
ARTICLE

The Canadian Beaufort Shelf trophic structure:
evaluating an ecosystem modelling approach by
comparison with observed stable isotopic
structure1

C. Hoover, C. Giraldo, A. Ehrman, K.D. Suchy, S.A. MacPhee, J. Brewster,
J.D. Reist, M. Power, H. Swanson, and L. Loseto

Abstract: Climate-driven impacts on marine trophic pathways worldwide are compounded
by sea-ice loss at northern latitudes. For the Arctic, current information describing food-web
linkages is fragmented, and there is a need for tools that can describe overarching trophic
structure despite limited species-specific data. Here, we tested the ability of a mass-balanced
ecosystem model (Ecopath with Ecosim, EwE) to reconstruct the trophic hierarchy of
31 groups, from primary producers to polar bears, in the Canadian Beaufort Sea continental
shelf. Trophic level (TL) estimates from EwE were compared with those derived from two
nitrogen stable isotope (SI) modelling approaches (SI linear and scaled) to assess EwE
accuracy, using a data set of 642 δ15N observations across 282 taxa. TLs from EwE were
strongly, positively related to those from both SI models (R2 > 0.80). EwE performed well
(within 0.2 TL) for groups with relatively well-known diets or for taxa characterized by fewer
trophic connections (e.g., primary consumers). Performance was worse (>0.5 TL) for species
groups aggregated at coarse taxonomic levels, those with poorly documented diets, and for
anadromous fishes. Comparisons with SI models suggested that the scaled approach can
overestimate the TL of top predators if ecosystem-specific information is not considered.
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Résumé : Les impacts du climat sur les voies trophiques marines à travers le monde sont
aggravés par la perte de glace de mer aux latitudes nord. Pour l’Arctique, l’information
actuelle décrivant les liens du réseau alimentaire est fragmentée, et il existe un besoin d’ou-
tils capables de décrire la structure trophique globale malgré des données limitées
spécifiques aux espèces. Les auteurs ont testé ici la capacité d’un modèle écosystémique à
masse équilibrée (Ecopath avec Ecosim, EwE) à reconstruire la hiérarchie trophique de
31 groupes, des producteurs primaires aux ours polaires, sur le plateau continental de la
mer de Beaufort canadienne. Les estimations du niveau trophique (NT) provenant d’EwE
ont été comparées à celles dérivées de deux approches de modélisation des isotopes stables
(IS) de l’azote (IS linéaire et échelonné) afin d’évaluer la précision d’EwE, en utilisant un
ensemble de données de 642 observations de δ15N pour 282 taxons. Les NT d’EwE étaient for-
tement et positivement liés à ceux des deux modèles d’IS (R2 > 0,80). EwE a obtenu de
bonnes performances (à l’intérieur de 0,2 NT) pour les groupes dont le régime alimentaire
est relativement bien connu ou pour les taxons caractérisés par moins de connexions
trophiques (par exemple, les consommateurs primaires). La performance était moins bonne
(>0,5 NT) pour les groupes d’espèces agrégés à des niveaux taxonomiques grossiers, pour
ceux dont le régime alimentaire est mal documenté et pour les poissons anadromes. Les
comparaisons avec les modèles d’IS suggèrent que l’approche scalaire peut surestimer le
NT des prédateurs supérieurs si les informations spécifiques à l’écosystème ne sont pas pri-
ses en compte. [Traduit par la Rédaction]

Mots-clés : Ecopath avec Ecosim, isotopes stables de l’azote, niveau trophique, écosystème marin.

Introduction

Severe and rapid climate-driven changes in temperature, sea-ice cover, nutrient delivery,
and physical mixing dynamics have altered energy pathways in Arctic marine ecosystems,
leading to significant changes in species distributions, food webs, and ecosystem function
(e.g., Hoegh-Guldberg and Bruno 2010; Kortsch et al. 2015; Frainer et al. 2017). Existing
baseline information on ecosystem functioning in the Arctic is both temporally and spa-
tially limited (Wassmann et al. 2011). Current information describing Arctic food-web
linkages and predator–prey relationships is fragmented, and data availability varies greatly
depending on the taxa and study approach (e.g., stomach contents analysis, trait-based
classifications, biochemical tracers) (Matley et al. 2015; Kohlbach et al. 2017). Effective tools
that can integrate available ecological information and account for data-poor species are,
therefore, necessary to characterize present food-web structure and to predict implications
of climate change.

To that end, ecosystem modelling software, such as Ecopath with Ecosim (EwE)
(Christensen et al. 2005; Buszowski et al. 2007), can approximate food-web structure using
both locally relevant and inferred data, and can facilitate comparisons within and among
ecosystems (Walters et al. 1997; Plaganyi 2007; Colléter et al. 2015; Steenbeek et al. 2015).
EwE uses mass-balance approaches (Plaganyi 2007) to estimate key food-web parameters
that can describe structure and function of an ecosystem, and can include food-web
members ranging from primary producers to top predators (Walters et al. 1997;
Christensen et al. 2007).

An EwE ecosystem model was constructed for the Canadian Beaufort Sea (CBS) shelf to
integrate species-specific research projects into a holistic view of the food web (Hoover et al.
2021). The region is relatively data dense for the Canadian Arctic, having been subject to
various historical and ongoing large-scale ecosystem studies (see Cobb et al. 2008).
However, the quantity, types, spatial scales, and temporal coverage of biomass and dietary
data used to construct the EwE model varied among taxa and ecosystem components and,
in some cases, it was necessary to infer parameters from nearby Arctic areas (e.g., deeper
Beaufort Sea, Chukchi Sea, Amundsen Gulf). In general, EwE model quality is limited by
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data quality and quantity (Plaganyi and Butterworth 2004). Consequently, cross-comparing
ecosystem metrics derived from the EwE model with those derived from observations is
important to understand how accurately the EwE model may capture ecosystem structure.

Trophic level (TL) is an essential concept in ecosystem studies, describing the vertical
structure of the food web supporting top predators (Lindeman 1942). In a simplified food
web, TL is defined as the number of feeding linkages separating an organism from primary
producers (Thompson et al. 2007). In complex systems with a multitude of predator–prey
interactions and (or) basal energy sources, TL can provide additional insight into consumer
feeding strategies (Matich et al. 2011). TL is calculated by EwE using trophic linkages estab-
lished based on aggregated dietary literature and can be estimated directly in an ecosystem
using stable isotope (SI) analyses. SI ratios of nitrogen (δ15N) measured in consumer tissues
can be used to estimate relative TL because the heavy 15N isotope typically exhibits stepwise
enrichment between predator and prey (DeNiro and Epstein 1981; Cabana and Rasmussen
1996). Thus, δ15N has become a powerful tool for defining trophic relationships
(e.g., Hobson and Welch 1992; Post 2002; Vanderklift and Ponsard 2003).

