. We predicted C. venusta individuals
from reservoir habitats would have smaller heads and
deeper bodies compared with stream collected individuals
and predicted these shape differences between habitats
would be conserved in respective flow and non flow-
reared individuals. We also predicted individuals reared
in flowing conditions would be more streamlined with
smaller caudal areas compared with individuals reared in
nonflow conditions.

Field-collected fish

We tested for morphological divergence between stream
and reservoir habitats with multivariate analysis of covari-
ance (MANcovA). All MaNcova models assume multivariate
normality, homogeneity of covariance matrices, indepen-
dence of observations, linear relationships between covari-
ates and dependent variables, and homogeneity of slopes
among groups (Rencher 2002). The wmancova model
included 8 shape variables (explaining 89.9% of the varia-
tion in shape) as dependent variables, standard length
(SL) as a covariate (to test for effects of allometry), habi-
tat type (to test for effects of stream or reservoir habitats),
basin (to test for basin-level effects) as fixed factors.
Heterogeneity of slopes was tested among basins, and
between habitat types by including SL in the respective
interaction terms. All nonsignificant interaction terms
were removed from the final model, and F-values were
approximated using Wilk’s lambda. Because of the statis-
tical power associated with mMancova of shape data, we
focused our interpretation of model results on effect
strengths by use of partial eta squared (11?,) rather than
P-values. We calculated the relative variance as the partial
variance for a given term divided by the maximum partial
variance value in the model.

To assess the nature of morphological divergence in
reservoir habitats, we calculated a morphological diver-
gence vector as defined by Langerhans (2009) between the
two habitat types. This morphological divergence vector
does not distort morphological space and summarizes the
linear combination of shape variables that contribute to
the greatest difference in body shape for a given term of
interest (here, reservoir and stream habitats) after control-
ling for other effects (Langerhans 2009). To quantify this
habitat divergence vector, we multiplied the eigenvector
of the habitat term’s Sums of Squares and Cross Products
(SSCP) matrix from the mancova (final model described
above) by the shape variables matrix to yield habitat
divergence vector scores for each individual. This diver-
gence vector summarizes the shape variation that was
elicited in fish from reservoir and stream habitats. The
nature of this shape change was visualized using thin-
plate spline transformation grids.

4652
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Mesocosm fish

We used mMancova to test for population-level differences
and flow-induced phenotypic plasticity on body shape var-
iation within mesocosm-reared C. venusta. The mMaNcova
model included 8 shape variables as dependent variables
(explaining 89.0% of the variation in shape), Population
(stream or reservoir) and treatment (flow or no flow) were
included as fixed factors, and SL as a covariate. Heteroge-
neity of slopes was tested between populations and treat-
ment by inclusion of SL in each respective interaction
term. Nonsignificant interaction terms were omitted from
the final model. To quantify the nature of population-level
and flow-induced plasticity of body shape variation of
mesocosm-reared individuals, divergence vectors for popu-
lation and treatment were calculated from the final model
(similar to above). We visualized shape deformations along
each population and treatment divergence vector using
thin-plate spline transformation grids. All analyses were
conducted in R unless otherwise stated (R Development
Core Team 2011).

To investigate the potential contribution of population-
level differences and flow-induced phenotypic plasticity of
individuals reared in mesocosms to shape divergence
observed in the field, we qualitatively compared landmark
movements between datasets. We visualized landmark
movements along the habitat divergence vector from the
field and compared these deformations to landmark
movements from population and treatment divergence
vectors from mesocosm-reared individuals.

