Evolutionary Applications

ORIGINAL ARTICLE

Evolutionary Applications ISSN 1752-4571

Anthropogenic habitat alteration induces rapid
morphological divergence in a native stream fish

Nathan R. Franssen

Department of Zoology, University of Oklahoma, Norman, OK, USA

Keywords

Cyprinella, fish body shape, geometric
morphometrics, local adaptation, phenotypic
plasticity, prairie streams, rapid evolution,
reservoirs.

Correspondence

Nathan R. Franssen, Department of Zoology,
University of Oklahoma, 730 Van Vleet Oval,
Norman, OK 73019, USA.

Tel.: 4785 564 2553; fax: +405 325 6202;
e-mail: nrfranssen@gmail.com

Received: 14 June 2011
Accepted: 24 June 2011
First published online: 22 July 2011

doi:10.1111/.1752-4571.2011.00200.x

Introduction

Abstract

Anthropogenic habitat alteration creates novel environments that can alter
selection pressures. Construction of reservoirs worldwide has disturbed riverine
ecosystems by altering biotic and abiotic environments of impounded streams.
Changes to fish communities in impoundments are well documented, but
effects of those changes on native species persisting in reservoirs, which are
presumably subjected to novel selective pressures, are largely unexplored. I
assessed body shape variation of a native stream fish in reservoir habitats and
streams from seven reservoir basins in the Central Plains of the USA. Body
shape significantly and consistently diverged in reservoirs compared with
stream habitats within reservoir basins; individuals from reservoir populations
were deeper-bodied and had smaller heads compared with stream populations.
Individuals from reservoir habitats also exhibited lower overall shape variation
compared with stream individuals. I assessed the contribution of genotypic
divergence and predator-induced phenotypic plasticity on body shape variation
by rearing offspring from a reservoir and a stream population with or without
a piscivorous fish. Significant population-level differences in body shape per-
sisted in offspring, and both populations demonstrated similar predator-
induced phenotypic plasticity. My results suggest that, although components of
body shape are plastic, anthropogenic habitat modification may drive trait
divergence in native fish populations in reservoir-altered habitats.

because reservoirs are widespread, can be treated as repli-
cated units, and potentially affect a wide range of taxa.

Species worldwide are subject to anthropogenic distur-
bances to ecosystems (Vitousek et al. 1997) and may con-
sequently suffer extinction and contribute to the current
unprecedented extinction rate (Pimm et al. 1995). The
extent of environmental change and the subsequent
responses of populations determine population viability
in recently altered ecosystems. Stream impoundments are
major contributors of habitat degradation and fragmenta-
tion in aquatic ecosystems (Baxter 1977; Dynesius and
Nilsson 1994; Downing et al. 2006), threatening many
imperiled freshwater organisms (Dudgeon et al. 2006).
Generally, reservoirs have deleterious impacts on native
biota, but for species that persist in these altered environ-
ments, they may serve as model systems to investigate
population responses to rapid environmental disturbances
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When streams are impounded, they rapidly change
from relatively shallow flowing habitats to deep standing
bodies of water, which most native stream fishes have
likely not experienced during their evolutionary history
(Baxter 1977). The presence and strength of novel biotic
and abiotic selective pressures in reservoirs are evidenced
by changes to historical structures of fish communities
following impoundment: obligate stream fishes often suf-
fer rapid extirpation or substantial declines in reservoirs
of impounded streams (Taylor et al. 2001; Gido et al.
2009). Additionally, higher densities of native and non-
native piscivorous fishes are facilitated in reservoirs by
newly formed lentic habitats and stocking of game fish
(Gido and Brown 1999; Taylor et al. 2001; Paller 2005).
Although many native stream fishes cannot persist in
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Human-induced morphological divergence

these novel ecosystems (sensu Hobbs et al. 2006), it is
currently unclear how traits or evolutionary trajectories of
resident populations may be impacted.

Intra- and interspecific phenotypic variation along nat-
ural environmental gradients of stream flow (Hubbs 1941;
Walker 1997; Brinsmead and Fox 2002; Langerhans et al.
2003; McGuigan et al. 2003; Hendry et al. 2006; Langer-
hans 2008; Pavey et al. 2010; Tobler and Carson 2010)
and predator regimes (Endler 1980; Reznick et al. 1997;
Walker 1997; Langerhans et al. 2004; Hendry et al. 2006;
Langerhans and Makowicz 2009; Pavey et al. 2010) can be
used to generate a priori predictions of how fish morpho-
logies may respond to reservoir habitats. Relationships
between morphology and swimming performance likely
constrain body shape variation along environmental gra-
dients (Langerhans 2008; Tobler and Carson 2010). Spe-
cifically, selection on fishes in lotic habitats can result in
fusiform body shapes that reduce drag and enable pro-
longed swimming, whereas increased body depth in lentic
waters facilitates faster burst speeds and increased maneu-
verability (Gosline 1971; Alexander 1967, Langerhans
2008). However, these patterns are not ubiquitous as
some fishes can display more streamlined body forms in
lentic habitats compared with streams (e.g., Hendry et al.
2002; McGuigan et al. 2003). The presence of piscivorous
fishes can also select for increased caudal depths of small-
bodied fishes, presumably increasing predator escape
through high burst-swimming speed (Domenici and Blake
1997; Langerhans et al. 2004; Hendry et al. 2006; Langer-
hans 2009). Therefore, both loss of flow and increased
predator densities in reservoirs have the potential to drive
predictable morphological trait divergence between ances-
tral stream populations and populations in these newly
altered habitats.

