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We aimed to describe how debris originated from coastal cities and fisheries circulates and accumulates along the
Argentine continental shelf and its potential interaction with southern giant petrels (SGP, Macronectes giganteus).
We used tracking data of 31 SGPs (adults and juveniles) from Patagonian colonies. Lagrangian simulations of
particles were released from coastal cities and fisheries. Oceanographic features together with plastic input
generated a corridor of debris through the Argentine shelf with areas of high debris accumulation, exposing SGP
to plastic consumption. During chick provisioning trips 93.9% of petrel's locations overlapped with areas of

plastic accumulation. Although early developmental stages were more exposed to particles from cities, the
exposure of petrels (all classes) to debris from fisheries was 10% higher than from cities. Measures to reduce
debris from fisheries, would reduce plastic ingestion by giant petrels. Proper management of open sky dumpsters
would reduce plastic consumption by chicks and juveniles.

1. Introduction

Plastic pollution at sea is an emerging global environmental concern.
Litter enters the ocean from different sources, the ocean based source
that includes litter being lost, intentionally dumped, and/or discarded
by commercial and artisanal fisheries, cargos or recreational boats; and
the land-based source that includes general and accidental littering and
landfills or dumpsters inadequately managed, increasing the risk of
windblown litter reaching the ocean (Lambert et al., 2014). Approxi-
mately 80% of plastics in the ocean is estimated to come from land-based
sources, and the remaining 20% would be provided by ocean based
sources (Sheavly and Register, 2007; UNEP, 2021). Yearly, 4.8 to 12.7
million metric tons of plastics enter the ocean (Jambeck et al., 2015),
and as it is mostly buoyant, it distributes, circulates, and accumulates
being drifted by currents and winds (Eriksen et al., 2014). Concern on
this issue increases when new discoveries determine that most of plastic
that has entered the ocean by 1950s is still circulating between coastal
environments, recurrently beaching, entangling, defouling, and resur-
facing again (Lebreton et al., 2019) threatening marine megafauna that
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are at risk of entanglement, ingestion, or habitat degradation (Senko
et al., 2020).

Albatrosses and large petrels are considered among the most
threatened of all birds (Phillips et al., 2016) being the subject of
anthropogenic hazards among which, plastic pollution is of main
concern (Senko et al., 2020). Procellariiforms are wide ranging species,
occupying vast pelagic environments, with most species foraging mainly
at the sea surface, related to natural prey and in some cases related to
fisheries discards, where most plastic accumulates; as a consequence
they are the group of seabirds with the highest incidence of debris
ingestion (Titmus and Hyrenbach, 2011; Roman et al., 2019). Several
studies have demonstrated the presence of plastics circulating along the
South Atlantic Ocean (Wilcox et al., 2015; Lebreton et al., 2019; Suaria
et al.,, 2020) with considerable interaction such as entanglement or
ingestion by albatrosses and petrels (Copello and Quintana, 2003; Petry
et al., 2007; Jiménez et al., 2015; Dias et al., 2019; Phillips and Waluda,
2020).

The Argentine continental shelf (Southwestern Atlantic Ocean) is
one of the global regions with most productivity (Allega et al., 2021). As
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marine fronts are abundant in the shelf, this area plays a key role in
ecological processes generating an exceptionally high primary produc-
tivity (Acha et al., 2004) which congregates several species of seabirds,
specially albatrosses and large petrels (Croxall and Wood, 2002; Favero
and Silva Rodriguez, 2005; Arata et al., 2009; Quintana et al., 2009).
The general circulation of the shelf is governed by a northward flow of
cold waters (Malvinas current) and a southward warm water flow
coming from the north (Brazilian current, Fig. 1a). These two currents
collision is known as the Brazil/Malvinas confluence (Fig. 1a), highly
influencing the ocean circulation over the shelf (Matano et al., 2010).
Seasonal variations in the shelf are driven by wind forcing and by
onshelf fluxes from the Drake Passage and from Malvinas/Falkland
Islands (Combes and Matano, 2018). Moreover, the circulation of the
San Jorge gulf (the largest gulf of the Argentine shelf) is mainly driven
by wind and tidal forcing with seasonal variations and water intrusion
from the Patagonian shelf (Palma et al., 2020).

The Southern Giant Petrel (Macronectes giganteus) is a wide range
Procellariiform restricted to the Southern Ocean, that plays a key
ecological role as scavenger and predator (Hunter, 1985; Techow et al.,
2010). Global population shows an increase, although trends of indi-
vidual populations are variable (BirdLife International, 2018). In coastal
Patagonia Argentina, 80% of the breeding population occurs at the
northern limit of the San Jorge gulf (Arce and Gran Robredo Islands).
These islands are under protection by the Coastal and Marine Interju-
risdictional Park Patagonia Austral, where 2300 breeding pairs occur
(Quintana et al., 2006). Plastic consumption by this population has been
well documented, as more than 70% of chicks from Arce and Robredo
Islands contained some kind of plastic in their diet (Copello and Quin-
tana, 2003). Moreover, juveniles and adults stranded on the colony or on
nearby beaches contain plastic items in their stomach (Gallo et al. un-
published data). Nonetheless, the source and the areas where birds are
getting debris remain unknown; consequently, the Southern Giant Petrel
has become a good model to study the spatio-temporal interaction be-
tween plastic circulation of marine debris and pelagic seabirds. Under-
standing the relationship between the spatio-temporal at-sea
distribution of seabirds and plastic debris is of paramount importance in
determining high risk areas, and in contributing to the implementation
of monitoring and mitigation measures for the species inhabiting the
Argentine continental shelf and similar marine areas worldwide.
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Although few studies estimated the densities of floating plastics
offshore, in coastal surface waters, and beaches at remote islands on the
South Atlantic Ocean (Lebreton et al., 2012; Eriksen et al., 2014; Barnes
et al., 2018), studies modelling plastic debris circulation at regional
(fine) scale are lacking. Likewise, there are no studies modelling trans-
port and accumulation of floating debris in the continental shelf of
Argentina. Hence, the goal of this study was to describe how marine
debris coming from coastal cities and discarded by fisheries circulates
and accumulates in the Argentine continental shelf and its potential
spatio-temporal interaction with the at sea year-round distribution of
the Southern Giant Petrel, depending on foraging strategy, sex, age
classes, and breeding stage. As southern giant petrels have shown a
strong interaction with fisheries discards as a foraging source along the
year (Copello and Quintana, 2009b; Blanco et al., 2015) we hypothesize
that this species will interact mainly with marine debris originated from
fisheries operating in the area. Moreover, in concordance with previous
studies (Copello and Quintana, 2003), petrels during chick provisioning
trips will show a strong overlap with areas of high plastic accumulation.

