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The Argentine shortfin squid Illex argentinus is one of the most important commercial species for the Argentine
fisheries. The understanding of its stock structure is therefore necessary to ensure fishery sustainability and,
given the relevance of squids in the regional food web, for biodiversity conservation. An overlap between
parasitology and fisheries lies in the use of parasites as biological tags to identify the stock composition of
exploited resources, however, the efficiency of this methodology has been questioned for stock assessment in
cephalopods. In this work, the value of parasite assemblages of I. argentinus to discriminate between the co-
occurring summer spawning stock (SSS) and south patagonic stock (SPS) in a mixing area over the Patago-
nian continental shelf during summer was evaluated for two cohorts. Five shortfin squid samples corresponding
to SSS and SPS were examined for metazoan parasites. The squid size affected the parasite assemblage simi-
larities, conversely, no gender effect on the infracommunities was observed. Multivariate analysis evidenced
similarity in parasite assemblage composition and structure between both stocks captured in the mixing area on
the same date. This similarity was related to the presence of short-lived trophically transmitted parasites, which
are associated with their recently consumed food items and, indirectly, to the oceanographic conditions. The
same set of host and environmental variables were identified as the most probable causes of the temporal
variability observed in parasite assemblages between SPS cohorts and even intra-cohort. Despite the value of
parasites as tags for discriminating squid stocks may have little value when cohabiting stocks are analysed, their
variability could serve as a valuable indicator of environmental conditions. The use of parasites as biological tags
to discriminate stocks needs to be verified at different spatiotemporal scales, including samples from other non-
sympatric stocks in the analyses.

1. Introduction

Several approaches are available to evaluate the stock structure of
marine organisms, each having its advantages and constraints, never-
theless, it is advisable to adopt integrative multiple methods (Catalano
et al., 2014; Cadrin et al., 2023). One of these approaches is the use of
parasites as biological tags to identify the population structure or stock
composition of exploited resources (Timi and Buchmann, 2023). Ac-
cording to Timi and MacKenzie (2015), the use of parasites as biological
tags for stock discrimination is a well-established and extensive method
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for fisheries management, being a successful tool for assessing ecological
stocks, with worldwide increasing acceptance.

The fishery of the Argentine shortfin squid, Illex argentinus, is one of
the most productive in the world, representing 16.4% of global squid
catch in 2020, and sustaining the major cephalopod landings in the
Southwest Atlantic (FAO, 2022). Furthermore, I. argentinus is a key
component of the marine ecosystem, as it occupies a broad range of
trophic positions in the food web (Ivanovic and Brunetti, 1994; Vidal
and Haimovici, 1999; Ivanovic, 2000, 2010; Santos and Haimovici,
2000; Coll et al., 2013; Rosas-Luis et al., 2016; de la Chesnais et al.,
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2019).

Due to the combination of the short life cycle, variable growth rates,
and a strong relationship between reproduction and recruitment with
environmental conditions, Argentine shortfin squid stocks may be
highly volatile (Brunetti et al., 1998b; Torres Alberto et al., 2020), and
consequently, their sustainable management is a challenge (Arkhipkin
et al., 2021, 2023). Therefore, stock identification, which is crucial for
sustainable exploitation and ecosystem conservation (Waluda et al.,
2002), is as important as it is difficult and problematic.

Four spawning stocks have been proposed in the Argentine shelf and
slope (35-52°S) based on size structure, reproductive seasons and
ground, and migratory patterns (Brunetti et al., 1988; 1991, 1998c;
Brunetti and Ivanovic, 1991). These four stocks have remained as
management units for this resource until the present. However, such
stock structure is complex due to the occurrence of extensive migrations
of some stocks, which pose uncertainties regarding the demographic
independence between some spawning groups. Reproductive and
pre-reproductive squids of two of them, the summer spawning stock
(SSS) and the south patagonic stock (SPS), respectively, concentrate
over the Patagonian continental shelf from December to February
(austral summer) (Brunetti et al., 1998a, 1998c). This is a highly dy-
namic oceanographic area, dominated by two seasonal frontal systems,
whose latitudinal boundaries are variable (Acha et al., 2004; Cepeda
etal., 2018). There, a highly productive area is established during spring
and summer (Carreto et al., 1986; Acha et al., 2004), where the hyperiid
amphipod Themisto gaudichaudii, the main prey of shortfin squid on the
Patagonian shelf (Ivanovic and Brunetti, 1994; Ivanovic, 2000, 2010),
reaches its highest biomass (Sabatini and Alvarez Colombo, 2001;
Padovani et al., 2015; Cepeda et al., 2018). For these reasons, this
oceanographic region meets the suitable conditions and food availabil-
ity, as spawning and feeding grounds for SSS and SPS shortfin squids,
respectively.

