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Abstract

Magellanic penguins (Spheniscus magellanicus) disperse widely during winter and are a
major consumer of marine resources over the Patagonian Shelf. Magellanic penguins were
equipped with geolocators at Martillo Island in late February- early March 2017 and recap-
tured at the beginning of the next breeding season to recover the devices and to collect
blood samples for stable carbon (5'3C) and nitrogen (5'°N) isotope analysis. We evaluated
their whole winter dispersal and their trophic niche by sex during the last month of the winter
dispersal. Also, we evaluated their spatial overlap with bottom trawl and shrimp fisheries
using data from satellite fisheries monitoring. Penguins dispersed northwards up to 42°S
and showed latitudinal spatial segregation between sexes during May to August (females
were located further north than males). In contrast, during the last month of the winter dis-
persal females were located more southerly and showed lower trophic position than males.
Also, females did not dive as deep as males during winter. We found high overlap between
both fisheries and penguin’s spatial use in regions with documented interaction. However,
no sex-specific statistical differences with fisheries overlap were found. Our results highlight
the importance of understanding the spatial domains of each sex and assessment of their
potential conflicts with bottom trawl fishery and shrimp fishery during the winter period.
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Introduction

A large number of species synchronize their movements with the availability of their main
food sources found in geographically distant areas [1-3] and change their niche throughout
the year, especially in spatial dimensions. During non-reproductive periods, many seabirds
undertake dispersal movements at sea to feed without returning to land [4]. Studies with geo-
locators have reported differences between sexes in phenology (start or end dates), destination
areas and latitudinal ranges used during this period [5, 6]. In addition, studies based on stable
isotopes have identified sexual niche partitioning during this period as well [7, 8].

The non-reproductive period represents the time of highest risk for seabirds [9] and is cru-
cial for the breeding success in the next season as it can influence the body condition of breed-
ers at the time of arrival in the colony [10]. Characterizing dispersal movements and trophic
ecology during that period may contribute to the conservation of seabird species, as it can pro-
vide information on foraging areas [11], their role in the food web, and overlap with human
activities [12, 13]. Moreover, the assessment of human activities in the ocean and understand-
ing their interaction with seabirds is an important step in the development of adequate conser-
vation plans for the creation and management of Marine Protected Areas (MPA) and/or the
implementation of mitigation measures. In this sense, seabird-fisheries interactions are cur-
rently a major issue in marine conservation management [14].

Magellanic penguins (Spheniscus magellanicus) disperse widely during winter and are a
major consumer of marine resources [15] over the Patagonian Shelf (PS), which extends off
the coast of Argentina from its southern tip to 40°S to the slope at 200 m isobath [16]. Winter
dispersal sets off by the end of March/beginning of April and penguins stay approximately six
months at sea before returning to the colony for the next breeding season (mid to late Septem-
ber). Three studies have focused on this species winter dispersal in the PS so far. Two studies
in Northern Patagonia have successfully recorded Magellanic penguin throughout their whole
winter dispersal and reported differences in the spatial use between sexes [17, 18] but no differ-
ences in trophic position based on blood tissue 8'°N values [18]. While in southern Patagonia,
winter dispersal was recorded from March to June and showed no differences in spatial use by
sex during those months [19].

Seabirds-fisheries interactions are a result of the overlap between the foraging areas used by
seabirds and the areas used by the fisheries. Fisheries by-catch mortality has been documented
for Magellanic penguins all along its distributional range, especially in areas of high fishing
effort during the autumn and winter periods off the coast of Argentina (e.g., [20-22]. Also, a
female-biased mortality was found in carcasses of Magellanic penguins’ overwintering grounds
in southern Brazil among individuals died by starvation [23], and a female-biased mortality in
by-catch of gillnet fisheries [24]. In northern Patagonia, a study reported that the non-breed-
ing-season survival of females was lower than in males, thereby influencing population growth
rate [25]. Therefore, sex plays a significant role in the movement ecology of this species and its
conservation.

In addition, inshore foraging flightless seabirds, such as penguins, depend on the presence
of abundant and predictable food resources, e.g. crustaceans and fish stocks [26]. Previous
studies reported overlaps between Magellanic penguins’ diet and fishery activities on the Pata-
gonian Shelf [27, 28]. The prey resources for which Magellanic penguins overlap with fisheries
catch are: anchovy (Engraulis anchoita), common hake (Merluccius hubbsi), Patagonian tooth-
fish (Dissostichus eleginoides), southern blue whiting (Micromesistius australis), squid (Illex
argentinus, Doryteuthis gahi), shrimps (Pleoticus muelleri, Peisos petrunkevitch), and poten-
tially Fuegian sprat (Sprattus fuegensis) and squat lobster (Munida gregaria) [29]. Competition
between birds and fisheries may not occur if the resource is abundant (i.e. not limited, [30]).
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However, these target species of commercial and artisanal fisheries have been overexploited
for decades in the Argentine Sea [31, 32], so direct and indirect competition between seabirds
and fisheries is likely.