While observational evidence suggests that variable
predator and flow regimes can drive adaptive trait diver-
gence in fishes, the relative contribution of genetic diver-
gence and phenotypic plasticity to morphological
variation of fishes in the field has largely been overlooked
(Langerhans 2008). Indeed, environmentally contingent
phenotypes (i.e., phenotypic plasticity) are widespread
(West-Eberhard 1989; Schlichting and Pigliucci 1998),
and fishes can exhibit predator-induced (Brénmark and
Miner 1992; Chivers et al. 2008; Fine et al. 2011) and
flow-induced (Pakkasmaa and Piironen 2001, Griitnbaum
et al. 2007; Keeley et al. 2007; Fischer-Rousseau et al.
2010) phenotypic plasticity. Given the plastic responses of
some fishes to predators or variable flow regimes, pheno-
typic plasticity could be responsible for a portion of the
morphological variation observed along these environ-
mental gradients. Haas et al. (2010) demonstrated mor-
phological divergence of a stream fish in reservoirs using
field-collected specimens. However, it is currently unclear
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whether disparate morphologies are heritable, and how
much body shape variation among populations could
potentially be explained by phenotypic plasticity.

Here, I assessed whether newly formed lentic habitats
drive morphological trait divergence of native stream fish
populations and predicted that fish morphologies would
demonstrate consistent divergence in replicated reservoir
systems. I tested this prediction by quantifying body
shape of a native small-bodied stream fish (Cyprinella
lutrensis Baird and Girard) from field-collected individu-
als in streams near reservoirs and in reservoir habitats.
Additionally, I assessed the relative contributions of geno-
typic variation and predator-induced phenotypic plasticity
to morphological divergence in reservoirs by rearing labo-
ratory-spawned offspring of a reservoir and stream popu-
lation in a common garden experiment with and without
predators present.

Materials and methods

Field collections

Cyprinella lutrensis, a small-bodied Cyprinid [<100 mm
total length (TL)] native to and locally abundant in the
Central Plains of the USA (Matthews 1987), were col-
lected by seine in stream and reservoir habitats from
seven reservoir basins in Oklahoma, USA (Table 1;
Fig. 1). Specimens from five basins were collected
between 1992 and 1999, and I obtained them from the
Sam Noble Oklahoma Museum of Natural History in
2009 (Table 1). Specimens were fixed in 10% formalin in
the field and transferred to 50% isopropyl alcohol for
long-term preservation. I collected fish from the other
two basins between 2007 and 2008 (Table 1) and pre-
served and stored them in 10% formalin before data
acquisition (<2 weeks). Museum collections consisted of
one reservoir population and one stream population
either upstream or downstream of each impoundment,
and recent collections included one reservoir population
and several stream populations near each impoundment
(Table 1; Fig. 1). I only used males in breeding condition
(determined by the presence of tubercles on the forehead;
Koehn 1965) for analyses to reduce potential body shape
variation due to sexual dimorphism, or in females, gra-
vidity.

Morphological divergence and phenotypic plasticity

I assessed potential genotypic divergence and predator-
induced phenotypic plasticity in morphology between res-
ervoir and stream populations by spawning C. lutrensis
adults from a reservoir and stream population in the lab-
oratory and rearing their offspring in a split-cohort com-
mon garden experiment with or without a predator
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Table 1. Reservoir basin system (system ID in Fig. 1) and specific site (site ID in Fig. 1) data of Cyprinella lutrensis collected for geometric morpho-
metric analysis to assess body shape divergence in reservoirs. Lot numbers of specimens obtained from the Sam Noble Oklahoma Museum of Nat-
ural History are indicated under Oklahoma Identification (OID).

Year Year of Distance

Basin system impounded Name of site collection N Latitude Longitude (km) OID
Canton (a) 1986 Canton Lake (1) 1992 18 36.0813 -98.6037 51521

Horse Creek (2) 1993 13 35.6800 -98.3810 66 67178
Lake Arcadia (b) 1948 Lake Arcadia (3) 1993 25 35.6102 -97.4129 49306

Deep Fork River (4) 1993 31 35.6720 -97.1947 30 47771
Grand Lake (c) 1959 Grand Lake (5) 1994 15 36.6278 -94.8642 48542

Neosho River (6) 1993 9 36.8589 -94.8757 26 49865
Oogalah (d) 1940 Lake Oogalah (7) 1993 14 36.6615 —95.5989 48093

Verdigre River (8) 1999 14 36.8401 -95.5910 28 61628
Fort Cobb (e) 1963 Fort Cobb (9) 1992 11 35.2319 -98.5179 53711

Cobb Creek (10) 1998 10 35.2902 —98.5942 8 63626
Lake Texoma (f) 1944 Lake Texoma (11) 2007-2008 39 33.8794 -96.8021

Caddo Creek (12) 2008 9 34.2637 -97.1643 80

Walnut Bayou (13) 2008 16 33.9166 -97.2823 85
Lake Thunderbird (g) 1965 Lake Thunderbird (14) 2007-2008 68 35.2318 -97.2133

Bourbanais Creek (15) 2008 19 35.1779 -97.1421 10

Clear Creek (16) 2007 10 35.1788 -97.2651 2

Council Creek (17) 2007 27 35.1569 -97.0895 19

Dave Blue Creek (18) 2007-2008 29 35.1895 -97.3470 4

Elm Creek (19) 2007 15 35.2908 —97.3488 7

Hog Creek (20) 2007 18 35.3193 —97.2496 2

Pecan Creek (21) 2007-2008 145 35.2031 -97.1179 12

(B) Lake Arcadia

(A) Canton Lake

(G) Lake Thundertird

(E) Fort Cobb

(10)

km
0255 10 15 20

- ——

(8)

