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ABSTRACT: Niche differentiation is a means by which species can coexist and avoid competition.
In marine food webs, large demersal fish often couple different trophic pathways and can be targets
of valuable fisheries. This is the case for long tail hake Macruronus magellanicus, Patagonian tooth-
fish Dissostichus eleginoides, southern blue whiting Micromesistius australis, and southern hake
Merluccius australis, which coexist in the southernmost region of the southwestern Atlantic Ocean.
In this study, C and N stable isotope and stomach content analyses were used to evaluate possible
niche partitioning among these 4 species. Long tail hake and southern blue whiting mainly eat
crustaceans, with great overlap in their diet spectra, but they differentiate in their spatial distribu-
tion. Southern hake and Patagonian toothfish mainly feed on fish, including the other 2 species,
and exploit prey from a broad spatial area. These results suggest a spatial compartmentation of the
food web at lower trophic levels, with demersal fish at the higher levels linking distant compart-
ments. Therefore, results of this study show similarities and differences among these 4 demersal
fish species, in the trophic and spatial dimensions of their niches, suggesting niche differentiation

and probably different roles in the food web.
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1. INTRODUCTION

Niche differentiation is a means by which organ-
isms avoid competition and is therefore a key de-
terminant for the coexistence of apparently similar
species (Chase & Leibold 2003). In the trophic
dimension, segregation can occur through the dif-
ferential consumption of prey items (i.e. resource
partitioning), the differential use of areas where
species feed or hunt (i.e. habitat partitioning), or
their differential timing of foraging peaks (daily or
seasonally, temporal partitioning; Schoener 1974).
This niche differentiation in coexisting species can
be the result of variable intrinsic ecological traits,
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which can reduce competition intensity (Pianka
1974), or differentiation can result from constraints
imposed by the presence of competitors (Ross 1986,
Gerking 1994). The understanding of niche par-
titioning or overlap among coexisting similar spe-
cies can be important to identify potential ecologi-
cal interactions.

Ecological interactions in the ocean are particu-
larly difficult to determine, and suitable comparisons
of diets of coexisting fish species can be a helpful
tool to identify possible competition or predator—
prey interactions (e.g. Sala & Ballesteros 1997, Bar-
bini & Lucifora 2012). Demersal fishes are intermedi-
ate predators and usually exhibit temporal and
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spatial variations in their diet (e.g. McClatchie et al.
1997, Connell et al. 2010, Dunn et al. 2010), changing
roles in their communities throughout their onto-
geny (e.g. Park et al. 2017, Hayden et al. 2019). Some
species change their trophic niche while growing by
substantially modifying their diet, while others
expand their trophic niche by incorporating new
items into their diet (Hammerschlag-Peyer et al.
2011). In boreal and temperate regions, large demer-
sal teleost fishes dominate and are typically slow-
growing generalist feeders (van Denderen et al.
2018), which can couple different trophic pathways.
Demersal fish species coexist and interact among
them, and given that they are usually targeted by
productive fisheries, it is essential to understand
their role and interactions within the food web to
include them in management considerations.

The southern tip of South America is inhabited by
several demersal fishes (Cousseau et al. 2020),
some of which are targeted by valuable fisheries
(e.g. Laptikhovsky & Brickle 2005, Tascheri et al.
2010, Alemany et al. 2014, Giussi et al. 2016a,b).
Long tail hake Macruronus magellanicus, Patago-
nian toothfish Dissostichus eleginoides, southern
blue whiting Micromesistius australis, and southern
hake Merluccius australis stand out in the catch
records of fleets operating in the southwestern
(SW) Atlantic Ocean between 34 and 58°S (e.g.
Wohler et al. 2004, Collins et al. 2010, Giussi et al.
2016a,b, Gorini & Lukaszewicz 2022). All species
extend their distribution from the southeastern (SE)
Pacific Ocean to the SW Atlantic Ocean, south of
Tierra del Fuego and around the Falkland/Malvinas
Islands (Wohler et al. 2004, Collins et al. 2010,
Giussi et al. 2016a,b). In the SW Atlantic Ocean,
the distribution of these 4 species is closely linked
to the sub-Antarctic waters of the Malvinas Current
(Wohler et al. 2004, Collins et al. 2010, Giussi et al.
2016a,b). South of 47°S, all 4 species are found on
the continental slope and shelf. However, there are
variations in the latitudinal and depth limits that
characterize each species. For instance, long tail
hake and southern hake are found at shallower
depths (50—800 and 100—400 m, respectively) than
the other species, and their southern distribution
does not extend beyond 56° S (Giussi et al. 2016a,b).
On the other hand, southern blue whiting and Pata-
gonian toothfish reach higher latitudes associated
with Antarctic waters and greater depths (100—800
m and 2000 m, respectively; Wohler et al. 2004,
Collins et al. 2010). Therefore, although the extent
and form of distribution differ among the 4 species
(Fig. 1), they coexist in the SW Atlantic Ocean.

The diets of these 4 demersal fish species in the SW
Atlantic Ocean show both differences and similar-
ities. The long tail hake and southern blue whiting
mainly feed on the same macro-zooplanktonic spe-
cies (Wohler et al. 2004, Brickle et al. 2009, Giussi et
al. 2016b). The long tail hake reaches greater size (up
to 110 cm total length; Giussi et al. 2016b) than the
southern blue whiting (up to 60 cm total length; Cas-
sia 2000), and it incorporates fishes and cephalopods
into its diet while growing (Brickle et al. 2009, Giussi
et al. 2016b). On the other hand, Patagonian toothfish
and southern hake are large species (maximum total
length = 200 and 100 cm, respectively), and both are
characterized as ichthyophagous (Giussi et al. 2016a,
Sallaberry-Pincheira et al. 2018, Troccoli et al. 2020),
although Patagonian toothfish also consume cephalo-
pods and macro-crustaceans (Sallaberry-Pincheira et
al. 2018, Troccoli et al. 2020). All studies on the diet of
these demersal fishes were performed encompassing
different areas and periods of time; and although
results suggest interspecific diet overlap among
them, at least during some periods of their ontogeny,
this was not directly evaluated in the SW Atlantic
Ocean.

Stable isotope analysis (SIA) of C and N is a comple-
mentary tool to evaluate hypotheses on predator
feeding behavior (e.g. Peterson & Fry 1987, Post
2002). Values of 8N are indicators of the trophic
position of consumers, while §'3C values are useful in
determining the primary source of food webs (Peter-
son & Fry 1987, Post 2002, O'Reilly et al. 2003). Unlike
stomach contents that reflect diet over a short time
scale (hours or a few days) for a given location, SIA
allows the study of trophic relationships by integrat-
ing dietary information over relatively long time
periods (i.e. several weeks to months; Thomas &
Crowther 2015, Vander Zanden et al. 2015). In this
context, the 8'3C and 8'°N values can be used as the
main axes within the ecological niche defined by
Hutchinson (1957) in a 2-dimensional space called
the ‘isotopic niche' (Newsome et al. 2007, Jackson et
al. 2011). Isotopic niches are a good tool to compare
similar species that coexist but might have trophic or
habitat segregations avoiding competition (Newsome
et al. 2007). On the other hand, stomach contents pro-
vide accurate information on the identity of the prey
items consumed to determine the trophic spectra of
species (Baker et al. 2014). Therefore, in this study, we
comparatively evaluated, with stable isotopes and
stomach contents, whether there are differences in
trophic niches among 4 species of fish of commercial
interest that coexist in the SW Atlantic Ocean, from
~52 to ~56° S, during the warm season.
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Fig. 1. Study area in the southwestern Atlantic Ocean, geographic references, and circulation patterns. The violet area repre-

sents the zone where the 4 study species coexist, and stars are sampling stations. Dashed lines indicate the 100, 200, and 2000 m

isobaths, while arrows indicate the Malvinas Current (MC). Dotted rectangles represent the west (W) and east (E) zones. Small

maps show the sampling stations and distribution of each species: southern hake Merluccius australis (adapted from Giussi

et al. 2016a), Patagonian toothfish Dissostichus eleginoides (adapted from Collins et al. 2010), long tail hake Macruronus magel-

lanicus (adapted from Giussi et al. 2016b), and southern blue whiting Micromesistius australis (adapted from Wohler et al.
2004), provided by the Remote Sensing Program of INIDEP

2. MATERIALS AND METHODS
2.1. Study area

The study was performed in the southern portion of
the SW Atlantic Ocean between ~52 and ~56° S, from
130 to 1250 m depth. The area includes part of the Pat-
agonian shelf and shelf break, and an area south of

Tierra del Fuego (Fig. 1). Samples of long tail hake,
Patagonian toothfish, southern blue whiting, and
southern hake were taken on commercial fishing ves-
sels by personnel of the Fisheries Research Assistants
Program of the National Institute for Fisheries
Research and Development (INIDEP, Argentina).
Sampling occurred between October (2016) and April
(2017), which is considered the ‘warm period' (Rivas
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& Pisoni 2010). All vessels used bottom trawls to fish
in the area for variable periods of time, throughout
the entire 24 h day, until the net was full.

