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Summary: Study of phenotypic variation is essential for identifying discrete phenotypic stocks. We sampled immature
Persian sturgeon from the eastern and western portion of the southern Caspian Sea to test for morphological differences that
could predict the ecophenotypic variation of Persian sturgeon. Geometric morphometric methods were used to quantify body
shape. Configuration of landmark coordinates of fish body were scaled, translated and rotated using generalized Procrustes
analysis, followed by univariate analysis of variance of resulting shape coordinates to evaluate potential morphological
differences between regions. A principal component analysis was carried out to reduce the number of dimensions without
the loss of information. The discriminate function analysis was performed to determine the efficacy of body landmarks for
discrimination by geographic variants. Within-group linkage was inferred for dendrogram clusters using Pearson correlation
distance on the basis of the average linkage method as a complement for discriminate analysis. Principle component analysis
revealed that the largest differences were in body size. Most notable were differences in distance between head landmarks
and the dorsal fin between eastern and western regions. Fish from the western region exhibited a longer distance from head
landmarks to the dorsal fin than fish from the eastern region. Furthermore, the ventral portion of fish from the western region
was longer than that of the eastern individuals. These findings show that juvenile Persian sturgeon already possess morpho-
logical traits that can be used to discriminate fish from different regions. Furthermore, these differences are discernible in
spite of the volume of artificially-inseminated sturgeon larva that have been released during the past 40 years.
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Uso de morfometria geométrica para la identificacion de variaciones ecofenotipicas en juveniles de esturién persa
Acipenser persicus

Resumen: El estudio de la variacién fenotipica es esencial para la identificacién de estirpes fenotipicas concretas. Con el fin
de identificar diferencias morfoldgicas que permitan predecir variaciones eco-fenotipicas en el esturion persa, individuos in-
maduros de esta especie se muestrearon en diferentes regiones del este y el oeste del sur del mar Caspio. Se utilizaron métodos
morfométricos geométricos para cuantificar la forma del cuerpo. La configuracion de coordenadas referenciadas del cuerpo del
pez fueron escaladas, trasladadas y rotadas utilizando el andlisis generalizado Procrustes, seguido del analisis Univariante de la
Varianza de las coordenadas de forma resultantes, con el fin de evaluar posibles diferencias morfoldgicas entre diferentes zonas.
Se utilizé un andlisis de componentes principales para reducir el nimero de dimensiones sin perder informacién. Los scores de
los componentes del cuerpo se sometieron a andlisis discriminante, con el objeto de determinar la eficacia de las coordenadas
referenciadas en la discriminacion de las variantes geograficas. Las relaciones entre grupos para clusters de dendrograma se in-
firieron usando la correlacion de distancias de Pearson, tomando como base el método de relacién media como complemento del
andlisis discriminante. El analisis de componentes principales revel6é que las mayores distancias fueron en la talla. Destacaron
las diferencias encontradas en la distancia entre las referencias de cabeza y aleta dorsal entre las regiones del Este y Oeste. La
distancia relativa entre las referencias de cabeza y aleta dorsal fue mayor en los peces de la regién Oeste que en los de la region
Este. Ademads, la porcion ventral de los peces de la region Oeste fue mayor que la de los individuos del Este. Estos resultados
indican que los juveniles de esturién persa ya muestran caracteristicas morfoldgicas que pueden utilizarse para la discriminacion
de individuos de diferentes regiones. Ademas, estas diferencias son discernibles a pesar de la cantidad de larvas de esturién que,
obtenidas por inseminacién artificial, han sido liberadas al medio natural durante los dltimos 40 afios.

