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Abstract

Over the past few decades, analyzing body shape changes and their application to population dynamics has allowed the
quantitative and qualitative evaluation of morphological changes associated with phenotypic expression. However, the physi-
ological conditions of organisms need to be considered in the analyses of body shape variation. We address changes in the
body shape of the Pacific thread herring Opisthonema libertate (Giinther, 1867) on the western coast of Baja California Sur
during an annual cycle using landmark data and geometric morphometric methods. Pacific thread herrings were collected
from commercial landings of small pelagic fish in Bahia Magdalena. Morphometric analyses were based on the multivariate
comparison of 22 reference points that characterize fish body shape. All comparisons in the multivariate analysis of variance
revealed significant differences between the monthly means (a priori groups), as indicated by the ten significant CV axes.
Furthermore, the pattern of body shape variation was consistent with reproductive changes in Pacific thread herring. The
most helpful shape variation for distinguishing among the groups was in the dorsal and ventral profiles of the truncal region
of the body shape. These results support the hypothesis that fish physiological condition is a temporal factor that helps us
discriminate intra-population units based on body shape variation and is a potential bias in inter-population comparisons.
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Introduction

The classification of individuals is based on morphological
characteristics and models that summarize the best char-
Communicated by S. E. Lluch-Cota acteristics of the population (Landi and Quiroz-Valiente
2011). Comparisons between groups or populations have
traditionally been based on analyzing differences in linear
dimensions (Strauss and Bookstein 1982; Winemiller 1991;
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coexistence, to infer ecological strategies (e.g., Gatz 1979;
Bellwood et al. 2006) and to investigate the fluctuations in
biomass and diversity within communities due to natural or
anthropogenic perturbations (Villéger et al. 2010).

Geometric morphometrics have been increasingly used
in fisheries management for species identification (Pérez-
Quifionez et al. 2017) or identification of population units
(morphotypes) through the analysis of body shape (Silva
2003; De La Cruz-Agiiero and Garcia-Rodriguez 2004;
Tzeng 2004; Ibafiez-Aguirre et al. 2006; Garcia-Rodriguez
et al. 2011; Vergara-Solana et al. 2013; Cronin-Fine et al.
2013; Pérez-Quifionez et al. 2018; Chollet-Villalpando
et al. 2024) and otolith shape (Campana and Casselman
1993; DeVries et al. 2002; Félix-Uraga et al. 2005; Stran-
sky et al. 2008; Ramirez-Pérez et al. 2010; Pérez-Quifionez
et al. 2018; Chollet-Villalpando et al. 2019). However, the
physiological conditions of these organisms are often not
considered in fish body shape studies (Hedgecock et al.
1989; Pérez-Quifionez et al. 2017). Most of these studies
do not consider the species breeding cycle, so the results
could reflect differences that are not the result of shape as a
distinctive characteristic of the population or species studied
but of the physiological condition of the organism. As an
alternative to reduce this shape effect, Rodriguez-Mendoza
et al. (2019) proposed eviscerating fish to avoid the influence
of gonad size or stomach fullness on body shape.

In the Mexican Pacific, most studies that have used body
shape through geometric morphometric methods applied to
pelagic fish have focused on the Pacific sardine Sardinops
sagax (De La Cruz-Agiiero and Garcia-Rodriguez 2004;
Garcia-Rodriguez et al. 2011; Vergara-Solana et al. 2013).
The collapse of the Pacific sardine fishery in California and
northern Mexico at the beginning of the 1950s (Wolf 1992)
resulted in the movement of the Mexican fishery to new fish-
ing areas to the south, such as Bahia Magdalena (Félix-Uraga
et al. 1996). The ecological and commercial importance of
other small pelagic species in this area, such as the Pacific
thread herring Opisthonema libertate (Giinther, 1867), has
led to increased interest in the population dynamics of this
species through the use of morphometric analysis to dif-
ferentiate the sympatric species of the genus (O. liberate,
O. bulleri, and O. medirastre) (Pérez-Quinonez et al. 2017)
and population structure (Pérez-Quifionez et al. 2018; Ruiz-
Dominguez and Quifionez-Velazquez 2018).