In this context, our goals were to (1) analyze the sex-specific spatial use of Magellanic pen-
guins from Martillo Island during the whole winter dispersal, (2) analyze their trophic niche
by sex during the last month of the winter dispersal, and (3) assess the potential spatial overlap
with fisheries over the PS. To this aim we leverage geolocator sensors (GLS) data together with
stable isotopes analysis (5'C and 8'°N) and satellite fisheries monitoring. We hypothesize that
Magellanic penguins exhibit sexual segregation in foraging behavior. We thus expect males
and females to use different areas and portray differences in their isotopic niches. Fishing
activities in the area are spatially and temporarily clustered, which drives us to expect a sex-
biased overlap with fishing activities during this species’ winter dispersal through the PS
related to sex-specific spatial-niche partitioning.

Methods

Study area, tracking technique and sample collection

We conducted field work at the Magellanic penguin colony on Martillo Island (54° 54°S, 67°
23’W). This island is located in the eastern section of the Beagle Channel (Tierra del Fuego,
Argentina) and holds ca. 4900 active nests (A. Raya Rey unpubl. data).

We tracked penguins’ non-breeding movements using light-based geolocation techniques
via LAT2900 geolocators (global location sensing loggers, GLS, Lotek Wireless). We attached
the devices to the penguin’s tarsus between late February and early March 2017 (13 adult
females and 13 adult males) using cable ties. In order to increase the likelihood of successful
recovery the following year, we chose breeding penguins that were tagged with transponders
(Raya Rey et al. 2007) in previous seasons, and also identified their nests with wooden stakes.
Sex determination was based on differences in beak widths and lengths [33]. We recovered the
devices at the onset of the following breeding season when penguins returned to the colony
(September-October 2017) and collected 1 ml whole-blood samples from the tarsal vein (the
maximum time between penguins’ arrival and device recovery was 3 days). We preserved
blood samples in vials with 70% ethanol until further processing in laboratory [34].

This study was evaluated and approved by the Wildlife Direction, Environmental Secretary,
Tierra del Fuego Government taking into account animal research ethic perspective with
Argentinian Government permission: Resol. SUB. P.A.y S. N* 014/2017, "Trophic and genetic
ecology of seabirds’ assemblage from the Beagle Channel and Staten Island: spatial and tempo-
ral variation".

All statistical analyses were performed in R software ver. 3.6.3 [35]. We considered a signifi-
cance to occur at p< 0.05 and all means are presented + standard deviation (SD).

Track analysis

We downloaded the information collected by the devices using the software provided by Lotek
SA (Tag Talk Software). LAT 2900 geolocators record daily estimates of absolute times of sun-
rise and sunset. The daily locations are estimated based on a template-fit algorithm [36] and
latitudes are derived from day lengths and longitudes from the relative timing of recorded
midday or midnight [37]. In order to improve the accuracy of the daily locations, we re-esti-
mated them using the R package ProbGLS [38]. This package uses an iterative forward step
selection process and does not require the assumption or calibration of a constant solar angle
throughout the year [38]. Also, this method allows estimating positions even during the equi-
nox periods when light-based geolocation estimates are difficult to obtain due to minimal
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variation in day length around the world. The algorithm calculates a cloud of possible locations
by applying a range of solar angles using a number of particles at each time step (we selected
2000 particles following [38] and weighing each particle according to animal behavior (Magel-
lanic penguin’s travelling speed; [10, 39]). In addition, this analysis takes into account back-
ground environmental characteristics such as a sea surface temperature (SST) and a land mask
(0.25° x 0.25° NOAA OI SST V2 High Resolution Dataset). This allows to match geolocators
temperature records (we used the daily lowest surface water temperatures following [17]) with
satellite SST data and land avoidance for marine species [40, 41]. Finally, the algorithm iterates
a preset number of times (in this study, n = 200) to construct several probable movement
paths, and computing the most likely movement path as the geographic median for each loca-
tion cloud (for more details see [38]). These estimated locations allow for realistic speed and
distance metrics, reducing the effects of the inherent lower accuracy of using geolocation. This
approach reduces errors in latitude to medians of 185 km and 145 km for solstice and equinox
periods, respectively [38].