2. Materials and methods
2.1. Southern Giant Petrel tracking data

For the present study we used tracking data of 24 southern giant
petrels (11 breeding adults, six non-breeding adults, and seven juve-
niles) from previous studies (Quintana et al., 2010; Blanco and Quin-
tana, 2014) derived from satellite transmitters (PTTs-100, ‘“Platform
Terminal Transmitters”, Microwave Telemetry, Columbia, MD, USA)
from Arce (45°00’ S; 65°29' W) and Gran Robredo Islands (45°80’ S;
66°03' W, Supplementary Table 1). We also used a complementary set of
new positional records derived from the instrumentation of seven adult
breeders with GPS from Arce (Axy-Trek Remote, Technosmart, Italy,
Supplementary Table 1). The foraging variables (i.e. distance to colony,
total distance traveled, and trip duration) and the sexual segregation of
breeding adults were determined only from new GPS records. However,
both data sets (i.e. those from PTT and those from GPS units) were
included to analyze the use of marine areas and its interaction with
marine debris circulation for all bird classes (breeding, non-breeding (i.
e. wintering) adults, and juveniles). Instrumented birds were sexed by
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Fig. 1. Argentine shelf experiment. a) Schematic representation of coastal/shelf (black lines) and general (red and blue lines) circulation (from Matano et al., 2010).
Particles released from coastal cities (black dots) on December 1st and June 1st. SMG: San Matias gulf, SJIG: San Jorge gulf. Blue dots indicate locations of breeding
colonies: Arce and Gran Robredo (G.R.) Islands; b) and c) Start points of inert particles (mimicking debris) discarded by fisheries on December 1st (b) and June 1st
(c). Blue: double beam trawlers (target: shrimp), green: Ice trawlers (target: hake), yellow: Jiggers (target: squid). Distribution of fisheries was obtained from Gongora
et al. (2012) and PAN-AVES (Santos, 2010). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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morphometric measurements and/or by molecular techniques (Copello
et al., 2006).

PTTs were attached using Tesa tape to the mid-dorsal mantle feathers
(see Quintana et al. (2010) for details). Data on the geographic position
of the PTT-instrumented animals were obtained from the ARGOS service
provider (CLS, Toulouse, France). Each one of the obtained positions
was automatically classified according to its estimated error (Argos-CLS,
2011). Argos satellite data was filtered using Argosfilter 0.62 Package
for the R software package (R Development Core Team, 2019). Tracking
data were then hourly resampled using the “adehabitat” package for R
with “redisltraj” function (Calenge, 2006).

GPS loggers were attached to adult breeders during the early chick
rearing period (i.e. early January) by using a leg loop harness (Mallory
and Gilbert, 2008). The harness was build using 6 mm natural tubular
Teflon tape. Each GPS unit was placed on a neoprene base (approxi-
mately 5 x 5 cm), to avoid friction between the logger and the skin of the
bird, and then mounted on the harness. GPSs had a rechargeable battery
with small solar cells and transmitted information to a base station
placed on the colony (UHF data download up to 2 km). Loggers were
programmed to collect location data every 10 min. The accuracy of GPS
data (<10 m) allowed to discriminate between long and short trips (i.e.
the dual foraging strategy previously described for breeding adults
(Quintana et al., 2010)), which were analyzed separately. For each
foraging trip, we calculated distance to colony, total distance traveled,
and trip duration.

Additionally, at sea positions from both types of data loggers were
classified as foraging (i.e. floating) or non-foraging (i.e. flying) locations,
based on speed and turning angle between consecutive locations of each
individual, following Blanco et al. (2015). Only locations classified as
foraging were considered to study the spatio-temporal interaction of the
birds with plastic debris circulation. Moreover, GPS data corresponding
to long trips were resampled hourly, in order to make location from both
devices comparable and ensuring that individual variation in daily
transmission did not influence the spatial analysis. With the purpose of
graphically describe areas highly used by different age/sex classes; we
built a raster from the hourly resampled locations using the function
“conversion tools”, adding “count” as cell assignment type, with a res-
olution of 50 km.

2.2. Numerical models and set up of experiments

We employed four years (2000, 2001, 2004 and 2005) of hydrody-
namical model outputs using Regional Ocean Model System (version
ROMS-Agrif) previously tested in the region (Combes and Matano,
2018). ROMS-Agrif (Debreu et al., 2012) is a Regional Ocean Model
System which use an adaptive method for running two or more
embedded computational grid of different spatial resolution (parent-
child grid). The numerical model was tested and validated in several
regions of the world by the scientific community (https://www.myroms.
org/ and https://www.croco-ocean.org/download/roms_agrif-project/
). In the vertical, the model's primitive equations were discretized over
variable topography using stretched terrain-following coordinates. In
the horizontal, the primitive equations were evaluated using orthogonal
curvilinear coordinates on a staggered Arakawa C-grid. The bottom
topography was based on digitalized nautical charts. The model was
forced at the open boundaries with M2 tidal component from the parent
model. The model was forced at the surface with 3-day-averaged fluxes,
wind speed, tidal forcing, and large scale fluxes at the open boundaries
extracted from global and southern hemisphere models respectively
(Combes and Matano, 2014). For more details about the hydrodynam-
ical model and setup see Combes and Matano (2018).

