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Abstract Contemporary patterns of morphological varia-
tion among populations reflects the interplay between
historic and contemporary processes that result from selec-
tion and constraint. Using the pumpkinseed (Lepomis
gibbosus), a species native to North America and intro-
duced to Europe, we assessed the shared and unique
aspects of morphological divergence in lentic and lotic
environments among native and non-native populations.
Ten native and thirteen non-native pumpkinseed popula-
tions were collected between 2003 and 2010 from lakes,
rivers and reservoirs within the Iberian Peninsula and east-
central North America. Fifteen linear external measure-
ments among homologous landmarks that pertain to body
size, fin position and fin size were taken from all sampled
individuals. Eleven of these measurements were used to
test for morphological differences among populations.
Pumpkinseed found in lotic water bodies exhibited a more
anterior placement of pectoral and pelvic fins and a deeper
caudal peduncle and body than those found in lentic water
bodies from the same geographic region. However,

pumpkinseed also showed morphological differences be-
tween geographic origins: pumpkinseed from native pop-
ulations exhibit a more posterior placement of pectoral and
pelvic fins, a narrower anterior caudal peduncle and amore
slender body than pumpkinseed from non-native popula-
tions. In addition, unique responses of populations to
waterbodies within geographic origins revealed a shift
between water body types that was opposite in direction
for native and non-native populations. Native populations
exhibited shorter and deeper caudal peduncles and deeper
bodies in lotic habitats, whereas non-native populations
showed longer and slender caudal peduncles and more
slender bodies in the same type of habitat. Our study
demonstrates that contemporary patterns of morphological
variation among native and non-native pumpkinseed pop-
ulations can be explained by contemporary selection and/
or a common plastic developmental response amongwater
bodies, historical effects related to geographic origin and
unique responses of populations to habitats within geo-
graphic origin, and that the effects of history and the
interaction between history and contemporary habitat were
larger than contemporary processes in explaining morpho-
logical variation at this large spatial scale.

Keywords Ecomorphology . Iberian peninsula . North
America . Developmental plasticity . Patterns of
divergence

Introduction

The existence of habitat-specific morphological differ-
ences in a species is a valuable tool for determining the
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relative magnitude of genotypic and phenotypic effects
on body shape due to the unique evolutionary histories
of different populations (Langerhans and DeWitt 2004).
Unique histories among organisms might produce dif-
ferent results under similar selective forces (i.e.,
historical contingency; Gould and Woodruff 1990;
Price et al. 2000), or natural selection might produce
similar outcomes under similar environmental condi-
tions (Schluter 1996a; Losos et al. 1998). Thus, when
different groups of organisms face a common environ-
mental gradient, their patterns of divergence might ex-
hibit both shared and unique elements (Langerhans and
DeWitt 2004). Experiencing similar environmental gra-
dients is a characteristic common across many different
organisms. For example, diversification occurs in fishes
across benthic and limnetic habitats (Robinson and
Wilson 1994; Schluter 1996b; Smith and Skúlason
1996), across lake and stream habitats (Sharpe et al.
2008; Kaeuffer et al. 2012) and across predator regimes
(Reznick 1982; Breden et al. 1987; Johnson 2001;
Langerhans and DeWitt 2004; Sharpe et al. 2008). The
explicit quantification of both shared and unique aspects
of diversification provides a greater understanding of
the relative roles of natural selection and historical con-
tingency in evolution (Langerhans and DeWitt 2004).

Fishes have a variety of body shapes and fin config-
urations that have functional roles in foraging and loco-
motion (Webb 1984a; Blake 2004; Langerhans 2008,
2009). Species that are adapted for cruising or steady
swimming reflect features that maximize thrust and
reduce drag. Thrust is maximized by a large anterior
body depth and mass to minimize recoil energy losses, a
high aspect ratio lunate caudal fin, and a narrow caudal
peduncle. These features, together with a streamlined
body shape also act to reduce drag. Species which show
posterior placement of paired fins, and longer and
narrower caudal peduncles are adapted for a ‘fast start’
type of propulsion (accelerating) to escape from preda-
tors, and/or to capture evasive prey. Fishes with a deep
body and long, anteriorly positioned median/paired fins
are well-suited for manoeuvring within complex habi-
tats (e.g. coral reefs, kelp beds, weedy rivers and ponds)
(Webb 1984a).