The Pacific thread herring is the most abundant pelagic
species in the region after the Pacific sardine. This species
is also of great economic and ecological importance due
to its catch volume (3,387,012 t total catch between 1972
and 2016, SAGARPA-CONAPESCA 2017) and is prey for
a wide variety of fish, mollusks, birds, and marine mammals
(Holt 1975). On the coasts near and even within Bahia Mag-
dalena and Baja California Sur, the breeding season of O.
libertate occurs during the summer months (Torres-Villegas
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and Pérez-Gomez 1988; Matus-Nivon et al. 1989), the rest of
the year presenting gonads in stages of immaturity and sex-
ual indifference. These characteristics have made the Pacific
thread herring a species of interest for applied research to
obtain information on its biology and population structure
and to propose better resource management strategies.

In this study, we analyzed the temporal variation in
the body shape of the Pacific thread herring O. libertate
from Bahia Magdalena using Cartesian coordinate 2D and
geometric morphometric methods. The aim of this study
was to determine whether the reproductive cycle directly
affects body shape. In addition, we tested the hypothesis that
changes in gonadal condition significantly affect the body
shape of Pacific thread herring.

Materials and methods
Sampling

Pacific thread herring specimens were collected monthly
from January to November 2016 (during December, boats
usually reduce fishing trips) from commercial small pelagic
fish landed in Bahia Magdalena (Fig. 1). The total sample
size was 326 specimens (n =30 except for August, n=26).
The sea surface temperature (SST) was obtained monthly
from the MODIS sensor on the AQUA satellite (NASA
Ocean Color website: https://oceancolor.gsfc.nasa.gov/
13) for the area comprising between 24°N and 26°N and
between 111.5°W and 113°W, which includes Bahia Mag-
dalena and its surrounding fishing area.

The taxonomic identification of specimens was performed
based on the methods of Berry and Barret (1963), Torres-
Ramirez (2004), and Pérez-Quifionez et al. (2017). The size
(SL mm), weight (TW g), and sex of each specimen were
recorded. Maturity was determined using a morphochro-
matic scale (Holden and Raitt 1975), with five development
stages: undifferentiated (1), immature (2), in the process of
maturation (3), mature (4), and spawned (5). All specimens
analyzed were adults (> 120 mm LE; Berry and Barret 1963;
Jacob-Cervantes and Aguirre-Villasefior 2014), reducing the
potential contribution of the allometric component to the
variation in fish shape.

Digitalization and location of landmarks
and semi-landmarks

The left side of each specimen was photographed along with
a metric scale, using a Canon Power Shot Sx50001S digital
camera fixed on a base. Outline shape variation of the fish
body was registered using a combination of 11 landmarks
and 11 semi-landmarks (22 points in total; Fig. 2), with 2D
data coordinates (X, Y). The 11 landmarks defined were as
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) : 3N\

Bahia Magdalena (circle empty)

on the western coast of the Baja

California Peninsula, Mexico. 320N+

The shaded region is the fishing

area for the purse seine fleet

landing in Bahia Magdalena 31°N T

N

30°N+

29°N )

28°N-
27°N-
26°N-
25°N-
Bahia Magdalena
24°N-
Pacific Ocean "
23°N-
119°W  118°W  117°W  116°W  115°W  114°W  113°W  112°W  11l°w  110°W

follows: the tip of the snout (LM 1), the first spine of the
dorsal fin (LM 8), the last radius of the dorsal fin (LM 9), the
first upper principal caudal radius (LM 13), the midpoint of
the caudal fin base (LM 14), the first lower principal caudal
radius (LM 15), the first spine of the anal fin (LM 18), the
first spine of the pelvic fin (LM 19), the first spine of the
pectoral fin (LM 20), and the ocular orbit (LM 21 and 22).
Since landmarks were insufficient to represent body
shape and to obtain the best representation of shape vari-
ation, we generated “fans” in the digital images to provide

guidelines of equal angular spacing, helping us to locate
semi-landmarks along the curves using MakeFa8 software
(Sheets 2014). We created three open curves to capture the
body shape of the thread herring. First, a triangular fan was
constructed based on the landmarks located at the tip of the
snout (point 1), the first spine of the dorsal fin (point 8), and
the first spine of the pectoral fin (point 20), using the land-
mark of the pectoral fin as the origin of the lines. This first
fan helped to locate semi-landmarks two to seven, obtaining
a curve composed of two landmarks and six semi-landmarks