Results

Field collections

When testing for morphological divergence in reservoir
habitats, all terms in the global mancova had significant
effects on body shape. Standard length had the strongest
effect (11}2, = 0.49), followed by habitat (demonstrating
reservoir-induced morphological divergence, 11}2) =0.37),
basin (basin-level effects; 115 =0.25), and the Habi-
tat x Basin interaction (showing basin-specific effects;
nf, = 0.20). The morphological habitat divergence vector
among sites demonstrated consistent divergence between
habitat types in the replicate reservoir basins (Fig. 5). In
all cases, mean divergence vector scores of reservoir popu-
lations were larger than scores of stream populations in
each replicate basin. Supporting our prediction, the habi-
tat divergence vector revealed the response to reservoir
habitats resulted in an upturn and decreased depth of the
head, but contrary to our prediction, reservoir fish
showed decreased body depth mainly via ventral move-
ment of the dorsal fin (Fig. 5).

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 5. Mean (+1 SE) habitat divergence vector scores for each
basin and habitat. Thin-plate spline transformation grids below the
axis display the shape transformation between stream and reservoir
habitats (magnified 2.5 times to aid in visualization).

Mesocosm fish

When testing for population-level and flow-induced phe-
notypic plasticity with Mancova, all terms had significant
effects on body shape variation (Table 2). Treatment had
the strongest effect (indicating flow-induced phenotypic
plasticity; né = 0.46), followed by SL (significant allome-
try; 1, = 0.33), and population (177 = 0.15). The Popula-
tion x Treatment interaction also had a significant effect
on shape (indicating each population responded differ-
ently to the flow treatment; ’1; = 0.15). Generally, when
exposed to flow conditions offspring from both popula-
tions tended to look more similar compared with the off-
spring reared in nonflow (Fig. 6). Shape deformations
related to population-level differences (i.e., shape changes
along the population divergence vector) revealed reservoir
offspring had smaller relative head sizes and were deeper
bodied compared with more fusiform offspring from the

Rapid Divergence and Phenotypic Plasticity

stream population. Supporting our prediction, shape vari-
ation along the treatment showed fish reared in flow had
shallower bodies and larger relative head sizes compared
with fish reared in nonflow (Fig. 6).

Comparing landmark movements from field-collected
individuals and fish reared in mesocosms suggested some
aspects of reservoir and stream shape were conserved in
offspring (Fig. 7). Offspring from reservoir parents
retained relatively smaller head sizes compared with off-
spring from stream parents; however, the shallow body
depths of reservoir fish were not retained in mesocosm-
reared offspring. Moreover, landmark movements of
mesocosm fish when reared in flowing conditions were
not concordant with landmark movements between habi-
tat types from field-collected individuals.

Discussion

We quantified morphological variation of a small-bodied
stream fish from reservoir and stream habitats in Missis-
sippi. We also reared offspring from adult individuals col-
lected from a reservoir and stream in flowing and
nonflowing stream mesocosms. We found significant and
consistent morphological divergence in reservoir habitats.
Population-level differences persisted in offspring reared
in stream mesocosms, and our data suggested phenotypic
plasticity in response to flow in both populations.
Repeated morphological divergence in replicate reser-
voirs suggests these habitats are facilitating phenotypic
changes in populations of C. venusta. Individuals from
reservoir habitats were more streamlined with smaller
heads compared with individuals from stream habitats.
However, these morphological changes in the caudal area
of C. venusta from the field were quite different com-
pared with shape variation of C. lutrensis observed in res-
ervoir habitats. Franssen (2011) demonstrated C. lutrensis
individuals from reservoirs were deeper bodied compared
with their stream counterparts. Although some fishes can
exhibit more streamlined body shapes in lentic habitats
(Hendry et al. 2002; McGuigan et al. 2003; Krabbenhoft

Table 2. wmancova results testing for shape divergence in Cyprinella venusta from field-collected individuals and offspring reared in stream meso-

cosms.

