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Abstract: Urophycis cirrata is an important demersal fish species targeted by Brazilian
industrial fisheries. With high exploitation rates, its stock(s) is(are) currently deemed
fully exploited or overexploited. While basic ecological information, such as length at first
maturity, exists, knowledge of its population structure is limited. A sub-sample of 90 sagittal
otoliths of UL cirrata juveniles (300-411 mm total length) collected during the Program for
Assessment of the Sustainable Potential of Living Resources in the Exclusive Economic
Zone (REVIZEE) in 2001/2002 was analyzed. Samples came from the outer continental shelf
and upper slope of the southeast-south Brazilian coast, divided into three regions: northern
(Cabo Sao Tomé to Sao Sebastiao), central (Sao Sebastido to Cabo Santa Marta Grande), and
southern (Cabo Santa Marta Grande to Chui). Otolith shape (elliptic Fourier descriptors)
and elemental (element:Ca) signatures were examined using univariate (ANOVA, Tukey)
and multivariate (MANOVA, LDFA) statistical methods. An overall reclassification success
rate of 86% was achieved using both signatures. However, individuals from the three
regions were not fully separable, indicating a single, albeit not homogeneous, population
unit for fisheries management. As fish stocks are dynamic, contemporary studies should
be conducted to verify whether this population structure persists.

Keywords: deep-Sea; demersal-benthic fish species; natural tags; population structure

Key Contribution: The study reveals significant regional variations in the otolith shape
and chemistry of Urophycis cirrata, indicating environmental influences on its population
structure. Despite these variations, the findings suggest a single connected population unit,
offering critical insights for fisheries management.

1. Introduction

Urophycis cirrata (Goode & Bean, 1896) is a benthopelagic deep-water fish species
widely distributed across the Atlantic Ocean, from the Gulf of Mexico to southern South
America, inhabiting depths ranging from 60 to 700 m [1]. This species has often been
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misidentified as Urophycis mystacea (Miranda Ribeiro, 1903). This species was originally
described as being restricted to the southwestern Atlantic, from southern Bahia to the mouth
of the Rio de la Plata, on the border between Uruguay and Argentina [2-4]. However,
morphological analyses [5] and mitochondrial DNA studies [6] have shown that both
names refer to the same species. In this study, the nomenclature U. cirrata was adopted,
although taxonomic issues are not the primary focus of the present research.

Females of U. cirrata are larger than males, with one-year-old individuals exhibiting
average total lengths (TLs) of 174.0 mm and 193.0 mm, respectively, reflecting a consistent
pattern of differential growth between sexes, as reported in previous studies from the
same region [7,8]. Although females exhibit slower growth, they reach older ages [7,8].
Individuals can attain a maximum TL of 676 mm [5,9]. Males are more abundant at greater
depths, suggesting possible sexual segregation associated with water depth [10]. This body
length difference between males and females, with females dominating at larger sizes,
has also been observed in other Gadiform species [11-13]. Reproductive data for females,
including ovarian development and the gonadosomatic index, indicate that spawning
in southeastern and southern Brazil occurs twice a year, with a peak between April and
June [14]. The total length at first sexual maturity for females is 420 mm [15], and their diet
is primarily composed of shrimp, crabs, and fish [16].

U. cirrata is a commercially important species in southern Brazil, but its population
has experienced a decline since 2001, when it became a target species for bottom trawl
fleets [15,17]. Currently, its stock is considered vulnerable and overfished, based on ex-
ploitation rates [14]. Furthermore, the established minimum catch size (TL: 300 mm) allows
for the capture of individuals that have not yet reached sexual maturity, potentially re-
ducing reproductive opportunities and accelerating population decline [18]. Despite its
importance, ecological knowledge about U. cirrata remains limited, with little information
available regarding its population structure, fish movements, and habitat connectivity.
In Brazil, this species is primarily fished using bottom gillnets, especially in the south-
eastern and southern regions [19]. A stock assessment study revealed that the species is
moderately to highly vulnerable to fishing, making it crucial to implement sustainable
management measures to ensure both the conservation of U. cirrata and the long-term
viability of associated fishing activities [20].