Fig.2 Location of the 22 points used to represent the Pacific thread
herring (Opisthonema liberate) body shape. Black dots, landmarks;
gray dots, semi-landmarks. Landmarks: the tip of the snout (LM 1),
the first spine of the dorsal fin (LM 8), the last radius of the dorsal fin
(LM 9), the first upper principal caudal radius (LM 13), the midpoint

of the caudal fin base (LM 14), the first lower principal caudal radius
(LM 15), the first spine of the anal fin (LM 18), the first spine of the
pelvic fin (LM 19), the first spine of the pectoral fin (LM 20), and the
ocular orbit (LM 21 and 22)
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(eight points in total). A second fan was constructed using
the landmarks located on the last radius of the dorsal fin
(point 9), the first spine of the anal fin (point 18), and the
first upper principal caudal radius (point 13), using the spine
of the anal fin landmark as the origin of the lines. The sec-
ond curve was used to locate semi-landmarks ten to twelve,
obtaining a curve composed of two landmarks and three
semi-landmarks (five points in total). Finally, a third fan was
based on landmarks located on the first spine of the dorsal
fin (point 8), the first lower principal caudal radius (15), and
the first spine of the anal fin (point 18), using the spine of
the dorsal fin landmark as the origin of the lines. This third
fan helped locate semi-landmarks 16 and 17, resulting in a
curve composed of two landmarks and two semi-landmarks
(four points total). All landmarks and semi-landmarks were
digitized using the program TpsDig 1.4 (Rohlf 2004).

Superimposition and alignment

We superimposed the sample data based on a generalized
Procrustes analysis (GPA). This procedure removed the dif-
ferences produced by the position, orientation, and scale
between all configurations of landmarks and semi-landmark
points (Rohlf and Bookstein 1990; Rohlf and Slice 1990)
using Coordgen8 software (Sheets 2014). The semi-land-
marks were then aligned according to their corresponding
curve by sliding points using the minimum distance criterion
in the semilLand8 software (Sheets 2014).

Shape data analysis

Before the statistical analyses, we assessed the dependence
of shape on size via regression analysis using Regress8 soft-
ware (Sheets 2014). We examined whether the fish body
shape variation among the months was allometric because
there was variation in size among the specimens sampled.
We used body shape as the dependent variable (Y) and cen-
troid size log-transformed (CS-log) values as the independ-
ent variable (X) following the equation described by Zeld-
itch et al. (2012). The superimposed and aligned Procrustes
coordinates of all months were used to compute the partial
warp scores using the three smallest specimens as a refer-
ence. We used 2500 replicates in a bootstrap permutation
test to estimate the significance of the regression parameters.
The regression slope () defined the deviation ratio of body
shape to the corresponding deviation of the CS-log. A low
value indicates that the size effect on shape might not be
significant. In addition, if size accounts for very little shape
variation, size provides weak insight into fish body shape
(Sheets 2014).

We performed a principal component analysis (PCA)
using the partial warp scores produced from the superim-
posed and aligned coordinates to examine the generalized
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body shape variance among all specimens in PCAGen8
(Sheets 2014). The results of this analysis were used to
determine the number of components (PCs) that accounted
for 95% of the total variance. Using this procedure, we
reduced the number of variables used to perform canoni-
cal variate analysis (CVA) of shape variation in CVAGen§
software (Sheets 2014). The multivariate analysis of vari-
ance (MANOVA) for the shape variation of the fish body
included the first 14 PCA-shaped axes (95.45% of the total
variance) and discarded the last 26 PCA components (4.55%
of the total variance). The significance of the CVA scores
was based on Wilk’s lambda (1) values determined using
Bartlett’s test, which has an approximately chi-squared dis-
tribution (Zelditch et al. 2012).

Body fish shape changes explained by the first two canon-
ical variates (CVs) were visualized in a scatterplot using
thin-plate spline deformation grids and vectors on landmarks
and semi-landmarks for the positive and negative sides of
CV1 and CV2. The percentage of correct posterior classifi-
cation and the CVA performance were tested by jackknifing
up to 500 trials of the total sample, with 10% (33 specimens)
used as unknowns and testing 16,500 specimens randomly.
The hierarchy of the greatest differences in shape discrimi-
nated by the CVA axes was visualized via cluster analysis
using the unweighted pair group method using arithmetic
averages (UPGMA). The pattern of body shape similarity
was determined using the matrix of Procrustes distances
derived from the CVA between the 11 months as a priori
groups in the NTSYSpc 2.11 (Rohlf 2005).

The results obtained were compared with the Pacific
thread herring reproductive cycle and with the SSTs
recorded during 2016 in the fishing area. Considering that
the reproductive cycle of the species is closely related to
the arrival of the equatorial warm water mass to the Bahia
Magdalena area (Torres-Villegas and Pérez-Gémez 1988),
it could be that the SST influences the degree of gonadal
maturity. Therefore, larger gonad size could be associated
with body shape changes.