(13)

(12}

(F) Lake Texoma

(1)

km
0510 20 30 40
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Figure 1 Reservoir basins and collection sites of Cyprinella lutrensis used for analyses. Reservoirs and sampling sites are coded as in Table 1.
Reservoir habitats are denoted with filled circles and stream habitats as filled squares.
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present. I collected adult C. lutrensis from a reservoir
(Lake Thunderbird) and a stream population downstream
of the reservoir (Pecan Creek; Table 1) in May 2009. I
spawned individual breeding pairs from both populations
(n =4 pairs from stream population, n = 8 pairs from
reservoir population) in 40-L aquaria (i.e., one male and
one female from the same population per aquarium) in a
greenhouse at the Aquatic Research Facility at the Univer-
sity of Oklahoma, starting July 1, 2009. One round
gravel-filled plastic tray (140 diameter, 35 mm deep) in
each aquarium served as spawning substrate. Every third
day, I replaced trays and hatched eggs in separate aerated
plastic trays. Hatched juveniles from the same cohort
were then haphazardly split into two outdoor 380-L mes-
ocosms (n = 24 mesocosms total). I allowed each parental
pair to spawn until I consistently observed at least 20
juvenile C. lutrensis in each paired mesocosm.

After each parental pair was finished spawning
(i.e., 220 offspring in each mesocosm pair), I randomly
assigned predator and nonpredator treatments and intro-
duced either a native piscivorous fish (Micropterus salmo-
ides Lacepéde; Largemouth bass) or non-native
nonpiscivorous fish (Cyprinus carpio Linnaeus; Common
carp) to each mesocosm. Micropterus salmoides (hereafter
termed predator) is native to this region and has likely
shared an evolutionary history with C. lutrensis, whereas
C. carpio (hereafter termed nonpredator) is an exotic. I
included the nonpredator treatment in the paired meso-
cosms to control for the presence of a larger fish (i.e., the
predator fish treatment) in the rearing environments. Par-
ents did not successfully spawn simultaneously; therefore,
although split cohorts received both predator and non-
predator treatments the same day, I sequentially added
predator/nonpredator treatments through the summer.
I placed hatched larval C. lutrensis in mesocosms between
July 5 and August 26 and stocked the first treatments on
July 21 and the last treatments on August 19. Predator
treatment individuals were on average larger, mean
(range) = 122 (90-180) mm TL, than nonpredator indi-
viduals, 92 (73-110) mm TL; therefore, I added more
than one nonpredator to some mesocosms to approxi-
mate the length and biomass of the predator in the other
paired mesocosm. The mean TL of predator and nonpre-
dators in paired mesocosms did not differ significantly
(paired t-test, n = 12, t = —0.238, P = 0.815). In addition,
biomass estimated from published length—weight relation-
ships of predator and nonpredator fish (Carlander 1969;
Schneider et al. 2000) did not differ significantly between
treatments (paired t-test, n = 12, t = —1.073, P = 0.304).
I separated predator and nonpredator fish from juvenile
C. lutrensis with a screen barrier (plastic window screen)
held in place with silicone at ~1/3 end of each meso-
cosm. Juvenile C. lutrensis were on average 13 days old

794

Franssen

(range = 1-22) before I stocked treatment fish, and juve-
niles were present with treatment fish on average 64 days
(range = 45-77). I removed all juvenile C. lutrensis from
mesocosms on October 3, 2009, euthanized, preserved,
stored them in 10% formalin solution until data acquisi-
tion (<7 days), and only used individuals >10 mm stan-
dard length (SL) in analyses.

Geometric morphometric analysis

I quantified the body shape of C. lutrensis specimens
using geometric morphometric analyses (Zelditch et al.
2004) with tps software (http://life.bio.sunysb.edu/morph/).
I digitally photographed the left lateral side of each indi-
vidual with a reference scale, randomized the order of
digitized photographs (to reduce potential biases associ-
ated with the sequence specimens were photographed and
subsequent landmarks placed on them) using tpsDig soft-
ware (Rohlf 2004a), and set 10 homologous landmarks
on each (Fig. 2). To account for bending of specimens, I
unbent landmarks using the landmarks at the tip of the
snout and middle of the eye and one temporary landmark
set in the middle of the caudal peduncle (but removed in
final analyses) using the ‘unbend specimens’ function in
tpsUtil (Rohlf 2004b). I resized landmark coordinates
using the reference scale and aligned landmark coordi-
nates using least-squares superimposition to remove the
effects of scale, translation, and rotation with the program
tpsRelw (Rohlf 2004c). I calculated relative warps and
uniform components (i.e., weight matrix; hereafter
referred to as shape variables) and centroid size using tps-
Relw. Because some shape variables often do not explain
an appreciable amount of variation (Rohlf 1993), I
retained only shape variables that explained >1% of the
total variation in shape. Variation in shape was visualized
using thin-plate spline transformation grids in tpsRegr
(Rohlf 2004d).