Otoliths, inert metabolic structures composed of calcium carbonate, have been widely
used as natural markers in studies of fish ecology and fisheries management [21-23]. These
structures grow continuously throughout a fish’s lifespan, incorporating minor and trace
elements from the surrounding environment, which allows the inference of environmental
characteristics and habitat use patterns over time [23-25]. Moreover, although otolith
morphology is highly species-specific, it also exhibits geographic variation influenced
by environmental factors and ontogenetic development [23,26,27]. Insights derived from
otolith elemental and shape signatures can provide valuable insights into the population
dynamics, movement patterns, and habitat connectivity of marine fish, including in the
Southwest Atlantic Ocean [28-30]. Furthermore, spatial segregation in the juvenile and
adult stages of a congeneric species, Urophycis brasiliensis, was successfully studied using
otolith microchemistry and shape analyses [31].

This study applies, for the first time, otolith elemental and shape analyses to investigate
the population structure of U. cirrata along the southeast-south Brazilian coast, from Rio de
Janeiro to Santa Catarina. The aim is to provide new insights into its ecological dynamics
and support fisheries management and conservation strategies.
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2. Materials and Methods
2.1. Biological Sampling

The individuals of U. cirrata were collected during research expeditions conducted
as part of the Evaluation of the Sustainable Potential of Living Resources Program in the
Brazilian Exclusive Economic Zone (REVIZEE) in 2001 (August, September, and October)
and 2002 (February, April, and June). This program was coordinated by the Brazilian
Institute of the Environment and Renewable Natural Resources IBAMA) and involved
several universities and research institutions. Fish used in this study were collected by
research and commercial vessels during the fishing prospecting campaigns [10]. The
fish were captured using bottom trawls, circular and rectangular traps (large and small),
handlines, droplines and bottom longlines. The sampling area was from Cabo Frio, in Rio
de Janeiro (23°05’ S), to Chui, in Rio Grande do Sul (34°34’ S), at depths of 94 to 810 m
(Figure 1). Fish were morphologically identified to the species level [32], preserved on ice
and transported to the laboratory. Fish were measured [total length (TL) to the nearest
1 mm)], and sagittal otoliths were carefully removed, washed in distilled water, air-dried,
and preserved in plastic tubes.
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Figure 1. Map of Brazil (inset map) showing the sampling area of Urophicys cirrata individuals
used in this study (main map) that includes the Brazilian southeastern-south oceanic extension
delimited by the geographic coordinates from 23°05’ S-47°21' W (Cabo de Sao Tomé, Rio de Janeiro)
to 34°34’ 5S-52°01’ W (Chui, Rio Grande do Sul).

To minimize any potential confounding effect of regional differences in fish growth
on otolith shape and chemistry, an attempt was made to collect individuals from the same
age class by choosing fish of similar length [27,28,30]. A sub-sample of 90 (30 per region)
individuals of similar length (TL: 300411 mm (Table 1); One-Way ANOVA: F2,87 = 0.208
and p = 0.813) from southeast-south Brazil, considering the oceanography study area
division from the north (Cabo de Sao Tomé to Sao Sebastiao), center (Sao Sebastiao to Cape
of Santa Marta Grande), and south (Cape of Santa Marta Grande to Chui) [33], was selected.



Fishes 2025, 10, 63

4of 16

Table 1. Region, geographic coordinates, sample size (n) and total length (TL: mean + SD) of the
individuals used in this study.

Region Latitude Longitude N TL (mm)

North 23°05' S-26°46' S 042°03' W-047°21" W 30 360.43 £ 30.92
Center 28°40' S-31°07' S 047°01" W-049°49' W 30 357.70 £ 32.59
South 31°07' S-34°34' S 047°31" W-052°01" W 30 363.00 + 28.33

2.2. Otolith Shape Analysis

Although left and right otoliths are considered morphologically identical in this
species [8], the right otolith was chosen for analysis based on a similar study of the
congeneric U. brasiliensis [31]. A microphotograph of each right otolith was taken by
a stereomicroscope (Meiji Techno, Saitama, Japan, EMZ-13TR) coupled with a USB digital
camera (Olympus, Tokyo, Japan, SC30), using reflected light against a dark background.
Sagittae were positioned with the sulcus acusticus up, and the rostrum pointed to the left.
Orthogonal two-dimensional pictures were thereafter transformed into black and white
images using the software Paintnet (version 4.1.6). The final images were processed with
the software Shape Analysis v. 1.3 to obtain the Elliptic Fourier Descriptors (EFDs).

