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ABSTRACT: The Patagonian stock of the anchovy Engraulis anchoita is distributed between 41°
and 47°30' S over the Argentinian Shelf. This is an underexploited species that plays a key role in
the North Patagonian ecosystem (Southwestern Atlantic Ocean) since it constitutes the food of
numerous species of fish, birds, and marine mammals. Knowing the spatial and seasonal dynamics
of the abundance of this species is a valuable source of information for understanding how it could
affect the functioning of this ecosystem. To this end, the effect of oceanographical variables on the
presence/absence and relative abundance of the Patagonian anchovy were analyzed in 2 seasons
over a 10 yr period. A mixed effect of the oceanographic variables and the relative abundance in
warm and cold seasons was found, as well as differences in abundance and presence of this species
when comparing consecutive seasons. The spatial evolution of the distribution of the Patagonian
anchovy shows a contraction/expansion pattern. It contracts towards the northern area and
towards lower latitudes during cold seasons (up to 45° 30" S) and then disperses to occupy the entire
studied area during warm seasons, reaching 47°30' S. Knowing the spatial and seasonal dynamics
of small pelagic fish is valuable for achieving sustainable management of different resources within

the framework of an ecosystem approach.
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1. INTRODUCTION

The Argentine anchovy Engraulis anchoita Hubbs
& Marini, 1935 is one of the most important pelagic
fishery resources inhabiting the Argentinean Conti-
nental Shelf (Southwestern Atlantic Ocean, SWAOQ).
Its area of distribution is wide, ranging from the
coastal region to the continental slope zone, from
the La Plata river (35°S) to the south of the San Jorge
Gulf, in the Northern Patagonian Continental Shelf
(NPCS, 47°30'S) (Angelescu & Cousseau 1967). This
fish species tolerates a wide range of temperatures
(8 to 23°C) and salinities (14 to 35 psu), like other

*Corresponding author: manuelaparietti@gmail.com

species of the genus Engraulis (Hansen 1994). Two
stocks or fishery management units have been iden-
tified off Argentina: a Bonaerensis stock (northern
stock) and a Patagonian stock (southern stock), sep-
arated at approximately 41°S, based on information
from meristic and morphometric characters, parasi-
tology, and population parameters (Ratti 1986,
Hansen 1994, Timi 2003). The Patagonian stock is
underexploited. Based on the information collected
from 10 research surveys carried out by the National
Institute for Fisheries Research and Development
(INIDEP, Ministry of Economy), during the peak of
spawning activity in December, the total biomass of
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the Patagonian anchovy stock between 2005 and 2014
fluctuated between 1040000 and 1730000 tonnes (t)
(average = 1260000 t). The average catch in the
period was 2162 t yr~! (Orlando et al. 2023).

Due to its large biomass, foraging habits in the food
web, and ecosystem role, the Patagonian anchovy
plays an important part in the north Patagonian eco-
system (e.g. Angelescu 1982, Yorio et al. 2017, Koen
Alonso et al. 2000, Buratti et al. 2022), as it provides
food for numerous species of fish (Sanchez 1995), bird
(Marinao & Yorio 2011, Gatto & Yorio 2016, Yorio et
al. 2017, Ciancio et al. 2021), and marine mammal
(Koen Alonso et al. 1998, 2000, Dans et al. 2003). 1t is
characterized by large interannual fluctuations in its
abundance, like other small pelagic fish species (Hil-
born et al. 2022). Small pelagic fish (SPF) have a key
ecological role, exerting downward control over zoo-
plankton and upward control over pelagic predators,
termed 'wasp waist' control (Rice 1995), as seen for
E. anchoita in the NPCS (Buratti et al. 2022). Thus,
large fluctuations in these SPF due to natural factors
can have considerable effects on both plankton and
predators (Santos et al. 2007), and can greatly modify
the structure and function of marine ecosystems
(Cury et al. 2000, Costalago et al. 2012).

Moreover, a growing number of studies have shown
that key variables commonly used to assess the
impacts of climate variation on marine organisms,
such as sea temperature variations, chlorophyll a con-
centration, rainfall, and sea level can significantly
change the abundance, distribution, and recruitment
of SPF (Checkley et al. 2009, Maynou et al. 2014,
Brosset et al. 2017). In addition, they could also indi-
rectly affect fish population dynamics by changing
food availability (e.g. zooplankton; Pacariz et al. 2016,
Nakayama et al. 2018). In the NPCS, where the south-
ern distribution limit of E. anchoita has been re-
ported, 2 areas of significant opposite trends in sea
surface temperature were observed in the last dec-
ade: a warming area between 42° and 45°S, and a
cooling area between 49° and 52°S (Risaro et al.
2022). In addition, Risaro et al. (2022) detected a
break-point in the area in 2008, with a constant
increase in positive temperature anomalies for the
region, which could be affecting the Patagonian
anchovy. In this scenario, knowing the effect of envi-
ronmental variables on fish abundance and distribu-
tion is essential for assessing the effect of future en-
vironmental changes on commercial species and
fisheries management.

