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Abstract

The Falkland Shelf is a highly productive ecosystem in the Southwest Atlantic Ocean. It is char-
acterized by upwelling oceanographic dynamics and displays a wasp-waist structure, with few
intermediate trophic-level species and many top predators that migrate on the shelf for feeding.
One of these resident intermediate trophic-level species, the Patagonian longfin-squid
Doryteuthis gahi, is abundant and plays an important role in the ecosystem. We used two meth-
ods to estimate the trophic structure of the Falkland Shelf food web, focusing on the trophic
niche of D. gahi and its impacts on other species and functional groups to highlight the import-
ance of D. gahi in the ecosystem. First, stable isotope measurements served to calculate trophic
levels based on an established nitrogen baseline. Second, an Ecopath model was built to corrob-
orate trophic levels derived from stable isotopes and inform about trophic interactions of D. gahi
with other functional groups. The results of both methods placed D. gahi in the centre of the
ecosystem with a trophic level of∼ 3. The Ecopath model predicted high impacts and therefore
a high keystoneness for both seasonal cohorts of D. gahi. Our results show that the Falkland
Shelf is not only controlled by species feeding at the top and the bottom of the trophic
chain. The importance of species feeding at the third trophic level (e.g. D. gahi and
Patagonotothen ramsayi) and observed architecture of energy flows confirm the ecosystem’s
wasp-waist structure with middle-out control mechanisms at play.

Introduction

Biodiversity and trophic structure of marine ecosystems are controlled by bottom-up, top-down
or middle-out (wasp-waist) mechanisms (Hunt and McKinnell, 2006). These forces influence
the abundance and biomass (quantitative) of marine species as well as the community compos-
ition (qualitative; Menge, 1992). Bottom-up controls prevail in ecosystems with nutrient/plank-
ton resource limitations, whereas predation represents the top-down mechanisms (Hunt and
McKinnell, 2006). The third mechanism, the middle-out or wasp-waist control, can be found
in ecosystems where intermediate trophic levels are dominated by a few species only, with
numerous species at the bottom and the top of the trophic pyramid; such a kind of control
often occurs in upwelling systems (Rice, 1995; Cury, 2000; Bakun, 2006). Bakun (2006) described
these intermediate trophic levels that exert middle-out controls in an ecosystem as species with
short life cycles, which have a predominance in biomass; often, they are the lowest mobile
trophic level able to relocate and heavily rely on juvenile stages of their predators as prey.
Examples are the Gulf Stream region off the eastern US, dominated by the Atlantic menhaden
Brevoortia tyrannus or the Falkland Current east of South America responsible for the high
productivity of the Patagonian Shelf, where a known key intermediate species is
Patagonotothen ramsayi (Bakun, 2006; Diaz et al., 2011; Laptikhovsky et al., 2013).

The Patagonian Shelf Large Marine Ecosystem (LME) is located in the Southwest Atlantic
Ocean. It is one of the widest (∼800 km) and largest (1.2 million km2) continental shelves in
the world. The Falkland Shelf ecosystem is a part of the Patagonian Shelf LME and is charac-
terized by tidal mixing and western boundary current fronts (Belkin et al., 2009). It features
high productivity due to upwelling of the cold Falkland Current originating in the Southern
Ocean (Vivier and Provost, 1999; Agnew, 2002; Belkin et al., 2009; Matano et al., 2010; Gil
et al., 2018; van der Grient et al., 2023). As with many other upwelling ecosystems, the
Falkland Shelf is considered to have a wasp-waist structure with only a few species in

https://doi.org/10.1017/S0025315423000887 Published online by Cambridge University Press

https://www.cambridge.org/mbi
https://doi.org/10.1017/S0025315423000887
https://doi.org/10.1017/S0025315423000887
mailto:tobias.buering@gmx.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2557-5217
https://orcid.org/0000-0002-9115-3875
https://orcid.org/0000-0002-4744-4501
https://orcid.org/0000-0003-3877-9390
https://orcid.org/0000-0002-0775-6148
https://orcid.org/0000-0003-3098-6811
https://orcid.org/0000-0001-6821-7394
https://orcid.org/0000-0001-6725-6869
https://doi.org/10.1017/S0025315423000887


intermediate trophic positions (e.g. P. ramsayi, Illex argentinus,
Micromesistius australis, Doryteuthis gahi), linking many species
in low trophic levels with many top predators (Cury, 2000;
Padovani et al., 2012; Laptikhovsky et al., 2013).

Therefore, the Falkland Shelf is a unique ecosystem, also given
its high biomass of higher trophic-level animals, which also attract
numerous fisheries. A high number of predatory species migrate
from their spawning grounds in Argentine waters towards the
waters around the Falkland Islands (Arkhipkin et al., 2012; van
der Grient et al., 2023) to feed upon mid-level resident species
that are highly abundant e.g. P. ramsayi and D. (formerly
Loligo) gahi. Four main fisheries operate within the Falkland
Islands Conservation Zones, which represent the Falkland
Islands Exclusive Economic Zone. First, Spanish/Falkland flagged
trawlers extracting (1) migratory finfish such as Patagonian
hake (Merluccius hubbsi), kingclip (Genypterus blacodes), hoki
(Marcruronus magellanicus) and, targeted in previous years but
now being a major bycatch species, blue whiting (M. australis);
and (2) D. gahi, operating within the so-called ‘Loligo Box’.
Then, there is a high number of Taiwanese and Korean jigging
vessels targeting (3) Argentine shortfin squid I. argentinus and
the longline fisheries (consisting now of one vessel only), target-
ing bathyal (4) toothfish (Dissostichus eleginoides) on the shelf
edge and in waters deeper than 400 m (Falkland Islands
Fisheries Department (FIFD), 2021). Although these are the
main characteristics, targeted species and licences utilized may
change depending on seasonal conditions; e.g. trawlers targeting
I. argentinus. The fishery within the Falkland Islands
Conservation Zone (FICZ) is managed by the Falkland Island
Government Fisheries Department (FIFD) and is based on effort
limitation, which can be achieved by granting licences and fishing
days to companies and their fishing vessels (Barton, 2002).

Loliginid squids are often considered key species in marine
ecosystems, linking bottom to top levels of the ecosystem
(Gasalla et al., 2010; Arkhipkin, 2013). The loliginid squid
D. gahi is of high economic value to the Falkland Islands. It
feeds mainly on planktonic crustaceans such as Euphausiacea,
Chaetognatha, Amphipoda and juvenile lobster krill Munida gre-
garia, with larger squids feeding more on fish and other squids
including cannibalism (Brickle et al., 2001; Rosas-Luis et al.,
2014; Büring et al., 2022). D. gahi is also an important prey for
predatory fishes such as M. hubbsi and G. blacodes, sharks and
skates, penguins, flying seabirds, pinnipeds and cetaceans.
Therefore, D. gahi could be considered an important intermediate
species to transfer energy from lower trophic levels to top preda-
tors, thus being a wasp-waist species in the Falkland Islands mar-
ine environment. The population structure of D. gahi in Falkland
Islands waters consists of two main annual cohorts characterized
by different seasons of spawning – the autumn-spawning cohort
(ASC) and the spring-spawning cohort (SSC) (Patterson, 1988;
Hatfield et al., 1990). Hence, the same ontogenetic phases of
squids from each cohort occur during different seasons and in
distinct habitats, experiencing varying environmental conditions
(Hatfield et al., 1990; Arkhipkin et al., 2004; Jones et al., 2018).
Consequently, several studies found the trophic ecology to differ
between the two cohorts of squids (Arkhipkin et al., 2013;
Büring et al., 2022; Jones et al., 2023).

Understanding the trophic relationships within an ecosystem
is a crucial component of ecosystem-based fisheries management.
There are at least two ways to determine the structure of the food
web. One of them is the stable isotope analysis of samples from
animals. The ratio of the heavier 13C to the lighter 12C stable iso-
topes, expressed as δ13C, can be used to identify carbon pathways
and discriminate among alternative food chains on which consu-
mers depend for supporting their energy demand (Post, 2002;
McCutchan et al., 2003). The ratio of 14N to 15N, expressed as

δ15N, increases with trophic levels due to accumulation of the
heavier isotope and can therefore inform on a species’ position
within the food web (Minagawa and Wada, 1984; Post, 2002).
In addition, analysis of both carbon and nitrogen stable isotopes
can reveal the ecotrophic niche of a species, which refers to its
position in the food web and the resources it utilizes (Bearhop
et al., 2004). Modelling feeding interactions between trophic
groups represents another way to estimate the structure and
evaluate energy circulation in ecosystems. Such a goal requires
mapping out trophic relationships between ecosystem compo-
nents, a task traditionally achieved using results of stomach con-
tent analysis. Since the 1980s, researchers have been developing
Ecopath, a software tool that helps to assemble and model a
‘mass balanced snapshot’ of energy or matter circulation in ecosys-
tems (Polovina, 1984; Christensen & Pauly, 1992; Pauly et al.,
2000). Ecopath enables estimating trophic levels and the functional
importance of species and trophic groups by considering, for
instance, the direct and indirect effects they exert on other ecosys-
tem components in the energy circulation network (Christensen
et al., 2008).

Limited work has been dedicated to model the trophic struc-
ture of the Falkland Islands marine ecosystem, and is mostly
represented by seabird stable isotope studies (Weiss et al., 2009;
Quillfeldt et al., 2015) and a preliminary mass-balanced model
of the Falkland Islands Conservation Zones informed by a
‘Newfoundland’ model (Heymans and Pitcher, 2002; Cheung
and Pitcher, 2005). Both approaches included D. gahi as one of
the species studied. However, the ecosystem has since undergone
significant changes (Laptikhovsky et al., 2013) and a comparison
between the trophic levels of D. gahi and other species by both
approaches using data of a similar time period is lacking. To
have updated data of the ecosystem (biomass, catches, update of
functional groups) and stable isotope data from the same period
for a comparison is therefore crucial. Further, it is timely to
update the Falkland model to reflect improved understanding
of the important components (functional groups) with regards
to biomass pools. For example, the Cheung and Pitcher model
include the multi-stanza group of snoek, Martialia hyadesi and
basking sharks as functional groups, which are not common spe-
cies in the food web. In addition, this new model focuses on the
shelf area alone, thereby also including the crucial coastal kelp
component, while the Cheung and Pitcher model included off-
shelf areas too, thereby allowing for the inclusion of, for example,
adult toothfish, which do not occur on the shelf.

While squid abundances in the northern hemisphere have
increased or are predicted to increase, this may not occur in
the southern hemisphere (Pecl and Jackson, 2008; Kooij et al.,
2016; Guerreiro et al., 2023). Therefore, the squid importance
within southern-hemisphere ecosystems needs to be evaluated
and especially for the Falkland Islands whose economy depends
on squid fisheries catches, so to inform future fisheries manage-
ment (Doubleday et al., 2016). Previous studies highlighted the
need for an ecosystem-based approach to fisheries management
that considers the entire food web and the interactions between
species, rather than focusing solely on individual species.
(Phillips et al., 2014; Royal Society for the Protection of Birds
(RSPB), 2017; Elliott and Limited, 2020b, 2020a; Craig and
Link, 2023). The present work aims at filling such gaps.
Extensive stable isotope analysis informs about the general
structure of the ecosystem, the trophic niches occupied by func-
tional groups, and provides a proxy for trophic levels. The latter
are compared with those calculated from our Ecopath model of
the Falkland Shelf, which informs about energy flows, trophic
impacts of species and groups on each other, and estimates the
importance of each species and group through the keystone
index. The findings of this study will have implications for
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ecosystem-based fisheries management of the Falkland Islands
and the presented model can be used as a start point to apply
time series data and model different management scenarios
(Pauly, 2000; Heymans et al., 2016). Understanding the trophic
position and impact of an economically and ecologically import-
ant species such as Doryteuthis gahi is essential for effective
management of the fishery.

