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ABSTRACT

A species introduced outside of its native range will likely encounter unusual abiotic and biotic conditions,and
may exhibit phenotypic traits that may facilitate survival and persistance. Phenotypic plasticity drives non-native
species’ development of adaptive traits in the new environment, increases their fitness, and as a result, con-
tributes to invasion success. In this study, we examined inter and intraspecific phenotypic variation (body size
and shape) for an invasive (Carassius gibelio) and introduced (Cyprinus carpio) cyprinid fish species (Teleostei:
Cyprinidae) in the Diiden Stream, Turkey, which is a small-scale river system. We hypothesized that interspecific
phenotypic variation correlates with fish-specific variables and river site. We further hypothesized that these two
species may exhibit similar phenotypic variation patterns between populations. The MANCOVA revealed that
species-specific traits, river site, had significant effects on body shape variation and size along the stream. The
differences in the shape of the head, the central portion of the body, and fins in both species most probably
reflected differences in the swimming and feeding of the fish, possibly to avoid interspecies competition. The
intraspecific phenotypic variation observed in both species may indicate rapid local adaptation, triggered by

multiple founding event, or/and phenotypic plasticity.

1. Introduction

The growth, development, and maturation of individuals within a
species may be directly or indirectly affected by abiotic and biotic fac-
tors, and may result in the emergence of diverse morphologies
(Novomeska et al., 2013). This may be due to the interactive effects of
natural selection, genetics, and as well as the environmental influences
on individual ontogenies (Cadrin, 2000). Intraspecific variation can
affect community structure and ecosystem functioning through the dif-
ferential contributions of individuals to trophic interactions, ecosystem
productivity, nutrient cycling, and/or ecosystem engineering (Lang
et al., 2021). This kind of morphological variations can occur in a con-
tinental area, regional scale, or local scale such as a single river system,
or even within a single lake (Park and Bell, 2010; Webster et al., 2011;
Radojkovic et al., 2018; Scott et al., 2022).

The ability of species introduced outside of their natural range to
survive in the new environment and successful in establishing sustain-
able populations is the result of their ability to use new resources
(phenotypic plasticity) and/or to adapt (Sakai et al., 2001). Morphology
and reproductive traits that reflect the ability of a species to adapt to
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new conditions, expand its range and survive, and mitigate the effects of
environmental variation during invasion are linked to phenotypic
plasticity (Zahorska et al., 2017), founder effects and genetic drift
(Cerwenka et al., 2023). In fact, when introduced or invasive species
enter a different region not within their natural range, they may be
exposed to different environmental conditions than they have experi-
enced throughout their evolutionary history. In such a situation, suffi-
cient numbers of individuals may not survive until they acquire the
necessary genetic traits to exhibit phenotypic adaptations. At this stage,
adaptive plasticity (phenotypic plasticity) can increase invasion success
by producing favorable traits acquired through directional selection by
each subsequent generation (Yavno and Fox, 2013). Phenotypic plas-
ticity based on morphology is quite common in invasive species
(Zahorska et al., 2009; Cerwenka et al., 2014; Mangit et al., 2018). Thus,
external morphometry is one of the most accessible ways to assess how
species cope with environmental plasticity. (Novomeska et al., 2013).
In this study, we investigated the patterns of phenotypic variability
of an invasive and introduced cyprinid fish species: a gibel carp Carassius
gibelio (Bloch, 1782), and the common carp Cyprinus carpio (Linnaeus,
1758), respectively. Gibel carp was first introduced to Turkiye in the
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1980s (Baran and Ongan, 1988). Rapid increases in abundance and
distribution, reproductive strategy, resistance to unfavorable conditions,
and phenotypic plasticity of the gibel carp increase its invasion success
(Tarkan et al., 2012). Although the the common carp, C. carpio is a
native species for some regions of Turkey (Atalay et al., 2017), it has
been transported to almost all parts of Turkey due to aquaculture pro-
duction and stocking programs and has subsequently been reported as
an introduced fish. The gibel carp was also unintentionally and/or
accidentally introduced as contaminant in common carp stocking (Tar-
kan et al., 2015). Since there is no previous study on the fish biodiversity
of the Diiden Stream, it is not known when this species was introduced.
The only data we have is the study of Kiiciik and Ikiz (2004) in the
Kirkgoz Spring-Diiden Stream between 1994 and 1996 and 2002-2003,
these two carp species were not reported. The system offers the possi-
bility to examine phenotypic variation and assess the invasive potential
of non-native species in such a small-scales and in less than 20 years
after the introduction. In this context, this study aimed to reveal the
interspecific and intraspecific phenotypic variation (body size and
shape) patterns of sympatric the gibel and the common carps by using
geometric morphometric analyses. We hypothesized that interspecific
phenotypic variation to increase in relation to fish-specific adaptive
traits and/or river site.river site. Because the adaptive responses of
species expanding in new environments to changing selection regimes
may be species-specific, and sympatric species that share the same
habitat and compete for resources may tend to develop different
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phenotypes to reduce competition (Cerwenka et al., 2014). river site
Since both cyprinids species exhibit similarities in habitat use (both
fishes inhabit still, slow-flowing, and well-vegetated water bodies) and
feeding habits (both fishes feed on a variety of benthic organisms and
plant material) (Froese and Pauly, 2023), we hypothesized that these
two sympatric species, due to their similar ecological preferences, may
demonstrate comparable phenotypic variation patterns among pop-
ulations depending on the river site.