The contour shape was extracted [34] from each otolith to determine the number of
EFD required to adequately describe its outline [35]. The first five harmonics reached 95%
of the cumulative power (excluding coefficient d5). Moreover, since the elliptical Fourier
harmonics for each otolith were normalized to the first harmonic and were thus invariant
to the otolith size [36], the first three coefficients (al, b1l and c1) constant for all outlines
were excluded, reducing the number of EFD to 16 (i.e, 5 x 4-1 — 3 = 16).

2.3. Otolith Elemental Analysis

Right sagittal otoliths were cleaned in an ultrasonic bath for 5 min in ultrapure water
(H20, Milli-Q-Water) to remove any adherent biological tissues, followed by immersion in
3% analytical grade hydrogen peroxide (H,O,, Fluka Trace Select) for 15 min, to remove
any remaining organic residues. Otoliths were then rinsed in ultrapure 1% nitric acid
(HNO3, Fluka Trace Select) solution for 10 s, followed by a triple-immersion in ultrapure
water (HyO, Milli-Q-Water) for 5 min to remove the acid [37]. Finally, otoliths were stored
in pre-cleaned plastic tubes and dried in a laminar flow hood [38]. The decontaminated
otoliths were weighed on an analytical balance (OM, 0.0001 g) prior to further analyses.

Sagittae were dissolved for 15 min in 60 uL of ultrapure nitric acid (HNOj3, Fluka Trace
Select, >69%), diluted with ultrapure water (H,0, Milli-Q-Water) to a final volume of 3 mL
[2% of HNOj (v/v) and 0.02% of TDS (m/v)] [30], stirred with a vortex and thereafter sent
to analysis. Except for calcium, multi-elemental analysis was performed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) using an iCAP™ Q instrument (Thermo
Fisher Scientific, Bremen, Germany) equipped with a concentric glass nebulizer, a Peltier-
cooled baffled cyclonic spray chamber, a standard quartz torch and a two-cone interface
design (sample and skimmer nickel cones). High-purity (99.9997%) argon (Gasin II, Leca da
Palmeira, Portugal) was used as the nebulizer and plasma gas. The equipment control and
data acquisition were made through the Qtegra software (Thermo Fisher Scientific, Bremen,
Germany, V2.14). To minimize the effect of plasma fluctuations or different nebulizer
aspiration rates among samples, Indium (115In), Scandium (45Sc), Yttrium (89Y) and
Terbium (159Tb) were monitored as internal standards. The limits of detection (LODs)
were calculated as the concentration corresponding to three times the standard deviation of
10 sample blanks. Calcium was determined by a Flame Atomic Absorption Spectrometry
instrument (FAAS) (Perkin Elmer, Uberlingen, Germany). Samples were analyzed in
random order to avoid possible sequence effects.
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The NRC otolith certified reference material FEBS-1 [39] was used for accuracy control
with recovery rates > 95%. Precision of replicate analyses of individual elements ranged
between 3% and 4% of the relative standard deviation. Eleven elements were above the
LOD: 44Ca (0.086 mg/L), 23Na (45.682 pg/L), 88Sr (22.600 nug/L), 7Li (0.037 nug/L), 24Mg
(9.424 pg/L), 55Mn (1.494 pg/L), 75As (0.710 png/L), 85Rb (0.074 ng/L), 82Se (10.542 ug/L),
59Co0 (0.391 ng/L) and 137Ba (2.768 pg/L). The trace elements’ concentrations, originally
in pg element/L solution, were transformed into ug element/g otolith and finally into ug
element/g calcium [40].