Figure 2 The 10 landmarks set on Cyprinella lutrensis photographs
for geometric morphometric analyses: (1) tip of the snout, (2) corner
of the mouth, (3) center of the eye, (4) back of the skull, (5) anterior
insertion of the dorsal fin, (6) insertion of the last dorsal ray on the
caudal fin, (7) insertion of the last ventral ray on the caudal fin, (8)
anterior insertion of the anal fin, (9) anterior insertion of the pelvic
fin, and (10) anterior insertion of the pectoral fin.
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Data analysis

Field collections

I tested for differences in body shape between stream and
reservoir habitats with multivariate analysis of covariance
(MANCOVA). The MANCOVA model included 11 shape
variables (explaining 96.9% of the variation in shape) as
dependant variables, centroid size as a covariate (to test
for effects of allometry), habitat type as a fixed factor (to
test for effects of stream or reservoir habitats), basin as a
fixed factor (to test for basin level effects), and population
as a fixed factor nested within habitat by basin interaction
(to test for unique population differentiation within habi-
tat types). Heterogeneity of slopes was tested among
basins and between habitat types by including centroid
size in the respective interaction terms. F-values were
approximated using Wilk’s lambda and effect strengths by
the use of partial eta squared (11?,). I calculated the relative
variance as the partial variance for a given term divided
by the maximum partial variance value in the model. All
nonsignificant interaction terms were removed from the
final model.

Random nested terms are usually not applicable in a
MANCOVA framework (i.e., matrix determinants can
become negative, making the term untestable, and type I
error rates may be inflated when nested terms in MAN-
COVA models are significant; see Rencher 2002, p. 162;
and Langerhans and Makowicz 2009). Here, reservoir
basin and population can be considered random factors
(i.e., they are a sample of all reservoir basins and popula-
tions, and the nested population term was significant, see
Results below); therefore, I also conducted a mixed-model
ANCOVA to test the consistency and nature of morpho-
logical divergence in reservoir habitats. I first reduced the
dimensionality of the 11 shape variables by calculating
morphological divergence scores for each individual along
the stream-reservoir gradient based on a divergence vec-
tor (referred to as habitat divergence vector hereafter) as
defined by Langerhans (2009). This habitat divergence
vector does not distort morphological space and summa-
rizes the linear combination of shape variables that con-
tribute to the greatest difference in body shape between
reservoir and stream individuals (Langerhans 2009). To
quantify this vector, I created a score for each specimen
on the stream-reservoir shape axis by multiplying the
eigenvector of the habitat term’s sums of squares and
cross products matrix from a preparatory MANCOVA
(final model same as above) by the shape variables block
to yield a column of habitat divergence vector scores for
each individual. The resulting scores were used as the
dependant variable in an ANCOVA with centroid size as
a covariate, habitat as a fixed factor, basin as a random
factor, and population as a random factor nested in the

© 2011 Blackwell Publishing Ltd 4 (2011) 791-804
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basin-habitat interaction. Heterogeneity of slopes was
tested among basins and between habitat types. I also
assessed individual landmark movement between habitat
types by quantifying correlation coefficients between land-
mark positions and the habitat divergence vector scores
of field-collected specimens.

Because reservoirs may have more homogenous biotic
and abiotic conditions compared with natural stream sys-
tems, and thus have more consistent and similar selec-
tion pressures among reservoir populations, 1 also
assessed shape diversity (i.e., total variation in shape
space) of all specimens in the two habitat types. I first
removed effects of size on the 11 shape variables using a
preparatory MANCOVA with centroid size as a covariate
and used the resulting residuals to quantify convex hull
volumes of individuals from stream and reservoir habi-
tats (Tobler and Carson 2010). The computational
demand of quantifying convex hull volumes using all
shape variables (n = 11) precluded their analysis; there-
fore, only residuals from the first six relative warps
(explained 84% of the variation in shape) were analyzed.
In addition, because I sampled more stream populations
(n = 14) than reservoir (n =7), there was potentially
more shape variation present in stream individuals owing
to more sampled genetic and thus phenotypic variation.
Therefore, I randomly chose only one stream population
from the Lake Thunderbird basin (Council Creek) and
the Lake Texoma basin (Walnut Bayou) to include in
the analysis. I randomly sampled (with replacement) 50
stream individuals and 50 reservoir individuals and
quantified convex hull volumes of each sample over
10 000 iterations. I tested for differences in overall shape
variation (i.e., convex hull volumes) between the two
habitat types using independent samples #-test assuming
unequal variances. Randomizations were conducted and
convex hull volumes were calculated using the convhulln
function in MATLAB v. 7.11.0.584 (The Mathworks Inc.,
Natick, MA, USA).

Morphologic divergence and phenotypic plasticity

I assessed genotypic differences in body shape between a
reservoir and a stream population and tested for preda-
tor-induced phenotypic plasticity in reared offspring
using MANCOVA. The MANCOVA model included 11
shape variables (explaining 97.5% of the variation in
shape) as dependent variables, and covariates were log;q
centroid size and the number of conspecifics (logo-trans-
formed to approximate normality) to test for effects of
density of fish in each mesocosm. Fixed factors were
treatment (predator or nonpredator; to test for predator-
induced phenotypic plasticity), population-of-origin (to
test for genotypic differences between populations) and
the interaction between population and treatment.
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Parents nested within population (to control for noninde-
pendence of parents) served as a nested fixed factor.

Because parents were a random factor (i.e., the individ-
uals spawned were a random sample of individuals in
each population), I also conducted two ANCOVAs testing
for effects of population and predator-induced pheno-
typic plasticity. Similar to above, I quantified two mor-
phological divergence vectors, one for the population
effect (population divergence vector) and one for the
treatment effect (predator divergence vector). Each
ANCOVA model used the divergent vectors as dependent
variables with centroid size and density of conspecifics as
covariates, population and treatment (i.e., predator, non-
predator) as fixed factors, and parents nested within pop-
ulation as a random factor. Population-of-origin could
arguably be a random factor; however, in this instance,
the two populations were chosen based on a priori knowl-
edge of body shape differences between the populations
(i.e., based on preliminary analysis, shape variation was
greatest between these populations). Heterogeneity of
slopes was tested between populations and treatment, and
I removed nonsignificant interaction terms from each of
the final models. I completed all analyses in SPSS v. 17.0
(SPSS Inc., Chicago, IL, USA) for Macintosh unless
otherwise specified.