These two stocks are the most important units for the shortfin squid
fishery, SPS representing around 80% of the total annual catches of the
Argentine fleet (Brunetti et al., 1999; Torres Alberto et al., 2020).
Summer spawning stock is limited to the inner-intermediate shelf be-
tween 43 and 48°S and comprises small squids that reach maturity at
small sizes. They spawn during the summer, and the paralarvae are
found together with the spent individuals (Brunetti, 1988; Brunetti
et al., 1998b). In contrast, members of SPS display a unique large-scale
migration from 35°S to 55°S, from shelf to slope, as they pass from
feeding to reproductive areas, although the location of the latter is a
subject of controversy (Brunetti, 1988; Haimovici and Alvarez Perez,
1990; Brunetti et al., 1998b, 1998c; Haimovici et al., 1998; Arkhipkin,
2013; Arkhipkin et al., 2015; Torres Alberto et al., 2020; Chemshirova
et al., 2021). Shortfin squids of SPS are the only that migrate to the
southern part of the Patagonian shelf to feed (Hatanaka, 1988; Ivanovic
and Brunetti, 1994; Ivanovic, 2000, 2010). Therefore, during the austral
summer, reproductive and spawning shortfin squids of the SSS cohabit
with migrating pre-adult and maturing adults of SPS (Brunetti et al.,
1998b; Haimovici et al., 1998; Prandoni, 2022) in a co-occurrence area
located south of 43°S, approximately (Brunetti et al., 1998b; Avigliano
et al., 2020), called mixing area (Avigliano et al., 2020) that comprises
most of the distribution of SSS. Both stocks remain spatially segregated
for the rest of the year due to the migratory behaviour of SPS. Previous
studies on cephalopod hosts have highlighted not only the ecological
niche of species as the main factor in determining their parasite fauna
(Rodhouse, 2001; Gonzalez et al., 2003; Tedesco et al., 2020), but also
geographic factors would play an important role in parasite composition
and abundance (Bower and Miyahara, 2005; Tedesco et al., 2020).
Therefore, the use of parasite tags for stock assessment of squids must be
evaluated in relation to these host-parasite particular characteristics.
Additionally, sources of variability related to specific features of the
parasite taxa must also be considered when analyzing the parasite as-
semblages of squids (Gutiérrez et al., 2023).

Despite the economic importance of I argentinus for regional
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fisheries and the available information on its parasite fauna (Threlfall,
1970; Nigmatullin, 1989; Hochberg, 1990; Nigmatullin and Shukhgal-
ter, 1990; Sardella et al., 1990; Vidal and Haimovici, 1999; Gonzalez
and Kroeck, 2000; Cipriani et al., 2019; Gutiérrez et al., 2023), studies
using its parasites as biological tags are still limited (Gonzalez and
Kroeck, 2000; Gutiérrez et al., 2023). Therefore, this methodology needs
to be validated. A recent study evaluating inter- and intra-cohort vari-
ability in the structure of parasite assemblages of I. argentinus showed
that parasite communities of three SSS consecutive cohorts were driven
by recent changes in the shortfin squid habitats and diets (Gutiérrez
et al., 2023). Such results highlight the potential value of parasites as
indicators of different aspects of host biology, other than stock identity,
such as temporal variability, applicable to other kinds of population
studies. In the present work, samples of the SPS are analysed in a similar
way, but also concerning those from SSS caught simultaneously. This
was promoted not only by the significantly higher numerical importance
of SPS in the squid fishery but also by the temporal syntopy of SPS and
SSS in the mixing area. As mixed stocks are mostly differentiated by the
gonadal maturity index (Brunetti et al., 1998b), and due to the contin-
uous nature of this process, the assignment of those squids with inter-
mediate development to a given stock could be difficult. Thus, parasites
could be complementary tools for stock assignment by providing in-
formation on previous periods in the host life cycle or their areas of
provenance.