Palabras clave: seleccion morfométrica geométrica; plasticidad fenotipica; discriminacion; habitat.
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INTRODUCTION

Phenotypic plasticity is the potential of the observ-
able characteristics of a genotype to change in response
to different environmental stimuli (Cadrin 2000). In-
vestigating phenotypic responses in fish began in the
mid-20th century, and has played an important role
in our understanding of biological diversity in fishes
by relating their forms to their ecological roles (Motta
et al. 1995). Factors such as stock density, aggres-
siveness, stress, type and quality of food, swimming
performance and fish mobility concordant with depth,
salinity, temperature and sea floor substrate influence
the presence of polymorphisms in fishes (Favaloro and
Mazzola 2003, Hanson et al. 2007, Cadrin 2014). How-
ever, morphometric analyses of sturgeon fish to assess
the degree of phenotypic plasticity in this species have
rarely been conducted (Hilton and Schaefer 2002).
Instead, morphological differences between wild and
hatchery-reared sturgeon (Ruban and Sokolov 1986,
Ruban 1989) have been described for stock identifica-
tion (Guenette et al. 1992, Keenlyne et al. 1994) and
subspecies identification (Vasil’eva 2009). On the other
hand, for different species the level of phenotypic plas-
ticity has been well documented (Cramon-Taubadel et
al. 2005, Wintzer and Motta 2005, Wessel et al. 2006).
For example, smolts reared for 25 months in different
marine net-pen areas had significant size differences in
the caudal peduncle, trunk, and head regions that were
associated with water characteristics (Sheehan et al.
2005). Juvenile Trachurus japonicus has the stream-
lined body for feeding on larval Engraulis japonicus in
coastal waters, whereas the compressed morphology of
these juveniles is adaptive to associate with jellyfishes
in offshore waters (Kishida et al. 2011). Additionally,
local populations of arctic char (Salvelinus alpinus)
with different feeding habits have different mouth
shapes (Cadrin 2014).

It has been postulated that the pattern of morpho-
metric variation in fish may indicate differences in life
history, such as growth and maturation rates, because
body form is a product of ontogeny (Cadrin 2014).
Moreover, phenotypic stock definition is not as con-
servative as the definition of genetic stock, because the
definition for phenotypic stock permits more mixing
among stocks. Nevertheless, geographic differences
can persist despite incomplete (partial) isolation of fish
stocks (Cadrin 2014). Furthermore, life-history traits
can influence population attributes. Therefore, distinct
fish populations should be modelled and managed
separately in regard to stock assessment, regardless of
genetic homogeneity.

The Persian sturgeon, Acipenser persicus (Borodin,
1897), is distributed mostly in the Caspian Sea, while
smaller numbers exist in the Black Sea, and it is listed
as a threatened species in the International Union for
Conservation of Nature (IUCN). Fish stock abundance
in the Caspian Sea can be attributed mostly to artificial
insemination and release by Iranian fish propagation
centres. The Persian sturgeon is also the most impor-
tant commercial sturgeon in the Iranian waters of the
Caspian Sea, as more than 60% of sturgeon catches

contain the Persian sturgeon (Moghim et al. 20006).
Juvenile Persian sturgeon are more abundant in the
Iranian coastal waters of the Caspian Sea (Tavakoli et
al. 2009) and feed mainly on crustaceans (mostly gam-
marids) and Nereis, Nereis diversicolor. In the southern
Caspian Sea, the maximum density of these prey items
is found at depths <50 m (Mirzajani et al. 2005), while
they are less dense in deeper waters (Dumont 1998).

Physical differences in water temperature, water ve-
locity and salinity between western and eastern coastal
waters of the Caspian Sea, especially in the nursery ar-
eas of the Sefidrood and Gorganrood rivers (Mazlomi
et al. 2009), are the presumed drivers of ecological
differences of the Caspian Sea fishes. In this study, we
investigated the influence of geographical differences
on the morphology of juvenile Persian sturgeon, A.
persicus, which are widely distributed in the southern
Caspian Sea, because of poorly documented morpholo-
gies of acipenserid species that are unique to particu-
lar stocks of the Ponto-Caspian region (Vecsei and
Peterson 2005). Here, we provide the first assessment
of how the morphology of juvenile Persian sturgeon
varies with geography. These patterns of phenotypic
variation are essential for identifying discrete pheno-
typic stocks as we attempt to fill in the gaps regarding
morphological characters of juvenile Persian sturgeon
in the Iranian coastal waters of the Caspian Sea.