Results

Field collections
All terms had significant effects on body shape variation
of field-collected C. lutrensis in the MANCOVA (Table 2).

Table 2. Results from body shape variation of individuals collected
from stream and reservoir habitats using (a) MANCOVA model with
shape variables (n = 11) as dependent variables and (b) ANCOVA
model using reservoir and population as random factors and the habi-
tat divergence vector as the dependant variable.

Significance
Partial  Relative
Effect variance variance F df P
(a) Body shape MANCOVA
Centroid 0.316 1.000 21.81 11, 519 <0.001
Basin 0.214 0.677 13.03 66, 2782.55 <0.001
Habitat 0.207 0.655 12.29 11,519 <0.001
Population 0.108 0.342 5.81 77,3117.51 <0.001
(Habitat x Basin)
Habitat x Basin 0.049 0.155 2.42 66, 2782.55 <0.001

(b) Habitat vector ANCOVA

Habitat 0.372 1.000 823 1,13.88 0.012

Population 0.215 0.578 11.13 13, 529 <0.001

(Habitat x Basin)

Basin 0.189 0.508 0.55 6, 14.16 0.763

Centroid 0.048 0.129 26.73 1,529 <0.001
796
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Centroid size had the strongest effect on shape
(7> = 0.32), followed by basin (11; =0.21), habitat
(n, = 0.21), and population nested within the basin—habi-
tat interaction (r]lzJ = (0.11; Table 2). The habitat—basin
interaction was significant, but its effects were relatively
weak in explaining shape variation (1112) = 0.05).

The ANCOVA testing the habitat divergence vector
demonstrated similar results (Table 2); however, habitat
(nf) = 0.37) and population (’7123 = 0.22) had the strongest
effects followed by basin and centroid size. Conversely,
the habitat-basin interaction was not significant. Body
shape diverged consistently in reservoir habitats in the
replicated reservoir basins; however, there was substantial
variation in the replicated stream populations in one res-
ervoir basin (Thunderbird) where several stream popula-
tions were collected (Fig. 3). Generally, C. lutrensis in
reservoir habitats had shorter heads with deeper body
depths compared with individuals from stream habitats
(Fig. 4). Specifically, body shape divergence in reservoir
habitats was attributed to posterior movement of the tip
of the snout, dorsal movement of the corner of the
mouth, posterior movement of the anal fin, ventral move-
ment of the pelvic fin, and anterior movement of the pec-
toral fin (Table 3).

In tests for decreased shape diversity in reservoir habi-
tats, on average stream fish demonstrated 43% greater
variation in shape space compared with fish collected in
reservoir habitats (] 19995 = 87.7, P < 0.001; Fig. 5).

Genetic divergence and phenotypic plasticity

Owing to low spawning success and high juvenile mortal-
ity, only four parental pairs from the reservoir population
and eight parental pairs from the stream population were
successfully spawned with offspring surviving in both
predator and nonpredator treatments. Overall, 257 indi-
viduals were analyzed for shape variation and 10.7 indi-
viduals on average (range = 1-25) were analyzed from
each mesocosm.

When testing for genotypic and predator-induced phe-
notypic plasticity effects on body shape of C. lutrensis off-
spring using MANCOVA, all terms had significant effects
on body shape except for density of conspecifics in meso-
cosms. Centroid size (nf) = 0.58) had the strongest effect,
followed by treatment (77[2, = 0.28, demonstrating preda-
tor-induced phenotypic plasticity), population-of-origin
(nf) = 0.28, demonstrating population-level differences),
and parents (;712J =0.19), and the population—treatment
interaction had the smallest significant effect (11; =0.13;
Table 4). The number of conspecifics in each mesocosm
did not have a significant effect on shape variation.

The ANCOVAs testing effects on the population and

predator divergence vectors offered similar results.

© 2011 Blackwell Publishing Ltd 4 (2011) 791-804
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Testing the population divergence vector revealed that
population-of-origin had the strongest effect (32 = 0.37)

followed by parents (11% = 0.20). Treatment (17?7 = 0.06)

and centroid size (173, = 0.02) also had significant effects,

0.04 1
0.02 1 +
0.00 1

-0.02 4

Habitat divergence vector

—-0.04 4

—-0.06 1

Human-induced morphological divergence

but their contribution to shape variation was relatively
small (Table 4). Similarly, population (né = 0.44), treat-
ment (17% =0.19), and parents (17%, = 0.14) had significant
effects on the predator divergence vector. Although there
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Figure 3 Mean + SE morphological habitat divergence vector scores of stream populations (closed circles) and reservoir populations (open circles)
from each reservoir basin. Stream populations from Lake Thunderbird and Lake Texoma are numbered according to Table 1.
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Figure 4 Morphological variation in Cyprinella lutrensis along the habitat divergence vector. Grids are thin-plate spline transformations from spec-
imen means along the morphological divergence vector at the observed scale. Lines are drawn between landmarks to aid visualization. Landmark
vectors below transformations reflect the direction and magnitude of each landmark movement between habitats. Vectors point in the direction
landmarks moved from stream habitats to reservoir habitats. The top visualization is at the observed range and the bottom is magnified 3x.
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Table 3. Pearson’s correlation coefficients between superimposed
landmarks and morphological habitat divergence vector scores. Coeffi-
cients >0.40 are in bold, and the directionality of the landmark shifts
is presented for stream habitats relative to reservoir habitats
(i.e., movement of landmarks reflects the shifts from stream habitats
to reservoir habitats).