Model Effect Partial variance Relative variance df F P

Field collections SL 0.49 1.00 8,253 30.32 <0.001
Habitat 0.37 0.76 8,253 18.83 <0.001
Basin 0.25 0.52 16,506 12.06 <0.001
Habitat x Basin 0.20 0.41 16,506 8.33 <0.001

Mesocosm fish Treatment 0.46 1.00 8,95 10.00 <0.001
SL 0.33 0.72 8,95 5.84 <0.001
Population 0.15 0.33 8,95 2.14 0.039
Population x Treatment 0.15 0.33 8,95 2.13 0.040

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4653
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Figure 7. Vector plots showing direction landmarks moved in the
field-collected individuals compared with landmark movements based
on population-of-origin and flow and nonflow treatments. In both the
field habitat vector and mesocosm population vector plots, vectors
point in the direction landmarks moved from stream fish to reservoir
fish. In the mesocosm treatment vector plot, vectors point in the
direction landmarks moved from the flow to nonflow treatment.

et al. 2009), the inconsistency of shape changes between
the species was particularly surprising given the related-
ness of C. venusta and C. lutrensis. This disparity in shape
changes between the two species in reservoir habitats
could be due to different selective pressures between sets
of reservoirs from different regions (i.e., between reser-
voirs in Oklahoma and Mississippi). We predict these
species-specific responses are more likely due to underly-
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0.3 0.6 spline transformation grids (magnified three

times to aid in visualization) on each axis
display the shape transformation between
populations (x-axis) and between flow and
nonflow treatments (y-axis).

ing genetic variation and ecologies between the species
that are interacting with similar environmental conditions
in reservoirs.

Morphological diversification in fishes has been linked
to dissolved oxygen concentrations and light availability
(e.g., Chapman et al. 2000; Langerhans et al. 2007; Witte
et al. 2008), flow regimes (e.g., Walker 1997, Hendry
et al. 2006, Langerhans 2008), and predator densities
(e.g., Domenici and Blake 1997, Langerhans and DeWitt
2004; Hendry et al. 2006, Langerhans et al. 2009). Con-
version of natural stream reaches into lentic reservoirs
likely alters multiple biotic and abiotic environmental
conditions (e.g., turbidity, flow variation, temperature,
biotic communities). How fishes respond to these altered
conditions will likely depend on their evolutionary histo-
Although distantly
related fishes can demonstrate similar morphological
changes likely linked to swimming performance in reser-
voir habitats, they also can show species-specific responses
(Franssen et al. 2013). Innate differences in the behavioral
or trophic ecologies of C. venusta and C. lutrensis may

ries and species-specific ecologies.

explain their disparate responses to reservoir habitats,
although data on their ecologies are limited. A better
understanding the ecologies of these species or differences
in their underlying genetic architecture may help elucidate
mechanisms behind their disparate morphological changes
in reservoir habitats.

Morphological divergence in reservoirs may confer
greater fitness to reservoir-resident individuals, facilitating
local adaptation in these habitats. Investigations of pheno-
typic variation in other fishes between lake-stream pairs
suggest local habitats can drive phenotypic variation in
spite of close proximities of populations (Brinsmead and
Fox 2002, Hendry et al. 2002; Berner et al. 2009). How-
ever, high migration rates among reservoir and stream
populations would limit local adaptation in reservoirs. We

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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know of no physical barriers (e.g., dams or impassible
falls) between our reservoir and stream sites that would
limit movement of individuals between the habitat types.
Yet, the novel environmental conditions of reservoirs may
limit movement of small-bodied fishes through reservoir
habitats, especially by fluvial specialists (Skalksi et al. 2008;
Franssen 2012, Hudman and Gido 2013). With new
improvements in molecular techniques (e.g., next genera-
tion sequencing), genetic variation responsible for mor-
phological divergence in reservoirs and effects of
migration among habitats could be elucidated.