2.2. Sample collection

Individuals of each species were collected (n = 96
long tail hake, 61 Patagonian toothfish, 53 southern
blue whiting, and 25 southern hake) and immediately
frozen (—20°C) to later perform SIA of C and N and
stomach content analysis. Total length (TL) to the
lower cm was recorded, and individuals were classi-
fied into juveniles or adults according to their length
at maturity (TLso; long tail hake = 58 cm, Giussi et al.
2016b; Patagonian toothfish = 82 cm, Prenski &
Almeida 2000; southern hake = 59 cm, Giussi et al.
2016a; southern blue whiting = 38 cm, Pajaro & Mac-
chi 2001).

2.3. Sample preparation for SIA

A sample of dorsal muscle tissue was extracted from
each individual, dried in an oven (60°C for 72 h),
milled, weighed, and packed into tin capsules. Sam-
ples were later analyzed using a PDZ Europa ANCA-
GSL elemental analyzer interfaced to a PDZ Europa
20-20 isotope ratio mass spectrometer in the Stable
Isotope Facility, University of California, Davis
(USA). Stable isotopes were expressed in delta nota-
tion as differences (%o) from a standard:

BX = [(Rsample/Rstandard) - 1] x 1000 (1)

where Ry, Tefers to the ratio of heavy isotope to
light isotope ("*C/'2C and "'N/!*N), and Ryj,nqgara is the
Vienna Pee Dee Belemnite limestone standard for car-
bon or the atmospheric N, standard for nitrogen
(Gonfiantini 1978, Coplen et al. 1992).

To avoid bias in the interpretation of §'*C values
due to lipid content (Sweeting et al. 2006, Post et al.
2007, Logan & Lutcavage 2008, Matley et al. 2016,
Skinner et al. 2016), lipid correction was performed
for all species. For long tail hake and Patagonian
toothfish, which are species that accumulate high
lipid content in their muscle (C:N > 3.5), we used a
specific formula for correction. To perform this cor-
rection on Patagonian toothfish, a sample of muscle
tissue was taken in duplicate from 25 randomly
selected specimens to analyze C stable isotopes in
subsamples with and without chemically extracted
lipids following Elliott et al. (2017). A regression
model was adjusted to predict the A'3C (8'3C with —

813C without lipid) considering the C:N ratios as the
independent variable following Post et al. (2007). The
resulting equation is: 8Cyrected = 8 °Cuntreated — 2.52
+ 1.01 x C:N (see Fig. S1 in the Supplement at www.
int-res.com/articles/suppl/m739p191_supp.pdf). In
the case of long tail hake, the same correction was
previously performed on a subset of samples from this
same data set (Alvarez et al. 2022), resulting in the fol-
lowing equation: 8'°Cqrreciea = 0 Cuntroatea — 6.85 +
2.26 x C:N. In the case of southern blue whiting and
southern hake, no specific formula exists and there-
fore correction was performed following the equation
of Post et al. (2007).

2.4. Diet of fish

Stomach contents were extracted and analyzed
using the same individuals that were sampled for SIA.
Prey items were identified to the lowest possible tax-
onomic level by using identification keys, illustrative
guides, bibliographic background (e.g. Bremec et al.
2003, Roux et al. 2007, Xavier & Cherel 2009), and
consultations with specialists. Prey items were
counted and weighed to the nearest 0.001 kg. The
contribution of each prey to the diet was evaluated by
calculating the percentage frequency of occurrence
(%F = number of stomachs in which a given prey was
found/number of stomachs with food X% 100), the
numerical percentage (%N = number of a given prey/
number of total prey found x 100), and the percentage
of weight (%W = weight of a given prey/total weight
of prey found % 100). The index of relative importance
(IRI) was then calculated as: IRI = %F x (%N + %W)
according to Pinkas et al. (1971), expressed as a per-
centage (%IRI; Cortés 1997).

2.5. Statistical analysis
2.5.1. Size and species effects

In order to evaluate possible differences in §'3C and
8N among species and size, generalized linear
models (GLMs) were adjusted, taking 8'*C and 8N
as response variables and TL and species as continu-
ous and categorical independent variables, respec-
tively. A null model was included in the model selec-
tion approach to test the hypothesis that none of the
independent selected variables influenced the values
of 813C and 8"°N. All models had a Gaussian error dis-
tribution and identity link function (Crawley 2013).
Akaike's information criterion (AIC) and Akaike's
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weight (w) were used for model selection (Burnham &
Anderson 2002, Burnham et al. 2011). AIC values are
presented as AIC differences (AAIC). Goodness of fit
was assessed by the percentage deviance explained
(%DE). Predicted values of 8C and §'°N by the
adjusted models for specific values of TL (40, 60, and
80 cm) were calculated and compared among species.
For southern blue whiting, 80 cm was not considered,
given that this value is out of range of TL values of this
species. All model estimations and graphical repre-
sentations were performed with the packages 'ggef-
fects' and 'ggplot2' (Lidecke 2018) in R 4.3.1 (www.
R-project.org).

2.5.2. Isotopic niches

Isotopic niches were calculated for each species
and life stage. Isotopic niches were estimated for each
group as the bivariate ellipses on 83C and §!°N
dimensions using Bayesian estimates of standard
ellipse area (SEAg), calculated using the R package
'SIBER' (Jackson et al. 2011). SIBER Markov chain
Monte Carlo (MCMC) parameters used were 100 000
iterations, 1000 burn-in, 5% thinning, and 3 inde-
pendent chains. Coherence among chains was deter-
mined for each model parameter using a Gelman-
Rubin diagnostic of<1.1. The 95% credible intervals
of posterior distributions of SEAg, as niche width esti-
mates, were calculated for each group, and the
groups were considered different when no overlap
occurred among them. Percentage overlap of niche
space between groups was measured based on SEAg
using the 'bayesianOverlap’ function in the R pack-
age 'SIBER' (Jackson etal. 2011). The 95% confidence
intervals for SEAg overlap were estimated based on
the posterior distributions of the 0.4 and 0.95 fitted
ellipses, considered as the core isotopic niche and
complete isotopic niche respectively (Buss et al.
2022). The overlap between 2 groups was expressed
as the percentage of the area summing both groups,
with 100% indicating complete overlap and 0% indi-
cating complete segregation.

2.5.3. Mixing models

The relative contribution of the potential prey items
in the diet of juveniles and adults of each species was
assessed with a Bayesian stable isotope mixing model
using the 'MixSIAR' package in R (Stock et al. 2018).
Stable isotope values of the potential prey items were
taken from published data by Riccialdelli et al. (2020).