The computational grid extend included a large part of the Southwest
Atlantic Ocean (from 26° to 56° south latitude and from 69.2° to 46°
west longitude, including the full extension of the Argentine continental
shelf) and had a mean spatial resolution of 6.5 km. The covered area
matched with previous studies of year-round at sea distribution of the
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Southern Giant Petrel (Blanco et al., 2017). The temporal resolution of
the simulations (model outputs) was 10 days average.

2.3. Numerical experiments of inert particles

Using information of the region and understanding dynamics of giant
petrels we designed a suite of Lagrangian simulations of particles (in-
dividual based model) using the Larval TRANSport Lagrangian model
(LTRANS (North et al., 2006)). The LTRANS is an off-line particle-
tracking model that runs with the stored predictions of a 3D hydrody-
namic model. LTRANS is written in Fortran 90 and is designed to track
the trajectories of particles in three dimensions. The simulations incor-
porated the main physical characteristics of the marine debris that
reaches the regions of interest from coastal cities and main fisheries
operating in the Argentine shelf. The Lagrangian simulations are based
on the petrels' life stages. Five experiments (Supplementary Table 2)
were carried out by initializing at two times of the year (austral spring
and autumn) and for 180 days, each covering the circulation of particles
for a complete annual cycle. The particle simulations were carried out
considering the buoyancy of the inorganic material (marine plastic
debris) without considering the vertical advection and movement only
in superficial layers (as southern giant petrels are mainly surface feeders,
(Croxall and Prince, 1980)). The results of inert particles experiments
were recorded every 12 h (snapshot). Experiments were designed,
without prior specific considerations, either due to lack of knowledge or
complexity (amount of debris dumped in each city, frequency of debris
release to the ocean, exact location of the fleets, etc.). Their focus was to
present the minimum conditions for releasing debris at sea.

2.4. San Jorge gulf experiment

Inert particles (20 particles per computational node) were released
on December 1st (running for 90 days) from inner San Jorge gulf (see
Fig. 1a, Supplementary Table 2). Release locations of simulated particles
were coincident with trawler fisheries (Argentine Red Shrimp, Pleoticus
muelleri) operating in the gulf (Gongora et al., 2012). In addition, this
simulation considered also debris coming from coastal cities located in
the coast of the gulf. Ending points of the inert particles' trajectories
were mapped at 35, 40, 45, 50, 55 and 60 days (20 x 20 km spatial
resolution) temporally coincident with the Southern Giant Petrel chick
rearing period at Arce and Gran Robredo Islands (Copello and Quintana,
2009a). To simulate a continuous system (as debris are being released to
the ocean continuously) we overlapped all maps (from 35 to 60 days)
accumulating the number of particles per pixel.

2.5. Argentine shelf experiments

The second and third experiments took into consideration the drifted
particles originated in coastal cities (Supplementary Table 2). These
experiments were released on December 1st and June 1st (each running
for 180 days) from 20 coastal Argentine cities and from 3 locations in
Malvinas/Falkland Islands, with 100 inert particles released in each
computational node representing each city (Supplementary Table 2,
Fig. 1a). In those cities, open sky dumpsters are located on the coastline
and predominantly westerly winds (Palma et al., 2004) blow part of the
debris to the ocean. Moreover, in the fourth and fifth experiments
(Supplementary Table 2), drifted particles originated from fisheries
(from discards or debris that is thrown to the ocean). These particles
were released on December 1st and June 1st (running each for 180 days)
in concordance with main fisheries operating at the study area. Main
locations of operation of Argentine Hake (Merluccius hubbsi) fishery
(high-seas ice trawler fleet), Argentine Short Fin Squid (Illex argentinus)
fishery (jigger fleet), and Red Shrimp fishery (double-beam trawler
fleet) were mapped following Gongora et al. (2012) and PAN-AVES
(Santos, 2010) to define the start points of simulated particles
(Fig. 1b, c).
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End points of particles from each model were obtained at 60, 90, 120,
150, and 180 days. In order to simulate a continuous drift of particles,
we plotted all end points from each model and then rasterized positions
at 50 x 50 km spatial resolution using ArcGis. The raster was built with
the function “conversion tools”, using “count” as cell assignment type.
Therefore each cell obtained the total number of particles (at 60-180
days) allocated by the model.

In order to assign a value to each petrel location, we overlapped
temporally and spatially the foraging locations for all tracked birds with
the corresponding model and assigned a value of inert particles to each
location, resulting in interaction values (0 = location did not interact
with a pixel with particles; 1 = location interacted with a pixel with
particles) and the number of particles per location.

2.6. Statistical analysis

General mixed effect models (GLMM) were used to test differences
between sexes for trip duration, maximum distance to colony, and total
distance traveled (calculated from GPS data). Individual models were
carried out separately for (1) short and (2) long foraging trips, sex was
included as a fixed factor and bird identity as a random factor to account
for potential pseudoreplication (Crawley, 2007; Zuur et al., 2009).
Additionally, we obtained a mean value per variable per individual.
Then, we used these mean values to calculate a grand mean per sex and
its standard deviation. Values through the text are expressed as mean +
standard deviation.