Morphological differentiation is an important mech-
anism for both range expansion and speciation (Rundell
and Price 2009; Yoder et al. 2010). A good example of a
species that illustrates both range expansion and speci-
ation is the pumpkinseed Lepomis gibbosus Linnaeus.
Polymorphism in sunfishes (including that of the

bluegill Lepomis macrochirus Rafinesque) is interesting
because it is embedded in the historical adaptive radia-
tion of North American sunfishes (Wainwright and
Lauder 1992), and occurs along the same resource and
habitat axes as those related to the formation of bluegill
and pumpkinseed sunfish taxa (Riopel et al. 2008).

The pumpkinseed is endemic to eastern North
America. The species was introduced into European
waters in the late nineteenth century (Künstler 1908),
and into the north-eastern Iberian Peninsula at the be-
ginning of the twentieth century (García-Berthou and
Moreno-Amich 2000), where it has spread rapidly
across Spain and Portugal (Godinho and Ferreira
1998; Elvira and Almodóvar 2001). Several studies
have demonstrated that morphological differentiation
occurs between pumpkinseed populations separated by
large geographical distances (Vila-Gispert et al. 2007),
those from adjacent lentic and lotic water bodies within
the same geographic range (Brinsmead and Fox 2002;
Naspleda et al. 2012), and even those within a single
water body (Robinson et al. 1993; Robinson andWilson
1996; Mittelbach et al. 1999; Gillespie and Fox 2003;
Bhagat et al. 2006). Morphological differences among
pumpkinseed populations are often interpreted as being
the result of contemporary processes, such as adaptation
to current environmental conditions, and a common
plastic developmental response (Robinson et al. 2000;
Gillespie and Fox 2003; Jastrebski and Robinson 2004;
Riopel et al. 2008), but it seems that historical evolu-
tionary processes also contribute to explain phenotypic
variation among native pumpkinseed populations
(Weese et al. 2012). Although a previous population
genetics study (Detta 2011) has suggested that Iberian
populations originated from source populations from
eastern North America, where most of the native popu-
lations analysed in this study came from, the influence
of historical evolutionary processes which have un-
doubtedly affected Iberian populations, have to be taken
into account to explain morphological variation among
native and non-native pumpkinseed populations.

Pumpkinseed develop convergent phenotypic char-
acters across similar ecological gradients (i.e. littoral/
benthic; pelagic/limnetic) (Robinson et al. 1993;
Gillespie and Fox 2003; Jastrebski and Robinson
2004), which could suggest that diversifying selection
drives an evolutionary response (Robinson and Wilson
1994; Robinson et al. 1996; Riopel et al. 2008) or could
reflect a common plastic developmental response. On
the other hand, Weese et al. (2012) pointed out that
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phenotypic convergence across North American regions
was also influenced by the evolutionary history and the
interaction between evolutionary history and contempo-
rary habitat. Under the framework proposed by
Langerhans and DeWitt (2004), one can quantify the
shared and unique responses of native and non-native
populations to a common environmental gradient.
Shared responses would suggest that common selective
pressures generate similar phenotypes across regions
with similar biophysical environments, whereas unique
aspects of divergence might be more reflective of his-
torical effects related to geographic origin and local
responses of populations to novel habitats. Examining
the nature and relativemagnitude of both shared features
and unique aspects of diversification will permit the
development of a stronger understanding of the relative
roles of natural selection, developmental plasticity, evo-
lutionary history and local environmental pressures
in explaining the patterns of morphological varia-
tion among native and non-native pumpkinseed
populations. We expect that shared responses will
be of great magnitude if the common selective
forces produced convergent patterns, whereas the
unique responses are expected to be high when
comparing distantly related populations and large
local environmental differences exist.

Methods

Sample sites

Native and non-native pumpkinseeds were collected
between 2003 and 2010 from lakes, rivers and reservoirs
within the Iberian Peninsula and east-central North
America (Fig. 1, Table 1). Pumpkinseeds at the northern
edge of their native range in Ontario, Canada were
sampled from six water bodies. Balsam Lake, Rice
Lake, Sturgeon Lake and the Otonabee River are part
of the Trent-Severn Waterway, which forms a connec-
tion between two Laurentian Great Lakes (Lake Huron
and Lake Ontario). Lake Simcoe is connected to the
Laurentian Great Lakes (Lake Huron); Looncall is an
inland lake situated north of Sturgeon Lake. All of these
lakes have extensive shallow nearshore areas with abun-
dant aquatic macrophytes. Fish communities within
these water bodies are similar to those in other north
temperate lakes, and include piscivorous species
(Micropterus salmoides Lacepède; Micropterus