Results

Based on the regression analysis results, it is suggested that
there is no statistically significant allometric component
relationship between size (CS-log) and shape variation.
The value for the regression slope (m) was 0.007, with only
1.50% of the variation in shape explained by variation in size
(CS-log) based on summed squared Procrustes distances.
Shape variation in the fish body showed a dispersion pat-
tern that added up to 95.45% of the total variance with the
first 14 PCA-shaped axes. The first component explained
41.95% of the total variance, the second component
explained 17.45%, and 8.69% of the variance was related to
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the third component. These results were useful for reducing
the number of variables included in the CVA of shape varia-
tion. The analyses carried out to evaluate the monthly varia-
tion in body shape showed significant differences among the
11 mean shapes of the 11 months as a priori groups, with ten
significant CV axes in the MANOVA performed with the 14
PCA-shaped axes (CV1: Wilk’s A=0.082, Chisq=785.402,
df=110, P<0.001; CV2: Wilk’s 1=0.226, Chisq=466.721,
d.f.=90, P<0.001; CV3: Wilk’s 1=0.373, Chisq=309.241,
df=72, P<0.001). Based on the Procrustes distances among
the total samples, a considerable percentage of the speci-
mens was correctly assigned to their a priori group. A pos-
teriori classification from the CVA scores was 6717 (40.7%)
correct and significant, and only 10 (0.1%) were correct and
nonsignificant for all specimens analyzed.

The shape variation of the fish body showed a spatial
dispersion pattern in the morphospace, with the shapes of
June and July on the positive side. In contrast, the shapes
of January and February are positioned on the negative
extreme along CV1. The shape of April was located most
in the positive extreme and October in the negative of the
CV2 (Fig. 3). These results reveal shape changes in the
Pacific thread herring body shape over the months (a priori
groups). CV1 showed the most significant shape variation
between January and June (Fig. 3). This result concurs with

the greatest percentage of Pacific thread herring exhibit-
ing advanced gonadal maturity between June and July
(Fig. 4a). Additionally, the greatest gradient of monthly
SST changes over the year occurred in these months. The
SST showed a seasonal pattern defined by the lowest values
(approximately 21 °C) during the first semester, with the
greatest increase occurring from June to July. In the subse-
quent months, the SST was approximately 25 °C (Fig. 4b).

The graphical representation of morphological variations
indicated seasonal changes, with June showing the most sig-
nificant morphological variations. Visualizing the morpho-
logical distinction of shapes for the body over the 11 months
showed two main groups of shapes as the most different
(Fig. 5). One shape was present in June, and the second shape
was observed in the remaining months. A more elevated and
robust body was present in the first shape (Fig. 6a, with the
mean shape as a reference in the grid) with a greater body
depth. The second group of shapes shows a slenderer and
enlarged body shape (Fig. 6b, with the mean shape as a ref-
erence in the grid). Within the second shape group, Janu-
ary, February, and March are separated from the rest of the
months, with January having the most different shape (Fig. 5).
Consequently, within this second shape group, April is dis-
tinguished from the rest of the species, with September and
October being the most similar months in shape.
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Fig. 3 Morphospace of the body shape of the Pacific thread herring
Opisthonema libertate. The scatter plot depicted the distribution
of the specimens in the multivariate space of CV1 and CV2. Sym-
bols are as follows: filled black circle, January; black equis, Febru-

ary; filled black star, March; filled black square, April; black asterisk,
May; empty triangle, June; inverse empty triangle, July; empty rhom-
bus, August; filled gray circle, September; filled gray triangle, Octo-
ber; filled gray star, November
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The shape changes occurred in the month before the SST
increased to its maximum in the area and when the organ-
isms were at their maximum spawning activity (Fig. 4),
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Fig.5 Dendrogram derived from the unweighted pair-group method
with arithmetic mean (UPGMA), based on Procrustes distances
between the defined a priori groups (months)
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Months

with a more prominent ventral area. During the remaining
months, mainly September and October, differences between
the body shapes of the dorsal and ventral regions of the
organisms were smaller, as revealed by the dendrogram. This
body compression coincides with the months when the SST
decreased, and the fish presented an increase in gonads in
the undifferentiated development stage (Fig. 4).

