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Round goby Neogobius melanostomus is one of the three invasive Ponto-
Caspian gobies found in the Sava River basin in Croatia. It has a negative
effect on the native ecosystems due to its high invasive potential that
enables its rapid spread upstream in inland watercourses. The objective
of this study was to determine the differences in sagittal otolith and scale
shape of the frontal and established populations of N. melanostomus in
two different habitat types. At two sampling sites in the main course of the
Sava (Babina Greda, Slavonski Brod) and in a modified habitat (Sava-Odra
canal), 20 individuals of N. melanostomus were collected and analysed.
The geometric morphometric method was used together with Procrustes
analysis of variance, canonical variate analysis and discriminant function
analysis to analyse the otolith and scale shape. Significant differences in
both otolith and scale shapes were found between settled (Babina Greda)
and frontal (Slavonski Brod) populations from the main course of the Sava
River. The main differences were the wider anterior part of the scales and
a more pronounced open indentation on the otolith of the Babina Greda
population. The settled population in the Sava-Odra canal was significantly
different in otolith shape from the Babina Greda population but not from
the Slavonski Brod population, suggesting that the upstream migration
consisted of individuals with specific phenotype and genotype. Otoliths

Keywords: generally expressed greater shape variability than scales and thus may be

Geometric morphometry more useful for differentiating between closely related populations on a

Shape finer scale. The results of this study suggest that the shape of otoliths and

Frontal and settled populations scales can be used to distinguish between closely related populations of

River N. melanostomus from different habitats but more comprehensive studies

Canal are needed due to the small number of samples.
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INTRODUCTION

In recent decades, several dramatic expansions of invasive
species have been found (Roche et al.,, 2013). These
invasions create global environmental change as invasive
species can cause environmental impacts on ecosystems
(Glamuzina et al., 2021). A major part of continental
Croatia belongs to the Sava River basin, comprising a
network of tributaries and sub-tributaries (Jakovli¢ et al.,
2015). The Sava River flows through Slovenia, Croatia and
Serbia, and joins the Danube in Belgrade after a course of
926 km. Throughout this course, the Sava River has a very
wide spectrum of different habitats, hosting 74 native and
15 non-native fish species (Simonovic et al., 2015). Among
the non-native species in the Sava River basin, three
Ponto-Caspian gobies (monkey goby Neogobius fluviatilis,
round goby Neogobius melanostomus, bighead goby
Ponticola kessleri) native to the Black and Caspian seas,
have considerably extended their distribution upstream
in the river (Jakovli¢ et al., 2015). All three species
showed very high invasive potential (Radocaj et al., 2021).
However, most recently, N. melanostomus became the
most abundant in the Sava River basin (Piria et al., 2011a,
b; Piria et al., 2016; Jaksi¢ et al., 2020).

Neogobius melanostomus is a small benthic fish and is
among the most frequently unintentionally introduced
fish species outside of its natural habitat (Corkum et
al., 2004; Kornis et al., 2012). Its fast expansion has
considerable deleterious impacts on the ecosystem
(Kornis et al., 2012), which was also noted in the Sava
River (Piria et al., 2016).

Otoliths are small calcium carbonate structures located
in the inner ear cavity (directly behind the brain) of bony
fish. These pearly white stones serve as a balance organ
and contribute to hearing (Rodriguez-Mendoza, 2006).
The structure of otoliths is three-dimensional and all
three otolithic organs respond to sounds and vestibular
movements of the head (Popper and Fay, 1993). They do
not necessarily grow at the same rate, and their size and
shape vary considerably among species, but also among
individuals of a species (Morales-Nin, 2000; Campana
and Thorrold, 2001). In contrast to otoliths, fish scales
(ctenoid and cycloid) are determined by the growth of
circular lines that form yearly increments (annuli) (lversen,
1996), and due to seasonal changes in temperature or
food availability, major life history events are recorded as
markings on fish scales (Tattam et al., 2017).