Here, we cross-validate CBS food-web reconstructions by comparing TL values estimated
from the EwE model with those estimated from two widely used isotopic methods using
observed δ15N values, one linear and one scaled by the value of δ15N at a given TL (Post
2002; Hussey et al. 2014; Lassalle et al. 2014). In so doing, we evaluate the capacity of the
EwE model to accurately represent trophic structure at an ecosystem scale (e.g., Prince
William Sound, Alaska (Kline and Pauly 1998); Sørfjord, Norway (Nilsen et al. 2008);
Mediterranean Sea (Navarro et al. 2011); Bay of Biscay, France (Lassalle et al. 2014)), even
when diet data are lacking for specific taxa. We used the most comprehensive data set
compiled for the Beaufort Sea Shelf to date to demonstrate relatively strong agreement on
trophic hierarchy among models. While comparing TL calculations and agreement
amongst modelling approaches, we also identify key sources of uncertainty and data gaps
that contribute to inconsistencies among models.

Materials and methods

Study area
The Canadian Beaufort continental shelf is approximately 120 km wide and 530 km long

(Carmack et al. 2004). The shelf is bordered by the Amundsen Gulf to the east and the
Mackenzie Canyon to the west and descends steeply offshore into the Canada Basin
(Fig. 1). Biological production on the Beaufort Shelf is strongly linked to circulation and
ice cover that regulate bottom-up controls, including light and nutrient availability, vertical
mixing, and stratification (Carmack and Wassmann 2006). The Mackenzie River has a
dominant influence on the biophysical characteristics of the region by discharging large
volumes of freshwater (330 km2 annually; Macdonald et al. 1998) and sediments onto the
wide shelf. River discharge flows offshore to the shelf before moving eastwards and mixing
with marine water, resulting in the co-occurrence of freshwater and marine biota (Carmack
and Macdonald 2002). The ecosystem model and the SI data both represent the Beaufort
Shelf up to a depth of 200 m.

Ecosystem overview
The complexity of the Beaufort Sea ecosystem is linked to seasonal polar climate cycles

that influence the residency and activity of animals (e.g., migratory marine mammals,
marine birds, anadromous fishes, and ice-associated biota) and drive the spatial and tempo-
ral variability of energy sources that comprise the base of the food web (e.g., river
discharge, phytoplankton blooms, cross-shelf exchange of organic matter and zooplankton;
Carmack and Macdonald 2002; Williams and Carmack 2015). Knowledge of the roles and
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significance of many resident marine species for ecosystem structure and function remains
limited (Cobb et al. 2008), but has recently improved as a result of ecosystem modelling
exercises and dedicated ecosystem studies (e.g., Loseto et al. 2009; Connelly et al. 2014;
Bell et al. 2016; Brewster et al. 2016a, 2016b, 2017; Giraldo et al. 2016; Majewski et al. 2016a;
Stasko et al. 2016; Hoover et al. 2021). Detailed descriptions of CBS ecosystem structure
can be found elsewhere (Carmack and Macdonald 2002; Cobb et al. 2008), but we provide
a brief overview here for context in light of recent investigations.

Ice algae dominate winter primary production, which increases through the spring as
daylight returns, and eventually gives way to a travelling pelagic marginal ice-edge bloom
that follows the retreat of summer ice pack (Carmack and Macdonald 2002). During
summer, pelagic phytoplankton form the majority of the food-web base (Carmack et al.
2004; Connolly et al. 2005). Although annual primary production is relatively low in the
Beaufort Sea compared with other Arctic nearshore seas (∼ 62 g C·m−2·year−1; Ardyna et al.
2013), pelagic primary production is punctuated by upwelling events that replenish
nutrients in surface layers and promote sudden, localized phytoplankton blooms
(Carmack et al. 2004). Terrestrial organic carbon delivered by the Mackenzie River discharge
can act as an additional basal carbon source (Bell et al. 2016). Heterotrophic bacteria and
benthic algae contribute substantially to production in nearshore areas on the Mackenzie
Shelf, but are minor sources at the regional scale (Garneau et al. 2006; Oxtoby et al. 2016).
Significant macrophyte beds or kelp forests have not been identified in the region
(Cobb et al. 2008).

Zooplankton diversity is low and spatially variable on the shelf due to the influence of
the Mackenzie River plume (Darnis et al. 2008; Walkusz et al. 2010; Hunt et al. 2014). As
elsewhere in the Arctic, lipid-rich zooplankton, pelagic amphipods, and krill act as impor-
tant conduits of phytoplankton-derived energy to higher-trophic fish and marine mammals
(e.g., Walkusz et al. 2012; Giraldo et al. 2016, 2018; Majewski et al. 2016b), but can also
interrupt the delivery of pelagic production to benthic communities on the shelf. Benthic
primary consumers may derive energy from pulsed inputs of phytodetritus during bloom
events, lateral advection of organic matter via ocean currents, river discharge, or
even directly from bacteria (e.g., Lovvorn et al. 2005; Renaud et al. 2007; Roy et al. 2015;

Fig. 1. Map of the Canadian Beaufort Shelf. The study area is outlined in black, defined by the 200 m contour along
the shelf-break in Canadian waters. Reproduced from Hoover et al. (2021).
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Bell et al. 2016). The Mackenzie Shelf is typified by muddy-bottom benthic invertebrate
communities, and biomass is dominated by echinoderms, bivalves, crustaceans, and annel-
ids (Roy et al. 2014) that provide food for larger invertebrates, fish, and bottom-feeding
marine mammals (Smith 1981; Lowry et al. 2004). Benthic invertebrate diversity and bio-
mass is higher near the shelf-break compared with inshore (Conlan et al. 2008, 2013).
Mobile benthopelagic carnivores and scavengers actively seek food in the water column
and on the seafloor, and can act as integrators of the benthic and pelagic food-web path-
ways (e.g., Stasko et al. 2016; Giraldo et al. 2018), but there is still limited knowledge on how
seasonally migrating demersal zooplankton contribute to benthic–pelagic energy transfer
(Connelly et al. 2014).