2. Material and method
2.1. Study area

The Diiden Stream, is 14 km long, originates from the karst Kirkgoz
Springs and drains into the Mediterranean Sea (Fig. 1). The stream
mostly flows through Antalya city center. In the upper basin of the river,
the natural flow of water was disrupted a long time ago (~1967) and
confined within a channel. A large part of the water coming out of the
spring is taken into the canal for Kepez Hydroelectric Power Plant
(HPPs), and some of it goes underground through the karst waterways in
the sinkhole and permeable travertine (Environmental Research Turkey,
2020). The sinkhole emerging at the Kirkgoz spring forms a lake, and
many times the water disappears at the mouth of a cave, passing a few
kilometers underground and coming out again through the rocks. It
passes over a waterfall (the upper the Diiden waterfall) where it emerges

10 kmi ]
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waterfall

site2
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Fig. 1. Satellite image of the Diiden Stream and the position of the three study sites (), two HPPs (Kepez 1 and 2 Hydroelectric Power Plants), and waterfall (the

upper Diiden waterfall).
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for the last time, flows to the shore as a stream without sinking again,
and pours into the Mediterranean Sea (the lower the Diiden waterfall)
over a 40 m high cliff. Annual precipitation is 856 mm, and the mean
annual flow of the stream is 23.8 m>/s (Ayaz et al., 2013).

Both fish species were sampled from three different sites along the
Diiden Stream. Site 1 was located above the HPPs (about 2 km) and in
the water retention pond of HPPs. Site 2 was in the main channel of the
stream and Antalya city center which was under the influence of ur-
banization, agriculture, and industrial activities (pollution from manure,
industrial and domestic sewage and wastewater) below the HPPs and
waterfall. Site 3 which is close to the area where the river falls into the
sea from the waterfall was approximately 4.5 km below site 2. In
addition, the water current of this site was partially blocked by a small
barrier, thus reducing the flow velocity.

2.2. Fish sampling

Fishes were captured from these three sites between May to
September 2022 using fyke-nets with a 12 — 35 mm mesh size, and trawl
nets with different mesh sizes (8-55 mm). Collected fish were anes-
thetized with MS-222, and then fixed in 10 % formalin and transferred to
70 % ethanol for storage. The standard lengths of the fish individuals
were measured in the laboratory. To further reduce the effects of size,
only individuals with SL range from 6.6 cm to 18.1 (mean = 11.54, SD =
2.98) in gibel carp and from 3.4 to 20.4 cm (mean = 11.36, SD = 6.10) in
common carp were included in the analysis.

2.3. Geometric morphometric analysis

Photographs of the lateral left side of each individual were taken at a
constant distance of ca. 50 cm using a digital camera (Nikon® D90)
attached to a tripod at approximately 50 cm above the sample.. Photo-
graphs were converted into.tps files, using tpsUtil software (Rohlf,
2015). Both geometric and linear morphometric measurements were
recorded for each sample by the same person using the tpsDIG2 software
(Rohlf, 2015). Twenty-two landmarks (Fig. 2) digitized x and y co-
ordinates were generated. Raw landmark coordinates were subject to a
Procrustes superimposition to remove size, position, and orientation
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effects and standardize each specimen (Zelditch et al., 2012). The only
variation after this process is particularly shaped variation, and this also
allows shape comparisons free from allometric growth associated with
early ontogeny between populations (Hooker et al., 2022). The centroid
size is used as a measure body size (Zelditch et al., 2012). All these
processes were performed using MorphoJ version 1.05f (Klingenberg,
2011).