dolomieu Lacepède; Perca flavescens Mitchill), and
cyprinids (e.g., Taillon and Fox 2004). Pumpkinseeds
were also collected from a reservoir in the central part of
its native range (Ohio, USA), and a river and a lake near
the southern end of its native range in North Carolina,
USA. All three of these U.S. populations have diverse
and structured communities, including piscivorous spe-
cies (M. salmoides and M. dolomieu), and sunfishes
(bluegill and pumpkinseed).

Iberian populations were collected from water bodies
where the pumpkinseed is known to be abundant. The
Ebro, Guadalquivir, Guadiana, Segura, Ter, Muga and
Fluvià are Mediterranean rivers, exhibiting a high de-
gree of seasonal water flow variation (Gasith and Resh
1999). Piscivores such as Silurus glanis Linnaeus,
M. salmoides, Anguilla anguilla Linnaeus, Ameiurus
melas Rafinesque and Sander lucioperca Linnaeus are
present at low density in all sites, except in the sampling
areas of the Ter and Fluvià rivers where piscivores are
absent, and in the Ebro River where there is a high
density of piscivores. Vila-Gispert et al. (2007) and
Naspleda et al. (2012) provide further site descriptions.
In the Guadanuño River (Guadalquivir Basin), the sam-
pling area was located in a small pool with a low density
of predators.

Susqueda, Ribaroja and Boadella reservoirs are lo-
cated in north-eastern Spain in the same catchments as
the Ter, Ebro and Muga rivers, respectively. These sys-
tems differ with respect to their littoral zones: Ribaroja
and Boadella contain shallow littoral zones with an
abundance of aquatic vegetation, whereas Susqueda
lacks any major littoral areas. Ojós Reservoir, locat-
ed in south-eastern Spain, is the smallest of the
lentic sites, and it contains steep-sided banks and
some shallow vegetated areas. Habitat and hydro-
logical differences among these reservoirs have been
previously described in Vila-Gispert et al. (2007)
and Naspleda et al. (2012). Piscivores are present
in all of these water bodies.

Sample collection and morphological assessment

Water conditions dictated the method of capturing
pumpkinseeds in the sampling sites. In Iberian water
bodies, individuals from lentic systems and the Ebro
River were collected by boat electrofishing, whereas
individuals from the Muga, Fluvià, Ter, Segura,
Guadiana and Guadanuño rivers were collected with a
shoreline electrofishing apparatus. In native water
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bodies, pumpkinseeds from the Otonabee River and
Looncall Lake were seined, whereas those from all the
other sampling sites were collected by boat electrofish-
ing. Pumpkinseeds were sacrificed in the field and kept
on ice until they were transferred to the laboratory.
Individuals were then frozen and later thawed.
Following the protocol of Gillespie and Fox (2003),
samples were subsequently transferred to 10% neutral
buffered formalin for several days, and then rinsed with
water and placed in 70% ethanol.

Morphological measurements from Susqueda,
Boadella, Ribaroja and Ojós reservoirs, Banyoles and
Looncall lakes, and from Muga, Fluvià, Ter, Ebro-1
(Flix), Segura and Guadiana rivers, were taken from
previous studies (Vila-Gispert et al. 2007; Naspleda
et al. 2012). Morphological measurements for all spec-
imens were made using digital callipers (precision
0.01 mm).

Fifteen linear external measurements among homol-
ogous landmarks that pertain to body size, fin position
and fin size were taken from all sampled individuals.
Fourteen of these measurements were used to calculate a
centroid to correct for the effects of body size (see
below), and 11 of measurements, previously identified
as having functional significance for swimming or for-
aging in pumpkinseed and other fishes (Robinson et al.
1993; Gillespie and Fox 2003; Jastrebski and Robinson
2004), were used to test for morphological differences
among populations (Fig. 2).