Material and methods

Sampling

A sampling protocol was set with the aim to sample selectively
abundant commercial and bycatch species in the Patagonian
Shelf, with small and large individuals of each species per season
and area (Figure 1). Areas were defined as: East (<58° W) and
West (>61° W), with samples in between (58° W to 61° W)
assigned to North (<52° S), South (>52° S) or High Seas (North
of the FICZ). Samples (Table 1) of fishes, skates, sharks, squids
and adult (benthic) M. gregaria were taken by scientific observers
on fishing vessels in Falkland Islands waters or on-board the FV
Castelo or the FV Beagle during three research cruises. Two of
these cruises were conducted in February 2020, one was con-
ducted in July 2020. These samples were obtained by bottom
trawling at depths between 100 and 857 metres (mean: 190 m;
median: 168 m; 90% of samples taken <300 m). In addition,
bycatch of seabirds and pinnipeds provided incidental samples
of higher trophic-level groups. In total 617 trawl samples were
taken between January 2020 and February 2021, representing dif-
ferent fishes, skate, shark, squid and zooplankton species, with
zooplankton sample collection described below (Figures 1 and 2).

Zooplankton samples were taken on board three different ves-
sels during three different time periods: (A) On board PV Protegat
during February 2020 with a 500 μm mesh size Bongo net from
depths between 50 and 200 m, and a tow time of approximately
30 min. (B) On board the RV Jack Sollis in Port William, with a
350 μm mesh Bongo net during February, September and
November 2020 at a depth of around 5 metres with a tow time of
10min. (C) On board the FV Castelo with a 500 μm Isaacs-Kidd
planktonnet byhorizontal trawling (20–150mdepth). Plankton spe-
cies such as larval M. gregaria, Chaetognatha and Themisto gaudi-
chaudii were identified using an identification key (Boltovskoy,
1999). Salps could only be identified to group level because of the
sample condition (damaged). Drifting kelp tissue was obtained
from trawls. One valid Particulate Organic Matter (POM) sample
was obtained using a bucket to collect surface seawater. Samples of
birds, omnivorous and piscivorous species were taken monthly,
except for August and December in the case of omnivorous species
and except for January, June,August andDecember for birds andpis-
civorous species. Other groups were sampled less frequently. See
‘Statistics’ section for information on functional groups. Refer to sup-
plementarymaterials Table S1 formore details on seasonal sampling.

All samples including bycatch of birds and pinnipeds were
brought on land, frozen and defrosted in the FIFD laboratory.
Autopsies of birds and pinnipeds followed all local guidelines
and jurisdictions (Research Licence No: R12/2022). Total length,
measured to the nearest centimetre (cm) for fishes, penguins and
pinnipeds, and dorsal mantle length (DML) to the nearest 0.5 cm
for squids, was recorded for each individual. In the case of
M. magellanicus, pre-anal length was measured to the nearest
cm. For skates, the disk-width was measured to the nearest cm.
In marine birds, the axillary length was measured to the nearest

Figure 1. Map of Doryteuthis gahi samples (left) and other species in the Falkland Shelf ecosystem (right; Squid = except D. gahi); solid lines show Falkland Outer
and Falkland Inner Conservation Zone (FOCZ and FICZ), dashed lines represent Argentinean Exclusive Economic Zone.
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Table 1. All sampled species with associated functional groups, measured δ13C and δ15N values ± standard deviation

Group Species Tissue δ13C δ15N n C:N TL Weight (g) Length (cm)

Birds Puffinus gravis BM −19.29 11.84 1 4.32 2.95 1247.6 33.5

Birds Puffinus griseus BM −19.2 ± 0.23 12.82 ± 0.42 12 3.8 ± 0.14 3.84 + 0.27 966.3 ± 33.8 30.5 ± 1.45

Birds Pygoscelis papua BM −17.58 ± 0.25 13.33 ± 0.68 4 3.41 ± 0.06 4.12 + 0.38 8258.5 ± 342.3 80.5 ± 4.36

Birds Thalassarche melanophrys BM −18.84 ± 0.7 13.49 ± 0.83 20 4.35 ± 0.3 4.31 + 0.3 4626.3 ± 534.1 50.55 ± 1.75

Zooplankton Chaetognatha spp. Whole −20.24 ± 0.17 8.98 ± 0.6 3 4.49 ± 0.49 2.08 + 0.11 – –

Zooplankton Euphausia spp. Whole −20.61 ± 0.39 8.04 ± 1.22 3 4.39 ± 0.2 1.81 + 0.43 – –

Zooplankton Munida gregaria ( juv) Whole −20.49 ± 0.87 7.9 ± 2.52 10 5.62 ± 2.2 2.62 + 0.6 – –

Zooplankton Salps Ihlea spp. Whole −21.88 8.79 1 6.5 1.91 – –

Zooplankton Themisto gaudichaudii Whole −21.42 ± 0.55 8.32 ± 1.09 3 5.88 ± 0.52 1.89 + 0.47 – –

Predators/omnivorous Coelorinchus fasciatus DMT −18.88 12.37 1 3.49 3.12 305 12

Predators/omnivorous Cottoperca gobio DMT −18.13 ± 0.72 13.94 ± 1.05 20 3.19 ± 0.05 4.12 + 0.38 478.8 ± 585.5 27.9 ± 14.14

Predators/omnivorous Dissostichus eleginoides DMT −18.54 ± 1.04 13.55 ± 1.17 10 3.23 ± 0.05 3.90 + 0.50 1834.6 ± 2146.5 48.4 ± 21.9

Predators/omnivorous Doryteuthis gahi MT −19.02 ± 0.88 12.62 ± 1.02 269 3.56 ± 0.08 3.47 + 0.44 55.0 ± 61.8 12.44 ± 5.2

– (D. gahi ASC) MT −18.52 ± 0.59 12.57 ± 0.92 155 3.57 ± 0.08 3.46 ± 0.49 53.6 ± 66.5 12.11 ± 4.73

– (D. gahi SSC) MT −19.75 ± 0.59 12.69 ± 1.15 114 3.56 ± 0.08 3.48 ± 0.38 56.9 ± 54.9 12.9 ± 5.78

Predators/omnivorous Illex argentinus MT −19.14 ± 0.97 12.72 ± 1.92 17 3.52 ± 0.1 3.59 + 0.63 257.0 ± 296.6 19.08 ± 8.56

Predators/omnivorous Macruronus magellanicus DMT −17.87 ± 0.46 13.71 ± 0.77 17 3.14 ± 0.03 3.88 + 0.50 536.2 ± 543.8 22.13 ± 6.23

Predators/omnivorous Micromesistius australis DMT −19.73 ± 0.19 11.05 ± 0.63 2 3.17 ± 0.04 2.70 ± 0.20 387.6 ± 519.5 32 ± 22.63

Predators/omnivorous Moroteuthopsis ingens MT −20.11 ± 0.76 11.5 ± 1.35 19 3.41 + 0.54 3.41 + 0.54 970.2 ± 682.3 27.34 ± 10.18

Predators/omnivorous Patagonotothen ramsayi DMT −18.65 ± 1.06 12.34 ± 1.05 36 3.32 ± 0.14 3.41 + 0.39 184.6 ± 211.4 20.38 ± 9.95

Omnivorous (benthic) Bathyraja albomaculata WM −16.07 ± 0.57 13.82 ± 0.92 14 2.76 ± 0.18 3.78 + 0.52 1500.7 ± 1141.2 42.12 ± 17.52

Omnivorous (benthic) Bathyraja brachyurops WM −16.85 ± 0.55 13.79 ± 1.05 27 2.77 ± 0.14 3.92 + 0.39 1518.0 ± 1755.0 43.72 ± 19.81

Omnivorous (benthic) Dipturus lamillai WM −16.96 ± 0.32 14.78 ± 0.76 16 2.73 ± 0.08 3.92 + 0.45 3943.6 ± 2820.5 66.62 ± 20.13

Omnivorous (benthic) Schroederichthys bivius DMT −16.46 ± 0.55 14.1 ± 1.01 19 2.83 ± 0.14 3.96 + 0.47 518.4 ± 354.6 54.22 ± 20.39

Piscivorous Genypterus blacodes DMT −17.08 ± 0.55 16.34 ± 0.52 10 3.16 ± 0.05 4.37 + 0.35 2377.5 ± 2341.1 71.9 ± 28.97

Piscivorous Merluccius hubbsi DMT −17.73 ± 0.84 15.81 ± 1.18 13 3.16 ± 0.05 4.26 + 0.44 1207.9 ± 1100.2 53.46 ± 16.58

Piscivorous Salilota australis DMT −17.92 ± 0.66 14.76 ± 1.42 22 3.2 ± 0.04 4.09 + 0.64 1181.7 ± 1587.6 38.81 ± 23.68

Piscivorous Squalus acanthias DMT −18.34 ± 0.87 14.67 ± 1.93 10 3.46 ± 0.57 3.80 + 0.55 1528.6 ± 833.5 68 ± 14.46

Zooplanktivorous Gymnoscopelus nicholsi DMT −20.62 ± 0.82 10.36 ± 0.68 4 2.36 + 0.2 2.36 + 0.20 6 ± 1.6 10.25 ± 0.87

Zooplanktivorous Myctophidae und. DMT −20.29 ± 0.44 10.63 ± 1.45 3 3.17 + 0.89 3.17 + 0.89 5.27 ± 2.3 9 ± 2.65

Benthic M. gregaria Munida gregaria Whole* −17.72 ± 0.6 11.61 ± 1.49 19 3.62 ± 0.25 3.06 + 0.29 5.2 ± 3.6 2.81 ± 1.01

POM POM Filter −21.13 9.44 1 6.43 2.10 – –
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cm. Total body mass was measured to the nearest 0.02 g, except
for heavier individuals such as birds, pinnipeds or large skates,
where it was measured to the nearest gram. Sample number,
average length and weight for each species can be obtained
from Table 1.

Stable isotope measurements

A piece of muscle was extracted for stable isotope analysis.
In fishes, a piece of dorsal muscle; in skates, a piece of wing
muscle near the spine; in birds, a piece of breast muscle laying
underneath the outer fat layer; in squids, a piece dorsal mantle tis-
sue was used, and for crustaceans the outer shell was removed and
a piece of muscle tissue was extracted.

In a pilot study, carbon and nitrogen ratios were measured
in several fish species, e.g. G. blacodes, M. magellanicus,
D. eleginoides, red cod (Salilota australis), P. ramsayi and skates.
The C/N ratio was analysed and found to be elevated in
G. blacodes, M. magellanicus and D. eleginoides. Following this
realization, as lipids are highly depleted in 13C relative to other
tissue components (DeNiro and Epstein, 1977), lipids were first
removed from tissue samples from these three species using
cyclohexane (delipidation), as described by Chouvelon et al.
(2011). All other samples were not delipidated as C/N ratio
below 4.0 revealed that the content of lipids was not high and lipids
would not alter the δ13C signal significantly in these specimens.

Muscle tissue samples were dried for 24 h at 80°C, ground into
a fine homogenous powder with a pestle and mortar and then
sent to the LIENSs (La Rochelle University, France) for further
processing.

