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Abstract

Understanding temporal patterns of marine mammal occurrence is useful for establishing
conservation strategies. We used a 38 yr-long dataset spanning 1976 to 2013 to describe
temporal patterns and trends in marine mammal strandings along a subtropical stretch of
the east coast of South America. This region is influenced by a transitional zone between
tropical and temperate waters and is considered an important fishing ground off Brazil. Gen-
eralized Additive Models were used to evaluate the temporal stranding patterns of the most
frequently stranded species. Forty species were documented in 12,540 stranding events.
Franciscana (n = 4,574), South American fur seal, (n = 3,419), South American sea lion (n =
2,049), bottlenose dolphins (n = 293) and subantarctic fur seal (n = 219) were the most fre-
quently stranded marine mammals. The seasonality of strandings of franciscana and bottle-
nose dolphin coincided with periods of higher fishing effort and strandings of South
American and subantarctic fur seals with post-reproductive dispersal. For South American
sea lion the seasonality of strandings is associated with both fishing effort and post-repro-
ductive dispersal. Some clear seasonal patterns were associated with occurrence of cold-
(e.g. subantarctic fur seal) and warm-water (e.g. rough-toothed dolphin) species in winter
and summer, respectively. Inter-annual increases in stranding rate were observed for fran-
ciscana and South American fur seal and these are likely related to increased fishing effort
and population growth, respectively. For subantarctic fur seal the stranding rate showed a
slight decline while for bottlenose dolphin it remained steady. No significant year to year var-
iation in stranding rate was observed for South American sea lion. The slight decrease in
frequency of temperate/polar marine mammals and the increased occurrence of subtropi-
cal/tropical species since the late 1990s might be associated with environmental changes
linked to climate change. This long-term study indicates that temporal stranding patterns of
marine mammals might be explained by either fishing-related or environmental factors.
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Introduction

Aerial and shipboard surveys improve knowledge of marine mammal distribution [1]. How-
ever, they are very expensive and data collection can be challenging as most marine mammals
(especially cetaceans) are highly mobile and spend substantial time below the surface. Another
means of determining marine mammal presence, and potentially relative abundance, is by
monitoring strandings. Compared with aerial and shipboard surveys, monitoring strandings is
inexpensive and logistically simple. Some of the biases associated with stranding data can be
counteracted by using long time series of data collected systematically. This can reduce the
effects caused by a small number of atypical strandings and it can allow the investigator to dis-
tinguish regular patterns from random variation [2,3]. In Hawaii, analyses based on both odon-
tocete stranding events and at-sea surveys collected over 65 years revealed that stranding
records provide reliable data on the occurrence of species and are good indicators of species
composition [4]. In addition, systematic beach surveys have been critical for documenting and
monitoring marine mammal mortality due to human activities such as fisheries (e.g. [5,6]) and
to ‘natural’ die-offs (e.g. [7,8]).

The coast of Rio Grande do Sul (RS), southern Brazil, has been surveyed to record and col-
lect marine mammal carcasses for almost four decades. During this long-term beach monitor-
ing program, 40 species have been recorded (e.g. [9-18]). However, studies focusing on
temporal variability in the stranding data have been limited to only a few species such as fran-
ciscana, Pontoporia blainvillei, [6,19], bottlenose dolphin, Tursiops truncatus [20], South
American sea lion, Otaria flavescens and the South American fur seal, Arctocephalus australis
[21], and have taken place over a much smaller timeframe.

The high diversity of marine mammal species in this region is probably associated with
great variability in the environmental characteristics that exist on the continental shelf and
beyond. Interaction between the wind-driven current and the western boundary currents (Bra-
zil and Malvinas/Falkland) over the shelf produce a southward and offshore flow during sum-
mer and a northward and onshore flow during winter [22]. This seasonal reversal in the
direction of flow over the shelf and the change from warm, nutrient-poor coastal water in sum-
mer to subantarctic, nutrient-rich water in winter have profound effects on biological produc-
tivity and ecosystem dynamics [23-25]. Furthermore, the high phytoplankton biomass during
winter and spring has been related to nutrient supply from freshwater discharge of the La Plata
River and Patos Lagoon Estuary [23,25]. The presence of both subantarctic waters and freshwa-
ter input, mainly in winter and spring, makes the continental shelf one of the most productive
and important fishing area off Brazil [23,26,27]. In this context, the diversity and abundance of
top predators, such as sharks, sea birds and marine mammals [28-32] (ECOMEGA unpubl.
data), as well as the intensity of fishing effort, vary seasonally [26,31].

Bycatch in fisheries is one of the most significant threats to marine mammals [33,34]. In
southern Brazil, mortality due to incidental entanglement in coastal gillnets is by far the great-
est threat to the franciscana and to a small population of bottlenose dolphins [20,35,36]. For
example, the annual mortality of franciscanas in gillnet fisheries in southern Brazil ranges from
several hundreds to a few thousand individuals (e.g. [6,35-38]). Since the early 1980s coastal
gillnet effort has increased in this region [27]. The mean net length of most of this fleet has
increased fourfold since the mid 1990s [35,37,39]. Therefore, an increase in mortality of this
coastal species would be expected. Although there is no estimate of trawl-related mortality of
South American sea lions in southern Brazil, nearly 50 animals are killed annually in this fish-
ery in the neighboring area of Uruguay where fishing effort is lower than in southern Brazil (e.
g [40]). According the regional agency for fishing policy [41] about 80 trawlers are operating
along the RS coast, conducting around 500 annual fishing trips.
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Inferring the causes of a marine mammal’s stranding is difficult as the number of beached
carcasses depends on many underlying processes (e.g. at-sea mortality, buoyancy, drift, and
detection probability) [6,42,43]. The absence of stranding does not imply that at-sea mortality
has not occurred. During periods of strandings-unfavorable conditions the carcasses can be
transported offshore or to areas where the detection probability is low (e.g. [44,45]). Yet
another constraint is to attribute the cause of mortality. In the case of fishing-related mortality
of marine mammal, only a few carcasses may present clear evidence of such interaction.
Despite of those limitations, in southern Brazil, some studies were able to link strandings of
coastal species to mortality in fishing gear (e.g. franciscana and bottlenose dolphin-[6,20,39]).

