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Abstract

On the basis of stable isotope analysis, we estimated the marine diet of the most abundant anadromous
salmonid species in Patagonian Atlantic basins. The results were coupled with bioenergetic and population
models to estimate the consumption of food by salmonids and was compared with that by seabirds, the most
abundant top predators in the area. Amphipods were the main salmonid prey, followed by sprat, silversides,
squid, and euphausiids. The total consumption, even assuming large anadromous salmonid populations,
represented , 5% of the total consumption by seabirds. We also identified the particular seabird colonies and
artisanal fisheries with which salmonid trophic interactions at a more local scale could be significant.

Freshwater salmonid populations have been established
in several river basins of the Southern Hemisphere, whereas
most worldwide attempts to establish anadromous popu-
lations have failed (Pascual and Ciancio 2007). Southern
Patagonia provides an exception to this rule: both Pacific
and Atlantic rivers have self-sustaining populations of
anadromous salmonids. Some species, such as Chinook
salmon (Oncorhynchus tshawytscha), are actively colonizing
rivers after introductions with established populations in
virtually all Pacific river basins and at least one Atlantic
river basin (Ciancio et al. 2005; Correa and Gross 2007).
Anadromous rainbow trout (Oncorhynchus mykiss, hereaf-
ter steelhead) and anadromous brown trout (Salmo trutta,
hereafter brown trout) are already established in Atlantic
Patagonian basins.

The effects of resident salmonid populations on receiving
freshwater communities have been studied in some depth in
places around the world (McDowall 2006), including
Patagonia (Aigo et al. 2008; Vigliano et al. 2009). Much
less is known about the ecological effects of anadromous
salmonids in marine habitats in general, and no information
is available for populations inhabiting the southwestern
Atlantic Ocean. Anadromous salmonids are highly valued,
both as recreational and commercial species, but are also top
predators that could affect host communities. Because of
their complex life cycle, anadromous species could project
their effects to native communities in rivers, lakes, and
marine areas. Salmonid smolts are prey of other fish and
seabirds during their initial entry to the ocean but rapidly
grow to become top predators. Considering that salmonids
have high feeding rates (Quinn 2002), the prey consumed by
salmonids at sea, and in particular in confined areas such as
fjords or estuaries, could exert considerable predation
demand on localized food resources.

Anadromous salmonids could compete for food with
other upper trophic level predators in the Atlantic
Patagonian Shelf. Stable isotope analysis revealed that
steelhead showed the same trophic level as other macro-
zooplankton feeders in this ecosystem, including the
rockhopper penguin (Eudyptes chrysocome). Brown trout
and Chinook salmon fed at the same trophic level as the
piscivorous Magellanic Penguin (Spheniscus magellanicus),
feeding mainly on schooling fish such as sprat and
silversides (Ciancio et al. 2008b). In the present work, we
focused on potential competition between trout and
seabird, because of their conservation concern, and
restricted feeding range and high food demand during the
breeding season.

During the past 20 yr, bioenergetics models have
provided an effective tool for quantifying trophic interac-
tions between predators and their prey (Ney 1993; Hartman
and Kitchell 2008). This tool has been used to evaluate
conservation and management questions regarding factors
limiting the production of fish populations (Hartman and
Margraf 1993), including the effects of nonnative species
(Ruzycki et al. 2003; Vigliano et al. 2009). Because these
models are based on energy balance equations, they are
frequently used to estimate consumption or growth for fish
while accounting for changes in body mass, thermal
experience, diet, and energy density of prey (Chipps and
Wahl 2008) and are less time consuming than traditional
methods. Species-specific models parameterized for salmo-
nids have been particularly successful at estimating
seasonal or annual consumption rates, with published
corroborations typically reporting predictions within 6
10% of independent estimates of consumption (Madenjian
et al. 2004).

In this work, we proposed to (1) describe the ontogenetic
marine dietary patterns of anadromous steelhead and
brown trout that spawn in Atlantic rivers basins of
Patagonia; (2) use population-specific data on diet, growth,
and thermal experience in bioenergetics models to estimate
their consumption of marine prey; and (3) compare
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consumption of shared marine prey resources between
seabird populations and anadromous steelhead and brown
trout.

Methods

Study area—For the present study, we chose the two
most abundant anadromous salmonid species that inhabit
Atlantic river basins in Patagonia and focused on the
biggest runs of these two species: steelhead from Santa
Cruz River (mean flow 5 700 m3 s21; 50uS) and brown
trout from Gallegos (38 m3 s21; 52uS) and Grande Rivers
(40 m3 s21; 54uS) (Fig. 1). We assumed that trout were
distributed over the Patagonian Continental Shelf (one of
the widest in the world) on the basis of several indicators:
both species have stable isotope signatures similar to other
predator species feeding over this area (Ciancio et al.
2008b) and are enriched compared with off-shelf top
predators (e.g., female elephant seals; Lewis et al. 2006),
both species have a short migration to the ocean (on
average 6 months for the Santa Cruz river steelhead;
Pascual et al. 2001; Table 1), brown trout is considered a
species that remains close to the estuaries (Elliott 1994),
and, finally, no marine catches of brown trout have been
reported further than 50 km from the estuary in 10 yr of
fisherman surveys (Ciancio 2009). Considering this, we

assumed a potential marine distribution for steelhead to be
located within shelf waters with sea surface temperatures
(SST) of 6–14uC (Burgner et al. 1992; Welch et al. 1998)
during the warm period, October–March, when they
actively feed in the ocean. For brown trout, which typically
remain within 80 km of the estuary (Elliott 1994), we
assumed that their marine distribution was confined within
a 100-km radius around the outflow of natal rivers (Fig. 1).

Sample collection—During 2001–2006, we sampled 55
adult steelhead from the Santa Cruz River and brown trout
from the Gallegos River (14 adults) and Grande River
(eight adults) using a combination of rod and reel, gill nets,
and electrofishing. Fork length (FL) and mass of adult fish
were recorded, except in the Grande River, where FL was
back-calculated from scale measurements and body mass
estimated from a length–weight regression for Grande
River trout (O’Neal et al. 2007). The estimated initial and
final weights-at-age for each year of marine growth were
used as inputs for bioenergetics model simulations of
marine consumption described below.