All samples were weighed into a tin container using an ME5
Sartorius Microbalance (precision ± 1 μg). The ratios of 13C/12C,
15N/14N and C/N were measured using a Flash 2000 elemental
analyser (Thermo Scientific, Milan, Italy) coupled with a Delta
V Plus isotope ratio mass spectrometer with a Conflo IV interface
(Thermo Scientific, Bremen, Germany). Isotope ratios of samples
are reported as δ13C or δ15N values:

dRsample =
Rsample

Rstandard

( )
− 1

[ ]
× 103 (1)

where R is 13C/12C or 15N/14N, respectively. The measured isotope
ratios were given as δ values in per mil deviation (‰) relative to
Vienna PeeDee Belemnite (VPDB) for δ13C and atmospheric N2

for δ15N. Measurements of internal laboratory standards (±0.10‰
for δ13C and ± 0.15‰ δ15N) based on USGS-61 and USGS-62
were inserted every 20 samples between measurements.

Trophic baseline
The utilization of a stable isotope baseline is important for the
trophic level calculations reliant on δ15N. Trophic levels, which
quantify an organism’s position within a feeding hierarchy, are
deduced from the differences in nitrogen isotope ratios (δ15N)
between consumers and their prey. As δ15N values are influenced
by various environmental factors (Peterson and Fry, 1987; Somes
et al., 2010), a missing baseline may lead to misleading trophic
level estimations (Cabana and Rasmussen, 1996). By incorporat-
ing stable isotope data from primary producers, such as kelp or
phytoplankton, we can accurately standardize nitrogen isotope
composition with respect to the base of the food web (Cabana
and Rasmussen, 1996; Stowasser et al., 2012). This baseline
enhances the precision of trophic level calculations and helps to
account for local and global variations, ensuring reliability, com-
parability and robustness of the study (Navarro et al., 2013;
Perkins et al., 2014).
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We used the isoscape model provided by St John Glew et al.
(2021), where a δ15N baseline was modelled in R-INLA (inte-
grated nested Laplace approximation) for the Southern Ocean,
originally based on POM measurements to calculate trophic levels
(TL). Baseline values were extracted from their first interaction
model for each season and location of our samples and applied
to our analysis according to the following equation:

TLconsumer = [(d15Nconsumer − d15Nprimary consumer)/3.4]+ 1 (2)
where 1 represents trophic level 1 of POM, and trophic levels were
calculated for each sample. The isoscape model was subdivided
into seasons: Jan–Feb, Mar–Apr, May–Oct and Nov–Dec, so we
assigned our samples accordingly. To estimate a broad relation-
ship between measured δ15N and calculated trophic levels for
visualisation purposes, a simple linear model was performed

TL = b0 + b1× d15N (3)
using all δ15N values measured, regardless of the species.

Ecopath

The Ecopath model was built using the freeware ‘Ecopath with
Ecosim’ software tool, v. 6.6.5 (Pauly, 2000). The mass-balanced
approach of Ecopath is based on two equations. The first equation
(where P is production):

P = catch+ predation+ net migration+ biomass accumulation

+ other mortality (4)
describes the potential fate of total production of each functional
group. The second equation (where Q is consumption):

Q = P + respiration+ unassimilated food (4b)

uses the principle of conservation of matter within each group.
Ecopath relies on parameters to define the energy budget of
each compartment, and at least three of them must be entered.
The four parameters are the biomass (B), production/biomass
(P/B; also referred to as total mortality = Z), consumption/
biomass (Q/B) ratios, and the ecotrophic efficiency (EE). The eco-
trophic efficiency expresses the proportion of the production used
in the system (Christensen et al., 2008).

The model presented here refers to the area of the Falkland
shelf up to a depth of 300 m, which covers about 200,000 km2;
it considers species and functional groups that can be found
within the shelf area over the year, including migratory species.
Adults of D. eleginoides, certain skate species and certain gren-
adier species were excluded from the model, as they can only be
found in depths greater than 300 m. For D. gahi, autumn (ASC)
and spring (SSC) spawning cohorts were modelled separately, to
enable more precise estimates of their trophic niche and relation-
ships within the ecosystem. The fisheries fleet include jiggers and
trawlers; longliners were excluded from the model for the same
reason as adult D. eleginoides was excluded.

Production (P/B) as well as total mortality (Z ) and consump-
tion (Q/B) rates were mostly obtained from FishBase (Froese and
Pauly, 2021), with the annual water temperature adapted to 7°C.
Biomass values for major fish groups were obtained from stock
assessment models from the FIFD for 2020. For groups not of
commercial interest to the Falkland Islands Fisheries but for
which catch data and CPUE data from 2020 were available, a
Schaefer production model (BSM) was applied (Froese et al.,
2017). For invertebrate species and other functional groups
where P/B and Q/B values could not be obtained by FishBase,
values of similar functional groups were averaged from other
studies (Table 2). Total mortality Z, P/B and Q/B were also calcu-
lated and cross validated with the following equations provided by

Figure 2. Detailed map of Falkland Islands Conservation Zone sampling area and ‘Loligo box’; dashed lines show Falkland Inner Conservation Zone (FICZ);
Doryteuthis gahi not included (see Figure 1).
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Table 2. Definition of functional groups used in the Ecopath model, with references for biomass (B), production (P/B), consumption (Q/B) and ecotrophic efficiency (EE) values; vB, van Bertalanffy; Ecopath, calculated by Ecopath.

Group Group name Species B P/B Q/B EE Diet

1 Baleen Whales Balaenoptera borealis 18 4;5;8;10 4;5;8;10 Ecopath 62,61

2 Benthic Crustaceans Munida gregaria Calculated by Ecopath 1;2;3;4;9 1;2;3;4;9 Guesstimate 54

3 Blue Whiting Micromesistius australis 11 FishBase FishBase Ecopath 31

4 Dogfish Schroederichthys bivius; Squalus acanthias 16 FishBase FishBase Ecopath 45

5 Flounder Mancopsetta maculata 16 FishBase FishBase Ecopath 53

6 Grenadier Coelorinchus fasciatus Calculated by Ecopath FishBase FishBase Guesstimate 50

7 Hake Austral Merluccius australis Stock Assessment FishBase FishBase Ecopath 37

8 Hake Common Merluccius hubbsi 12 FishBase FishBase Ecopath 29

9 Hoki Macruronus magellanicus 12 FishBase FishBase Ecopath 31

10 Illex Illex argentinus 12 20 1;2;3;5;6;7;8;9 Ecopath 47

11 Jellyfish Unidentified or Chrysaora Calculated by Ecopath 1;2;3;5;8;10 1;2;3;5;8;10 Guesstimate NA

12 Kelp Lessonia flavicans; Lessonia trabeculata;
Macrocystis pyrifera

14 1;5;8 – Ecopath –

13 Kingclip Genypterus blacodes 12 FishBase FishBase Ecopath 48

14 Large Demersal Fish Cottoperca gobio; Iluocoetes/Patagolycus mix;
Psychrolutes marmoratus; Eleginops maclovinus

Calculated by Ecopath Calculated vB FishBase Guesstimate 44,52,43,42

15 Large Zoobenthos Corals, Sponges Calculated by Ecopath 2;6;7;8 2;6;7;8 Guesstimate –

16 D. gahi ASC Doryteuthis gahi 23 10 1;2;3;5;6;7;8;9 Ecopath 33

17 D. gahi SSC Doryteuthis gahi 24 20 1;2;3;5;6;7;8;9 Ecopath 33

18 Myctophidae Gymnoscopelus nicholsi Calculated by Ecopath FishBase FishBase Guesstimate 56

19 Octopods Enteroctopus megalocyathus; Pareledone spp.;
Octopus spp.

Calculated by Ecopath 5 5 Guesstimate 32

20 Pelagic Fish Seriolella porosa; Allothunnus fallai; Stromateus
brasiliensis; Congiopodus peruvianus; Lampris
immaculatus; Sprattus fuegensis

16 FishBase + vB FishBase Ecopath 58

21 Penguins Pygoscelis papua; Spheniscus magellanicus;
Eudyptes spp.; Aptenodytes patagonicus

Falkland Conservation Adapted from Seabirds 10 Ecopath 34,40

22 Phytoplankton Calculated by Ecopath FishBase – Guesstimate –

23 Red Cod Salilota australis Stock Assessment Calculated vB FishBase Ecopath 26

24 Rock Cod Patagonotothen ramsayi 13 FishBase FishBase Ecopath 44

25 Seabirds Puffinus gravis; Puffinus griseus; Pygoscelis
papua; Thalassarche melanophrys

22 1;2;3;4;5;7;8 1;2;3;4;5;7;8 Ecopath 36

26 Seals and Sea Lion Arctocephalus australis; Otaria flavescens;
Mirounga leonina

22 10 10 Ecopath 27,59,60

27 Sharks Lamna nasus 16 FishBase FishBase Ecopath 28,41,51

(Continued )
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Table 2. (Continued.)

Group Group name Species B P/B Q/B EE Diet

28 Skates Bathyraja albomaculata; Bathyraja brachyurops;
Dipturus lamillai;

17 19 FishBase Ecopath 30

29 Small Demersal Fish Champsocephalus esox; Cottunculus granulosus;
Paranotothenia magellanica; Patagonotothen
tessellata; Sebastes oculatus

Calculated by Ecopath FishBase FishBase Guesstimate 38,42

30 Small Zoobenthos Polychaetes, Scallops, Bivalves, Nematodes Calculated by Ecopath 1;2;3;4;5;7;9;10 1;2;3;4;5;7;9;10 Guesstimate 55

31 Squid Moroteuthopsis ingens; Martialia hyadesi;
Semirossia patagonica

Calculated by Ecopath 1;2;3;5;6;7;8;9;10 1;2;3;5;6;7;8;9;10 Guesstimate 39,49

32 Toothed Whales and Dolphins Orcinus orca; Cephalorhynchus commersonii;
Lagenorhynchus australis

22 10 10 Ecopath 46

33 Toothfish ( juv) Dissostichus eleginoides 15 Calculated vB FishBase Guesstimate 25,35

34 Zooplankton Euphausiacea; Chaetognatha; Amphipoda;
Copepoda; Munida gregaria ( juv)

Calculated by Ecopath 1;2;3;4;5;6;7;8;10 1;2;3;4;5;6;7;8;10 Guesstimate 57

35 Detritus POM, Detritus, Discards – – – – –

1: Barausse et al. (2007), 2: Heymans and Sumaila (2007),3: Neira and Arancibia (2007), 4: del Monte-Luna et al. (2007), 5: Arreguín-Sánchez et al. (2007), 6: Samb (2007), 7: Salcido-Guevara and Arreguín-Sánchez (2007), 8: Dommasnes et al. (2001), 9: Bornatowski et al.
(2017), 10: Cheung and Pitcher (2005), 11: Ramos (2021), 12: Ramos and Winter (2021), 13: Ramos and Winter (2022a, 2022b), 14: Bayley et al. (2021), 15: Skeljo and Winter (2021), 16: Calculated after Froese et al. (2017), 17: Winter (2018), 18: Weir (2017), 19: Arkhipkin
et al. (2008), 20: Arkhipkin et al. (2013), 22: Falkland Conservation (2022), 23: Winter (2021a), 24: Winter (2021b), 25: Arkhipkin et al. (2003), 26: Arkhipkin et al. (2001), 27: Baylis et al. (2014), 28: Belleggia et al. (2021), 29: Belleggia et al. (2014), 30: Brickle et al. (2003), 31:
Brickle et al. (2009), 32: Büring (2019), 33: Büring et al. (2022), 34: Cherel et al. (2002), 35: Collins et al. (2010), 36: Copello et al. (2008), 37: Dunn et al. (2010), 38: Galvan et al. (2009), 39: Gonzales and Rodhouse (1998), 40: Handley et al. (2016), 41: Joyce (2002), 42: Kock
et al. (1994), 43: Laptikhovsky et al. (2010), 44: (Laptikhovsky and Arkhipkin (2003), 45: Laptikhovsky et al. (2001), 46: Loizaga de Castro et al. (2016), 47: Mouat et al. (2001), 48: Nyegaard et al. (2004), 49: Phillips et al. (2003), 50: Pinkerton et al. (2012), 51: Sigler et al.
(2006), 52: Shelton (1978), 53: Yau et al. (1996), 54: Romero et al. (2004), 55: Braeckman et al. (2012), 56: Shreeve et al. (2009), 57: Sommer et al. (2012), 58: Montecinos et al. (2016), 59: Alonso et al. (2000), 60: Rey et al. (2012), 61: Reiss et al. (2020), 62: Buchan et al.
(2021).
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Christensen et al. (2008):

Z = P
B
= K × (L1 − L)

L− L′
(5)

where L∞ is the asymptotic length, K is the von Bertalanffy growth
function (VBGF) parameter, L is the mean length in the popula-
tion, and L′ represents the mean length at entry into the fishery.