2.4. Statistical Analysis

Although the present study used individuals within the same total-length range (as
a proxy of the year class), it was necessary to ensure that differences in fish size among
samples did not interfere with the analysis of site-specific variations in otolith chemistry [41].
To address this, the relationships between the elemental ratios (Element:Ca) and fish size
were evaluated using analysis of covariance (ANCOVA), with OM as the covariate, prior to
conducting further statistical analyses. The results indicated that Mg:Ca and Ba:Ca showed
a negative relationship with OM (ANCOVAs, p < 0.05). These variables were corrected
using the formula Vadj =V — ( x covariate), where Vadj is the adjusted sample value, V
is the original sample value, and (3 is the ANCOVA slope value [42].

The data were checked for normality (Shapiro-Wilk test) and homogeneity of variances
(Levene’s test). These assumptions were met after a logl0 transformation. One-Way
Analysis of Variance (One-Way ANOVA) was used to explore regional differences in otolith
elemental and shape signatures. ANOVA was followed by a Tukey post-hoc test for
significant differences (p < 0.05). Multivariate Analyses of Variance (MANOVA) were
used to test for regional differences in otolith multi shape and elemental signatures. For
MANOVA, the approximate F-ratio statistic for the most robust test of multivariate statistics
(Pillai’s trace) was reported. Multivariate pairwise comparisons were evaluated using
the Hotelling’s T-squared test. A Linear Discriminant Function Analysis (LDFA) using
the stepwise mode was used to visualize regional differences and to examine the re-
classification accuracy of fish to their original location, verified through the percentage
of correct re-classification accuracies of the discriminant functions using a jack-knifed
matrix [43].

All statistical analyses were performed using Systat (v. 12), PRIMER 6+PERMANOVA
and Past 4.03 softwares. A level of significance (o) of 0.05 was used. Data are presented as
means + standard deviations.

3. Results
3.1. Otolith Shape Analysis

Most of the EFD showed no significant differences among regions, with the excep-
tion of D1, D2, and A3, which showed significant differences in otolith contours across
regions (One-Way ANOVAs, p < 0.05) (Table 2). The Tukey tests for D1 showed signif-
icant differences between the southern region and the other two regions (Tukey tests,
p < 0.05) (Table 2). For D2, a significant difference was found only between the Center and
North (p = 0.014) (Table 2). For A3, the only significant difference was between the North
and South (p = 0.020) regions (Table 2). These findings were further corroborated by the
MANOVA, which confirmed significant regional differences in otolith contours (Pillai’s
trace, F = 2.457, p < 0.01). Post-hoc Hotelling’s tests (p < 0.01) showed significant statistical
differences in the southern region compared to the other two regions. The LDFA plot did
not clearly distinguish individuals from the three regions, with the center region showing a
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significant overlap with the northern and southern regions (Figure 2A). The EFD achieved
an overall jack-knifed reclassification rate of 69% (Table 3).

Table 2. Univariate analysis of EFD for Urophycis cirrata. Results of the One-Way ANOVAs, including
the degrees of freedom (DF), F-statistics (F) and p-values (p), followed by the pairwise Tukey post-hoc
test outcomes, if needed (p < 0.05). Regions are represented as N (North), C (Center), and S (South).
Bold values represent statistically significant differences.

ANOVA Tukey Tests (p-Values)
EFD DF F p N xC N xS CxS
D1 2.87 12.41 0.000 0.419 0.000 0.002
A2 2.87 1.59 0.210
B2 2.87 2.01 0.140
C2 2.87 1.40 0.252
D2 2.87 4.16 0.019 0.014 0.234 0.438
A3 2.87 4.03 0.021 0.725 0.020 0.122
B3 2.87 0.40 0.673
C3 2.87 0.55 0.580
D3 2.87 0.15 0.864
Ad 2.87 0.63 0.536
B4 2.87 1.82 0.168
C4 2.87 0.55 0.579
D4 2.87 291 0.060
A5 2.87 2.89 0.061
B5 2.87 2.49 0.089
C5 2.87 0.16 0.852

