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1.  INTRODUCTION

Seabirds are important components in marine eco-
systems, where they play key roles as top predators
(Croxall 1987). Global annual food consumption by
seabirds is estimated to be 96.4 million t compared

with a total catch of nearly 120 million t for all marine
fisheries (Karpouzi et al. 2007). In addition, to maxi-
mize productivity, breeding seabirds require approx-
imately 1/3 of all forage fish or krill biomass during
their annual cycle (Cury et al. 2011). Seabirds are
highly mobile and conspicuous predators (Fau chald
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ABSTRACT: As top predators in marine environments, seabirds frequently respond to the presence
of their main prey, and both predators and prey are usually associated with specific environmental
features. We investigated the variability in the presence and density of flying seabirds (mostly
Procellariiformes and Charadriiformes) and Magellanic penguins Spheniscus magellanicus along
the southwestern (SW) Atlantic continental shelf. Five acoustic assessment surveys were con-
ducted to determine the biomass of the Argentine anchovy Engraulis anchoita, and seabird counts
and the collection of oceanographic data were conducted simultaneously with the surveys be -
tween June and October 2010. Generalized linear mixed models (GLMMs) were fitted to test the
effect of anchovy density and environmental variables on seabird density. Sea surface tempera-
ture was significant for the presence of flying seabirds. Bottom water temperature and anchovy
density were key variables affecting the presence and density of penguins, while bottom water
salinity was also important for penguin presence. Based on Akaike’s information criterion, the
most important factor explaining the density of flying seabirds was the difference between surface
and bottom salinity (ΔS), while for penguin density, the most important factor was anchovy den-
sity. These results highlight that the subtropical shelf front in the SW Atlantic Ocean is a key fea-
ture influencing the aggregation of flying seabirds and confirm the close association of penguins
and anchovies. Bottom water intrusion, originating from the sub-Antarctic shelf water, is an
important factor explaining the presence of penguins, which tend to aggregate in areas with high
anchovy densities on the SW Atlantic continental shelf.
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2009) found in most trophic food webs, ranging from
the small storm-petrels that feed on surface zoo-
plankton to gannets and penguins that catch pelagic
fish and squid and further to gulls and albatrosses
that predominantly scavenge the remains of dead
animals (Shealer 2001). As endothermic organisms,
seabirds have a high and constant energy demand
and, combined with their high mobility, can be ex -
pected to show a strong aggregative response
toward concentrations of prey (Fauchald 2009). To
increase their foraging success, predators search for
areas with high prey density (Sih 1984, 2005). Sea-
birds use a combination of visual and olfactory cues
to detect patches of prey (Nevitt 1999), either detect-
ing a patch of prey directly or joining a flock of other
seabirds that has already found a patch (Au & Pitman
1986, Goyert et al. 2014). This behavior produces a
highly aggregated spatial distribution of predators
(e.g. Davoren et al. 2003, González-Solís & Shaffer
2009, Santora et al. 2017). In turn, the distribution of
prey is related to physical factors of the environment,
such as the  presence of oceanographic fronts and
stratification of the water column. These oceano-
graphic features en hance prey availability to sea-
birds (Tremblay et al. 2009) and therefore indirectly
influence the distribution of birds in the marine
 environment.

The temporal covariance in predators and their
prey suggests that seabirds can be used as indicators
of forage fish population fluctuations (Cury et al.
2000, Piatt et al. 2007, Carvalho & Davoren 2019).
The small pelagic fishes of the genus Engraulis are
foraging species that support the world’s largest fish
catch (FAO 2018). Seabird fluctuations are closely re -
lated to temporal changes in fish abundance, as doc-
umented for E. ringens in Peru (Bertrand et al. 2012,
Boyd et al. 2015) and E. capensis in South Africa
(Crawford & Dyer 1995, Crawford 1998, Crawford
et al. 2011, 2018, 2019). In the southwestern (SW)
Atlantic Ocean, the Argentine anchovy E. anchoita is
a key species and a link from secondary consumers
to top predators (Velasco & Castello 2005), including
seabirds. This anchovy is widely distributed over the
continental shelf in the SW Atlantic Ocean, from Rio
de Janeiro, Brazil (22° S), to San Jorge Gulf, Argen -
tina (47° S) (Hansen 2004, Castello 2007). Although
abundant in the region (Hansen 2000, Madureira et
al. 2009), this species is underexploited in Argentina
(Hansen et al. 2014) and not exploited in Brazil, but it
is an important component of the seabird diet (Sco-
laro et al. 1999, Alfaro et al. 2011, Mariano-Jelicich et
al. 2011, Marques et al. 2018). This research was part
of a project that asses sed the anchovy production

chain in Brazil, from the availability of the resource to
tests for its introduction into school meals. 

The community of pelagic birds in Brazilian waters
is dominated by seasonally migrant species that do
not breed in the country, including at least 10 alba-
trosses (Diomedeidae) and 32 petrels (Procellariidae,
Hydrobatidae and Pelecanoididae; Piacentini et al.
2015). A seabird hotspot is located (Daudt 2019) in
southern Brazilian waters, in an area with high
anchovy density (Lima & Castello 1995, Costa et al.
2016). In addition, the presence of migratory birds
from Antarctica, sub-Antarctica, Patagonia and New
Zealand in the winter is suggested to be due to the
intrusion of the Malvinas Current, which is important
in supplying resources including squid and fish such
as anchovy (Neves et al. 2006).