The aims of this study are, therefore, i) to evaluate the temporal
variability of parasites for a highly migrating stock (SPS) and ii) to assess
inter-stock differences in the mixing area when SPS and SSS cohabit
using parasite tags.

2. Materials and methods
2.1. Squid and parasites sampling
The data set comprises the parasite communities of 333 specimens of

L argentinus caught in December 2020 (5 stations), March 2021 (1 sta-
tion), and February 2022 (3 stations) at the intermediate waters of
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Fig. 1. Study area showing sampling sites of Illex argentinus in the South-
western Atlantic. Circles: squids of SSS and SPS caught in December 2020;
squares: squids of SSS and SPS caught in February 2022; triangle: squids of SPS
caught in March 2021 which location is approximate.
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central Patagonia (Fig. 1). Of these, 181 specimens belonging to SSS
correspond to previously published data (Gutiérrez et al., 2023). Squids
belonging to the same stock and date of capture were pooled as a single
sample for analysis (Table 1). Samples from December and February
were caught during research cruises of the Instituto Nacional de Inves-
tigacion y Desarrollo Pesquero (INIDEP). As these shortfin squids were
caught at the mixing area, they were assigned to either the SPS (pre--
reproductive individuals) or SSS (spawning and hatched individuals)
according to sexual maturity index (Brunetti et al., 1998a, 1999).
Shortfin squids from March, with maturity stages assimilable to SPS,
were caught by commercial jigging vessels with a latitude/longitude
estimated based on the fishing report. They were incorporated into the
analysis as an additional sample representing older specimens (3 months
approximately) of the same cohort to SPS Dec20, to test the extent of
short-term variations in parasitism (Table 1). Shortfin squids were kept
frozen in plastic bags at —18 °C until the examination. After thawing,
each shortfin squid was measured for dorsal mantle length (ML, cm) and
weighed. Moreover, they were cut along the ventral midline of the
mantle, sexed and the gonadal maturity stage was determined according
to Brunetti (1990) scale. The mantle, buccal cavity, and viscera
(oesophagus, stomach, digestive caecum, intestine, digestive gland,
gills, heart, kidney, and gonads) were thoroughly examined for parasites
under a stereoscopic microscope. Each parasite was identified to the
lowest taxonomic level possible, counted and the prevalence (percent-
age of the number of hosts infected divided by the number of hosts
examined) and mean abundance (total number of a parasite species
divided by the total number of hosts examined, including both infected
and uninfected hosts) (Bush et al., 1997) were calculated for each spe-
cies in each sample.

2.2. Similarity analysis

The ML was compared across samples by a 1l-way univariate
permutational analysis of the variance (PERMANOVA, Anderson et al.,
2008) on Euclidean distances (1 x 5 factorial design, ‘sample’ as fixed
factor), testing for main effects after 9999 permutations and subsequent
post-hoc pairwise comparisons were made. Following Anderson et al.
(2008), an unrestricted permutation of raw data was used as the method
of permutation.

The similarity in parasite assemblages was computed at infra-
community level sensu Bush et al. (1997). Bray-Curtis index (based on
abundances) and Jaccard index (based on presence/absence) were
calculated for all possible pairs of hosts. Due to the large differences in
parasite loads across parasite species, data were square root-transformed
prior to all analyses in order to downweigh the importance of the most
abundant species so that the less dominant species contribute to

Table 1
Composition of five samples of Illex argentinus belonging to the summer
spawning stock (SSS) and the south patagonic stock (SPS).