The shapes and sizes of otoliths and fish scales are
important because of their variability. Since 1990,
significant developments have been made in fisheries
science due to technological advances in extracting
information from these hard structures in fish (Begg
et al.,, 2005). Otolith and scale morphometry are used
in numerous studies of fish populations because their
analysis can provide information on the life history of fish,
such as the age, migration pattern or genetic diversity
(Biolé 2019; Gebremedhin et al., 2021). They can also

incorporate some environmental constituents, depending
on the ambient concentration, and can be used to
reconstruct chronological life history patterns (Walther
and Limburg, 2012). The shape of otoliths and scales
has also been used to differentiate genera, species and
different phenotypic stocks of local populations (Ibafiez
et al. 2017; Milosevi¢ et al., 2021), as their variations
are influenced by habitat and environmental conditions
(Vergara-Solana et al., 2013).

Studieson otolithandscale shapetodistinguish phenotypic
stocks have been done in both marine and freshwater
environments (Campana and Casselman, 1993; Richards
and Esteves, 1997; Khan et al., 2022), using both contour
(elliptic Fourier analysis) and landmark-based methods
(e.g. geometric morphometric). The contour analysis was
used more often, but landmark-based methods have a
greater power to detect and quantify shape differences
between closely related species (Rufino et al., 2006). The
geometric morphometric method has proven to be a
powerful tool for distinguishing differences in the shape
of otoliths and scales even at the level of local populations
and has been used in comparative studies to identify
fish stocks (Poulet et al., 2005; Ibafiez et al., 2017). The
otoliths and scales in N. melanostomus are mainly used
for age determination and growth patterns (Sokotowska
and Fey, 2011; Grula et al., 2012; Florin et al., 2018), and
less often for shape variability. Variability in otolith shape
between two groups of N. melanostomus with alternative
reproductive tactics and between different populations
in the native area was performed using a contour-based
(elliptic Fourier analysis) method (Bose et al., 2018;
Zamorov et al., 2021). However, there is no comparative
study using the landmark-based geometric morphometric
method for otolith and scale shape variability on invasive
N. melanostomus expanding their populations in new
areas.

The main objective of the current study was to identify
the sagittal otoliths and scale shape of the established and
frontal populations of N. melanostomus from the Sava
River main course and its channelized tributary. Previous
reports on other fish species suggested significant
differences between otoliths and scales within a species
(Poulet et al., 2005; Ibafiez et al., 2017). Therefore, we
expected to find differences in otolith and scale shape
between the settled and frontal N. melanostomus
populations found in semi-natural and artificial habitats.

MATERIALS AND METHODS

Study area

The Sava River belongs to the Black Sea basin and
represents a right tributary of the Danube River. It flows
through Slovenia, Croatia and along the border with
Bosnia and Herzegovina, finally joining the Danube in
Serbia. The Croatian part of the Sava River is characterized
by fast-flowing water in its upper part near the border with
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Slovenia and a slow and wide river section downstream of
the town of Sisak (Piria et al., 2019). Due to frequent floods
in the past, the Sava River in Croatia is semi-regulated by
banks. In addition, to improve flood protection the Sava—
Odra—Sava canal was built connecting the Sava River with
the Odra River and the Odra Field which has become a
natural retention basin.

The Slavonski Brod (SBB) and Babina Greda (BGG)
sampling sites are located in the downstream section in
the main course of the Sava River, with vegetation along
the bank dominated by shrubs and submerged logs. The
sampling site at SBB is characterized by a silty-sandy
substrate with the occasional appearance of gravel and
larger stones. The BBG sampling site is characterized by
silt, small and larger gravel and large stones. The Sava-
Odra canal (CSO) represents artificial habitat because the
canal is covered by concrete, and permanently contains
low water level and muddy substrate at the bottom. The
population sampled at the BGG sampling site in 2012
represented the recently established population at the
early-stage invasion, the population from SBB sampled

in 2012 represented the first recorded frontal population
that was spreading upstream, and the population from
CSO sampled in 2019 represented the settled population
at a later stage of invasion. The sampling sites were chosen
because, at the time of sampling, the SBB population was
the most upstream population found in the Sava River.
At the BGG location, the individuals had already been
present for at least several generations (Jakovli¢ et al.,
2015). The CSO was sampled seven years later when N.
melanostomus established self-sustaining populations
in the main course of the Sava River and its natural and
artificial tributaries.