MATERIALS AND METHODS

Samples were obtained from commercial fishery
catches in the western and eastern areas (Fig. 1) of the
coastal Iranian waters of the Caspian Sea (38°26'N,
49°54’E and 36°49'N, 52°48'E, respectively) in order
to examine geographic variation of morphological
characters (i.e. the landmark value). We examined 26
juveniles from the western section (total length (L),
33.67+13.35 cm; total weight (Wry), 121.04+15.17 g)
and 14 juveniles from the eastern section (total length
(Ly), 34.43+7.74 cm; total weight (W), 111.21+8.14
g) were collected between October 2012 and June 2015

Fig. 1. — Location of sampling areas (white closed circles) of juve-
nile Persian sturgeon in Iranian coastal waters of the Caspian Sea
between October 2012 and June 2015.
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Fig. 2. — Configuration of 33 landmarks for geometric morphometrics of juvenile Persian sturgeon. Landmarks are defined as follows: (1) and
(2) snout tip, (3) top of nares, (4) top of eye, (5) dorsal margin of head directly above, (6) position of the first dorsal scut, (7) position of the
middle dorsal scut, (8) anterior insertion of the dorsal fin, (9) maximum height of dorsal fin, (10) minimum height of dorsal fin, (11) posterior
insertion of the dorsal fin, (12) and (18) end of caudal peduncle, (13) point of the superior caudal fin, (14) point of fork caudal fin, (15) and
(16) anterior and posterior of inferior section of caudal fin lobe, (17) point of the middle semilunar inferior caudal fin lobe, (19) and (21)
posterior and anterior insertion of the anal fin, (20) point of the superior anal fin, (22) insertion on the profile of the pelvic fin, (23) point of
the superior pectoral fin, (24) and (25) posterior and anterior insertion of the pectoral fin, (26) caudoventral point of the suboperculum, (27)
point of the mouth, (28) point of the barbel, (29) center of the eye; (30), (31), (32) and (33) were set for fitting the cubic curve to correct for
unnatural dorso-ventral bend.

and were kept in the similar conditions. At this size,
sturgeons are immature and exhibit no growth differ-
ence between sexes.

Geometric morphometric methods were used to
quantify body shape (Zelditch et al. 2012). Photo-
graphs of the right side of each raw specimen were

taken with a W270 digital camera (Sony, Japan)
and then analysed using the tps software package
(http://life.bio.sunysb.edu/morph). The camera was set
approximately 1.5 m from the specimen to minimize
potential wide-angle artefacts. The thin plate spline
(tps) functions implemented by the software describe

Table 1. — Significant results of ANOVA for morphometric character of the body shape of juvenile Persian sturgeon (Acipenser persicus) as
described by landmarks collected from the western and eastern Iranian coastal water of the Caspian Sea between October 2012 and June 2015.
P is regarded as being significant if <0.05 (ANOVA).