Statistical analysis

We examined morphological variation among native
and non-native populations between water body types
(lotic vs. lentic) using a nested Multivariate Analysis of
Covariance (MANCOVA). Dependent variables were
11 external morphological measurements (log10 trans-
formed to meet the assumption of normality), while
independent variables included body size with centroid
as covariate, geographic origin (native vs. non-native),
water body type (lotic vs. lentic), all possible interac-
tions, and populations nested within water body type-
geographic origin combinations. All non- predictor var-
iables that were not significant under the full model
were removed all at once from the analysis. For all
remaining factors in the model, MANCOVA was used
to generate canonical variates (CVs) that best explained
the variation associated with that factor. The factors of
particular interest include water body type (shared mor-
phological divergence among native and non-native
populations), geographic origin (specific history effect),
and the interaction between water body type and geo-
graphic origin (unique aspects of divergence between
native and non-native populations). To evaluate the
relative importance of these factors in the model, we
estimated effect size using Partial eta squared (η2),
which is a measure of the partial variance explained by
a given factor. Graphical representation of the canonical
variates for water body type and the interaction between

Fig. 1 Sampling sites of pumpkinseed populations in North
America and Iberian Peninsula. Native pumpkinseed were only
collected from the American states of Ohio and North Carolina,

and the Canadian province of Ontario. Non-native pumpkinseed
were collected throughout Spain. Landmasses are not to scale
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water body type and origin were made using MorphoJ,
geometric morphometrics software (Klingenberg 2011).

Because we included centroid size as a covariate, our
analysis provided a test for homogeneity of slopes.
Slopes were homogenous between the interaction of
geographic origin and water body type; however slopes
were not homogenous for either water body type or
geographic origin. The centroid size x water body type
and centroid size x geographic origin interaction terms
were centered (i.e. the covariate was converted to devi-
ation scores from a mean of 0) to provide meaningful
hypothesis tests of the water body type and geographic
origin terms by avoiding multicollinearity problems be-
tween water body type and geographic origin terms with
their interaction terms (Tabachnick and Fidell 2001).

To determine whether body size of our pumpkinseed
population samples could have influenced our
MANCOVA results, we tested for differences in body size
(centroid) between geographic regions and waterbody
types. We conducted this analysis using a Linear Mixed
EffectsModel, with geographic origin andwater body type
as fixed factors and population as a random factor.

We used discriminant function analyses (DFA) to
examine the strength of factor effects and to determine
the percentage of individuals correctly classified by the
discriminate function. Each DFA used morphological
variables as the dependent variables and one particular
factor as the independent variable. We used the resulting
DFA to classify fish by geographic origin irrespective of
water body type, water body type irrespective of

Table 1 Study site characteristics, system size (surface area for lentic systems and river length for lotic systems), date of sample collections,
sample sizes, and size range of wild pumpkinseeds collected at each sampling site

Site Latitude Longitude Surface area
(ha)

River length
(km)

Data
collection

Sample
Size

Size (mean and range)
LT (mm)

Iberian Peninsula

Susqueda 41.97 2.51 466 - 06/2004 43 100 (60–140)

Ribaroja 41.24 0.41 2152 - 05/2005 78 106 (65–168)

Boadella 42.35 2.82 364 - 05/2004 89 93 (67–131)

Banyoles 42.13 2.75 112 - 05/2004 52 134 (72–188)
05/2007 41

Ojós 38.16 −1.35 85 - 05/2008 66 83 (60–128)

Ebro-1 (Flix) 41.24 0.56 - 910 07/2007 136 82 (60–134)

Ebro-2 (Ascó) 41.18 0.57 - 910 08/2010 53 91 (62–140)

Guadanuño 38.01 −4.79 - 11.45 05/2009 42 94 (69–133)

Guadiana 39.09 −4.61 - 818 06/2006 22 84 (61–131)

Segura 38.28 −1.69 - 325 05/2008 100 102 (62–145)

Ter 41.99 2.82 - 208 05/2005 46 94 (66–119)

Fluvià 42.16 2.91 - 70 05/2005 55 90 (66–137)

Muga 42.28 3.04 - 58 05/2005 71 84 (67–104)

North America (Canada unless otherwise noted)

Lake Simcoe 44.43 −79.33 74,400 - 08/2007 31 180 (137–215)

Sturgeon Lake 44.46 −78.71 4499 - 09/2007 46 175 (140–200)

Balsam Lake 44.58 −78.83 4665 - 09/2007 35 163 (125–227)

Pymatuning Reservoir (USA) 41.49 −80.46 6918 - 09/2007 59 130 (80–165)

Yeopim River (USA) 36.07 −76.40 - 10 05/2006–06/2006 26 142 (84–169)