We focused on five primary prey species (amphipods
Themisto gaudichaudii, euphausiids Euphausia lucens, small
and large sprat Sprattus fuegensis, silverside Odontesthes
smitti, and Patagonian longfin squid Loligo gahi) on the
basis of a multiple step analysis. First, potential prey in the

Fig. 1. Potential distribution area of steelhead and brown trout, seabird colonies, and
sampling locations. The hypothesized marine distribution for steelhead consists of waters with
average sea surface temperature within the range 6–14uC between October and March. Potential
distribution areas for brown trout consist of the area with a 100-km radius around the outflow of
natal rivers. Sea bird colonies: PD, Puerto Deseado; SJ, San Julián; ML, Monte León; CV, Cabo
Vı́rgenes; TF, Tierra del Fuego Island; SI, Staten Island.
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Atlantic Ocean were selected after a bibliographic review of
preferred marine food items of trout in other regions of the
world and prey distribution in the water column in
Patagonia (Ciancio et al. 2008b; Ciancio 2009). Second,
the spatiotemporal overlap between prey distribution and
the potential distribution of trout on the Continental Shelf
was examined, discarding prey that did not overlap with
the hypothesized trout distribution (Ciancio 2009). Finally,
we considered the stomach contents of a few brown trout
captured at sea (M. Amaya pers. comm.; D. Fernandez
pers. comm.). The spatiotemporal overlap analysis was also
done to detect seabird colonies with potential trophic
interactions with trout (Ciancio 2009). Prey were captured
between October and March by commercial trawlers and
artisanal fishermen and during austral research cruises of
the Instituto Nacional de Investigación y Desarrollo
Pesquero (INIDEP; Fig. 1).

Stable isotope analysis and diet determination—Approx-
imately 50 g of dorsal muscle (or muscle from the head in
the case of the Grande River fish) was extracted from each
individual trout and preserved frozen during transport to
the laboratory. For ecotype and age determination, scales
were removed from both sides of the fish from an area
located below the anterior margin of the dorsal fin (for 10
Gallegos River brown trout, no scales were collected). Fish
were assigned to resident and anadromous ecotypes on the
basis of scale growth patterns and stable isotope signatures
(Ciancio et al. 2008a), which allowed us to discard resident
fish from the diet analysis.

Stable isotope analysis for C and N was conducted on
dorsal muscle from trout and from whole prey organisms.
Samples were dried at 60uC for 48 h and ground to a fine
powder. To avoid bias in 13C determination, lipids were
extracted on samples with high lipid content (i.e., sprat and
salmon caught in the ocean). All samples were analyzed for
C and N content and stable isotopic signatures at the Stable
Isotope Facility, University of California, Davis. The stable
isotope ratios were expressed as d values as %: dX 5
[(Rsample/Rstandard) 2 1] 3 1000, where X is 13C or 15N and R
is the corresponding ratio 13C : 12C or 15N : 14N. Standards
used were Vienna Peedee belemnite for C and N2 for N.

We used the software IsoSource to estimate marine diet
along the ontogeny of trout (Phillips and Gregg 2003). The
software estimates the frequency of proportions of the
collection of prey that satisfy the observed mixing
conditions of the isotopic signatures. To run the model,
we used published stable isotope concentrations of trout
and prey in previous articles (Ciancio et al. 2008a,b) plus
those generated during the present study. Sprat are the
most abundant pelagic forage fish species in the area
considered; size classes are geographically segregated
(Sánchez et al. 1995) and have distinct stable isotopic
signatures. For these reasons, sprat were separated into two
size classes (small sprat , 90 mm FL; and large sprat .
90 mm FL). We first ran the model with the six prey
categories and discarded those prey that showed low
proportion in diet (, 5%).

Diet composition inputs for bioenergetic simulations of
marine consumption by steelhead were expressed as the

median diet proportions with 5% and 95% percentiles
resulting from the isotope mixing model (Fig. 2). Both age-
3 and age-4 steelhead showed the same stable isotope
signatures, so their diets were grouped together. Diets for
older age classes were analyzed separately. Coastal
silversides were excluded as prey for bioenergetic simula-
tions of steelhead consumption because the mixing model
indicated they contributed , 5% of the diet.

Diets for brown trout were combined for the Gallegos
and Grande Rivers and were analyzed by size classes
instead of by age because scales were not available to age-
10 individuals from Gallegos River (Fig. 3). Euphausiids
were not included in the brown trout model because the
mixing model indicated they were a small proportion of the
diet. The offshore distribution of euphausiids (Sabatini et
al. 2004) was somewhat spatially segregated from the more
coastal distribution of brown trout; moreover, euphausiids
represented a low proportion of the marine diet for brown
trout from other regions of the world (Knutsen et al. 2001;
Rikardsen and Amundsen 2005).

Bioenergetic modeling—We used population-specific
data on annual marine growth increments, diet (from
stable isotopes), and energy density as inputs to the
Wisconsin bioenergetics model (Hanson et al. 1997) to
estimate consumption of marine prey by steelhead and
anadromous brown trout. This model has been widely used
on fish populations, as reported in more than 250 scientific
publications (Hartman and Kitchell 2008). Physiological
parameters for steelhead were taken from the default values
in the Wisconsin software (Rand et al. 1993) and from
Dieterman et al. (2004) for brown trout (brown trout is not
included in the set of species available in the software
menu). Age-specific daily rates of consumption (g d21) for
all prey were computed. For steelhead, model runs began in
the spring (months 9, 10, or 11, depending on age class;
Table 1) and started in late winter for brown trout (month
8; Table 1). Daily consumption rates of individuals of each
age class were expanded to population-level consumption
estimates using initial abundance estimates for each age
class, which were reduced by the daily mortality rate
throughout the simulation. Indigestible proportions used
for prey were 15% for crustaceans, 3% for fish, and 1% for
cephalopods (Hanson et al. 1997).

Energy density—The energy density (ED, J g21 wet
weight) of prey and consumers was estimated by bomb
calorimetry (Parr model 1241). Brown trout ED was
estimated by the relationship between ED and percent
dry mass (Ciancio et al. 2007). ED of trout entering the
ocean was estimated from fish at the end of the spawning
season (remaining eggs were removed before ED estimation
on females), and ED of returning fish was estimated from
fish from the main run.