Character F value P value Character F value P value Character F value P value

1-8 4.89 0.03 8-9 5.58 0.02 16-32 11.01 0.00
1-11 5.02 0.03 8-13 6.32 0.02 17-18 4.69 0.04
1-21 4.93 0.03 8-16 12.34 0.00 17-20 6.24 0.02
1-23 5.00 0.03 8-17 5.24 0.03 17-23 13.85 0.00
1-32 4.58 0.03 8-20 7.29 0.01 17-32 6.39 0.02
2-8 6.60 0.01 8-23 19.36 0.00 18-20 16.00 0.00
2-11 7.16 0.01 8-27 5.74 0.02 18-23 17.70 0.00
2-21 6.80 0.01 8-28 7.04 0.01 18-28 4.86 0.03
2-22 4.75 0.03 8-29 5.27 0.03 19-23 15.70 0.00
2-32 5.36 0.03 9-20 8.05 0.01 19-32 5.08 0.03
3-8 6.66 0.01 9-23 17.37 0.00 20-21 5.93 0.02
3-11 7.99 0.01 9-32 7.09 0.01 20-22 492 0.03
3-18 4.17 0.04 10-11 5.13 0.03 20-23 6.92 0.01
3-21 8.55 0.01 10-13 4.71 0.04 20-31 8.44 0.01
3-22 5.39 0.03 10-16 6.50 0.02 20-32 8.61 0.01
3-23 4.41 0.04 10-20 5.13 0.03 20-33 17.57 0.00
3-28 6.23 0.02 10-23 17.03 0.00 21-23 18.85 0.00
3-32 5.53 0.02 11-13 6.69 0.01 21-27 8.14 0.01
4-8 6.09 0.02 11-16 11.66 0.00 21-28 9.06 0.01
4-11 6.44 0.02 11-17 5.43 0.03 22-23 12.78 0.00
4-21 7.20 0.01 11-23 21.59 0.00 22-28 5.14 0.03
4-23 5.70 0.02 11-27 6.64 0.01 22-29 4.75 0.04
4-32 5.24 0.03 11-28 6.77 0.01 23-24 7.92 0.01
5-6 16.15 0.00 12-20 11.94 0.00 23-25 10.06 0.00
5-8 9.98 0.00 12-23 12.93 0.00 23-26 10.57 0.00
5-10 5.38 0.03 12-32 6.03 0.02 23-27 6.33 0.02
5-11 10.03 0.00 13-23 7.60 0.01 23-28 4.40 0.04
5-14 5.18 0.03 13-31 7.03 0.01 23-29 8.26 0.01
5-18 8.17 0.01 13-32 8.34 0.01 23-30 5.23 0.03
5-19 5.55 0.02 14-16 5.32 0.03 23-32 19.97 0.00
5-21 12.87 0.00 14-20 10.67 0.00 23-33 18.24 0.00
5-22 5.35 0.03 14-23 16.68 0.00 25-30 12.23 0.00
5-24 5.63 0.02 14-32 4.86 0.03 26-27 4.83 0.03
5-27 6.63 0.01 15-16 5.78 0.02 26-28 5.16 0.03
5-28 4.33 0.04 15-20 9.99 0.00 26-30 14.93 0.00
5-31 4.80 0.04 15-23 18.70 0.00 27-32 5.23 0.03
5-32 6.98 0.01 15-32 5.04 0.03 28-32 5.62 0.02
5-33 5.42 0.03 16-18 9.72 0.00 29-32 8.17 0.01
6-30 5.35 0.03 16-19 7.08 0.01 30-31 5.53 0.02
7-13 5.06 0.03 16-21 7.53 0.01 30-32 8.99 0.01
7-16 4.98 0.03 16-23 9.17 0.00 32-33 4.38 0.04
7-20 4.35 0.04 16-31 7.93 0.01
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Fig. 3. — Landmark-based method scores from principal component analysis of juvenile Persian sturgeon for body shape in two regions. The

scatter plot shows individual fish scores for PC1 vs. PC2 (A), PC1 vs. PC3 (B) and PC2 vs. PC3 (C), which together explain the total variance

of 75.79%. Deformation grids (splines) are reported on the right side of each scatter plot. The splines represent fish shape variability along
each relative PC axis.

statistical variation in deformation of a thin sheet. After
first concatenating all photographs into a single file,
we used 33 morphological landmarks (Fig. 2) that were
placed in the tps Dig 2 program (Rohlf 2006). Because
sturgeons have relatively soft bodies, specimens gen-
erally assume unnatural body positions. We placed
four references along the midline of each specimen as
internal landmarks (Bookstein 1997). These could be
used to fit a cubic curve to correct for the unnatural
body positions of specimens. The confounding effects
of rotation, translation and scaling were eliminated by
employing a generalized least-squares procedure. Pro-
crustes superimposition using PAST software, uniform
components and centroid size for each specimen were
achieved for subsequent analysis according to Zelditch
et al. (2012).

Data were first checked for normality and homo-
geneity of variances (Levene test). Univariate analysis
of variance (ANOVA) was tested in length and weight

of juveniles to compare size of fish between regions.
Moreover, ANOVA was applied for each morphomet-
ric character as described by landmarks, to evaluate
size and potential morphological differences between
regions (Zar 1996), and only the significant results of
ANOVA for morphometric measurements as distance
between points of the body shape were kept and sub-
mitted for the subsequent process.