2.4. Statistical analysis

Interspecies variation: Normality and homogeneity of variances of
centroid size values assumptions were evaluated with Shapiro-Wilk (p <
0.05) and Levene tests (p > 0.05), respectively. Centroid sizes were
compared using the Kruskal-Wallis followed by pairwise Dunn’s post-
hoc tests. Principal Component Analysis (PCA) was used to analyze
the interspecific shape variation of both species. PCA reveals both the
amount of variation and the shape variation associated with each
component using Procrustes coordinates (Bravi et al., 2013). Following
these analyses, Multivariate analysis of covariance (MANCOVA) was
performed to determine whether body shape varied among the species
and river site using IBM SPSS Statistics 23 (IBM Corporation). In the
MANCOVA, PC scores (explaining at least 1 % of shape change) served
as dependent variables describing body shape, species (the gibel and the
common carps), river site (three sites), and the interaction between
species and river site while centroid size was a covariate (to test for
allometry). MANCOVA was followed by Wilks’” A test to determine the
degree of shape difference explained.

Intraspecific variations: Spatial differences in centroid sizes of pop-
ulations were tested using Kruskal-Wallis followed by pairwise Dunn’s
post-hoc tests. Because PCA represents the overall variation in all sam-
ples, Discriminant analysis (DFA) was used to further quantify and
visualize inter-population differences (intraspecific variation) (Zelditch
et al., 2012). The “Jackknife Groupings” test was used for group as-
signments. Whether the group differences based on the shape revealed
by the DFA score were statistically significant was tested with ANOVA.
All these analyses were performed using PAST 4.0.4 exe.

Fig. 2. Location of the 22 landmarks used for geometric morphometric analysis (fish illustration is taken from Matschie et al., 2023): 1: anterior point of dorsal fin
base, 2: posterior point of dorsal fin base, 3: dorsal point of peduncle-caudal fin junction, 4: the middle point of caudal peduncle, 5: ventral point of peduncle-caudal
fin junction, 6: posterior point of anal fin base, 7: anterior point of anal fin base, 8: anterior point of pelvic fin base, 9: posterior point of pectoral fin base, 10: ventral
projection of pelvic fin, 11: ventral end of the gill slit, 12: injection point of operculum and preoperculum, 13: mouth tip, 14: dorsal head-body junction, 15: upper
portion of the operculum, 16: anterior point of pelvic fin base, 17: posterior point of pelvic fin base, 18: posterior portion of the operculum, 19: the upper margin of
the orbital socket, 20: posterior medial edge of orbital socket 21: the lower margin of the orbital socket, 22: anterior medial edge of orbital socket.
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3. Results

3.1. Interspecific variations in morphology of invasive and introduced

fishes

A total of 65 common carp and 26 gibel carp were analyzed for shape
and size variation. There was no statistically significant difference be-
tween the two species in centroid size = 2.34,p =0.126). MANCOVA
revealed that the covariate and all factors had significant effects on body
shape variation (Table 1). Species and species-river site interaction had
the strongest effect on body shape (ng =0.37, ng = 0.42, respectively),
whereas river site was significant, but its effects were relatively weak in
explaining body shape variation (ng = 0.07).

Although the PCA biplot showed a range of overlap in body shape
between gibel and common carps, the plot that best visualize the shape
distinction was between PC 1 and PC 3. The PCA’s PC 1, 2, and 3
explained 29.60, 17.98, and 14.30 % of the total variation in the two fish
species. PC1 compared head length, eye sizes, and body depth, while PC
3 compared dorsal fin position and length, anal and pelvic fin positions
(Fig. 3). The relative total amount of variation explained by the
regression between centroid size and shape variables was 24.95 % for
common carp and 19.97 % for the gibel carp.

3.2. Intraspecific variations in morphology of invasive and introduced

fishes

The populations of both species differ in body size (centroid size).
Populations from site 1 had the smallest, and populations from sites 2
and 3 had the largest size for the gibel and common carp o? =16.43, )
< 0.001, X = 21.16, p < 0.001, respectively). Discriminant function
analyses (DFA) indicated that there was a significant shape difference
among river sites in both species (Wilk’s A = 0.009, x* = 204.99, p <
0.0001, Wilk’s A = 0.000, x> = 92.33, p < 0.0001). DFA correctly
classified 75.4 % of common carp and 51.6 % of gibel carp into the
correct habitat. The highest classification rate was recorded for site 1,
while the lowest classification rates were recorded from sites 2 and 3 for
common and the gibel carp (Table 2).