Life histories—Populations (age structure and survival;
Table 1) and growth data were taken from our own
database, Grupo de Estudios de Salmónidos Anádromos
(GESA), for steelhead, from the Dirección de Pesca y
Actividades Portuarias de Santa Cruz database for the
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Gallegos river brown trout, and from information provided
by Sarah O’Neal (Flathead Lake Biological Station,
University of Montana) for the Grande River fish. The
modeled age classes were selected from life history patterns
observed for these populations. Santa Cruz River steelhead
have a dominant life history type (90%) that spends 2 yr in
freshwater before migrating to the ocean as smolts. Brown
trout have a more complex life cycle. Gallegos River brown
trout exhibited four life history types, with the dominant
strategies spending 2 (66%) or 3 yr (17%) in freshwater.
Brown trout from the Grande River exhibited the same
dominant life histories but different proportions (54%, 2 yr;
33%, 3 yr, in freshwater).

Growth—The growth achieved during the annual ocean
feeding migration was estimated by subtracting the mass of
spawners at the end of the spawning season (used as the
initial mass) from the mass of the next older age class at the
beginning of the spawning run. Because of the extended
spawning period for brown trout, the time spent in
freshwater was unknown, so the difference between mean

body masses of consecutive age classes was used to estimate
marine growth. Body mass of the age-2 or age-3 smolts was
inferred from resident fish of the same age (Table 1).

Survival—Annual survival rates were estimated from the
age class structure (Chapman and Robson 1960) found in
the databases mentioned above for the three populations.
Mortality rates of Santa Cruz steelhead were similar to
those estimated for steelhead for lakes Ontario and
Michigan (Rand et al. 1993; Table 1).

Population sizes—Abundance estimates only exist for
brown trout in the Grande River. With the use of mark
recapture methods, O’Neal et al. (2007) estimated that a
population of 55,000 anadromous adult brown trout
recruited to the sport fishery (95% CI between 44,700 and
71,400 individuals). Assuming a marine mortality rate of
58% (the same as for the next age) during their first year at
sea, these adults should have originated from a population
of 17,183 age-2.1 (first value represents the number of years
[2] spent in freshwater, second value is the number of

Table 1. Parameters used for bioenergetics simulations of the marine growth phase for different life history types and ages of anadromous
steelhead and brown trout. Ages are presented as years in freshwater.saltwater. ED, energy density (J g21 wet wt); S, survival (annual %); N,
duration of the marine growth phase (d). 13C and 15N are stable isotope concentrations of C and N, respectively. Marine temperatures are
average monthly thermal experiences (uC); temperatures are only presented for months when fish were in marine waters. Prey diet proportions
and prey energy density are expressed on a wet weight base. Values in first row of diet proportion section indicate energy density (left) and
stable isotopes (right) (13C; 15N) of prey. Species river combinations: STSc, steelhead Santa Cruz River; BTGa, brown trout Gallegos River;
BTGr, brown trout Grande River. Prey species: Euph., euphausiids; Amphip., amphipods; Sprat s., small sprat; Sprat l., large sprat.

Sp. and
river

Age
(yr.yr)

Initial
weight (g)

Final
weight (g)

Initial
ED

Final
ED S (%) 13C 15N N (d)

Marine temperature (uC)

1 2 3 4 5 6 7 8 9 10 11 12

STSc 2.1 40 931 4793 8125 27 219.7 14.9 240 10 11 10 10 9 6 8 9 9
STSc 2.2 890 2083 5398 8125 27 219.7 14.9 210 10 11 10 10 8 9 9
STSc 2.3 1702 3503 6512 7999 30 220 14.9 150 10 11 10 9 9
STSc 2.4 2605 4243 6996 8728 67 219.5 15 150 10 11 10 9 9
STSc 2.5 3514 4586 6900 9178 60 219.9 15.4 150 10 11 10 9 9
STSc 2.6 4273 5150 6900 9178 60 219.9 15.4 150 10 11 10 9 9
STSc 2.7 4482 6050 6277 9178 60 219.9 15.4 150 10 11 10 9 9
STSc $9 4373 5975 5940 9178 60 219.9 15.4 150 10 11 10 9 9
BTGa 2.1 40 840 4631 7610 39 218.3 16.2 450 12 13 12 11 10 4 3 6 6 8 12 12
BTGa 2.2 840 2568 5479 7610 39 218.3 16.2 210 12 13 6 6 8 12 12
BTGa 2.3 2568 5212 5479 7610 39 217.4 16.2 210 12 13 6 6 8 12 12
BTGa 2.4 5212 5831 5479 7610 36 217.4 16.2 210 12 13 6 6 8 12 12
BTGa 2.5 5831 6635 5479 7610 76 217.4 16.2 210 12 13 6 6 8 12 12
BTGa 3.1 547 1050 4631 7610 39 218.3 16.2 450 12 13 12 11 10 4 3 6 6 8 12 12
BTGa 3.2 1050 2750 4790 7610 39 218.3 16.2 210 12 13 6 6 8 12 12
BTGa 3.3 2750 3304 4790 7610 76 217.4 16.2 210 12 13 6 6 8 12 12
BTGr 2.1 40 1999 4631 7610 42 218.3 16.2 450 12 12 11 11 10 4 2 5 5 6 11 12
BTGr 2.2 1999 2843 4790 7610 42 218.3 16.2 210 12 12 5 5 6 11 12
BTGr 2.3 2843 4411 4790 7610 42 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 2.4 4411 5031 4790 7610 42 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 2.5 5031 6691 4790 7610 36 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 2.6 5031 6970 4790 7610 11 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 2.7 5031 6970 4790 7610 11 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 3.1 200 2151 4631 7610 43 218.3 16.2 450 12 12 11 11 10 4 2 5 5 6 11 12
BTGr 3.2 2151 2921 4790 7610 43 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 3.3 2921 3858 4790 7610 43 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 3.4 3858 5089 4790 7610 25 217.4 16.2 210 12 12 5 5 6 11 12
BTGr 3.5 5089 7286 4790 7610 25 217.4 16.2 210 12 12 5 5 6 11 12
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annual growing seasons [1] spent in the ocean) and 15,900
age-3.1 smolts, which, combined with the returning
anadromous adults, reached a total population of 88,183
individuals. For the bioenergetic simulations, we assumed
the following population abundance scenarios: low
(10,000), medium (50,000), and large (100,000) total
anadromous population sizes, separately, for each steel-
head and brown trout population (Table 2). Bioenergetics
simulations provide annual population-level consumption
on each major prey type during marine growth. Consump-
tion estimates are reported for the marine growth period of
each age class.