Canonical Variable 2

Canonical Variable 2

Canonical Variable 2

-4 2 0
Canonical Variable

|
2
1

-1
Canonical Varia

2
ble 1

-1
Canonical Varia

2 5
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Figure 2. Linear discrimination function analysis plots displaying the spatial differences of Urophicys
cirrata otoliths using (A) shape analysis, (B) elemental analysis, and (C) all techniques combined from
the three sampling regions along the southeast-south Brazilian coast. North (white dot), Center (grey
dot) and South (black dot) regions. The ellipses indicate 95% confidence intervals, with overlapping
areas highlighting regions with greater similarities in terms of otolith characteristics. The dots
represent individual fish.
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Table 3. Jackknife re-classification matrix of Urophicys cirrata adults obtained from linear discriminant
function analysis in stepwise mode of the individuals collected at the three main regions based on
the otolith shape analysis (A), otolith elemental analysis (B) and both analyses combined (C).

Real Location Predicted Location

A North Center South %
North 22 7 1 73
Center 8 19 3 63
South 1 8 21 70
Total 31 31 28 69
B North Center South %
North 19 6 5 63
Center 4 26 0 87
South 5 3 22 73
Total 28 35 327 74
C North Center South %
North 23 6 1 77
Center 1 28 1 93
South 2 3 25 83
Total 26 37 27 84

3.2. Otolith Elemental Analysis

Otolith elemental analyses revealed distinct patterns in element:Ca ratios across the
three studied regions (Figure 3). Mn:Ca, Co:Ca, Se:Ca, Li:Ca and Rb:Ca exhibited similar
concentrations across regions (One-Way ANOVAs, p > 0.05), whereas Na:Ca exhibited
significant differences across all regions (One-Way ANOVAs, followed by Tukey tests,
p < 0.05). Ba:Ca and As:Ca displayed distinct concentrations exclusively in the southern
region (higher and lower concentrations for Ba:Ca and As:Ca, respectively) (One-Way
ANOVAs, followed by Tukey tests, p < 0.05). Mg levels differed between the northern and
southern regions, with the center region showing intermediate values (One-Way ANOVA,
followed by Tukey tests, p < 0.05). Sr exhibited a pattern where the southern region differed
from the center region, while the northern region showed similarities with both (One-Way
ANOVA, followed by a Tukey test, p > 0.05) (Figure 3). The LDFA plot clearly distinguished
between the center and southern regions, while the northern region exhibited considerable
overlap with the other regions (Figure 2B). The use of the Element: Ca ratios allowed for
the achievement of an overall jack-knifed reclassification rate of 74% (Table 3).

3.3. Both Tools Combined

All combined natural otolith markers showed significant statistical differences among
regions (MANOVA, Pillai’s Trace p < 0.05), with all pairwise comparisons showing sig-
nificant differences (Hotelling’s T-square tests p < 0.05). The LDFA plot (Figure 2C) did
not fully discriminate the regions, showing slight overlap, particularly between the north
and center regions. Combining otolith shape and elemental signatures led to an overall
reclassification rate of 84% (Table 3).
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Figure 3. Elemental (detrended for Mg and Ba) concentrations in ug element/g calcium (Mean =+ SD)
in whole otoliths of Urophicys cirrata collected in the southeast-south Brazil for (A) Na:Ca, (B) Sr:Ca,
(C) Mg:Ca, (D) Mn: Ca, (E) Co:Ca, (F) Ba:Ca, (G) Se:Ca, (H) As: Ca, (I) Li:Ca and (J) Rb:Ca. The regions
marked with the different letters are significantly different from each other (One-Way ANOVAs,
followed by the Tukey tests, p < 0.05).

4. Discussion

The objective of this study was to investigate regional variations in the morphology
and chemistry of Urophycis cirrata otoliths to better understand the species’ population
structure through natural markers. Multivariate analysis revealed regional differentiation;
however, the overlap in otolith shape and chemical composition data suggests a predomi-
nantly connected population. The combined analysis of otolith morphology and elemental
composition further emphasized that, while the population remains largely interconnected,
regional environmental factors—such as water chemistry, prey availability, and habitat
characteristics—partially influence its structure. These findings align with previous stud-
ies emphasizing the complementary value of otolith morphometry and microchemistry
in understanding the population structure of marine species in this area [28,44,45], rein-
forcing the effectiveness of these methods in delineating fish populations under varying
environmental pressures.