Sample Date of Latitude/ N Mantle Sample
code capture Longitude length origin
+SD
SSS December 46° 5'-44° 4'S, 160  20.39 + Gutiérrez
Dec20 2020 64° 6—-62° 3'W 2.39 et al. (2023)
SPS December 46° 5-44° 4'S, 60 19.50 + Present
Dec20 2020 64° 6-62° 3' W 1.97 study
SPS March 46°30'S,62°W* 40 29.00 + Present
Mar21 2021 1.75 study
SSS February 48°32-48°19 21 24.14 + Gutiérrez
Feb22 2022 S, 63° 32— 63° 2.28 et al. (2023)
25'W
SPS February 48° 32-48°19 52 21.90 + Present
Feb22 2022 S, 63° 32— 63° 217 study
25'W

N: number of shortfin squid examined; SD: standard deviation.
2 Approximate location based on the fishing report.
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determining similarity among samples (Clarke and Gorley, 2015).

The non-metric multidimensional scaling (nMDS) (Clarke and Gor-
ley, 2015) analyses were performed between all infracommunities on
both similarity matrices to evaluate if samples can be differentiated
based on the abundance and composition, respectively, of their parasite
assemblages. Their centroid differences were visualised by means of
bootstrap averaging based on repeated resampling (with replacement,
75 iterations) from the original dataset (Clarke and Gorley, 2015). Dif-
ferences between infracommunities among samples were further
examined using canonical analysis of principal coordinates (CAP)
(Anderson and Willis, 2003; Anderson et al., 2008). The potential for
over-parameterization was prevented by choosing the number of PCO
axes (m) that maximised a leave-one-out allocation success to groups
(Anderson and Willis, 2003). To test for differences between infra-
communities among the samples, a permutation ‘trace’ test (sum of
squared canonical eigenvalues) was applied and a P-value was obtained
after 9999 permutations. In order to estimate if shortfin squid parasite
communities are useful indicators for assigning samples to their own
stock, SPS Mar21 was included as a blind sample given its approximate
fishing location, under the routine “add new samples’’ in CAP (Anderson
et al., 2008). Due to the unbalanced number of squids per group, the
expected proportion of correct classification was calculated using the
proportional chance criterion (Poulin and Kamiya, 2015).

Previous to comparative analyses across samples, the possible effect
of sex on the structure of parasite infracommunities was tested in each
sample by mean of a 1-way permutational multivariate analysis of the
variance (PERMANOVA, Anderson et al., 2008) on Bray-Curtis and
Jaccard similarities (1 x 2 factorial design, ‘sex’ as fixed factor). A
sequential sum of squares (type I SS) was applied because samples were
unbalanced (different numbers of male and female shortfin squids),
testing for main effects after 9999 permutations. Following Anderson
et al. (2008), an unrestricted permutation of raw data was used as the
method of permutation.

The structure of parasite infracommunities was then compared be-
tween samples in a similar way under a 1 x 5 factorial design (samples
as fixed factors). A sequential sum of squares (type I SS) was applied
with host size as a covariate (ANCOVA model) because samples were
unbalanced (different numbers of squids examined by sample) and
testing for main effects after 9999 permutations, using Bray-Curtis and
Jaccard indices. The ML was included as a covariate because of the
known effect of size and age on shortfin squid parasite levels (Zelmer,
2014). Where differences were detected by PERMANOVA, pairwise
comparisons were used to determine which samples differed. All simi-
larity and distance measures, as well as multivariate analyses, were
implemented in PRIMER V7 and PERMANOVA + for PRIMER package
(Anderson et al., 2008; Clarke and Gorley, 2015).

3. Results

Significant differences in shortfin squid ML were found across the
five samples (F4272: 122.08; Ppery<0.01) (Table 2), with pairwise
comparisons showing significant differences for most pairs of samples
(all Pperm<0.01, except for SSS Dec20-SPS Dec20, Ppem<0.05) (Fig. 2).
In the three SPS samples, 88.2% of I. argentinus were found parasitised
by at least one of the 10 parasite species, and 1428 individual parasites
were recorded (Table 3). Only six of those taxa showed a prevalence
>10% in at least one of the samples, with larval cestodes from the
digestive tract dominating numerically the assemblages, representing
82.5% of the overall parasite load.