Thermal experience during marine residence—The marine
growth period varied among species and age classes,
ranging from 5 to 12 months (Table 1). For steelhead, the
upstream spawning migration peaked during March, and
adults typically remained in freshwater 3–7 months during
fall–winter before returning to sea during September–
November. The younger age-3 (2.1) and age-4 spawners
(2.2) remained for longer periods at sea with shorter

overwintering periods in freshwater (Riva-Rossi et al.
2007). Brown trout exhibited a more extended spawning
run, starting in November and ending in April (O’Neal et
al. 2007; M. Amaya pers. comm.). Both brown trout
populations remained in marine waters for a whole year
after their first migration to the ocean (Table 1). For
steelhead, we used monthly preferred temperatures of the
species in the North Pacific Ocean (Burgner et al. 1992;
Welch et al. 1998). To estimate brown trout thermal
experience, we used the average monthly temperature from
the potential distribution area postulated above, obtained
from SST maps (Fig. 1; Table 1).

Marine consumption by seabirds—We compiled data on
breeding population size, diet, and foraging areas of
seabird colonies from the Santa Cruz Province, Tierra del
Fuego and Staten Islands (Table 3). We estimated the
consumption for colonies of the most abundant seabirds
(Magellanic penguin; rockhopper penguin; imperial cor-
morant, Phalacrocorax atriceps; and rock cormorant,
Phalacrocorax magellanicus) during the breeding season

Diet proportion

Euph. Amphip. Squid Sprat s. Sprat l. Silverside

2507 (220.1;8.5) 3107 (220.9;10.5) 4952 (218.5;14.7) 4607 (220.1;12.8) 8418 (219.5;13) 4571 (215.2;17.1)

0.01 0.65 0.04 0.22 0.08
0.01 0.65 0.04 0.22 0.08
0.04 0.52 0.09 0.19 0.15
0.04 0.51 0.07 0.24 0.13
0.15 0.27 0.12 0.26 0.19
0.15 0.27 0.12 0.26 0.19
0.15 0.27 0.12 0.26 0.19
0.15 0.27 0.12 0.26 0.19

0.59 0.03 0.03 0.06 0.27
0.59 0.03 0.03 0.06 0.27
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.59 0.03 0.03 0.06 0.27
0.59 0.03 0.03 0.06 0.27
0.22 0.18 0.17 0.23 0.18
0.59 0.03 0.03 0.06 0.27
0.59 0.03 0.03 0.06 0.27
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.59 0.03 0.03 0.06 0.27
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18
0.22 0.18 0.17 0.23 0.18

Table 1. Extended.
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with foraging areas that overlapped potential trout
distribution areas. Wilson et al. (2007) estimated daily
requirements of 664 g of food for a Magellanic penguin
breeding two chicks at Cabo Vı́rgenes. Brown (1989)
estimated a daily consumption of 530 g for rockhopper
penguins breeding at the Prince Edwards Islands. We used
these estimates to calculate the total amount of food
consumed by the birds breeding along the coast. We
assumed that the cormorants consumed the same fraction
of their body mass per day as estimated for the penguins
during egg incubation (12% of body mass) and during
chick rearing (18% of body mass). The daily ingestion was
estimated as 198 g for rock cormorant and 165 g for
imperial cormorant during egg incubation, 284 g for rock
cormorant and 287 g for imperial cormorant during chick
rearing (average body mass from Punta et al. [2003]).
Consumption was estimated by adding up adult daily food
requirements over the incubation period, plus daily food

requirements during chick rearing over the rearing period
(Frere 1993; Frere et al. 2005; Raya Rey 2005).

Results

Steelhead diet—We found ontogenetic changes in the diet
of steelhead, which agreed with general patterns described for
salmonids (Keeley and Grant 2001; Fig. 2). The contribution
of macrozoplankton (euphausiids and amphipods) in the diet
declined with age, from a median value of 66% of the diet for
age-3 and age-4 individuals to 42% for age-7 and older
individuals. Coastal zooplankton (amphipods) eaten by
younger steelhead were replaced by euphausiids that
inhabited offshore waters in the diet of older fish. Sprat of
all sizes increased from 30% to 45% and became the
dominant prey in the diet of older steelhead. Small sprat
were the dominant prey eaten by all ages, but the proportion
of large sprat increased with age (8–19%). Consumption of

Table 2. Total consumption (3 103 kg yr21) by prey item for three abundance scenarios of trout and for the three river populations
(brown trout in Grande and Gallegos; steelhead in Santa Cruz). The population levels (N) indicated in the first column represent different
abundance scenarios for smolts + adults for each of the three river populations.

N Squid Silversides Sprat, small Sprat, large Amphipods Euphausiids Total

10,000 11.8 19.2 20.5 17.6 67.0 1.8 148.1
50,000 59.0 96.4 102.6 88.1 335.4 9.3 690.8
100,000 118 192.8 205.2 176.2 670.8 18.6 1381.6

Table 3. Population numbers (N, number of pairs), total consumption (C, 3 103 kg), diet proportions of prey (by weight), prey
biomass (3 103 kg) consumed by seabirds for prey items that were also eaten by trout, and prey stocks. Trout consumption is assuming
population sizes of 50,000 individuals per river. References (Ref.) are: (a) Wilson et al. 2005, (b) Raya Rey 2005, (c) Scolaro et al. 1999,
(d) Frere 1993, (e) E. Frere pers. comm., (f) mean proportion between M. León and C. Vı́rgenes colonies, (g) Schiavini et al. 2005, (h)
Millones et al. unpubl., (i) Ferrari et al. 2004, (j) Arkhipkin et al. 2004, (k) Sánchez et al. 1995. Prey: SF, sprat; OS, silverside; LG,
Patagonian longfin squid; TG, amphipods; and EL, euphausiids.