Otolith shape signatures have demonstrated their utility, albeit with certain limitations,
in identifying regional differences, achieving an overall reclassification rate of 69%. The
morphological analysis revealed significant regional differences, likely reflecting the influ-
ence of environmental gradients on otolith morphology. These regional patterns correspond
to the dynamic oceanographic characteristics of the southeast-south coastal region of Brazil,
where temperature, salinity, and sediment types are shaped by the interaction of distinct
water masses. For instance, the warmer, saltier waters of the Brazil Current dominate the
continental shelf, while the cooler, less saline waters of the South Atlantic Central Water
and the Falkland Current create marked thermal and salinity gradients [46—-48].

The sediments in this area exhibit a clear latitudinal transition. The northern region is
characterized by sandy and biogenic sediments rich in carbonate, while the southern region
has finer sediments, rich in silt and clay, with a higher organic matter content [49]. This
pattern reflects the influence of the Brazil Current, which transports biogenic minerals and
fine particles from tropical regions, and the Rio de la Plata, the primary source of terrigenous
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sediments south of 27°S [49-51]. The mineralogical composition further highlights a
latitudinal distinction, with illite dominating in the south, derived from the Rio de la Plata
Basin, and kaolinite prevailing in the north, associated with chemical weathering in tropical
environments [51].

Previous studies indicate that otolith shape is influenced by both endogenous factors,
such as growth and age, and exogenous factors, such as temperature and salinity, which
vary geographically [52-54]. For the same species, a preliminary study using morphometric
data and shape indices of otoliths indicated a possible latitudinal variation [55]. Although
Elliptic Fourier Descriptors (EFDs) are invariant with respect to otolith size, their sensi-
tivity to subtle variations in contours makes them particularly useful for distinguishing
populations exposed to different environmental pressures [35], such as those imposed
by the diverse oceanographic conditions in this area. Despite the limitations observed in
previous research, EFDs have proven effective in spatial discrimination, even in contexts of
high population connectivity, highlighting their utility in identifying regional variations in
otolith morphology [44,53,56]. These results emphasize the use of otolith morphometry as
a valuable tool for population structure studies, particularly when integrated with other
natural tags.

Knowledge about multi-elemental signatures in fish otoliths, particularly the mecha-
nisms underlying the incorporation of minor and trace elements, remains largely restricted
to a limited set of elements [57]. In general, these elements are assimilated into the arag-
onitic matrix through absorption from water via the gills and intestines. Once in the
bloodstream, they are transported to the inner ear and pass through the endolymph be-
fore being deposited into the otolith matrix [58-60]. The chemical composition of otoliths
is shaped by a complex interplay of environmental and physiological factors. Among
exogenous factors, water temperature, salinity, feeding regimes, and chemical gradients
in the surrounding environment have a direct influence on both otolith chemistry and
morphology [44,59,61]. Conversely, the incorporation of minor and trace elements into
the aragonite matrix is also modulated by endogenous factors, including interactions with
specific structural proteins involved in otolith formation and development [57,60,62].

Elements sourced exclusively from the saline fraction of the endolymph, including
885r, 7Li, 11B, 24Mg, 39K, 55Mn, and 138Ba, have demonstrated significant utility in the
geographic differentiation of individuals. Since these elements are not protein-bound,
they are more likely to reflect the environmental characteristics of their regions of origin
directly [57,60,63]. In this study, five of these elements (Sr:Ca, Li:Ca, Mg:Ca, Mn:Ca, and
Ba:Ca) were analyzed, along with Co:Ca, Na:Ca, Se:Ca, As:Ca, and Rb:Ca. Among these
ten element:Ca ratios, half (e.g., Mn:Ca, Co:Ca, Se:Ca, Li:Ca, and Rb:Ca) did not exhibit
statistically significant differences among regions. Conversely, the other five ratios (e.g.,
Na:Ca, Sr:Ca, Mg:Ca, Ba:Ca, and As:Ca) showed significant regional variation, indicating
potential environmental influences on their incorporation into otoliths.