Those data come from samples that were taken
between 2013 and 2016 in areas near the study site.
They found that 8!3C and 8'°N of the potential prey
items differed among an area close to Burdwood Bank
(east of the study site, hereafter E zone; Fig. 1) and an
area close to the shelf and Tierra del Fuego (west of
the study site, hereafter W zone; Fig. 1). Given that
both zones are potential feeding grounds for the
demersal fish species, potential prey from both zones
were considered in the mixing model. The purpose of
this analysis is to determine the importance in the
diet of sources of different spatial origin. Given the
similarities in stable isotope values among the differ-
ent items (Riccialdelli et al. 2020), we were unable to
discriminate the particular items, but we could distin-
guish among 2 large groups: crustaceans and fishes/
squids. For crustaceans, mean values of the amphipod
Themisto gaudichaudii, euphausiids, and the squat
lobster Grimothea (= Munida) gregaria were consid-
ered. For fishes and squids, mean values of sprats,
myctophids, notothenids, and squids (Illex argentinus
in the W zone and Dorytheutis gahi in the E zone; Ric-
cialdelli et al. 2020) were used. Given that long tail
hake and southern blue whiting are potential prey
items for Patagonian toothfish and southern hake,
they were included in the mixing models. MixSIAR
models were run for each consumer with maturity
stage as a fixed factor (2 levels: juveniles and adults)
and uninformative priors. No specific trophic enrich-
ment factors (TEFs) exist for large demersal teleosts;
we therefore used classical values (1 and 3.4%. for
813C and 8N, respectively) but considering higher
variability (SD = 1 for both). The TEFs used encom-
pass the different values for teleost marine fishes from
recent reviews (from 2.5 to 3.8%, for 8°N and
between 0.5 and 1.6%, for 8'3C: Canseco et al. 2022,
Stephens et al. 2022, 2023). MCMC sampling was
conducted using 3 chains, a chain length of 100000,
and a burn-in of 50000. Convergence was examined
with Gelman-Rubin, Heidelberger-Welch, and Ge-
weke diagnostic tests.

3. RESULTS

3.1. Size and species effects on stable
isotope values

d13C values ranged between —21.7 and —15.8%,.
Southern blue whiting had the most depleted '*C
values, while long tail hake had the most enriched
ones. On the other hand, southern hake showed
higher 8'°N values (14.6 = 1.3%,), while southern
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blue whiting had the lowest §'°N values (10.9 = 0.7%.;
Table S1).

83C decreased with TL in Patagonian toothfish,
southern blue whiting, and long tail hake, but did not
vary with size in southern hake (Table 1, Fig. 2). The
rate of decrease was higher for Patagonian toothfish
and southern blue whiting compared to long tail hake
(Fig. 2). Predicted 8!3C values at all TL levels (40, 60,
80 cm) were higher in long tail hake
than in the other species (Table 2).
Southern blue whiting showed lower

juveniles and adults. The niche area was wider in
juveniles than in adults, and both groups showed 44 %
overlap (SD = 8%). On the other hand, southern blue
whiting showed wider niche isotopic area in adults
than juveniles, with an overlap of 30% (SD = 8%). Pat-
agonian toothfish did not show a difference in the
area but exhibited a 39% overlap (SD = 7%) between
juveniles and adults (Fig. 3; Table S2).

= DE = MeA = MiA = MM

values than the other species, while no -161
differences were found between Pata- —_
gonian toothfish and southern hake g\g_/_18—
(Fig. 2, Table 2). O

8!°N decreased with size in Patago- %O
nian toothfish and long tail hake, but -201
did not vary with size in southern blue
whiting and southern hake (Table 1, .
Fig. 2). At low values of TL, predicted 187
8"°N showed similar values for south- 164
ern hake, Patagonian toothfish, and \’§
long tail hake, and lower values for < 14
southern blue whiting (Table 2). On mZ
the other hand, at 60 and 80 cm TL, «© 121
all species showed different values
(Table 2). Southern hake had the high- 107
est values, followed by long tail hake, 20

Patagonian toothfish, and southern
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Total length (cm)

blue whiting (Table 2, Fig. 2).

3.2. Comparison of isotopic niches

Differences in isotopic niche areas
were found between long tail hake

Fig. 2. Generalized linear models (GLMs) with an identity link function and a
Gaussian error distribution, that explain 8'°C and §'°N values as a function of
total length for 4 studied demersal fish species in the southwestern Atlantic
Ocean. The solid line is the function estimated by the GLM, the dashed lines
represent 95% confidence intervals, and the circles represent point values. DE:
Patagonian toothfish Dissostichus eleginoides; MeA: southern hake Merluc-
cius australis; MiA: southern blue whiting Micromesistius australis; MM: long
tail hake Macruronus magellanicus

Table 1. Ranked generalized linear models for §'3C and 8'°N values of long tail hake Macruronus magellanicus, Patagonian

toothfish Dissostichus eleginoides, southern blue whiting Micromesistius australis, and southern hake Merluccius australis dor-

sal muscle. Models in bold indicate the top ranked model according to differences in Akaike's information criterion (AAIC),
AIC weights (w), and percentage of deviance explained (%DE)

Response Model df AAIC w %DE

(@ Total length + species + total length X species 9 0.0 0.997 67.1
Total length + species 6 11.8 0.003 64.5
Species 5 65.8 <0.001 55.0
Total length 3 234.3 <0.001 6.3
Null 2 247.5 <0.001 0

SN Total length + species + total length X species 9 0.0 0.82 70.3
Total length + species 6 3.0 0.18 69.2
Species 5 17.6 <0.001 66.9
Total length 3 271.4 <0.001 1.0
Null 2 271.7 <0.001 0
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Table 2. Predicted generalized linear model values (95% CI) for the slope of the relationship between isotopic values and total
length (TL) for each species and for '*C and §!°N at different levels of TL (40, 60, 80 cm). * indicates significant relationship
(beta = 0); different superscript letters indicate significant differences among species (all p < 0.05)

Estimates Merluccius australis Macruronus magellanicus  Dissostichus eleginoides  Micromesistius australis
Beta —0.03, 0.02 —0.02, 0* —0.05, —0.03* —0.07, —0.02*
dc
40 cm —19.32, —17.86% —17.24, —16.82° —1/8.0, —17.33¢ —19.84, —19.34¢
60 cm —19.09, —18.37 —17.49, —17.13° —18.69, —18.27° —20.86, —20.08°¢
80 cm —19.33, —18.39¢ —17.92, —17.27° —19.55, —19.04° —
Beta —0.01, 0.05 —0.03, 0* —0.04, —0.01* —0.03, 0.02
3N
40 cm 13.37, 14.98° 14.02, 14.48° 13.78, 14.51° 10.63, 11.19°
60 cm 14.14, 14.93° 13.77, 14.17° 13.41, 13.88°¢ 10.35,11.214
80 cm 14.37, 15.41° 13.34, 14.06° 12.87, 13.43¢ -
187 . lap (<5%, SD = 6%) with the other
[ groups (for all pairwise comparisons,
16 s M see Tables S2 & S4). The greatest mean
overlaps found were between juvenile
14 Patagonian toothfish and adults (32 %,
) SD = 6%) and juveniles (32%, SD =
Z 121 s ow 4%) of long tail hake (Table S2). There
K were also overlaps between southern
<] oea hake and both adults (41% SD = %)
10 . .
[] Dgj and juveniles (28% SD = 5%) of Pata-
[e] Mea gonian toothfish (Table S2).
o ; [¢] Mira
; [4] mipj
: [¢] MMa
6 [£] ani 3.3. Contribution of sources
24 22 20 18 _16 14 according to mixing models

5"°C (%o)

Fig. 3. Individual stable isotope values (8'°C and §'°N) and isotopic niches of
juveniles (triangles) and adults (circles) of 4 demersal fish species in the south-
western Atlantic Ocean. Solid lines enclose the standard ellipse (SEA, fits 40%
of the data) for each group estimated by SIBER analysis. Species abbreviations
as in Fig. 2 (suffixes —a: adults; j: juveniles). Dotted lines correspond to mean
(intersection) 8'*C and 8'°N values (+£SD) of the most likely food sources, cor-
rected by trophic discrimination factors (AN = 3.4 = 1 and A®C = 1 = 1).
Fish+Sq W (Fish+Sq E): fishes and squid from thewest (east) zone; Cr W (Cr E):
crustaceans from west (east) zone

The posterior distributions of the
mixing models showed different con-
tributions of sources for the different
demersal fish species. Fishes and
squid, and crustaceans from the W
zone were the main components in the
diet of long tail hake, with no differ-
ences between juveniles and adults
(Fig. 4). High correlations (—0.78) be-

When comparing species, southern hake exhibited
the largest isotopic niche area, which was around
30% larger than those of the other 3 species (Fig. 3;
Table S3). The isotopic niche area of juvenile Pata-
gonian toothfish was similar to that of juvenile long
tail hake and adult southern blue whiting (Fig. 3;
Table S3). The narrowest areas were observed in long
tail hake adults and southern blue whiting juveniles
(Fig. 3; Table S3). Considering the complete niche,
southern blue whiting juveniles showed a low over-

tween fishes/squid and crustaceans from the W zone
were found, adding uncertainty in differentiating the
contributions of these 2 sources, but both contributed
more than 85% to their diet. On the other hand, for
adult southern blue whiting, the contribution of crus-
taceans was higher from the E zone (57.2 = 8.7 %) than
from the W zone (18.1 = 10.2%). However, for juve-
niles, the contribution of crustaceans of the E zone
(39.6 = 9.6 %) was similar to that of the W zone (35.4 =
14.1%). For Patagonian toothfish, similar contrib-
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Fig. 4. Percentage of the contribution of the different prey items in the diet of 4 demersal fish species in the southwestern Atlan-
tic Ocean, estimated by the posterior distribution of stable isotope Bayesian mixing models, considering juveniles and
adults. Bar: median; box: interquartile range; whiskers: min. —max. E: east zone; W: west zone (see Fig. 1)

utions of all sources were found, with no differences
between juveniles and adults except for a higher con-
tribution of crustaceans in the E zone in adults (27.0 +
9.3%; Fig. 4). For southern hake, the model showed a
high proportion of southern blue whiting contrib-
ution in their diet, with no difference between adults
and juveniles and a similar contribution of long tail
hake and fishes/squid from both zones (Fig. 4).