Region/sp./colony N C

Diet proportion of prey Prey consumption (3 103 kg)

Ref.SF OS LG TG EL SF OS LG TG EL

Santa Cruz province

Rockhopper penguin 180 16 0.4 0.4 0.2 7 7 3 e
Magellanic penguin

Deseado-S. Julián 98,190 7038 0.4 0.2 0.2 2745 1267 1337 a,d
Santa Cruz River-M. León 99,200 7111 0.3 0.7 36 1849 5148 c
R. Gallegos 3560 255 0.5 0.4 0.1 128 102 25 f
Cabo Vı́rgenes 89,200 6394 0.65 0.35 0.1 4156 1598 511 a,c,d

Imperial cormorant 19,238 496 0.15 0.31 0.53 74 154 262 h,i
Rock cormorant 1513 39 0.3 12 h,i

Del Fuego Staten islands

Rockhopper penguin 174,000 7924 0.1 0.3 0.1 0.1 792 2219 436 872 b
Magellanic penguin 120,919 8667 0.3 0.5 2600 4334 g
Imperial cormorant 16,485 425 0.15 0.31 0.53 64 132 225 h,i
Rock cormorant 2191 56 0.3 16.9 h,i

Total birds 624,496 38,406 10,601 5102 14,092 442 875
Brown trout/Gallegos River 195 45 45 19 85
Brown trout/Grande River 223 54 51 23 94

Steelhead/Santa Cruz River 273 90 17 156 9

Total trout 690 190 96 59 335 9
Prey stock 320,000 30,000 j,k
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longfin squid was low for all age groups (4–12%), but the
proportions increased in the diets of older steelhead.

Brown trout diet—Amphipods (60%) and coastal silver-
sides (27%) dominated the diet of smaller brown trout
(400–700 mm), whereas sprat (9%) and squid (3%) were less
important (Fig. 3). The diet of larger brown trout (.
700 mm) was dominated by sprat (small and large, 40%)
and similar proportions of silversides (19%), amphipods
(22%), and squid (18%).

Consumption of marine prey by trout—For a given
population size, steelhead consumed more food than brown
trout (273 3 103 kg yr21 for a population of 50,000
steelhead compared with 195 3 103 kg consumed by a
similar population of brown trout from the Gallegos River,
and 222 3 103 kg consumed by a similar population of
brown trout from the Grande River; Fig. 4; Table 2). These
differences resulted from several features of the model

simulations: brown trout consumed prey with higher ED
and digestibility (thus requiring less food to attain a given
growth rate) and exhibited a different age class structure
(Table 1) and different physiological parameters (Dieter-
man et al. 2004).

Under the medium-sized population scenarios (50,000
individuals per river), the total biomass consumed by the
three populations was 690 3 103 kg (Table 2). Amphipods
were the main prey, followed by sprat, then silversides,
squid, and euphausiids.

Consumption by different age classes showed similar
patterns between steelhead in the Santa Cruz River and
brown trout in the Gallegos River (Fig. 4). In both
populations, age-4 fish with 2 yr in freshwater (2.2) were
the age classes that consumed the most biomass of marine
prey (31% of the total biomass consumed by Santa Cruz
River steelhead and 30% of the total consumption by
Gallegos River brown trout). Age classes from 3- to 6-year-
old consumed the bulk of the total biomass in both

Fig. 2. Steelhead diet inferred from a stable isotopes mixing model. Values are the median
and the 5% and 95% percentiles predicted by the model. Tolerances between 0.001 and 1.000 were
used (Phillips and Gregg 2003).
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population (91% of total biomass consumed by Santa Cruz
River steelhead and 88% for Gallegos River brown trout).

Brown trout from Grande River showed a different
pattern. Fish with 2 yr in freshwater and 1 yr of marine
growth (2.1) and fish with 3 yr in freshwater and 1 yr of
marine growth (3.1) were the age classes that consumed the
most biomass of marine prey. Remaining age classes with
2 yr in freshwater exhibited very similar marine consump-
tion rates (Fig. 4). Fish with 3 yr in freshwater and more
than 2 yr of marine growth consumed a small fraction of
the total consumption by the population.

Diet and consumption of seabirds—An estimated 624,496
seabird pairs breed in the area of interest (Table 3). The
most abundant species were Magellanic penguin (411,069
pairs), rockhopper penguin (174,180 pairs), imperial
cormorant (35,723 pairs), and rock cormorant (3704 pairs).

As revealed by the bibliographic review, Magellanic
penguins fed on similar proportions of sprat, silversides,
and squid in the northern area (Fig. 1; Table 3). In the
central area (Cabo Vı́rgenes colony), sprat were the
primary prey, and squids were the main prey in the
southern colony (Staten Island). Rockhopper penguins fed
mainly on larval sprat, macrocrustaceans, and zooplankton
in the north, whereas squid were the main prey in the south.

Diets of imperial and rock cormorants in the north
consisted mainly of notothenids and squid, but the rock
cormorant fed more frequently on coastal prey (Table 3).
In the central area, the imperial cormorant fed on
notothenids, squid, sprat, and silversides.

From the seabird species identified as potential compet-
itors of trout, Magellanic penguin were the main predator
in the area, consuming 25,836 3 103 kg yr21 (37% sprat,
19% silversides, and 44% squid). Second in order was the

Fig. 3. Brown trout diet inferred from a stable isotopes mixing model. Values are the median
and the 5% and 95% percentiles predicted by the model. Tolerances between 0.001 and 1.000 were
used (Phillips and Gregg 2003).
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rockhopper penguin, which consumed 4335 3 103 kg (18%
sprat, 51% squid, 10% amphipods, and 20% euphausiids).
Imperial cormorants were the third greatest consumers, but
consumed far less than penguins (912 3 103 kg: 15% sprat,
31% silversides, and 53% squid). Rock cormorants
consumed the least amount of food, 29 3 103 kg (100%
squid). For the marine prey resources shared by birds and

trout, birds consumed large quantities of squid (14,092 3
103 kg), sprat (10,601 3 103 kg), and silversides (5102 3
103 kg), but far less biomass of zooplankton (euphausiids
and amphipods).