Principal components analyses (PCAs) were car-
ried out to reduce the number of Procrustes shape co-
ordinates without the loss of information (Quinn and
Keough 2002). The scree plot (eigenvalues against
principal component number) and cumulative vari-
ance values were generated to identify the principal
components that explained the majority of variation
in body shape. The discriminate function analysis was
performed to determine the efficacy of body landmarks
for discrimination by geographic variants and to cal-
culate the percentage of fish that were correctly clas-
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sified to their population of origin. A cross-validation
was done to assay the expected actual error rates of
the classification functions. Within-group linkage was
inferred for dendrogram clusters using Pearson correla-
tion distance on the basis of average linkage method as
a complement for discriminate analysis to classify fish
efficacy of body landmarks.

All statistical analyses were performed using SPSS
(SPSS Inc., Chicago, IL) and PAST (Paleontological
Statistics, versionl.81) software. Significance level
was set at 0=0.05 for statistical tests.

RESULTS

No significant differences were detected in mean
body length (Ly) (t test=—0.40, d.f.=38, P=0.69) or
mean weight (Wy) (t test=0.46, d.f.=38, P=0.65) of
juvenile sturgeon from the western and eastern coastal
waters of the Iranian Caspian Sea. However, most of
the morphometric characters described by landmarks of
juvenile sturgeon from the western and eastern coastal
waters were significantly different (P<0.05) (Table 1).

Principle components analysis revealed that 75.8%
of the total variation in body morphology was due
to the first six components that explained 38.60%,
15.32%, 7.22%, 5.75%, 4.65% and 4.25% of the total
variation, respectively (Fig. 3) The first principal com-
ponent (PC1) mainly described body shape. Distance
between head landmarks to dorsal fin area differed
between fish from the western and eastern coastal
waters. There was a significant difference between the
landmark regions that had the largest eigenvalue (>0.8)
loaded in PC1(29-32, 5-32, 23-32, 4-32, 3-32, 28-32,
27-32, 8-29, 6-32, 2-32, 1-32, 30-32, 22-29, 5-31, 8-28
and 5-8) (P<0.05) (Table 1). Fish from the western re-
gion were characterized by a longer distance from head
landmarks to the dorsal fin area than fish from the east-
ern region, so the anterior part of the body of western
fish is more elongated than that of fish from the eastern
region. The head section of the body had shown the
most differences but the end of the body was less dif-
ferent. Therefore, the best contrast between individuals
is achieved by comparing head length traits with end
body traits. This means that the head was smaller, eyes
were lower than the main body axis, the base of the
pectoral fin was located closer to the head, the height of
the caudal fin was lower than the main body axis, me-
dian scutes were above the main body axis and length
of the caudal peduncle was increased (Fig. 3).

Differences in morphological characteristics of
the body of fish from the two regions were primarily
described with one function. This function separates
fish from the two regions by explaining 100% of the
variation in body shape. The cross-validated classifica-
tion in the discriminate analysis indicates that 84.6% of
all western region juveniles and 78.6% all eastern re-
gion juveniles were assigned to the correct geographic
provenance. The difference in morphology of body
shape was significant (Wilk’s lambda=0.01, y>=42.99,
d.f.=23, P<0.05). The discriminant function is predom-
inantly correlated with the position of the dorsal fin
attitude to the head (2-8 landmarks). Juvenile Persian

Sturgeon stock identification by geometric morphometric tool * 191

Dendrogram using Average Linkage (Within Groups)
Combine

Rescaled Distance Cluster
o s 10 15 20 k3
1 1 1 L 1
W
E
w
E
L
w
w
E
E
E
E
1
E
E
E
E
E
w
w
w
w
w
w
w
w
w
w
Wi
W]
Wi
w
wi
Wi
Wi —
W
w
w
w
W
E
L

Fig. 4. — Landmark-based method dendrogram derived from cluster

analysis showing the relationships between body shape of juvenile

Persian sturgeon in two regions. E represents eastern part individual
body shape and W represents western part individual body shape.

sturgeon from the western region are more elongated
than fish from the eastern region (P<0.05) (Table 1).

The dendrogram (Fig. 4) grouped the two regions
into two major subgroups. All samples, except one
individual from the eastern region and four individu-
als from the western region, were classified into two
main subgroups. The analysis of landmark data from
body shape of juvenile Persian sturgeon shows two
main phenotypic groups that reflect the geographical
distribution of juvenile Persian sturgeon in the Iranian
coastal waters of the Caspian Sea.