Previous work has evaluated the effect of abiotic
variables over the distribution and abundance of
the Patagonian anchovy (Hansen et al. 2001). For

instance, the highest fish abundances were related
to sharp thermal gradients in the spring, where the
formation of sea fronts began (Guerrero & Piola
1997). Although the work of Hansen et al. (2001)
increased knowledge about the distribution patterns
for this species, in the current context of climate
change, coupled with the aforementioned recorded
changes, it is important to re-evaluate the existing
knowledge. Fortunately, we have a wide time series
and a greater spatial coverage to do so. For this
purpose, this work aimed to analyze the spatio-
temporal distribution (with year-to-year and sea-
sonal comparisons) of the Patagonian anchovy over
10 yr, specifically within a sub-area (43° to 48°YS)
corresponding to the southern limit of the stock,
considering the effects of environmental conditions
on the abundance and distribution of this resource.
We expected this species to show large seasonal
fluctuations in abundance and distribution, like other
pelagic species, which may be related to changes in
oceanographic conditions.

2. MATERIALS AND METHODS
2.1. Study area (43° to 48°S)

The NPCS (Fig. 1b), located in the SWAQO, is char-
acterized by 2 main water masses: Sub Antarctic Shelf
Waters (salinities between 33.4 and 34) running in the
Malvinas Current, which occupy most of the shelf,
and Magellan Strait Waters (salinities < 33.4) present
in the inner and mid-shelf as a low-salinity surface
tongue, running in the Patagonia Current (Palma et
al. 2008; our Fig. 1a). The annual thermal cycle shows
well-defined seasons with a sinusoidal pattern typical
of Southern Hemisphere middle latitudes, with mini-
mum temperatures in August to September and maxi-
mum ones in February to March (Allega et al. 2021).
The region is characterized, in the north, by the pres-
ence of 3 oceanographic fronts that integrate the
Norpatagonic frontal system, and in the south, by 2
frontal systems located south and offshore of the San
Jorge Gulf (Glembocki et al. 2015). Over the shelf
break (SB), where the maximum depth reaches
4000 m, the SB front is generated by the Malvinas
Current, which flows northwards carrying cold and
nutrients-rich waters (Matano & Palma 2008). All
these fronts influence water flow and result in circula-
tion features that often aggregate and retain zoo-
plankton and poorly swimming organisms, making
prey available near the surface for diving predators
(Acha et al. 2004).
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Fig. 1. Argentine Continental Shelf (Southwestern Atlantic Ocean). (a) General circulation scheme over the region and climato-

logical sea surface temperature (1985—2015) redrawn from Allega et al. (2021). Thick arrows: schematic circulation of the Ant-

arctic Circumpolar Current, Malvinas Current and Brazil Current; thin arrows: Patagonia Current. (b) Study area on the north
Patagonian Shelf, indicating bathymetry (50, 100, 200 and 1000 m isobaths)

2.2. Acquisition and processing of acoustic and
oceanographic data

To analyze the distribution patterns of the Patago-
nian anchovy, acoustic data collected during the sur-
veys conducted by INIDEP in the study of the south-
ern stock of Argentine hake Merluccius hubbsi were
used. Acoustic methods have been widely used in
fisheries research for pelagic fish biomass estimation,
lately including very sophisticated techniques, such
as multi-frequency, wide band, multibeam, vertical,
and horizontal echosounding (Georgakarakos et al.
2011). There is a spatial coincidence of Patagonian
anchovy schools with Argentine hake. This bony fish
preys on Patagonian anchovy, feeding mainly on the
pre-adult and adult fractions of the Patagonian pop-
ulation (Belleggia et al. 2017). One of the advantages
of the acoustic methods used in research surveys is
the possibility of studying the spatial distribution of
resources from research carried out on surveys tar-
geting other species of fishery interest (Simard et al.
1993). We analyzed the 2005 to 2014 warm season
surveys, carried out to assess the abundance of juve-
nile and spawning Argentine hake during austral
summers (January and February), and the global cold

surveys of 2005, 2006, 2011, and 2013, carried out
from August to October (Table 1). The warm season
surveys covered the area between 43° and 47°S from
50 to 180 m depth, while the winter surveys covered
an area between 41° and 48°S and depth between 40
and 230 m. It is worth mentioning that the spatial
extent of the survey paths in the warm and cold sea-
sons is not the same, since they have different specific
objectives. Moreover, the path covered within cold
season surveys is not the same throughout the stud-
ied period, due to changes in prospection in the years
2005 and 2006 with respect to the rest (2011 and 2013).
However, the winters of 2005 and 2006 cover the area
beyond the southern limit of the species distribution,
so we consider them suitable for analysis. This was
taken into account in the statistical analysis and sub-
sequent discussion. While other surveys evaluating
the Patagonian anchovy exist, they were excluded
from our analyses because they were carried out in
late spring, and did not cover the southern end of
their distribution; thus, they were not appropriate to
investigate the warm—cold patterns in the distribu-
tion of this species.