The bootstrap average-based nMDS ordination biplots of both Bray-
Curtis (Fig. 3A) and Jaccard (Fig. 3B) were similar to each other and
showed an apparent temporal separation pattern of samples between
years, with a low level of stress (0.05). Shortfin squids obtained from
research cruises, corresponding to different stocks captured in the same
area, year and date, showed a greater overlap with each other but
separated from samples of different years, especially along the first axis.
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Table 2
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PERMANOVA results of comparisons of mantle length, structure, and composition of parasite communities of Illex argentinus across five samples corresponding to the
summer spawning stock (SSS) and the south patagonic stock (SPS). P-values were obtained after 9999 permutations.

Response variable Source d.f SS MS Pseudo F P (perm)
Univariate
Mantle length Sample 2 2639.7 659.92 122.08 0.0001
(Euclidean distance) Residual 272 1470.3 5.4054
Total 276 4109.9
Multivariate
Infracommunity structure Mantle length 1 79685 79685 31.018 0.0001
(Bray-Curtis similarity) Sample 4 66195 16549 6.4419 0.0001
Mantle length x sample 4 25585 6396.4 2.4899 0.0008
Residual 267 6.8591e” 2568.9
Total 276 8.5737¢°
Infracommunity composition Mantle length 1 55865 55865 20.326 0.0001
(Jaccard similarity) Sample 4 63455 15864 5.7717 0.0001
Mantle length x sample 4 25740 6435.1 2.3413 0.0007
Residual 267 7.3385¢° 2748.5
Total 276 8.7892¢°

d.f: degrees freedom; SS: sum of squares; MS: mean square; Pseudo F: pseudo-F statistic; P(perm): P-value associated with the test of a null hypothesis.
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Fig. 2. Boxplot (median, minimum and maximum) of dorsal mantle length of
Illex argentinus in five samples belonging to summer spawning stock (SSS) and
the south patagonic stock (SPS). Outliers are represented by circles.

Table 3

Thus, the pairs, SSS Dec20-SPS Dec20 and SSS Feb22-SPS Feb22,
constituted homogeneous groups, respectively. Moreover, parasite as-
semblages of the sample whose location of capture is unknown, SPS
Mar21, occupied a closer position to the samples SSS Feb22-SPS Feb22
on the right of the biplot but separated from shortfin squids SSS Dec20-
SPS Feb20 (Fig. 3).

The CAP analysis based on abundances showed significant differ-
ences among samples (tr = 0.52471; P < 0.001). The selected ortho-
normal PCO axes (m = 5) described 95.08% of the variation in the data
‘cloud’, although the percentage of correct allocations into the pre-
established groups was low (45.992%). The correct assignment by
chance alone was 30.6%. Cross-validation results based on Bray-Curtis
similarity (Table 4) showed that the samples SSS Feb22 and SSS
Dec20 had the highest percentage of correctly allocated shortfin squids
to their respective sample. Furthermore, SPS Feb22 showed a very low
proportion of correctly allocated shortfin squids, most misclassified
among SSS Feb22. When the Jaccard index was considered (Table 4) a
similar pattern was observed, which showed significant differences be-
tween samples (tr = 0.47759; P < 0.001). The selected orthonormal PCO
axes (m = 6) 99.7% of the variation in the data ‘cloud’, despite the low

Prevalence (P), mean abundance (MA) with standard deviation (SD), site of infection, and stage of development of parasites of Illex argentinus in five samples cor-
responding to the summer spawning stock (SSS) and the south patagonic stock (SPS).