Fish sampling, otolith and scale sample preparation

The fish were sampled in September 2012 (SBB and BGG)
and in July 2019 (CSO) (Figure 1) using the electrofishing
method as described by Jakovli¢ et al. (2015). Neogobius
melanostomus represents an invasive non-native fish in
Croatia, hence all caught specimens were removed from
the water, euthanized, taken to the laboratory and stored
at -20°C.
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Fig 1. The map of the sampling sites with larger watercourses marked in dark grey
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In the laboratory, each specimen of N. melanostomus was
measured for total length (TL) to the nearest 0.1 cm. The
scales from the right side of the body were removed and
dried. The left and right otoliths were taken from each
specimen but only the right was used for further geometric
morphometric analyses. Scales and otoliths were cleaned,
labelled and examined under a stereomicroscope (model
BTC STM-8, with a maximum magnification of 45x) with a
visible scale. Photographs were taken with a digital camera
(Toupcam UCMOS05100KPA) mounted on a microscope,
using ToupView version 4.10 (ToupTek, Zhejiang, China).

Preparation of shape variables

TpsUtil software was used to build the initial .tps file
from the captured photographs. In each image, 10 and
7 landmarks of otoliths and scales, respectively, were
marked using TpsDig2 version 2.32 to obtain the X and Y
coordinates of the landmarks (Rohlf, 2017). The selection
of landmarks on scales was based on a combination
of points from lbafiez et al. (2017). The selection of
landmarks on otoliths was chosen in places which can
appropriately describe the shape (Figure 2).

Non-shape variation and allometric effect removal

Outliers in data were explored based on squared
Mahalanobis distance available in Morphol) software
(Klingenberg, 2011), and specimens that deviated very
strongly from the others were excluded prior to further
analysis. The removal of non-shape information (such
as differences due to rotation, translation and scaling)
was performed using generalized Procrustes analysis

A)

(GPA) in Morphol) software (Klingenberg, 2011). The
results of this procedure are Procrustes coordinates that
represent shape variables, two for each landmark since
the photographs are two-dimensional, and the centroid
size that represents the size variable, as the value of
the square root of the sum of squared distances of each
landmark from their respective centroid (Zelditch et al.,
2004; Speli¢ et al., 2021). Permutation tests of Procrustes
distances and the T-square statistic were used with
Procrustes ANOVA to test the null hypothesis of equal
group means by Morphol software (Klingenberg, 2011).
Procrustes ANOVA was applied to shape data to test the
shape differences of specimens among all sites. Allometric
shape variation of data was removed in Morphol software
by regressing shape variables onto centroid size. The
residuals resulting from the regression were used to
generate a covariance matrix and were used as shape
data analyses (Klingenberg, 2011).

Shape analysis and visualization

Variation of shape using shape data residuals first was
explored and visualised by principal component analysis
(PCA). The possible shape differences between every
group of specimens were analysed by canonical variate
analysis (CVA) (Speli¢ et al., 2021). Discriminant function
analysis (DFA) was applied to the shape data for cross-
validation to assess classification reliability and accuracy
(Klingenberg, 2011). The scores of the first two CVA axes
were plotted and the shape changes were visualized by
wireframe graph using Morphol software (Klingenberg,
2011).

Fig 2. Homologous landmarks A. Right otolith; landmarks 8, 9, 10 of otolith represent open indentation; B. Scale taken from the right
side of fish; landmarks 3, 4, 5 represent anterior and 1,2,6,7 posterior portion
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RESULTS

In total, 3 specimens from CSO, 9 specimens from BBG
and 8 specimens from SBB were analysed for otolith and
scale shape using geometric morphometry. On average,
the smallest specimens were captured at the BBG
sampling site, but the greatest size variation was observed
at the SBB sampling site (Table 1). One specimen from SBB
analysed for otolith shape was excluded from geometric
morphometric analyses because it was identified as an
outlier.

Table 1. Descriptive statistic of analysed Neogobius melanostomus
populations (n = number of specimens; SD = standard deviation;
CV = coefficient of variation; TL = total length; min = minimal; max
=maximal)

Sampling site n MeantSD CV% TL .. TL ..
CSO 3 7.66+0.87 7.04 6.7 8.4
BBG 9 6.40+0.45 1140 5.9 7.3
SBB 8 7.16+135 18.86 4.8 9.1

The results of Procrustes ANOVA of Procrustes coordinates
on the dataset before allometry removal did not show
significant differences in otolith and scale (P > 0.01) shape
between sampling sites (Table 2).