Q/B = 7.964 − 0.204 × log10(W1) −
(1.965 × (1000 / (Temp+ 273.15)))

+ ( 0.083 × A)+ (0.532× h)+ (0.398× d)

(6)

where W∞ is the asymptotic weight (g), Temp is the mean annual
water temperature in degrees Celsius, A is the aspect ratio of the
caudal fin, h is a dummy variable expressing food type (1 for her-
bivores and 0 for detritivores and carnivores), and d is a different
dummy variable expressing food type (1 for detritivores and 0
for herbivores and carnivores).

For functional groups where neither literature nor catch data
were available, guesstimated EE values (0–1) were provided to
let Ecopath calculate the biomass, and the model was balanced
with Ecopath’s inbuild PREBAL tools following best practice
advice from Heymans et al. (2016). All references for the basic
inputs can be found in Table 2. The diet of each functional
group was taken from the literature: Frequency of occurrence
values were averaged from different studies and species belonging
to functional groups. Apart from ‘Detritus’, the group ‘Discards’
was used as prey category for discard-feeders/scavengers, such
as birds and its biomass is the sum of all fisheries discards
from 2020 (Table S4). The model accounted for cannibalism in
several functional groups, such as M. hubbsi, D. gahi (both
cohorts), small and large demersal fish. For migratory species
such as M. hubbsi, I. argentinus or for the functional group of
‘Toothed Whales and Dolphins’ and sharks, it was assumed
that some proportion of their diet would come from outside the
shelf region, e.g. spawning grounds, high seas or deeper waters.
Therefore, the ‘Import’ field of the diet matrix was used to balance
their energy needs, with imports reaching a maximum of 50%.
The diet matrix (Table S2), the initial P/B, Q/B and EE values,
and catch and discard numbers can be found in the supplemen-
tary materials (Tables S3 and S4).

The TL is a fractional and dimensionless index. Ecopath
assigns a TL of 1 to detritus and primary producers, and uses
feeding preferences to estimate predators’ diet compositions.
The TL of each species is then calculated based on the biomass-
weighted average of the TL of its prey.

The ‘Trophic Level Decomposition’ routine in Ecopath calcu-
lates the TL of species in a food web model by decomposing the
food web into a set of linear pathways that connect primary pro-
ducers to each consumer. The routine assigns TLs to each species
based on their position in these pathways. The relative flow values
indicate the proportion of energy that flows between TLs in the
food web. The absolute flow values, on the other hand, indicate
the actual amount of energy that flows between TLs, measured
in units of energy per units of time and space.

The mixed trophic impact routine can be used to identify the
relative impacts of different groups on each other in steady-state
systems. It is based on the Leontief matrix, initially developed
to analyse economic interactions, which was adapted for use in
ecology by Hannon and Joiris (1989). The approach allows for
the assessment of the direct and indirect impacts of changes in
the biomass of one group on the biomass of other groups in a
system.

‘Keystoneness’, after Libralato et al. (2006), is the evaluation of
a trophic group regarding its impact on different elements of the
whole ecosystem, with such an impact penalized for larger bio-
masses. The method was used in this study to evaluate species’
importance. To balance the overall effect of group i and consider
its biomass, the following equations were used:

KSi = log[1i(1− pi)] (7)

where

1i =
��������∑n
j=i

m2
ij

√√√√ = IC (8)

and

pi = Bi∑
k Bk

= BC (9)

where KSi is the keystone index of group i, mij is the mixed trophic
impact (i.e. the impact of group i on groupj), Bi is the biomass of
group i and Bk is the biomass of all living groups. IC and BC are
the impact component and biomass component, respectively.
This index scores higher for functional groups that exhibit low
biomass proportions (compared to the total biomass in the eco-
system) and high overall effect. Valls et al. (2015) suggested the
following index:

KSi = log[IC × BC0] (10)

where BC0 stands for the biomass component based on the rank
of each group biomass Bi.

Statistics

All statistical analyses were performed using R v.4.03 (R Core
Team, 2020). Plots were generated using the R package ‘ggplot2’
(Wickham, 2016). The VBGF parameters were calculated using
the R package ‘FSA’ (Ogle et al., 2022), which stands for
Fisheries Stock Assessment methods.

Standard ellipse and trophic niche overlap calculations for the
stable isotope values were performed using a Bayesian model
approach with the R packages ‘SIBER’ (Jackson et al., 2011;
SIBER = Stable Isotope Bayesian Ellipses in R) and
‘nicheROVER’ (Lysy et al., 2021). The number of Monte Carlo
draws (iterations) was set to 1000 and α to 95%. Trophic niche
refers to the stable isotope niche when analysing δ13C and δ15N
values together (Bearhop et al., 2004).

The SIBER package calculates: (1) The range of δ15N, which
provides information on the trophic length of the biological com-
munity (i.e. the trophic chain length). (2) The range of δ13C,
which provides an estimate of the diversity of basal resources.
(3) The total area of the convex hull including all data points
(TA), which provides an indication of the niche width of each
group. (4) The mean distance to the centroid (CD), which can
give additional information on the niche width of each group
but also about the group spacing (i.e. it increases asymptotically
with sample size). (5) The mean nearest-neighbour distance
(MNND), which provides a measure of density and clustering
of species within the community (it decreases with sample size).
(6) The standard deviation of the nearest-neighbour distance
(SDNND), which provides a measure of evenness of spatial dens-
ity and packing of data points (it decreases with sample size).
Calculation of the food chain length also followed a Bayesian
approach. First, the whole dataset was resampled with 1000
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Monte Carlo draws and each time the minimum trophic level was
subtracted from the maximum trophic level (equation (11)) to
obtain the chain length. Then, the maximum likelihood was cal-
culated with the ‘stats4’ package of R (R Core Team, 2020).
Equation (11) was also used to calculate the food chain length
of the Ecopath model, excluding trophic level 1 (detritus and
primary producers).

Chain length = maximum TL−minimum TL (11)

Species were grouped into functional groups based on their
diet, foraging behaviour or habitat use; e.g. ‘Zooplankton’,
‘Birds’ etc. Therefore, M. gregaria was split into juvenile/pelagic
individuals that were grouped together with zooplankton, whereas
adult/benthic individuals formed their own unique group
(Table 1). Euphausia lucens and Thysanoessa macura were pooled
as ‘Euphausiacea’. Unidentified Myctophidae and Gymnoscopelus
nicholsi were pooled as ‘Zooplanktivorous’. Many species in inter-
mediate trophic levels were pooled as ‘predatory/omnivorous’,
because of complex ontogenetic diet changes or uncertainty of
their feeding behaviour. D. gahi was split into ASC and SSC indi-
viduals based on Arkhipkin et al. (2013) and Büring et al. (2022,
2023) to allow direct comparisons of TLs based on stable isotopes
vs the Ecopath model. Species with less than three samples were
excluded from the Bayesian analysis (Table 1).

A series of ANOVAs was performed to investigate differences
in stable isotope values between males and females of each spe-
cies. Linear models were applied to show the relationship between
δ15N and δ13C vs the logarithm (base 10) of wet body weight
(‘Weight’) of different species.

d15N = b0+ b1× log(Weight) (12)

For the comparison of TLs estimated using stable isotopes (SI)
and Ecopath, the following equation was used:

Difference in TL = (TLSI − TLEcopath)

TLSI
× 100 (13)

Results

Trophic levels and trophic niches derived from stable isotope
measurements

Whereas δ15N and δ13C stable isotope ratios are ‘direct’ measure-
ments, which have been influenced by different factors such as
season and location, TLs were calculated based on the isoscape
model described in the methods and therefore consider these
environmental influences. To give a broad estimate of the trophic
position of each species, a second y-axis was introduced in
Figure 3, using the relationship between all measured δ15N values
vs calculated trophic levels (equation (3)): TL = 0.676 + 0.225 ×
δ15N (P < 0.001, adj. r2 = 0.41, F = 420, DF = 608). The maximum
likelihood (α = 95%) of the trophic chain length was found to be
3.65, measured from zooplankton to top predators.

Lowest and highest δ13C values among all samples were mea-
sured in kelp tissues with −23.16‰ and −12.85‰. Juvenile
M. gregaria had the lowest (−21.99‰) observed δ13C values for
animals. The lowest overall mean δ13C values were found for
T. gaudichaudii (−21.42‰), G. nicholsi (−20.62‰) and
Euphausiacea (−20.61‰). The lowest δ15N values within all
samples were measured in Euphausiacea (6.65‰) and juvenile
M. gregaria (6.90‰). Lowest overall mean δ15N values were
found in Euphausiacea (8.04‰), T. gaudichaudii (8.32‰) and
juvenile M. gregaria (8.59‰). Zooplankton organisms, which
include Chaetognatha, juvenile M. gregaria, Euphausiacea and

salps, were found to have an average δ15N value of 8.61‰,
representing a TL of 2.5 (Figure 3, Table 1).

Zooplanktivorous species grouped separately; they had a TL of
around 3 and showed the smallest δ13C range (1.85), likely due to
only myctophid species being included in this group. Values of
‘mean nearest-neighbour distance’ and ‘centroid distance’
represent the density of sampling points within these groups.
The zooplanktivorous group contained the fewest samples and
mean nearest neighbour distances were highest (0.66 ± 0.63).
The centroid distance was low (1.02), meaning that samples
were still clustered together (Table 3). Kelp displayed the largest
standard ellipse area (in ‰2), followed by planktivorous taxa
and zooplankton (Table 3).

Adult M. gregaria were found at TLs between 2.7 and 3.7, with
δ13C values around −17.5‰. Birds had the third lowest δ13C
ranges because of the low number of species included (Table 3).
Omnivorous species showed the second highest δ13C ranges and
therefore had high diversity in carbon sources, followed by ben-
thic omnivorous species (adult M. gregaria). Seabirds were
found to have slightly higher TLs (around 3.6) compared to
predatory/omnivorous species (around 3.4) such as squids (D.
gahi, I. argentinus and Moroteuthopsis ingens) or benthopelagic
fish (M. australis, P. ramsayi, M. magellanicus, Cottoperca gobio
and D. eleginoides).