To analyze the variability of the response variables, “interaction with
debris” (binary variable: no interaction/interaction with inert particle)
and “number of particles per location” (considering only locations with
interaction), we used GLMM with “bird identity” as a random factor
(Crawley, 2007; Zuur et al., 2009). Binomial family distribution and
logit-link function were employed for models with “interaction with
debris” as response variable. For models with “number of particles per
location”, we used GLMMs with Poisson errors and log-link function to
deal with non-Gaussian distributions (Crawley, 2007). These analyses
were performed for each source of debris (cities and fisheries), consid-
ering three datasets: (1) breeding adults, (2) breeding and non-breeding
(wintering) adults, (3) non-breeding adults and juveniles. In models
including dataset for breeding adults (1 and 2), we considered sex as
fixed factor, as sexual spatial segregation occurs during breeding
(Quintana et al., 2010). In models considering datasets 2 and 3, “bird
class” (breeding adult, non-breeding adult, and juvenile) was included
as explanatory variable. In addition, for each bird class, GLMMs were
performed to analyze differences in response variables according to type
of fishery (ice trawlers, jiggers, and double-beam trawlers).

GLMMs were run using the function Imer from the package Ime4.
Explanatory variables included in the models were evaluated with the
function anova using the Chi-square test goodness of fit (x> parameter).
All statistical analyses were performed using the open source statistical
package R version 3.6.1 (R Development Core Team, 2019) with a level
of significance of P < 0.05. Data for “interaction with debris” (frequency
of occurrence, %) and “number of particles per location” (mean =+
standard deviation) were expressed by bird class, source of debris, and
sex (only for breeding adults).

3. Results
3.1. Foraging trips and sexual segregation

Similarly to previous findings from this population (see Quintana
et al., 2010), data from the birds tracked with GPS units showed a dual
foraging strategy (i.e. short and long trips). Short trips were statistically
similar for females and males, and were performed in coastal areas at
38.5 + 12.9 km from the colony and adult breeders traveled a mean
distance of 98.7 + 38.8 km per trip during 7.1 + 1.0 h (Supplementary
Tables 3, 4).
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Long trips were also similar for female and male breeders, although
females reached slightly more distant waters (486.0 &+ 57.5 vs. 382.9 +
65.1 km) and, consequently, traveled for slightly longer distances than
males (2078.3 + 333.7 vs. 1741.0 £+ 522.3 km) (Supplementary Ta-
bles 3, 4). As previously described for the same population (Quintana
et al., 2010), GPS data also showed a clear sexual segregation in the use
of the foraging areas during the breeding period. While males foraged in
coastal areas, females used pelagic waters on the middle shelf and the
shelf break (Supplementary Fig. 1).

3.2. Use of marine areas

During the breeding period adults foraged in an area that extended
from 40°S in the north to 50°S to the south, and to the shelf break to the
west. High used areas were mainly a coastal area from the breeding
colony to approximately 350 km to the north, and an area comprising
the middle shelf and the shelf break located at approximately 450 km
from the colony (Supplementary Fig. 2a, see also Quintana et al.
(2010)).

During winter, adults stayed within the Argentine continental shelf
exploiting coastal, middle shelf, and shelf break waters expanding up to
840 km from the colony to the north and 960 km to the south. Non-
breeding adults alternated at sea excursion with periods at the colony
(Supplementary Fig. 2b, see also Blanco and Quintana (2014)). On the
other hand, first year juveniles during their first incursion at sea occu-
pied an extensive area, on which they explored a corridor between the
colony and the middle shelf, the shelf break, an area comprised between
the Argentinian and the Uruguayan shelf, and a south Brazilian shelf
area (Supplementary Fig. 2c, see also Blanco and Quintana (2014)).

3.3. Hydrodynamical model

There is enough published information on the performance of this
model to trust the results of the tracking experiments of plastic debris.
Further description of the model, including comparison with in-situ and
satellite observations, is presented in Combes and Matano (2014, 2018,
2019), Matano et al. (2014), Strub et al. (2015), Franco et al. (2018), and
Guihou et al. (2020). We present here the main characteristics of the
surface circulation of the Southwestern Atlantic Ocean. The sea surface
velocities (vectors, shown in Supplementary Fig. 3) indicated that the
model is capable to generate the main circulations patterns of the
Southwestern Atlantic Shelf, including the Malvinas Current, the Brazil
Current, and their Confluence offshore La Plata river mouth. The higher
values of SST gradient (red contours, shown in Supplementary Fig. 3) are
associated with the position of the main thermal fronts in the Argentine
shelf and other areas of high biological productivity (i.e. Valdes thermal
front, San Matias gulf front, San Jorge gulf front, and shelf break front).

3.4. San Jorge gulf experiment

Movement of inert particles from coastal cities and the shrimp fish-
ery inside the San Jorge gulf was a mixture of the summer cyclonic
circulation typical of the gulf (Palma et al., 2020) and the prevailing
winds in the region (Palma et al., 2004). The particles were transported
in the surface layer, where the west wind is the predominant forcing
(Ekman layer) and interacts with cyclonic circulation (intermediate
layers) governed by the stratification and tide, moving the particles
through the gulf from South to North. The temporal evolution of the
particle density indicated that the first zone to displace the particles is
the western coastal zone of the gulf, generating a concentration of
particles in the mouth and north of the gulf (Fig. 2). This trend inten-
sified around 40 and 50 days, where values quadrupled from the
beginning reaching the vicinity of Arce and Gran Robredo Islands
(Fig. 2). After 60 days, the particles almost completely left the gulf and a
large concentration of particles moved in a NE direction over the shelf
(Fig. 2). Interestingly, the particles accumulated in areas highly
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Fig. 2. San Jorge gulf experiment. Distribution and accumulation of inert particles (mimicking plastic) at 35, 45, 55, and 60 days after release. Particles were
released simulating debris coming from coastal cities and fisheries operating inside the gulf. Scale represents number of particles per pixel (spatial resolution of 20 x

20 km).

exploited by male and female foraging southern giant petrels carrying
out short trips from their breeding sites. As such, 93.9% of petrel's
foraging locations overlapped with areas with particle accumulation,
and the foraging birds mainly visited marine areas containing a mean of
112.5 + 1.5 (range 24-420) particles per location (Fig. 3).
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Fig. 3. San Jorge gulf experiment. At-sea distribution (grey dots) of foraging
southern giant petrels carrying out short trips from Isla Arce (black dot) during
the breeding period; in relation to the modelled accumulation of inert particles
(simulating plastics) circulating for 60 days, released from coastal cities and
fisheries operating inside the gulf. Scale represents number of particles (spatial
resolution of 20 x 20 km).

