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Abstract. The present study reveals preliminary lepidological results in a critically endangered species,
Petzea rudd (Scardinius racovitzai Miiller 1958) from Petea Spring Natural Reservation, Bihor county,
Romania. Study of scales morphology in Petzea rudd was performed by use of light microscopy. This is
the first attempt to reveal some scale features such as: scale type, shape, arrangement and number of radii
and position of focus on scale on Petzea rudd. The geometric morphometric analysis has been applied in
order to identify the characteristics for a reliable discrimination between Petzea rudd and its related
species from Romanian inland waters, common rudd, Scardinius erythropthalmus (Linnaeus, 1758). The
comparative analysis of scales shape in S. racovitzai and S. erythrophthalmus highlighted the statistically
significant discrimination among two sets of observations and the significant variation of focus position
and shape of scales among these two species.
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Introduction

Petzea rudd, Scardinius racovitzai Miiller 1958, is a critically endangered fish
species (Freyhof and Kottelat, 2008) that is endemic in Ochiul Mare Thermal Lake from
the Petea Spring Natural Reservation, Bihor county, from Western part of Romania
(Miiller, 1958; Banarescu; 1964; Kottelat and Freyhof, 2007). The present-day status of
thermal ecosystem is strongly deteriorated and exposed to extinction because the over
exploitation of the thermo-mineral underwater springs and decreasing of thermal water
flow (Telcean an Cupsa, 2013; Grigoras et al., 2014; Miiller et al., 2014b).

The taxonomic status of S. racovitzai was differently approached by ichthyologists,
after first description as specific taxon by Miiller (1958). Thus, S. racovitzai was
described as subspecies of the cosmopolite common rudd, S. erythrophthalmus
(Linnaeus, 1758) by Banarescu (1964) while further studies revealed specific
morphological, physiological and ethological patterns of Petzea rudd (Craciun, 1998,
unpublished PhD dissertation quoted by Banarescu, 2002; Craciun, 1997; Miiller et al.,
2014a; Grigoras et al., 2014, 2015). The species is indexed with specific rank, as S.
racovitzai by Kottelat and Freyhof in 2007. Banarescu (2002) supposed S. racovitzai
could be a recent isolated species from Central European common rudd and he
considered that molecular techniques are necessary for clarifying the taxonomic status
of Petzea rudd.
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The present study provides preliminary results regarding morphology of the S.
racovizai scales. To the best of our knowledge, this is the first attempt to study the
scales morphology in thermal rudd from Natural Reserve of Petea Spring.

A second objective of the paper is to assess the scales morphometric patterns that can
be used for discrimination of Petzea rudd from its congener species from Romanian
inland waters, S. erythrophthalmus. The disruption of the thermal barrier which
separated in the past the Petzea rudd from the related species (Telcean and Cupsa, 2013)
raises the question of continuity for thermal population under the conditions of
cohabitation with a more opportunistic species with hybridisation potential (Nico et al.,
2015). We have applied principal components analysis for examination the
particularities of shape variation in scales samples (Klingenberg, 2011). Canonical
variate analysis (CVA) provides information that maximizes the separation of species
(Klingenberg, 2011). We also used the discriminant analysis (DA) for reliability testing
of groups dissimilarity (Klingenberg, 2011).

Literature review

Research of fish scales represents a useful tool for identifying the fish at genus or
species levels and also in studies of fish phylogeny, sexual dimorphism, age
determination, evaluation of the habitats impact on development etc. (Carausu, 1952;
Esmaeili et al., 2007, 2009; Esmaecili and Gholami, 2011; Ibafiez et al., 2007, 2016;
Jawad, 2005a, 2005b; Jawad and Al-Jufaili, 2007; Masood et al., 2015; Miranda and
Escala, 2000; Poulet et al., 2005; Renjith et al., 2014).

Shape, size and number of scales are characters used in the taxonomy of fish
(Banarescu, 1964). Since the beginning of the 19™ century, Agassiz used a classification
system of the fish into four groups, based upon scale morphology (Esmaeili et al., 2009;
Renjith et al., 2014). Likewise, the presence or absence of the denticles as well as their
shape, size and the distances between them can be utilised as taxonomy analysis criteria
in various fish species (Esmaeili et al., 2007, 2009; Jawad, 2005a, b; Delmater et al.,
1974; Lippitsch, 1990; Jawad et al., 2007 cited by Esmaeili and Gholami, 2011).