3.4. Diet of fish

Stomachs of long tail hake juveniles almost exclu-
sively contained zooplanktonic crustaceans. Euphau-
siids were the main prey item, followed by the amphi-
pod hyperiid Themisto gaudichaudii and the squat
lobster Grimothea gregaria (Table 3). The stomach
contents of long tail hake adults were also mainly
composed of crustaceans, particularly G. gregaria
(Table 3). The second most important prey items were
fishes, which were found highly digested, with myc-
tophids the only group that could be identified
(Table 3). Stomachs of juvenile Patagonian toothfish
primarily contained fish species such as the morid

cod Notophycis marginata and southern blue whiting
(Table 3). Crustaceans and cephalopods were found
in low quantities. Adults, on the other hand, con-
sumed both fish and crustaceans in similar propor-
tions. Among the fish groups, myctophids were the
only identifiable taxon due to the degree of digestion
of stomach contents. The most consumed crustacean
was the shrimp Acanthephyra pelagica, and cephalo-
pods were poorly represented (Table 3). Stomachs of
southern blue whiting showed that they mainly fed on
zooplanktonic crustaceans, particularly euphausiids
(Table 3). Stomachs of southern hake revealed that
they mostly consumed fish; in particular, Fuegian
sprat Sprattus fuegensis and southern blue whiting
could be identified (Table 3). Crustaceans, mainly
euphausiids and G. gregaria, were scarce in the diet
(Table 3).

4. DISCUSSION

Our results show the trophic relationships of 4
demersal fish species in the SW Atlantic Ocean, sug-
gesting intra- and interspecific trophic and spatial



Author copy

Table 3. Diet composition of 4 demersal fish species in the southwestern Atlantic Ocean, expressed by the percentage frequency of occurrence (%F), the numerical per-

Alvarez et al.: Niche partitioning among demersal fishes

199

centage, (%N), the percentage of weight (%W), and the index of relative importance (%IRI), for juveniles and adults. Empty stomachs were not taken into account

Merluccius australis
Adults (N = 10)

=20)

Dissostichus eleginoides Micromesistius australis
Adults (N = 12) Adults (N

Juveniles (N = 26)

%F

17)

37) Adults (N
%F

%W %IRI

‘Macruronus magellanicus

Juveniles (N

%F

%W %IRI

%N

%F

%IRI

%N %W

%F

%IRI %F %N %W %IRI

%P

%N

%W %IRI

%N

%N

Prey items

7.7

40.0 26.7 0.1

90.0 90.5 57.6 93.3

75.0 324 31.7 43.1

1.6

1.9

154 13.3

76.5 90.8 14.5 64.9
176 12.5 0.3

5.9

97.3 99.6 97.4 99.9

Crustaceans
Euphausiids

Themisto

9.7

20.0 154 0.2

60.0 60.3 23.5 74.5
30.0 9.5 119

3.8
0.1

40.5 73.2 19.6 60.4

9.5

0.8

37.8 20.7 14.2 21.2

gaudichaudii
Grimothea

2.4

10.0 7.7

529 77.5 14.2 82.1

189 2.7 46.8 15.0

gregaria
Gammaridae

22 07

1.9

10.8

3.4 33.3 13.519.6 16.5

7.7

Acanthephyra

peldgica
Pasiphaea

4.9

16.7 10.8 8.9

acutifrons
Mysidae

2.5

10.0 11.1 6.0

0.4

0.1 9.7

2.7
2.7

3.0

150 4.8 8.7

0.7

4.2

3.9

0.5

0.1

Unidentified

decapod
Unidentified

2.5

3.3 43 150 48 76 2.7 7.7

250 8.1

0.7

3.9

4.4

216 0.9

crustaceans

Fish

80.0 60.0 99.9 91.4

6.1

20.0 6.4 37.5

50.0 54.1 62.0 52.0

80.8 76.7 97.4 97.9

6.7 853 34.9

7.1

4

0.1

0.4

8.1

16.5

15.4 20.8 5.0

Notophycis

marginata
Sprattus

10.0 154 452 19.0

fuegensis
Micromesistius

10.0 7.7 50.6 18.3

42 83.0 139

3.9

australis
Myctophidae

4.4
2.1

10.0 3.2 26.3
10.0 3.2 11.2

8.3 216116 4.1

2.8
58.4

7.7

0.8 838 84

5.9

40.0 30.8 3.8 433

50.0 32.4 50.5 61.9

30.8 37.5 8.1

412 58 1.5 5.1

0.4

0.4

8.1

Unidentified

fish
Unidentified

33.3 10.8 4.8 4.7

0.4

6.7 0.6

7.7

cephalopods

segregation among them. Accord-
ing to stomach contents, southern
blue whiting and long tail hake
are intermediate predators with
similar diets, but their isotopic
niches show complete segregation.
In contrast, southern hake and Pat-
agonian toothfish are mainly fish
feeders and show broad isotopic
niches with some overlap between
them and long tail hake. We distin-
guished 2 trophic pathways in the
2 species at lower trophic levels
(i.e. southern blue whiting and
long tail hake), with the other 2
predator species (i.e. southern
hake and Patagonian toothfish)
linking them (Fig. 5).

Southern blue whiting and long
tail hake consume similar re-
sources and are potential competi-
tors. Both species feed mainly on
crustaceans (Wohler et al. 2004,
Brickle et al. 2009, Giussi et al.
2016b, Alvarez et al. 2022, this
study), but their isotopic niches
showed complete segregation. The
difference between them is that
there is a higher proportion of fish
in the stomachs of long tail hake
than in those of southern blue whit-
ing. In addition, the squat lobster
Grimothea gregaria is an important
crustacean food item of long tail
hake (Alvarez et al. 2022, this
study) and was not found in south-
ern blue whiting. On the other
hand, myctophids were found more
frequently in the stomachs of
southern blue whiting than in
those of long tail hake. However,
these differences in diet are not
sufficient to explain their com-
pletely different isotopic niches,
given that the different prey items
have similar isotopic values (Ricci-
aldelli et al. 2020). The differences
in isotopic niches do not always
reflect different proportions of
prey consumed (Cummings et al.
2012), but they can be the result of
foragers exploiting the same prey
in different locations with variable
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2002), with high site fidelity (Arkhip-
kin et al. 2009). After spawning, adults
disperse (Agnew et al. 2003) and then
migrate to the southern tip of South
America and Antarctic waters (Agnew
et al. 2003, Wohler et al. 2004). In this
study, sampling was performed after
the spawning period, and most of the
organisms obtained were adults. Our
sampling site, including the Burdwood
Bank, is one of the main summer feed-
ing grounds of this species, which
explains the offshore origin of their
sources (Agnew et al. 2003). On the
other hand, long tail hake, the most
abundant species in the studied area
(Giussi et al. 2016b), were usually asso-
ciated with the Patagonian shelf
(Giussi et al. 2016b, Alemany et al.
2018). However, their largest concen-
trations in recent years were found in
feeding grounds located in an area
between 53 and 56° S and following the
200 m isobaths (Alvarez et al. 2022).

crustaceans crustaceans Some of the main prey items of long
4 > tail hake, found in this and previous
studies, are squat lobster and Fuegian

?VE?;C EA EEBC sprat (Giussi et al. 2016b, Alemany et
iﬁ:;’lore o;%shore al. 2018, Alvarez et al. 2022), both asso-

FEEDING GROUNDS

Fig. 5. Trophic interactions among 4 demersal fish species in the southwestern
Atlantic Ocean and their potential prey from the west (W) and east (E) zones.
The green and pink arrows indicate trophic pathways from the different zones.
Species drawings were provided by the INIDEP Photographic Office; they are

illustrative and are not to scale

isotopic composition (Bearhop et al. 2004, Jackson et
al. 2011, Cummings et al. 2012). Our results suggest
that the latter occurs between southern blue whiting
and long tail hake in the area of study.