In addition to the daily locations, geolocators were set to record the daily maximum diving
depth and also the wet-dry state (0: wet, 1: dry) at 30 minutes intervals throughout the record-
ing period. The wet/dry state allowed estimating the beginning (always wet) and the end
(mostly dry) of the winter dispersal.

Data track analysis

We estimated the latitudinal range for each penguin calculated as the distance from the north-
ernmost and southernmost latitudinal points recorded in a straight line with the function
‘distm’ from the package ‘geosphere’ [35]. We evaluated differences in the latitudinal range
between sexes using generalized least square models (GLS) (the groups are non-equilibrated
and the variance is not homogenous) with varldent variance function (nlme package; [42]).
The response variable was the latitudinal range and the explanatory variable was sex.

Moreover, we evaluated differences between sexes in trip duration (the time that penguins
spent at sea during winter dispersion) using GLS with varIdent variance function where the
response variable was the trip duration and the explanatory variable was sex. On the other
hand, we examined sexual differences in the daily maximum diving depths along all the winter
dispersal using generalized linear mixed models (GLMM) with a Gaussian distribution, varI-
dent variance function and penguin identity as a random factor (nlme package; [42]).

Spatial analysis and fisheries overlap

The Ministry of Agriculture, Livestock and Fisheries of Argentina (MAGyP, Spanish acronym)
provided information on fishing hours according to satellite monitoring of vessels operating
from April to September 2017 between 38°S and 60°S and from the coast up to 200 miles. The
Argentinean Vessel Monitoring System provides the GPS position of each vessel every 60 min.
Fishing hours where estimated by taking into account only boats with speeds compatible with
fishing (2—-5 knots) (0.5° x 0.5° resolution, [43]), hereafter fishing effort. Positions obtained
only during daylight were used, as fishing takes place only during the day. Then, the data was
filtered by fisheries which could affect penguins. Forage-divers such us penguins take advan-
tage of discards using the pursuit diving strategy, obtaining discards directly from or falling off
the net during haul-back, which increases their vulnerability to become entangled [44, 45].
Taking this into account together with interactions previously reported in this area, we selected
bottom trawl fisheries (which includes fisheries targeting predominantly finfish species) and
shrimp fishery (Magellanic penguins might suffer by-catch by both fisheries and their diet
overlaps with fisheries’ target species, [27, 45]). We conducted separate analysis for each
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fishery, taking into account that these fisheries showed different spatial distribution in the Pat-
agonian shelf (see S3 Fig).

Penguin positions and fisheries data were analyzed in Python environment ver. 3.7.8 (pack-
ages cartopy 0.18.0, cmocean 2, descartes 1.10., earthpy 0.9.2, geopandas 0.6.1, matplotlib
3.3.1, numpy 1.18.1, pandas 0.25.3, scipy 1.3.2, xarray 0.14.1) through the creation of density
maps based on a 2° by 2° grid, which was generated taking into account the approximate error
of the daily locations (see Phyton script in S1 Code). A study using a similar approach, spatial
scale and combining Northern fulmars geolocators data with fishing effort data in the North
Atlantic has been recently published [46]. We counted location fixes within each cell and, due
to the unbalance in location number between sexes (data location of 5 females and 4 males
were recorded successfully), we normalized the count to the maximum count for each sex and
month. Also, we plotted a density distribution map for the last months of the winter dispersal
(end-August/ beginning-September) separated by sexes in order to evaluate a possible correla-
tion between the spatial distribution and the information provided by the stable isotope com-
position of blood samples. Taking into account stable isotope turnover in penguin blood (~30
days, [47]), the last month was defined as 30 days prior to the date of blood sample collection.

We re-gridded fishing effort to the 2° by 2° grid used for penguin location density estima-
tion. Due to the uneven distribution of monthly fishing effort and the existence of pixels with
extreme values, we associated color categories based on a fishing score from 0 to 5 that coin-
cide with the ranges of fishing effort values used by MAGyP (ranges: 1: 0-60, 2: 60-200, 3:
200-800, 4: 800-6000, 5: 6000-10000) [43].

We calculated a binomial variable from the pixels in which penguins and fisheries were
present (overlap = 1) and the pixels in which penguins were present but there was no fishing
effort (overlap = 0). Also, to compute the potential degree of interaction between penguins
and fisheries, we calculated the interaction for each sex (range: 0-5) as:

interaction = penguin densityxfishing effort score

We evaluated differences between sexes in fisheries overlap using the generalized lineal
model with Binomial distribution. The response variable was the overlap (overlap = 1, no over-
lap = 0) and the explanatory variable was the sex. Also, we examined differences between sexes
in interaction with fisheries using the generalized lineal model with Gaussian distribution. The
response variable was the interaction, previously calculated, and the explanatory variable was
the sex. In all models, we conducted separated analysis for bottom trawl fisheries and shrimp
fishery.