Parasite Site Stage SSS Dec20 SPS Dec20 SPS Mar21 SSS Feb22 SPS Feb22

P MA + SD P MA £ SD P MA +SD P MA £ SD P MA + SD
Nematoda
Anisakis sp.” Co L 10.6 0.3+1.8 8.3 0.1+0.3 32.5 0.6 +1.3 23.8 0.3+0.6 9.6 0.1 +0.3
Hysterothylacium aduncum Di L/A 20 0.3+ 0.6 21.7 0.2+ 0.5 50 1.1+£2 14.3 0.2+ 0.6 28.9 0.7 £1.4
Hysterothylacium aduncum Co L 3.8 0.04 + 0.2 3.3 0.03 £ 0.2 5 0.05 + 0.2 - - - -
Rhabditida fam. gen. sp. 1° Co L 38.8 0.1+1.7 35 08+14 30 0.6 +1.1 9.5 0.1 +0.3 21.2 0.3+ 0.6
Rhabditida fam. gen. sp. 2° Co L - - 1.7 0.02 £ 0.1 - - - - - -
Cestoda
Clistobothrium sp. Di P 30 1.5+8.3 28.3 1.3+6.3 100 10.4 +£9.3 81 7.2+115 84.5 4+42
Dinobothrium sp. 1 Di P 2.5 1.2+ 14.4 1.7 0.03+£0.3 15 2.6 +11.5 57.1 9.2 +18.2 53.8 6.1 +21
Dinobothrium sp. 2 Di P - - - - 5 0.4+1.6 - - - -
Lacistorhynchidae gen. sp.” St L 10.6 0.4 +1.9 5 0.4 +1.9 7.5 0.4 +1.7 - - - -
Digenea
Derogenes varicus s.s Di A 17.5 0.2 +0.5 10 0.1 £0.5 20 0.3 +0.9 14.3 0.2 £0.6 21.2 0.3+ 0.5
Isopoda
Gnathiidae gen. sp. Ma Pr 0.6 0.01 £ 0.1 - - - - - - - -

? Long-lived parasite; A: adult; L: larvae; P: plerocercoide; Pr: praniza; Co: coelomic membrane; Di: digestive tract; Ma: mantle cavity; St: stomach wall.
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Fig. 3. Non-metric multi-dimensional scaling plot (nMDS) of bootstrap aver-
ages (75 repetitions) of parasite infracommunities of Illex argentinus distributed
within 5 samples at intermediate waters of central Patagonia based on Bray-
Curtis (A) and Jaccard (B) similarity of square root-transformed data. Individ-
ual repetitions are based on random draw and replacement of samples from the
original dataset. Black symbols represent the overall centroids across all repe-
titions. Areas shaded in colours represent 95% confidence regions. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

percentage of correct allocations (42.194%). Cross-validation results
(Table 4) showed the highest proportion of correctly shortfin squids
assignments in their own sample. Finally, shortfin squids corresponding
to SPS Mar21 were mostly classified in their own stock, either SPS Feb22
(47.5%) or SPS Dec20 (62.5%) when Bray-Curtis and Jaccard indices
were considered, respectively (Table 4).

No sex differences were observed in any sample (all Pperm> 0.05),
except for SPS Mar21 which was not tested because it was mostly
composed of females. The results of PERMANOVA analyses on
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Table 4

Results of the cross-validation of principal coordinate analysis (CAP) based on
Bray-Curtis and Jaccard similarity (leave-one-out allocation of individual squid
to one of 4 samples). Rows correspond to group memberships, including the
percentage of correctly classified squid in their individual sample. Numbers in
italics indicate number of squids in four samples of spawning summer stock
(SSS) and the south patagonic stock (SPS) correctly allocated to their own
locality.

Original SSS SPS SSS SPS Total %
sample Dec20 Dec20 Feb22 Feb22 (group)
Bray-Curtis

SSS Dec20 70 40 3 10 123 56.91
SPS Dec20 25 14 1 4 44 31.82
SSS Feb22 2 0 12 6 20 60
SPS Feb22 2 9 26 13 50 26
SPS Mar21 1 15 5 19 40 -
Jaccard

SSS Dec20 71 34 3 15 123 57.72
SPS Dec20 22 12 1 9 44 27.27
SSS Feb22 2 0 10 8 20 50
SPS Feb22 2 14 27 7 50 14
SPS Mar21 1 25 3 11 40 -

infracommunities, showed a significant effect of ML on both, the
structure (Bray-Curtis similarity) and composition (Jaccard similarity)
of assemblages, and an interaction between this variable and samples
was observed (Table 2). Pairwise comparisons after taking into account
the variations among samples due to shortfin squid length evidenced
significant differences among most pairs of samples for both Bray-Curtis
and Jaccard indices (most Ppe;m< 0.01; comparison of SPS Mar21 with
both SPS Dec20 and SSS Dec20, 0.01<Pperm< 0.05). However, the
structure and composition of assemblages from the same year and date
of capture, namely SSS-SPS Dec20 and SSS-SPS Feb22, were similar to
each other (Pperm> 0.05). Furthermore, parasite infracommunities of
SPS Mar21 were similar to those of SSS Feb22 in terms of composition
and structure (both Pperp> 0.05).