The potential for commercial exploration of an -
chovies in southern Brazil, as well as an increase in
catches in Argentina, could lead to a reduction in
stocks. This has happened with stocks of other forage
fishes in Brazil (Matsuura 1996), Peru (e.g. Bertrand
et al. 2012) and South Africa (Crawford 1998), among
other places, with detrimental effects for seabird
populations (Crawford 1998, Bertrand et al. 2012).

To understand the processes underlying the ob -
served distribution and abundance of birds at sea, it is
essential to investigate the physical regime that re -
sults in either the passive accumulation of prey or the
increased production of prey, including the amount
and type of prey present and its availability (Hunt
1990). However, simultaneous measurements of hy-
drographic structure and processes, as well as the dis-
tribution and abundance of both predators and their
prey, are a challenge for researchers, and it is usually
not possible to obtain a complete suite of these data.
Acoustic methods for measuring the abundance of
fish and zooplankton have made it possible to investi-
gate the synoptic spatial distribution of seabirds and
their prey along ship transects (e.g. Hunt 1990, Reid et
al. 2005, Santora et al. 2009). Acoustic surveys also al-
low for the collection of in situ data of static and dy-
namic physical measures, which act as proxies for the
presence and abundance of seabirds.

Here, we carried out sequential acoustic surveys
on the SW Atlantic Ocean continental shelf to esti-
mate Argentine anchovy biomass in the early winter
and late spring, with seabird counts, acoustic data
and hydrographic data obtained simultaneously. We
hypothesized that sub-Antarctic cold water has a
positive impact on the presence of seabirds over the
southern Brazilian shelf in the winter and spring be -
cause of both patterns in anchovy abundance and the
potential for associated hydrographic fronts to make
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prey more readily available. Little is known about
seabird links to oceanography in this large marine
ecosystem.

2.  MATERIALS AND METHODS

2.1.  Study system

The southern Brazilian shelf is under the influence
of 2 important hydrographic systems, the Brazil/
Malvinas Confluence and Rio de La Plata discharge
(Möller et al. 2008; Fig. 1). The major boundary cur-
rents in the SW Atlantic Ocean, derived by open ocean
circulation, are dominated by the opposite flows of the
Brazilian (subtropical) and Falkland/ Malvinas (sub-
Antarctic) Currents (Castro-Filho & Miranda 1998).
Both currents meet at approximately 36° S (Olson et
al. 1988). The southern Brazilian shelf area is affected
by seasonal changes in the latitudinal position of the
border of the Brazil/Malvinas Confluence.

The major freshwater inflow into the western South
Atlantic Ocean is associated with Rio de La Plata dis-
charge, which is on average approximately 23 000 m3

s−1. At a smaller scale, the Patos-Mirim Lagoon
system located at 32° S discharges on average ap-
proximately 2000 m3 s−1 (Zavialov et al. 2003). These
freshwater inflows induce a large-scale buoyant
plume that extends beyond 1000 km from the estuar-
ies during the winter. In response to this continental
runoff, between 30° and 36° S, sub-Antarctic and sub-
tropical waters are frequently capped by a low-salin-
ity layer, referred to as Plata plume water (Möller et
al. 2008). The subsurface layers underneath and off-
shore of the Plata plume are occupied by 2 distinct
water masses: cold-fresh sub-Antarctic shelf water
(SASW), derived from the Patagonia continental
shelf, and warm-salty subtropical shelf water (STSW),
primarily influenced by the Brazilian Current (Piola
et al. 2000). A sharp thermohaline transition between
SASW and STSW, referred to as the subtropical shelf
front (STSF), runs approximately southwards from
the inner shelf off Rio Grande, Brazil, as an extension
of the sub-Antarctic subtropical transition and is ob-
served at the Brazil− Malvinas Confluence over the
continental shelf (Piola et al. 2000).

The intrusion of the SASW over the shelf, as well as
the Rio de La Plata and Patos Lagoon runoff, induces
substantial primary productivity, mainly in the inner
and mid shelves (Ciotti et al. 1995, Piola et al. 2000,
Möller et al. 2008). These conditions favor the occur-
rence of pelagic and demersal fishes (Haimovici et al.
1989), making this area one of the most important
fishing grounds in Brazil. Environmental conditions
on the southern Brazilian shelf are favorable for sea-
birds due to the high availability of prey for many
coastal and pelagic species (Dias et al. 2017).