Shape differences in reservoir and stream offspring
reared with and without flowing water suggest both geno-
typic variation and phenotypic plasticity contributed to
phenotypic differentiation. While we were unable to esti-
mate heritability, population-level differences persisted in
offspring, but morphological similarities between field
and mesocosm-reared fish were limited. When reared in
mesocosms, differences in the caudal region of fish from
the reservoir and stream habitats were not conserved and
were qualitatively reversed (i.e., offspring from the reser-
voir habitat more resembled phenotypic variation of
field-collected stream fish). This reversal of caudal regions
of the two populations in mesocosms compared with
field-collected fish likely indicates fish in the field are
exposed to plasticity-inducing factors that were absent in
mesocosms. In fishes, there is a general propensity for
species inhabiting moving water to be more streamlined
than fishes in lentic habitats (Langerhans 2008). There-
fore, there are likely strong genetic-environmental interac-
tions shaping phenotypic variation of individuals in
stream and reservoir habitats that overcome the geneti-
cally based tendency for stream C. venusta to be more
streamlined than reservoir C. venusta. However, relatively
smaller head sizes of reservoir fish persisted when individ-
uals were reared in mesocosms. The differences in caudal
morphologies of the two populations reared in meso-
cosms may suggest head morphology may be under
stronger selection than caudal body shape in reservoir
habitats. In addition, the reversal of caudal shapes of fish
between the two populations reared in mesocosms cou-
pled with strong flow-induced changes to caudal regions
indicates the caudal areas are likely more plastic com-
pared with anterior regions of the body.

Flow-induced plasticity had the strongest effect on body
shape in mesocosm-reared fish, but the significant interac-
tion between treatment and population indicates that
populations responded differently to water flow. Yet the
plastic shift in morphology by both populations increased
their phenotypic similarity rather than their dissimilarity.
The phenotypic changes associated with flow did not
match variation between habitat types in the field (i.e.,
reservoir individuals in the field were shallower bodied

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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compared with fish from streams while offspring from a
reservoir and a stream habitat reared in nonflow condi-
tions were both deeper bodied). While continued expo-
sure to environmental cues that elicit plasticity of traits
can result in canalization (Waddington 1942; Schmalhau-
sen 1949; Debat and David 2001), flow-induced pheno-
typic plasticity was likely not responsible for phenotypic
divergence between habitat types in the field. Phenotypic
plasticity along other environmental gradients between
stream and reservoir habitats may contribute to observed
phenotypic variation in the field, making these traits
potentially susceptible to
habitats.

Lack of basin-level replication in the mesocosm experi-
ment may limit our ability to extrapolate our results and
interpretations to other reservoir systems. This would be
especially true if drift, mutation, or recombination had
stronger effects than selection on the genetic structure of
C. venusta in the Grenada basin. We suggest this is an
unlikely scenario given the apparently large population
sizes of C. venusta in all the habitats we investigated (i.e.,
C. venusta was very common). Nonetheless, the MaNcova

canalization in reservoir

of body shape variation of field-collected individuals indi-
cated Basin and the Basin x Habitat interaction had sig-
nificant effects on body shape variation, indicating fish
body shape varied among basins and had dissimilar
responses to reservoir habitats among basins. However,
both of these effects explained less variation than the
habitat term, suggesting variation between habitat types
had a stronger influence on body shape variation than
variation due to genetic variation among basins. While
the lack of basin-level replication in the mesocosm experi-
ment was not ideal, we think it is unlikely and have no
evidence that would suggest nonadaptive evolutionary
processes shaped the genetic structure of C. venusta in
the Grenada basin.

The inability to elicit similar phenotypic variation in
individuals reared in flow variation (this paper) and in the
presence of predators (Franssen 2011) to morphological
variation observed from field-collected individuals suggests
divergent morphological variation in reservoirs is not due
to flow- or predator-induced plasticity. Moreover, the
unexpected phenotypic variation of C. venusta in reservoir
habitats (compared with C. lutrensis) indicates selective
pressures may vary among reservoirs or that different spe-
cies respond to similar selective pressures in different fash-
ions. Together, investigations of morphological changes of
fishes in reservoir habitats may suggest that the reduction
in factors that can contribute to morphological variation
to one or two variables (e.g., flow variation or predator
densities) may be an over-simplification when comparing
phenotypic variation in different habitats. Indeed, a multi-
tude of environmental conditions likely covary between
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these different habitats. A better understanding of the spa-
tial and temporal variation in other potential environmen-
tal selective pressures and how these conditions interact
with genetic variation to produce phenotypic variation will
be needed to understand how reservoirs can alter the evo-
lutionary trajectories of resident populations.