3.5. Argentine shelf experiments

Overall, 32.9% of year-round at-sea foraging locations of the giant
petrels overlapped with marine areas containing particles coming from
coastal cities, and 43.6% with those delivered by fisheries operating in
the Argentine continental shelf (Table 1).

3.5.1. Debris from cities

Particles released from cities during austral spring mainly followed a
NE direction of transport on the shelf (Fig. 4a), with the exception of
those from the San Matias gulf, El Rincén (Bahia Blanca estuary), and La
Plata river (Buenos Aires and La Plata cities, Fig. 4a). These specific
particles faced a closed circulation dynamics that prevented the trans-
port to the open shelf. After approximately 90 days, particles from La
Plata River were pushed out to feed the Brazil/Malvinas confluence. The
main contribution of particles into the continental shelf seemed to come
from a particle retention zone generated in front of the San Jorge gulf,
which could also have been contributing in part to the accumulation on
shelf break (Fig. 4a). The cities of Ushuaia and Rio Grande contributed
material from their waste to the Malvinas/Falkland Islands region
(Fig. 4a). The particles released from the North and East of Malvinas/
Falkland Islands were captured directly by the Malvinas current that
surrounds the Islands, contributing afterwards northward to the
confluence zone to be later expelled offshore.

Overall, the 34.2% of at-sea foraging locations of breeding petrels
(spring-summer) overlapped with marine areas containing particles
coming from coastal cities (Table 1). As mentioned before, the spatial
sexual segregation was notable during foraging excursions and, as a
consequence, breeding females were partially more exposed to particles
coming from cities than males (44.3 vs. 22.5% respectively Tables 1, 2;
Fig. 5a, b). Nonetheless, males used marine areas with higher debris
accumulation (249.5 + 404.6 vs. 61.2 + 171.9 particles/location for
males and females respectively, Tables 1, 2).

Particles released from cities during austral autumn (Fig. 4b),
showed similar trajectories that those during spring, with two excep-
tions: i) the displacement speeds were lower, and ii) the coastal circu-
lation offered less retention. A clear evidence of this is showed in Fig. 4b:
i) the particles launched in southern Patagonian cities (i.e. Ushuaia and
Rio Grande) did not reach the coast of Malvinas/Falkland Islands and ii)
the San Matias gulf did not retain particles in its interior. It is important
to mention that in coastal regions with a complex bottom or coastline
shape, the particles can go to land or remain trapped in very shallow
sectors (prevailing wind or circulation). In those cases, such as the San
Matias gulf or El Rincon (Fig. 4b), the trajectory of some particles ended
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Table 1
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Percentage of Southern Giant Petrel's foraging locations that overlap with pixels containing inert particles originated from different sources. Particles/location in-
dicates the number of particles accumulated per pixel (mean + SD) corresponding to each petrel location. Values in bold indicate statistical significant differences.

Breeding adults Wintering adults Juveniles All classes
Male Female Total
Debris from cities
Interaction (%) 22.53 44.28 34.24 21.17 42.2 32.86
Particles/location 249.5 + 404.6 61.2 + 171.9 127.1 £+ 290.6 40.7 + 47.0 49.2 + 69.7 103.11 + 248.49
Debris from all fisheries
Interaction (%) 49.69 40.95 45.44 43.24 35.75 43.64
Particles/location 44.4 + 60.0 64.9 + 59.8 53.4 + 60.8 87.4 + 72.0 90.0 + 87.6 61.58 + 66.79
Debris from ice trawlers (Target: Hake)
Interaction (%) 5.55 20.34 12.32 0 2.52 7.74
Particles/location 28.0 + 23.5 31.5+22.0 31.9 + 21.9 - 10.0 + 11.7 30.1 +22.4
Debris from jiggers (target: squid)
Interaction (%) - - - 31.81 9.26 28.30
Particles/location - - - 84.2 +£ 61.6 87.5 + 88.4 90.4 + 64.4
Debris from double-beam trawler (target: shrimp)
Interaction (%) 34.23 24.35 29.48 10.43 23.16 24.88
Particles/location 59.3 + 66.4 85.7 +£73.5 75.9 + 72.3 97.6 + 81.6 85.6 + 73.6 67.0 + 70.6

early. Moreover, the confluence zone expelled the particles to a more
southerly direction, indicating less dispersion in offshore zones.

Wintering (non-breeding) and breeding adults showed similar
interaction with drifted particles derived from coastal cities (Tables 1,
2). The apparent lower exposure of wintering adults to higher plastic
concentration areas (40.7 + 47.0 vs. 127.1 4+ 290.6, Table 1) was not
statistically significant (Table 2) probably due to a higher variability in
the exposure to particles' accumulation by breeding adults (range:
1-1000 vs. 1-313 particles per location, for breeding and non-breeding
adults respectively).

Juveniles were more exposed to particles coming from cities than
wintering adults (42.2 and 21.2% respectively, Fig. 5c, d). However,
both age classes were similarly exposed to the accumulation of drifted
plastic (Tables 1, 2; Fig. 5c, d).

3.5.2. Debris from fisheries

During austral spring and summer simulated particles originated
from operating commercial fisheries (jiggers did not operate at this part
of the year) were transported towards NE over the shelf and followed the
spring/summer typical coastal dynamics of the San Jorge gulf and
Peninsula Valdés (Fig. 4c). The southern zone of the San Jorge gulf was
feed by particles that were discarded into its mouth and then transported
in a cyclonic direction through the gulf. Also, some particles to the south
of the gulf were expelled in a NE direction towards the shelf break. The
particles launched to the north of the San Jorge gulf traveled NE and
feed the coastal platform reaching the isobath of 200 m (Fig. 4c).
Moreover, at Peninsula Valdés, coastal particles were retained by an
anticyclonic closed gyre previously reported (Tonini et al., 2013).