To date, 55 marine and 20 coastal anadromous fish species have been reported in the
CBS (shelf and slope; Coad and Reist 2018). Despite co-occurring in coastal waters during
summer, brackish-water and anadromous fishes exhibit distinct resource partitioning
along the freshwater–marine and benthic–pelagic continuums (Brewster et al. 2016a,
2016b). Offshore, Arctic cod (Boreogadus saida (Lepechin, 1774)) have been well studied due
to their high relative abundance and are widely regarded as a key link between zooplank-
ton (e.g., Walkusz et al. 2013; Majewski et al. 2016a, 2016b) and higher-trophic predators
such as seals (Weslawski et al. 1994), birds (Matley et al. 2012), larger fish (Giraldo et al.
2018), and whales (Dehn et al. 2006). The diets of non-harvested and less abundant offshore
fish species, which might be of considerable ecological importance (e.g., as potential food
for top predators), are still poorly understood. From what is known, offshore fishes occupy
a wide array of distinct functional feeding types and trophic levels, but generalist strategies
within feeding types are common (e.g., Majewski et al. 2013, 2017; Walkusz 2013; Giraldo
et al. 2016; Stasko et al. 2016) and are mostly benthic (Coad and Reist 2018).

Marine mammals are the top predators in the CBS and are culturally significant
subsistence species. Large schooling fish and invertebrates form the major prey base
supporting beluga whales (Delphinapterus leucas (Pallas, 1776)), ringed seals (Pusa hispida
(Schreber, 1775)), and bearded seals (Erignathus barbatus (Erxleben, 1777)), which, along with
bowhead whales (Balaena mysticetus Linnaeus, 1758), are the primary prey of Southern
Beaufort polar bears (Ursus maritimus Phipps, 1774) (e.g., Bentzen et al. 2007; Loseto et al.
2009; Walkusz et al. 2012; Brewster et al. 2016a, 2016b; Yurkowski et al. 2016; Choy
et al. 2017).

EwE TL evaluation
An existing EwE food-web model was used to estimate TL for 31 species groups ranging

from primary producers to marine mammals (Suprenand et al. 2018; Hoover et al. 2021).
Species groups were based on either single species or groups of species with similar life
histories, feeding strategies, or common predators (Table 1, Fig. 2). Before more recent
integrated research programs were completed within the study area (e.g., Bell et al. 2016;
Brewster et al. 2016a, 2016b; Majewski et al. 2016a), an EwE model was used in a holistic
assessment of the ecosystem. This model represented the 1970s Beaufort Sea shelf
(<200 m) food web, with temporal (Ecosim) simulations from 1970–2012 capturing interan-
nual dynamics (Suprenand et al. 2018; Hoover et al. 2021). As required for Ecopath model
construction, basic input parameters included biomass, production-to-biomass ratio (P/B),
consumption-to-biomass ratio (Q/B), ecotrophic efficiency (EE), and diet composition
(eqs. 1 and 2). In order the fulfill the requirement of a mass-balanced model, the production
(Pi) for the first time step (the Ecopath model) of group i is dependent on the biomass of
predator group j (Bj), the predation mortality of group j (M2ij), the fishery catch (Yi), the
net migration rate (Ei), biomass accumulation (BAi), and the ecotrophic efficiency (EEi) or
proportion of production that is utilized by predation, fishing, and migration
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Table 1. Summary of the available nitrogen stable isotope (SI; δ15N) data for 31 species groups in the Canadian Beaufort Sea ecosystem, as well as the trophic
levels (TLs) and relative trophic rankings estimated for each group by the Scaled SI Model, Linear SI Model, and Ecopath with Ecosim (EwE) Model.

Species group
Group
code

SI data available SI model results
EwE Model
results

No. of
taxa

No. of
entries

Total n
(individual
samples)

Weighted
mean δ15N

Pooled
SD

Scaled
TL

Linear
TL Rank TL Rank

Polar Bears POL 1 23 476 20.14 0.71 8.04 5.28 1 4.81 1
Beluga Whales BEL 1 2 91 17.05 0.73 4.85 4.37 2 4.23 2
Ringed Seals RSE 1 1 33 16.90 0.56 4.75 4.33 3 3.83 3
Bearded Seals BSE 1 1 6 16.80 0.38 4.68 4.30 4 3.77 5
Birds BIR 9 21 365 15.25 0.69 3.84 3.84 5 3.82 4
Capelin CAP 1 1 17 14.70 0.41 3.59 3.68 6 3.45 8
Small Benthic Marine Fishes SBF 17 54 496 14.60 0.83 3.55 3.65 7 3.19 13
Small Nearshore Forage Fishes SFF 2 2 43 13.56 0.44 3.13 3.34 8 3.12 14
Flounders & Benthic Cods FLO 4 6 351 13.54 0.88 3.12 3.34 9 3.32 10
Arctic Char and Dolly Varden CHA 2 11 176 13.46 0.82 3.09 3.31 10 3.60 6
Arctic & Polar Cod COD 1 11 297 13.37 1.14 3.06 3.29 11 3.45 9
Bowhead Whales BOW 1 11 84 13.20 0.50 2.99 3.24 12 3.27 11
Echinoderms ECH 27 70 298 13.00 0.97 2.92 3.18 13 2.23 20
Other Salmonids SAL 3 3 96 12.60 0.89 2.78 3.06 14 3.56 7
Molluscs (not Bivalves)b MOL 21 52 190 11.84 1.05 2.53 2.84 15 2.00 25
Arthropods ART 50 100 478 11.66 2.19 2.48 2.79 16 2.22 21
Macrozooplankton MAC 25 48 305 11.34 1.31 2.38 2.69 17 2.62 16
Worms WOR 39 71 324 11.24 1.19 2.35 2.66 18 2.07 24
Medium Copepods MED 3 11 76 10.80 0.75 2.22 2.53 19 2.12 22
Other Benthos BEN 18 35 106 10.64 1.10 2.17 2.49 20 2.08 23
Ciscoes & Whitefish CIS 5 6 457 10.61 1.30 2.17 2.48 21 3.21 12
Jellies JEL 6 13 18 10.45 0.86 2.12 2.43 22 2.38 17
Large Copepods COP 5 10 70 9.74 1.42 1.93 2.22 23 2.27 19
Other Mesozooplankton MES 3 4 7 9.35 0.20 1.83 2.10 24 2.33 18
Bivalvesb BIV 31 74 300 8.92 0.91 1.72 1.98 25 2.00 26
Microzooplanktonb MIC 1 1 2 8.50 0.71 1.62 1.86 26 2.00 27
Pelagic Detritusa,b PDE 1 3 22 5.59 0.85 1.00 1.00 27 1.00 28
Other Fishes FIS 1 1 6 5.52 0.59 0.99 0.98 28 3.06 15
Pelagic Primary Producers (all sizes)b PPP 1 3 74 5.25 1.20 0.93 0.90 29 1.00 29
Benthic Detritusb BDE 1 14 78 3.96 0.75 0.70 0.52 30 1.00 30