Cat shark S. bivius showed the highest δ13C values (−15.06‰)
among all samples. Highest overall mean δ13C values were found
for O. flavescens (−15.97‰), B. albomaculata (−16.01‰) and S.
bivius (−16.46‰). Piscivorous species showed the second broad-
est δ13C range among consumers, after omnivorous species
(Table 3).

The highest δ15N values were measured in S. acanthias
(19.61‰), M. hubbsi (18.03‰) and S. australis (17.41‰).
Overall, G. blacodes had the highest mean δ15N values
(16.34‰). Skates (omnivorous benthic) were found to have TLs
around 3.6 and higher δ13C values compared to the omnivorous
and bird species (−16.5‰). Large pelagic predatory fish (pisciv-
orous) such as G. blacodes, S. australis and M. hubbsi were
found to have the highest TLs (∼4), together with other top pre-
dators such as the South American fur seal and the sea lion
(Figure 3). Piscivorous species also had the highest centroid dis-
tance of all groups (Table 3), with some samples far away from
the centroid. Omnivorous and piscivorous species showed the
highest δ15N ranges (each 7.5‰) whereas benthic omnivorous
species (skates and cat shark) had lower δ15N ranges (5.15‰).

Niche overlap
We analysed the niche overlap among eight functional groups,
which had enough samples for the Bayesian approach. Our results
revealed a wide range of niche overlap, with some groups exhibit-
ing high levels of similarity in their stable isotope signature, whilst
others were markedly distinct (Figure 4, Table S5).

Birds were the functional group with the highest overall niche
overlap, sharing 99.19% of their niche with predatory/omnivorous
species and sharing 85.14% of their niche with piscivorous spe-
cies. Predatory/omnivorous species shared 65.79% of their niche
with birds. M. gregaria (adults) had the highest overlap with
predatory/omnivorous (56.58%) and the least overlap with zoo-
plankton (2.97%). The predatory/omnivorous group shared
59.02% of their niche with the piscivorous group. Benthic omniv-
orous (skates) had the least niche overlap with zooplankton and
vice versa (<0.01% and 0.01%, respectively); skates exhibited the
lowest sharing of niche space with any of the groups and their
highest niche overlap was with adult M. gregaria (51.82%), and
predatory/omnivorous species (39.04%). The piscivorous group
had their highest share with predatory/omnivorous species
(52.72%), followed by birds (37.16%); their lowest share was
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with kelp (0.12%). The highest share of the kelp niche was found
to be with adult M. gregaria (17.01%). Zooplanktivorous species
shared 64.09% of their niche with zooplankton and 60.83%
with predatory/omnivorous species but only 0.04% of their
niche was shared with benthic omnivorous (skates), a score
even lower than their share with piscivorous species (1.51%).
Zooplankton had their highest niche shares with primary produ-
cers (65.16%) and zooplanktivorous species (41.49%).

Ontogenetic change in stable isotope values
No significant differences in δ15N or in δ13C values were found
between males and females of each species (ANOVA, see
Table S6, supplementary material). Therefore, linear models
(equation (8)) did not include the variable sex. All investigated
species had a significant (P < 0.001, Table S7 supplementary
material) positive fit for δ15N dependent on weight with the
exception of G. blacodes, D. lamillai, P. griseus, T. melanophrys

Table 3. Results from the Bayesian stable isotope analysis model; centroid distance, mean nearest neighbour distance with standard deviation, total area, standard
ellipse area and corrected standard ellipse area summarized for each functional group

No.
species

δ15N
range

δ13C
range

Centroid
distance

Mean
nearest

neighbour
distance

Standard
deviation

Total
area

Standard
ellipse
area

Standard
ellipse Area
corrected

Birds 3 2.96 2.58 0.89 0.27 0.15 4.71 1.36 1.41

Zooplankton 4 4.80 2.89 1.15 0.48 0.45 7.45 2.67 2.84

Predatory/
omnivorous

9 7.50 4.72 1.34 0.11 0.08 20.24 3.17 3.18

Omnivorous
(benthic)

4 5.15 3.17 1.00 0.22 0.22 10.68 1.84 1.86

Piscivorous 4 7.50 3.62 1.48 0.31 0.36 16.30 2.97 3.03

Zooplanktivorous 2 2.65 1.85 1.02 0.66 0.63 3.00 2.01 2.41

Planktivorous
(benthic)

1 5.03 2.13 1.41 0.42 0.15 6.43 2.59 2.75

Primary producer 1 4.22 10.30 2.14 1.01 1.18 15.96 7.46 8.20

Figure 3. Standard ellipse areas around functional groups based on δ13C and δ15N stable isotopes.
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and S. acanthias (Figure 5). Average adjusted r2 for all species
with a significant fit was 0.46 (Table S7). For δ13C, D. eleginoides,
I. argentinus, M. hubbsi, P. ramsayi and S. australis showed sig-
nificant (P < 0.001, Table S7) trends of increasing δ13C values
with increasing weight.

Red cod S. australis showed the highest range in TL (minimum
to maximum TL), which was 2.68 TLs; D. gahi also displayed a
high range of 2.27 TLs, followed by I. argentinus with a range
of 2.18 TLs, and D. eleginoides with a range of 2.03 TLs.

Trophic levels, keystoneness and impacts derived from ecopath

By following PREBAL diagnostic checks, and following rules of
thermodynamics and ecology, the final model was balanced
(Link, 2010; Heymans et al., 2016). The main goal of the
Ecopath model was to estimate TLs and cross-validate the TLs
estimated using stable isotope analysis. The length of the trophic

chain was found to be ∼3.31, ranging from phytoplankton/
detritus (TL 1.00) to Austral hake M. australis (TL 4.31).

Highest TLs were found in Austral Hake with 4.31, sharks
(4.16) and toothed whales and dolphins (4.09). Squids such as
the functional group Squid (including M. ingens) and the individ-
ual species groups I. argentinus and D. gahi ASC and SSC were
found to have trophic levels of 3.35, 3.20, 3.18 and 3.16, respect-
ively (Table 4). All squid species occupy central positions in the
ecosystem, linking lower trophic levels such as zooplankton, ben-
thic crustaceans and myctophids to higher trophic levels such as
hake, kingclip, birds and penguins, sharks, seals and dolphins
(Figure 6).

Using the ‘Trophic Level Decomposition’ routine of Ecopath,
we found that TL 3 had the highest relative energy flows through
the system (Figure S1 supplementary material), implying that the
intermediate consumers (e.g., carnivores or omnivores) are highly
efficient at converting the energy they consume into biomass.

Figure 4. Niche overlap of each functional group as determined with a Bayesian model.
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Trophic level 4 had second highest relative flow values, followed by
trophic level 2 and lastly levels 1 and 5. These distributions of
efficiency values among discrete trophic levels are indicative of an
ecosystem with a wasp-waist structure (Riccialdelli et al., 2020).

The most important species, considering keystone indices
above or close to zero (after Libralato et al., 2006) were sharks,
pinnipeds and phytoplankton (Figure 7 top). Just below zero,
there were penguins, all squid species (including both cohorts
of D. gahi on 11th and 13th position, counting from most import-
ant to least important groups), hake and rock cod as well as zoo-
benthic and pelagic invertebrates. The least important species
were flounder, baleen whales, kelp and juvenile toothfish. This
ranking was found to be similar when considering keystone indi-
ces by the method of Valls et al. (2015), except that phytoplank-
ton and zooplankton are ranked lower. Both cohorts of D. gahi
are ranked high in both methods, just after large predators and
penguins.

Ecopath allowed for estimation of the impact of and on D. gahi
using the mixed trophic impact routine (Figure S2, supplementary
material). The highest negative impact of both cohorts is on
Myctophidae (Figure 8). Many predators of D. gahi (e.g. pen-
guins, kingclip, dogfish and hake) also showed high negative
impacts by D. gahi, probably due to indirect interactions, e.g.
increased predation on myctophids and benthic crustaceans by
D. gahi would decrease the prey availability for these predators.
For both cohorts, the most positive impact on other species and
groups is exerted on ‘Toothed Whales and Dolphins’ and on
‘Seals and Sea Lions’, due to top-down effects such as direct pre-
dation on D. gahi. Furthermore, both fishing fleets ( jigging and
trawling) would benefit from higher D. gahi biomasses, as
would red cod (Figure 8).

Both D. gahi cohorts have the highest negative effects on each
other when assessed from the perspective of impacted species.
Other compartments negatively impacting D. gahi are the trawl
fishery and populations of I. argentinus, hake, red cod and
squid (Figure 9). Positive impacts on D. gahi were shown to
occur with increased biomass of Myctophidae, phytoplankton
and zooplankton, due to bottom-up effects.

Comparison of trophic levels between methods

Comparing TLs calculated using Ecopath with those derived from
stable isotopes (Figure 10), we found that the mean difference was
0.385 TL (7.89%), with a median difference of 0.390 TL (8.42%).
An ANOVA comparing the two different TL types was found to
be non-significant at the 5% level (P = 0.147, df = 1, residuals = 64,
F = 2.155), with trophic levels based on stable isotopes that tended
to be higher compared to those calculated in Ecopath.

One of the largest differences between stable isotopes and
Ecopath could be found in juvenile M. gregaria (23.7%), P. gravis
(19.6%), followed by C. gobio (18.6%) and T. melanophrys
(18.2%). A. australis, S. acanthias and D. eleginoides all had
<3% difference in TL when comparing the estimates derived
from the two methods. This was followed by M. australis
(4.2%) and S. bivius (6.0%), which also display minor differences
(Figure 10).

We compared similar functional groups from our model with
those of Cheung and Pitcher (2005). The trophic levels of Cheung
and Pitcher’s model were higher (P = 0.019, df = 1, residuals = 50,
F = 5.86, ANOVA) compared to those calculated in the present
study (Figure S3 supplementary material). Furthermore, differ-
ences between trophic levels derived from stable isotopes and
our Ecopath model were slightly smaller than differences between
the two Ecopath models (P = 0.107, df = 1, residuals = 46, F = 2.71,
ANOVA).

Discussion

To the best of our knowledge, this is the first ecosystem model in
the area of the Falkland Shelf focused on the functional role of
squid. Moreover, this is the first attempt to compare trophic levels
(TL) of species of the Falkland Shelf derived from two different
methods. In this work, we relied on both a chemical–analytical
approach (stable isotope analysis) and a modelling approach,
which makes use of a mass-balanced trophic network analysed
using the Ecopath with Ecosim software program. We aimed to
clarify the role of the key species D. gahi in the wasp-waist

Figure 5. Relationships of δ15N vs weight [g] of species with more than four samples; TL on second y-scale (right); grey area represents 95% confidence interval.
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Table 4. Basic estimates from the Ecopath model; biomass values within parentheses were calculated by Ecopath; ecotrophic efficiency (EE) values in parentheses were provided by the user.