2.2.  Data acquisition

Five acoustic surveys were conducted onboard the
RV ‘Atlântico Sul’ along the Brazilian SW continental
shelf between June and October 2010 as part of a
project to estimate Argentine anchovy distribution
and biomass within an area from 31° 30’ to 33° 10’ S.
Transects were run from the 20 to 100 m isobaths,
with 15 nautical miles (n miles) between transects,
using a calibrated Simrad EK500 echo sounder oper-
ated at 38 kHz. Four oceanographic stations were
sampled along each transect using a conductivity,
temperature and depth output (CTD) Ocean Seven
316 (IDRONAUT), with temperature and salinity
measured from the sea surface to approximately 4 m
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Fig. 1. Currents and water masses in winter off southeastern
South America. BCC/RGC: Brazilian Coastal Current (Souza
& Robinson 2004)/Rio Grande Current (Zavialov & Möller
1998); BC: Brazilian Current; PC: Patagonian Current; MC:
Malvinas Current; SASW: Subantarctic Shelf Water; SAW:
Subantarctic Water; STSW: Subtropical Shelf Water; TW:
Tropical Water; PPW: Plata Plume Water (reproduction of
Fig. 14a of Möller et al. 2008). The area outlined in blue on
the main map corresponds to the area surveyed in this study
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above the bottom and distances be tween
stations less than 20 n miles (Fig. 2).

2.3.  Seabird counts

Seabirds were identified and counted
along all transects during daylight
hours. The seabird survey followed the
standard 300 m strip transect method
(Tasker et al. 1984) with the distance
de termined by the Heinemann (1981)
method. With the ship cruising at 10
knots along transects (Fig. 2), an ob -
server positioned on the fly bridge
recorded all seabirds in flight and pen-
guins within a 90° arc with a 300 m
radius spanning from the bow to the
ship beam on the side with the best vis-
ibility. Hand-held binoculars were used
to aid in species identification (Harrison
1985, Onley & Scofield 2007). The den-
sity in each count was expressed as the
number of ind. n miles−2 to compare
with anchovy density (t n mile−2). The
abundance of each seabird species per
survey was calculated as the mean
number of individuals multiplied by the
surveyed area (n mile2).

2.4.  Anchovy density estimates

Anchovy densities were estimated ac -
 cording to the standard hydro acoustic
method described by MacLennan &
Simmonds (1992). Acoustic back scat -
ter ing data, proportional to small
pelagic fish densities, were collected
for every 1 n mile elementary sampling
distance unit (ESDU) using Echoview
4.1 software. Nautical-area-backscat-
tering coefficients (sA) were processed
for every ESDU, from 3 m below sea
surface to 1 m above the seabed. Fol-
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Fig. 2. Survey design and distribution of sam-
pling stations along the transects. (A) June
and August; (B) August/September; and (C)
September and October. Top-right corner of
panel B highlights the inter-transect distance
applied to the biomass acoustic estimate
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lowing the postprocessing method, the nearest trawl
haul catch sampling data were allocated to every
ESDU. Theoretical target strength (TS) versus log−
length (Lt) relationships (TS = 20 log Lt − 70.9) were
used ac cording to MacLennan et al. (1998), aiming to
convert acoustical density data into biological den-
sity data. Based on a previous study (Madureira &
Rossi-Wongtschowski 2005, Bernardes et al. 2007)
and biological sampling, we are confident that the
bulk of the acoustic signals corresponded to the
Argentine anchovy, with limited (<10%) contribution
from other anchovies, largehead hairtail Trichiurus
leptu rus and others.

Anchovy biological densities (t n mile−2) were cal-
culated as:

ρ = Σ (sA/(4π σbs)). fi.Wi (1)

where σbs is the backscattering cross-section (σbs =
100.1×TS), fi is the frequency of the i th length class,
and Wi is the weight of the i th length class. Details on
the acoustic methods and data processing are given
by Costa et al. (2016).

2.5.  Oceanographic data

A minimum of 20 and a maximum of 32 oceano-
graphic stations were sampled during each of the 5
acoustic surveys (Fig. 2). Sea surface temperature
(SST) and sea surface salinity (SSS), as well as bottom
temperature and bottom salinity, were interpolated to
the central point of every n mile using the kriging
method along all transects with Surfer 11 software.
Kriging forms weights based on surrounding meas-
ured values to predict values at un measured locations
such that the closest measured values have the most
influence on the predicted value (Johnston et al.
2001). The weights of each measured value are
derived from the modeled semivariogram that
characterizes the spatial structure of the data.
Therefore, the weighting factor depends on the
semivariogram, the distance to the prediction
location and the spatial relationships among the
measured values in the vicinity of the prediction
location. The midpoints corresponded to the
middle positions (latitude and longitude) of the
ESDUs, from which the anchovy density values
were calculated. For every n mile, the difference
between the surface and bottom temperature
(ΔT) and salinity (ΔS) was calculated. The kriging
method was also used to map temperature and
salinity to compare them with the seabird distri-
butions within the surveyed areas.

2.6.  Statistical analysis

To explore potential relationships between seabird
densities (ind. n mile−2), environmental variables and
anchovy densities, generalized linear mixed models
(GLMMs) with hurdle (zero-altered, ZA) and zero-in-
flated (ZI) models for count data were fitted. Be cause
Magellanic penguins Spheniscus magellanicus and
flying birds have different capacities to move within
an area and potentially distinct strategies to locate
prey patches, seabirds were separated in these 2
functional groups. Both groups included anchovy
specialists, as demonstrated in the dietary studies of
Magellanic penguins in breeding (e.g. Yorio et al.
2017) and in nonbreeding (Marques et al. 2018)
areas, and South American terns Sterna hirundinacea
(Alfaro et al. 2011), as well as generalist species, such
as the common tern Sterna hirundo (Bugoni & Vooren
2004) and albatrosses.