Note: Data availability is summarized by the number of taxa represented within the group, number of individual entries of δ15N data available in the literature (some representing
means from published literature), total number of individual samples represented in the species group, mean δ15N weighted by the sample size of each entry, and pooled standard
deviation (SD). The full data set is available from Ehrman et al. (2021).

aTL= 1 for Pelagic Detritus was assigned for the SI models, as a baseline for calculating TL for all other trophic groups.
bTL = 1 was assigned to Pelagic Primary Producers, Pelagic Detritus, and Benthic Detritus groups for the EwE model (see eq. 4), resulting in TL= 2 for all primary consumers:

Microzooplankton, Bivalves, and Molluscs.
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(Christensen and Walters 2004). The predation mortality can be re-expressed as the
consumption of predator j ((Q/B)j) combined with the proportion of prey group i in the diet
composition of predator j (DCji) (eq. 2).

Temporal simulations were created in Ecosim using eq. 3, where the biomass change in
group i biomass (Bi) over time interval dt (dBi/dt) is dependent on the net growth efficiency
(gi), total consumption on group i (ΣjQ ji), total predation of all predators on group i (ΣjQ ij),
non-predation or other mortality (M0i), the fishing mortality rate (Fi), immigration rate (Ii),
and emigration rate (ei). Fitting of the historical model included sea ice (% cover),
sea-surface temperature (°C), and harvest trends (biomass of harvested species each year).
More extensive details on parameter calculations, including the inclusion of literature,
expert understanding of the system, and workshop results is reported by Wieckowski et al.
(2009), Hoover (2013), and Hoover et al. (2021). A summary of time-series data used in the
model, including contributions to total model errors, are presented in the Supplementary
Material (Supplementary Fig. S12).

Pi = ΣjBj ×M2ij + Yi + Ei + BAi + Pi × ð1 − EEiÞ(1)

Bi ×
�
P
B

�
i
= ΣjBj ×

�
Q
B

�
j
× DCji + Yi + Ei + BAi + Bi ×

�
P
B

�
i
× ð1 − EEiÞ(2)

dBi
dt

= giΣjQ ji − ΣjQ ij + Ii − ðM0i + Fi + eiÞBi(3)

Fig. 2. Schematic of feeding linkages and trophic levels (TLs) for 33 functional groups, estimated by the Ecopath
with Ecosim model constructed for the Canadian Beaufort Shelf (Hoover et al. 2021). TLs are defined by vertical
axes, and feeding linkages are represented by grey lines.

2Supplementary data are available with the article at https://doi.org/10.1139/as-2020-0035.
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TLj = 1 + ΣDCij × TLi(4)

For each annual time step of the simulation, TL (eq. 4) is calculated based on the TL of
each predator species (TLj), the TL of each prey item (TLi), and the proportion of each prey
item (i) in the diet of predator (j), represented as DCij (Christensen et al. 2005; Hoover et al.
2013). Species with completely herbivorous diets had a TL of 2 (Christensen et al. 2007).
Proportional diet contributions were calculated for each species group based on literature
available for the region or similar Arctic regions (e.g., deeper Beaufort Sea, Chukchi Sea,
Amundsen Gulf, or other Arctic seas if necessary).

Diet information and species membership for each group are reported by Hoover et al.
(2021), and a summary of dietary sources and types of data used in calculating diets are
shown in Supplementary Table S22. Of the 73 dietary data sources noted for the EwE model
(see Supplementary Table S22), 12 references (16.4%) summarize SI data, with 7 references
(9.6%) based on SI data from within the greater Beaufort Sea (including areas outside of
model area and into Alaska). Of the remaining references used in creating the diet structure
in the EwE model, 31 (42.5%) summarize stomach contents, 9 (12.3%) identify clearance rates
and prey types of filter feeders, 3 (4.1%) summarize fatty acid analyses, and 6 (8.2%) are obser-
vational studies. When possible, dietary data from the model area was used. Of the dietary
data sources, 29 (39.7%) were from the Beaufort Sea in and around the model area, 32 (43.9%)
are from other Arctic ecosystems, and 12 (16.4%) are from non-Arctic ecosystems. For species
groups with no local dietary studies, expert knowledge was used if necessary, with some
groups having the diets estimated by Hoover et al. (2021) if no better information was
available. TL using the EwE approach utilizes the average TL value over the period
1970–2012.

Nitrogen SI and TL calculations
Nitrogen SI data were gathered from a collection of published and unpublished sources

generated by field programs led by Fisheries and Oceans Canada and in collaboration with
the University of Waterloo (Waterloo, Ontario, Canada) and University of Manitoba
(Winnipeg, Manitoba, Canada). Data for offshore fishes, benthic invertebrates, and zoo-
plankton were provided by the Beaufort Regional Environmental Assessment Marine
Fishes Project (2012–2014; Stasko et al. 2017; C. Michel, unpublished data). Data for beluga
whales, coastal marine fishes, and anadromous fishes were provided by the Arctic Coastal
Ecosystem Study (Brewster et al. 2016a, 2016b, 2017) and various other riverine
and coastal sampling programs (Tran 2014; McNicholl et al. 2018; M. Power and J. Reist,
unpublished data). Detailed methodologies for SI analyses are outlined in the
respective publications reported above, or else follow Stasko et al. (2017) for unpublished
sources.