In terms of overall average consumption across all species,
age groups, and ranges, the total amount of food consumed
by the three trout populations of 50,000 individuals each
represented only 2.3% of the total biomass consumed by
birds, suggesting a low potential for competition by the trout
on the birds. Only amphipods were consumed at comparable
levels by birds and trout. For the other prey types
considered, trout consumption was never higher than 2%
of the amount consumed by birds (Table 3). However, when
examined in a more spatially explicit context, if we consider
the consumption by trout in close proximity to bird colonies,
then some potential competition scenarios could occur. Such
is the case of brown trout feeding on silversides, restricted to
coastal areas.

Discussion

Our simulations indicated that the total biomass of shared
marine prey resources consumed by trout represented a small
fraction of the biomass consumed by birds and also
represented a very small fraction of the available prey
biomass. For example, the total biomass of sprat consumed
by trout represented only 0.05% of available biomass (3.2 3
108 kg; Sánchez et al. 1995; Table 3). Amphipods were the
only prey in which similar amounts were consumed by birds
and trout, presenting a potential competition scenario for this
prey. However the high abundance of amphipods in the
region (densities have been reported in this region as high as
3.5 g m23; Grande Bay, Sabatini et al. 2004) decreases the
chances for this to occur. Amphipods are the main prey for
the most abundant commercial fish and squid. Common
hake Merlucious hubbsi alone consume 8 3 109 kg of
amphipods and euphausiids in this region (Prenski and
Angelescu 1993). The continental Patagonian longfin squid
stock has been estimated at 3 3 107 kg (Arkhipkin et al. 2004;
Table 3); seabirds consume nearly half of this stock (1.4 3
107 kg), potentially reducing squid densities around colonies.
No biomass estimates are currently available for silversides,
but regarding their restricted distribution to coastal waters
(first 5 km from the coast), their abundance should be lower
than the other prey considered, making this prey a candidate
for potential competition and localized depletion.

Considering more localized competition based on
specific species or locations, steelhead consumed more
food than brown trout, but their zooplanktophagous
feeding patterns and broader distributional range at sea
could dilute their effects on marine ecosystems. In contrast,
brown trout were a more typical coastal species, remaining
in brackish waters in relatively close proximity to the
estuary (Elliott 1994). Gallegos and Grande River brown
trout could potentially consume nearly 100 3 103 kg yr21

of silverside, several times the amount of fish captured by
artisanal fishermen or nearly the same amount of
silversides consumed by penguins from a breeding colony
in the Gallegos River estuary (102 3 103 kg; Table 3).
Other potential effects were the consumption of pelagic

Fig. 4. Overall biomass consumed annually by 50,000
individuals of each of the three trout populations considered.
Freshwater.marine ages, indicated as different life history stages,
are indicated on the x-axis.
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larvae of species in estuarine or coastal waters. Salmonid
smolts remained in confined waters before their offshore
migrations. Smolts and juveniles could feed on larvae of
important economic resources such as king crabs (Lithodes
santolla and Paralomis granulosa), potentially affecting the
recruitment of this species.

Bioenergetic modeling scenarios are especially sensitive to
estimates of annual survival, growth, and population
abundance (Rand et al. 1993; Hartman and Kitchell 2008).
We considered that our major sources of uncertainty in the
population-level consumption estimates were related to the
abundance estimates of the trout. For this reason, we
postulated three population size scenarios. Even considering
the highest abundance for the three trout populations
(100,000 individuals), total consumption represented less than
the 5% of the total biomass consumed by birds. We were able
to estimate trout growth during marine migration with
different accuracy for each population. We used our own
large database for steelhead, selecting only fish that just
arrived from the ocean (fish that have not been starving in
freshwater). However, we estimated brown trout growth from
body mass reported by sport anglers. Because we did not
know the duration of the time spent in freshwater by fish, we
used the difference between mean body mass values of
subsequent ages. Consumption by brown trout could have
been underestimated if either the initial mass was overesti-
mated or the final mass was underestimated in the simulation.

To run the bioenergetics model, we assumed several
behaviors for trout at sea (Hartman and Kitchell 2008).
Whereas we consider seasonal changes in thermal experi-
ence by trout, we assumed a constant temperature
experience throughout the day. Many salmonids perform
daily vertical migrations in marine environments (Rikard-
sen et al. 2007; Walker et al. 2007) to follow prey, escape
predators, or improve digestion efficiency. In the Patago-
nian Continental Shelf during the summer months, trout
that migrated to deeper and colder waters could experience
temperature changes, which could change the consumption
estimates presented here.

Bioenergetic models often ‘‘borrow’’ energy density
values from prey and predators from related species
(Johnson et al. 2006; Vatland et al. 2008), incorporating
an important source of error (Ney 1993; Hartman and
Kitchell 2008). For our model inputs, both prey and
predator energy densities were estimated by direct bomb
calorimetry or by water content on tissues (Ciancio et al.
2007), reducing the potential error from the use of energy
densities of related species.

The results presented in this work indicate that at the
actual population numbers of trout are not important over
all trophic players at the scale of the Patagonian
Continental Shelf and might not be a threat, either as
predators or as competitors. Further analysis will be
needed to consider local effects in more restricted areas,
including diet preferences of particular seabird and trout
species and more realistic spatiotemporal dynamics of prey
and potential competitors.

Here, we described a first attempt to estimate the effects
of prey consumption by introduced steelhead and brown
trout in the ocean. The methods described provide the basis

for future studies with other anadromous species that are
expanding in the region, such as Chinook salmon. Chinook
salmon populations are steadily expanding along the
Pacific Coast of Patagonia (Correa and Gross 2007), being
the most successful anadromous salmonid to invade and
establish populations in rivers in the Southern Hemisphere.
Chinook salmon also exhibit high growth and consumption
rates. The effect of this species in the Southern Oceans
remains unknown, this work constitutes a framework for
future studies on the effects of expanding populations of
exotic trout and salmon in Patagonia.

Acknowledgments
We thank F. Botto and O. Iribarne for stable isotope analysis.