The spatial segregation suggested by the different
isotopic niches is supported by isotopic mixing
models given that southern blue whiting mostly con-
sume crustaceans from the E zone, whereas long tail
hake consume sources from the W zone. This result is
consistent with the spatial distribution and move-
ments of these 2 species. Southern blue whiting are
associated with sub-Antarctic waters occurring off
Chile, New Zealand, and the SW Atlantic Ocean
(Ryan et al. 2002, Wohler et al. 2004, Niklitschek et al.
2010). This species concentrates in a spawning area
southwest of the Malvinas Islands, mainly from
August to October (Pajaro & Macchi 2001, Agnew

ciated with shelf waters (Diez et al.
2018), which can explain the shelf
origin of the trophic pathway for this
species (Fig. 5). In conclusion, our
results show that southern blue whit-
ing and long tail hake incorporate
sources from different areas, and given
that they are prey of other demersal
fishes (i.e. southern hake and Patagonian toothfish),
they both act as intermediate predators linking zoo-
plankton from different spatial origins with higher
trophic levels in the food web.

The ichthyophagous species, i.e. southern hake and
Patagonian toothfish, have 8!°N values that indicate a
high trophic level. The main components in the stom-
achs of southern hake were fishes, including Fuegian
sprat and southern blue whiting, which is consistent
with previous results (e.g. Arkhipkin et al. 2015). In
addition, a high proportion of unidentified, highly
digested fishes was present, with potential prey items
being macrourids and merluccid fishes (Dunn et al.
2010). As in southern hake, fishes were the main com-
ponents in the stomachs of Patagonian toothfish (Gar-
cia de la Rosa et al. 1997, Mari & Sanchez 2002, Ark-
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hipkin et al. 2003, Sallaberry-Pincheira et al. 2018,
Troccoli et al. 2020, this study), but crustaceans were
also important, coincident with their opportunistic
behavior (Garcia de la Rosa et al. 1997). The 8'°N
values indicated a higher trophic level in southern
hake than in Patagonian toothfish, which may be
explained by the above differences in diet between
them. However, both species are fish predators that
show opportunistic behavior, and similar to other
large demersal fishes, they can probably link different
trophic pathways in the food webs (van Denderen et
al. 2018).

The linkage between trophic pathways is due
to predator—prey interactions among the studied de-
mersal fishes. Both Patagonian toothfish and southern
hake feed on southern blue whiting, among other
prey items. Southern hake have also been reported as
predators of long tail hake (Sanchez 1999, Giussi et al.
2016a), reaching up to 90% of their diet by mass in the
Pacific Ocean (Lillo et al. 2008, 2011). Nevertheless,
although our results did not find identifiable traces of
long tail hake in the stomachs, the stable isotope
values of southern hake suggest that both long tail
hake and southern blue whiting could be part of their
diet, with the latter being an important component.
Mixing models should be used with caution because
there are potential sources for these species that were
not considered (e.g. Moroteuthopsis [= Onykia]
ingens; Giussi et al. 2016a), and no specific discrim-
ination factors were used, which may bias the model
results (Auerswald et al. 2010). However, contrasting
what was found for long tail hake and southern blue
whiting, mixing models did not show different con-
tributions of E or W sources in these species. More-
over, the wide isotopic niche of both southern hake
and Patagonian toothfish, particularly in the §3C
dimension, could be the result of diverse prey items
and the incorporation of sources from different areas.
Hence, given that they are slow-growing (Collins et
al. 2010) and long-lived (Yates et al. 2018), these
demersal top predators are capable of incorporating
energy from distant areas, acting as important links in
the food web, particularly in the spatial dimension.

Spatial variability in diet may also be associated
with the movements of species among feeding
grounds as they grow, thus adding temporal variabil-
ity in their roles in the food web. Ontogenetic varia-
tion in diet was found for all species except southern
hake. This may be because the individuals of south-
ern hake evaluated were larger than 38 cm TL, and in
previous results in the SE Pacific Ocean, differences
were found between small juveniles (9 to 25 cm TL)
feeding mainly on crustaceans and larger individuals

feeding almost exclusively on fishes (Toledo et al.
2020). In the case of long tail hake, an ontogenetic
shift in the diet was revealed by stable isotope values,
which decreased with size, and by stomach contents,
which showed a higher proportion of fish in adults
than in juveniles, as previously reported (e.g. Giussi
et al. 2016b, Alvarez et al. 2022). However, differences
between juveniles and adults were not reflected in
mixing models or in the isotopic niches, which
showed a high overlap. This is probably because the
major differences in the isotopic values are due to
spatial variability, and given that this species exclu-
sively feeds in the W zone, the mixing model was not
able to differentiate between the importance of the
different prey items in this species. In contrast, Pata-
gonian toothfish and southern blue whiting showed
ontogenetic and spatial dietary shifts reflected by
stomach contents and isotopic niches. The variation
in the diet of Patagonian toothfish reflected by the
mixing model is coincident with what was found here
and previously in stomach contents (i.e. Troccoli et al.
2020). While juveniles feed mainly on demersal fish
close to the shelf area (W zone), adults feed more on
cephalopods, pelagic fishes, and crustaceans offshore
(E zone). Therefore, there is a diversification of prey
while growing, including scavenging. In the case of
southern blue whiting, alow number of juveniles were
available for stomach content evaluation, but differ-
ences in isotopic niches and mixing models also sug-
gest spatial segregation between adults and juveniles
coincident with their main habitat, given that juve-
niles are usually associated with shallower areas (Ehr-
lich et al. 1999) and can incorporate isotopic values
from sources of both the W and E zones. The large iso-
topic niche in these species and differences in niche
space between juveniles and adults may be the result
of changes in habitat use associated with changes in
prey availability (Sdnchez-Hernandez et al. 2022).
Trophic studies often encompass sampling over
broad depth ranges or across habitats, and therefore
fishes overlapping in trophic habits may have differ-
ent spatial distributions (e.g. Macpherson 1981). Our
results show how diet inferred only from stomach
contents can suggest niche overlap given that it
reflects a snapshot of the diet in the place where the
fish were captured, but SIA is a better determinant of
differences in a longer temporal framework. In our
system, with the combination of both techniques, the
results show some intra- and interspecific segregation
among the 4 demersal fishes in their ecological niches
according to their prey items and the spatial origin of
the food resources they consume (Fig. 6). Southern
hake and Patagonian toothfish exploit prey from a
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Fig. 6. Schematic representation of the feeding and spatial niche dimensions (ellipses) of 4 demersal fish species in the south-

western Atlantic Ocean. The proportions of crustaceans and fishes and squid as prey items were considered as the feeding

dimension, while the proportional use of west (W) and east (E) feeding grounds was considered as the spatial dimension (see
Fig. 1). Species drawings were provided by the INIDEP Photographic Office; they are illustrative and are not to scale

broad spatial area and prey on the other 2 species.
Although there is a great overlap in diet spectra
between long tail hake and southern blue whiting,
they differ in the spatial dimension (Fig. 6). Our find-
ings suggest that 4 significant species, which are the
targets of fisheries in the SW Atlantic, could interact,
but further research is necessary. Understanding
these interactions is a crucial factor in moving from
single-species to multi-species fishery management.