A SIMRAD EK500 echosounder operating with 38,
120, and 200 kHz split-beam transducers was em-
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Table 1. Summary of year, season, beginning and end dates, sea surface temperature (SST), sea surface salinity (SSS), total number

of acoustic data, number of Patagonian anchovy records (N), and percentage representation of Patagonian anchovy presence

(Nypotnun)- EH and OB refer to oceanographic fishery research vessels 'Eduardo Holmberg' and 'Oca Balda', respectively. Dates
are given as mo/d/yr

Survey Survey Season Beginning Ending Fishing SST (°C) SSS (psu) Acoustic data

code year date date hauls Mean (min.—max.) Mean (min. —max.) N Nuotnun (%)

EH- 2005 warm 1/11/2005 1/31/2005 75 1596 (13.29—17.49) 33.55(33.12—34.17) 1583 510 (32.2)
2005701

EH- 2005 cold 7/27/2005 8/20/2005 68 7.33(5.96—8.69)  33.35(32.85—33.90) 2928 174 (5.9)
2005706

EH- 2006 warm 1/11/2006 2/5/2006 93 14.61 (11.6—17.16)  33.29 (32.87—33.61) 1612 580 (36)
2006/01

EH- 2006 cold  9/1/2006 9/23/2006 60 8.11 (6.97—9.48)  33.29 (32.97—-33.58) 2058 275 (13.4)
2006/05

EH- 2007 warm 1/10/2007 2/4/2007 91 1543 (11.42—18.67) 33.46 (33.02—34.16) 2930 1530 (52.2)
2007/01

EH- 2008  warm 1/21/2008 2/17/2008 81  16.11 (11.64—17.81) 33.34 (33.01—33.53) 3559 2070 (58.2)
2008701

EH- 2009 warm 1/7/2009 1/31/2009 96  16.38 (11.57—19.07) 33.13 (33.04—33.76) 3668 2808 (76.6)
2009/01

EH- 2010  warm 1/13/2010 2/6/2010 83 1598 (11.23—19.18) 33.33 (32.85—33.64) 3509 1938 (55.3)
2010/01

OB- 2011 warm 1/14/2011 2/12/2011 72 16.06 (11.91—18.37) 33.34 (33.10—33.67) 3801 2613 (68.8)
2011701

EH- 2011 cold 8/4/2011 10/4/2011 151 7.60 (5.33—9.38)  33.50 (33.11-33.98) 5015 360 (7.2)
2011703

EH- 2012 warm 1/7/2012 1/31/2012 86  16.20 (12.05—19.18) 33.51 (33.00—33.82) 2784 1439 (51.7)
2012701

EH- 2013 warm 1/12/2013 2/7/2013 86  16.06 (12.05—18.42) 33.46 (33.03—33.83) 2787 816 (29.3)
2013701

EH- 2013 cold  8/9/2013 10/15/2013 150 7.87 (5.63—10.49)  33.45(32.92—34.02) 4715 443 (9.4)
2013/04

EH- 2014  warm 1/16/2014 2/9/2014 83 1533 (12.21—17.56) 33.39 (33.07—33.62) 2880 1547 (53.7)
2014/01

Total 55697

ployed from 2005 to 2014. Acoustic data were stored
continuously, during night and day, without interrup-
tion. Data interpretation was performed during sur-
veys with Bergen Echo Integrator (BEI) software. Spe-
cies identifications were done by taking into account
the species composition of trawl samples, and catch
proportions by species and sub-samples were ob-
tained to determine length and weight distributions.
An average of 85 fishing hauls per year were done in
warm seasons and 107 in cold seasons (range: 72—96
and 60—151 fishing hauls, respectively; Table 1). In
the interpretation of the acoustic data, the propor-
tions of each acoustic category were assigned accord-
ing to the proportion of the catch of each haul and the
knowledge about the schooling behavior of anchovy
(Madirolas et al. 2017). The interpreted acoustic data
in the 38 kHz frequency were then echointegrated
and the nautical area scattering coefficient values (sx,
expressed in units of m? nm™?) were obtained for

every nautical mile of the survey. This variable (s4)
can be converted to density of individuals by means
of target strength (TS) relations applicable to each
species. In this way, it is possible to make abundance
estimates by combining duly processed acoustic data
with the proportions of catch and biological sampling
in fishing sets (Georgakarakos et al. 2011). This is why
sa values are commonly used as a proxy for the rel-
ative abundance of pelagic species (Boyd et al. 2015).
The original interpreted acoustic data were migrated
to the more recent MAREC LSSS (Large Scale Survey
System) acoustic data processing software, which
provides tools to improve acoustic data by smoothing
and denoising (Menna et al. 2022a). Original inter-
pretations were revised and data from anchovy
schools were exported for frequency response analy-
sis, in terms of the volume backscattering coefficient,
using a clustering algorithm (Menna et al. 2022b).
After revision, echointegration values were obtained.
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Precise acoustic characterization of Patagonian an-
chovy distribution could be made as (1) the echo sig-
nals of anchovy were identified using multifrequency
responses (Menna et al. 2023), (2) there was no-over-
lap between the distribution of this species and that of
other SPF in the 43° to 48° S study area, (3) Patagonian
anchovy was the only small pelagic species caught
as by-catch in bottom fishing hauls over the last 3
decades, and (4) 28 surveys assessing the biomass of
this species using mid-water trawls nets further sup-
port the accuracy of our data.