DISCUSSION

Body shape of Persian sturgeon from the eastern
and western coastal Iranian waters of the Caspian
Sea are sufficiently distinct to allow the discrimina-
tion of the two ecophenotypes based on discriminant
function and morphometric indices. Morphological
distinction may be explained by differences in local
adaptation (Kishida et al. 2011). Adaptation involves
maintenance of characters that improve survival and
reproduction of individuals. With the potential to
identify discrete stocks phenotypically, analysis of
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morphometric landmarks is a valuable tool that com-
plements other stock identification methods such as
molecular approaches. Monet et al. (2006), Espinosa-
Lemus et al. (2009) and Tancioni et al. (2013) dem-
onstrated that morphometric and genetic data were
complementary for stock identification. The identifi-
cation of discrete ‘phenotypic’ stocks is essential for
population modelling. This is important because it is
generally assumed that ontogenetic rates are homoge-
neous within stocks (Cadrin 2014).

Several studies have stated that body shape should
be attributed to genetic differences and environmental
effects (Albertson et al. 2003, Toscano et al. 2010,
Cadrin 2014). Although gene flow between the western
and eastern stocks of Persian sturgeon in the Iranian
waters of the Caspian Sea (Khoshkholgh et al. 2011)
occurs, our findings showed that juvenile sturgeon
from the different regions were well segregated by
body shape analysis. Morphological variation among
different short-nosed sturgeon, Acipenser breviro-
strum, were explained by environmental traits and also
by differential grow rates during larval development
(Walsh et al. 2001, Russo et al. 2009). For example,
differences in head proportions as a result of different
growth rates were seen in different populations of lake
sturgeon, Acipenser fulvescens (Guenette et al. 1992).
Moreover, differential water temperature and veloc-
ity influenced morphology among Siberian sturgeon
populations, Acipenser baeri (Ruban and Sokolov
1986). The streamlined body of juvenile Persian stur-
geon from the western region of the Iranian coast is
adapted for high flow rates, which decreases body
drag (reduction in head and body depth) (Taft 2011) in
comparison with juveniles from the eastern region. Fin
characteristics were different in the two regions. These
types of adaptations were seen in juveniles reared in
lakes, which had more posteriorly-placed pectoral fins
(Langerhans and Reznick 2010, Cadrin 2014), as we
see in juveniles from the eastern coastal waters.

Furthermore, trophic niche could be affected on
morphological diversity in body shape of larval stage
of fish, particularly in the head region (Russo et al.
2007, 2008, 2012).

Differences in water temperature and seasonal vari-
ation in ecological conditions may also cause varying
selection pressure on growth and morphology (Pakkas-
maa and Piironen 2001). Slower growth rate could be
responsible for the these differences in head proportions
(Guenette et al. 1992). Larger head and body propor-
tions are observed in individuals that grow slowly. Ju-
venile Persian sturgeon from the eastern region, which
is marked by higher water temperature, have bigger
fins than juveniles from the western region. At optimal
temperatures, growth and development proceed more
rapidly, while at sub-optimal high or low temperatures,
growth and development are slow and led to larger fins,
as observed in the early life stage of the short-nosed
sturgeon, Acipenser brevirostrum (Walsh et al. 2001).
The average surface temperature is generally higher in
the eastern region than in the western region (Ginzburg
et al. 2005). Abdolhay et al. (2010) suggested that dif-
ferent populations of kutum, Rutilus frisii kutum, in

the southern Caspian Sea could be differentiated by
physical characteristics of each habitat, such as water
temperature. If the observed variation in phenotype re-
sults from plasticity, then population-level morphology
may be a response to altered hydrology. Regardless of
a plastic or adaptive response, the strength of selection
and underlying genetic diversity will influence how
quickly populations will need to change in order to
persist (Michel et al. 2014).

The phenotypic plasticity in body shape between
eastern and western portions of the Iranian coastal wa-
ters of the Caspian Sea suggests that Acipenser persicus
has an adaptive response. Therefore, body shape could
be useful for distinguishing between stocks where it is
impossible to follow fish larvae from hatching or even
release, and could thus be a useful tool in conservation
biology, population restoration and commercial fishery
management.
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