Landmark Coefficient Direction
X1 +0.68 Posterior
Y1 +0.05 -

X2 +0.17 -

Y2 +0.52 Dorsal
X3 -0.27 -

Y3 -0.11 -

X4 -0.14 -

Y4 -0.35 -

X5 +0.29 -

Y5 +0.30 -

X6 -0.26 -

Y6 +0.03 -

X7 -0.29 -

Y7 +0.25 -

X8 +0.59 Posterior
Y8 -0.12 -

X9 -0.00 -

Y9 -0.41 Ventral
X10 -0.87 Anterior
Y10 -0.02 -

was a significant interaction between population and
treatment, this effect was relatively weak (17?, = 0.04), and
populations generally responded to the presence of a
predator in a similar manner (Fig. 6). Offspring from the
stream population had larger caudal areas and smaller
head regions compared with offspring from the reservoir
population and resembled similar body shapes to adult
male C. lutrensis collected from reservoir habitats (Fig. 7).
Juvenile C. lutrensis reared with predators also had smal-
ler heads and larger caudal areas compared with individu-
als reared with nonpredators (Fig. 7).

Discussion

My results suggest consistent morphological divergence of
a native small-bodied fish in anthropogenically altered
riverine systems. Experimental results from rearing off-
spring of a reservoir and stream population with and
without predators verified that (i) shape variation
between the two studied populations had a genetic basis
and (ii) both populations exhibited similar predator-
induced phenotypic plasticity in body shape.

Field collections
Consistent morphological divergence between stream and

reservoir populations within reservoir basins suggests that
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Figure 5 Frequency histograms of convex hull volumes calculated
using the first six shape variables (i.e., relative warps) from 50 ran-
domly sampled individuals over 10 000 iterations from stream habitats
(top panel) and reservoir habitats (bottom panel).

habitat alteration by impoundments is driving predictable
phenotypic variation in C. lutrensis. Body shape of
C. lutrensis in reservoirs was less streamlined with deeper
caudal areas and smaller heads. This morphological diver-
gence was also qualitatively similar to morphological
shifts found in reservoir-residing Cyprinella venusta (Haas
et al. 2010), a small-bodied species ecologically similar to
C. lutrensis. Such intraspecific trait divergence implies that
different reservoirs create similar selective pressures on
small-bodied fishes. In response, phenotypes are poten-
tially adapting to maximize fitness in these habitats. It is
unlikely that only one environmental factor is driving
morphological divergence; a suite of novel selective pres-
sures could potentially contribute to phenotypic differ-
ences between stream- and reservoir-resident populations.

Because conversion of riverine systems to reservoir
habitats is associated with multiple biotic and abiotic
environmental changes (e.g., turbidity, flow, temperature,
biotic communities), it may be difficult to isolate one fac-
tor independently without experimental manipulation.
However, phenotypic variation of C. lutrensis did match
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Table 4. Results from the genotypic divergence and plasticity experi-
ment. (@) MANCOVA model using shape variables (n = 11) as depen-
dent variables, (b) ANCOVA model using parents as a random factor
and the population divergence vector as the dependant variable, and
(c) ANCOVA model using parents as a random factor and the preda-
tor divergence vector as the dependent variable.

Significance
Partial  Relative
Effect variance variance F df P
(a) Body shape MANCOVA
Centroid 0.583 1.000 29.33 11,231 <0.001
Treatment 0.284 0.487 8.34 11,231 <0.001
Population 0.279 0.479 8.14 11,231 <0.001
Parents (population) 0.186  0.319 5.016 110, 1741.9 <0.001
Population x 0.084 0.144 1.92 11, 231 0.038
Treatment
Density 0.061 0.105 1.37 11, 231 0.187
(b) Population divergence ANCOVA
Population 0.366  1.000 588 1,10.168 0.035
Parents 0.195 0.533 5.87 10, 242  <0.001
(population)
Treatment 0.057 0.156 14.71 1, 242 <0.001
Centroid 0.016  0.044 3.91 1,242 0.049
Density 0.002 0.005 0.37 1,242 0.546
(c) Plastic divergence ANCOVA
Population 0.435 1.000 7.85 1,10.2 0.018
Treatment 0.187 0.430 5547 1, 241 <0.001
Parents (population) 0.144  0.331 4.07 10, 241 <0.001
Centroid 0.085 0.195 22.39 1, 241 <0.001
Population x 0.039 0.090 9.875 1, 241 0.002
Treatment
Density 0.009 0.021 2.07 1, 241 0.152
@ Stream pop., no predator
O Stream pop., predator
0.024 V¥ Reservoir pop, no predator J_
A Reservoir pop., predator Y
8
g’, 0.01 4
2
°
£ 0.00- | +
-0.01 1 49‘)7
-0.01 0.00 0.01 0.02

Population divergence

Figure 6 Mean + SE population and predator divergence vector
scores of mean offspring from each parent-treatment combination
(i.e., each mesocosm) of offspring spawned from a reservoir (n = 4
parents) and stream population (n = 8 parents) and reared in predator
and nonpredator treatments.
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predicted morphologies thought to be adaptive in both
low-flow conditions (Gosline 1971; Alexander 1967; Lan-
gerhans 2008) and habitats with high predator densities
(Domenici and Blake 1997; Langerhans et al. 2004; Hen-
dry et al. 2006; Langerhans et al. 2009). These two factors
in concert could be driving observed morphological shifts
of small-bodied fishes. The increased body depth and
caudal area could increase predator escape performance
(through increased burst speed; Langerhans 2008) and
maneuverability for feeding on prey suspended in the
water column (versus drifting prey in streams; Rincén
et al. 2007) or through steady/unsteady swimming perfor-
mance trade-offs (Langerhans 2008, 2009).