Nine explanatory variables were analyzed as
potential predictors of seabird presence and abun-
dance: SST, bottom temperature, SSS, bottom salin-
ity, depth (m), distance from the shoreline (n miles),
difference between surface and bottom temperature
(ΔT), difference between surface and bottom salinity
(ΔS) and anchovy density (Table 1). In both fitted
models, the survey, latitude and longitude were
added as random effects.

The hurdle model (ZA), also known as the 2-part
model (presence/absence and then count data) was
applied to the model including only flying seabirds.
The hurdle model was considered appropriate given
the ecological processes shaping the distribution of
flying seabirds: the ecological process resulting in
the absence of flying seabirds and, at those sites
where they are present, the process influencing the

Predictor                                             Mean ± SD       Min       Max

SST (°C)                                             14.43 ± 1.57      11.2       17.05
Bottom temperature (°C)                  14.51 ± 2.03      10.29     19.27
SSS                                                     29.22 ± 1.78      20.71     32.89
Bottom salinity                                   32.41 ± 2.34      25.27     36.09
ΔT                                                         1.39 ± 0.97        0            3.90
ΔS                                                       3.192 ± 2.11        0.07       7.11
Depth (m)                                           43.64 ± 21.87    13.02   104.45
Distance from the coast (n miles)     34.57 ± 20.18      3          88
Anchovy density (t n mile−2)             31.34 ± 106.55    0        935.04

Table 1. Summary of Argentine anchovy Engraulis anchoita and
environmental variables during 5 sea surveys conducted in 2010
on the southern Brazilian continental shelf. SST (SSS): sea surface
temperature (salinity); ΔT (ΔS): difference between surface and 

bottom temperature (salinity)
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number of flying seabirds. The binomial distribution
was used to model the presence and absence of sea-
birds, and a negative binomial distribution was used
for the count data under the hurdle scheme, as in
Balderama et al. (2016) and named as zero-altered
negative binomial (ZANB). The probability function
for the hurdle model was constructed as follows:

(2)
where y is the density of flying seabirds (birds n mile−2),
γ and β are regression parameters and the mean E
and variance (var) are given by:

(3)

where P0 is the probability that Yi = 0 and

(4)

The ZI model was applied to the penguin data be -
cause it was apparently not inflated. This model con-
siders that zeros can indicate absence because the
habitat is not good for penguins or it is difficult to
observe individuals during submergence periods.
Therefore, zero inflation was added to the negative
binomial model (ZINB) to fully account for zero
counts, effectively functioning as a mixture model
(Zeileis et al. 2007, Zuur et al. 2009) because the
zeros were modeled as coming from 2 different pro-
cesses: the binomial process and the count process.

The probability function of ZINB when Y is pen-
guin density is as follows:

(5)

(6)

and the mean and variance of penguins are given by:

(7)

(8)

A counting process was used for the models to esti-
mate the expected counts of seabirds (both groups),
which were fitted using the negative binomial (NB)
probability function, which is given by:

(9)
where y is the estimated seabird count (0, 1, 2, 3, …);

μ is the mean; k is the dispersion parameter; and Γ is
the gamma function defined as the factorial of some
nonnegative integer y. The mean and variance of y
are given by:

E(Y) = μ (10)

If k is large (relative to μ2), then the term μ2/k ap -
proximates 0, and the variance of Y is μ; in such cases,
the negative binomial converges to the Poisson dis-
tribution. The negative binomial was used be cause it
allows for overdispersion and has an in creased abil-
ity to handle excessive zeros (Hilbe 2011), as was the
case with this data set.

To select the best-fit model for flying birds and
penguins, pairwise correlations were used. A ma -
trix of pairwise correlations was generated and
fit to 8 possible models, including only expla -
natory variables with no collinearity, here de -
fined as r < 0.5. To assess the best fitted model,
Akaike’s in formation criterion (AIC) was used
(Akaike 1974). Eight fully saturated models were
fitted with all possible combinations based on the
lack of col linearity of variables. In the next step,
each variable was sequentially removed, first
from the count part and then from the binomial
part. AIC was then calculated. We tested 37 and
35 models on flying birds and penguins, respec-
tively (Tables S1 & S2 in the Supplement at www.
int-res. com/ articles/ suppl/  m651 p199_ supp. pdf). The
model with the smallest AIC was considered the
best model. The library ‘glmmTMB’ (Brooks et al.
2017) in the program R v.3.1.0 (R Core Team
2014) was used for model fitting.

3.  RESULTS

3.1.  Seabird assemblage and anchovy density

During the 5 surveys and 188 counts, a total of 18
seabird species were recorded. The 4 most frequent
taxa were the black-browed albatross Thalassarche
melanophris (35% frequency of occurrence), white-
chinned petrel Procellaria aequinoctialis (26%),
Magellanic penguin (24%) and terns Sterna spp.
(24%) (Table 2). These species were also the most
abundant (Table 2) and represented 78% of the 1305
seabirds counted. Magellanic penguins represented
29% of the birds counted, and all flying seabirds
together represented 71%.