Scale morphology is frequently applied as an instrument of analysis of the
differentiation between populations, species or assessment of the phenotypic plasticity
of fishes in relation with the habitat conditions and effect of toxic chemicals (Carausu,
1952; Jindal and Jha, 2005; Pillay, 1950; Taylor, 2012).

Deviation from pattern of circuli disposal or discontinuities of circuli, breakage or
loss of interradial denticles, deformations or losses of tubercles provide conclusions
regarding the past environment under which were exposed the fish, including the effect
of pollutants on organism during its development and growth (Esmaeili and Gholami,
2011). Lippitisch (1990) and Pou and Gallego (1990), both quoted by Jawad (2005a)
show different environment factors may have an effect on some scales morphological
characters. Taylor (2012) mentions the fish populations display different growing
characteristics in relation with various external factors, e.g. seasonal or habitat
variability, availability of feeding resources etc. and therefore, the scales, that also are
the first contact barrier with surrounding environment, represent an important
phenotypic particularity in relation with all these factors.

In the same, way, the researches of Cadrin (2000) cited by Taylor (2012) pointed out
the geographical isolation may lead to occurrence of some morphological patterns of
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fish scales at population level as a result of environment influence or selection over
ontogenetic development, inducing morphometric differentiation between species.

There are studies that highlight the influence of intrinsic factors on the intraspecific
differences of scale characters in fish. The lepidological researches of Sire (1986)
quoted by Mekkawy et al. (2011) in cichlids as well as the studies of Mekkawy et al.
(2011), Mahmoud et al. (2005) and Harabawy et al. (2007) in various wide-spread fresh
water and marine species, sustain the genetic determinism of scales morphology,
invalidating environment control.

In the research of Miiller et al. (2014a), on morphology of scales in S. racovitzai,
authors discriminate Petzea rudd population from its congeneric species, common rudd,
S. erythrophthalmus, by using geometric morphometrics of scales. Several references
regarding the lepidological studies in various cyprinids have been used in the
interpretation of our results; Gursoy et al. (2005) in Scardinius erythrophthalmus,
Miranda and Escala (2000) and Jawad (2005a) in species of Barbus genus, Poulet et al.
(2005) in Leuciscus burdigalensis Valenciennes, 1844, Jindal and Jha (2005) in
Cyprinus carpio var. communis Linnaeus, 1758, Esmaeili et al. (2007) in Capoeta
damascina (Valenciennes, 1842), Esmaeili and Gholami (2011) in Rutilus frisii kutum
Kamenskii 1901, Staszny et al. (2012) in Carassius gibelio (Bloch, 1782).

Statistical tools used in our study for shape variability analysis with the help of shape
coordinates (geometric morphometrics) is largely applied in biology researches (Ibanez
et al., 2007; Klingenberg, 2011; Miranda and Escala, 2000; Moneva et al., 2012; Poulet
et al., 2005; Staszny et al., 2012).

Materials and methods

The S. racovitzai specimens have been sampled in August and September, 2013 from
the “Ochiul Mare” Lake, Natural Reserve Petea Spring, Bihor county, North-Western
Romania (Fig. 1 left). The fish sampling was approved by Order no. 1231/2013 of the
Environment and Climate Changes Ministry. Different methods have been used for fish
capture: a cast-net and a fishing net with 10-16 mm mesh sizes (Fig. 1 right).

Figure 1. “Ochiul Mare” Lake, Natural Reservation Petea Spring, Bihor county, Romania. The
natural habitat of Petzea rudd (left). Fish sampling with fishing net (right)

The scales were removed from the left side of the body, in the area between the
dorsal fin insertion and the lateral line (Fig. 2) from thirteen specimens. The small
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number of fish used for this study is linked to the special conservation status of the
species and special law of exemption for capture. Around 3-5 scales taken from each
specimen have been preserved in dry state and pressed in paper envelopes, after the
removal of the epithelium cells and mucus.
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Figure 2. S. racovitzai and the emphasised area of the scales sampling from the fish body

The analysis of scales morphology was carried out between 2 microscope glass
slides, under microscope (Olympus CH2), magnification up to 1500x, for the
identification of the structure details.

Scales morphometric patterns (shape and size variation) were used for discrimination
between S. racovitzai and its congener species from Romanian inland waters. Similar
operations of sampling/processing scales where applied in the case of common rudd, S.
erythrophthalmus. Atotal of fourteen specimens of common rudd have been captured
from Lower Danube River in the confluence area with Prut and Siret rivers (Mm80).