C. Riva Rossi, M. Garcı́a Asorey, A. Liberoff, and P. Fernandez,
Estancia San Ramón, and S. A. Harengus helped us with sample
collection.

This work was supported by grants from the Universidad
Nacional de la Patagonia Austral (research project 29-B056) and
Agencia Nacional de Promoción Cientı́fica y Tecnológica (02-
11818) to M.P., and from the Universidad Nacional de Mar del
Plata and Fundación Antorchas (53900-13) to O.I. The Fulbright
Foundation supported D.A.B.’s involvement in this paper. The
Washington Cooperative Fish and Wildlife Unit is jointly
supported by the U.S. Geological Survey; University of Wash-
ington, Washington Departments of Ecology, Fish and Wildlife,
and Natural Resources; U.S. Fish and Wildlife Service; and the
Wildlife Institute. We thank two anonymous reviewers for
valuable criticism and comments on the manuscript.

The use of trade, product, or firm names in this publication is
for descriptive purposes only and does not imply endorsement by
the U.S. Government.

References

AIGO, J., AND oTHERS. 2008. Distribution of introduced and native
fish in Patagonia (Argentina): Patterns and changes in fish
assemblages. Rev. Fish Biol. Fish. 18: 387–408, doi:10.1007/
s11160-007-9080-8

ARKHIPKIN, A. I., R. GRZEBIELEC, A. M. SIROTA, A. V. REMESLO, I.
A. POLISHCHUK, AND D. A. J. MIDDLETON. 2004. The influence
of seasonal environmental changes on ontogenetic migrations
of the squid Loligo gahi on the Falkland shelf. Fish.
Oceanogr. 13: 1–9, doi:10.1046/j.1365-2419.2003.00269.x

BROWN, C. R. 1989. Energy requirements and food consumption
of Eudyptes penguins at the Prince Edward Islands. Antarct.
Sci. 1: 15–21, doi:10.1017/S0954102089000040

BURGNER, R. L., J. T. LIGHT, L. MARGOLIS, T. OKAZAKI, A. TAUTZ,
AND S. ITO. 1992. Distribution and origins of steelhead trout
(Oncorhynchus mykiss) in offshore waters of the North Pacific
Ocean. Int. North Pac. Fish. Comm. Bull. 51: 1–92.

CHAPMAN, D. G., AND D. S. ROBSON. 1960. The analysis of catch
curve. Biometrics 16: 354–368, doi:10.2307/2527687

CHIPPS, S. R., AND D. H. WAHL. 2008. Bioenergetics modeling in
the 21st century: Reviewing new insights and revisiting old
constraints. Trans. Am. Fish. Soc. 137: 298–313, doi:10.1577/
T05-236.1

CIANCIO, J. E. 2009. Oceanic distribution, trophic ecology, and
potential impacts of exotic salmonids in the Atlantic
Patagonian Continental Shelf. Ph.D. thesis. Univ. Nacional
del Comahue, Bariloche, Argentina.

———, M. A. PASCUAL, AND D. A. BEAUCHAMP. 2007. Energy
density of patagonian aquatic organisms and empirical
predictions based on water content. Trans. Am. Fish. Soc.
136: 1415–1422, doi:10.1577/T06-173.1

2190 Ciancio et al.

http://dx.doi.org/10.1007%2Fs11160-007-9080-8
http://dx.doi.org/10.1007%2Fs11160-007-9080-8
http://dx.doi.org/10.1046%2Fj.1365-2419.2003.00269.x
http://dx.doi.org/10.1017%2FS0954102089000040
http://dx.doi.org/10.2307%2F2527687
http://dx.doi.org/10.1577%2FT05-236.1
http://dx.doi.org/10.1577%2FT05-236.1
http://dx.doi.org/10.1577%2FT06-173.1


———, ———, F. BOTTO, M. AMAYA-SANTI, S. O’NEAL, C. RIVA

ROSSI, AND O. IRIBARNE. 2008a. Stable isotope profiles of
partially migratory salmonid populations in Atlantic rivers of
Patagonia. J. Fish Biol. 72: 1708–1719, doi:10.1111/j.1095-8649.
2008.01846.x

———, ———, ———, E. FRERE, AND O. IRIBARNE. 2008b.
Trophic relationships of exotic anadromous salmonids in the
southern Patagonian Shelf as inferred from stable isotopes.
Limnol. Oceanogr. 53: 788–798.

———, ———, J. LANCELOTTI, C. M. RIVA ROSSI, AND F. BOTTO.
2005. Natural colonization and establishment of a Chinook
salmon (Oncorhynchus tshawytscha) population in the Santa
Cruz River, an Atlantic basin of Patagonia. Environ. Biol.
Fish. 74: 217–225, doi:10.1007/s10641-005-0208-1

CORREA, C., AND M. R. GROSS. 2007. Chinook salmon invades
southern South America. Biol. Invasions 10: 615–639,
doi:10.1007/s10530-007-9157-2

DIETERMAN, D. J., W. C. THORN, AND C. S. ANDERSON. 2004.
Application of a bioenergetic model for brown trout to
evaluate growth in southeast Minnesota streams [Internet].
St. Paul (MN): Minnesota Department of Natural Re-
sources Investigation Report 513; 2004 Nov [accessed 2010
August 1]. 27 p. Available from http://files.dnr.state.mn.us/
publications/fisheries/investigational_reports/513.pdf

ELLIOTT, J. M. 1994. Quantitative ecology and the brown trout.
Oxford Univ. Press.

FERRARI, S., B. ALEGRE, AND P. GANDINI. 2004. Imperial
cormorant (Phalacrocorax atriceps) diet in southern Santa
Cruz (Patagonia, Argentina). Ornitol. Neotrop. 15: 113–110.

FRERE, E. 1993. Reproductive biology of Magellanic penguin
(Spheniscus magellanicus) in Cabo Vı́rgenes colony. Ph.D.
thesis. Universidad de Buenos Aires.

———, F. QUINTANA, AND P. GANDINI. 2005. Patagonian coast
cormorant: Population status, ecology and conservation.
Hornero 20: 35–52.