Stable isotope analysis

We dried the blood samples in an oven at 60°C for ca. 24h to remove ethanol and then samples
were lyophilized and homogenized. Homogenized blood samples were weighed (0.6 mg + 0.1
mg) into tin cups, flash-combusted (Costech ECS 4010 elemental analyzers) and analyzed for
carbon (8"°C) and nitrogen (8"°N) stable isotope values via an interfaced Delta XP continu-
ous-flow stable isotope ratio mass spectrometer at Louisiana State University. USGS 40 and
USGS 41 glutamic acid reference materials were used to normalize sample values. Sample pre-
cision based on repeated sample and reference material was 0.1%o for both 8'°C and 8'°N. Sta-
ble isotope values are expressed in 8 notation in per mil units (%o), according to the following
equation:

5X = [(Rsample/Rslandard) - ]']
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where X represents either >C and '*N and R the ratio between *N/"*N or *C/**C. Ryandard
for 8'°N was based on atmospheric N, while for 8'2C was based on Pee Dee Belemnite (PDB).

Isotopic niche analysis

In order to assess differences between sexes we examined 8'°C and §'°N values from blood
samples using separate generalized least square models (GLS) (the groups are non-equilibrated
and the variance is not homogenous) with varIdent variance function (nlme package ver. 3.1-
151; [42]). The response variable was the isotope value, and the explanatory variable was sex.
We used one model for §'°C and another for §'°N.

Also, we estimated the isotopic niche width of each sex using standardized ellipse areas
(SEA) corrected for sample size (SEA¢) and Bayesian standard ellipse area (SEAg) based on
8"°C and §"°N values. These metrics avoid the tendency for underestimation of isotopic niche
width at small sample sizes and provide credibility intervals to aid in quantifying uncertainty
[48]. We calculated SEA and SEAy using the Stable Isotope Bayesian Ellipses in R (SIBER,
[48]) package which allowed us to calculate the posterior probability that one group has a
smaller isotopic niche width than the other group. We used SEA for graphical representations
for calculating the percentage of isotopic area overlap between sexes.

Trophic position estimates

We estimated the trophic position (TP) of each sex implementing a Bayesian approach using
the full models of the tRophicPosition package in R [49]. The geolocators analysis for the last
month before penguins returns to the colony allowed improving the TP estimation consider-
ing one baseline for males, and two for females (see Results, “Spatial analysis and fisheries
interaction”). For males we selected: 1) Northern Patagonia baseline: mean 8'°N values

(11.6 + 0.1 %o) and mean 8'3C values (-18.7 + 0.5%o) of Aulacomya atra (sampled from the
northern sector of Patagonia 40° S to 44° S; [50]). For females we selected: 2) Southern Patago-
nia baseline: mean 8'°N values (12.7 + 0.5 %o) and mean §"°C values (-15.8 + 0.5%o) of Aulaco-
mya atra (sampled from the southern sector of Patagonia 48° S to 52° S, [50]) and 3) Bahia
Franklin baseline: mean §'°N values (10.8 + 0.5 %o) and mean §'>C values (-14.7 + 0.3%o) of
Mpytilus chilensis (sampled from Bahia Franklin, Isla de los Estados 54° 47’ S, in front of Atlan-
tic cost of Tierra del Fuego, [51]). We assumed all bivalves were completely herbivorous and
occupied a TP of 2. Since Aulacomya atra samples were collected in 2009, we applied a correc-
tion factor of -0.022 %o year-1 to all carbon stable isotope sample values to account for the
Suess effect [52, 53]. We also assume that the §'°N values of the bivalves did not change over
the years. We used the trophic discrimination factor (TDF) of 2.8 + 0.2 %o for §'°N values and
0.9 + 0.1 for 3"°C values estimated for blood samples in Magellanic penguins [54]. We evalu-
ated differences between sexes using the compareTwoDistributions function [49].

Results

We recaptured 24 out of 26 adults (92% recapture rate, 13 females and 11 males) and collected
blood samples from all of them. However, only 20 penguins were still equipped with devices
and only 9 datasets could be recovered successfully due to software issues (S1 Dataset).