Niche differentiation at lower trophic levels can
reflect a compartmentation of the food web. Com-
partmentation implies the presence of subsystems
(i.e. compartments) in which the interactions among
organisms inside those subsystems are more frequent
than with organisms from other compartments (Pimm

1979). Although compartmentation is generally asso-
ciated with robustness and stabilization of commu-
nities (Stouffer & Bascompte 2011), models predict
that large marine food webs are more stable when
subsystems are linked by species that can migrate
and interact among compartments (Mougi 2018).
Higher-order, mobile, generalist consumers stabilize
large food webs by coupling low-level webs in space
(McCann et al. 2005, Rooney et al. 2008). In particu-
lar, large, demersal, slow-growing fishes are charac-
teristic of temperate and cold environments and
usually link trophic pathways (van Denderen et al.
2018). Our results show evidence that southern hake
and Patagonian toothfish can have an important role
linking distant food web modules. Summing up, the 4
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coexisting demersal fish species show similarities and
differences in trophic and spatial dimensions, result-
ing in niche differentiation and probably different
roles in the food web in the SW Atlantic Ocean.

Acknowledgements. We acknowledge personnel of the
onboard observer program of the Instituto Nacional de
Investigacion y Desarrollo Pesquero for sample collection,
particularly L. Maydana, E. Aguilar, and F. Vazquez. O. Iri-
barne made valuable comments on first drafts of the paper.
We especially thank J. H. Rojo for map figures, G. Lukasze-
wicz for language review, and L. L. Bruno for help in process-
ing the samples. This study was partially supported by STAN
CONICET (to F.B.) and by Estremar SA, San Arawa SA, and
Pesantar SA. This study is part of the PhD thesis of C.D.A.

LITERATURE CITED

]\(Agnew D (2002) Critical aspects of the Falkland Islands pela-
gic ecosystem: distribution, spawning and migration of
pelagic animals in relation to oil exploration. Aquat Con-

., serv12:39-50

A Agnew DJ, Marlow TR, Lorenzen K, Pompert J, Wakeford
RC, Tingley GA (2003) Influence of Drake Passage
oceanography on the parasitic infection of individual
year-classes of southern blue whiting Micromesistius
australis. Mar Ecol Prog Ser 254:281—291

] Alemany D, Acha EM, Iribarne OO (2014) Marine fronts are
important fishing areas for demersal species at the
Argentine Sea (Southwest Atlantic Ocean). J Sea Res 87:
56—67

]%Alemany D, Iribarne OO, Acha EM (2018) Marine fronts as
preferred habitats for young Patagonian hoki Macruro-
nus magellanicus on the southern Patagonian shelf. Mar

. Ecol Prog Ser 588:191—200

N Alvarez CD, Giussi AR, Botto F (2022) Trophic variability of
long tail hake Macruronus magellanicus in the South-
western Atlantic: movements evidenced by stomach
content and stable isotope analysis. Polar Biol 45:

., 1131-1143

]“Arkhipkin A, Brickle P, Laptikhovsky V (2003) Variation in
the diet of the Patagonian toothfish with size, depth and
season around the Falkland Islands. J Fish Biol 63:

. 428—441

A Arkhipkin Al, Schuchert PC, Danyushevsky L (2009) Otolith
chemistry reveals fine population structure and close
affinity to the Pacific and Atlantic oceanic spawning
grounds in the migratory southern blue whiting

o (Micromesistius australis australis). Fish Res 96:188—194

A Arkhipkin Al, Laptikhovsky VV, Barton AJ (2015) Biology
and fishery of common hake (Merluccius hubbsi) and
southern hake (Merluccius australis) around the Falk-
land/Malvinas Islands on the Patagonian Shelf of the
Southwest Atlantic Ocean. In: Arancibia H (ed) Hakes:
biology and exploitation. Wiley & Sons, Chichester,
p 154—184

] Auerswald K, Wittmer MHOM, Zazzo A, Schdaufele R,
Schnyder H (2010) Biases in the analysis of stable isotope
discrimination in food webs. J Appl Ecol 47:936—941

] Baker R, Buckland A, Sheaves M (2014) Fish gut content
analysis: robust measures of diet composition. Fish Fish
15:170—177

,"( Barbini SA, Lucifora LO (2012) Ontogenetic diet shifts and
food partitioning between two small sympatric skates
(Chondrichthyes, Rajidae) in the Southwestern Atlantic.

., Mar Freshw Res 63:905-913

A Bearhop S, Adams CE, Waldron S, Fuller RA, MacLeod H
(2004) Determining trophic niche width: a novel approach
using stable isotope analysis. J Anim Ecol 73:1007—1012

Bremec C, Marecos A, Schejter L, Lasta M (2003) Guia téc-
nica para la identificacion de invertebrados epibentoéni-
cos asociados a bancos de viera patagonica (Zygochlamys
patagonica) en el Mar Argentino. Documento Cientifico.
Instituto Nacional de Investigacion y Desarrollo Pes-
quero, Mar del Plata

] Brickle P, Arkhipkin Al, Laptikhovsky V, Stocks A, Taylor A
(2009) Resource partitioning by two large planktivorous
fishes Micromesistius australis and Macruronus magel-
lanicus in the Southwest Atlantic. Estuar Coast Shelf Sci
84:91-98

Burnham KP, Anderson DR (2002) Model selection and mul-
timodel inference: a practical information-theoretic ap-

o proach, 2nd edn. Springer, New York, NY

A Burnham KP, Anderson DR, Huyvaert KP (2011) AIC model
selection and multimodel inference in behavioral ecol-
ogy: some background, observations, and comparisons.

., Behav Ecol Sociobiol 65:23—35

A Buss DL, Hearne E, Loy RHY, Manica A, O'Connell TC,
Jackson JA (2022) Evidence of resource partitioning
between fin and sei whales during the twentieth-century
whaling period. Mar Biol 169:150

] Canseco JA, Niklitschek EJ, Harrod C (2022) Variability in
8!3C and 8N trophic discrimination factors for teleost
fishes: a meta-analysis of temperature and dietary effects.

.. RevFish Biol Fish 32:313—329

A Cassia MC (2000) Age and growth of the southern blue whit-

ing Micromesistius australis in the SW Atlantic. Sci Mar
. 64:269-274

A Chase JM, Leibold MA (2003) Ecological niches: linking
classical and contemporary approaches. University of
Chicago Press, Chicago, IL

] Collins MA, Brickle P, Brown J, Belchier M (2010) The Pata-
gonian toothfish: biology, ecology and fishery. Adv Mar

., Biol 58:227—300

A Connell AM, Dunn MR, Forman J (2010) Diet and dietary

variation of New Zealand hoki Macruronus novaezelan-
., diae. NZ J Mar Freshw Res 44:289—308

A Coplen TB, Krouse HR, Bohlke JK (1992) Reporting of ni-
trogen-isotope abundances. Pure Appl Chem 64:907—908

A Cortés E (1997) A critical review of methods of studying fish
feeding based on analysis of stomach contents: applica-
tion to elasmobranch fishes. Can J Fish Aquat Sci 54:

. 726-738

A Cousseau MB, Pequeiio G, Mabragania E, Lucifora LO,
Martinez P, Giussi A (2020) The Magellanic Province and
its fish fauna (South America): several provinces or one?
J Biogeogr 47:220—234

Crawley MJ (2013) The R book, 2nd edn. Wiley, Chichester

A Cummings DO, Buhl J, Lee RW, Simpson SJ, Holmes SP
(2012) Estimating niche width using stable isotopes in the
face of habitat variability: a modelling case study in the

., arine environment. PLOS ONE 7:e40539

N Diez MJ, Cabreira AG, Madirolas A, De Nascimento JM,
Scioscia G, Schiavini A, Lovrich GA (2018) Winter is cool:
spatio-temporal patterns of the squat lobster Munida gre-
garia and the Fuegian sprat Sprattus fuegensis in a sub-
Antarctic estuarine environment. Polar Biol 41:2591—-2605


https://doi.org/10.1002/aqc.474
https://doi.org/10.3354/meps254281
https://doi.org/10.1016/j.seares.2013.12.006
https://doi.org/10.3354/meps12454
https://doi.org/10.1007/s00300-022-03063-y
https://doi.org/10.1046/j.1095-8649.2003.00164.x
https://doi.org/10.1016/j.fishres.2008.11.002
https://doi.org/10.1002/9781118568262.ch6
https://doi.org/10.1111/j.1365-2664.2009.01764.x
https://doi.org/10.1111/faf.12026
https://doi.org/10.1071/MF12131
https://doi.org/10.1111/j.0021-8790.2004.00861.x
https://doi.org/10.1007/s00300-018-2394-2
https://doi.org/10.1371/journal.pone.0040539
https://doi.org/10.1111/jbi.13735
https://doi.org/10.1139/f96-316
https://doi.org/10.1351/pac199264060907
https://doi.org/10.1080/00288330.2010.515232
https://doi.org/10.1016/B978-0-12-381015-1.00004-6
https://doi.org/10.7208/chicago/9780226101811.001.0001
https://doi.org/10.3989/scimar.2000.64n3269
https://doi.org/10.1007/s11160-021-09689-1
https://doi.org/10.1007/s00227-022-04131-x
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1016/j.ecss.2009.06.007