HANSON, P. C., T. B. JOHNSON, D. E. SCHINDLER, AND J. F.
KITCHELL. 1997. Fish bioenergetics 3.0. University of Wis-
consin Sea Grant Institute, WISCU-T-97-001.

HARTMAN, K. J., AND J. F. KITCHELL. 2008. Bioenergetics
modeling: Progress since the 1992 symposium. Trans. Am.
Fish. Soc. 137: 216–223, doi:10.1577/T07-040.1

———, AND F. J. MARGRAFF. 1993. Evidence of predatory control of
yellow perch (Perca Flavescens) recruitment in Lake Erie, U.S.A.
J. Fish Biol. 42: 109–119, doi:10.1111/j.1095-8649.1993.tb00414.x

JOHNSON, R. L., S. C. BLUMENSHINE, AND S. CAGHLAND. 2006.
Bioenergetic analysis of factors limiting brown trout growth
in an Ozark tailwater river. Environ. Biol. Fish. 77: 121–132,
doi:10.1007/s10641-006-9059-7

KEELEY, E. R., AND J. W. A. GRANT. 2001. Prey size of salmonid
fishes in streams, lakes, and oceans. Can. J. Fish. Aquat. Sci.
58: 1122–1132, doi:10.1139/cjfas-58-6-1122

KNUTSEN, J. A., H. KNUTSEN, J. GJOSAETER, AND B. JONSSON. 2001.
Food of anadromous brown trout at sea. J. Fish Biol. 59:
533–543, doi:10.1111/j.1095-8649.2001.tb02359.x

LEWIS, R., T. C. O’CONNELL, M. LEWIS, C. CAMPAGNA, AND A. R.
HOELZEL. 2006. Sex-specific foraging strategies and resource
partitioning in the southern elephant seal (Mirounga leonina). P.
Roy. Soc. Lond. 273: 2901–2907, doi:10.1098/rspb.2006.3642

MADENJIAN, C. P., D. V. O’CONNOR, S. M. CHERNYAK, R. R.
REDISKE, AND J. P. O’KEEFE. 2004. Evaluation of a Chinook
salmon (Oncorhynchus tshawytscha) bioenergetics model.
Can. J. Fish. Aquat. Sci. 61: 627–635, doi:10.1139/f04-033

MCDOWALL, R. M. 2006. Crying wolf, crying foul, or crying
shame: Alien salmonids and a biodiversity crisis in the
southern cool-temperate galaxioid fishes? Rev. Fish Biol.
Fish. 16: 233–422, doi:10.1007/s11160-006-9017-7

NEY, J. J. 1993. Bioenergetics modeling today—growing pains on
the cutting edge. Trans. Am. Fish. Soc. 122: 736–748,
doi:10.1577/1548-8659(1993)122,0736:BMTGPO.2.3.CO;2

O’NEAL, S. L., J. A. STANFORD, AND A. L. LIBEROFF. 2007.
Population status and ecology of brown trout: Rio
Grande, Tierra del Fuego, Argentina, 2007 season [Inter-
net].Polson (MT): The University of Montana Flathead Lake
Biological Station report 198-07; 2007 Oct [accessed 2010
August 1]. 30 p. Available from http://www.umt.edu/FLBS/
Research/_ResearchAssets/RioGrande%2007%20report.pdf

PASCUAL, M. A., P. BENTZEN, C. RIVA ROSSI, G. MACKEY, M. T.
KINNISON, AND R. WALKER. 2001. First documented case of
anadromy in a population of introduced rainbow trout in
Patagonia, Argentina. Trans. Am. Fish. Soc. 130: 53–67.

———, AND J. E. CIANCIO. 2007. Introduced anadromous
salmonids in Patagonia: Risk, uses, and a conservation
paradox, p. 333–353. In T. M. Bert [ed.], Ecological and
genetic implications of aquaculture activities. Springer.

PHILLIPS, D. L., AND J. W. GREGG. 2003. Source partitioning using
stable isotopes: Coping with too many sources. Oecologia
136: 261–269, doi:10.1007/s00442-003-1218-3

PRENSKI, L. B., AND V. A. ANGELESCU. 1993. Trophic ecology of
the common hake (Merluccius hubbsi) in the continental shelf.
Annual food consumption by stocks and its relation to
exploitation of multispecific fisheries. Instituto Nacional de
Investigación y Desarrollo Pesquero (INIDEP) Scientific
document. 1.

PUNTA, G. E., P. M. YORIO, G. HERRERA, AND J. R. C.
SARAVIA. 2003. Temporal patterns in the diet and food
partitioning in the Imperial Cormorants (Phalacrocorax
atriceps) and the Rock Shag (P. magellanicus) breeding at
Bahia Bustamante, Argentina. Wilson Bull. 115: 308–316,
doi:10.1676/02-119

QUINN, T. P. 2002. Behavioral ecology of Pacific Salmon.
American Fisheries Society and Univ. of Washington
Press.

RAND, P. S., D. J. STEWART, P. W. SEELBACH, M. L. JONES, AND L.
R. WEDGE. 1993. Modeling steelhead population energetics in
lakes Michigan and Ontario. Trans. Am. Fish. Soc. 122:
977–1001, doi:10.1577/1548-8659(1993)122,0977:MSPEIL.

2.3.CO;2
RAYA REY, A. N. 2005. Trophic ecology of Eudyptes chrysocome

chrysocome in the austral ocean. Ph.D. thesis Univ. de Buenos
Aires, Buenos Aires.

RIKARDSEN, A. H., AND P. A. AMUNDSEN. 2005. Pelagic marine
feeding of Arctic charr and sea trout. J. Fish Biol. 66:
1163–1166, doi:10.1111/j.0022-1112.2005.00655.x

———, O. H. DISERUD, J. M. ELLIOTT, J. B. DEMPSON, J.
STURLAUGGSSON, AND A. J. JENSEN. 2007. The marine
temperature and depth preferences of Arctic charr (Salvelinus
alpinus) and sea trout (Salmo trutta), as recorded by data
storage tags. Fish. Oceanogr. 16: 436–447, doi:10.1111/j.1365-2419.
2007.00445.x

RIVA-ROSSI, C., M. A. PASCUAL, J. A. BABALUK, M. GARCÍA-ASOREY,
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