Overall, the 45.4% of at-sea foraging locations of breeding petrels
(spring-summer) overlapped with marine areas containing particles
coming from all fisheries (Table 1). Breeding males and females showed
a similar overlapped and exposure to particles' accumulation originated
from the fishing fleet (Tables 1, 2; Fig. 6a, b). Clearly, the main source of
plastic debris during spring and summer came from the double-beam
trawlers. The dynamic of simulated plastic delivered from the shrimp
fishery produced the highest interaction between the areas used by
breeding adults (29.5%) with an accumulation of 75.9 + 72.3 particles
per location (Table 3). Debris originated from ice trawlers interacted
with only 12.3% of the breeding adults' locations which faced a lower
accumulation of particles (31.9 + 21.9 particles per location; Tables 1,
3; Fig. 6a, b).

Simulations of fisheries' debris launched in austral autumn indicated
that particles displacement was slightly slower than in spring-summer.
The particles mimicking discards from shrimp fisheries (double-beam
trawlers) moved in a NE direction towards the shelf break (Fig. 4d). The
southern gyre and the north section of the San Jorge gulf did capture a
few particles, which were then unified in the direction of the rest
(Fig. 4d). The exposure of wintering adults to mimicked plastic dis-
carded by all fleets was similar to the exposure experienced by breeding
adults (Tables 1, 2), as was the accumulation of particles experienced by
both bird classes (Tables 1, 2). Moreover, wintering adults and juveniles
experienced a similar level of exposure to plastic debris derived from
fisheries and their foraging areas also showed a similar accumulation of
particles (Tables 1, 2; Fig. 6¢, d).

The debris originated from jiggers' fleet off Bahia Grande moved
slowly to the north, reaching the shelf break from where they were
quickly transported north bordering the shelf break (Fig. 4d). Those
debris interacted the most with non-breeding adults (Fig. 6¢) and were
almost exclusively encountered by this bird class (i.e. 31.8% of its lo-
cations showed some interaction with debris versus only 10.4% origi-
nated in double-beam trawlers with no interaction with ice trawlers
(Tables 1,3)). Nonetheless, accumulation of particles originated by jig-
gers and double beam trawlers experienced by wintering adults was
similar (Tables 1, 3). Foraging juveniles were mainly exposed to simu-
lated plastic released from double-beam trawlers, showing less interac-
tion with plastic derived from jiggers and ice-trawlers (23.2, 9.3, and
2.5% respectively; Tables 1, 3; Fig. 6d). However, juveniles encountered
areas with higher debris accumulation originated from jiggers and
double beam-trawlers in contrast to lower accumulation of simulated
particles released by the hake fishery (87.5 & 88.4 and 85.6 + 73.6 vs.
10.0 + 11.7 particles per location respectively; Tables 1, 3).

4. Discussion

In this study, we modelled for the first time, floating plastic debris
circulation and accumulation on the Argentine continental shelf at small
and mesoscales. We also evaluated the spatio-temporal interaction of
plastics, originated from land and ocean based sources, with the at sea
year-round distribution of the Southern Giant Petrel, depending on
foraging strategy, sex, age classes, and breeding stage. In general, our
findings showed that shrimp and squid fisheries might cause the highest
interaction between petrels and marine debris considering all analyzed
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Fig. 4. Argentine shelf experiment. Trajectory of drifted particles (mimicking plastic) circulation at sea originated from coastal cities at December 1st (a) and June
1st (b) and discarded by fisheries at December 1st (c¢) and June 1st (d). Drifted particles run for 180 days after initial released. Type of fishery is indicated by colors:
Double beam trawlers (target: shrimp) (blue), Ice trawlers (target: hake) (green), and Jiggers (target: squid) (yellow). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

classes. In addition, simulated plastic originated from cities demon- previously defined as research priorities (Vegter et al., 2014).
strated to be the main source of debris threatening petrels at their early
life stages (chicks and juveniles). As demonstrated by our results, we
aimed to approach an emerging global conservation issue to understand
how the behavioral patterns of a pelagic seabird would influence the risk
of plastic ingestion or entanglement. It also contributed to add infor-
mation on the sources, transport, and accumulation of plastics,

4.1. Plastic debris circulation at sea and the spatio-temporal interaction
with foraging petrels

4.1.1. Argentine shelf experiments
In general terms, plastics originated from cities were transported NE
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Table 2

Results from GLMM performed for each source of debris (cities and fisheries),
considering three datasets: (1) breeding adults, (2) breeding and non-breeding
(wintering) adults, (3) non-breeding adults and juveniles.