Track analysis

We could record the winter dispersal of 5 female and 4 male Magellanic penguins between
April and September 2017. Latitudinally, penguins dispersed in an area ranging northwards to
42°S at the Peninsula Valdés in Chubut Province and southwards to 56°S past Tierra del
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Fuego Province (Fig 1). However, one female did not migrate further north than 50°S (female
3482, S1 Fig). Females left the colony between 16 March and 3 April and returned between 18
September and 2 October, while males left the colony between 29 and 31 March and returned
between 14 and 23 September (Table 1).

We did not find sex-related differences in trip duration (F; ;= 5.20, p = 0.06, females:
185 + 10.22 days, males: 173.25 + 14.57 days, Table 1) or latitudinal range (F; ;= 0.35, p = 0.36,
females: 1274.6 + 392.9 km, males: 1473 + 185.2 km, Table 1). We did find differences in the
daily maximum depth with males reaching deeper waters than females: 57.1 + 18.2 m and
44.3 +12.1 m respectively (GLMM, estimate = 44.27, SE = 12.11, t = 3.66, p = 0.04, CI: [30.13-
55.81]).

Spatial analysis and fisheries overlap

During April, females and males used mainly the same foraging areas but exhibited spatial seg-
regation afterwards (S2 Fig). In May, females showed a high-density location between 50°S to
48°S while males showed a high-density location between 54°S to 52°S. In June, females
showed a high-density location between 42°S to 44°S while males foraged between 48°S to
46°S. In July and August, females were distributed throughout a larger foraging area (54°S to
42°S) than males (50°S to 46°S) and showed a high-density location between 48°S to 42°S,
while males showed instead a high-density location between 48°S to 46°S. In September, males
showed a high-density location between 50°S to 48°S while females showed a high-density
location between 52°S to 50°S (S2 Fig). Finally, during the last month of the winter dispersal,
females showed a high-density location in the south (between 56°S to54°S and 52°S and 50°S)
while males showed a high-density location in the north (between 48°S to 46°S) (Fig 2).

Spatial analysis of bottom trawl fisheries showed that this fishery extended along all the Pat-
agonian Shelf and presented a high-density fishing effort between 45°S to 40°S during all win-
ter months. Also, in April there was a high-density effort between 50°S to 52°S and from May
to September between 50°S to 45°S (S3A Fig). On the other hand, spatial analysis of shrimp
fishery showed that this fishery occurred only between 50°S to 43°S and presented a high-den-
sity fishing effort around that area during all the months (S3B Fig).

We found an overlap between bottom trawl fishing activity and Magellanic penguins’ loca-
tions during all months, in particular a high interaction score a) in April between 55°S to
53°Sfor both sexes; b) in May between 55°S to 50°S for males and between 53°S to 48°S for
females; ¢) in June between 52°S to 48°S for males and between 48°S to 46°S for females; d)
from July to August between 48°S to 43°S for both sexes; and e) in September between 50°S to
48°S for males and between 56°S to 53°S for females (Fig 3A).

We found an overlap between shrimp fishing activity and Magellanic penguins’ locations
during May to September and no overlap during April for both sexes. In particular, we found
a high interaction score a) from May to August between 50°S to 45°S for both sexes; and b) in
September between 50°S to 46°S for males (Fig 3B).

We did not find differences between sexes in the overlap with bottom trawl (X, = 0.94,

p = 0.33) or shrimp fisheries (X*,43 = 0.21, p = 0.65). Also, we did not find differences between
sexes with bottom trawl fisheries (F; o = 0.21, p = 0.65) and shrimp fishery interaction (F; 43 =
1.34,p = 0.25).

Isotopic niche analysis

We did not find differences between sexes in 8'°C (F;, ,, = 4.1, p = 0.06) and 8"°N values (F; ,,
=7.4,p=0.3) (Table 2). Females and males overlapped their niches by 12%, which represented
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Fig 1. Movements of female and male Magellanic penguins overlaid to bottom trawl and shrimp fisheries density (2° latitude x 2°
longitude) during winter dispersal (April- September 2017). The star indicates the location of the study site (Martillo Island, Tierra del
Fuego Province, TdF) situated in the southernmost range of Magellanic penguin breeding distribution in Argentina. Colored color bar is
used for females and a blue color bar for males. Score: 1: 0-60, 2: 60-200, 3: 200-800, 4: 800-6000, 5: 6000-10000. Light gray isobaths
were obtained from [55, 56]. Fisheries data were obtained from MAGyP [43].

https://doi.org/10.1371/journal.pone.0256339.9001

16% of female’s niche and 48% of male s niche (S4A Fig). However, we found that females
showed larger isotopic niche widths (SEAp) relative to males (S4B Fig).