The Ba:Ca ratios in otoliths typically show a negative correlation with water salinity,
as barium is primarily introduced into marine environments through riverine inputs. How-
ever, this relationship can vary depending on watershed characteristics, particularly in
volcanic regions, where Ba concentrations are naturally higher [64-66]. The elevated Ba:Ca
values observed in the southern region suggest lower salinity levels, likely influenced by
the Brazil-Malvinas Confluence. This dynamic region marks the interaction between the
warm and saline Brazil Current and the cold, less saline Malvinas Current, leading to a
highly variable oceanographic environment [48,67]. These interactions create sharp gradi-
ents in temperature and salinity, which can influence the incorporation of trace elements in
otoliths. In contrast, the northern and center regions are predominantly influenced by the
Brazil Current, characterized by higher salinity and more stable hydrographic conditions
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due to a reduced input from subantarctic waters and minimal freshwater discharge. The
northern region is also affected by the South Atlantic Central Water (SACW) and Tropical
Water (TW), which dominate at shallower depths, creating distinct vertical stratification
layers [46,47]. While U. cirrata is most abundant at depths between 150 and 300 m [14],
variations in surface salinity and water mass properties may indirectly affect otolith chem-
istry through oceanographic processes such as vertical mixing, upwelling, and subsidence,
which transport surface characteristics to deeper layers [68,69].

The Sr:Ca ratios in otoliths are generally positively correlated with water salinity and
have proven effective in identifying regional differences in hydrographic characteristics
in similar studies [56,65,66]. The observed Sr:Ca distribution, where the southern region
differs from the center region and the northern region displays values similar to both,
reflects the mixing of water masses. This mixing involves the interaction of coastal waters,
such as the Brazil Current, with the central South Atlantic waters and contributions from
the South Atlantic Central Water (SACW) at depth [47]. These complex mixing processes
likely shape the salinity gradients recorded in otoliths. However, the contrasting patterns
between Sr:Ca and Ba:Ca suggest that additional environmental or biological factors may
also influence the observed variations [70].

The Mg:Ca ratios in otoliths exhibited distinct regional differences, with significant
variations between the northern and southern regions, while the center region showed
intermediate values, suggesting an environmental gradient. Studies suggest that Mg:Ca
in otoliths is positively correlated with temperature, but its incorporation may also be
influenced by metabolic processes due to its essential role in tightly regulated cellular
functions [71-73]. Higher Mg:Ca concentrations observed may reflect intense metabolic
activity during early life stages, particularly in areas with environmentally favorable
conditions for productivity [73]. In contrast, lower Mg:Ca concentrations, especially in
older individuals, may be linked to reduced metabolic rates as individuals age [29,73].

Arsenic (As), widely recognized as a toxic element, is predominantly of natural origin
in the waters of South America, making it one of the main contaminants of public health
concern [74-76]. In the southwestern Atlantic, elevated arsenic levels have been reported
in both water and fish muscle, reflecting the impacts of bioaccumulation in marine organ-
isms [77-79]. This chemical element is primarily absorbed through diet, a pathway that is
more significant than direct absorption from water, except in cases of extremely high aquatic
concentrations [80]. Its bioaccumulation can vary with ontogenetic factors such as fish size
and age, which influence the rates of arsenic accumulation [81,82]. In the southern region,
the lower As:Ca ratio can be attributed to various environmental and ecological factors,
such as higher oxygenation and lower concentrations of organic-rich sediments, which
reduce arsenic bioavailability [74,80]. Additionally, benthic prey available in this region
may have lower arsenic concentrations, limiting its bioaccumulation in fish [77,79]. The
reduced influence of anthropogenic sources, such as industrial and agricultural discharges,
also contributes to the reduced levels observed in the southern region [78]. Ontogenetic
factors, including variations in metabolic rates and growth patterns, can further impact the
incorporation of arsenic into otoliths [73].