Interaction (%) Particles/location

Debris from cities

Male vs. female

Breeding adults vs. wintering
adults

Wintering adults vs. juveniles

¥3 = 3.67, P = 0.05
%3 =0.18,P = 0.67

x3 = 3.86, P = 0.05
¥ =1.32,P=025

¥} = 5.16, P = 0.02 %3 = 0.004, P = 0.95

Debris from fisheries

Male vs. female

Breeding adults vs. wintering
adults

Wintering adults vs. juveniles

%3 = 0.003, P = 0.96
13 =40.179, P = 0.99

x3 = 0.05, P = 0.81
3 =4101.1,P=0.68

¥ =0.1,P=0.75 X3 = 0.68, P = 0.41

on the shelf, although retention in specific areas such as the San Jorge
and San Matias gulfs, as a result of its closed summer circulation (Tonini
et al., 2013), would increase debris accumulation. Debris discarded by
commercial fisheries also followed the same NE destination to deeper
areas, bordering the shelf break (200 m isobath) on the outer side and
increasing the density of particles in that area. There was a clear dif-
ference in speed regimes in the particles that were transported in the
most coastal areas up to the shelf break and the particles that reached
the deepest offshore areas, since they were captured by the Malvinas
current (Palma et al., 2008; Combes and Matano, 2018). A similar
pattern was hypothesized for global circulation of plastics, being the
“newer” debris captured by coastal waters, while the older items were
found offshore (Lebreton et al., 2019). As indicated by the numerical
experiments, most of the mimicked plastics from land and ocean based
sources were destined to be captured by the Brazil-Malvinas confluence,
which is responsible for expelling them offshore off the South American
continent. In concordance with our results, high densities of marine
debris were previously described for the Southwest Atlantic, where in
some areas, more than 1000 items/km? were found floating at sea
(Barnes et al., 2009). The above mentioned oceanographic features
together with the plastic input from cities and fisheries generated: 1) a
constant corridor of marine debris through the Argentine continental
shelf, and 2) areas of high debris accumulation (reaching up to 1000
mimicked plastic each 2500 km?), exposing giant petrels (all bird classes
studied) to the risk of entanglement and/or plastic ingestion.

Overall, 32.9% of foraging locations of giant petrels overlapped with
marine plastic debris originated from coastal cities, and 43.6% with
those delivered by commercial fisheries. The dominant westerly winds
of Patagonia (Palma et al., 2004) blow waste from more than 50 open
sky dumpsters located on the coastline of Argentina (of a total of 5000
distributed along the country: www.argentina.gob.ar/ambiente) into
the ocean. Additionally, commercial fisheries operating in the Argentine
continental shelf discard waste thrown overboard that, together with
hake discard (Dato et al., 2006; Gongora et al., 2012), attract several
seabirds species including the Southern Giant Petrel (Gonzalez-Zevallos
and Yorio, 2006; Favero et al., 2011).

Sexual segregation during the breeding period is noticeable, with
males foraging mainly along the coast associated to penguin colonies
and sea lion rockeries, while females exploit high productive pelagic
environments along the Argentine shelf and the shelf break (Copello
etal., 2011). These differences exposed breeding adults slightly different
to simulated plastic originated from cities, while females interacted in
almost 45% of their locations with plastics, males foraged in areas with
the highest particles' accumulation. Although this could have indicated
that males had less interaction with plastics, areas with high densities of
debris also represented a threat for this group, as encounter density
could be an important driver of the incidence of debris ingestion, when
compared with less polluted areas (Van Franeker and Law, 2015; Roman
et al., 2019). Juveniles during their first incursion at sea faced the
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highest interaction with debris coming from cities when compared to
wintering adults, as they move NE, following a corridor along the shelf
(Blanco et al., 2015) that overlapped with the marine debris corridor
that constantly circulated along the Argentine continental shelf. Despite
of the at sea behavioral differences above mentioned, all bird classes
interacted similarly with debris originated by all fisheries. The exposure
of petrels to debris originated from fisheries was 10% higher than the
exposure of debris originated from cities. Giant petrels are largely
known to interact with fishing vessels along the year (Copello et al.,
2011; Blanco et al., 2015; Kriiger et al., 2017; Phillips and Waluda,
2020). Shrimp fisheries (one of the main sources of discards of the
Argentine sea (Gongora et al., 2012; Marinao et al., 2014)) seem to be
the main source of plastic debris responsible for interaction with
breeding adults and juveniles, producing also high accumulation areas
of marine debris, coincident with the areas exploited by all bird classes
along the year. During winter, adults showed a high interaction with
debris originated from jiggers; which goes in concordance with previous
records of the spatial overlap between non-breeding foraging petrels and
this fleet (Blanco et al., 2015; Kriiger et al., 2017). The overlap of ju-
veniles with debris from jiggers was lower, probably due to the low
interaction of this age class and fishing vessels (Blanco et al., 2017;
Weimerskirch et al., 2020). However, the circulation of debris origi-
nated on this fleet ended up accumulating in areas highly exploited by
juveniles. Nonetheless, caution must be taken when interpreting these
results, as the interaction with debris coming from fishing vessels may be
higher than what is modelled in this study. Giant petrels forage directly
on fisheries discards and on waste thrown overboard when it is occur-
ring (Favero et al., 2003), which would increase their risk of ingesting
plastic (Phillips and Waluda, 2020). Likewise, here we simulated one
time of release particles aiming to understand debris circulation, while
in reality there is a continuous contribution of debris from fisheries and
cities that could also lead to an underestimation of the interaction be-
tween petrels and debris presented in this study.

4.1.2. San Jorge gulf experiment

The movement of particles mimicking plastics originated from
shrimp fisheries and cities inside the San Jorge gulf, responded to the
typical circulation of the gulf and to the prevailing westerly winds that
characterize the region (Palma et al., 2004). Features of some sections of
the gulf with shallow depths and areas where the tide generates a mixing
from surface to depth (Palma et al., 2020) noticeably influenced
displacement of particles, as they moved slowly when compared to re-
gions where wind governs the transport. Moreover, when the particles
encountered retention zones (such as strong closed gyres, areas of high
mixing or thermal fronts) in their free movement they began to
concentrate, increasing their density in a smaller area and moving
together. This drove particles, to accumulate right to the north of the
Giant Petrel's breeding colonies coincident with the area highly occu-
pied by this species while carrying out chick provisioning trips (i.e. short
trips). As breeding Procellariiforms are not able to replenish their own
body reserves and maintain chick development in areas of low produc-
tivity surrounding the colonies, they adopted a dual foraging strategy to
overcome this limitation (Weimerskirch, 1998). This strategy resides in
the fact that they alternate long trips, getting food for themselves to
improve body condition with short (near colony) foraging trips, in which
they obtain little amounts of food, satisfying chick requirements (Wei-
merskirch, 1998; Congdon et al., 2005). During chick provisioning trips,
adults explored waters neighboring the colony occupying the north of
the San Jorge gulf. As a consequence, more than 90% of petrels' loca-
tions overlapped with areas of particles accumulation being the stage
with higher risk of interaction with plastic debris. These results are
supported by the amount of plastics encountered in chicks' diet from the
same population (more than 70% of food samples contained marine
debris (Copello and Quintana, 2003; Copello et al., 2008)). Intergener-
ational plastic transfer from adults to chicks through regurgitation is
usual in albatrosses and petrels (Carey, 2011; Rodriguez et al., 2012;
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Fig. 5. Argentine shelf experiment. At-sea distribution (grey dots) of foraging adults and juveniles Southern Giant Petrel along the year; in relation to the modelled
accumulation of inert particles (simulating plastics) released from coastal cities at December 1st (a) and (b) and June 1st (c) and (d). Each pixel (spatial resolution of
50 x 50 km) represents the aggregated total number of particles accumulated at 60, 90, 120, 150, and 180 days since release. Scale represents number of particles.