Trophic position

The estimated trophic position of Magellanic penguins differed between sexes (p = 0.02).
Males showed higher values and a narrower distribution of trophic positions (Mean + SD [C.I:
2.5% - 97.5%]: 5.4 + 0.1 [5.1-5.6]) than females (Mean + SD [C.I: 2.5% - 97.5%]: 4.8 + 0.3 [4.3-
5.3]).

Discussion

We characterized the winter dispersal of Magellanic Penguins over the PS, its overlap with
fisheries and the trophic niche of adult birds from a colony situated in the southern range of
their breeding distribution. As most seabirds, Magellanic penguins expand their spatial range
for foraging during the non-breeding season. Coherently, the tracked individuals used an
extensive area of the PS as reported for individuals tagged in northern colonies [17, 18]. We
detected spatial overlap with bottom trawl fishery during the whole range of their winter dis-
persal and with shrimp fishery from May to September. Although our sample size and spatial
resolution are low, which is mainly due to the extreme conditions to which the geolocators are
exposed and the challenging logistics involved in the collection of movement data over the
winter period, we believe the results are conservative and confirm previous findings from this
colony [19]. All individuals migrated from Martillo Island to the PS during winter and, except
for one female, performed a long-range trip to the northern PS (~45°S). This supports the
assumption that the destination areas recorded are representative of the areas exploited by the
larger breeder’s population. On the other hand, despite a possible overestimation of overlap
with fisheries by using a large pixel, regions of high overlap corresponded fairly well with
regions of documented interaction with Magellanic penguins [22, 27, 57-59]. However, we
acknowledge that inference drawn from these low sample sizes and spatial resolution deserves
caution.

Table 1. Summary of details from Magellanic penguins equipped with geolocators at Martillo Island: Dates of departure and arrivals to the colony, and trip dura-
tions (days). Also, for each penguin, latitudinal range (km) during the winter period is shown, estimated as the distance between the northernmost and southernmost

location recorded.

N°GLS
3482
3488
3494
3509
3514
3497
3499
3503
3510

https://doi.org/10.1371/journal.pone.0256339.t001

Sex
Female
Female
Female
Female
Female

Male
Male
Male
Male

Departure date Arrival date Trip duration (days) Latitudinal range (km)
16/03/2017 18/09/2017 187 578.3
16/03/2017 25/09/2017 194 1514.9
22/03/2017 02/10/2017 195 1486.5
03/04/2017 21/09/2017 172 1407.9
29/03/2017 21/09/2017 177 1385.4
31/03/2017 20/09/2017 174 1327.7
29/03/2017 16/09/2017 172 1588.3
29/03/2017 23/09/2017 179 1672.5
31/03/2017 14/09/2017 168 1303.5
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Fig 2. Density plot of female and male Magellanic penguins from Martillo Island during the last month of their winter dispersal (end August- beginning September
2017, grid square: 2° latitude x 2° longitude). Light gray isobaths were obtained from [55, 56].

https://doi.org/10.1371/journal.pone.0256339.9002

The winter dispersal depicted in this study differed from the dispersal from northern colo-
nies. Cabo dos Bahias penguins (44° 56°S, 65° 33’W, [17]) used areas further north, while
Quiroga Island penguins (47° 45°S, 65° 53’W, [18]) presented two strategies, some moving
north and others moving southwards from their colony. In this sense, our results show an
interesting staggering phenomenon, with Martillo penguins moving northwards into areas uti-
lized by individuals from northerly colonies during the breeding period, which themselves
moved further north for their winter dispersion. We also found that Magellanic penguins
from Martillo Island and Cabo dos Bahias did not disperse as far away from their colony as
individuals from Quiroga Island, which showed greater latitudinal ranges (Mean + SD by col-
ony: Quiroga Island: 2158.6 + 257.8 km, Isla Martillo: 1362.8 + 317.8 km, Cabo dos Bahias:
802.8 + 304.3 km, 49, 50). Further tracking data studies from others Magellanic colonies are
needed to understand colony-specific distributions during this period.

We expected to find differences between sexes in trip duration as male Magellanic penguins
usually return earlier than females to claim a territory and to condition their nests [15]. How-
ever, we did not find significant differences in trip duration between sexes which could be due
the fact that the sample size was limited and potentially too small to reach a strong conclusion.
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Fig 3. Overlap between Magellanic penguin locations and bottom trawl fishery (a) and shrimp fishery (b) along the Patagonia Shelf
during their winter dispersal (April to September 2017), separated by sex and month. The orange grid represents penguins’ positions with
2° longitude x 2° latitude resolution without any overlap with fisheries positions. Light gray isobaths were obtained from [55, 56].