It is important to emphasize that stranding data collected during a long time period offer an
unprecedented opportunity in detecting trends in fishing related mortality as well as changes
in marine mammal communities attributed to variation in the physical-chemical and biological
properties of the environment. For example, it is expected a higher frequency of tropical and
temperate or polar species during warmer and colder periods, respectively. Therefore, the main
objective of the present study was to describe temporal (seasonal and annual) patterns of
marine mammal stranding based on the longest continuous time series of stranding data for
the southwestern Atlantic Ocean. It is expected that the results can be used to design conserva-
tion strategies for the marine mammals, especially for those species that are most vulnerable to
bycatch.

Materials and Methods
Study area

The coast of RS state is oriented northeasterly to southwesterly and comprises a 618km stretch
of sandy beach. It is interrupted to the north by the Tramandai Lagoon inlet and to the south
by the Patos Lagoon Estuary inlet. The continental shelf is relatively flat and wide (100km in
the north to 180km in the south) with a smooth slope (2m km™) to the shelf break, which
begins near the 150-200m isobath [46]. This region has a seasonally variable wind regime, with
northeasterly winds dominating in summer and generating a southward flow of coastal waters,
and southwesterly winds in winter, with coastal waters flowing northward [24]. The coastal
area is influenced by Subantarctic Shelf Water transported northward by the Malvinas/Falk-
land Current (MFC) and Tropical Water and South Atlantic Central Water transported south-
ward by the Brazil Current (BC) [24]. The western boundary of the Subtropical Convergence
(confluence between the MFC and BC) is located mainly along the shelf break, and shows
remarkable seasonal migration. The northern limit of the Subtropical Convergence fluctuates
between 33°S in winter and 38°S in summer [47]. Besides the oceanic water influence, the dis-
charge of large amounts of fresh water in the coastal zone from the La Plata River and the
Patos Lagoon Estuary has a strong impact on shelf dynamics [24]. During austral winter (July-
September) the river plume extends further than Santa Marta Cape (28°S) while in summer
(January-March) it retracts to approximately 32°S. The seasonal wind field seems to be the
main factor driving such a pattern [48]. In summer, northeasterly winds (upwelling-favorable)
force the plume to its southernmost position and it occupies a large portion of the shelf due to
oftshore Ekman transport, while in winter the southwesterly winds (downwelling-favorable)
displace the plume to the north, restricting it to a narrow strip along the coast [24]. This north-
ward flow off southern Brazil has been referred as the Brazilian Coastal Currents [49].

In the present study beach surveys were carried out along a 355 km stretch of coastline in
central and southern RS, from Peixe Lagoon (31°26’'S—51°09°W) to Chui (33°45’S—53°22'W)
at the border between Brazil and Uruguay. The study area was divided into five subareas: Area
I (87 km long) located between the Peixe Lagoon and the Barra do Estreito (31°51°S—51°
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Fig 1. Study area. Area 1 = 87 km; Area 2 = 48 km; Area 3 = 63 km; Area 4 = 70; Area 5 = 87 km.
doi:10.1371/journal.pone.0146339.g001

42’W); Area II (48 km long) located between the Barra do Estreito and the Patos Lagoon Estu-
ary mouth (32°08’S—52°04’W); Area III (63 km long) located between the Patos Lagoon Estu-
ary mouth (32°09°S—52°05’W) and the Sarita Lighthouse (32° 39’ S—52° 25" W); Area IV (70
km long) located between the Sarita Lighthouse and the Albardao Lighthouse (33°12°S—52°
42’W); and Area V (87 km long) located between the Albardao Lighthouse and Chui (Fig 1).

Data collection

In years before 1979 some opportunistic sampling was derived from 8 beach surveys (totaling
531km) and occasional notifications of strandings by locals. After that, records were obtained
from systematic beach surveys from 1979 to 2013. During that period, occasional notifications
were used only for the purpose of improving accuracy on the month of stranding.

A gap of systematic sampling occurred between 1988 and 1991, except for two surveys con-
ducted during the summer of 1988. After the early 1990s, when weather conditions allowed,
beach surveys were carried out fortnightly from Lagoa do Peixe to Chui (see Results). The sur-
veys were conducted by three research groups: 1) Laboratério de Ecologia e Conservagio da
Megafauna Marinha, Universidade Federal do Rio Grande-ECOMEGA/FURG (from 1976 to
1988 and 1992 to 2013); 2) Museu Oceanogrdfico Prof. Eliezer de C. Rios—MO/FURG (during
the 1990s); 3) Niicleo de Educagdo e Monitoramento Ambiental —NEMA (from 1993 to 2013).

A four-wheel-drive vehicle was used with two to four observers scanning from the wash
zone up to the base of the sand dunes (ranging from 30 to 60 m in width) at speeds of 60-70
km/h. The data collection protocol for stranded marine mammals was standardized including:
date, geographical location, standard body length and decomposition state [50], as follows:

1 = alive; 2 = freshly dead; 3 = moderate decomposition; 4 = advanced decomposition; 5 = mum-
mified or skeletal remains. In cases of records for which the decomposition state was not
reported, the month of stranding was assumed to be the month of the survey. For those animals
at decomposition state 5, we arbitrarily considered that the stranding had occurred 30 days ear-
lier. Carcasses with pieces of nets attached to the body, lacerated and/or amputated fin or flip-
per (it is a common practice of fishermen to cut some appendage to remove dolphins from
their nets), net marks and the presence of firearm bullets (as in the case of a few sea lions) were
considered to have been killed due to fishery interactions. Survey data provided by MO/FURG
and NEMA were only included in the database when the time between consecutive surveys car-
ried out by ECOMEGA exceeded one month. Based on field observations and researchers’
experience, small carcasses (up to 2m long) can be missed if surveys are carried out in time
intervals longer than one month. Since most carcasses were not removed from the beach, they
were sprayed with color paint or labeled by all institutions to minimize chances of double
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counting. Sampling from stranded carcasses was made with permission issued by the Ministry of
Environment, Brazil Government (License Sisbio # 16586-2), in compliance federal legislation.