In addition, a standardized literature search was conducted to compile δ15N data for
species groups not represented in the field programs and to supplement the remaining
groups. The Web of Science electronic database and Google Scholar were searched using
the phrases “Beaufort Sea” OR “Western Arctic” AND “δ15N” OR “stable nitrogen”.
Publications were discarded if they did not include raw or averaged δ15N data, did not
report data for organisms captured on the Beaufort Sea Shelf and (or) adjacent regions,
did not cover the period from 2013 and earlier (to match with EwE model), or contained
data already captured by another publication. The only exception was the model group
Birds, for which no δ15N data were identified from the Beaufort Sea. Instead, data from
Lancaster Sound were used as a representative for model cross-validation. All elemental SI
ratios (15N:14N) were expressed in standard δ notation as parts per thousand (‰) relative to
the international standard atmospheric N2 for nitrogen (Mariotti 1983). The resulting
database comprised 1039 entries of mean δ15N by taxon, year, and (or) sample site from
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28 sources spanning the sampling period of 1983 to 2013 and is provided with references,
relevant metadata, and detailed methodology for data compilation by Ehrman et al.
(2021).

For the present study, only data reported from the Mackenzie or Alaska Beaufort Sea
continental shelves (<200 m depth) were included in analyses, to remain consistent with
the existing EwE model and to limit variability from changes in taxonomic composition
and trophic structure that exist for demersal communities beyond the shelf-break
(e.g., Giraldo et al. 2016; Majewski et al. 2017; Stasko et al. 2018). Anadromous fish δ15N
values were only retained for individuals collected from coastal or riverine waters discharg-
ing into the Beaufort Sea. Lagoon fishes from the Alaskan portion of the Beaufort Sea were
excluded because their δ15N values were found to be 4‰ lower than coastal fishes (Dunton
et al. 2006). The remaining 642 entries of mean δ15N values summarized 5342
individual samples and represented 282 taxa across 14 Phyla (Table 1). Entries were each
assigned to one of the species groups defined by the EwE model (31 of 36 groups repre-
sented), weighted by their respective sample sizes reported in the literature (as raw data
were often not provided), and used to calculate a weighted mean δ15N for each group. A full
list of species included in SI models can be found in the Supplementary Material
(Supplementary Table S12). Error for each group was expressed as a pooled standard
deviation:

spooled =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn1 − 1Þs21 + ðn2 − 1Þs22 + : : : ðnk − 1Þs2k

ðP n1−kÞ − k

s
(5)

Trophic levels were calculated from weighted mean δ15N data using two methods: the
linear method developed by Post (2002) and a scaled method more recently proposed by
Hussey et al. (2014), herein referred to as the “Linear SI Model” and “Scaled SI Model”,
respectively. The Linear SI Model assumes that the trophic enrichment of 15N between
successive trophic levels (Δ15N) can be treated as constant such that the TL of the consumer
(TLconsumer) is calculated as follows:

TLconsumer =
�
δ15Nconsumer − δ15Nbase

Δ15N

�
+ TLbase(6)

where δ15Nbase is the δ15N value of a representative baseline primary consumer with an
assumed TL of TLbase (Post 2002). In this study, Δ15N for the Linear SI Model was assumed
to be 3.4‰ (Post 2002). However, empirical evidence and meta-analyses have shown that
Δ15N is negatively related to diet δ15N values, such that the difference between the δ15N
value of a predator and its prey is smaller at higher levels in the food chain (e.g., Caut et al.
2008, 2009; Dennis et al. 2010). Trophic level was therefore additionally calculated using the
Scaled SI Model, in which Δ15N is dependent on the value of δ15N for any given trophic level:

TLconsumer =
�
logðδ15Nlim − δ15NbaseÞ − logðδ15Nlim − δ15NconsumerÞ

k

�
+ TLbase(7)

where δ15Nlim is the saturating isotope limit as TL increases and k is a rate constant (Hussey
et al. 2014). Values for the μ parameters δ15Nlim and k (21.93 and 0.31, respectively) were
taken from Hussey et al. (2014). Site-specific baseline normalization was not performed for
this study because baseline data were not available from all literature studies. Instead,
δ15Nbase for both SI models was set equal to the mean δ15N of all Pelagic Detritus values
(5.59‰ ± 0.85‰) reported across the study region weighted by their reported sample sizes,
assumed to occupy TLbase= 1.0.
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Comparison of SI and Ecopath results
To assess the ability of the EwE model to capture overall trophic structure as the one

generated by observed SI values, mean TLs estimated from the EwE model were linearly
regressed against weighted mean TL calculated from Linear and Scaled SI methods, respec-
tively. Studentized residuals were plotted and those larger than 3 were deemed outliers.
Regressions were then repeated without outliers, and root mean squared errors (RMSE)
were used to assess the impact of outlier groups on the predictive power of the EwE model.
Analyses were repeated using Spearman’s rank correlation analysis for two reasons:
(1) to examine potential differences in the relative ranking of trophic group TLs by the three
modelling approaches, regardless of linearity, and (2) to compare the correlation strengths
of this study with those of similar studies conducted in other ecosystems (Table 2). The
group Pelagic Detritus was excluded from regression and correlation analyses, as it was
used for baseline normalization in SI models and was therefore not independent.
Differences in the discrete TL assigned to each group by the two SI models were visualized
in relation to δ15N data using boxplots. Analyses and graphical procedures were performed
in R version 3.6.0 (R Core Team 2019).

Results

TLs estimated by the Ecopath Model were positively correlated with TLs estimated from
both of the SI models, although relative rankings differed for some of the species groups
(Table 1). All regressions between TL estimates derived from the EwE Model and SI models
were positive and significant, with a stronger fit between the EwE Model estimates and
Linear SI Model estimates (RMSE = 0.42) as compared with the Scaled SI Model estimates
(RMSE= 0.48; Fig. 3). The trophic group Other Fishes was identified as an outlier for both SI
models, and the group Polar Bears was identified as an outlier for the Scaled SI Model only
(studentized residuals> 3; Figs. 3b, 3d). Regression fits were stronger for both SI models when
outliers were excluded (Linear SI Model: slope= 1.01 ± 0.08 SE, intercept= 0.08, F[1,27]= 168.25,
R2 = 0.86, p < 0.001, RMSE = 0.42; Scaled SI Model: slope = 1.06 ± 0.10 SE, intercept = −0.19,
F[1,26]= 107.92, R2= 0.81, p< 0.001, RMSE= 0.48; Figs. 3a, 3c) compared with when all trophic
groups were considered (Linear SI Model: slope = 0.99 ± 0.11 SE, intercept = 0.07,
F[1,29]= 80.56, R2= 0.74, p< 0.001, RMSE = 0.56; Scaled SI Model: slope= 1.28 ± 0.16 SE, inter-
cept=−0.77, F[1,29]= 65.02, R2= 0.70, p< 0.00, RMSE= 0.85). Removing outliers also improved

Table 2. Comparison of the coefficient of determination (R2) and Spearman’s
rank-order correlation coefficient (rS) from this study to those reported in
similar Ecopath and stable isotope (SI) cross-validation studies in other
marine ecosystems.