Fisheries data were obtained from MAGyP [43].
https://doi.org/10.1371/journal.pone.0256339.9003

We found latitudinal spatial segregation between sexes during May to August where
females were located further north than males. In this sense, also during May to August,
females Magellanic penguins from Cabo dos Bahias colony were mainly found further north
than males [17]. In contrast, Magellanic penguins from Quiroga Island presented spatial sexual
segregation but at a longitudinal level (east-west), where males were found farther from the
coast than females [18]. Once again, we find similarities in the movement patterns between
Cabo dos Bahias and Martillo Island and contrasting differences with Quiroga Island.

During the last month of the winter dispersal females were mainly located in southern Pata-
gonian waters (between 50°S-55°S) while males preferred northern Patagonian waters
(between 40°S-45°S) with little overlap between them. Also, females showed larger isotopic
niche width and 8'*C values range in comparison to males which could be related to this dif-
ference in the foraging areas or the result of a broader diet. However, in females an outlier
with low 8"°C and 8'°N values could be influencing the calculated metrics (i.e. generating a
wider SEAc). We have no GLS data for this individual, however, in light of the integrity of the
sample, this individual could be feeding in a different foraging area or even on different prey
with respect to the rest of females, which has a direct influence on it blood isotope values.
Females’ showing a wider isotopic niche during the last month of the winter dispersal were
also recorded at Quiroga Island colony [18]. In addition, the trophic position estimated for
Martillo Island males’ showed high values during this period, which could be correlated to a
diet composition dominated by high trophic position organisms and/or benthic prey, such as
squid (e.g. Illex argentines, Doryteuthis gahi) and fish like common hake (Merluccius hubbsi)
shorter than 30 cm of total length (e.g. [60, 61]). In contrast, females showed a lower trophic
position in comparison to males, which could correlate to a diet dominated by lower trophic
position and/or pelagic prey, such as fuegian sprat, shrimps and the pelagic form of squat lob-
ster (Munida gregaria) [60, 62-64]. Also, females showed a greater variation in TP which
could be associated, in part, with foraging in two areas with differing isotopic values at their
base. A non-exclusive complimentary explanation of these results is related to males staying
longer in the northern foraging grounds, where potential high nutrient food is available and
perform a fast trip back to the colony. This would in turn explain their earlier arrival and at the
same time the low variation in isotopic composition. In contrast, females return to the colony
at a slower pace, which generates a more variable isotopic composition related to the latitudi-
nal change in the baseline isotopic composition in the PS [65]. In this sense, the male’s higher
body mass and size, and swimming capacity could allow for this behavior. For a better under-
standing of the trophic segregation between sexes, future studies could focus on the evaluation
of the diet composition of each sex using mixing model analysis.

Table 2. Carbon (3">C) and nitrogen (3'°N) stable isotope values of blood samples separated by sexes from Magellanic penguins. Values presented are mean + SD.
Different letters indicate significant differences within sex (p< 0.05).

Sex 8'%C (%) 8'°N (%) CN

Mean + SD Range Mean * SD Range
Female -183+0.6° -19.3t0 -17.6 203+1.1° 16.2to0 21.8 3.26
Male -17.7£05% -18.7t0-17.2 21.0£07° 19.8 to 21.9 3.25

https://doi.org/10.1371/journal.pone.0256339.t002
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On the other hand, we found sexual segregation in their diving behavior with males using
deeper waters than females throughout all the winter dispersal, as was found for the incubation
period for the same colony [66] and during the winter dispersion for Cabo dos Bahias colony
[17]. Taking into account that body size is allometrically correlated with diving capacities
(larger-bodied individuals can dive deeper [67], such differences might be related to sexual
size dimorphism since males’ Magellanic penguins are heavier [15] and larger than females
[33] and thus can dive deeper. In any case, this behavior will help to reduce intraspecific com-
petition in case of limited food availability when using similar areas during dispersal [66].

Based on sex-related differences found in Magellanic penguins spatial distribution and tro-
phic position, a higher exposure to the potential fishing threat by either sex could generate a
skewed sex ratio in the breeding population and thus could affect population viability [68].
Although females could be facing different exposure to by-catch than males given the dispersal
into more northerly areas ([17] and this study) or closer to the coast [18], the higher female
mortality found in wintering grounds off the Brazilian coast [23] could be skewed by the fact
that females prefer those areas [17]. For our colony, however, we found no sex-specific suscep-
tibility to fisheries during the winter period, despite of the spatial sexual segregation men-
tioned above and the spatially and temporarily clustered fishing effort pattern. In this sense,
there appears to be no differential susceptibility to by-catch by sex. On the other hand, during
the last month of the winter dispersal, the sexual differences found in the trophic positions
could indicate different prey targets and this could be mirrored in their overlap with commer-
cial fisheries (i.e., shrimp fisheries for females in contrast to bottom trawls fisheries for males).