During the 5 surveys from the early winter to
spring, environmental variability influenced anchovy
biomass and the abundance of seabirds (Fig. 3). A
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sharp change in the bottom temperature from June to
August was followed by an increase in anchovy bio-
mass, which was also reflected by an increase in sea-
bird abundance. In June, anchovy biomass was low,
and the abundance of flying seabirds and penguins
was also low. In the following survey (August), when
the presence of bottom cold water was detected
(Fig. 3), anchovy biomass increased 11 times, while
the abundance of flying seabirds increased twice and
penguin abundance 175 times (Table 3). The highest
abundance of flying seabirds was recorded in the
September survey, while in the October survey, sea-
bird abundance decreased to levels similar to those
observed in the June survey. This trend was also ob -
served for the anchovy biomass, which was reduced
by 26 and 47% (relative to the August survey) in the
September and October surveys, respectively.

3.2.  GLMM fitted models

Tables 4 & 5 show the results of the GLMM, illus-
trating that different variables were important for ex -
plaining the presence and density of flying seabirds
and penguins and notably that anchovy density was

significant only for penguins. All tested models and
their AICs, ΔAIC and weights are shown in Tables S1
& S2.

Different variables were important in explaining
the presence of flying seabirds (binomial portion of
the model) and the density of flying seabirds (count
portion of the model). The probability of the presence
of flying seabirds was higher with a higher SST
(Table 4, Fig. 4). Water stratification, in terms of tem-
perature (ΔT) and salinity (ΔS), were both significant
in explaining the density of flying seabirds. The ΔAIC
value associated with ΔS was higher than that associ-
ated with ΔT (Table 4), suggesting that stratification of
the water column, in terms of salinity, was more im-
portant than temperature. Furthermore, the coeffi-
cients of the variables were opposite: the negative co-
efficient for ΔT suggested that higher densities of
flying seabirds were expected in thermally homoge-
neous waters (ΔT < 1; Fig. 4), while the positive coeffi-
cient of ΔS suggested that waters with saline stratifi-
cation were favorable to flying seabirds (Table 4). In
the values predicted by the best-fit model, the effect
of ΔS was >6 (Fig. 4).

In the ZINB model fit to penguin data, the best fit
included 2 variables in common to both the count
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Species                                            Common name                              Frequency of             Mean              SD            n (%)
                                                                                                               occurrence (%)    (birds n mile−2)                    (N = 1305)

Pelagic seabirds                                                                                                                                                                       
Spheniscus magellanicus              Magellanic penguin                             24.47                     9.74              40.77          28.89
Procellaria aequinoctialis             White-chinned petrel                           25.53                     7.26              26.31          21.53
Thallassarche melanophris           Black-browed albatross                      35.11                     3.43                8.41          10.19
Thallassarche chlororhynchos       Atlantic yellow-nosed albatross          13.83                     1.99                7.89            5.90
Thallassarche sp.                            Albatrosses                                              5.85                     0.39                1.66            1.15
Daption capense                             Cape petrel                                             2.66                     0.18                1.16            0.54
Oceanites oceanicus                       Wilson’s storm-petrel                              3.72                     0.21                1.10            0.61
Macronectes giganteus                  Southern giant petrel                             2.13                     0.10                0.70            0.31
Macronectes halli                           Northern giant petrel                             0.53                     0.03                0.35            0.08
Macronectes sp.                              Giant petrels                                           1.60                     0.18                1.84            0.54
Puffinus puffinus                             Manx shearwater                                  12.77                     2.38              13.18            7.05
Ardenna gravis                               Great shearwater                                    5.85                     0.67                3.30            1.99
Stercorarius spp.                             Skuas and jaegers                                  3.72                     0.26                1.64            0.77

Coastal seabirds                                                                                                                                                                     
Sterna hirundo                                Common tern                                          1.06                     0.23                2.37            0.69
Sterna hirundinacea                       South American tern                              2.66                     0.21                1.31            0.61
Sterna trudeaui                               Snowy-crowned tern                              0.53                     0.03                0.35            0.08

Sterna spp.                                      Terns                                                      23.94                     5.99              24.84          17.78
Thalasseus maximus                      Royal tern                                                1.60                     0.31                3.57            0.92
Chroicocephalus maculipennis     Brown-hooded gull                                 1.60                     0.08                0.61            0.23
Larus dominicanus                         Kelp gull                                                  0.53                     0.03                0.35            0.08
Podicephorus major                        Great grebe                                             0.53                     0.03                0.35            0.08

Table 2. Frequency of occurrence, based on 188 counts, and relative abundance, based on the number of birds recorded, of
 seabird species observed during the 5 surveys in southern Brazil in 2010. The taxa most commonly recorded are highlighted 

in bold
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and binomial portions of the model, namely, anchovy
density and bottom temperature, respectively, while
bottom salinity was only important in explaining the
presence of penguins, not penguin density. The
largest ΔAIC values indicated that the anchovy den-
sity was more important in explaining penguin den-
sity and the bottom temperature was more important
in explaining the probability of absence of penguins
(Table 5). Furthermore, the positive coefficient of
anchovy density in the count data portion indicated
that higher penguin densities were related to higher
anchovy densities, with a positive effect of approxi-

mately 400 t n mile−2 and a maximum of approxi-
mately 800 t n mile−2 (Fig. 5). In the binomial portion,
the anchovy density had a lower ΔAIC value, and the
negative coefficient indicated a negative relationship
between anchovy density and penguin presence
probability.