Conductivity, temperature, depth (CTD) profiles
were obtained at all stations and for all surveys with
a Seabird SBE-19 CTD profiler (warm, n = 1086; cold,
n = 198). These data were obtained from the ‘Regional
Oceanographic Data Base' of INIDEP (BARDO 2022).
The horizontal distributions of sea surface tempera-
ture (SST) and salinity (SSS) taken at 1 m depth (to
avoid the mixed layer caused by winds and thus ac-
quire better quality data) were processed and mapped
through Ocean Data View software (Schlitzer 2018).
The in situ measured SST and SSS data were horizon-
tally interpolated using Data Interpolating Variational
Analysis (DIVA, Ocean Data View software) to regular
1 nm grids for the areas covered in the different
surveys (Troupin et al. 2012) to spatially associate the
values of the oceanographic variables with the Pata-
gonian anchovy acoustic data (relative abundance).
The DIVA method interpolates irregularly spaced, noisy
data onto regular grids. The function penalizes the
misfit between the observations and the reconstructed
field, as well as the regularity or smoothness of the
field, taking into account topographic and dynamic
constraints (e.g. coasts and advection), providing grid-
ded fields in 2 dimensions (Troupin et al. 2012).

2.3. Statistical analysis

Trends in the spatiotemporal variation in the pres-
ence/absence and relative abundance (s,) of Patago-
nian anchovy (1) in the cold seasons of 2005, 2006,
2011, and 2013, (2) in the warm seasons correspond-
ing to the years from 2005 to 2014, and (3) between
consecutive seasons in the periods 2005—2007, 2011—
2012, and 2013—2014 were analyzed.

Generalized additive mixed models (GAMMs) were
used to investigate presence/absence trends, as a
function of environmental conditions. SST and SSS
were used as smoothed fixed predictors, year was
used as a parametric fixed predictor and bottom
depth as a smoothed random factor, accounting for
variations in the paths taken by the vessels across dif-

ferent years and seasons. Due to differences in the
path and areas, the variable depth was classified into
4 categories (<50, 50—100, 101—-200, and >200 m). In
addition, in Comparison 3, season was added as a sec-
ond smoothed random factor, accounting for the
intrinsic season variations, and year_season (i.e. the
corresponding warm/cold season of each year, e.g.
2005_cold, 2005_warm) was used as a parametric
fixed predictor (instead of year). Models were fitted
using the 'mgcv' package in R (Wood 2015), with
'bam’ function due to the large N in all comparisons
(i.e. 1, 2, 3) following a binomial error distribution.
Different models were fitted for each comparison,
testing different arrangements of predictor variables,
and the best model was determined using a selection
approach by comparing AIC values. Achievement of
normality of residuals and homoscedasticity assump-
tions were inspected using the 'DHARMa’' package
(Hartig 2021). Model diagnostics were run using
the 'mgcViz' package in R (Fasiolo et al. 2020) and
the effect among year levels was calculated using the
a posteriori Tukey test whenever necessary, using
the 'emmeans' package in R (Lenth 2021).
Optimal model structures:

(1) Cold seasons: presence/absence ~ intercept +
ti(SST x SSS) + year + s(depth, bs = 're’)

(2) Warm seasons: presence/absence ~ intercept +
ti(SST x SSS) + year + s(depth, bs = 're’)

(3) Consecutive seasons: presence absence ~ inter-
cept + ti(SST x SSS) + s(SSS) + s(SST) + year +
s(depth, bs = 're') + s(season, bs = 're’')

where ti() and s() represent the smoothing functions,

and the term bs = 're' is used to specify that this vari-

able is to be modelled as a random effect.

In the analysis of Patagonian anchovy abundance
spatiotemporal trends in (1), (2), and (3), models did
not achieve a non-linear fitting; thus we proceeded
to fit linear models, using generalized linear mixed
models (GLMMs). Models were fitted following a ne-
gative binomial error distribution with quadratic para-
metrization. Similarly to presence/absence models,
GLMMs were fitted as a function of environmental
conditions, where SST, SSS and year (year_season in
Comparison 3) were used as fixed predictors and depth
as a random factor (1 | depth). In the case of Com-
parison 3, season was used as a second random factor
(1 | season). Models were fitted using the package
'glmmTMB' in R (Bolker 2020). Different models were
fitted for each comparison, testing different arrange-
ments of predictor variables, and the best model was
determined using a selection approach by comparing
Akaike's information criterion (AIC) values. Given
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that DHARMa showed zero-inflation in all cases (i.e. 1,
2, and 3), a zero-inflation parameter was added to all
models, through the zi-formula; and heteroscedasticity
was accounted for by adding a dispersion parameter
(dispformula) to the models (Brooks et al. 2017). The
significance of the fixed predictors was tested using
the ANOVA function (Zuur et al. 2009), and the effect
among year_season levels was calculated using the
a posteriori Tukey test whenever necessary.
Optimal model structures:

(1) Cold seasons: relative abundance ~ intercept +
SST + SSS + year + + (1| depth)

(2) Warm seasons: relative abundance ~ intercept +
SST x SSS + year + (1 | depth)

(3) Consecutive seasons: relative abundance ~ inter-
cept + SST + SSS + year_season + (1 | depth) +
(1| season)

Graphs to visualize the results were made with
the 'ggplot2' package (Wickham & Chang 2016). All
the analyses were performed with R software (v.4.4.2,
R Core Team 2024).