Jambeck et al., 2015; Ryan, 2015; Hyrenbach et al., 2017). Procellar-
iiforms concentrate oil in their proventriculus, as a mechanism to reduce
the mass and frequency of meal delivered to chicks, decreasing therefore
the time and energy costs involved in transporting food (Connan et al.,
2005). The plastic items collected by adults during short trips, could
increase mass of meal and consequently the cost of transport. Addi-
tionally those plastic items will be transferred to chicks, increasing the
risk of gut obstruction, or even reducing the desire of feeding by causing
a false perception of satiation (dietary dilution), leading to malnutrition
(Senko et al., 2020). This persistent plastic ingestion may alter the dy-
namics of this population as physical condition in early developmental

stages (i.e. low mass at fledging (Auman et al., 1997)) could have a
detrimental effect on juvenile survival (Lindstrom, 1999; Morrison et al.,
2009).

4.2. Final considerations

Overall, southern giant petrels (i.e. all sex and age categories) seem
to be highly exposed to marine plastic debris delivered by both coastal
cities and commercial fisheries operating at the Argentine continental
shelf. The exposure of foraging birds to high plastic accumulation areas
was evident, reaching values of more than 1000 particles per 2500 km2.
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The chronic and sublethal effects of plastic ingestion in seabirds could
cause starvation (Pierce et al., 2004), reduce body mass, affect body
condition, reduce size of chicks (Lavers et al., 2014; Lavers et al., 2019),
decrease fat deposition (Auman et al., 1997), and change blood chem-
istries associated with dietary deficiencies, influencing population dy-
namics (Lavers et al., 2019). It was previously indicated that most of
plastic ingested by seabirds could be predicted based on ecological
features (i.e. body size, foraging strategies) and on the exposure of these
birds to highly polluted areas (Van Franeker and Law, 2015; Wilcox
etal., 2015; Roman et al., 2019). As revealed by our simulations, the risk

10

of exposure to plastics by giant petrels depends on bird classes and on
the source of marine debris. Even though population trends of the
Southern Giant Petrel in Arce and Gran Robredo Islands remain stable
(Quintana et al., 2006; Quintana and Blanco unpublished data) the
imminent increase of plastics circulating in the ocean (Hammer et al.,
2012; UNEP, 2021) and the potential negative effects of plastic ingestion
in seabirds (Lavers et al., 2019; Prokic et al., 2019; Puskic et al., 2020),
could modify this trend. At a population-level, adult survival is key for
population growth (Jenouvrier et al., 2005). The fact that males and
females interacted slightly differently with debris, could lead (as this
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Table 3
Results from GLMM performed for each bird class according to type of fishery
(ice trawlers, jiggers, and double-beam trawlers).

Interaction (%) Particles/location
Breeding adults (spring-summer)
Ice trawler vs. double beam trawler X% =497.7,P < X% =120.8,P <
0.001 0.001

Wintering adults (autumn-winter)

Ice trawler vs. double beam trawler ~ y3 = 978.5, P < ¥3 =5.5,P = 0.02

vs. jigger 0.001*

Juveniles

Ice trawler vs. double beam trawler ~ y3 = 243.4, P < ¥3=41.83,P <
vs. jigger 0.001* 0.001*

* Results of Tukey's test (P < 0.001) described in text.

threat increases) to an alteration on sex ratios and a consequent popu-
lation decline, considering that sex-biased survival in seabird pop-
ulations has important implications in effective population size as
creates a bottleneck, inhibiting population growth (Gownaris and
Boersma, 2019). Although in population viability of long-lived low-
fecundity species adult survival would be more important than juvenile
mortality, conservation actions focusing on juveniles and/or chicks
would contribute to slow declines (Finkelstein et al., 2010; Frankish
et al., 2020). Therefore, special attention should be given to manage and
regulate the debris that affects these age classes.

Our results suggest that monitoring and mitigation measures
focusing on reducing debris originated by specific fleets (shrimp and
squid fisheries), would contribute to reduce the plastic ingestion by
chicks, breeding adults, juveniles, and wintering adults. Furthermore,
measures to properly manage open sky dumpsters from coastal cities,
extending simultaneously producer responsibility and promoting cir-
cular economy (Ronda et al., 2021) would contribute to reduce plastic
consumption mainly by chicks and juveniles. Additionally these mea-
sures may favor several species that inhabit the Argentine continental
shelf that are also known to largely interact with marine debris
(Denuncio et al., 2011; Jiménez et al., 2015; Gonzalez Carman et al.,
2016; Denuncio et al., 2017; Alzugaray et al., 2020; Ronda et al., 2021).
Finally, the fact that accumulation areas along the Argentine continental
shelf were described, highlights the importance of this study in filling up
gaps of information that could be applicable to marine wildlife (Vegter
et al., 2014). Nonetheless, the extent and magnitude of impacts of
plastics on the Southern Giant Petrel population from Patagonia remain
unknown, highlighting the need for further research.
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