In the common carp, the first DF accounted for 89.30 %, and the
second accounted for 10.70 % of the between-group variability,
explaining 100 % of the total between groups variability (Fig. 4a). DF 1
reflected variation associated with landmarks 1, 2, 9 (central body
depth), 5 (the caudal peduncle length), 11, 12, 13, 14, 15 (head length),
and 16, 17 (position of pectoral fin), and 19, 21, 22 (eyes position). DF 2
was associated with variation in landmarks 1 (dorsal fin length), 3
(mouth position), 5 (ventral point of caudal peduncle), 8—9 (the po-
sitions of the pelvic fin), and 15-18 (operculum position) (Fig. 4a). In
the gibel carp, the first two DFA axis contributed 96.6 % (DF 1) and 3.4
% (DF 2) of the total variation (Fig. 4b). Wireframe deformation plot
explained the variation associated with the position of the caudal
peduncle (landmarks 3, 4, 5), and both the position of the anal and
pelvic fin and depth of the central body (7, 8, 9, 10), and position of the
head and operculum (12, 13, 14, 15, 18) for DF 1. DF 2 reflected the
shape variation associated with the body depth (7, 8, 9) and the position
of the dorsal fin (1, 14), and the pectoral fin (Fig. 4b).

DFA analysis, revealing the effect of river site on body morphology,

Table 1
MANCOVA tests result for the effects of species, river site, and their interaction
on body shape for C. carpio and C. gibelio.

Effect Partial variance F df p

(%)
species (S) 0.368 12.88 10.75 < 0.001
river site (RS) ~ 0.074 20.13 20.150 < 0.001
Sx RS 0.424 4.02 20.150 < 0.001
Centroid size 0.230 25.06 10.75 < 0.001
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grouped the three populations significantly apart from each other for
both fish species (Fig. 5a-b). The DF1 clearly differentiated populations
from sites 2 — 3 to site 1. In the common carp, some individuals from the
site 1 population with positive DF1 and negative DF2 values were
characterized by larger eyes, and enlarged operculum in contrast to
individuals from the site 3 population. Individuals of site 2 populations
with negative DF1 and DF2 values had smaller eyes, and deeper central
body part relative to some individuals from site 1 with positive DF1 and
DF2 (Fig. 5a). The gibel carp population from site 1 which was associ-
ated with the positive extreme along DF1 had a deeper central body part
and head region. The population from site 2 with negative DF1 and
positive DF2 was characterized by an elongated body, narrower oper-
culum, and slightly longer dorsal fin than the population from site 3
(associated with the negative DF1 and DF2) which had a narrower
central body region, larger head region and operculum, larger eyes, and
extended caudal peduncle (Fig. 5b). The DF1 axis which explained the
highest proportion of total shape variation between groups revealed that
river site was responsible for shape variation among populations for the
common carp (ANOVA, F = 851.4, P = < 0.0001) and gibel carp
(ANOVA, F = 222.1, P = < 0.0001). The shape of the site 1 population of
the common carp is clearly different from the other two populations
(from sites 2 and 3), this was well illustrated by the box plot for DF1
scores. A similar situation was valid for the gibel carp, but there was a
significant shape difference among all three populations.

4. Discussion

The common carp (Cyprinus carpio) has been introduced to almost all
parts of Turkey through stocking programs to enhance fisheries (Vilizzi
et al., 2015). The gibel carp also emerged accidentally through batches
of C. carpio and has become the most abundant species in Turkey today
by establishing populations in reservoirs, lakes, ponds, and river chan-
nels (Tarkan et al., 2012). In this study of sites along the Diiden River,
both fish species were found to coexist. However, in general, common
carp was more abundant than the gibel carp in fishing gear (personal
observation of N. Kaymak). Although it was known that these two spe-
cies experience trophic niche overlap especially in the summer season
(but not in the winter season) when sympatric (Kaymak et al., 2023),
their competitive interactions with each other are not yet fully under-
stood. However, in the study conducted by Dominguez Almela et al.
(2021) on the competitive interactions of the common carp with the
crussian carp (Carassius carassius), it was reported that the common carp
have the ability to consume more resources in a shorter period of time
and, therefore, were much stronger competitors. In many cases, if two
closely related species with similar life histories and behaviors live on a
single resource, the one with a slight advantage will out-compete the
other: Complete competitors cannot coexist. This is known as the
competitive exclusion principle (Capitan et al., 2015). However, char-
acter displacement may facilitate species coexistence through niche
partitioning and/or interspecific niche differences (Stroud et al., 2019).
The differences in body shapes of the two species in this study may be a
result of ecological character displacement. For example, differences in
functional trait related to feeding (head and eye size), habitat use (body
depth), and swimming (fin length) may reflect ecological characters
displacement and niche differences. This process may facilitate the
coexistence of sympatric non-native species in a new environment. More
detailed studies are needed to better explain coexistence patterns and
interspecific phenotypic variation.