3. RESULTS

3.1. Distribution of Patagonian anchovy
in cold seasons

The SST recorded during the 4 cold seasons ranged
between 5.33 and 10.49°C and the SSS values varied
from 32.11 to 34.02. Across these seasons, the propor-
tion of total acoustic data attributed to Patagonian
anchovy ranged from 5.9 to 13.4% (Table 1). In 2005
and 2006, fish schools were registered north of 46°S,
whereas in 2011, they were also observed in the
southern coastal sectors of the San Jorge Gulf.
Schools were registered up to 108 m depth, even
when the research surveys covered an area that ex-
ceeded 48° S and extended over 200 m deep. In 2013,
the presence of anchovy was recorded exclusively
north of 45°S. Importantly, no schools were recorded
below 6.52°C in any cold seasons sampled, indicating
this as the lower thermal limit for the species in the
cold seasons (Fig. 2).

Best model selection included SST and SSS interac-
tion plus year, and the %2 test showed an extremely
significant relationship between these factors and
Patagonian anchovy presence (Table 2). The model
explained 59.8 % of total deviance. Across most of the
SST and SSS range, no significant non-linear relation-
ships were observed between these oceanographic
variables and the presence of Patagonian anchovy,

but a boundary effect was detected. A positive rela-
tionship was found at SST below 6°C for SSS between
33.25 and 33.75. Conversely, a negative relationship
with presence occurred at SST above 10°C for SSS of
~33.25, and also at SSTs of 8.5 to 9.5°C for SSS above
33.75 (Fig. 3a, cold panel). Patagonian anchovy pres-
ence was similar during the cold seasons of 2005 and
2006, but significant differences were found among
the remaining comparisons (see Table S1 in the
Supplement at www.int-res.com/articles/suppl/m756
pl11l_supp.pdf).

Patagonian anchovy relative abundance was posi-
tively influenced by SST and by SSS, and differences
between years were detected (Table 2). Relative
abundance increased with increasing SST and, to a
lesser extent, with increasing SSS (Fig. 3b, cold pan-
el). The cold seasons in 2005 and 2006 showed similar
values that differed from those in 2011 and 2013,
which were also different from each other. The cold
season in 2013 presented the lowest relative abun-
dance values from the studied period (see Table S1).

3.2. Distribution of Patagonian anchovy
in warm seasons

During these seasons, the species distribution was
relatively uniform across the surveyed areas, with fish
schools detected as far south as 47°S, which corre-
sponds to the southernmost limit of the research sur-
veys. Schools were also recorded at depths reaching
up to 176 m (Fig. 4). The SST ranged from 11.23 to
19.18°C and the SSS from 32.85 to 34.17. The propor-
tion of acoustic data associated with Patagonian
anchovy records varied from 29.3 to 76.6% (Table 1).

As in the cold seasons, best model selection in-
cluded the SST and SSS interaction plus year, and the
%2 test showed an extremely significant relationship
between these factors and Patagonian anchovy pres-
ence (Table 2). The model explained 18.6% of the
total deviance. Across most of the SST and SSS range,
no significant non-linear relationships were identified
between these oceanographic variables and the pres-
ence of Patagonian anchovy, but a boundary effect
was detected. A positive correlation was identified at
SSTs between 12.5 and 16.5°C, coupled with SSS
values below 33 (Fig. 3¢, warm panel). Differences in
presence/absence among years were observed, except
for 2007—2012—2014, 2008—2010—2014, and 2006—
2013 (see Table S1).

Relative abundance was influenced by the SST and
SSS interaction, and differences among years were
found (Table 2). Patagonian anchovy relative abun-
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dance significantly increased with increasing SST
at maximum SSS values (>33.82) and no effect was
detected at minimum SSS values (Fig. 3d, warm
panel). Differences among years were observed, ex-
cept for 2005—2006—2009, 2007—2011—-2012—2014,
and 2008—2010 (see Table S1).