Author copy

204

Mar Ecol Prog Ser 739: 191205, 2024

]\( Dunn MR, Connell AM, Forman J, Stevens DW, Horn PL
(2010) Diet of two large sympatric teleosts, the ling
(Genypterus blacodes) and hake (Merluccius australis).
PLOS ONE 5:e13647

Ehrlich MD, Sanchez RP, Ciechomski JD (1999) Ichthyo-
plankton composition, distribution and abundance on
the southern Patagonian shelf and adjacent waters. Doc-
umento Cientifico No. 5. Instituto Nacional de Investiga-
cién y Desarrollo Pesquero, Mar del Plata

] Elliott KH, Roth JD, Crook K (2017) Lipid extraction tech-
niques for stable isotope analysis and ecological assays.
In: Bhattacharya SK (ed) Lipidomics. Methods in molecu-
lar biology. Springer, New York, NY, p 9—24

Garcia de la Rosa S, Sanchez F, Figueroa DE (1997) Compar-
ative feeding ecology of Patagonian toothfish (Dissosti-
chus eleginoides) in the Southwestern Atlantic. CCA
MLR Sci 4:105—124

Gerking SD (1994) Feeding ecology of fish. Academic Press,
San Diego, CA

Giussi AR, Gorini F, Marco ED, Zavatteri A, Mari N (2016a)
Biology and fishery of the southern hake (Merluccius aus-
tralis) in the Southwest Atlantic Ocean. Rev Invest Desarr
Pesq 28:37—53

Giussi AR, Zavatteri A, Marco ED, Gorini F, Bernardele J,
Mari N (2016b) Biology and fishery of long tail hake
(Macruronus magellanicus) in the Southwest Atlantic

- Ocean. Rev Invest Desarr Pesq 28:55—82

N Gonfiantini R (1978) Standards for stable isotope measure-
ments in natural compounds. Nature 271:534—536

Gorini FL, Lukaszewicz G (2022) Actualizacién de la estadis-
tica pesquera de peces demersales australes en el atlan-
tico sudoccidental (Periodo 2009—2021). Documento
Cientifico No. 60. Instituto Nacional de Investigacién y

Desarrollo Pesquero, Mar del Plata

A Hammerschlag-Peyer CM, Yeager LA, Araujo MS, Layman
CA (2011) A hypothesis-testing framework for studies
investigating ontogenetic niche shifts using stable iso-
tope ratios. PLOS ONE 6:e27104

] Hayden B, Palomares MLD, Smith BE, Poelen JH (2019) Bio-
logical and environmental drivers of trophic ecology in
marine fishes — a global perspective. Sci Rep 9:11415

#‘Hutchinson GE (1957) Concluding remarks. Cold Spring

., Harb Symp Quant Biol 22:415—427

A Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Compar-
ing isotopic niche widths among and within commu-
nities: SIBER — Stable Isotope Bayesian Ellipses in R.

., JAnim Ecol 80:595—602

A Laptikhovsky V, Brickle P (2005) The Patagonian toothfish
fishery in Falkland Islands' waters. Fish Res 74:11—-23

Lillo S, Molina E, Ojeda V, Céspedes R, Adasme L, Rojas P,
Rojas M (2008) Evaluacion del stock desovante de mer-
luza del sur en aguas exteriores, afio 2007. Informe Final
Proyecto FIP 2007-12. Instituto de Fomento Pesquero,
Valparaiso

Lillo S, Molina E, Ojeda V, Céspedes R and others (2011)
Evaluacion hidroacustica de merluza del sur y merluza de
cola en aguas interiores de la X y XI Regiones, ano 2009.
Informe Final FIP 2009-09. Instituto de Fomento Pes-
quero, Valparaiso

] Logan JM, Lutcavage ME (2008) A comparison of carbon
and nitrogen stable isotope ratios of fish tissues following
lipid extractions with non-polar and traditional chloro-
form/methanol solvent systems. Rapid Commun Mass
Spectrom 22:1081—1086

#A'Liidecke D (2018) Ggeffects: tidy data frames of marginal

effects from regression models. J Open Source Softw 3:
772
]\'{ Macpherson E (1981) Resource partitioning in a Mediterran-
ean demersal fish community. Mar Ecol Prog Ser 4:
183—193
Mari NR, Sanchez F (2002) Espectros troficos especificos de
varias especies de peces demersales de la region austral y
sus variaciones anuales entre 1994 y 2000. Documento
Cientifico No. 88. Instituto Nacional de Investigacién y
Desarrollo Pesquero, Mar del Plata
] Matley JK, Fisk AT, Tobin AJ, Heupel MR, Simpfendorfer
CA (2016) Diet—tissue discrimination factors and turn-
over of carbon and nitrogen stable isotopes in tissues of
an adult predatory coral reef fish, Plectropomus leop-
ardus. Rapid Commun Mass Spectrom 30:29—44
] McCann KS, Rasmussen JB, Umbanhowar J (2005) The
dynamics of spatially coupled food webs. Ecol Lett 8:
. 913-523
A McClatchie S, Millar RB, Webster F, Lester PJ, Hurst R,
Bagley N (1997) Demersal fish community diversity off
New Zealand: Is it related to depth, latitude and regional
surface phytoplankton? Deep Sea Res I 44:647—667
] Mougi A (2018) Spatial compartmentation and food web sta-
., bility. Sci Rep 8:16237
A Newsome SD, del Rio CM, Bearhop S, Phillips DL (2007) A
niche for isotopic ecology. Front Ecol Environ 5:429—436
] Niklitschek EJ, Secor DH, Toledo P, Lafon A, George-Nasci-
mento M (2010) Segregation of SE Pacific and SW Atlan-
tic southern blue whiting stocks: integrating evidence
from complementary otolith microchemistry and parasite
assemblage approaches. Environ Biol Fishes 89:399—413
O'Reilly CM, Verburg P, Hecky RE, Plisnier PD, Cohen AS
(2003) Food web dynamics in stable isotope ecology: time
integration of different trophic levels. In: Seuront L,
Strutton PG (eds) Handbook of scaling methods in
aquatic ecology: measurement, analysis, simulation. CRC
Press, Boca Raton, FL, p 125—134
X Pajaro M, Macchi GJ (2001) Spawning pattern, length at
maturity, and fecundity of the southern blue whiting
(Micromesistius australis) in the south-west Atlantic
., Ocean. NZ J Mar Freshw Res 35:375—385
A Park JM, Kwak SN, Huh SH, Han IS (2017) Diets and niche
overlap among nine co-occurring demersal fishes in the
southern continental shelf of East/Japan Sea, Korea.
Deep Sea Res II 143:100—109
] Peterson BJ, Fry B (1987) Stable isotopes in ecosystem
studies. Annu Rev Ecol Syst 18:293—320
] Pianka ER (1974) Niche overlap and diffuse competition.
., Proc Natl Acad Sci USA 71:2141—-2145
A Pimm SL (1979) The structure of food webs. Theor Popul Biol
16:144—158
Pinkas L, Oliphant MS, Iverson ILK (1971) Food habits of
albacore, bluefin tuna and bonito in California waters.
., Fish Bull 152:1-105
A Post DM (2002) Using stable isotopes to estimate trophic
position: models, methods, and assumptions. Ecology 83:
. 703-718
& Post DM, Layman CA, Arrington DA, Takimoto G, Quattro-
chi J, Montafia CG (2007) Getting to the fat of the matter:
models, methods and assumptions for dealing with lipids
in stable isotope analyses. Oecologia 152:179—189
Prenski LB, Almeida S (2000) Some biological aspects rel-
evant to Patagonian toothfish (Dissostichus eleginoides)
exploitation in the Argentine exclusive economic zone
and adjacent ocean sector. Frente Marit 18:103—124


https://doi.org/10.1371/journal.pone.0013647
https://doi.org/10.1007/978-1-4939-6996-8
https://doi.org/10.1038/271534a0
https://doi.org/10.1371/journal.pone.0027104
https://doi.org/10.1038/s41598-019-47618-2
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1016/j.fishres.2005.04.006
https://doi.org/10.1002/rcm.3471
https://doi.org/10.21105/joss.00772
https://doi.org/10.3354/meps004183
https://doi.org/10.1002/rcm.7406
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1890/0012-9658(2002)083%5b0703%3AUSITET%5d2.0.CO%3B2
https://doi.org/10.1016/0040-5809(79)90010-8
https://doi.org/10.1073/pnas.71.5.2141
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1080/00288330.2001.9517008
https://doi.org/10.1007/s10641-010-9695-9
https://doi.org/10.1890/1540-9295(2007)5%5b429%3AANFIE%5d2.0.CO%3B2
https://doi.org/10.1016/j.dsr2.2017.06.002
https://doi.org/10.1038/s41598-018-34716-w
https://doi.org/10.1016/S0967-0637(96)00096-9
https://doi.org/10.1111/j.1461-0248.2005.00742.x