Most organisms live in environments that have been
altered at least to some extent by humans (Palumbi
2001). It will likely be difficult to quantify how complex
temporal and spatial scale dependent environmental
change may present organisms with evolutionary novel
selective pressures (Sih et al. 2011). Furthermore, unique
evolutionary histories and ecologies of species make pre-
dicting rapid evolutionary responses to human-modified
habitats difficult (Sih et al. 2011). A major challenge in
the coming decades will be to understand how human-
induced evolutionary change will shape traits of organ-
isms and the influence of trait changes on larger ecologi-
cal processes (Palkovacs et al. 2011).

Acknowledgments

We thank J. Harris and S. Clark for help with specimen
collection. This work was approved by USM IACUC
#12020902. Collecting permit was issued to N.R.F. by the
Mississippi Department of Wildlife, Fisheries, and Parks.

Conflict of Interest

None declared.

References

Alexander, R. M. 1967. Functional design in fishes.
Hutchinson, London.

Barnosky, A. D., N. Matzke, S. Tomiya, G. O. U. Wogan, et al.
2011. Has the Earth’s sixth mass extinction already arrived?
Nature 471:51-57.

Baxter, R. M. 1977. Environmental effects of dams and
impoundments. Annu. Rev. Ecol. Evol. Syst. 8:255-283.

Berner, D., A. Grandchamp, and A. P. Hendry. 2009. Variable
progress toward ecological speciation in parapatry:
stickleback across eight lake-stream transitions. Evolution
7:1740-1753.

Brinsmead, J., and M. G. Fox. 2002. Morphological variation
between lake- and stream-dwelling rock bass and
pumpkinseed populations. J. Fish Biol. 61:1619-1638.

Chapman, L. J., F. Galis, and J. Shinn. 2000. Phenotypic
plasticity and the possible role of genetic assimilation:
hypoxia-induced trade-offs in the morphological traits of an
African cichlid. Ecol. Lett. 3:387-393.

Debat, V. and P. David. 2001. Mapping phenotypes:
canalization, plasticity and developmental stability. Trends
Ecol. Evol. 16:555-561.

4656

N. R. Franssen et al.

Downing, J. A., Y. T. Prairie, J. J. Cole, C. M. Duarte,

L. J. Tranvik, R. G. Striegl, et al. 2006. The global
abundance and size distribution of lakes, ponds, and
impoundments. Limnol. Oceanogr. 51:2388-2397.

Dudgeon, D., A. H. Arthington, M. O. Gessner, Z. Kawabata,
D. J. Knowler, C. Lévéque, et al. 2006. Freshwater
biodiversity: importance, threats, status and conservation
challenges. Biol. Rev. 81:163—182.

Dynesius, M., and C. Nilsson. 1994. Fragmentation and flow
regulation of river systems in the northern third of the
world. Science 226:753-761.

Franssen, N. R. 2011. Anthropogenic habitat alteration induces
rapid morphological divergence in a native stream fish.
Evol. Appl. 4:791-804.

Franssen, N. R. 2012. Genetic structure of a native cyprinid in a
reservoir-altered stream network. Freshw. Biol. 57:155-165.

Franssen, N. R., J. Harris, S. R. Clark, J. F. Schaefer, and
L. K. Stewart. 2013. Shared and unique morphological
responses of stream fishes to anthropogenic habitat
alteration. Proc. R. Soc. B 280:20122715.