Table 2. Procrustes ANOVA results on centroid size and shape
effect of otoliths and scales by the sampling site classifiers (SS —
sum of squares, MS — mean squares, df — degrees of freedom,

F — F ratio)

Scales Otoliths

Effect :

Cen'tr0|d Shape Centroid size Shape

size

SS 0.473542 0.0204950 227360.417 0.0414626
MS 0.236771 0.0010247 113680.208 0.0012957
Df 2 20 2 32
F 1.72 1.23 0.66 0.74
P (parametric)  0.213 0.239 0.529 0.841

However, statistical analyses of the shape of Procrustes
distances using CVA and DFA among groups that were done
on residuals produced by the regression after allometry
removal, showed significant differences between BGG
and SBB sites in both scale and otolith shapes (P < 0.01).
The discriminant analysis cross-validation testing correctly
classified between 62 — 100% BGG and SBB samples of
both scales and otoliths (Table 3).
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The first two canonical variates (CV1 86% and CV2 13%)
explained 99% of the total variation in the shape of both
otoliths and scales (Figure 3). The shape differences in
otoliths and scales were found between populations at
BGG and SBB, which confirmed a cross-validated DFA
(Figure 3A, B; Table 3). The CSO population was significantly
different only in otolith shape from the BGG population by
DFA, but not from the SBB population (Table 3).

On the wireframe of graphical visualisation, it is evident
that the BGG population possess a wider anterior part of
the scales (landmarks 3, 4, 5; Figure 2A; Figure 3A), which
shows rectangularity and possesses more pronounced
open indentation in the right otolith (landmarks 8, 9,
10; Figure 2B; Figure 3B), which is the main difference in
shape compared to the SBB population. The otolith shape
of the individuals from the CSO population showed a
rounded shape with a less pronounced open indentation
on the right side (positive extreme on CV2), but also
the posterior part of the scales seems stronger and the
anterior part wider, which represents the shape between
the BGG and SBB populations (positive extreme of CV1
and CV2) (Figure 3 A, B).
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Fig 3. Scatterplot of the first two canonical variate axes of
CVA depicting Neogobius melanostomus otolith (A) and scale
(B) shape variation of collected specimens, equal frequency
ellipses. Wireframe graphs with 10 (otolith) and 7 (scale) marked
landmarks (see Figure 2) represent shape change along the
first and second CV axes, from negative to positive extremes.
Light blue outlines represent the average shape and dark blue
outlines represent extreme shape changes. BGG — Babina Greda;
CSO - Chanal Sava Odra; SBB — Slavonski Brod.

DISCUSSION

This study confirmed that it is possible to discriminate
between local invasive populations of N. melanostomus by
otolith and scale shape variation. The previous analysis of
the outer shape of the otolith exhibited great phenotypic
variability (Wiecaszek et al., 2020) and was confirmed
in this study, as this differentiation is not limited only
to distant populations which occupy different habitats
(Poulet et al.,, 2005). The scales of N. melanostomus
exhibited much less variability than the otoliths; however,
only a small number of specimens were examined in
this study, resulting in limited overall variation of scale
shape. This study was performed on specimens found
upstream in the Sava River in 2012 at the beginning of
the invasion (Piria et al., 2011a; Jakovli¢ et al., 2015), and
their settled populations were sampled in 2019 in an
artificial canal connected to the main course of the Sava
River. The sampling sites were characterized by different
environmental factors and conditions, which can be
a reason for the variability of otoliths and scales of the
same species (Mille et al., 2016). Besides, great variability
in otoliths and likely in scales may also be associated with
the size of the fish (Wiecaszek et al., 2020), and this is
most likely the reason why Procrustes ANOVA showed
no significant differences between three populations
of N. melanostomus. However, allometry removal by
regressing shape variation is an important part of the
classification reliability and accuracy (Klingenberg, 2011)
of closely related populations. This suggests that the
allometry of the otoliths and scales of individuals in this
research affected the results of Procrustes ANOVA, but
this limitation was corrected by regression and further
analysis of regression residuals.