Bottom water was also important in explaining the
presence of penguins. The probability of penguin
presence increased in cold bottom water, with the
largest salinity values registered in bottom water
(Fig. 5). This probability decreased in water with
temperatures higher than 14°C and salinities lower
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Fig. 3. (A) Distribution of the bottom temperature (°C) during each survey. Black dots indicate adult anchovy biomass estimates, ver-
tically integrating the water column sampled at 1 nautical mile (n mile) along-track intervals. White triangles represent the density of
flying seabirds (ind. n mile−2), and white squares represent penguin density (ind. n mile−2). (B) Variation in anchovy biomass and 

abundance of flying seabirds and penguins during the 5 surveys

Survey month             Date Depth (m)     Temperature (°C)      Salinity       Anchovy Absolute abundance
                                                       Min       Max        Mean ± SD        Mean ± SD   biomass (t)  estimated
                                                                                                                                         Total             Flying seabirds    Penguins

June                            22−29         11.3      117.0         16.7 ± 1.3           32.6 ± 1.9       72750                  113058             1537
August                        06−18         11.5      118.0         14.0 ± 2.0           32.2 ± 2.7       814016                  249524             269415
August/September    31−06         10.6      104.1         16.1 ± 1.3           33.5 ± 2.5       317354                  267260             64992
September                  16−26         12.4      122.8         14.2 ± 2.3           33.0 ± 1.8       599943                  621446             205693
October                      04–10         12.0      116.4         14.5 ± 1.6           32.2 ± 1.9       443069                  95222             38522

Table 3. Date, depth, temperature, salinity, anchovy biomass and abundance of flying seabirds and penguins (no. of individuals 
extrapolated for the sampled area) during each survey conducted in 2010 in southern Brazil

A
ut

ho
r c

op
y



Costa et al.: Seabirds in the southwestern Atlantic Ocean

than 33 in the bottom layer. These values are the lim-
its that classify the water mass (STSW, Möller et al.
2008). The significance of bottom temperature for
penguin density was lower (lower ΔAIC in count data
part of the model, Table 5), but the negative coeffi-
cient also indicated that cold bottom water had posi-
tive effects on penguin density.

4.   DISCUSSION

The relationship between sea-
birds, oceanographic features and
prey abundance has been widely
studied (e.g. Abrams 1985, Hunt
1990, Vilchis et al. 2006, Tremblay
et al. 2009); however, this is the
first study to examine the effects
of abiotic variables and prey den-
sity simultaneously with seabird
distribution and densities in the
SW Atlantic Ocean. The results
confirm the hypothesis that the
distribution of seabirds is related
to the cold sub-Antarctic waters
in the region and the associated
abundance of Argentine anchovy.
Our results also demonstrated the
variability in the occurrence and
density of seabirds between the
winter and spring. Part of this
variability could be due to the in-
trusion of cold, saline water, as
ob served during the August sur-
vey, which drove a sharp change
in the shelf environment, followed
by an increase in anchovy biomass
and seabird density in the area.

The flying seabird group was
composed mainly of coastal birds
such as terns and gulls, which
forage at sea and roost on
nearby beaches (Bugoni &
Vooren 2005), as well as pelagic
birds such as albatrosses, petrels
and shearwaters. Coastal birds
may detect prey aggregations
using visual cues, both by deter-
mining the direct location of
prey or identifying the active
presence of other subsurface
predators (large fish, seals,
whales, dolphins and even pen-
guins) that drive prey close to
the surface (Au & Pitman 1986,

Bugoni & Vooren 2004, Goyert et al. 2014). Pelagic
Procellariiformes may travel thousands of km during
their foraging flights and may use olfactory cues to
detect remote sources of food, such as zooplankton,
fish or squids, concentrated at fronts (Nevitt 1999).
It has been demonstrated here that flying seabirds
concentrate in areas such as fronts, where physical
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Count model                            Estimated           SE             Z             p         ΔAIC
                                                  coefficient

(Intercept)                                   2.6137          0.2625    9.9580   <0.0001        
ΔT                                                0.3579          0.1276    2.8040   0.0054  5.3487
DS                                               −0.2282          0.0588    −3.8790   0.0001  12.4167
Random effect                           Variance                                                            
Survey (Intercept)                       0.0669           0.2585                                          
Latitude (Intercept)                     0.5683           0.7538                                          
Longitude (Intercept)                  0.4069           0.6379

Presence/absence model        Estimated 
                                                  coefficient                                                        
(Intercept)                                   −7.7517          2.7288    −2.8410    0.0045         
SST                                              0.4513          0.1756    2.5690    0.0102    2.4117
Random effect                           Variance                                                            
Survey (Intercept)                  2.5920 × 10−6     0.0051                                          
Latitude (Intercept)               2.8910 × 10−2     0.5377                                          
Longitude (Intercept)            5.7640 × 10−3     0.2401