Study area R2 rS Reference

Canadian Beaufort Sea 0.84 0.83 Present study: Linear SI Model
Canadian Beaufort Sea 0.79 0.83 Present study: Scaled SI Model
Prince William Sound, USA 0.97 Kline and Pauly 1998
Northern Norway 0.72 Nilsen et al. 2008
Laguna de Rocha, Uruguay 0.82 Milessi et al. 2010
South Catalen Sea 0.69 Navarro et al. 2011
Core Sound, USA 0.50 Deehr et al. 2014
Xiamen Bay, China 0.70 Du et al. 2015
Bay of Biscay, France 0.72 Lassalle et al. 2014
Bitung area, Indonesia 0.71 Du et al. 2020

Note: The R2 and rS for both SI model comparisons in this study were among the
strongest of those previously reported.
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the normality of residuals (see Supplementary Fig. S12). Residual and fitted values were uncor-
related (Supplementary Fig. S22).

TLs calculated from the Scaled SI Model occupied a larger range (1.11–8.08) than did those
calculated from either the Linear SI Model (1.17–5.44) or the EwE model (1.0–4.81; Table 1).
Notably, the two SI models produced the same relative rankings of species groups
(Spearman’s rank correlation, rs = 1, p < 0.001; Fig. 4), although the Scaled SI Model
consistently estimated higher TLs than did the Linear SI Model for groups at TL > 3, and
lower estimates for groups at TL< 3 (Table 1; Fig. 5; see Discussion).

Marine mammal groups consistently ranked as the four highest members of the food
web according to both SI models, with Polar Bears as the top predator followed by Ringed
Seals, Bearded Seals, and Beluga Whales. Rankings from the EwE model were similar,
but unlike the SI models, placed Birds at a similar TL as Bearded Seals and Ringed Seals.

Fig. 3. Linear regressions between trophic levels (TLs) calculated using the Ecopath with Ecosim (EwE) model and the
Linear stable isotope (SI) model (a), and the Scaled SI model (c) for 29 of 33 trophic groups from the Canadian Beaufort
Shelf. Solid lines represent observed linear relationships; dashed lines represent the 1:1 identity line. TLs calculated
from both SI models were strongly related to those calculated from the EwE model, with a slightly stronger
relationship with the Linear SI model. Detritus, assumed to be at TL= 1 in all models, was not included. The trophic
group Other Fishes (FIS) was identified as an outlier using studentized residuals (threshold= 3) from regressions
with both the Scaled (b) and Linear (d) SI models, whereas the Polar Bear (POL) groups was identified as an outlier
from the regression with the Scaled SI Model only. Outliers were removed from the regressions in Figs. 3a and 3c,
but are shown in white for contrast. See Table 1 for definitions of abbreviations used in Figs. 3b and 3d.
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The only exception to the high TL estimated among marine mammal groups was Bowhead
Whales, which ranked an entire TL lower than the seals and beluga according to SI models,
and TL of ∼0.5 according to the EwE model. The Scaled SI Model assigned Polar Bears to a
much higher TL (8.04) than did either the Linear SI or EwE models (5.28 and 4.81,
respectively). The assignment of Pelagic Primary Producers and Benthic Detritus to TL ≤ 1
was in agreement among all models. However, the Other Fishes group, an outlier in both
SI vs. EwE assessments, was also assigned to TL < 1 by the SI models in contrast to being
assigned to TL = 3.06 by the EwE Model. The EwE Model assigned primary consumers
(i.e., Microzooplankton, Bivalves, and Molluscs) to TL = 2, with other zooplankton and
benthic groups ranging in TL from 2.07 (Worms) to 2.62 (Macrozooplankton), and fish
groups ranging in TL from 3.06 (Other Fishes) to 3.60 (Arctic Char and Dolly Varden). SI mod-
els assigned Microzooplankton, Bivalves, Other Mesozooplankton, and Large Copepods to
TL < 2, with other zooplankton and benthic groups ranging in TL from 2.12 (Jellies)
to 2.9 (Echinoderms), and fish groups ranging in TL from 2.17 (Ciscoes and Whitefish) to
3.59 (Capelin) (Fig. 6).

Discussion

Model performance
Our results demonstrate the EwEmodel predicted mean TLs for most species groups that

accord with inferences drawn directly from SI-based modelling approaches to a reasonable
degree of accuracy, despite a lack of data on the diets and (or) distributions for some rare or
understudied taxa (e.g., Echinoderms or Worms). Species groups with small differences
between the EwE and SI models (i.e., low residuals) correspond to one of two categories.
The first category was composed of species with well-known diets with multiple dietary
data input studies (e.g., Beluga and Bowhead whales, and Capelin; see Supplementary
Table S22; Hoover et al. 2021) that allowed for more accurate representation in the EwE
model. Even for higher-trophic species with diverse diets, well-documented diet informa-
tion contributed to a reduction in difference among modelling approaches. Primary

Fig. 4. Relationship between trophic levels (TLs) calculated using Linear and Scaled stable isotope (SI) models for
29 trophic groups from the Canadian Beaufort Shelf. The trophic group Pelagic Detritus, assumed to be at TL = 1,
was not included. Dashed line represents the 1:1 identity line. Rank order of TLs calculated from both models
was the same; however, the Scaled SI Model tended to produce higher TL estimates for high-trophic animals than
the Linear SI Model.
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consumer groups (e.g., several zooplankton groups, Bivalves) near the base of the food web
also showed small differences between the EwE and SI models, likely because their spec-
trum of food sources is narrower and more tightly linked to the basal resources used to
define a TL of 1. Consequently, diets of primary consumers would be expected to show
lower variation in TL and δ15N than would upper-trophic animals that may feed omnivo-
rously across several TLs.