3.3. Comparative distribution of Patagonian
anchovy between consecutive seasons in the
2005-2007, 2011-2012, and 2013—-2014 periods

Best model selection for presence/absence in-
cluded both the interaction between SST and SSS, the
individual effect of each one, and also year_season
(the seasons from each year). The 2 test showed an
extremely significant relationship between these fac-
tors and Patagonian anchovy presence in cold and
warm seaso and the model explained 31.4% of the

total deviance (Table 2). Across most of the SST and
SSS range, no significant non-linear relationships
were identified between these oceanographic vari-
ables and presence/absence, but boundary effects
were detected. There was a positive effect on pres-
ence/absence at SSTs between 10 and 13°C for SSS
lower than 33, and a negative one at SSTs between 8
and 10°C for SSS higher than 33.6 (Fig. 3e, warm vs.
cold panel). In the analysis of the individual effect of
these oceanographic variables, no variation in species
presence was evidenced at SSS between 33.25 and
33.75, but above and below that range, the presence
was lower (Fig. 3f, warm vs. cold panel); and Patago-
nian anchovy presence increased when water tem-
perature reached 6 to 10°C. At SSTs beyond 12°C, no
variation in presence was detected (Fig. 3f, warm vs.
cold panel). The comparison between consecutive
seasons indicated differences between all of them, in
all periods (see Table S1).
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Table 2. Model selection results of GAMM for Patagonian anchovy presence/absence and of GLMM for Patagonian anchovy
relative abundance (s,) for cold, warm and warm vs. cold seasons. Significant values are given in bold

Models Response variable Optimal model terms  df %2 P AIC

Cold Non-linear (GAMM) Presence / absence SST x SSS 265 1384.51 <0.001 3809.21
Year 3 159.27 <0.001

Linear (GLMM) Relative abundance (s4) SST 1 310.63 <0.001 22708.72
SSS 1 8.60 0.003
Year 3 241 <0.001

‘Warm Non-linear (GAMM) Presence / absence SST x SSS 393 3350.61 <0.001 33373.74
Year 9 1359.52 <0.001

Linear (GLMM) Relative abundance (s,) SST x SSS 1 26.87 <0.001 243701.8
Year 9 2314.45 <0.001

‘Warm Non-linear (GAMM) Presence / absence SST x SSS 41.28  859.72 <0.001 28216.74
VS. SSS 6.22 44.36 <0.001
Cold SST 9.69 234.16 <0.001
Year_season 10 1242.86 <0.001

Linear (GLMM) Relative abundance (s4) SST 1 30.07 <0.001 159456.5
SSS 1 198 <0.001
Year__season 10 971.50 <0.001

Relative abundance was influenced by the indi-
vidual effects of SST and SSS, and differences
between consecutive seasons in each period were
also found (Table 2). A slight increase in relative
abundance was observed with SSS, and a similar
but weaker relation was observed with SST (Fig. 3g,
warm vs. cold panel). Regarding differences among
periods, a posteriori analysis indicated that relative
abundance was only equal in warm and cold
seasons in the year 2006. Differences were regis-
tered between the other consecutive seasons from
the subset periods (see Table S1).

4. DISCUSSION

Patagonian anchovy distribution showed a marked
seasonality with differences between cold and warm
seasons. During warm seasons, Patagonian anchovy
was distributed throughout the area covered by the
research surveys. However, during the cold seasons, a
northward contraction was observed, with the fish
schools shifting up to 1.5° farther north compared to
their distribution in the warm seasons. In summary,
the spatial evolution of the distribution of Patagonian
anchovy shows a seasonal contraction/expansion
pattern or shifting to the north of the analyzed area.
These patterns were also observed in other SPF.
Engraulis encrasicolus expands its distribution during
summer in association with oceanographic processes
and food availability in the Mediterranean Sea (Gian-
noulaki et al. 2013). Similarly, in the Gulf of Viscaya,
the geographic range of this anchovy contracts dur-

ing the peak of reproductive activity in response to
optimal thermal ranges and expands at its end (Motos
et al. 1996).

Patagonian anchovy acoustic data were collected
during bottom trawl surveys aimed at evaluating the
abundance of Argentine hake, and cruise design
responded to this objective. However, the distribution
of Patagonian anchovy analyzed using this acoustic
data aligns with what has been previously described
in the literature for Argentina. We consider that
demersal trawl surveys are not ideal, but acceptable
to use for the presented purposes, as reported in other
similar studies (e.g. Barange et al. 1998, Jansen et al.
2012, Post et al. 2019).

Patagonian anchovy breeding activity takes place
between 41° and 45° S in coastal waters (Pajaro 2002),
in the latter austral spring, and is associated with the 3
oceanographic fronts that integrate the Norpatagonic
frontal system (Sanchez 1995, Hansen et al. 2001). In
the Patagonian sea fronts, several mechanisms pro-
mote retention of larvae and lead to positive con-
ditions for Patagonian anchovy reproduction in late
spring (Do Souto et al. 2018). Once the spawning
period is over in early summer, a southward disper-
sion of the schools begins (41° to 47°S), reaching the
interior and south of the San Jorge Gulf. These move-
ments are possibly associated with an intense feeding
phase after reproductive activity, since adults have
been found in spring with empty or almost empty
stomachs, despite the high availability of zooplank-
ton prey in the environment (Pdjaro 2002). In late
summer, anchovy distribution on the NPCS, although
still patchy, was found to be more dispersed. During
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Fig. 4. (continued on next page)