Table 4. Summary of the retained variables in the final zero-altered negative bino-
mial generalized linear mixed model (ZANB GLMM) for flying seabirds: the count
model and the presence/absence model. ΔAIC: difference (increase) in Akaike’s in-
formation criterion value when each variable is excluded from the model; ΔT (ΔS): 

difference between surface and bottom temperature (salinity)

Count model                         Estimated              SE             Z              p         ΔAIC
                                               coefficient

(Intercept)                                4.2493             1.3961    3.0440    0.0023         
Anchovy density                     0.0033             0.0010    3.3920    0.0007    8.8297
Bottom temperature                −0.1197             0.0999    −1.1980    0.0231    4.6703
Random effect                        Variance                                                               
Survey (Intercept)               0.0631 × 10−9   0.0794 × 10−4                                    
Latitude (Intercept)                  0.6940              0.8330                                          
Longitude (Intercept)         0.0285 × 10−6         0.0002
                                                                                                
Presence/absence model     Estimated                                                           
                                               coefficient
(Intercept)                                 3.7481              3.2910     1.1390     0.2548         
Anchovy density                     −0.0015             0.0014    −1.1130    0.2658    2.1703
Bottom temperature                 0.6517              0.1720     3.7890     0.0002   16.9297
Bottom salinity                        −0.3681             0.1227    −3.0010    0.0027    5.9297
Random effect                        Variance                                                               
Survey (Intercept)                    0.0097              0.0982                                          
Latitude (Intercept)            0.0512 × 10−7         0.0001                                          
Longitude (Intercept)         0.0159 × 10−7   0.0398 × 10−3

Table 5. Summary of the retained variables in the final zero-inflated negative bino-
mial generalized linear mixed model (ZINB GLMM) for the Magellanic penguin
Spheniscus magellanicus: the count model and the presence/absence model; other 

details as in Table 4
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conditions are favorable to the aggregation of their
prey.

Statistical models applied to our dataset high-
lighted the importance of saline stratification in the

area to the density of flying seabirds. This stratifica-
tion can be indicative of 2 well-defined fronts in the
region (Piola et al. 2000, 2008). The most intense
inner shelf front is not apparent in the temperature
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Fig. 4. Simulation models of the effect of the significant variables on flying seabirds as detected by the zero-altered negative
binomial generalized linear mixed model (ZANB GLMM). Each variable was simulated individually by fixing other variables. 
ΔT (ΔS): difference between surface and bottom temperature (salinity); the dashed lines represent the standard error (SD)

Fig. 5. Simulation models of the effect of the significant variables on Magellanic penguins as detected by the zero-inflated
negative binomial generalized linear mixed model (ZINB GLMM). Each variable was simulated individually by fixing other
variables. The dashed lines represent the standard error (SD). The shaded area corresponds to the interval of water mass in-
dices described by Möller et al. (2008) as sub-Antarctic shelf water (SASW [darker grey]: temperature [T] ≤ 14°C; 33.5 < salinity 

[S] ≤ 34.2) and Plata plume water (PPW [lighter grey]: T > 10°C; S ≥ 33.5)
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distribution and marks the offshore edge of the La
Plata River plume; the outer shelf front marks the
transition between diluted SASW and STSW. In the
austral winter, the SASW, derived from the northern
Patagonian shelf, extends to approximately 33° S
and forms a vertically coherent cold edge of low
salinity water that locally separates the fresher
inner shelf Plata plume water from the outer shelf
and the warm, salty water (STSW) derived from the
Brazilian Current and forms the STSF (Piola et al.
2000, 2008). Thus, as in any frontal region, the STSF
plays a key ecological role over the southern Brazil-
ian shelf (Acha et al. 2004, 2015, Muelbert et al.
2008). Fronts are usually vertically inclined inter-
faces between water masses with different proper-
ties, where nutrient-rich waters move up. It is well
known that high levels of phytoplankton biomass
and enhanced activity at high trophic levels are dis-
tinctive features of fronts (Le Fèvre 1986, Mann &
Lazier 2006). High food availability at fronts attracts
nekton (fish, squid and mammals), transferring
energy to higher trophic levels. The distribution of
seabirds and the structure of seabird assemblages
are influenced by the presence of fronts and the
physical structure of the ocean in several areas (e.g.
Schneider 1990, Bost et al. 2009, Scales et al. 2014),
as well as in southern Brazil.