Data selection

Only dead animals were considered for the purpose of the analyses on temporal patterns of
stranding. The stranded species were classified in three categories according to their frequency
of occurrence: 1) frequent species (stranding frequency (SF) >0.02), 2) occasional species (SF
between 0.02 and 0.0005), 3) rare species (SF <0.0005).

Each stranding was considered as a separate event, except for mass strandings, here defined
as events where two or more individuals of the same species (excluding mother-calf pairs) were
found within 10 km from one another and presented the same decomposition state within the
range of 2 to 4 (i.e. it is generally not possible to determine with confidence the date of strand-
ings of animals in decomposition state 5). These criteria were not applicable to pinnipeds and
to franciscana, due to its very high fishing-related mortality.

As the high mortality of neonates of South American fur seal from reproductive colonies in
Uruguay can mask stranding patterns of older animals when all strandings are combined, indi-
viduals with a total length of < 110cm were analyzed separately. Hereafter, individual fur seals
<110cm and >110cm will be referred to as neonates and juveniles/adults, respectively.

Data analyses

The number of stranded marine mammals per 100km of beach surveyed (hereafter referred to
as stranding rate) was used to describe seasonal and inter-annual frequency distribution of
strandings. Seasons were classified as: spring (October-December), summer (January-March),
autumn (April-June) and winter (July-September).

Temporal stranding patterns of the frequent species were evaluated through Generalized
Additive Model (GAM) [51]. This method is a natural choice when the relationship between
the response and predictor variables is complex and not easily modeled by specific linear or
non-linear functions. We used a log link function and a Negative Binomial error distribution
to account for over-dispersion [42]. Year and month were used as the predictor variable and
number of stranding as the response variable. To investigate the time series for seasonal vari-
ability of strandings, an interaction term of the two explanatory variables was included. As the
beach survey effort (km of beach survey) was not evenly distributed across de years it was
included in GAM as an offset. This term adjusted otherwise independent counts (number of
stranded marine mammals) per kilometer of beach surveyed in which it was made (see [52]).
The performance of three alternative models was assessed:

Model 1 : number of stranding = f(year) + f(month) + yearsmonth + offset
Model 2 : number of stranding = f(year) + f(month) + offset

Model 3 : number of stranding = f(month) + offset

where f are smooth functions.

The best model was selected with the Akaike Information Criterion (AIC). Results from sta-
tistical models were validated using diagnostic plots. The GAM analysis was restricted to the
period 1992-2013, as it represented the largest continuous data series from systematic surveys
without interruption.

The inclusion of stranding records from areas in which survey effort was not evenly distrib-
uted across years can lead to incorrect interpretation of temporal patterns. Therefore, we used
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Table 1. Total kilometer of beach surveyed and the number of times that beach survey was concluded in each area from 1976 to 2013. | = 84km;
Il =51km; [l = 63km; IV = 70km; V = 87km.

Year | Il ] v \"
Total N° of time Total N° of time Total N° of time Total N° of time Total N° of time
km concluded km concluded km concluded km concluded km concluded
1976-1979 87 1 237 4 335.2 2 70 1 87 1
1980-1988 186 1 3,689.5 67 6,336.8 87 1,309 14 1,162 2
1992-2001 3,850.7 38 5,859.3 118 10,792.5 165 5,562.5 69 5,688.3 57
2002-2013 14,411.9 131 10,792.0 224 15,983.6 251 15,431.9 199 16,306.6 176
Total 18,5635.3 171 20,577.8 413 33,448.1 505 22,373.4 283 23,243.9 236

doi:10.1371/journal.pone.0146339.1001

only the data from areas II and III (evenly distributed across years, see Results) for temporal
analyses. GAMs were run with the package mgev 1.4-1.

All analyses and visualizations were performed using the software R, version 3.1.2 [53].

Results

From 1976 to 2013 the total cumulative distance covered as part of the beach surveys was ca.
118,178 km. Survey effort was more intensive in Areas II and III between 1979 and 1988. After
2002, effort increased and became more evenly distributed across areas (Table 1, S1 Fig).

A total of 12,540 marine mammals stranding events (779 live and 11,761 dead strandings),
involving animals from 10 families and 40 species (species could not be determined for 1,232
events), were reported in the study area. Franciscana (n = 4,574), South American fur seal
(n =3,419), South American sea lion (n = 2,049), bottlenose dolphin (n = 293) and subantarctic
fur seal, Arctocephalus tropicalis, (n = 219) were the most frequently reported species. The other
35 species accounted for 3% of the remaining marine mammal stranding events (Table 2). The
majority of strandings involved a single individual. Only seven events were mass strandings

Table 2. The number of individual (inds) marine mammal strandings observed from 12,540 reported events (evts) in southern Brazil from 1976 to
2013. The total stranding events for each species is given as number and as percentage. Mean annual stranding rates are shown in the last column.