Assuming morphological divergence in reservoirs con-
fers greater fitness to reservoir-resident individuals, diver-
gent natural selection could lead to local adaptation in
these habitats. Investigations of the morphologies of other
fishes between lake—stream pairs suggest that local habi-
tats can drive phenotypic variation in spite of close prox-
imities of populations (Brinsmead and Fox 2002; Hendry
et al. 2002; Berner et al. 2009; Haas et al. 2010). Cur-
rently, the extent of gene flow among stream and reser-
voir populations of C. lutrensis is unknown, but high
migration rates among populations could limit the extent
of local adaptation in reservoir habitats.

Reservoir basin explained a considerable amount of
variation in shape in both the MANCOVA and ANCOVA
models. Given the geographic distances among reservoir
basins (Fig. 1), a significant basin effect would likely be
expected assuming fish from different basins have unique
evolutionary histories; however, the use of museum and
more recently collected specimens likely confounded this
result. Because museum specimens were in preservative
for at least 10 years, significant preservation effects on
body shape could have contributed to the basin effect.
Indeed, both time and the type of long-term preservative
solution (i.e., formalin or 50% isopropyl alcohol) can
have significant effects on body shape of preserved
C. lutrensis individuals (Appendix S1). Therefore, it was
problematic to isolate basin effects versus preservation
effects with this data set.

Physical barriers separating populations (Palkovacs
et al. 2008), or geographic distances among populations
(Moore et al. 2007; Berner et al. 2009; Langerhans et al.
2003), may influence morphological variation within res-
ervoir basins. Although the low sample size precluded sta-
tistical analyses, the shape variation among the replicated
stream populations within the Lake Thunderbird basin
suggests there was a possible spatial component to mor-
phological divergence. Indeed, two of the three stream
populations that were morphologically most similar to
reservoir individuals were collected from streams that
flow directly into Lake Thunderbird (Fig. 1). Thus, the
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Figure 7 Morphological variation of Cyprinella lutrensis between stream population and reservoir population offspring and between offspring
reared with and without a predator. Grids are thin-plate spline transformations from specimen means (observed range) along the population
divergence vector (above) and the predator divergence vector (below). Lines are drawn between landmarks to aid visualization. Landmark vectors
point in the direction landmarks move from the stream population to the reservoir population and from the nonpredator-reared offspring to the

predator-reared offspring.

close spatial proximity of direct tributary populations to
reservoirs could allow increased gene exchange with reser-
voir populations, or streams closer to the reservoir could
have environmental conditions more similar to reservoirs
(e.g., fish communities; Falke and Gido 2006).
Assessment of total shape variation between habitat
types revealed lower morphological variation of C. lutren-
sis individuals in reservoirs compared with their stream
counterparts. Unnatural reservoir habitats (both biotic
and abiotic components) are likely more homogonous
compared with natural stream systems (Wetzel 1990;
Gido et al. 2009). Stream habitat heterogeneity could
potentially create spatial and temporal variation in selec-
tion pressures or facilitate variable plastic morphological
responses in stream fishes. Additionally, higher habitat
complexity may also allow for increased individual spe-
cialization (Bolnick et al. 2003), increasing population-
level morphological variation. While these explanations
are speculative, further investigations will have to be
implemented to derive the underlying mechanisms behind
reduced morphological variation in reservoir habitats.

Genetic divergence and phenotypic plasticity

Results from rearing offspring from a reservoir and
stream population with and without a predator present
suggest that both genotypic variation and phenotypic
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plasticity contributed nearly equally to observed pheno-
typic differentiation between these two populations. Pop-
ulation-of-origin had strong effects on overall shape
variation as well as the population and predator diver-
gence vectors. Collectively, these results indicate that body
shape variation among offspring was most strongly influ-
enced by their population-of-origin, followed by preda-
tor-induced phenotypic plasticity. Although I was unable
to assess heritability directly by comparing parental and
offspring morphologies (parents were in very poor condi-
tion following spawning), or compare spawned offspring
with field specimens (the size distributions of the two
groups showed little overlap), results did support a heri-
table basis to body shape variation between the reservoir
and stream populations.

When populations become isolated and divergent natu-
ral selection is strong, evolution of traits can occur over
relatively short timescales (e.g., Reznick et al. 1997; Stock-
well and Weeks 1999; Hendry et al. 2000). Because the
reservoir and stream populations used here were separated
by the physical stream impoundment, migration of indi-
viduals through the dam structure is improbable. There-
fore, these two populations likely have had little or no
gene flow since construction of the reservoir in 1965.
Additionally, C. lutrensis can spawn during its first year of
life (Marsh-Matthews et al. 2002), potentially allowing for
over 80 generations since these two populations became
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isolated, far more than needed to observe evolution under
experimental conditions (Reznick et al. 1997). This sug-
gests that anthropogenic habitat alteration has potentially
facilitated adaptive trait divergence. Nonetheless, the
observed predator-induced phenotypic plasticity suggests
that environmental contingent phenotypes could also con-
tribute to observed phenotypic divergence in reservoirs.