Lake Phelps (USA) 35.77 −76.45 6721 - 05/2006 23 166 (134–207)

Rice Lake 44.18 −78.16 10,020 - 06/2010 46 88 (58–164)

Otonabee River 44.23 −78.16 - 55 06/2010 45 109 (75–141)

Looncall Lake 44.44 −78.09 86 - 08/2003

Littoral 27 91 (65–129)

Pelagic 54 104 (68–146)

Environ Biol Fish (2017) 100:969–980 973



geographic origin, and geographic origin-water body type
combinations. The first DFA evaluated the magnitude of
morphological differences between geographic origins,
and the second examined the magnitude of shared features
of morphological divergence between water body types.
The thirdDFAwas done to assess the increase in predictive
ability over the second DFAwhen both shared and unique
elements of divergence were used to water body type
classification (Langerhans and DeWitt 2004). As a cross-
validation technique, we conducted DFA’s using jackknife
sampling, which removed one individual from the data set,
classified that individual based on a DFA of the remaining
data, returned the individual to the data set, and then
repeated this process for each individual. Statistical analy-
ses were conducted using RStudio software (version 3.2.3)
and SPSS Statistics 23.

Results

The nested MANCOVAs showed strong effects of geo-
graphic origin and moderate effects of both water body
type and geographic origin x water body type interaction
onmorphological traits (Table 2). Given the large variation
in body size among populations (Table 1), the analysis of
body size (centroid) differences using a linear mixed effect
model with geographic origin andwater body type as fixed
effects and population as a random factor showed that the

sampled pumpkinseed in North America were significant-
ly larger than those sampled from the Iberian Peninsula
(F1,19 = 11.15, P = 0.0035), but there were no significant
differences in body size between those taken from lentic
and lotic water bodies (F1,19 = 0.646, P = 0.4313) nor
between those fromNorthAmerican and Iberian lentic and
lotic water bodies (F1,19 = 0.110, P = 0.7436).

The effect of water body type suggests significant
morphological divergence between populations living in
lotic and lentic water bodies, regardless of geographic
origin. Canonical variates derived from this effect indicate
a shared axis of diversification (Fig. 3), although a large
amount of variation due to geographic origin remains
(Table 2). Morphological shifts were evident from the
examination of the canonical loadings from thewater body
type: pumpkinseed found in lotic water bodies exhibited a
more anterior placement of pectoral and pelvic fins, a
deeper anterior caudal peduncle and a deeper body than
those found in lenticwater bodies from the same geograph-
ic region (Table 3, Fig. 3). However, the shared axis of
morphological divergence also identifies differences be-
tween geographic origins: pumpkinseed from native pop-
ulations exhibit a more posterior placement of pectoral and
pelvic fins, a narrower anterior caudal peduncle and amore
slender body than pumpkinseed from non-native popula-
tions (Fig. 3). This divergence pertained to the greater
effect size of geographic origin than that of water body
type (Table 2).

Fig. 2 Modified box truss of external morphological traits, mea-
sured on the left side of each fish. Traits consist of (a) predorsal
length, (b) prepectoral length, (c) prepelvic length, (d) body depth
[anterior dorsal fin to pelvic insertion], (e) maximum pectoral fin
length, (f) pelvic insertion to anterior anal fin, (g) anterior dorsal to
posterior anal fin, (h) dorsal fin base length, (i) pelvic insertion to
posterior dorsal fin, (j) anal fin base length, (k) anterior caudal

peduncle depth, (l) dorsal caudal peduncle length, (m) ventral
caudal peduncle length, (n) posterior caudal peduncle depth, and
(o) caudal peduncle truss. This modified box truss was used to
calculate centroid size, and encompasses eleven morphological
traits that are identified as functionally significant for locomotion
in pumpkinseed (a, b, c, d, e, h, j, k, l, m, n)
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Unique responses of populations to waterbodies
within geographic origins were also evident
(interaction term; Table 2). Combining canonical axes
describing shared and unique aspects of morphological
divergence, the canonical axis derived from the interac-
tion term described a morphological shift between water
body types that was opposite in direction between native
and non-native populations. Native populations exhib-
ited shorter and deeper caudal peduncles and deeper
bodies in lotic habitats, whereas non-native populations
showed longer and slender caudal peduncles and more
slender bodies in the same type of habitat (Fig. 3).