Group name
Trophic
level

Habitat area
(proportion)

Biomass in habitat
area (t/km2)

Biomass (t/
km2)

Production/
biomass (/year)

Consumption/
biomass (/year)

Ecotrophic
efficiency

Production/
consumption (/year)

1 Baleen whales 2.90 0.2 0.01 0.003 0.80 10.00 0.00 0.08

2 Benthic crustaceans 2.60 1 (1.37) (1.37) 2.50 11.00 (0.90) 0.23

3 Blue whiting
(Micromesistius australis)

3.04 1 0.01 0.01 0.49 2.70 0.93 0.18

4 Dogfish 3.73 1 0.05 0.05 0.32 3.70 0.03 0.09

5 Flounder 2.81 1 0.00 0.00 0.65 3.10 0.09 0.21

6 Grenadier 3.45 1 (0.02) (0.02) 0.16 2.80 (0.80) 0.06

7 Hake Austral (Merluccius
australis)

4.31 1 0.00 0.00 0.34 1.80 0.27 0.19

8 Hake common (Merluccius
hubbsi)

3.69 1 1.18 1.18 0.25 2.30 0.98 0.11

9 Hoki 3.41 1 0.31 0.31 0.30 2.30 0.98 0.13

10 Illex argentinus 3.21 0.5 1.32 0.66 6.50 16.00 0.31 0.41

11 Jellyfish 2.91 1 (0.01) (0.01) 6.00 15.00 0.95 0.40

12 Kelp (Macrocystis pyrifera) 1.00 1 100.00 100.00 7.00 – 0.01 –

13 Kingclip (Genypterus
blacodes)

3.79 1 0.05 0.05 0.12 1.60 0.99 0.08

14 Large Demersal fish 3.37 1 (0.14) (0.14) 0.35 2.70 (0.80) 0.13

15 Large Zoobenthos 2.33 1 (0.66) (0.66) 1.10 10.00 (0.65) 0.11

16 Doryteuthis gahi ASC 3.18 0.66 0.27 0.18 3.50 11.00 0.91 0.32

17 Doryteuthis gahi SSC 3.16 0.66 0.52 0.34 3.50 11.00 0.91 0.32

18 Myctophidae 2.17 1 (2.21) (2.21) 0.60 5.00 (0.98) 0.12

19 Octopods 3.03 1 (0.04) (0.04) 2.00 5.00 (0.95) 0.40

20 Pelagic fish 2.50 1 0.66 0.66 0.37 5.60 0.95 0.07

21 Penguins 3.90 0.75 0.01 0.01 1.50 65.00 0.53 0.02

22 Phytoplankton 1.00 1 (3.26) (3.26) 80.00 – (0.40) –

23 Red cod (Salilota australis) 3.59 1 0.11 0.11 0.26 2.90 0.98 0.09

24 Rock cod (Patagonotothen
ramsayi)

2.93 1 0.11 0.11 0.37 3.20 0.97 0.12

25 Seabirds 3.54 1 0.02 0.02 1.22 70.00 0.04 0.02

26 Seals and Sea Lion 3.87 1 0.02 0.02 0.40 17.44 0.00 0.02

27 Sharks 4.16 1 0.00 0.00 0.08 0.85 0.04 0.09

28 Skates 3.34 1 0.07 0.07 0.22 2.10 0.77 0.10

29 Small Demersal fish 3.11 1 (0.39) (0.39) 0.37 6.50 0.95 0.06
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structured ecosystem of the Falkland shelf, where a small number
of key species play a crucial role in the connectivity and therefore
the health and productivity of the ecosystem.

Stable isotopes

Species sampled and analysed with stable isotope analysis ranged
from lower TLs such as zooplankton species to intermediate
levels, e.g. birds, squids and smaller fish up to top predators
like hake, kingclip and pinnipeds. Based on their δ15N values, spe-
cies ranked according to their estimated TL as expected and
grouped together as feeding guilds. A trend of increasing δ13C
values with increasing TL was observed, and δ13C values sepa-
rated pelagic from benthic species, which aligns with descriptions
in other studies (Peterson and Fry, 1987; Post, 2002; Fry, 2006).

Kelp had higher δ15N values than expected from their TL. The
nitrogen stable isotopes of macroalgae could be higher compared
to phytoplankton due to differences in their nitrogen utilization
strategies. Macroalgae are able to take up nitrogen in a variety
of forms, including nitrate, ammonium and organic nitrogen
(Alwyn and Rees, 2007) but indications suggest that they could
prefer ammonium, while phytoplankton might prefer nitrate
(Hein et al., 1995). This could lead to lower δ15N values in phyto-
plankton compared to macroalgae. Additionally, macroalgae tend
to grow on rocky substrates creating more sheltered environments
(Bayley et al., 2021), which have a higher concentration of organic
matter and ammonium when compared to open waters, further
contributing to their higher δ15N values (Sfriso and Pavoni,
1994; Fry, 2006).

Furthermore, kelp stable isotope signatures were found to vary
with season and their changes were measured in δ15N up to 10‰
(Foley and Koch, 2010). However, our samples were not taken
from living kelp organisms but obtained as tissue pieces found
in trawls. Therefore, tissue samples were probably already under-
going bacterial degradation, altering and increasing the δ15N sig-
nature (Macko and Estep, 1984). Our particulate organic matter
(POM) showed elevated δ15N, potentially caused by bacterial deg-
radation or because parts of microbes or faeces were accidentally
sampled. However, Hückstädt et al. (2007) found similar carbon
and nitrogen values of POM in Chilean waters to our study.

Genypterus blacodes is known to be a benthic predator and
showed higher TLs based on stable isotope analysis when com-
pared to Ecopath. Benthic species often display elevated δ15N
values (Mintenbeck et al., 2007) because of bacterial degradation
of food items such as marine snow eaten by these benthic prey
species, which means stable isotope values of G. blacodes might
be elevated and might not reflect adequately the TL of the species.
Nevertheless, TL of G. blacodes was previously estimated between
4.18 and 4.34 based on stomach content analysis and 4.48 based
on stable isotopes sampled in Chile (Hückstädt et al., 2007,
Table 5). The same inflation of δ15N values may also apply to
the analysed skate species and M. gregaria due to their benthic
feeding.

Several studies such as Quillfeldt et al. (2015), Rosas-Luis et al.
(2016), Ciancio et al. (2008) and Hückstädt et al. (2007) reported
TLs of species investigated in this study. An overview of the
reported values can be found in Table 5. Overall, species were
found to have similar trophic levels or stable isotope values in
this study compared to previous studies.

Our study found clear positive relationships between body
mass and δ15N values for most of the species, indicating 15N onto-
genetic diet changes, as larger individuals feed on larger prey
(Peterson and Fry, 1987; McCutchan et al., 2003; Fry, 2006).
Ruiz-Cooley et al. (2021) found that top-predators might not
show a linear increase in trophic level as a function of increasing
biomasses but rather exhibit an asymptotic behaviour. However,
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in our study the adjusted r2 of linear models expressing the TL of
higher predators as a function of body weight was still high (M.
hubbsi r2 = 0.486, S. australis r2 = 0.651). The high ranges in TL
associated with squid (D. gahi and I. argentinus) and red cod
(S. australis) might be due to the fact that the sample weight of
these species varied by a factor of 100. On the other hand,
these species displaying a pronounced trend of ontogenetic diet
change (Arkhipkin et al., 2001; Mouat et al., 2001; Büring et al.,
2022).

The analysis of niche overlap among different functional
groups revealed a wide range of similarities and differences, sug-
gesting similar feeding habits in some, while others have markedly
distinct feeding preferences. For example, birds exhibited the
highest overall niche overlap with other functional groups,
sharing their niche with predatory/omnivorous species and
piscivorous species. Birds were found to feed a lot on discards,
e.g. fish guts and heads from fishing vessels (Kuepfer et al.,
2022), resulting in elevated δ15N ratios (Mariano-Jelicich et al.,
2014). Another interesting finding was the high niche overlap
between adult M. gregaria and benthic omnivorous species
(56.58%). This share is less than that with predatory/omnivorous
species, suggesting that adult M. gregaria are a more important
food source for benthic omnivorous species (Brickle et al., 2003;
Arkhipkin et al., 2008) than for predatory/omnivorous species,
sharing the same benthic habitat. Additionally, benthic omnivor-
ous (skates) had the least niche overlap with zooplankton and vice
versa, which indicates that skates feed little on pelagic zooplank-
ton, even though previous studies found euphausiids and amphi-
pods in the diet of skates (Brickle et al., 2003; van der Grient et al.,
2023).

The results also showed that piscivorous species had their
highest share with birds, followed by predatory/omnivorous spe-
cies. This finding suggests that piscivorous species heavily rely
on predatory/omnivorous species as a food source, highlighting
the importance of the predatory/omnivorous functional group
within the ecosystem. Overall, the analysis of niche overlap
among different functional groups highlights the complex interac-
tions and interdependencies that exist within the ecosystem.

Ecopath model

Ecopath models represent a mass-balanced snapshot of average
energy flows between ecosystem compartments, often calculated

on an annual basis. Many species in the Falkland Shelf are migrat-
ing annually on and off the Shelf, with little information available
about their population sizes and dynamics; hence, assumptions
had to be made to construct the model. Furthermore, modelling
the lower trophic levels of the ecosystem (phytoplankton and zoo-
plankton) is particularly difficult around the Falkland Islands as
data are scarce. This latter condition resulted in pooling all plank-
tonic primary producers and zooplankton taxa into two main
compartments. Further concerns on data availability apply to all
biomass estimates, which can have wide confidence intervals,
and all migratory species that leave the Falkland Islands
Conservation Zone for spawning, such as I. argentinus
(Arkhipkin, 2013; Chemshirova et al., 2021) and M. hubbsi
(Macchi et al., 2007). D. gahi, as a main species of interest, is
the only species with seasonal differences considered here and
was split into ASC and SSC. This split could be supported as
data regarding biomass estimates, fisheries seasons and stomach
data were available (Büring et al., 2022). For other (mostly migra-
tory) species, for which supporting data were absent, we consid-
ered average biomass values over the year. This choice, of
annual averages, might affect estimates of trophic interactions,
which may be more seasonally dependent. As a result, estimates
of energy flows and potential ecosystem structure may be affected
by this. One of the ways ecosystem models can be used is in the
support for an ecosystem-based approach to fisheries manage-
ment, and this requires a sufficient understanding of the ecosys-
tem functioning and structure. However, the use or disuse of
ecosystem models is potentially more affected by management
frameworks rather than data limitations, suggesting that this
model is still an important and necessary step towards ecosystem-
based management to fisheries in the Falkland marine ecosystem
(Craig and Link, 2023). Furthermore, seasonal changes might be
addressed using a dynamic solution of Ecopath, thus including an
Ecosim component (Christensen et al., 2008).

Even though our model used the previous ecosystem model as
a starting point (Cheung and Pitcher, 2005), some of the main
features between our Ecopath model and the previous version
developed by Cheung and Pitcher (2005) were markedly different.
Cheung and Pitcher based some of their parameters on the
Newfoundland model. Our restriction of the shelf area to a
depth of above 300 m, and as a result the exclusion of bathyal spe-
cies such as adult toothfish and the Longlining fleet, is another
important difference. Furthermore, we constructed a new diet

Figure 6. Ecopath energy flow diagram with trophic levels indicated on the y-axis; node size proportional to biomass (log transformed); colours representing func-
tional groups, similar to Figure 3: pink, top predators; light blue, fishing fleet; light green, piscivorous fish; turquoise, benthic species; dark purple, bird species;
orange, predatory/omnivory species; yellow, small demersal species; grey, zoobenthic species; dark green, primary producer.
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Figure 7. Keystone index after Libralato et al. (2006); this index provides an estimate of the relative total impact of trophic groups by considering their biomass (i.e. direct and indirect impacts are more relevant for low biomass trophic
groups).
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matrix relying on different studies and updated the values on bio-
mass, landings and discards. This was especially necessary, as the
ecosystem underwent some crucial changes within the last 20
years (Busbridge et al., 2020). We also focused on single abundant
species (in terms of catchability) rather than on functional groups.
Functional groups and species were updated and therefore differ-
ent for the Cheung and Pitcher model (2005). We excluded for
example some of the original groups such as snoek or basking
shark, as these species are not regularly found in Falkland
Islands waters. This adjustment was possible because of the direct
access to fisheries-related data from the FIFD database. Another

relevant adjustment concerns the modelling of D. gahi, with
two cohorts considered separately. This choice enabled assessing
their particular importance in the ecosystem and the fact that
maturity stages of both cohorts differ in both spatial and temporal
distribution and were found to have different trophic ecology
(Büring et al., 2022, 2023; Jones et al., 2023). The inclusion in
the model of two cohorts allowed us to consider their mutual
predation.