When reared with predators, the offspring of both pop-
ulations demonstrated similar predator-induced pheno-
typic plasticity (although significant, the population by
treatment interaction explained comparatively little varia-
tion). However, based on the direction of the plastic shift
in morphological space of both populations (Fig. 6), it is
unlikely that the morphological divergence found in res-
ervoirs was attributed to predator-induced phenotypic
plasticity. Assuming reservoir phenotypes are adaptive
and predator-induced plasticity was contributing to the
observed phenotypic variation in reservoirs, the plastic
shift in laboratory-reared individuals should have shifted
in the direction of the reservoir population. However,
when exposed to predators during development, offspring
tended to resemble the stream population and not the
reservoir population. Nonetheless, phenotypic plasticity
along other environmental gradients observed between
stream and reservoir habitats (e.g., flow regime) may con-
tribute to observed phenotypic variation in the field.

The laboratory-reared offspring of the stream and res-
ervoir populations exhibited disparate shape variation
compared with their field-collected counterparts. How-
ever, this result needs to be interpreted with caution for
several reasons. First, because C. lutrensis offspring were
much smaller [mean SL (mm) = 22.3 £ 4.9 SD] than
field-collected individuals [mean SL (mm) = 46.6 *+ 6.6
SD], allometric shape variation may confound compari-
sons between such large size differences (Bookstein 1991;
Zelditch et al. 2004). Indeed, centroid size had a signifi-
cant effect on shape in all models tested, and therefore,
direct comparison of field- and laboratory-reared pheno-
types may be misleading. Second, sex and breeding condi-
tion of individuals could also confound comparisons
between the two groups; shape analyses of field individu-
als were restricted to only males in breeding condition
(i.e., individuals in breeding color with head tubercles),
while laboratory-reared individuals were not sexed and
none exhibited breeding colors or tubercles. Cyprinella
lutrensis as small as 29 mm SL can reach sexual maturity
(Marsh-Matthews et al. 2002); therefore, most laboratory-
reared individuals were not of reproductive age. Whereas
population-level differences were apparent in the labora-
tory-reared individuals, in light of these confounding
effects, it is unclear whether the same shape differences
observed in the field would be present in laboratory-
reared individuals reared to a larger size.
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While interpretations of morphological comparisons
between field-collected and laboratory-reared individuals
were likely confounded, it is also unclear whether the
population-level morphological differences in the labora-
tory were driven by divergent selection in the reservoir or
were merely a function of genetic differences due to geo-
graphic distance between populations. Moreover, the
results of the plasticity experiment were limited by having
only one reservoir replicate. Further experiments assessing
population-level morphological divergence in other reser-
voir basins may elucidate the consistency of genetic diver-
gence in replicated reservoir systems.

Conservation implications

The implications of rapid evolutionary change on conser-
vation efforts have gained interest in recent years (Stockwell
et al. 2003; Carroll et al. 2007). While reservoirs create
novel environmental conditions, they are also relatively
young on an evolutionary timescale. Yet evidence suggests
that stream fishes that can persist in these habitats have
undergone divergent evolution in <100 years (Haas et al.
2010; this paper). Assuming contemporary evolution of
reservoir-resident fishes has adapted them to impounded
habitats, these reservoir-adapted traits may not be adaptive
in other environments. For example, reservoir-adapted
phenotypes could have lower fitness in flowing water habi-
tats compared with resident stream fishes. Therefore, reser-
voir-adapted individuals would potentially be poor
candidates to re-colonize extirpated populations in streams
that flow into a reservoir proper (i.e., direct tributaries of
reservoirs). Matthews and Marsh-Matthews (2007) docu-
mented the near or complete extirpation of C. lutrensis
from several direct tributaries of Lake Texoma, Oklahoma-
Texas, USA, in spite of the fact C. lutrensis still inhabits the
reservoir proper, whereas stream populations upstream of
the reservoir remained intact. In addition, recent re-coloni-
zation of at least one direct tributary did not result in rees-
tablishment of the species (Marsh-Matthews et al. 2011).
Because the streams that historically harbored C. lutrensis
flow directly into the reservoir, new colonists are likely to
be derived from reservoir populations. Although other fac-
tors could have influenced the extirpation of C. lutrensis in
these direct tributaries (e.g., habitat changes, increased pre-
dation pressure; Matthews and Marsh-Matthews 2007),
reservoir-adapted individuals colonizing extirpated stream
habitats are potentially ill-adapted to successfully reestab-
lish viable populations. Moreover, introgression of reser-
voir-adapted genotypes into resident stream populations
may also decrease the mean fitness of stream populations,
increasing the likelihood of extirpations. However, experi-
mental manipulation such as environmental transplanting
or swimming performance estimates will be needed to
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assess whether reservoir individuals are ill-adapted to
stream habitats.

Conclusions

This study documented consistent morphological diver-
gence in body shape of a native stream fish in reservoirs of
impounded riverine systems. A common garden experi-
ment revealed that body shape differences between a reser-
voir and stream population had a genetic basis, and the
rearing of offspring with and without predators induced
phenotypic plasticity in body shape. However, based on the
direction of the plastic shift in morphological space,
increased predator densities in reservoirs are likely not
driving the observed divergence (because of predator-
induced phenotypic plasticity). Although this study pro-
vided evidence of genetic-based morphological divergence
in reservoirs, assessment of several other lines of investiga-
tion are needed. First, migration levels among stream and
reservoir populations will be needed to assess the extent to
which gene flow may limit local adaptation to reservoir
habitats. Second, although C. lutrensis demonstrated pred-
ator-induced plasticity, it may be fruitful to investigate the
plastic responses to different flow regimes, the other obvi-
ous change to reservoir habitats. The relative contribution
of plasticity versus genetic components in observed pheno-
typic variation will also elucidate the extent of local adapta-
tion in these systems. Finally, relationships between body
morphology and fitness in stream and reservoir habitats
will need to be assessed to determine whether body shape
influences fitness in various habitats.
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