In contrast, EwE model TL predictions agreed less with SI model estimates for groups
that aggregated species at coarse taxonomic levels with unknown and (or) sparse data on

Fig. 5. The δ15N values collected from the literature for 30 trophic groups from the Canadian Beaufort Sea, in
relation to the corresponding trophic levels (TLs) calculated from (a) the Linear stable isotope (SI) Model and
(b) the Scaled SI Model. Horizontal lines indicate the δ15N value corresponding to each discrete TL, and boxes are
coloured according to the mean TL weighted by sample size. Boxes represent the interquartile range with a line
at the median value and whiskers extending to the lowest and highest values within 1.5× of the interquartile
range. Weighted mean TL, sample size, and species codes are presented in Table 1. Both models produced the
same rank order of trophic groups along the TL spectrum, but the Scaled SI Model produced lower TL estimates
at TL < 3 and higher TL estimates at TL > 3. Consequently, the groups Other Mesozooplankton (MES), Large
Copepods (COP), Other Salmonids (SAL), Echinoderms (ECH), and Bowhead Whales (BOW) occupied different
discrete TLs between the two models.
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dietary patterns (e.g., Echinoderms, Molluscs, and Worms) and for anadromous fishes
(Other Salmonids, Ciscoes and Whitefish, and Arctic Char and Dolly Varden). Aggregate
groups encompassed taxa that could employ a range of feeding strategies from active pre-
dation to sedentary filter feeding (see further discussion in “Trophic aggregation choices”
below). Indeed, some of these benthic species are facultative scavengers or predators
depending on the conditions and can have high δ15N as a result of microbial enrichment
of 15N in detritus (e.g., Lovvorn et al. 2005). Similarly, estimates of TL for anadromous
Cisco and Whitefishes and Other Salmonids groups were consistently lower for both SI
models than for the EwE model. During the ice-free summer, some of these anadromous
species disperse out of the Mackenzie River system (Gallaway et al. 1983; Reist and Bond
1988) to forage in coastal waters and eventually migrate back to freshwater before the
freeze-up. Generally, species from these groups can be considered large, longer-lived fish
with high dispersal capacities that potentially integrate diet and environmental fluctua-
tions (e.g., terrestrial and (or) freshwater inputs) over large geographical scales (Coad and
Reist 2018), which were not accounted for in the SI models. Our results highlight the impor-
tance of data resolution or quality in ecosystem modelling, as low-resolution data can lead
to underestimations of TL for species whose diets and trophic connections are poorly
documented.

Rank-order correlations between outputs from all model pairs were strong and in the
same direction. This is a positive result, as over 60% of the studies used to inform the EwE
trophic links were from outside the model area (see Supplementary Table S22). The vertical
trophic structure of the CBS from this study was similar to that found by Hobson et al.
(2002; Baffin Bay) with herbivorous copepods at TL of 2, Arctic Cod at TL of ∼3.5, and Polar
Bears at TL of ∼5 indicating reasonably robust EwE and SI models based on known diets.
The rank-order correlations between TLs calculated from the EwE and SI models for the
Beaufort Sea (Table 2) are comparable with those reported for other high latitude areas
(rs = 0.72 and 0.97 for Northern Norway and Prince William Sound, respectively;
Kline and Pauly 1998; Nilsen et al. 2008) and within the range for other regions of the world

Fig. 6. Trophic levels (TLs) estimated by the Ecopath with Ecosim (EwE) Model compared with those estimated
using the Linear and Scaled stable isotope (SI) models for 29 of 33 trophic groups. The trophic group Pelagic
Detritus, assumed to be at TL= 1 for all models, was not included.
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(rs= 0.69–0.97, Kline and Paul 1998; Nilsen et al. 2008; Navarro et al. 2011; Lassalle et al. 2014;
Du et al. 2020; R2= 0.50–0.82, Milessi et al. 2010; Deehr et al. 2014; Du et al. 2015).

Trophic aggregation choices
In food-web modelling, species are often combined into logical functional groups to

facilitate the understanding of complex structure and dynamics of trophic networks
(Allesina and Pascual 2009). Trophic aggregation was necessary for a study of this magni-
tude, and was based on general habitat preferences (e.g., benthic vs. pelagic), general ecol-
ogy, stomach content data (from literature), taxonomy, and a conceptual food-web model
created by ecosystem experts (Wieckowski et al. 2009). Recent work has highlighted the
strong influence that taxonomy has in determining the structure of food webs (Eklöf et al.
2012; Gray et al. 2015), but some of the species groups used to construct the EwEmodel were
at such high-order taxonomic aggregation that they likely masked substantial feeding
diversity. For example, fish (Order Actinopterygii) were divided into nine different feeding
groups, whereas all echinoderms were aggregated into a single Phylum-level species group,
and the Worms group contained multiple Phyla. As deeper understanding of the structure
and function of the ecosystem is available, aggregating groups by feeding habit (e.g., filter
feeders, mobile predators, benthic deposit feeders) is an alternative approach that may
capture bottom-up trophic linkages better. However, grouping by feeding habit may lose
resolution from a top–down approach and presents aggregation problems of its own
(e.g., both fish and some amphipods may be considered mobile carnivores, but likely
occupy very different trophic levels). Despite these limitations, the error between EwE
and SI TL estimates was<0.5 for most groups, leading to rank-order correlations that were
among the strongest reported for similar studies in the literature (Table 2). The impacts of
poorly aggregated groups can be seen in the outlier group Other Fishes (FIS). This group is
likely an outlier due to the fact that during EwE model construction, this group served as
a catch-all for any fish identified to be within the model area, but lacking knowledge on
significance to the food web. SI data were only available for a single species in the Other
Fishes group, biasing the SI-derived TL estimate to reflect a single, low-TL species. Since
the time of model development (2012–2014), extensive studies have been completed,
allowing for improved re-development of the model in the future. Thus, the current EwE
model provided a fairly accurate representation of the trophic hierarchy observed on the
CBS and could provide insight into the trophic role of species that were not represented
in this study (rare species and (or) species with limited data available).

Aggregation of species also has an effect on the TL calculations for all methods and their
comparative assessment. The EwE TLs range from 1 to 4.81, while the SI models range from
0.52 to 8.02. As dictated by eq. 4 for the EwE Model, all producers are assigned a TL of 1, and
all primary consumers a TL of 2 (Christensen et al. 2007), with no values greater than 1, but
less than 2 possible. This artifact of comparing multiple methodologies is explicit in the dis-
crepancies between the minimum TL values. For SI models, values lower than 2 are possible
for primary consumers, with the additional possibility of capturing multiple feeding strate-
gies for these lower-trophic benthos or zooplankton. From an SI perspective, combining
species into functional groups has the potential to increase isotopic variability of the aggre-
gate compared with the species’ component (Phillips et al. 2005). However, this effect is
somewhat mitigated by the increased sample size that results from data pooling and is
reflected by the relatively low standard deviation of the weighted mean δ15N for most spe-
cies groups.