Although many species in the Ecopath model prey on I. argen-
tinus, its ecotrophic efficiency (EE) is low (0.308), despite its high
P/B ratio and high biomass. However, I. argentinus is a migratory

Figure 8. D. gahi as an impacting species within the Falkland Shelf. Impacts are ordered from the most negative to the most positive.

Figure 9. D. gahi as the impacted species within the Falkland Shelf. Impacts are ordered from the most negative to the most positive.
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species caught by a large fleet of jigging vessels not only in
Falkland Islands waters but also within the Argentine Exclusive
Economic Zone (EEZ) and international waters, and these catch
data were not available to us. In addition, outside the Argentine
EEZ there is a known area of unregulated squid fisheries (Seto
et al., 2023), which extracts an unknown amount of squid bio-
mass. This means the real EE of I. argentinus could exceed the
values calculated for our ecosystem model, thus indicating a
strong status of excessive exploitation.

Comparison between methods

Overall, both methods yielded similar results for calculating TLs.
The maximum TL discrepancy between the two methods was less
than 20%, with an average of less than 10%, which suggests that
both methods are comparable. Other studies found differences
between both methods around 13% (Milessi et al., 2010; Du
et al., 2015, 2020). In general, the comparison between trophic

levels of species is more meaningful than comparison between
functional groups. In the case of species showing higher TLs in
Ecopath compared to stable isotope analysis, diet studies might
have been biased or did not reflect the diet at time of sampling.
These deviations might be caused by seasonal factors, opportun-
ism, digestibility of prey, and ontogenetic changes (van der Grient
et al., 2023). Moreover, there might be cases with single species
not sharing the same diet as other species belonging to the
same functional group, which is a lost detail because of the aver-
aging within a functional group. This may be the case where we
compared M. ingens with the Ecopath functional group of
squid. Overall, there seem to be a trend of higher TL based on
stable isotopes compared to Ecopath. As details of lower TLs
are missing, e.g. micro- and macro-zooplankton, there might be
one or several missing TLs in the model (Sommer et al., 2018).
Length of the trophic chain (lowest to highest species/functional
group) was found to be comparable between methods with 3.65
TLs (stable isotope analysis) and 3.31 TLs (Ecopath), resulting

Figure 10. Difference in trophic level between stable isotope measurements and Ecopath (in%), sorted by trophic level (bottom low, top high); species labels on the
left, corresponding functional group on the right; colour intensity shows the extent of difference between Ecopath and isotope TL estimates.
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Table 5. Selected trophic levels and stable isotopes of comparable studies; *1 = based on hair and vibrissae samples; *2 = based on blood samples.

Species TL δ15N TL stomach δ13C δ15N Study Area

POM – – −21.6 8.88 Hückstädt et al. (2007) Chile

POM – – −24.8 (±3.3) 1.8(± 0.8) Stowasser et al. (2012) Scotia Sea

Amphipoda 2.68 – −23.1 5.6 Rosas-Luis et al. (2016) Patagonian Shelf

Chaetognatha 3.4 (± 0.2) – −22.9 (± 1.5) 7.4(± 0.9) Stowasser et al. (2012) Scotia Sea

Euphausia lucens 2.0 – −19.8 (± 0.7) 7.33 (± 0.8) Ciancio et al. (2008) Patagonian Shelf

Euphausia superba 1.92 – −28.78 (± 1.37) 3.15 (± 0.6) Rosas-Luis et al. (2016) Patagonian Shelf

Euphausia superba – – −16.04 12.37 Hückstädt et al. (2007) Chile

Euphausia superba 2.5 (± 0.4) – −22.3 (± 3.1) 4.3 (± 1) Stowasser et al. (2012) Scotia Sea

Themisto gaudichaudii 2.94 – −20.9 (± 1.5) 10.5 (± 1.8) Ciancio et al. (2008) Patagonian Shelf

Munida gregaria 4.63 – −18.01 (± 0.16) 11.83 (± 0.75) Rosas-Luis et al. (2016) Patagonian Shelf

Munida spp. – – −16.2 to −18.4 (± 0.28 to 0.64) 9.1 to 11.7 (± 0.13 to 1.82) Quillfeldt et al. (2015) Patagonian Shelf

Salpa thompsoni 2.0 (± 0.2) – −24.5 (± 2.1) 2.7 (± 0.8) Stowasser et al. (2012) Scotia Sea

Themisto gaudichaudii 2.8 (± 0.4) – −20.2 (± 2) 5.1 (± 1.3) Stowasser et al. (2012) Scotia Sea

Gymnoscopelus braueri 4.1 (± 0.3) – −23.5 (± 1) 9.7 (± 0.6) Stowasser et al. (2012) Scotia Sea

Gymnoscopelus nicholsi – – −19.1 to −19.5 (± 0.28 to 0.71) 10.1 to 11.2 (± 0.53 to 0.64) Quillfeldt et al. (2015) Patagonian Shelf

Gymnoscopelus nicholsi 4.2 (± 0.3) – −20.9 (± 0.8) 9.5 (± 1.5) Stowasser et al. (2012) Scotia Sea

Myctophids 3.29 – −21.9 (± 0.7) 11.7 (± 0.9) Ciancio et al. (2008) Patagonian Shelf

Myctophids 3.52 – −21.8 8.4 Rosas-Luis et al. (2016) Patagonian shelf

Doryteuthis gahi (mature) 4.93 – −17.12 (± 0.21) 12.69 (± 0.52) Rosas-Luis et al. (2016) Patagonian Shelf

Doryteuthis gahi (maturing) 5.05 – −18.48 (± 0.18) 13.18 (± 0.8) Rosas-Luis et al. (2016) Patagonian Shelf

Doryteuthis gahi – – −16.9 to −19 (± 0.37 to 0.44) 10.7 to 12.9 (± 0.45 to 0.91) Quillfeldt et al. (2015) Patagonian Shelf

Doryteuthis gahi 3.86 – −19.0 (± 0.6) 13.6 (± 0.7) Ciancio et al. (2008) Patagonian Shelf

Patagonotothen 4.8 – −18.96 (± 0.96) 12.39 (± 1.02) Rosas-Luis et al. (2016) Patagonian Shelf

Patagonotothen ramsayi – – −17.1 to −18.1 (± 0.28 to 0.82) 11.7 to 13.5 (± 0.54 to 0.63) Quillfeldt et al. (2015) Patagonian Shelf

Illex argentinus 4.68 – −18.92 (± 0.47) 11.98 (± 0.97) Rosas-Luis et al. (2016) Patagonian Shelf

Illex argentinus – – −16.3 to −18.8 (± 0.39 to 0.46) 9.9 to 13.3 (± 0.4 to 0.78) Quillfeldt et al. (2015) Patagonian Shelf

Illex argentinus 3.7 – −18.1 (± 0.3) 13.1 (± 0.9) Ciancio et al. (2008) Patagonian Shelf

Macruronus magellanicus – – −16.7 to −19.0 (± 0.25 to 0.54) 13.4 to 13.8 (± 0.47 to 0.83) Quillfeldt et al. (2015) Patagonian Shelf

Macruronus magellanicus 3.95 – −18.2 (± 0.7) 13.9 (± 0.7) Ciancio et al. (2008) Patagonian Shelf

Micromesistius australis 4.58 – −18.47 (±) 11.66 Rosas-Luis et al. (2016) Patagonian Shelf

Micromesistius australis – – −19.3 (± 0.18) 10.5 (± 0.37) Quillfeldt et al. (2015) Patagonian Shelf

Moroteuthopsis ingens 4.52 – −18.59 (± 0.76) 11.48 (± 1.19) Rosas-Luis et al. (2016) Patagonian Shelf
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Moroteuthopsis ingens – – −16.7 to −19.3 (± 0.37 to 0.9) 11.1 to 13.1 (± 0.62 to 1.75) Quillfeldt et al. (2015) Patagonian Shelf

Moroteuthopsis ingens 3.84 – −18.7 (± 0.4) 13.5 (± 1.1) Ciancio et al. (2008) Patagonian Shelf

Bathyraja (Genus) – 3.79–3.98 – – Ebert and Bizzarro (2007) –

Dipturus (Genus) – 3.73–4.15 – – Ebert and Bizzarro (2007) –

Scyliorhinidae (Family of Schroederichthys bivius) – 3.8–4.0 – – Cortes (1999) –

Squalus acanthias 3.4 to 4.2 – −17.93 to −21.48 11.98 to 13.42 (±) Andrews (2010) Alaska coast

Arctocephalus gazella 3.9 (± 0.3) – −22.2 (± 0.8) 9.4 (± 1.1) Stowasser et al. (2012) Scotia Sea

Genypterus blacodes 4.48 4.18–4.34 −13.68 20.71 Hückstädt et al. (2007) Chile

Lamnidae (family of Lamna nasus) – 4.2–4.5 – – Cortes (1999) –

Macruronus magellanicus 4.31 3.93 −15.02 20.12 Hückstädt et al. (2007) Chile

Merluccius hubbsi – – −16.9 (± 0.23) 16.4 (± 0.71) Quillfeldt et al. (2015) Patagonian Shelf

Merluccius hubbsi 4.85 – −18.2 (± 0.9) 17 (± 0.1) Ciancio et al. (2008) Patagonian Shelf

Otaria flavescens*1 4.57 – −12.48 (± 0.68) 20.97 (± 0.77) Hückstädt et al. (2007) Chile

Otaria flavescens 6.46 – −17.3 22.5 Ciancio et al. (2008) Patagonian Shelf

Salilota australis – – −16.8 to −19 (± 0.21 to 0.88) 13.3 to 15.5 (± 0.61 to 1.13) Quillfeldt et al. (2015) Patagonian Shelf

Salilota australis 4.35 – 17.7 (± 0.2) 15.3 (± 0.3) Ciancio et al. (2008) Patagonian Shelf

Squalus acanthias 4.18 – −19.3 (± 0.7) 15.2 (± 0.8) Ciancio et al. (2008) Patagonian Shelf

Squalidae (family of Squalus acanthias) – 4.0–4.2 – – Cortes (1999) –

Thalassarche melanophrys*2 4.8 (± 0.3) – −20.3 (± 0.9) 12.6 (± 1.1) Stowasser et al. (2012) Scotia Sea

Thalassarche melanophris 4.28 – −18.0 (± 0.4) 15 (± 1.1) Ciancio et al. (2008) Patagonian Shelf
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in an average total length of 3.48 TLs from the lowest to the
highest group in the ecosystem, excluding primary producer.
Thus, the total length is 4.48 TLs. The shorter chain length of
the Ecopath model also suggests there could be interactions miss-
ing, due to the scarcity of data on lower TLs.