Species Classification Year Dead Dead % Annual
(inds) (evts) Stranding
1976-1979 1980s 1990s 2000s 2010-2013 rate
Dead Alive Dead Alive Dead Alive Dead Alive Dead Alive mean (sd)
Pontoporia Frequent 171 1 602 518 2442 841 4574 4574  38.90 3.5826
blainvillei (3.6711)
Arctocephalus Frequent 6 3 179 12 514 38 1429 265 1291 69 3419 3419 29.08 2.1831
australis (1.9449)
Otaria Frequent 27 310 4 509 2 808 16 395 3 2049 2049 17.43 1.7960
flavescens (0.7853)
Tursiops truncatus Frequent 20 57 44 113 59 293 293 2.49 0.2687
(0.2246)
Arctocephalus Frequent 19 3 45 10 138 25 17 5 219 219 1.86 0.1885
tropicalis (0.3326)
Eubalaena Occasional 1 6 18 10 7 42 42 0.36 0.0215
australis (0.0442)
Pseudorca Occasional 5 27 12 9 53 38 0.32 0.0249
crassidens (0.0374)
Globicephala Occasional 3 11 10 3 27 27 0.23 0.0173
melas (0.0345)
Steno Occasional 1 7 5 11 24 21 0.18 0.0098
bredanensis (0.0196)
(Continued)
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Table 2. (Continued)

Species Classification Year Dead Dead % Annual
(inds) (evts) Stranding
1976-1979 1980s 1990s 2000s 2010-2013 rate
Dead Alive Dead Alive Dead Alive Dead Alive Dead Alive mean (sd)
Physeter Occasional 2 4 5 8 4 23 20 0.17 0.0236
macrocephalus (0.0608)
Balaenoptera Occasional 1 7 9 1 18 18 0.15 0.0128
acutorostrata (0.0250)
Delphinus delphis Occasional 4 7 3 14 14 0.12 0.0055
(0.0122)
Orcinus orca Occasional 1 1 7 4 1 14 14 0.12 0.0187
(0.0850)
Lagenodelphis Occasional 9 2 3 14 13 0.11 0.0073
hosei (0.0196)
Stenella frontalis Occasional 2 6 1 9 9 0.08 0.0048
(0.0127)
Megaptera Occasional 1 1 2 4 8 8 0.07 0.0034
novaeangliae (0.0079)
Kogia breviceps Occasional 3 1 2 1 7 7 0.06 0.0018
(0.0064)
Mironga leonina Rare 1 3 2 1 1 1 2 6 6 0.05 0.0062
(0.0196)
Phocoena Rare 1 1 1 3 6 6 0.05 0.0055
spinipinnis (0.0172)
Balaenoptera Rare 2 3 5 5 0.04 0.0026
bonaerensis (0.0093)
Stenella Rare 1 4 5 5 0.04 0.0026
coeruleoalba (0.0080)
Arctocephalus Rare 2 1 1 2 4 4 0.03 0.0061
gazella (0.0281)
Unidentified minke Rare 4 4 4 0.03 0.0021
(0.0074)
Ziphius cavirostris Rare 3 1 4 4 0.03 0.0019
(0.0071)
Lobodon Rare 1 2 3 3 3 0.03 0.0017
carcinophaga (0.00060)
Balaenoptera Rare 1 2 3 3 0.03 0.0013
borealis (0.0045)
Kogia sima Rare 1 1 2 3 3 0.03 0.0040
(0.0152)
Berardius arnuxii Rare 1 2 3 3 0.03 0.0019
(0.0072)
Balaenoptera Rare 1 1 2 2 0.02 0.0008
edeni (0.0036)
Mesoplodon grayi Rare 1 1 2 2 0.02 0.0014
(0.0062)
Mesoplodon Rare 1 1 2 2 0.02 0.0000
densirostris (0.0000)
Grampus griseus Rare 1 1 2 2 0.02 0.0004
(0.0027)
Balaenoptera Rare 1 1 1 0.01 0.0005
physalus (0.0030)
Phocoena Rare 1 1 1 0.01 0.0008
dioptrica (0.0047)
Mesoplodon Rare 1 1 1 0.01 0.0000
hectori (0.0000)
Mesoplodon Rare 1 1 1 0.01 0.0006
layardii (0.0036)
(Continued)
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Table 2. (Continued)

Species
Classification

1976-1979
Dead Alive
Alive Dead Alive
mean (sd)
Stenella attenuata Rare
Lagenorhynchus Rare
australis
Cephalorhynchus Rare
commersonii
Hydrurga leptonyx Rare
Balaenoptera Rare
musculus
Unknown 7
Total 237

doi:10.1371/journal.pone.0146339.t002

Year Dead Dead % Annual
(inds) (evts) Stranding
1980s 1990s 2000s 2010-2013 rate
Dead

Dead Alive Dead Alive

1 1 1 0.01  0.0008
(0.0050)
1 1 1 0.01  0.0008
(0.0052)
1 1 1 0.01  0.0008
(0.0050)

1 0 0 000 -

1 0 0 000 -

41 2 274 3 317 66 279 211 918 911 775  0.6879
(0.6723)

4 1238 24 2021 88 5354 369 2943 294 11786 11761 100  8.9171
(4.4812)

(S1 Table). The decomposition state of stranded animals was determined for 57% (n = 7,186) of
the records and of those, 31% (n = 2,276) and 22% (n = 1,628) were putrefied (Codes 4 and 5,
respectively).

Temporal patterns

Marine mammal stranding rate suggests a perceived increase over 38 year period in the study
area (Fig 2A). The overall stranding rate was higher during winter and spring months than

2
@

1976 1980 1984 1988 1992 1996 2000 2004 2008 2012
Year

Jun Jul
Month

Fig 2. Marine mammal stranding rate by year (A) and month (B) from 1976 to 2013 (records of
unidentified species are included). Gray line in (B) represents stranding rate by month after removing
records of species with high mortality, migratory whales, neonates of South American fur seal and
unidentified marine mammals. Y-axes in (B) are on a square-root scale for ease-of-read purpose. Only
stranding records from areas 2 and 3 were included.

doi:10.1371/journal.pone.0146339.g002
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Table 3. GAM results for each species modeled. Over-dispersion parameter (¢).