Sympatric species that share the same habitat and compete for re-
sources tend to develop different phenotypes, thereby increasing inter-
specific morphologic variability (Luiz et al., 2022). As a result of both
morphological and behavioral adaptations, interspecific competition
can be reduced (Platell et al., 2006). PCA biplot graphs showed that
body shapes partially overlapped between the two species. However, the
results of multivariate covariance analysis revealed that the impact of
species-specific traits on phenotypic variation was greater compared to



C. Mert Goren and N. Kaymak

Saudi Journal of Biological Sciences 31 (2024) 103943

C. carpio
H 0,043 o
— 2 .
° 0304* .
.Q. P .
* * 00i5leq ®
™ J OD. '.\ [ R
o , L]
¥ o L) ® %o ° °
¢ T v e 0 — T T
-0.125 -0.100 -0.075 -0.050 -0.085¢ | #®0.025 0,050 0.075
. ® ©.0015 v
C. gibelio Flog, %° °
= = o 0030;] % e
r— o - - ©
SmSEEs = ® 00454 _
- = PC1
CH ]

Fig. 3. PCA ordination of body shape between C. carpio (blue dots) and C. gibelio (red dots) from the Diiden Steam. PC 1 explained 29.60% and PC 3 explained
14.30% of the total variation. Shape variation of fishes depicted by thin-plate spline using a deformation heat map (dark red spots represent the fish’s body shape
expanding beyond its mean shape, blue spots represent the fish’s body shape shrinking relative to the average shape).

Table 2
Jackknife grouping test results show the number and percentage of individuals
assigned to a river site for both fish species.

C. carpio N site 1 site 2 site 3

site 1 30 27 (90 %) 1 2

site 2 19 0 12 (63.2 %) 7

site 3 16 1 5 10 (62.5 %)
C. gibelio

site 1 8 5 (62.5 %) 0 3

site 2 13 4 6 (46.15 %) 3

site 3 5 2 1 2 (40 %)

the effect of river site alone. Additionally, the interactive effect of river
site and species-specific traits was also quite significant. These results
are found to be consistent with our first hypothesis. Because an organ-
ism’s phenotype (body shape and size) could exhibit different patterns
not only based on species-specific traits but also in response to abiotic
factors such as resource availability (Raffard et al., 2020), habitat suit-
ability (Thuiller et al., 2010), and disturbance (Mouillot et al., 2013).
Many studies have investigated the relationship between interspecific
variation in morphology such as body shape and size, and environ-
mental conditions (Langerhans and Reznick, 2009; Leavy and Bonner,
2009; Wellenreuther et al., 2010).

We hypothesized that these two sympatric species, due to their
similar ecological preferences, could exhibit similar patterns of pheno-
typic variation among populations based on river site. Overall, our re-
sults have partially supported this hypothesis. In both species, they
showed a partially similar trend in morphological variation at lentic-
characterized site 1 and lotic-characterized site 2. However, their
shapes were completely different at lotic-characterized site 3. Both
species have larger head widths, larger eyes, and wider operculum at site
1 compared to site 2. Differences observed in head shape among habitats
may reflect variations in feeding, such as foraging mode or dietary
composition (Langerhans et al., 2003; O’Reilly and Horn, 2004). The
similar variation in head shape observed in both species may indicate
their specialization on habitat-specific similar food sources. Both the

gibel carp and common carp are generalist omnivores, and they
particularly consume larger zooplankton and benthic invertebrates
(such as Cladocerans, Copepods, Ostracods, Dipterans, etc.) in lakes and
reservoirs (Balik et al., 2003; Giil et al., 2010), and algae, detritus, and
small invertebrates in rivers (Partal and Ozdilek, 2019; Imran et al.,
2021). Habitat-dependent differences in food preferences can influence
operculum and eye size, consequently affecting head width. For
instance, Wilson et al. (2015) reported that cichlids feeding on small
benthic invertebrates have a narrower operculum, while those feeding
on larger zooplankton have a broader operculum.