We identified that the areas of high penguins-bottom trawl fishery overlap varied depend-
ing on the month of the Magellanic penguin’s winter dispersal. On the other hand, the area of
high penguins-shrimp fishery overlap was focused between 50°S to 45°S during all the winter
dispersal. In this sense, the penguins-shrimps fishery overlap seems to be more predictable
through this period. However, the Argentine red shrimps’ stocks can show inter-annual varia-
tions which can result in changes in the fishing activity [69] (for example, changing the fishing
effort towards others species). Also, [59] reported during the breeding season that the intensity
of the spatial overlap of breeding Magellanic penguins with trawl fishing may vary between
months and years, based on resource availability. Consequently, the intensity of penguin-trawl
fisheries interaction seems to be spatiotemporal dependents throughout their annual cycle.
This indicates that changes in fishing activity can modify the vulnerability of Magellanic pen-
guin populations over short time periods which results in the need of a continuous monitoring
to establish management and conservation strategies to protect them.

While we present an assessment of spatiotemporal overlap between fisheries and Magel-
lanic penguins, we acknowledge that the relationship between overlap and interaction is com-
plex. In this sense, our overlap score provides an estimation of potential relative risk. Despite
these limitations, the timing and areas of overlap presented in this study will aid in targeting
conservation measures to guarantee future Magellanic penguins’ yearly recruitment and long-
term survival. It is important to highlight the importance of combining individual, fine-scale
movement data with a large-scale spatiotemporal analysis framework for species risk assess-
ment [70].

Several mitigation measures in order to reduce seabird-fisheries interaction are being used
around the world, but with different degrees of implementation [44, 71-77]. In particular,
Argentina created in 2010 the National Plan of Action-Seabirds for the reduction of incidental
mortality in all fisheries (Federal Fisheries Council, Resolution 03/10). In this sense, this large-
scale fisheries analysis provides information that could support the protection of Magellanic
penguins and the entire ecosystem.
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Conclusion

This study demonstrates that Magellanic penguins from Martillo Island showed sex-specific
spatial-niche partitioning but this did not imply a sex-bias in the overlap with fisheries. We
provide information on large scale information of penguin-fisheries overlap, which would
help to identify important marine areas where the implementation of conservation plans and/
or management guidelines are needed. Although we believe that knowledge of important at-
sea areas are relevant for penguin conservation, a more holistic understanding of the penguin-
fishery interactions will be necessary for the management and conservation of the marine envi-
ronment as well as for global sustainability (i.e. by telecoupling analysis [78]).

Supporting information

S1 Code. Python script with spatial analysis of penguins-fisheries interaction. https://
github.com/nlois/Spatial Analysis_MagellanicPenguins.git
(TXT)

S1 Dataset. Geolocators raw data set. https://doi.org/10.6084/m9.figshare.14388233.v3.
(TXT)

S1 Fig. Individual migratory movements of Magellanic penguins during the winter dis-
persal (April-September 2017). Light gray isobaths were obtained from [55, 56].
(TIF)

S2 Fig. Density plot distribution of daily positions obtained from Magellanic penguins sep-
arated by sex and month during their winter dispersal (April to September 2017, grid
square: 2° latitude x 2° longitude). Light gray isobaths were obtained from [55, 56].

(TTF)

S3 Fig. Density plot of fishing effort of bottom trawl fishery (a) and shrimp fishery (b) along
the Patagonia Shelf during Magellanic penguins’ winter dispersal (April to September 2017,
grid square: 2° latitude x 2° longitude). Score: 1: 0-60, 2: 60-200, 3: 200-800, 4: 800-6000, 5:
6000-10000. Light gray isobaths were obtained from [55, 56]. Fisheries data were obtained
from MAGyP [43].

(TIF)

$4 Fig. A) Standard ellipses corrected form small sample size (SEA() estimated from §'°C and
"N values from blood of females and males of Magellanic penguin collected after they return
to Martillo Island (September 2017). Blood reflect the last month of their winter dispersal
approximately (end August-beginning September 2017). B) Bayesian standard ellipse area
(SEAB, presented in %o°) from blood of females and males of Magellanic penguin. Black dots
correspond to the mean SEAB for females and males, shaded boxes represent the 50%, 75%,
and 95% credible intervals from dark to light gray.

(TIF)

S1 File. GEBCO grid terms of use.
(PDF)
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