Species
Deviance
P. blainvillei 46.3%
T. truncatus 16.4%
O. flavescens 9.52%
A. australis(neonates) 62%
A. australis(juveniles/adults) 30%
A. tropicalis 51.8%

doi:10.1371/journal.pone.0146339.t003

Model 1 Model 2 Model 3
¢ AIC Deviance ¢ AIC Deviance ¢ AIC
0.50 2079.1 43.6% 0.46 2100.0 39.6% 0.41 2122.8
2.55 720.93 15.8% 248 720.00 11% 1.57 732.36
1.63 1861.26 8.6% 1.59 1866.56 7.57% 1.53 1866.74
1.118 1351.8 62% 1.119 1350.09 57% 0.85 1392.08
0.86 581.66 30.4% 0.88 577.86 22.7% 0.57 593.11
0.38 404.98 51.5% 0.39 402.54 41.2% 0.21 426.37

during late summer and autumn months (Fig 2B). November and April were the months with
the highest (19.8) and lowest (2.6) stranding rate, respectively. After species with known high
fishing related mortality (franciscana, bottlenose dolphin and South American sea lion), migra-
tory species (southern right whale, Eubalaena australis, humpback whale, Megaptera novaean-
gliae, fin whale, Balaenoptera physalus, sei whale, Balaenoptera borealis, dwarf minke whale,
Balaenoptera acutorostrata and Antarctic minke whale, Balaenoptera bonaerensis), neonates of
South American fur seal and records of unidentified species were removed from the analysis,
August (1.3), September (1.2) and October (0.9) had the highest stranding rates while March
and April had the lowest rate (0.8) (Fig 2B). Spring had the highest species richness (n = 29 spe-
cies) followed by autumn (n = 28) and summer and winter (n = 22 each).

Even though Model 1 had the best fit (lowest AIC) for franciscana and South American sea
lion, the interaction term was not significant (p = 0.9 and p = 0.1, respectively) (Table 3). For
the remaining species, Model 2 had the best fit (Table 3).

Franciscana. Franciscana had the highest annual mean stranding rate (Table 2). GAM
analyses indicated a significantly positive trend in the number of franciscana stranded from
1992 to 2003 and this remained steady until around 2010 when the number began to decline
(Figs 3A and 4). Strandings occurred all year round but displayed a conspicuous seasonal pat-
tern with a peak during late spring and early summer (Figs 3B and 5). Temporal predictors
accounted for 46.3% of the total variance of franciscana strandings (Table 3). Despite the small

S(Month6.22)

s(Year5.08)

T T T T T T T
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Year Month

Fig 3. Temporal trends in franciscana strandings. Estimated smooth function (solid line) with 95%
confidence interval (dashed lines) for the fitted GAM by year (A) and month (B) from 1992 to 2013. Y-
axis = fitted function with estimated degrees of freedom in parentheses.

doi:10.1371/journal.pone.0146339.g003
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proportion of stranding events in which the cause of death was attributable to bycatch (3.1%,

n = 133), a similar seasonal pattern was observed when all carcasses of franciscana on the

beach were considered (Fig 5).
Bottlenose dolphin. The stranding rate of bottlenose dolphin during the first 13 years
showed three peaks: 1979, 1983 and 1988 (Fig 4). The fitted model adjusted for the period
between 1992 and 2013 indicated an increase in strandings between 1996 and 2003, then a
decrease till 2008 (Fig 6A). The number of stranding records was highest during spring and

summer and lowest during autumn and winter (Figs 5 and 6B). The temporal predictors

accounted for 15.8% of the total variance of bottlenose dolphin strandings (Table 3). Despite
the small proportion of stranding events in which the cause of death was attributable to bycatch
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Fig 6. Temporal trends in common bottlenose dolphin strandings. Estimated smooth function (solid line)
with 95% confidence interval (dashed lines) for the fitted GAM by year (A) and month (B) from 1992 to 2013.
Y-axis = fitted function with estimated degrees of freedom in parentheses.

doi:10.1371/journal.pone.0146339.9g006

(8.7%; n = 22), a similar seasonal pattern was observed when all carcasses of bottlenose dolphin
on the beach were considered (Fig 5).

South American sea lion. The inter-annual stranding rates for South American sea lion
from 1979 to 1988, showed greater variation compared to the period from 1992 to 2013 (Fig 4).
Despite the improvement of the model fit (Model 1) year was non-significant (p = 0.17) (Fig
7A). The fitted GAM adjusted for the period between 1992 and 2013 showed the highest num-
ber of strandings in winter and spring (Figs 5 and 7B). The temporal predictors accounted for
9.52% of the total variance of South American sea lion strandings. As observed for the two pre-
vious species, a similar seasonal pattern was observed between records with signs of fishery
interaction (3.4%; n = 67) and when all carcasses were considered (Fig 5).
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Fig 7. Temporal trends in South American sea lion strandings. Estimated smooth function (solid line)
with 95% confidence interval (dashed lines) for the fitted GAM by year (A) and month (B) from 1992 to 2013.
Y-axis = fitted function with estimated degrees of freedom in parentheses.

doi:10.1371/journal.pone.0146339.g007

PLOS ONE | DOI:10.1371/journal.pone.0146339 January 27, 2016 11/28



@’PLOS ‘ ONE

Marine Mammal Strandings in Subtropical Western South Atlantic

s(ear8.27)
S(Montn 5.58)

19 1995 1988 2001 2004 2007 2010 2013

Year

s(vear.7.29)
SiMonth3.87)

199 1995 1988 2001 2004 2007 2010 2013 12 3 4 5 8 7 8 9 w0 m w2

Year Month

Fig 8. Temporal trends in South American fur seal strandings. Estimated smooth function (solid line) with
95% confidence interval (dashed lines) for the fitted GAM by year and month from 1992 to 2013. Neonates (A
and B) and juveniles/adults (C and D). Y-axis = fitted function with estimated degrees of freedom in
parentheses.

doi:10.1371/journal.pone.0146339.g008

South American fur seal. Among pinniped species, South American fur seal displayed the
highest mean stranding rate (Table 2). GAM analyses adjusted for the period between 1992
and 2013 showed a temporal increase in the number of South American fur seal strandings for
both categories (adults/juveniles and neonates) (Fig 8A and 8C). The three peaks observed in
the inter-annual trend were identical for both categories (Fig 8A and 8C). Considering season-
ality, the peak of strandings occurred in September for both categories (Figs 5 and 8B and 8D).
The temporal predictors accounted for 30.4% (juveniles/adults) and 62% (neonates) of the
total variance of South American fur seal strandings (Table 3).