Fullerton, A. H., K. M. Burnett, E. A. Steel, R. L. Flitcroft,

G. R. Pess, B. E. Fiest, et al. 2010. Hydrological connectivity
for riverine fish: measurement challenges and research
opportunities. Freshw. Biol. 55:2215-2237.

Ghalambor, C. K., J. K. McKay, S. P. Carroll, and
D. N. Reznick. 2007. Adaptive versus non-adaptive
phenotypic plasticity and the potential for
contemporary adaptation in new environments. Funct. Ecol.
21:394-407.

Gido, K. B., J. F. Schaefer, and J. A. Falke. 2009. Convergence
of fish communities from the littoral zone of reservoirs.
Freshw. Biol. 54:1163-1177.

Gosline, W. A. 1971. Functional morphology and classification
of teleostean fishes. University of Hawaii Press, Honolulu.

Griunbaum, T., R. Cloutier, P. M. Mabee, and N. R. Le
Frangois. 2007. Early developmental plasticity and
integrative responses in arctic charr (Salvelinus alpinus):
effects of water velocity on body size and shape. J. Exp.
Zool. B. Mol. Dev. Evol. 308:396-408.

Haas, T. C., M. J. Blum, and D. C. Heins. 2010.
Morphological responses of a stream fish to water
impoundment. Biol. Lett. 6:803-806.

Hendry, A. P., M. L. Kelly, M. T. Kinnison, and D. N.
Reznick. 2006. Parallel evolution of the sexes? Effects of
predation and habitat features on the size and shape of wild
guppies. J. Evol. Biol. 19:741-754.

Hendry, A. P., and E. B. Taylor. 2004. How much of the
variation in adaptive divergence can be explained by gene
flow? An evaluation using lake-stream Stickleback pairs.
Evolution 58:2319-2331.

Hendry, A. P., E. B. Taylor, and J. D. McPhail. 2002. Adaptive
divergence and the balance between selection and gene flow:
lake and stream stickleback in the Misty system. Evolution
56:1199-1216.

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



N. R. Franssen et al.

Hudman, S., and K. B. Gido. 2013. Multi-scale effects of
impoundments on genetic structure of creek chub
(Semotilus atromaculatus) in the Kansas River basin.
Freshw. Biol. 58:441-453.

Keeley, E. R., E. A. Parkinson, and E. B. Taylor. 2007. The
origins of ecotypic variation of rainbow trout: a test of
environmental vs. genetically based differences in
morphology. J. Evol. Biol. 20:725-736.

Krabbenhoft, T. J., M. L. Collyer, and J. M. Quattro. 2009.
Differing evolutionary patterns underlie convergence on
elongate morphology in endemic fishes of Lake Waccamaw,
North Carolina. Biol. J. Linn. Soc. 98:636-645.

Langerhans, R. B. 2008. Predictability of phenotypic
differentiation across flow regimes in fishes. Integr. Comp.
Biol. 48:750-768.

Langerhans, R. B. 2009. Trade-off between steady and
unsteady swimming underlies predator driven divergence in
Gambusia affinis. ]. Evol. Biol. 22:1057-1075.

Langerhans, R. B., and T. J. DeWitt. 2004. Shared and unique
features of evolutionary diversification. Am. Nat. 164:335-349.

Langerhans, R. B., L. J. Chapman, and T. J. DeWitt. 2007.
Complex phenotype-environment associations revealed in an
East African cyprinid. J. Evol. Biol. 20:1171-1181.

Langerhans, R. B., C. A. Layman, A. M. Shokrollahi, and T. J.
DeWitt. 2009. Predator-driven phenotypic diversification in
Gambusia affinis. Evolution 58:2305-2318.

McGuigan, K. A., C. E. Franklin, C. Moritz, and M. W. Blows.
2003. Adaptation of rainbow fish to lake and stream
habitats. Evolution 57:104-118.

Myers, N. and A. H. Knoll. 2001. The biotic crisis and the future
of evolution. Proc. Natl Acad. Sci. USA 98:5389-5392.