The intensification of STSF in the winter at the
southernmost part of the Brazilian shelf appeared to
be responsible for the aggregation of flying seabirds
in regions with saline stratification, as reported for
other front systems, such as in the Bering Sea
(Kinder et al. 1983, Schneider et al. 1987, Russell et
al. 1999), southeastern Gulf of Alaska (O’Hara et al.
2006), Pacific Ocean off California (Ainley et al.
2009), western Atlantic Ocean off the southeastern
USA (Haney & McGillivary 1985), southeastern
North Sea (Garthe 1997) and in the Benguela Cur-
rent off southern Africa (Abrams 1985). SST is
reported as the most frequently tested variable to
explain spatial variability in seabirds (Tremblay et
al. 2009), and it is not surprising that in the current
study, we found a correlation between the presence
of flying seabirds and SST. The negative correlation
between the presence of flying seabirds and SST,
indicated by the model, can be attributed to the
northward flow of cold water from the Patagonian
shelf, enhanced by continental waters from the La
Plata River. Flying seabirds seem to follow this north-
ward flow, tracking cold and productive waters.
White-chinned petrels and black-browed alba-
trosses are the most abundant species in the study
area (Bugoni et al. 2008, Jiménez et al. 2009, 2011).

These seabirds are latitudinal migrants that nest on
sub-Antarctic islands during summer. At the south-
ern Brazilian shelf, the arrival of cold water
increased the species richness and abundance of
flying seabirds, while the high density of flying sea-
birds was associated with front regions. In addition,
flying seabirds can respond more quickly than pen-
guins to ephemeral oceanographic features, which
are key in the dynamic environment of the study
area. In contrast, penguins could potentially track
patches of their preferred prey for longer periods, in
addition to following the northward migration of
their key prey, the Argentine anchovy, from their
breeding grounds in Argentina to their wintering
grounds in southern Brazil (Marques et al. 2018).

Variables that best explained the density of pen-
guins differed from the variables explaining the den-
sities of flying seabirds, but both were associated
with the cold water present in the region. The intru-
sion of the cold, saline waters along the bottom layer,
as well as the anchovy densities, were related to high
penguin densities. Our results indicate that cold
water was important for the presence of both flying
seabirds and penguins, but bottom cold water intru-
sion was only significant for the presence and density
of penguins. Models that simulated changes in the
density of penguins highlighted that these birds in -
creased with high anchovy density. Our results also
demonstrated that the presence of penguins was sig-
nificantly associated with gradients of water temper-
ature and salinity within ranges that characterize the
SASW (Möller et al. 2008).

The Magellanic penguin is widely distributed
along the Atlantic coast of South America, breeding
from Peninsula Valdés (42° 04’ S) to Tierra del
Fuego (54° 54’ S) (Gandini et al. 1996). First-year
juveniles as well as adults migrate to lower latitudes
during the austral winter, reaching Brazilian waters
between 33° and 20° S (Sick 1997) eventually as far
north as 13° S (Williams 1995). Our results show a
gradual in crease in the density of penguins in
southern Brazilian coastal waters. In June, these
birds were almost absent in the study area, reached
their highest densities in August, and then de -
creased in September and October. The observed
penguin occupation of the southern Brazilian shelf
occurred simultaneously with the intrusion of bot-
tom cold, salty water, and both anchovy and pen-
guin densities showed synoptic fluctuations with
this water, as detected by the fitted models. Accord-
ing to model outputs, penguins aggregated at sites
with higher anchovy densities. The frequent strand-
ing of large numbers of juvenile, emaciated pen-
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guins onshore late in spring (Mäder et al. 2010)
could be associated with their inability to properly
track oceanographic conditions where the shoals of
the Argentine anchovy are concentrated.

The Argentine anchovy is the main food item of
Magellanic penguins during the breeding season in
Argentina (Scolaro et al. 1999, Wilson et al. 2005,
Yorio et al. 2017). Our results suggest that anchovies
can also be the most important food item for these
penguins in their wintering areas in southern Brazil,
as there was a strong association between penguin
numbers and anchovy biomass. Stomach contents of
adult Magellanic penguins incidentally killed in gill-
net fisheries in southern Brazil (Fogliarini et al. 2019)
revealed Argentine anchovy as the main prey (Mar-
ques et al. 2018). In line with the results of dietary stud-
ies (Marques et al. 2018), these results confirm earlier
anecdotal suggestions that Magellanic penguins
migrate northward following Argentine anchovy
schools.

5.  CONCLUSIONS

The oceanographic dynamics acting on the south-
ernmost sector of the Brazilian continental shelf
during the winter and spring directly or indirectly
influence the distribution of seabirds, whether they
are flying seabirds (e.g. albatrosses, petrels, shear-
waters and terns) or nonflying penguins. The occur-
rence of flying seabirds was related to a low SST,
and the aggregate, high-density flocks were associ-
ated with saline stratification, i.e. a high ΔS. The
subtropical shelf front in this region was thus con-
firmed as a key feature for the aggregation of flying
seabirds. The bottom cold water intrusion observed
in the surveyed area was an important factor for the
presence of penguins, which tended to aggregate in
areas with high anchovy densities. The seasonal
northward flow of cold water and Plata River dis-
charge into the southern Brazilian shelf provides
strong enrichment, reflected in high primary and
secondary production (Muelbert et al. 2008) and
higher densities of secondary consumers, such as
anchovies (Costa et al. 2016). High anchovy density
provides food sources for a range of higher trophic
level consumers, and this study confirms the impor-
tance of high anchovy density for penguins and
indicates the importance of anchovies for flying sea-
birds. The commercial exploitation of Argentine an -
chovy stocks in southern Brazil must account for the
importance of this re source to seabirds in an impor-
tant wintering area.
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