Subantarctic fur seal. From 1976 to 1982 no stranding of subantarctic fur seal was
recorded (Fig 4). According to the fitted GAM adjusted for the period between 1992 and 2013,
the stranding showed a slight decline except for a peak in 2001 (Fig 9A). The GAM model
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Fig 9. Temporal trends in subantarctic fur seal strandings. Estimated smooth function (solid line) with
95% confidence interval (dashed lines) for the fited GAM by year (A) and month (B) from 1992 to 2013. Y-
axis = fitted function with estimated degrees of freedom in parentheses.

doi:10.1371/journal.pone.0146339.g009
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indicated a strong seasonal stranding pattern with higher values occurring during winter, espe-
cially August (Figs 5 and 9B). No records were observed in summer and early autumn (Fig 5).
The temporal predictors accounted for 51.5% of the total variance of subantarctic fur seal
strandings (Table 3).

Other species. The occasional odontocete species (Table 2) did not show any clear annual
and or seasonal trend. However, false killer whale, Pseudorca crassidens, had a higher stranding
rate during winter and spring, sperm whale, Physeter macrocephalus, from late spring to mid-
summer and rough-toothed dolphin, Steno bredanensis, in summer (Fig 10).

Among baleen whales (Mysticeti), Southern right whale stranded most often, followed by
dwarf minke, humpback, Antarctic minke, sei, Bryde’s, Balaenoptera edeni, and blue, Balae-
noptera musculus, and fin whales (Table 2). Most stranding events of baleen whales were
recorded after 1990 (Table 2) and were more frequent in September, October and November
(Fig 10B).

The remaining rare species were either typically subtropical/tropical, temperate/polar or
wide-ranging, deep-water cetaceans (Table 2). Temperate/polar species were recorded since
the early 1980s, while for tropical/subtropical species only after 1993 (Fig 11A). For both Tem-
perate/polar and subtropical/tropical species no clear inter-annual trend were observed (Fig
11A). As expected, the seasonal stranding rates for both subtropical/tropical and temperate/
polar species showed an opposite pattern, with the former stranding mostly during spring and
summer and the latter during autumn and winter (Fig 11B).

Discussion

Long-term systematic beach surveys shed light on many aspects of marine mammal stranding
patterns in southern Brazil. Although caution is needed when interpreting stranding data
[6,42,43], the results of this study are likely to reflect the broad pattern of marine mammal
occurrence in this sector of the subtropical western South Atlantic. The diverse array of
stranded species suggests a high richness of marine mammals in this region. Nevertheless,
despite the richness (n = 40), only five species were involved in 97% of the total strandings.
This high proportion is presumably related to the coastal habitat of those species and, for some
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of them, the high incidence is due to fishing-related mortality [6]. The southern Brazilian con-
tinental shelf is flat, with width varying from 100 to 180km. Therefore, typically offshore spe-
cies inhabiting the outer shelf and beyond are less likely to wash ashore. The occurrence of
deep-water species in the stranding records was very low, probably because they are more likely
to decompose and sink before they reach the shore (e.g. [43]).

Marine mammal distribution is to a great extent related to prey distribution [1]. In gen-
eral, areas of high productivity appear to attract top predators (e.g. [54,55]). Therefore, sea-
sonal changes in prey availability can cause changes in marine mammal occurrence. After
removing species with known high fishing-related mortality, migratory species and neonates
of South American fur seal from the analyses, late winter and early spring were the seasons
with the highest stranding rates. This pattern could be associated with an increase in biologi-
cal productivity during these seasons. Phytoplankton biomass over the Brazilian continental
shelf is higher in winter and spring and has been shown to be related to nutrient supply
from Subantarctic Water carried by the MFC and from freshwater discharge of the La Plata
River [23,25]. The high primary productivity during winter and spring supports a high bio-
mass of demersal and pelagic fish (e.g. Cynoscion guatucupa, Trichiurus lepturus, Engraulis
anchoita) and squid (e.g. Loligo sanpaulensis, Illex argentinus) that migrate from the south
in association with the Subtropical Convergence [56,57]. These species are important prey
for many marine mammals (e.g. [58-60]), thus an increase in abundance and diversity of
predator species is to be expected during these seasons. Shipboard surveys for marine mam-
mals were carried out in autumn and spring (2009-2014) on the southern Brazilian outer
continental shelf and slope and higher abundance and species richness were observed in
spring (ECOMEGA unpubl. data), which is consistent with the stranding pattern observed
in this study.
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Frequent species