In our nestedMANCOVA, we also found a moderate
effect of populations nested within water body type x
origin interaction (Table 2). This effect might be related
to unique histories of populations.

Based on morphology, the first DFA classified 90%
of the fish to the proper geographic origin (Wilks’s
λ = 0.388, P < 0.0001). The second DFA correctly
classified 73% of the fish to the proper water body type
despite the marked differences in morphology among
geographic origins (Wilks’s λ = 0.701, P < 0.0001). The
third DFA, which incorporated both shared (contempo-
rary selection and/or shared plastic developmental re-
sponse among water body types) and unique histories of
divergence related to geographic origins, correctly clas-
sified 67% of the fish into the proper geographic origin
and water body type (Wilks’s λ = 0.717, P < 0.0001).

Discussion

Our analysis revealed that contemporary patterns of
morphological variation among native and non-native
pumpkinseed populations can be explained by

contemporary selection and/or common plastic devel-
opmental response among water bodies, historical ef-
fects related to geographic origin and unique responses
of populations to habitats within geographic origin, and
that the effects of evolutionary history and the interac-
tion between history and contemporary habitat were
larger than contemporary processes in explaining mor-
phological variation at this large spatial scale. Our re-
sults are consistent with previous studies, which found
evidence that both contemporary and historical process-
es contribute to trait variation among species and popu-
lations (Taylor and McPhail 2000; Langerhans and
DeWitt 2004; Langerhans et al. 2006; Berner et al.
2010) and, specifically for pumpkinseed populations,
Weese et al. (2012) provided evidence that the effects
of history and the interaction between history and con-
temporary habitat were larger than contemporary pro-
cesses in structuring phenotypic variation across North
American regions. Each of these effects is discussed
below.

Our analysis detected strong effects of geographic
origin on morphological variation among pumpkinseed
populations (Table 2). But, the analysis of body size
differences showed that the sampled pumpkinseed in
North America were significantly larger than those sam-
pled from the Iberian Peninsula, but there were no
significant differences in body size between those taken
from lentic and lotic water bodies nor between water
bodies within geographic origin. These results suggest
that the morphological differences between North
American and Iberian pumpkinseed could be due, in
part, to the larger size of fishes in the former, but that
body size was not likely a factor in the lentic-lotic
differences nor in North American and Iberian lentic-
lotic differences found in our study.

Table 2 Results ofMANCOVA for variation in 11 morphological
trait measurements among 23 wild pumpkinseed populations. F
corresponds to Wilk’s lambda. Partial eta squared is a measure of

effect size (see Material and methods). Terms in square brackets
refer to a nested design

Source of variation F numerator df Error df P Partial eta squared

Geographic origin (OR) 73.16 11 1129 <0.001 0.416

Water body type (WBT) 30.92 11 1129 <0.001 0.232

WBT x OR 10.86 11 1129 <0.001 0.096

Centroid size (C) 29,554.08 11 1129 <0.001 0.997

OR x C 7.968 11 1129 <0.001 0.072

WBT x C 5.993 11 1129 <0.001 0.055

Population [WBT x OR] 22.01 209 10,829 <0.001 0.265
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Native populations exhibited morphological traits
such as more posterior placement of paired fins,
narrower caudal peduncles and body depths that were
more streamlined relative to non-native populations
(Table 3, Fig. 3); these particular patterns reflect char-
acteristics that are well-suited to steady swimming (or
cruising), fast-starts, and powered turns (sudden bursts
of unsteady swimming activity, also termed accelerat-
ing) (Webb 1984a; Blake 2004). In contrast, non-native
populations tended to exhibit more anteriorly positioned
paired fins, deeper caudal peduncles and deeper bodies,
which can facilitate low-speed manoeuvring in littoral

areas (Webb 1984b), where prey are cryptic and forag-
ing demands necessitate that individuals move through
areas with complex structures (Jastrebski and Robinson
2004).