austral winter, adult schools are once again concen- shelf (Angelescu & Anganuzzi 1986). This pattern
trated off Valdés Peninsula and even at lower lati- coincides with the observations made in the warm
tudes, up to 45°S, and near the coast or in the mid- and cold seasons in this study.
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Patagonian anchovy is a euryhaline and euryther-
mal species (Hansen 2004). Its lower thermal limit
has been identified as 8°C (Angelescu 1982), with a
suitable thermal range of 12 to 17°C in spring on
the NPCS (Hansen et al. 2001). This SST thermal
range was extended in our work, with schools
recorded at 6.52°C in cold seasons and between 11
and 19.5°C in warm ones. In any case, Hansen et al.
(2001) clarified in their work that the higher abun-
dances of Patagonian anchovy in thermal fronts
may be due to spawning activity and retention
mechanisms, rather than to temperatures per se.
Regarding SSS, the ranges registered in both sea-
sons were within the values tolerated (33 to 34.3)
(P4jaro 2002). In a wide range of SST and SSS
values, no relationships between these variables
and the presence of Patagonian anchovy were
recorded, which aligns with expectations for eury-

thermal and euryhaline species. A similar pattern
emerged when comparing consecutive warm and
cold seasons, with the only notable effects being a
positive impact on presence when SST increased
up to 10°C, and a negative impact when SSS was
either relatively high (>33.75) or low (<33.25). In
addition, the relative abundance of Patagonian
anchovy showed a linear weak relationship with
both SST and SSS, increasing slightly as tempe-
rature and salinity rose. Other biological factors
probably also influence Patagonian anchovy pres-
ence and abundance (e.g. food availability). Effects
of SST and SSS on Engraulis distributions are
widely reported in the literature and, in general,
turn out to be context-dependent. Mixed and
significant effects of both variables resulting in pos-
itive, negative, dome-shaped and u-shaped rela-
tionships have been reported for the juvenile and
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adult stages of E. encrasicolus; and the type of pre-
dominant effect depended on the analyzed area of
the Mediterranean Sea (Fernandez-Corredor et al.
2021). In the case of the Japanese anchovy E. ja-
ponicus, the seasonal analysis indicated a 73.7%
contribution with a dome-shape effect of SSS and
SST on presence in the summer and winter seasons
(Bang et al. 2022). For E. ringens in north Chile, the
increase in SST in the context of climate change
could reduce the size of fish by up to 15%, which
will reduce fecundity, affecting anchovy population
dynamics (Herndndez-Santoro et al. 2019).

The typical annual thermal cycle of Southern He-
misphere mid-latitudes significantly influences Pa-
tagonian anchovy distribution patterns, as demon-
strated by the comparison between consecutive warm
and cold seasons. However, inter-annual SST ano-
malies (as well as atmospheric pressure, winds, and
extent of sea ice) in the large ocean basins (such as
the SWAOQO) are affected by a northward shift of the
Antarctic Circumpolar Current, which follows a 4 to
5 yr cycle (Marrari et al. 2019). This may be related
with the differences recorded between the same sea-
sons over the years. In this context, some particula-
rities were detected. Unexpected similarities in the
relative abundance of Patagonian anchovy were
observed in the warm and cold seasons of 2006. Its
presence during the 2006 warm season was one of
the lowest over the studied period, similar to that
recorded in 2013. The summer of 2006 was notably
colder than average, and within the San Jorge Gulf,
the typical chlorophyll blooms that usually occur in
late spring and persist for an average of 110 d, had
their shortest duration that year, lasting only 35 d
(Marrari et al. 2019). This change in bloom persis-
tence is relevant, considering that high chlorophyll
concentrations in spring and summer generally sup-
port production, presumably leading to the high
abundance of zooplankton described in the San Jorge
Gulf (e.g. Derisio 2012, Temperoni et al. 2014), which
constitutes the main food of Patagonian anchovy
(Angelescu 1982). Thus, a low availability of food
caused by a short phytoplankton bloom in 2006 may
explain the low presence and relative abundance of
Patagonian anchovy during the 2006 warm season.

Given that the summer expansion of the Patagonian
anchovy is typically related to its feeding phase
(Pajaro 2002), the reduced presence of the prey spe-
cies in the San Jorge Gulf and the denser aggregation
of schools in the northern part of the study area seem
logical. Essentially, why expand if there is relatively
little food available? This hypothesis is supported by
the abundance estimate made for this species in the

spring of 2006, which recorded a biomass value of
1600000 t of fish located mainly north of 44°S, par-
ticularly within the San Matias Gulf, which is unusual
(Hansen 2006). This estimate represents the highest
abundance value of the 6 surveys conducted in the
last 20 yr (Orlando et al. 2023). Thus, these findings
may explain the lack of differences between the warm
and cold seasons of 2006, and also shed light in part
on the complex interactions between the abiotic and
biotic factors that shape Patagonian anchovy sea-
sonal distribution and abundance patterns.

Notably, it is also crucial to highlight that the rel-
ative abundance and presence during the warm sea-
son of 2013 marked the lowest recorded values
throughout the entire study period. Regrettably, due
to the lack of acoustic information from the cold sea-
son of 2012, we face limitations in assessing the rea-
sons for this observed decline in 2013. However, we
ruled out the hypothesis that it could be attributed to
a fishing impact. This assertion is reinforced by the
consistently low fishing levels and consequently min-
imal impact of fishing activities on the Patagonian
anchovy stock, accounting for less than 4% of the
acceptable biological catch and a fishing mortality in
the period calculated at 0.005 (Orlando et al. 2023).
We also rejected the hypothesis of a negative effect
onrecruitment in 2013. If that had been the case, a low
abundance would have been expected in the summer
of 2014; but on the contrary, Patagonian anchovy
abundance again reached high values (similar to
those of previous summers).