A stereo-microscope (Olympus SZ 40-CTV), 10x ocular and 4x maximum focus has
been used for images collecting of scales from both species. The images of the scales
enlarged through stereomicroscopy where digitised with the camera (Canon A590 IS).

Seven markers were attached on every digital image of the scales using the TPS
Digitize (Rohlf, 2016a) (Fig. 3).

Figure 3. Landmarks data collection on Petzea rudd scale
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The digital images were processed with and TPS Utility (Rohlf, 2016b) software
before statistical analyses.

The geometric morphometric analysis of the scales of two congener species where
processed with MORFOJ 1.05f software (Klingenberg, 2011). Data regarding the scales
shape was obtained by Procrustes superimposition that excludes the variation of size,
position and orientation of landmarks. Several statistical tools: the principal component
analysis (PCA), discriminant analysis (DA) and canonical variate analysis (CVA) were
applied in order to draw conclusions regarding the two groups separation.

Results and discussions
Preliminary results regarding the scales morphology in S. racovitzai.

The type of scales from the lateral side is elasmoid cycloid, with general
particularities of a cycloid scale (Fig. 4): anterior field (rostral), posterior field (caudal),
the focus, radii, circuli, denticles of circuli, tubercles in posterior zone of the scale.

Figure 4. Stereomicroscope images of normal scales from the lateral side of Petzea rudd
(10 x 3). a — scale with all three radii types, b — scale with primary and secondary radii. AF —
anterior field, PF — posterior field; LF — lateral field, PR — primary radii, SR — secondary, TR —
tertiary radii; F — focus (nucleus)

The focus or nucleus of the scale (Fig 4, 5a), that occurs during ontogenetic
development of fish, can represent a taxonomic criterion (Jawad, 2005a). In S.
racovitzai, the focus is slightly displaced to front of the scale and divides the scale in
anterior field (cephalic towards focus) and the posterior one (caudal towards focus). The
focus area appears as a reticulate structure, with a not clear shape delimitation, with or
without pore mucus. This aspect is recorded in other fish species scales. Jawad (2005a)
mentions similar focus characteristics in another cyprinid, B. arabicus (Trewavas,
1941).

There are interspecific differences regarding the position and shape of scale focus. A
pointed shape is observed by Esmaeili et al. (2011) in Rutilus frisii (Nordmann, 1840), a
round shape focus in Labeo niloticus (Linnaeus, 1758) by Jawad (2005a), translucent or
with mucus pores in Capoeta damascina according to Esmaeili et al. (2007).
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Figure 5. Microscope images of normal scales and lateral lines scales. a — normal scale with
reticulate focus (nucleus) and radii that cross the focus and circuli (15 x 40), b — lateral lines
scale image revealing the lack of focus and the disposal of lateral line canal along the anterior
— posterior axis (10 x 3.5), ¢ — the lateral lines channel with previous pore and posterior pore
(15 x 10), d — normal scale with tubercles, e — normal scale with tubercle with circular shape
from the posterior field (15 x 40)

The scales from the vicinity of the lateral line have the focus slightly outlined and
covered by reticular structures shaped like honeycomb. Hagerman (1952) noted the
scale focus of some fish species may gain a diffused appearance as the age increasing.

The same reticulate structures of the focus of scales from the vicinity of the lateral
line in Petzea rudd is revealed by Esmaeili et al. (2007) for other cyprinids as Catla
catla (Hamilton—Buchanan, 1822) and Tor putitora (Hamilton—Buchanan, 1822).

Microscopic observation in Petzea rudd scales from lateral line revealed the lack of
focus (Fig. 5b, ¢). The same feature is mentioned by Esmaeili et al. (2007) in cyprinid
C. damascina. Conversely, other species display the focus in the lateral line scales as is
highlighted by Masood et al. (2015) on some mugilid species.

The lateral line canal (Fig. 5b, c) is positioned on the anterior-posterior axis of the
scale, slightly oblique and crossing about a half from the anterior scale field, with two
pores, the anterior one in a ,,V” shape and the posterior pore in a ,,C” shape. The
electronic microscopy studies regarding the lateral line scales of various teleost species
reveal an increased structural variability of the lateral line canal, which can take
different form as straight or oblique simple perforations (Delmater et al., 1973 quoted
by Esmaeili et al., 2007) till the wide canals protected by complex structures covering
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two-thirds of the scale on which focus is present (e.g. in Barbus arabicus, Lates
niloticus, according to researches of Jawad, 2005a).