The development of a ‘cruising’ and ‘accelerating’
morphology in North American populations could be
related to the stronger predation pressures experienced
by pumpkinseed in that region, because predation is
known to influence phenotypic development of several
fishes (Webb 1986; Reznick et al. 1997; Johnson and
Belk 2001; Langerhans and DeWitt 2004; Johansson
and Andersson 2009), including pumpkinseed

Fig. 3 Results for canonical variates for water body type
(CVWBT) and the interaction between water body type and origin
(CVWBTxOR). Symbols represent mean scores (± standard errors)
of each water body type x origin group mean scores, with group
means calculated from pooled individual fish within the group.
Traits that correlated most heavily onto each axis are indicated
(PREPELVL = prepelvic length, PREPECTL = prepectoral length,

ACPD = anterior caudal peduncle depth, ADFAPF = anterior
dorsal fin to anterior pelvic fin, VCPL = ventral caudal peduncle
length, DCPL = dorsal caudal peduncle length). Red outlines
represent the shape of a generic pumpkinseed; each truss connects
to a homologous landmark on the body. Black deformation grids
provide a visual representation of the shape differences between
axes, and are overlaid across the generic shape
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(Januszkiewicz and Robinson 2007). Pumpkinseed in
the Iberian Peninsula experience predation from some
obligate piscivores that are also not native to the Iberian
Peninsula (e.g. Silurus glanis; Carol et al. 2009); these
include species that were introduced from Europe and
North America [i.e. Esox lucius Linnaeus and
M. salmoides, respectively (Godinho et al. 1997)].
Despite the introduction of these piscivorous species,
fish communities in the Iberian Peninsula remain dom-
inated by cyprinids (Doadrio et al. 2011), which are
easier for predators to physically consume than the
pumpkinseed (Hoyle and Keast 1987). In fact,
M. salmoides from the Iberian Peninsula are known to
consume fewer pumpkinseed than other fishes, despite
the high abundance of pumpkinseed in Iberian water
bodies (Rodríguez-Jiménez 1989; García-Berthou
2002; see also Fox and Copp 2014). Pumpkinseed are
generally more important prey to obligate piscivores in
their native range than in Europe (Persson 2002), and
the phenotypic differences we detectedmay be the result
of higher predation risk in North America than in the
Iberian Peninsula. If so, the development of
manoeuvring traits in Iberian populations could be a
direct result of reduced predation risk. However, previ-
ous studies have suggested that differences in

morphological traits among native and non-native
pumpkinseed populations may be related to habitat type
and resource use (Vila-Gispert et al. 2007; Yavno et al.
2013), and to climatic differences including the degree
of environmental variability (Naspleda et al. 2012;
Yavno and Fox 2013). Furthermore, the observed dif-
ferences between North American and European pump-
kinseed could also have a genetic basis due to the
influence of the particular source populations that orig-
inally became established in Spain, to population bot-
tlenecks or genetic drift occurring in Iberian Peninsula
following colonization. The particular reason for these
differences cannot be determined without controlled
experiments or more detailed population genetic studies
than those that currently exist (i.e., Detta 2011).

Our study showed moderate effects of water body
type that reflect shared responses across two distinct
geographic regions, suggesting the presence of common
selective forces across water bodies, which may have
helped to produce convergent morphological characters.
Alternatively, a shared developmental response which
could have a genetic basis or not could also explain
similar divergent responses within each geographic re-
gion by pumpkinseed from lentic and lotic water bodies
(Fig. 3). The shared effects of water body type are
evident despite intercontinental differences in the biotic
and abiotic characteristics of the water bodies (e.g.,
climate, predation, competition, prey community). For
example, the similar kinematics necessary to forage in
littoral habitats, including the execution of sharp turns
using short and deep caudal peduncles (Webb 1984a,
1984b; Blake 2004), may reflect the similar develop-
ment of ‘manoeuvring’ traits exhibit by pumpkinseed
from different geographic regions.

We expected that pumpkinseed from lotic waterbodies
would exhibit characteristics that enhance swimming, re-
gardless of their geographic origin, because natural selec-
tion would favour streamlined body forms in lotic water
bodies. Our findings revealed that a proportion of morpho-
logical divergence, shared across geographically distant
populations, pertained to the position of the paired fins,
and body and caudal peduncle depth (Fig. 3). Some of
these results conform to previous observations among
pumpkinseed populations from lotic systems in their native
range (more robust caudal peduncles; Brinsmead and Fox
2002), and also in part with observations made on lotic
non-native populations (deeper bodies; Naspleda et al.
2012). While previous experimental work has demonstrat-
ed that native and non-native pumpkinseed are capable of