Author copy

Alvarez et al.: Niche partitioning among demersal fishes

205

]\( Riccialdelli L, Becker YA, Fioramonti NE, Torres M, Bruno
DO, Raya Rey A, Fernandez DA (2020) Trophic structure
of southern marine ecosystems: a comparative isotopic
analysis from the Beagle Channel to the oceanic Burd-
wood Bank area under a wasp-waist assumption. Mar

. Ecol Prog Ser 655:1—-27
N Rivas AL, Pisoni JP (2010) Identification, characteristics and
seasonal evolution of surface thermal fronts in the Argen-
. tinean Continental Shelf. J Mar Syst 79:134—143
A Rooney N, McCann KS, Moore JC (2008) A landscape
., theory for food web architecture. Ecol Lett 11:867—881

A Ross ST (1986) Resource partitioning in fish assemblages: a

review of field studies. Copeia 1986:352—388

Roux A, Pifiero R, de la Garza J (2007) Guia para la identifi-
cacion de la fauna asociada a la pesqueria de langostino
patagonico. Documento Cientifico. Instituto Nacional de
Investigacion y Desarrollo Pesquero, Mar del Plata

] Ryan AW, Smith PJ, Mork J (2002) Genetic differentiation
between the New Zealand and Falkland Islands popula-
tions of southern blue whiting Micromesistius australis.

., NZJ Mar Freshw Res 36:637—643

A Sala E, Ballesteros E (1997) Partitioning of space and food
resources by three fish of the genus Diplodus (Sparidae)
in a Mediterranean rocky infralittoral ecosystem. Mar
Ecol Prog Ser 152:273—283

] Sallaberry-Pincheira P, Galvez P, Molina-Burgos BE, Fer-
nandoy F, Melendez R, Klarian SA (2018) Diet and food
consumption of the Patagonian toothfish (Dissostichus
eleginoides) in South Pacific Antarctic waters. Polar Biol
41:2379-2385

Sanchez F (1999) Trophic ecology of Patagonian long tail
hake (Macruronus magellanicus) in Southwestern Atlan-
tic. Documento Cientifico. Instituto Nacional de Investi-
gacion y Desarrollo Pesquero, Mar del Plata

] Sanchez-Hernandez J, Prati S, Henriksen EH, Smalas A,
Knudsen R, Klemetsen A, Amundsen PA (2022) Exploring
temporal patterns in fish feeding ecology: Are ontoge-
netic dietary shifts stable over time? Rev Fish Biol Fish

o 3211411155
A" Schoener TW (1974) Resource partitioning in ecological
.~ communities. Science 185:27—39

A Skinner MM, Martin AA, Moore BC (2016) Is lipid correction
necessary in the stable isotope analysis of fish tissues?
Rapid Commun Mass Spectrom 30:881—889

] Stephens RB, Ouimette AP, Hobbie EA, Rowe RJ (2022)
Reevaluating trophic discrimination factors (Ad'*C and

ASN) for diet reconstruction. Ecol Monogr 92:e1525
] Stephens RB, Shipley ON, Moll RJ (2023) Meta-analysis and

Editorial responsibility: Jeroen Ingels,
St. Teresa, Florida, USA
Reviewed by: C. Bradley and 2 anonymous referees

critical review of trophic discrimination factors (A'*C and
AN): importance of tissue, trophic level and diet source.
., FunctEcol 37:2535—2548
]" Stock BC, Jackson AL, Ward EJ, Parnell AC, Phillips DL,
Semmens BX (2018) Analyzing mixing systems using a
new generation of Bayesian tracer mixing models. PeerJ
. 6:e5096
A Stouffer DB, Bascompte J (2011) Compartmentalization
increases food-web persistence. Proc Natl Acad Sci USA
. 108:3648—3652
A Sweeting CJ, Polunin NVC, Jennings S (2006) Effects of
chemical lipid extraction and arithmetic lipid correction
on stable isotope ratios of fish tissues. Rapid Commun
Mass Spectrom 20:595—601
] Tascheri R, Saavedra-Nievas JC, Roa-Ureta R (2010) Statisti-
cal models to standardize catch rates in the multi-species
trawl fishery for Patagonian grenadier (Macruronus
magellanicus) off Southern Chile. Fish Res 105:200—214
] Thomas SM, Crowther TW (2015) Predicting rates of isoto-
pic turnover across the animal kingdom: a synthesis of
existing data. J Anim Ecol 84:861—870
] Toledo P, Niklitschek EJ, Darnaude AM, Leiva FP and others
(2020) The trophic ecology of partial migration: insights
from Merluccius australis off NW Patagonia. ICES J Mar
. Sci771927-1940
A Troccoli GH, Aguilar E, Martinez PA, Belleggia M (2020)
The diet of the Patagonian toothfish Dissostichus elegi-
noides, a deep-sea top predator off Southwest Atlantic
. Ocean. Polar Biol 43:1595—1604
A van Denderen PD, Lindegren M, MacKenzie BR, Watson RA,
Andersen KH (2018) Global patterns in marine predatory
., fish. Nat Ecol Evol 2:65—70
A Vander Zanden MJ, Clayton MK, Moody EK, Solomon CT,
‘Weidel BC (2015) Stable isotope turnover and half-life in
animal tissues: a literature synthesis. PLOS ONE 10:
0116182
‘Wohler OC, Cassia MC, Hansen JE (2004) Caracterizacion
bioldgica y evaluaciéon del estado de explotacion de la
polaca (Micromesistius australis). In: Boschi EE (ed) El
Mar Argentino y sus recursos pesqueros. Tomo 4. INI-
DEP, Mar del Plata, p 283—305
Xavier JC, Cherel Y (2009) Cephalopod beak guide for the
., Southern Ocean. British Antarctic Survey, Cambridge
A Yates P, Ziegler P, Welsford D, Mclvor J, Farmer B, Wood-
cock E (2018) Spatio-temporal dynamics in maturation
and spawning of Patagonian toothfish Dissostichus elegi-
noides on the sub-Antarctic Kerguelen Plateau. J Fish
Biol 92:34—54

Submitted: October 24, 2023
Accepted: May 2, 2024
Proofs received from author(s): June 11, 2024


https://doi.org/10.3354/meps13524
https://doi.org/10.1016/j.jmarsys.2009.07.008
https://doi.org/10.1111/j.1461-0248.2008.01193.x
https://doi.org/10.2307/1444996
https://doi.org/10.1080/00288330.2002.9517119
https://doi.org/10.3354/meps152273
https://doi.org/10.1007/s00300-018-2360-z
https://doi.org/10.1007/s11160-022-09724-9
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.1002/rcm.7480
https://doi.org/10.1002/ecm.1525
https://doi.org/10.1111/jfb.13479
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1038/s41559-017-0388-z
https://doi.org/10.1007/s00300-020-02730-2
https://doi.org/10.1093/icesjms/fsaa065
https://doi.org/10.1111/1365-2656.12326
https://doi.org/10.1016/j.fishres.2010.05.010
https://doi.org/10.1002/rcm.2347
https://doi.org/10.1073/pnas.1014353108
https://doi.org/10.7717/peerj.5096
https://doi.org/10.1111/1365-2435.14403