The low presence and relative abundance of Pata-
gonian anchovy in the summer of 2013 cannot be
explained by a colder-than-usual season, since tem-
perature in 2013 was within the average range (Mar-
rari et al. 2019). Instead, it is more likely due to ocean-
ographic forces affecting the region. The interaction
between the NPCS and the shelf break (SB: 200 to
1000 m), where the Malvinas Current flows, may be
linked to the process described by Palma et al. (2008).
Their study showed that north of 50° S, the cross-shelf
barotropic pressure gradient created by the Malvinas
Current strongly influences shelf circulation. Related
to this process, Allega et al. (2021) detected contrast-
ing SST anomalies between the middle of the NPCS
and the SB in 2013 (positive vs. negative, respec-
tively). These contrasting anomalies were attributed
to the inter-annual variability of the Malvinas Current
and remote forcing by the El Nifo-Southern Oscil-
lation (ENSO) (Artana et al. 2018), generating a
strengthening of northward transport of cold water.
We suggest that this intensified cooling at the SB, and
its impact on the NPCS may have pushed the schools
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northward during the summer of 2013, potentially
beyond 42°S (outside our study area and beyond our
detection). In 2014, these oceanographic forces were
attenuated, and therefore, Patagonian anchovy rel-
ative abundance presented values within the ranges
previously observed. Further data and analysis are
necessary to substantiate this hypothesis.

The findings of this study of Patagonian anchovy
seasonal distribution patterns are also relevant for the
North Patagonian trophic web dynamics, where this
species plays a key ecological role. In this sense, its
inter-annual abundance fluctuations appear to have
a greater impact on the behavior of its main pred-
ators than on Patagonian anchovy spatial distribution
(presence/absence), which is often emphasized (Hil-
born et al. 2017), and many studies support this
hypothesis. For instance, Patagonian anchovy consti-
tutes the main food of dusky dolphins Lagenorhyn-
chus obscurus between 43° and 46° 30' S, contributing
up to 50% by weight of their diet (Koen Alonso et al.
1998), and there is a spatial overlap between dusky
dolphin groups and zones of high abundance of Pata-
gonian anchovy (Garaffo et al. 2011). The Magellanic
penguin Spheniscus magellanicus mainly feeds on
Patagonian anchovy (Wilson et al. 2005, Yorio et al.
2017, Ciancio et al. 2021). Moreover, the size of its iso-
topic niche was negatively correlated with Patagonian
anchovy abundance in the 2013 warm season (Ciancio
et al. 2021) when the lowest fish abundance was re-
corded in our study. During years of low forage fish
abundance, the penguins change their strategy, incor-
porating a wider range of prey, and niche size tends
to increase (Ciancio et al. 2021). The South American
sea lion Otaria byronia (previously Otaria flavescens),
which feeds primarily on demersal and benthic species,
also feeds on Patagonian anchovy when it is abundant
in the region (Koen Alonso et al. 2000). Regarding
species of great fishing interest in Argentina, the
Argentine hake Merluccius hubbsi preys mainly on
zooplankton in north Patagonia (Belleggia et al. 2019),
but presents opportunistic habits, feeding on Pata-
gonian anchovy according to its seasonal changes in
abundance, with high consumption in warm seasons
and low in cold ones (Belleggia et al. 2014).

In conclusion, our results suggest that while the
Patagonian anchovy is a euryhaline and eurythermal
species, there are some thermal and salinity ranges in
which its distribution and abundance are influenced
by environmental conditions, potentially impacting
the broader trophic web, probably along with other
biotic factors. Moreover, certain extreme oceano-
graphic conditions registered at the study site may be
related to some infrequent low values of Patagonian

anchovy relative abundance and presence. Taking
this into account, the significant warming trend be-
tween 1982 and 2015, with an average increase of
0.379°C on the NPCS (Marrari et al. 2019), becomes
relevant. Under a climate change scenario, in which
extreme weather events and other interannual oscilla-
tions may be exacerbated (Cai et al. 2020), regular
monitoring before major weather events occur is cru-
cial to identify unexpected changes in this fish pop-
ulation and determine if such shifts persist over time.
This study is the first to provide essential insights into
the seasonal distribution patterns of the Patagonian
anchovy in the NPCS but, unfortunately, there have
been no studies with temporal continuity after 2014.
Thus, it is urgent to carry out evaluations of the cur-
rent stock, both in summer and winter. This will allow
construction of better models that will allow us to
make predictions for all IPCC climate change scenar-
ios. Also, these assessments would not only support
sustainable fisheries management in the face of cli-
mate change, but would also offer valuable insights
into the seasonal dynamics of the fish, birds, and
mammals that rely on this small pelagic species as a
food source.

Data availability. Data will be made available on request.
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