Table 3 Loadings of 11morphological traits on canonical variates
(CVs from MANCOVA, Fig. 3) for 23 pumpkinseed populations
analysed. Results are shown for the unique canonical axis for
water body type (CVWBT), geographic origin (CVOR) and for the
interaction between water body type and origin (CVWBTxOR). The
four traits that correlated most heavily on each axis are indicated in
bold

Morphological traits CVs

CVWBT CVOR CVWBTxOR

Prepelvic length −0.669 −0.485 −0.098
Prepectoral length −0.486 −0.404 0.129

Predorsal length −0.265 −0.381 0.036

Ventral caudal peduncle length 0.015 −0.329 0.497

Dorsal caudal peduncle length 0.229 −0.302 0.471

Dorsal fin base length −0.210 0.308 0.029

Anal fin base length −0.145 0.094 −0.284
Pectoral fin maximum length 0.272 −0.231 −0.295
Anterior caudal peduncle depth 0.330 0.414 −0.557
Posterior caudal peduncle depth −0.007 0.014 −0.268
Anterior dorsal fin to anterior
pelvic fin (ant. Body depth)

0.299 −0.174 −0.506
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developing streamlined body forms in response to water
flow (Yavno and Fox 2013), the present study does not
explicitly employ experimental work to support this find-
ing. Therefore, we are unable to ascertain if selective
pressures that pertain to swimming within these aquatic
systems or alternatively, common plastic developmental
responses have contributed to the shared morphological
divergence. Future work could test the swimming perfor-
mance of pumpkinseed from lotic and lentic water bodies,
to identify whether water flow may represent one of the
selective pressures which contributes to the shared mor-
phological divergence.

Finally, we also found moderate effects of the inter-
action between geographic origin and water body type.
These unique divergence patterns may suggest that par-
ticular body forms enhance fitness within their respec-
tive water body (Langerhans and DeWitt 2004). That is
to say, there are probably alternative forms of achieving
the hydrodynamic optimum for lotic water bodies. The
unique axis of diversification (water body type x origin
interaction, Fig. 3) revealed differences between native
and non-native populations from lotic water bodies with
respect to their body depth, and the length and depth of
their caudal peduncle. The size/shape of body and cau-
dal peduncle may align differently in each geographic
region to achieve the phenotypic form that is optimal for
that specific aquatic system. Divergent phenotypic re-
sponses have been identified in previous empirical stud-
ies. Yavno and Fox (2013) found that under flowing
conditions, Iberian young-of-year pumpkinseed exhibit
morphological changes to their caudal region that are
the opposite of the changes observed in North American
populations. Those findings suggest that morphological
divergence related to flow may have a genetic basis, but
as with the present study, this interpretation must be
taken with caution because of the small number of
populations tested.

Evolutionary historic differences between geograph-
ic regions influence how pumpkinseed respond to di-
versifying selection between water body types. In fact,
differences in evolutionary histories could result in an
evolutionary constraint, in which case any adaptive or
developmental response would be biased by differences
in the evolutionary history between geographic regions.
Alternatively, unique divergence patterns might be re-
flective of events that occurred over the course of rapid
contemporary evolution. These possibilities can be
assessed by relating phenotypic differences among pop-
ulations to genetic variation in mitochondrial DNA and

microsatellite loci. On the other hand, Kaeuffer et al.
(2012) suggested an ecological explanation for pheno-
typic divergence among populations which is related to
the classification of environments into discrete types (in
our study, lotic vs. lentic water bodies) and ignoring
selective factors that differ among a given water body
type. As they suggested, this explanation can be evalu-
ated by relating trait differences among populations to
quantitative differences in important ecological vari-
ables such as prey availability, diet, or the type and
abundance of predators.

In conclusion, our analysis provides evidence that the
patterns of morphological variation among native and
non-native pumpkinseed populations can be explained
by both shared (natural selection and/or common plastic
developmental response among water bodies) and
unique features of divergence (historical effects related
to geographic origin and local responses of populations
to habitats within geographic origin). We found that
morphological divergence patterns shared across native
and non-native populations are of lesser magnitude than
those that are unique, suggesting that natural selection
and/or common plastic developmental responses are
weak in comparison to the relative roles of evolutionary
history and local environmental pressures in explaining
morphological divergence patterns among native and
non-native pumpkinseed populations. These findings
may contribute to increase our understanding about the
nature and magnitude of the processes involved in the
successful invasion and expansion of the pumpkinseed
in the Iberian Peninsula and to highlight the evolution-
ary implications of invasions.
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