4. Discussion

Parasitological examination of samples from the SPS of I. argentinus
added only one new record for this host, a single larval nematode of the
Order Rhabditida. Therefore, the infracommunities were predominantly
characterised by larval gastrointestinal forms, and specifically cestodes
plerocercoids dominated numerically the assemblages, as reported by
Gutiérrez et al. (2023). As observed in that previous work, parasite loads
were not affected by sex, due to, irrespective of gender, squids feed on
the same set of available prey items and, therefore, have the same di-
etary composition or relative abundance (Prandoni, 2022).

As a consequence of their diet, and because most of their parasites
are short-lived and trophically transmitted (Gutiérrez et al., 2023),
squids of both stocks captured in the mixing area on the same date
exhibited a similar structure and composition of their parasite assem-
blages. This was a recurrent pattern in both cohorts. The co-occurrence
of both stocks is due to a combination of oceanographic features in this
area that provide the appropriate thermal condition for SSS spawning,
and the food availability together with the lower temperatures for the
optimal growth of SPS (Brunetti, 1988; Brunetti et al., 1998c). By having
complex life cycles involving more than one host, the composition of the
communities of trophically transmitted parasites depends on the struc-
ture of the local food web (Marcogliese, 2002). Therefore, when SSS and
SPS co-occur, they share a diet that is characterised by a very low di-
versity (Ivanovic and Brunetti, 1994; Ivanovic, 2000, 2010; Prandoni,
2022), determining compositionally homogeneous assemblages of
trophically transmitted parasites. However, despite I argentinus is an
opportunistic and voracious predator, its diet appears to be influenced
by the spatial-temporal availability of its prey, mostly T. gaudichaudii,
and to a lesser extent, euphausiids (Ivanovic and Brunetti, 1994;
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Ivanovic, 2000, 2010; Cepeda et al., 2018; Prandoni, 2022). This leads
to temporally variable communities of short-lived parasites since their
distribution depends on the population density of all the hosts involved
in their life cycle (Marcogliese, 2003). Furthermore, almost all hel-
minths found in L argentinus are transient or short-lived because they
live in the gut lumen of the host and persist for a few weeks (Nigmatullin
and Shukhgalter, 1990; Timi and Buchmann, 2023). Consequently,
transient parasites represent the food items consumed in recent times
(Lester et al., 1985; Lester, 1990; Lester and MacKenzie, 2009) and,
indirectly, the oceanographic conditions that affect the distribution of
all hosts involved in their life cycles (Pascual et al., 2007; Cantatore and
Timi, 2015), having in this case little value as indicators of stock iden-
tity. These findings are congruent with previous studies in other
ommastrephid squids that yielded inconclusive results regarding their
effectiveness as biological markers (Smith et al., 1981; Dawe et al.,
1982; Pascual and Hochberg, 1996; Catalano et al., 2014), although
none of these investigations has attempted to evaluate the capability of
parasites for discriminating between sympatric stocks.

Concerning temporal comparisons, as already seen for SSS (Gutiérrez
et al., 2023), SPS shortfin squids showed notorious differences between
cohorts, and even intra-cohort among shortfin squids of different ages.
Variability in host size across samples could be partly responsible for
these differences, although temporal variations in physical and biolog-
ical environmental conditions, that ultimately determine the distribu-
tion patterns of both parasites and their hosts (Timi, 2007), are also
possible causes. It should be noted that shortfin squids caught during
research cruises in different years were also separated by approximately
2 latitude degrees in position. As mentioned, spatially changing envi-
ronmental conditions could be a source of variability in addition to the
temporal one. Such geographical distance could be highly influential on
shortfin squid biology since the development of I argentinus is
temperature-dependent at each stage of its life cycle. Indeed, it has been
documented that a drop of approximately 1-2° in sea surface tempera-
ture could affect their migratory movements, especially for SPS
(Moustahfid et al., 2021). Conversely, Nigmatullin and Shukhgalter
(1990) observed an interannual similarity in the intensity of cestode
infection, mainly Clistobothrium spp., suggesting a general stability of the
trophic webs. The oceanographic dynamics prevailing in the mixing
area, determined by the strong interannual variations in the position of
its component seasonal fronts (Pisoni et al., 2015; Cepeda et al., 2018),
are the main causes of the rather chaotic spatio-temporal patterns
observed in parasite assemblages of I. argentinus, with possibly alter-
nating variable periods of stability.