Discussion

Using geometric morphometric analysis, the results of this
study indicate a highly variable shape in the body of the
Pacific thread herring Opisthonema libertate, mainly in
the dorsal and ventral portions of the body. Shape changes
were associated with the seasonal gonadal maturity of the
Pacific thread herring in Bahia Magdalena. According to
the canonical variate analysis, the differences between the
months’ shapes were significant in all cases. The spatial
dispersion of the groups in the scatterplot indicated that
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Fig.6 Deformation grids. a Body shape of specimens in June com-
pared with the global mean. Pacific thread herring showed the most
significant morphological differences in height in June compared
with the remaining months; b Body shape of specimens in January
compared with the global mean. This month, Pacific thread herring
showed a more compressed body shape than the rest of the year.
Grids and vectors represent the direction and magnitude of deforma-
tions, referencing the overall mean configuration (black dots)

the specimen most significant body shape changes occurred
between January and June (Fig. 3). These 2 months coin-
cided to the time when the fish showed greater relative fre-
quencies in the immature and mature developmental stages
(Fig. 4a). Our results support previous findings that it is
possible to obtain useful information to identify intra-popu-
lation levels of organization through geometric morphomet-
ric studies (e.g., Murta et al. 2008; Pérez-Quifionez et al.
2018). In this case, the results provide reliable data on sea-
sonal body shape variation using geometric morphometrics.

Changes in scaling relationships between traits explain
to a great extent variation in the shape of structures and, in
turn, can be explained by variations in body shape associ-
ated with allometric growth (e.g., Klingenberg 1998; Delga-
dillo-Calvillo et al. 2012). However, in this study, allometric
effects on morphological variations were reduced because
all individuals analyzed were adults (> 120 mm SL) (Berry
and Barret 1963; Jacob-Cervantes and Aguirre-Villasefior
2014; Ruiz-Dominguez 2015; Pérez-Quifionez et al. 2017,
2018). Another potential factor could be that the specimens
belonged to different age classes since the recruitment of
Pacific thread herring to fishing occurs at one year of age
(approximately 120 mm SL) (Ruiz-Dominguez 2015), and
different life histories and population dynamics may trans-
late into distinct levels of intraspecific body shape variation.

According to the previously mentioned causes of vari-
ation, potential biases were reduced by the methodology
and the sampling strategy used in this study. We presume
that gonadal conditions were the most significant source of
body shape variation in the Pacific thread herring O. liber-
tate collected on the western Baja California Sur coast. This
species is characterized by asynchronous oocyte develop-
ment, which results in a partial spawner (Torres-Villegas
and Pérez-Gomez 1988), reaching maximum spawning in
the study area in June (Rodriguez-Dominguez 1987; Torres-
Villegas and Pérez-Goémez 1988). The most distinct body
shape of all a priori-determined groups for the Pacific thread
herring specimens analyzed occurred in this month (Figs. 5,
6). Additionally, the greatest SST variation (20 to 25 °C) was
recorded between June and July. This temperature change
could stimulate the maximum spawning of the adult pop-
ulation, as suggested in previous studies (Torres-Villegas
and Pérez-Gomez 1988; Lluch-Belda et al. 1991; Castro-
Gonzalez et al. 1996) (Fig. 4b).

Hedgecock et al. (1989) indicated that the gonadal matu-
rity state was independent of differences in Pacific thread
herring body shape for the same study area. This result was
probably due to the temporal origin of these authors’ sam-
ples, which consisted of two specimens collected in July
and 198 in March. Our results indicated that Pacific thread
herring presented mainly undifferentiated and immature
gonads between January and March, whereas in June—July,
it presented gonads at the pre-spawning stage (large-sized
gonads; Fig. 4a), resulting in marked body shape differences
in height and depth, as we reported (Fig. 6). Therefore,
our geometric morphometrics analysis results support the
hypothesis that the physiological conditions of specimens
should be considered when discriminating species or popu-
lations. If analyses are based on samples collected at differ-
ent times of the year, and physiological conditions are not
considered, the interpretation of results could easily find a
potentially non-biological shape variation, especially in spe-
cies with long reproductive periods and a spawning peak.

Conclusions

Our constructed morphometric protocol allowed us to
capture and analyze the variation in the body shape of the
Pacific thread herring Opisthonema libertate from the west
coast of Baja California Sur, Mexico. There was no depend-
ence of shape variation on fish size in the samples studied.
The body shape changes significantly during the annual
cycle, with those in January and June being the most dif-
ferent. However, during June, the greatest changes in body
shape were observed (more elevated and robust body shape),
coinciding with the maximum gonadal maturity and higher
sea surface temperature.
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