Primary radii (Figs. 4, 5a) reach the focus and there are 1-4 radii in the anterior field
and 1-4 radii in the posterior field. The similar results have been reported in other
species such as genus Barbus studied by Jawad (2005a). These radii type can converge
to the nucleus without crossing it, e.g. in Tripterygiidae as it is shown by Jawad study
(2005b). Lateral body scales also have secondary radii, more numerous than the primary
ones (0-2 secondary radii in the anterior field of scale, 1-8 secondary radii in the
posterior field) and even less tertiary radii (0-1 tertiary radii in the posterior field of
scale) (Figs. 4, 5a). We have not identified a significant relationship between the scales
size and the number of radii. The studies of Esmaeili et al. (2007, 2009), Esmaeili and
Gholami (2011) reveal the number of radii depends upon the location of scales in
different body areas and represents a line of scale flexibility. According to these authors
as well as Jawad (2007) quoted by Esmaeili et al. (2007), in some teleost fish, there is a
proportional relation between the radii number and body length, the radii number could
being used as a taxonomic tool for a reliable species identification.

The presence of primary, secondary and tertiary radii could also provide information
regarding the growing conditions of fish (environment factors, feeding resources)
(Lippitsch, 1990 quoted by Esmaeili and Gholami, 2011). This scale pattern is
considered as being linked to quantity and quality of trophic resources, available during
development and growing period (Johal et al., 1984 and Tandon and Johal, 1996 cited
by Esmaeili et al., 2007; Esmaeili and Gholami, 2011).

Concentric circuli (Figs. 4, 5 and 6) start near the focus area, being interrupted by
radii and represent concentric distinctive growth lines, formed through sclerite
sedimentation and separation through inter circular space (Fig. 6).

Figure 6. Microscope images of the scales from the lateral side in S. racovitzai (15 x 40). a —
scale with circuli (C), hyaline intercircular spaces (ICS), interrupted circuli (IC) and inter
circular granulations (G); b — scales with calcium projections (CP); ¢, d — scales with denticles
or lepidonts on the interradial circuli (Le)
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Inter circular spaces are in general really narrow in the anterior field of scale as a
result of the focus position, and wider in the lateral and posterior fields. Similar
observations are mentioned by Esmaeili (2011) at Rutilus frisii kutum, the posterior
circuli could being less distinctive (Moneva et al., 2012), covered by tubercles or
missing in other species such as a cyprinid fish, Capoeta damascina (Esmaeili et al.,
2007).

The anterior and lateral interradial circuli are almost rectilinear while these structures
are convex in the posterior field. According to Lippitsch (1990) cited by Esmaeili et al.
(2007), the shape of the first interradial circuli (rectilinear, convex or concave) could be
used in the determination of some cichlid species and can suffer changes under
environment factors influence.

The concentric annuli formed around the nucleus, typical for the fish species from
temperate zones (Banarescu, 1964; Carausu, 1952; Hagerman, 1952; Ilies et al., 2014)
are difficult to detect in the Petzea rudd, which is not subjected to the same seasonal
temperature variation. Appearance false annuli in some observed scales could be linked
to other extrinsic or intrinsic factors that can can lead to a variable growing rhythm, e.g.
reproduction period (Hagerman, 1952; Gursoy et al., 2005), but this aspect should be
further investigated.

The circuli have calcium projections (Fig. 6b), radii bifurcations and specific
structures called denticles (lepidonts) (Figs. 5c, d), the last ones being identified in the
lateral field of scale and oriented towards the focus. The presence or absence of the
denticles, their shape, size and the distances between them can be utilised as taxonomy
analysis criteria in various fish species (Esmaeili et al., 2005, 2009; Jawad, 2005a, b;
Delmater et al., 1974; Lippitsch, 1990; Jawad et al., 2007 cited by Esmaeili and
Gholami, 2011).

The posterior field of the scales possesses pigmentary granules (tubercles) with
regular shape or formless contour (Figs. 5d, e). The tubercles are formed by crowding
of the epithelial cells of epiderma. According to researches of Esmaeili et al. (2007),
Esmaeili and Gholami (2011), Ibafiez et al. (2007), these tubercles contribute to the
rigour of the scales and represent a useful tool for taxonomic research as well as habitat
condition assessment. We noted a poor distribution of the tubercles on the scales. This
aspect must be further investigated in order to verify the origin of this observed
particularity (genetical or medial effect).