Some of the five species that frequently stranded in this region (franciscana, bottlenose dol-
phin, South American and subantarctic fur seals and South American sea lion) are either pri-
marily coastal or highly vulnerable to fishery-related mortality. Franciscana and bottlenose
dolphins are frequently killed in commercial and artisanal gillnetting, respectively [6,20,35].
The peak of franciscana strandings during late spring and early summer coincides with high
gillnet fishing effort targeting the white croaker (Micropogonias furnieri) near shore [35,37,39],
where franciscanas are most abundant [61,62]. The inflated stranding rate observed in 1979 is
probably because beach surveys were only conducted in months of high bycatch (e.g.
[6,19,39]). Following the collapse of some fish stocks by the late 1980s and early 1990s fisher-
men increased substantially gillnet lengths to compensate for lower catches per unit of effort (e.
g [27,37,39]). As a consequence franciscana bycatch and strandings have also increased until
2003 (see Fig 3). Although artisanal gillnetting occurs year-round inside the Patos Lagoon
Estuary and along the adjacent marine coast, the overlap between gillnets and dolphins is
higher in spring and summer [63], suggesting that the highly seasonal stranding pattern of bot-
tlenose dolphin is related to bycatch in fisheries [20]. This might explain the very high strand-
ing rate observed in 1988 that, similarly to what happened to franciscana in 1979, is likely due
to low beach survey effort conducted in months of higher bycatch [20]. The inter-annual vari-
ability in strandings may be also related to the pattern of fishing effort [20]. Current levels of
fishing-related mortality of these species may not be sustainable [20,36,38,64]. In 2012, the Bra-
zilian Government published a norm to regulate gillnet fisheries, reduce fishing effort and
establish some no-fishing zones aimed at protecting certain vulnerable species, including
coastal cetaceans. Therefore a decrease in stranding rate of both franciscanas and bottlenose
dolphins after the end of 2013, when this norm was implemented, is expected. It is important
to emphasize, however, that the decrease in franciscana stranding after 2010, may be associated
with population decline and carefully interpretation of stranding trends is needed.

Three otariid seals are often recorded along the Brazilian coast: South American sea lion,
South American and subantarctic fur seals. The first two are the most widely distributed otar-
iids in the Southern Hemisphere, with breeding colonies extending from Peru to Uruguay
[18,65], while subantarctic fur seal breeds on islands north of the Antarctic Convergence [66].
Specimens of South American fur seal and the majority of vagrant individuals of subantarctic
fur seal found on the Brazilian coast are from Uruguay and Gough Island populations, respec-
tively [66, 67]. Based on what is known about the biology of South American sea lion, it is pre-
sumed that individuals in Brazilian waters come from the Uruguayan breeding colonies [68].
The higher frequency of occurrence of the two fur seals species on the southern Brazilian coast
during winter and early spring is probably related to post-reproductive dispersal, with the ben-
efit of the northward flow of the MFC and displacement of the Subtropical shelf front in winter
[22,24,69]. All sightings of subantarctic fur seal in the Indian Ocean occurred in winter and the
northward flow of the South Indian Ocean current is considered one of the main factors to
explain the presence of this species in tropical and subtropical regions of that ocean [70-72].
Since many sub-adult and adult individuals of South American sea lion concentrate through-
out the year in non-breeding rookeries in southern Brazil [73,74], the seasonality of its occur-
rence is less pronounced than that of the fur seal species.

Although South American sea lion also breed on the Uruguayan coast, only neonates of
South American fur seal are found stranded in large numbers on the southern Brazilian coast.
The high stranding rates of neonates occur in August and September and coincide with the
immediately post-weaning period.
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An estimated annual population growth rate of 2% since 1991, when harvesting of South
American fur seal stopped on the Uruguayan coast [75], may explain the increased number of
strandings in recent years. Despite the general increase in strandings, however, fluctuations
were observed. High stranding rates of neonates in 1999 and 2003 were preceded by years with
high numbers of births (65,000 and 72,000) and low stranding rates in 1992 and 1993 followed
years with lower reported numbers of births (48,000 and 50,000) [76]. However, the low and
moderate stranding rates in 1996 and 2005, respectively, were also preceded by years with high
numbers of births (68,000 and 93,000) [76]. Determining which factors influence post-weaning
survival is often difficult, but they are probably related to the environmental conditions that
influence food supply. For example, the highest stranding rates were observed in 1999 and
2011 when moderate and strong La Nifa events occurred. During La Nifia, productivity on the
southern Brazilian continental shelf decreases [23] and lower food availability is expected.

Although the exploitation of South American sea lion in Uruguay ceased in 1978, the popu-
lation seems to be decreasing [77]. Fishing-related mortality has been identified as the major
cause of this decline [77,78]. As observed for franciscana and bottlenose dolphin, the similar
pattern between records with signs of fishing-related mortality and all records (with and with-
out evidence of fishery interactions) suggest that fishery is the major source of South American
sea lion mortality in southern Brazil. The higher stranding rates observed in late winter and
early spring may be related to the increase in trawl and gillnet fishing effort during this period
which coincides with post-reproductive dispersal of this species. The overlap of foraging habi-
tat of sea lions with fishing grounds increases the risk of both bycatch and intentional killing.
Fishermen often shoot sea lions that remove fish from their nets in this area [73]. Similar to
franciscana, the very high stranding rate observed in 1979 is probably because beach surveys
were only conducted in months of high bycatch (e.g. [21]).

Anomalies in ocean currents and other phenomena (e.g. ENSO) have been suggested as pos-
sible explanations for the occurrence of subantarctic fur seal on the Brazilian coast [79,80].
Short- to medium-term fluctuations in climate due to ENSO events can produce anomalous
environmental conditions that drastically change marine productivity and, consequently, affect
the foraging patterns of top predators [81,82]. In the Southern Ocean some studies have shown
that the warm phase of ENSO negatively affects the recruitment and biomass of krill and fish,
in some cases forcing top predators to move far from their breeding area in search of food (e.g.
[83,84]). However, the low stranding rates of subantarctic fur seal observed during the stron-
gest El Nifio episodes of 1982/1983, 1997/1998 and 2009/2010 and the high stranding rates
that coincided with a strong La Nifa event in 2000 and a moderate El Nifio event in 2002 sug-
gest that the main factors influencing inter-annual variability of subantarctic fur seal occur-
rence in Brazilian coastal waters are still unknown. The increased occurrence of these fur seals
on and around South American, African and Indian Ocean islands, for example, has been
attributed to population expansion (e.g. [70-72,85]). However, the slight decrease in stranding
along the years may be associated with climate change (see discussion regarding subtropical/
tropical and temperate/polar species).