Previous research suggested that local adaptation and
phenotypic plasticity can lead to environmental-related
morphological and genetic variations in freshwater
fish, as a response to latitude, thermal and hydrological
conditions (Quadroni et al., 2023). However, it was
found that the fish scale form was least effective in
discriminating populations from nearby areas but better
when populations are more geographically dispersed
(Ibafiez et al., 2007) or when there is a previously recorded
pattern for each location (Ibafiez, 2014). In our study, the
frontal population (SBB site) of N. melanostomus that
was spreading upstream likely consisted of individuals of
specific phenotype and genotype due to differences in
scale and otolith shape from a nearby settled population
(BGG site). This could be a reason that could influence the
shape of settled CSO populations taken seven years later.
In addition, the CSO populations came from different
environmental conditions that permanently contain low
water levels and muddy bottom substrate, which could
be an additional reason for otolith and scale variation.
Additionally, it seems that the CSO population formed the
specific shape of otoliths and scales but further studies are
needed to confirm this finding due to the small number of
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specimens analysed. The results of this study confirm the
results of previous research on rostrum dace Leuciscus
burdigalensis from the Viaur River in France, suggesting
that differences in the scale shape can be found at the
local level (Poulet et al., 2005). Furthermore, research
on white mullet Mugil curema reveals that scales may
better discriminate fish populations than otoliths, and
authors describe this method as simple, non-destructive,
accessible, fast and inexpensive (Ibanez et al., 2017). On
the contrary, Campana and Casselman (1993) hypothesise
that otoliths are an ideal natural marker for fish
populations and describe them as an easily determined
measure of stock identity for Atlantic cod Gadus morhua.
Our results indicate that in the case of N. melanostomus
otoliths may be a better choice, but the disadvantage is
that fish must be sacrificed to extract them.

In conclusion, our results suggest that scale and otolith
shape morphology can be used for the spatial structure
of freshwater fish populations at a fine scale and that the
settled and frontal populations of N. melanostomus from
different habitats can be differentiated by a geometric
morphometric approach. However, these findings
are preliminary due to the small number of analysed
individuals, thus further comprehensive studies are
recommended.

RAZLIKE U OBLIKU OTOLITA | LJUSKI INVAZIVNIH
POPULACIJA GLAVOCA Neogobius melanostomus
1Z RAZLICITIH STANISTA SLIJEVA RUEKE SAVE,
HRVATSKA

SAZETAK

Glavoci¢ okrugljak Neogobius melanostomus jedna je od
tri invazivne vrste ponto-kaspijskih glavoca prisutnih u
hrvatskom dijelu slijeva rijeke Save. Ima negativan ucinak
na zavicajne ekosustave zahvaljujuci visokom invazivnom
potencijalu koji omogucuje njegovo brzo Sirenje uzvodno
u kopnenim vodotocima. Cilj istraZivanja bio je utvrditi
moguce razlike u obliku otolita i ljuski izmedu ustaljenih
i frontalnih populacija invazivnog N. melanostomus u dva
razli¢ita staniSta. Uzorkovane su dvije lokacije u glavhom
toku rijeke Save (Babina Greda, Slavonski Brod) i jedna
lokacija uizmijenjenom stanistu (kanal Sava Odra) pri ¢emu
je prikupljeno i analizirano 20 jedinki N. melanostomus. Za
analizu oblika otolita i ljuski primijenjena je geometrijska
morfometrija, Prokrustova analiza varijance, kanonicka
analiza varijacije i diskriminantna funkcijska analiza.
Utvrdena je statisticki znacajna razlika u obliku otolita
i ljuski izmedu naseljene (Babina Greda) i frontalne
(Slavonski Brod) populacije u glavhom toku rijeke Save.
Glavne razlike bile su Siri prednji dio ljuski i izrazenije
otvoreno udubljenje na otolitu populacije naseljene na
lokaciji Babina Greda. Naseljena populacija u kanalu Sava-
Odra znacajno se razlikovala od populacije Babine Grede,
ali ne i od populacije Slavonskog Broda, Sto sugerira na

mogucnost da se uzvodna migracija sastoji od jedinki
specificnog fenotipa i genotipa. Otoliti opéenito izrazavaju
vecu varijabilnost oblika nego ljuske i stoga mogu biti
korisniji za utvrdivanje razlika izmedu bliskih populacija.
Rezultati istraZivanja sugeriraju da se oblik otolita i ljusaka
mozZe primijeniti za razlikovanje bliskih N. melanostomus
populacija iz razli¢itog stanista, ali zbog malog broja
uzoraka se predlaZe opseznija studija.

Kljucne rijeci: geometrijska morfometrija, oblik, frontalne
i ustaljene populacije, rijeka, kanal
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