Nilsson, C., C. A. Reidy, M. Dynesius, and C. Revenga. 2005.
Fragmentation and flow regulation of the World’s large
river systems. Science 308:405-408.

Pakkasmaa, S., and J. Piironen. 2001. Water velocity shapes
juvenile salmonids. Evol. Ecol. 14:721-730.

Palkovacs, E. P., M. T. Kinnison, C. Correa, C. M. Dalton, and
A. P. Hendry. 2011. Fates beyond traits: ecological
consequences of human-induced trait change. Evol. Appl.
5:183-191.

Palumbi, S. R. 2001. Humans as the world’s greatest
evolutionary force. Science 293:1786-1790.

Pfennig, D. W., M. A. Wund, E. C. Snell-Rood, T.
Cruickshank, C. D. Schlichting, and A. P. Moczek. 2010.
Phenotypic plasticity’s impacts on diversification and
speciation. Trends Ecol. Evol. 25:459-467.

R Development Core Team. 2011. R: A Language and
Environment for Statistical Computing. R Foundation for

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Rapid Divergence and Phenotypic Plasticity

Statistical Computing, Vienna, Austria, 2011. URL http://
www.R-project.org. ISBN 3-900051-07-0.

Rencher, A. C. 2002. Methods of multivariate analyses. John
Wiley & Sons, New York.

Rohlf, F. 1993. Relative warp analysis and an example of its
application to mosquito wings. Pp. 131-159 in L. F. Marcus,
E. Bello, A. Garcia-Valdecasas, eds. Contributions to
Morphometrics. Musuo Nacionale de Ciencias Naturales,
Madrid, Spain.

Rohlf, F. 2004a. tpsDig. version 2.1 [computer program].
Department of Ecology and Evolution, State University of
New York at Stony Brook. Available at: http://life.bio.
sunysb.edu/morph/.

Rohlf, F. 2004b. tpsRegr. version 1.36 [computer program],
Department of Ecology and Evolution, State University of
New York at Stony Brook. Available at: http://life.bio.
sunysb.edu/morph/.

Schaefer, J. F., W. L. Lutterschmidt, and L. G. Hill. 1999.
Physiological performance and stream microhabitat use by
two centrarchids (Lepomis megalotis and Lepomis
macrochirus). Environ. Biol. Fishes 54:303-312.

Schlichting, C. D., and M. Pigliucci. 1998. Phenotypic
evolution: A reaction norm perspective. Sinauer Associates,
Sunderland, Maryland.

Schmalhausen, I. 1. 1949. Factors of Evolution. Blakiston,
Philadelphia.

Sih, A., M. C. O. Ferrari, and D. J. Harris. 2011. Evolution
and behavioural responses to human-induced rapid
environmental change. Evol. Appl. 4:367-387.

Skalksi, G. T., J. B. Landis, M. J. Grose, and S. P. Hudman.
2008. Genetic structure of creek chub, a headwater minnow,
in an impounded river system. Trans. Am. Fish. Soc.
137:962-975.

Taylor, C. A., J. H. Knouft, and T. M. Hiland. 2001.
Consequences of stream impoundment on fish communities
in a small North American drainage. Reg. Riv. Res. Manag.
17:687-698.

Waddington, C. H. 1942. Canalization of development and the
inheritance of acquired characters. Nature 150:563—565.

West-Eberhard, M. J. 2003. Developmental plasticity and
evolution. Oxford University Press, New York.

Witte, F., M. Welten, M. Heemskerk, I. Van Der Stap,

L. Ham, H. Rutjes, et al. 2008. Major morphological
changes in a Lake Victoria cichlid fish within two decades.
Biol. J. Linn. Soc. 94:41-52.

Zelditch, M. L., D. L. Swiderski, D. H. Sheets, and W. L. Fink.
2004. Geometric morphometrics for biologists. Academic
press, San Diego, CA.

4657