Similarly, the same causes can be attributed to the short-term pro-
cesses rendering the differences between squids of the same cohort,
sampled at a difference of three months, especially considering that such
a period represents a significant proportion of their lifespan. That short-
term variability, probably synergic with spatial one, given the imprecise
location of the sample, is apparently capable of producing noticeable
effects on parasite assemblages. As an example, squids of the SPS Mar21
were similar to a sample from another cohort and stock (SSS Feb22), but
different to SPS Dic20 which were younger and smaller sized relatives.
On the other hand, CAP analyses yielded different results mirroring the
influence of host size. Despite being only slightly higher than the rate of
correct classification expected by chance alone, differences in assign-
ment success were also observed depending on the similarity index used,
indicating disparate effects of host characteristics and environmental
variability on the composition and abundance of the assemblages. As in
the case of inter-stock differences, the transient condition of most par-
asites of shortfin squid enhanced the effect of temporal environmental
variations.

Despite all studies that have attempted to understand the complex
population structure of I argentinus (Waluda et al., 2002; Avigliano
et al., 2020; Chemshirova et al., 2023), to date the two stocks found its
southern range of distribution remained identified as spawning stocks. A
combination of traditional approaches (conventional tagging,
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phenotypic variation, parasites tags, and spatio-temporal fishing pat-
terns) with advanced methods (genomics, electronic tagging, otolith,
and statolith chemistry) have been recommended for population struc-
ture studies in marine fish and, to a lesser extent, in cephalopods
(Carvalho and Nigmatullin, 1998; Semmens et al., 2007; Catalano et al.,
2014; Cadrin et al., 2023). However, as in the case of parasites, some of
these methodologies have also demonstrated limited congruence in
delineating the stock of SSS and SPS in the mixing area (Roldan et al.,
2014; Avigliano et al., 2020; Chemshirova et al., 2023), revealing that
the structural complexity of these volatile host populations impacts
negatively on the discriminating power of any methodology so far used.

Efforts to understand the stock structure should be intensified to
design management strategies for I. argentinus that ensure sustainable
fisheries and biodiversity conservation. According to previous research,
multidisciplinary studies are the best approaches for such a purpose.
However, the dominance of transient species and their high dependence
on the variable regional environmental conditions make parasites of
little value to discriminate between co-occurring stocks of I. argentinus in
the mixing area. Consequently, their possible contribution to multidis-
ciplinary studies needs to be verified at variable spatiotemporal scales,
including samples from other stocks in the analyses.

A future challenge to the establishment of the stock composition in
the Southwestern Atlantic is imposed by the ongoing climate change,
whose effects have already been observed in the region and affecting
several fisheries (Gianelli et al., 2019; Franco et al., 2020a), mostly
through increases in water temperature (Johnson and Lyman, 2020;
Franco et al., 2020b). Climate change also affects several physical pro-
cesses that generate and maintain marine fronts (Acha et al., 2015), the
ultimate determinants of the regional oceanographic dynamic, and their
variations consequently may affect the abundance and distribution of
parasites, influencing directly their free-living stages, or indirectly
through effects on the physiology and ecology and abundance of their
hosts (Lafferty and Kuris, 1999). Whereas the value of parasites as tags
for discriminating squid stocks may remain of little value, their vari-
ability could serve as a valuable indicator of environmental conditions
in this scenario of climate change, to which I argentinus has been
characterised as moderately sensitive (Gianelli et al., 2023).
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