Geometric morphometric analysis of scales in S. racovitzai

The principal components analysis (PCA) has enabled conclusions regarding the
shape variation between fish samples. and was performed by use of the covariance
matrix of Procrustes coordinates (Klingenberg, 2011) for each group of the two
congener species, S. racovitzai and S. erythrophthalmus. The data of the landmarks
were superimposed through a full Procrustes fit.

According to PCA analysis, the first three components sum 70.459% from total
variance (Fig. 7) that reveal significant variation in shape of scales sampled from two
rudd groups.

The shape changes of lateral body scales in both species are illustrated in Figure 7.
The focus position (represented trough the L7 landmark, Fig. 8) in S. racovitzai, is
displaced prior from the centre of the scale compared with the S. erythrophthalmus
focus disposal and the entire shape is more elongated in Petzea rudd (Fig. 8). One the
other hand, the axis represented by the L4-L6 landmarks (which delineates the field
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with tubercles) does not show significant variation of position, being connected with the
adaptive phenotypic response of the two related species to similar hydrodynamic feature
(Ibafiez et al., 2007; Sudo et al., 2002 cited by Ibaiiez et al., 2007).

40
30

20

% Variance

0 5 10

Principal components

Figure 7. The percentage of total variance for each principal component (PC) of the fish scales
analysis of S. racovitzai and S. erythrophthalmus

b7

Figure 8. Transformation grid illustrating the scale shape changes associated with PC, between
the S. racovitzai and S. erythrophthalmus. The lines point in the direction of the shape change
for each landmark

The relationships between observations carried out on scales geometric
morphometric analysis and the disposal of the specimens of two species in the
multivariate analysis morphospace is shown in Figure 9. The scatter plot of PC scores
reveals the two clear groups separated by PC1.

CVA provides extra information in data interpretation that maximise the separation
between groups (species/ecotypes, Klingenberg, 2011). The histogram of canonical
variate scores covers the shapes particularities which denote the dissimilarities between
the two species (Fig. 10).
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Figure 9. The tolerance limits (90% confidence level) of the scores distribution of the first two
principal components (PC) of the scales shape analysis of fish from two groups. The species
disposal in the morphospace of the multivariate analysis (PC1 36.865%, PC2 21.766%)
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Figure 10. Scatter plot of CV scores for scales shape of two congener species (S. racovitzai and
S. erythrophthalmus)

Mahalanobis distance (7.5872) reveals a significant separation between groups
(P <0.0001 from 10 000 permutation tests). The same result is obtained by permutation
test for Procrustes distances (P = 0.1067, P < 0.0001).

The discriminant analysis (DA) of scales shape of fish from the two groups allows
the examination of reliability of separation between groups.

The histogram of distribution of eigenvalues discriminant scores highlighted the
separation among the two congener species (Fig. 11).

The parametric P-value (<0.0001) for null hypothesis test of similarity between
means of observations groups sustains the reliable distinguish between the rudd species.
The results for Procrustes distance (0.10672500), Mahalanobis distance (7.5872) and
associated parametric P-values could also be in connection with anisotropy of scales
samples (Klingenberg, 2011).
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Figure 11. Discriminant analysis of two rudd species using fish scales. Frequencies of
discriminant scores predicted by a Mahalanobis distance (leave-one-out) cross-validation are
shown using histogram bars

Conclusions

The microscopic analysis of scale morphology reveals that lateral scales in S.
racovitzai are of elasmoid cycloid type, with following particularities: anterior field
(rostral) and posterior field (caudal), focus, radii, circuli, denticles on the circular radii
and tubercles.

Some scale features on Petzea rudd as: the reticulate structure of the normal scale
focus, the lack of the focus on lateral line scale, the primary radii crossing the focus, the
presence of toward oriented denticles in the lateral fields of scale, displaying of
tubercles with regular or formless shape in the posterior field of scale are common with
other cyprinids species.

The focus position, slightly displaced to front of scale represents a reliable criterion
that discriminate the S. racovitzai from the congener species, S. erythrophthalmus.

Taking into consideration our preliminary results regarding the morphology of
Petzea rudd scales and the pattern that discriminate S. racovitzai from S.
erythrophthalmus, futur comparative works will develop in order to define which scale
features clearly distinguish Petzea rudd from other related cyprinids species.
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