The Falkland shelf ecosystem and migration in the Patagonian
Shelf LME

The Patagonian Shelf LME and its sub-area, the Falkland Shelf,
display wasp-waist characteristics, e.g. the food web contains
many top predator species and many species at the base but
few in the middle. Regarding the base of the food web, there is
high biodiversity in lower trophic levels, such as in zooplankton,
with about 505 species of copepods, 188 species of amphipods
and 61 species of euphausiids recorded in the South Atlantic
Ocean (Boltovskoy et al., 2003; Hoffmeyer et al., 2018). Few
papers have been published about zooplankton dynamics or
their importance in the Falkland Shelf ecosystem (Sabatini and
Colombo, 2001), even though zooplankton represent the back-
bone of the ecosystem as the keystone species D. gahi, I. argenti-
nus and P. ramsayi heavily rely on them (Mouat et al., 2001;
Laptikhovsky and Arkhipkin, 2003; Büring et al., 2022). To refine
future ecosystem models, more research on plankton communi-
ties on the Patagonian Shelf should be undertaken.

There are many predatory species in the Patagonian Shelf
LME, including piscivorous fish species such as hakes, red cod
and kingclip, skate and shark species (Arkhipkin et al., 2012).
Other relevant predators are three pinniped species, several baleen
and toothed whale species, dolphins, five penguin species and
many other seabird species (van der Grient et al., 2023).
Despite the high productivity of the Patagonian Shelf LME,
many of the higher TL consumers display migratory behaviour,
with differences between the location of feeding and spawning
grounds (van der Grient et al., 2023). For instance, I. argentinus
feed largely along the Argentinian and Uruguayan coasts
(Chemshirova et al., 2021), away from its main spawning area.
Arkhipkin et al. (2012) suggested that feeding pressure experi-
enced by their offspring might be too high to establish a spawning
population on the shelf area. Conversely, in the mid-trophic levels
the presence of constant nutrient availability may result in the
prevalence of a few dominant species outcompeting the others
(Alemany et al., 2009) and establishing spawning populations.
In addition to the high biodiversity of lower trophic levels, it is
worth noting the unique characteristics of squid life history and
their plasticity in adapting to a changing environment. Squids
like D. gahi are predators with short life spans and high growth
rates (Jackson and O’Dor, 2001), allowing them to take advantage
of any niches much quicker than multiannual species (Rodhouse
and White, 1995). This flexibility could play an important role in
the ecosystem dynamics of the Falkland shelf ecosystem as squid
can quickly adapt to changing environmental conditions (Hoving
et al., 2013) and take advantage of newly available resources.

Keystone species are considered species with low biomass but
high impact on – and a structural role in – the ecosystem
(Libralato et al., 2006). For the Falkland Shelf ecosystem, the def-
inition of keystone species applies to the top predators: sharks,
seals and sea lion, dolphins and penguins. However, D. gahi
and other squids undoubtedly play an important role in the
Falkland Shelf ecosystem. D. gahi’s biomass is high but its influ-
ence may be disproportionate high compared to its biomass. The
highest negative impacts of D. gahi biomass were found on
Myctophidae and on D. gahi itself (including both cohorts separ-
ately), because of a high proportion of cannibalism in its diet
(Büring et al., 2022). A positive trophic impact may occur when
an increase in the biomass of one trophic level leads to an increase

in the biomass of the trophic levels that consume it as a resource.
For example, if the biomass of D. gahi increases there is an
increase in the biomass of pinnipeds and other species feeding
on D. gahi. Conversely, a negative trophic impact occurs when
an increase in the biomass of one trophic level leads to a decrease
in the biomass of the trophic levels that are consumed by it. For
example, if the biomass of D. gahi increases this may lead to a
decrease in the biomass of Myctophidae that are preyed upon
by D. gahi. These two examples represent rather simplistic direct
relationships, but the mixed trophic impact outcomes presented
here are valuable because they can describe less intuitive and
indirect consequences like the concept of beneficial predators
found by Bondavalli and Ulanowicz (1999). Understanding the
positive and negative trophic impacts in a food web can help to
identify important relationships and potential ecological effects
of changes in species abundances or management strategies.
Quantifying positive impacts on other species can help to identify
key species that are critical to the overall functioning and product-
ivity of the food web. Conversely, mapping trophic relationships
responsible for the spread of negative impacts can help to identify
potential risks and trade-offs associated with management strat-
egies that affect the species involved. The highest positive impacts
of D. gahi were found on top predators because of feeding habits
of these consumers that either directly or indirectly depend on the
squids (Alonso et al., 2000; Laptikhovsky et al., 2010). The highest
negative impacts of D. gahi were found on myctophids.
Myctophids are highly abundant and represent an important
group of mesopelagic fish in the oceans. They are an important
group in Antarctic waters (Pusch et al., 2004; Pakhomov et al.,
2006) and the highest myctophid abundances can be found
between 200 and 700 m in the Scotia Sea (Lourenço et al.,
2017). Previous studies found high frequency of occurrence of
myctophids in D. gahi stomachs (Brickle et al., 2001, Büring
et al., 2022). Our model and the dietary studies used for it suggest
high abundances of myctophids are needed to sustain the ecosys-
tem. However, studies regarding the abundance, biomass, and dis-
tribution of Myctophidae are scarce around the Falkland Islands,
which represents a limitation for the quantification of their role in
this model.

The third TL is a crucial bottleneck to energy flows, a finding
that supports the relevance of a wasp-waist structure in the eco-
system under investigation. Ecologically, a high flow of energy
in the intermediate trophic level could have important implica-
tions for the stability and resilience of the ecosystem. For example,
changes in the availability or productivity of species in the third
TL could have cascading effects on the energy flow and dynamics
of the entire food web (Cury, 2000; Jordán, 2009). Other food
webs, for example in the Mediterranean Sea (Coll et al., 2008),
show much greater biodiversity and higher numbers of trophic
groups in medium trophic levels compared to the Falkland
Islands marine ecosystem. Given the relatively small number of
species (among them P. ramsayi and D. gahi) within the third
TL in the Falkland Shelf ecosystem compared to other ecosystems,
we can consider both species as key components within the eco-
system (corroborated by their keystone index) that require careful
management. Even though top predators like sharks and pinni-
peds exert an important top-down control, and phytoplankton
and zooplankton influence the ecosystem from the bottom-up
perspective (e.g. due to nutrient availability in an upwelling
area), middle-out controls can be seen in relation to D. gahi
and P. ramsayi, which represent intermediate connections linking
the bottom of the food chain to top predators. An example of this
role could be found around 2005 to 2015, when the Falkland M.
australis stock collapsed and, in response to it, the P. ramsayi
stock increased dramatically (Laptikhovsky et al., 2013) prior to
experiencing a drastic decline. The stock size of P. ramsayi,
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although now recovering again, is still very small (93,000 t) com-
pared to 2011 (885,000 t; Ramos and Winter, 2022a, 2022b), with
future impacts not assessed yet. Myctophids and the Patagonian
sprat Sprattus fuegensis might also play a very important role as
abundant prey in the Patagonian Shelf LME (Montecinos et al.,
2016). However, due to the lack of data (no S. fuegensis could
be sampled, probably because of the large mesh size used by fish-
ing vessels) a sound estimate of their importance could not be
achieved in this study.

The Falkland Shelf ecosystem and the South Brazil Bight eco-
system share some similarities in terms of structure and presence
of keystone species. They display in fact a high productivity and
host a small number of key species, which act as bottlenecks to
energy circulation and play a critical role in maintaining the over-
all health and productivity of the ecosystem (Nascimento et al.,
2011; Nogueira and Brandini, 2018). The Falkland Shelf ecosys-
tem is characterized by complex hydrodynamics, including the
Falkland Current and the Antarctic Circumpolar Current, result-
ing in upwelling nutrients and therefore high productivity (Vivier
and Provost, 1999; Agnew, 2002; Belkin et al., 2009; Matano et al.,
2010; van der Grient et al., 2023). In contrast, the South Brazil
Bight ecosystem is a shelf area with wind-driven upwelling, espe-
cially during summer, which brings nutrient-rich water to the
surface and sustains a high productivity (Castro, 2014). Like the
Falkland Shelf ecosystem, in the South Brazil Bight a loliginid
squid species (Loligo plei) is considered a key species (Gasalla
et al., 2010). These squids are an important prey for many preda-
tors, including dolphins, seals, and seabirds, and also play an
important role in the diet of many commercial fish species.
Therefore, the loss of L. plei could have significant impacts on
the overall productivity and health of the South Brazil Bight eco-
system (Gasalla et al., 2010).

When comparing the food web structure of the marine
Falkland Islands ecosystem with that of the marine ecosystems
of the Antarctic, there are several notable differences. One signifi-
cant difference is the food chain length. Food webs have typically
a length between 3 and 4 (Pimm and Kitching, 1987). Food chain
length is important to understand resource availability, ecosystem
stability, optimal diet choice of individuals, size relationships of
prey to predators and size of the habitat area (Pimm, 1982;
Pimm and Kitching, 1987; Kondoh and Ninomiya, 2009). The
food chain in Antarctic ecosystems is longer than in the
Falkland Islands ecosystem (Stowasser et al., 2012). This could
be a result of a higher proportion of top predators in the
Antarctic ecosystems, such as killer whales, leopard seals and vari-
ous species of birds, which feed on a variety of prey including
krill, fish and squid. In contrast, the Falkland Islands ecosystem
has a lower proportion of top predators, and the food chain
tends to be shorter. Another difference is the control mechanisms
of the food web. The Antarctic ecosystem is controlled by
bottom-up forces, with the abundance of primary producers
such as phytoplankton, sea ice algae and zooplankton (particu-
larly Euphausia superba) driving food web dynamics (Hempel,
1985; Kerry and Hempel, 1990). In contrast, the Falkland
Islands ecosystem is more complex, with both top-down and
bottom-up control mechanisms playing a role (Laptikhovsky
et al., 2013; van der Grient et al., 2023). While primary producers
do play a significant role in the Falkland Islands ecosystem, the
abundance of predators such as squids and fishes can also have
an impact on food web functioning. Additionally, there are differ-
ences in the key species. In the Antarctic ecosystem, the Antarctic
krill is a key species (Rau et al., 1991) that serves as a primary
food source for many predators in the ecosystem. In the
Falkland Islands ecosystem, the loliginid squid Doryteuthis gahi
is a key species due to its high abundance and significant impact
on the food web.

Conclusion

In this study, we have demonstrated that stable isotopes and
Ecopath can yield similar predictions of trophic levels.
Furthermore, we found that the Falkland Shelf features many
aspects of middle-out, wasp-waist dynamics besides the bottom-
up and top-down mechanisms of control. We quantified the
importance of both cohorts of D. gahi and squids in general
within the Falkland Islands waters, but top predators such as pin-
nipeds and sharks still dominate food web dynamics and are
essential for its functioning. Although the characterization of myc-
tophids’ role in the ecosystem requires further research, our find-
ings on the ecosystem structure and functioning of the Falkland
Island food web are useful and important steps towards planning
for and incorporating an ecosystem-based fisheries management
to ensure a sustainable use of resources on the Falkland Shelf.
Effects on species in the third TL could cascade through the entire
food web, and the relatively small number of species given within
the third TL in the Falkland Shelf ecosystem, among them P. ram-
sayi and D. gahi, we can consider both species as key components
that require careful management. The next step would be creating
an Ecosim model based on the presented Ecopath model to simu-
late the impact of climate change and alternative fisheries manage-
ment scenarios on the Falkland Shelf ecosystem.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0025315423000887
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