In both species, the shape differences were primarily observed in the
head region as well as the width of the central portion of the body, the
position of dorsal, anal, and pelvic fins, and the width of the caudal
peduncle. However, this time, these characters exhibited different
variation trends in both species: at site 1, the body of the common carp
was narrower and longer, while the gibel carp’s body was deeper. On the
other hand, the situation was reversed at site 2. When considering this
character, our results were not consistent with our second hypothesis.
The central body width and fin shape differences that arise particularly
due to variations in water velocity between lentic and lotic habitats are
often associated with swimming and maneuvering capabilities in fish.
Specifically, selection in lotic habitats can result in fusiform (narrow and
elongated) body shapes that reduce friction and allow for prolonged
swimming, thus reducing energy expenditure. On the other hand, in
lentic systems, increased body depth enhances swimming speed and
maneuverability (Franssen, 2011). Indeed, many species can exhibit
different responses to environmental changes. For instance, Atlantic
salmon (Salmo salar) had a deeper body in lotic systems, whereas brown
trout (Salmo trutta) had a more fusiform body (Pakkasmaa and Piironen,
2001). In this study, the two fish species have developed different so-
lutions to cope with water velocity challenges. In a lotic system, various
microhabitats such as pools, riffles, and runs provide shelter from the
constant water flow, reducing the need for well-defined traits (Brin-
smead and Fox, 2002). Both species could enhance invasion success
through adaptive phenotypic plasticity by utilizing different microhab-
itats within the same river site (Cano et al.,, 2008), thus avoiding
interspecific competition for habitat.
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(a) C. carpio

Fig. 4. Wireframe obtained from Discriminant analysis (DFA) for both fish species (the light blue lines are the average shape, and dark blue lines show the shape
variation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Discriminant analysis and thin-plate spline showing the shape variation of C. carpio (a) and C. gibelio (b) among sites along the Diiden Stream.

The invasive gibel carp have shown higher phenotypic variation
compared to introduced common carp. While common carp exhibited
two different phenotypes (or shapes) along the Diiden River (one
phenotype from site 1 and another from sites 2 and 3) (Fig. 5a), the gibel
carp displayed three different phenotypes (one for each population)
(Fig. 5b). The common carp had a deeper body at sites 2 and 3, and a
narrower body with large eyes and a broader operculum at site 1. The
body shape differences in common carp may also be related to allom-
etry, where shape variation is associated with size variation (Klingen-
berg and Marugan-Lobon, 2013). Because the populations from sites 2
and 3 had a larger body size (centroid size) compared to the population
from site 1. Additionally, another reason for this variation could be that
these fish might have been introduced by a single founder population,
but populations in the upper and lower reaches could have become
isolated from each other due to natural and artificial barriers

(hydroelectric power plants and waterfall) below site 1. This isolation
can lead to reduced gene flow between populations from site 1 and
populations from sites 2 and 3, hence genetically distinct populations
due to the resulting population bottlenecks and inbreeding (Willis et al.,
2012; Garner et al., 2013). The population of gibel carp from site 3 was
characterized by a broader head, caudal peduncle, and a narrower body
compared to the other two populations. Since we don’t have genetic
data for both species in the Diiden Stream, it is challenging to precisely
explain the reasons behind this variation. However, possible reasons
could include habitat use and feeding-related phenotypic plasticity,
rapid local genetic adaptation, multiple founder populations, the effect
of sexual dimorphism (Cerwenka et al., 2014), and barrier effects.
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5. Conclusion

In this study, it has been found that sympatric invasive (the gibel
carp) and introduced (the common carp) fish species exhibit strong
inter- and intraspecific morphological variations. Especially, river site-
dependent ecological factors and species-specific traits have been
found to play a crucial role in promoting phenotypic divergence. We
have observed that even in small-scale river systems, these species can
have different functional and trophic characteristics. Although this may
vary depending on the geographic scale and the invasive species, this
situation can have diverse effects on ecosystem functioning and food
web structure. Determining the ecological and evolutionary processes
that cause phenotypic variations of invasive species populations is of
great importance for invasive species management. Therefore, we sug-
gest that future studies focus primarily on the population genetics of
invasive fish, and then test the phenotypic plasticity of these two species
with sex, environmental (abiotic and biotic), and ecological factors
(food preferences, foraging tactics) to further increase our understand-
ing of what triggers the invasive success of invasive species.
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