Other species

Strandings of occasional species consisted, to a great extent, of cetaceans that typically inhabit
offshore waters. Therefore, the relatively low stranding rates do not necessary mean that the
abundance of those species is low. The very wide continental of southern Brazil reduces the
chances of offshore species washing ashore. Information based on opportunistic and systematic
at-sea surveys for marine mammals as well as on records of incidental catches in fishing gear
have shown that sperm whale, short-beaked common dolphin, Delphinus delphis, long-finned
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pilot whale, Globicephala melas, false killer whale and killer whale, Orcinus orca are common
over the southern Brazilian outer continental shelf and slope [31,86-90] (ECOMEGA unpubl.
data). The low stranding rates of some species, however, does reflect their low abundance in
the subtropical western South Atlantic (e.g. Fraser’s and Atlantic spotted dolphins).

For false killer whale the higher stranding rate in winter/spring might be related to the
higher productivity, which could attract the animals to this region. Analysis of killer and false
killer whales depredation on the Uruguayan pelagic longline fishery operating in the South-
western Atlantic Ocean near the study area revealed the most interaction occur during winter
and spring [91]. Stomach content and stable isotopes studies suggest that at least some false
killer whale in southern Brazil use coastal waters, mainly in spring, to feed upon abundant
sciaenid fish [17,92]. During this period the fishing effort over the southern Brazilian continen-
tal shelf increases [27] and therefore an increase in marine mammal bycatch is expected. Year-
round occurrence of sperm whale over the continental slope off southern Brazil suggests that
this region is an important feeding ground for sperm whales [31,90] (ECOMEGA unpubl.
data). Nevertheless, the reasons for the higher stranding rate during summer remain to be elu-
cidated. The higher stranding rate of rough-toothed dolphin during summer might be related
to the major influence of tropical water on the southern Brazilian continental shelf [93].

The reasons for the increased stranding rates of baleen whales, especially after the 1990s, are
unclear but might reflect the recovery of some population after the International Whaling
Commission’s moratorium on commercial whaling came into effect. For example, both South-
ern right and humpback whales are showing high estimated annual growth rates in the western
South Atlantic (e.g. [94,95]). The higher stranding rate of southern Right whale compared with
other baleen whales is likely due to its coastal migration route to and from its wintering
grounds in southern Brazil. During winter and early spring southern right whales use shallow
waters and protected bays along southern Brazil for breeding and nursing the calves [96,97].
Stranding records of southern Right whale in this area, between 1977 and 1995, were most fre-
quent in October followed by August and September [98]. Despite its coastal distribution, the
stranding rate of humpback whale was low in southern Brazil because its migration route
between breeding (northeastern Brazil) and foraging areas (South Georgia/South Sandwich
Island) is far offshore in southern Brazil [99,100].

Although migratory pattern of blue, fin, sei and minke whales in Southern Atlantic Ocean is
not well documented a review of the occurrence and distribution of the genus Balaenoptera
along the Brazilian coast revealed that most whales are observed during the austral winter and
spring, indicating a seasonal pattern of occurrence of this genus for Southwestern Atlantic
Ocean [101]. Stranding records outside the breeding season may reflect differences in the tim-
ing of migration within and between species or the residency of some individuals in tropical
and subtropical areas throughout the year. Records of juvenile dwarf minke whale throughout
much of the year indicate that some individuals do not migrate to Antarctic or sub-Antarctic
waters [101] and may exploit coastal areas off eastern South America with locally high produc-
tivity (e.g. [102]). Balaenopterids are known to feed outside their regular high-latitude feeding
grounds when plenty of prey is available in other areas [103]. Bryde’s whale does not migrate
to polar/subpolar feeding grounds [104] and is relatively common in the coastal upwelling eco-
system off south-eastern Brazil [101,105], with occasional occurrence in the study area [18]
(ECOMEGA, unpubl. data).

The remaining rare species were either typically subtropical/tropical, temperate/polar spe-
cies or wide-ranging deep-water cetaceans. Therefore, for some widely distributed species such
as Kogia spp., Risso’s dolphin, Grampus griseus, and Cuvier’s Beaked whale, Ziphius cavirostris,
the low stranding rate may be explained by either their offshore distribution or their low
regional abundance [18,106,107]. Despite the temperate/polar marine mammals have not
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shown a clear temporal pattern, the lack of records of subtropical/tropical species until approx-
imately the mid 1990s followed by their relatively frequent occurrence after this period might
be at least partly associated with climate change. From 1993 to 2002 the spatial distribution of
SST anomalies reveals that warming occurred across the South Atlantic basin between 24°S
and 40°S [108]. According to the same authors, from October 1992 to December 2007 a south-
ward shift of 0.6 to 0.9° decade ' was found in the latitude of the BC/MFC confluence.

Despite the difficulties of interpreting stranding data given that stranded carcasses can be
found on the beach as a result of many processes (e.g. at-sea mortality, buoyancy, drift, and
detection probability) [6,42-45], long time series derived from consistent beach survey effort
can contribute to monitoring of marine mammals. Stranding data can document species occur-
rence and reveal changes in mortality rates or shifts in distribution due to oceanic conditions.
Although in the present study we did not quantify the relationship between fishing effort and
stranding data, the seasonal coincidence between high stranding rates of some species (e.g. bot-
tlenose dolphin, South American sea lion and franciscana) and high fishing effort suggests a
plausible link. Establishing a definite causal link between climate change and species/commu-
nity ecology is difficult. Despite the time series used here is still short in duration (in relation to
non-stationary long-term duration change signals) to allow for confident predictions about the
possible ecosystem consequences of long term climate change, our interest here was to provide
evidence that short-term sub-decadal signals in climate variability may be affecting the patterns
of marine mammal occurrence in the Southwester Atlantic Ocean. It is important to emphasize
that biological response to short and medium term signals in climate variability may be the
best opportunity to explore how biological communities respond to changes [80]. Continued
beach surveys are essential to evaluate trends in fishing-related mortality and to further explore
the relationships between species distribution patterns and oceanic processes at different time-
scales in the western South Atlantic.
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