Similar to other minor elements, sodium (Na) is physiologically regulated and plays
a crucial role in metabolic processes, being essential for growth and reproduction in or-
ganisms [22,60,83]. However, Na levels found in fish otoliths may reflect geographical
and habitat variations, influenced by factors such as the geological characteristics of the
waters which the fish inhabit, as well as contamination from human activities in the water
masses [54,84,85]. The deposition of Na in otoliths can also be affected by ontogenetic
effects during the growth of the fish [86], as well as by stressful events throughout their
life [87]. Additionally, the concentration of Na in otoliths may correlate with water salinity,
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with higher levels in more saline environments [88]. The interaction of Na with other
elements, such as strontium (Sr), should also be considered, as it may influence the in-
corporation and variation of the Na:Ca ratio in otoliths [89]. The lack of uniformity in
Na composition in otoliths, as well as its interaction with other elements, requires further
investigation [90]. The accumulation of Na in otoliths may indicate contamination, as
sodium can be incorporated after fish capture, during dissection or otolith preparation [91].
Unlike other elements, such as strontium (Sr) and calcium (Ca), Na does not bind strongly
to otolith crystals and can diffuse depending on the liquid in which the otolith is immersed.
This behavior makes Na less useful for stock discrimination and for inferring the environ-
ment inhabited by the fish [91]. Thus, the cause of the difference between the regions is
unclear. One hypothesis for the lower values in the center region compared to the other
two regions is that it is an area with a more extensive continental shelf, which may reduce
the influence of anthropogenic contamination.

Although regional differences are somewhat evident in the univariate tests for some
shape and elemental predictors, the combined use of the otolith contour and chemical
signatures reinforces the idea that U. cirrata operates as a connected single population-
unit. In addition to the elements that showed significant regional differences, the uniform
concentrations of Mn, Co, Se, Li, and Rb across regions, combined with overlapping shape
traits, further support this idea. Studies on congeneric species, such as U. brasiliensis [31],
and other Gadiforms, such as Merluccius hubbsi [92], have documented similar patterns,
where regional variations reflect environmental influences without a clear population
segregation.

The integration of the otolith shape and elemental analyses revealed that, although
the U. cirrata population is predominantly connected, it is partially influenced by regional
environmental factors, such as water chemistry, prey availability, and habitat characteristics.
These influences can be observed in significant regional variations in otolith elemental
composition profiles, such as differences in the concentrations of elements such as Na,
Sr, Mg, Ba, and As, which are directly linked to environmental characteristics such as
salinity, temperature, and nutrient availability [56,93]. While Mn, Co, Se, Li, and Rb remain
consistent across regions, their stability highlights a baseline of population connectivity,
contrasting with the localized environmental drivers of variability in other elements.

The interaction between water masses, water chemistry, and food availability across
regions influences the incorporation of elements into otoliths, reflecting local ecological
dynamics [48,68]. Furthermore, ontogenetic factors, such as age and developmental stage,
also play an important role in the bioaccumulation of certain elements, such as arsenic,
which varies according to environmental conditions and diet availability in each region [80].
This aligns with findings in U. brasiliensis and the Mediterranean hake (Merluccius merluc-
cius), where environmental gradients shape population patterns without creating strict
segregation [94]. Such results further reinforce the role of environmental and ecological
processes in shaping the spatial population structure of U. cirrata.

5. Conclusions

This study confirms significant regional variations in the otolith morphology and
chemical composition of Urophycis cirrata, reflecting the influence of environmental factors
on the species’ population structure. Multivariate analysis revealed regional differentiation,
but the overlap in otolith data suggests a largely connected population. Local environmental
factors, such as water chemistry, prey availability, and habitat characteristics, influence the
population structure, despite this connectivity.

For fisheries management, it is important to consider regional variations, even though
U. cirrata can be treated as a single population. Incorporating strategies, such as fishing
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exclusion zones and regional catch limits, can help ensure the population’s sustainability
in the Southwestern Atlantic.

Finally, future research should integrate techniques such as population genetics and
otolith isotopic analysis, along with more extensive temporal datasets, to examine interan-
nual variations and assess climate change impacts.
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