Unlike SI, EwE methods calculate TL for the group as a whole, rather than averaging
multiple values. Moreover, cannibalismmust be limited in EwEmodel balancing and fitting
(Christensen et al. 2005), such that aggregated groups are significantly limited or unable to

306 Arctic Science Vol. 8, 2022

Published by Canadian Science Publishing

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IF
R

E
M

E
R

 B
IB

L
IO

T
H

E
Q

U
E

 L
A

 P
E

R
O

U
SE

 o
n 

03
/1

4/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



feed on others within their grouping in the model, and diets are shifted to other species
groups. This simplification can lead to underestimation of TLs, especially for aggregate groups.
While all aggregate groups within the EwE model are potentially impacted, zooplankton and
benthic aggregate groups with multiple feeding strategies are likely impacted the greatest.
Multiple life histories, feeding strategies, and taxa are combined into single model groupings,
and the model does not account for multiple predator–prey interactions or cannibalism that
are likely occurring within the groups. This and other simplifications of the food web collapses
the range of lower trophic levels, limiting their TL variability, and thereby reducing the TL of
higher-level predators in the process. Furthermore, once EwE model predator–prey pathways
are set in the Ecopath model, new pathways cannot be added in the future (e.g., adding new
prey items), thus potentially limiting increases in a species prey diversity over time. The addi-
tion of these interactions in the food web would increase the TL of lower TL groups and
expand the total range of TLs represented in the EwE model.

As noted, aggregation of species influences the TL values, variation, and ranges and is
unavoidable in assessing the food web in its entirety. For these reasons, we caution against
use of higher-level aggregated ecosystem information, to inform specific, species-level
decisions that would require further knowledge on species-specific foraging strategies,
behaviour, and life-history traits. The growing attention to biological traits analysis is mak-
ing taxon-specific feeding information more widely accessible (particularly for marine
benthic invertebrates; Degen and Faulwetter 2019), and future modelling efforts may
benefit from the ability to make further trophically relevant group divisions that include
functional diversity.

SI model comparison
Although the TL rankings calculated from the Linear and Scaled SI models were the

same, closer inspection of the species for which model predictions did substantially differ
gave some insight into the appropriateness of each model. In particular, the Scaled SI
Model-estimated Polar Bear TL (8.08) is >2.5 TLs higher relative to those estimated by both
the Linear SI (5.44) and EwE models (4.81). This was not unexpected, as Hussey et al. (2014)
argue that the primary advantage of the Scaled SI Model is to correct a bias toward underes-
timating the TL of top predators. However, such a large discrepancy suggests that, in this
case, the Scaled SI Model may be truly overestimating rather than correcting a bias. A TL
of ∼5 for polar bears is consistent with current literature estimates and known feeding
habits (e.g., Hobson et al. 2002; Bentzen et al. 2007). Moreover, the TLs estimated for
Bearded and Ringed Seals, which make up the majority of Polar Bear diet in the Beaufort
region (e.g., Bentzen et al. 2007), were between 3.77 and 4.87 using all models. It is highly
unlikely that Polar Bears are 3–4 TL higher than their main prey.

The overestimation of Polar Bear TL may be a result of the underlying model assumption
that Δ15N declines with increasing consumer δ15N in aquatic food webs (Hussey et al. 2014;
Supplementary Fig. S32). The simplest ecological explanation for the phenomenon is that
trophic omnivory is common in size-structured aquatic systems. Generally, larger predators
that are higher in the food chain consume prey from a larger range of trophic levels
(e.g., Scharf et al. 2000), such that the Δ15N between them and their prey is averaged across
multiple lower TLs. Polar bears, in contrast, are specialized predators that feed almost
exclusively on seals. In this case, we suggest the underlying assumption of the Linear SI
Model is more appropriate. Thus, the Scaled SI Model may overestimate TL when top pred-
ators have specialized feeding habits. The comparison highlights that neither SI Model may
be “better” than the other. Rather, an investigator should carefully consider how well the
underlying assumptions are satisfied by the ecosystem of interest when choosing which
model to use.
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Conclusions and significance of the work
This study analyzes one of the largest data sets for the western Canadian Arctic food web

from the coast to 200 m depth, to provide a comprehensive overview of the vertical trophic
structure. EwE modelling efforts drew on a variety of formal and informal sources to
construct the first comprehensive ecosystem assessment for the region, cross-validated by
642 observations of mean δ15N representing 5342 individual samples across 282 taxa
(Ehrman et al. 2021). Correspondence between TL measurements calculated either by EwE
or SI models has increased confidence in our understanding of the CBS food-web structure,
setting a baseline upon which future studies can build and refine. We demonstrated that an
EwEmodel, constructed with minimal local diet data, can be used to calculate reliable prox-
ies of TL that compare directly with sample-based estimates, underscoring the utility of the
modelling framework for drawing conclusions about the possible ecological consequences
of large-scale environmental change for the CBS.

Trophic groups that require more baseline data or special considerations to refine the
understanding of food-web structure are highlighted. These specifically include understud-
ied aggregate groups (e.g., Other Fish, Echinoderms) and anadromous fishes (e.g., Cisco and
Whitefishes and Other Salmonids) including their role in the marine system. Such informa-
tion is directly applicable to the conservation objectives and subsequent monitoring efforts
of the Tarium Nyrutait Marine Protected Area in the Beaufort Sea, and the Anguniaqvia
niqiqyuamMarine Protected Area in the neighbouring Amundsen Gulf. Conservation objec-
tives for both marine protected areas underscore the importance of maintaining food-web
integrity, for which this study confirms a baseline food-web structure. Although caution is
generally warranted when using TL as an ecosystem indicator for migratory species that
link ecosystems and (or) integrate energy sources over vast geographical distances
(e.g., Watt and Ferguson 2015; Brewster et al. 2016a, 2016b), the work here demonstrates
the issue may be a larger concern for anadromous fishes, migratory seabirds, and highly
aggregated poorly studied groups than for migratory marine mammals on the Beaufort
Shelf (Bowhead and Beluga Whales). The harvests of anadromous fish by the Inuit represent
a significant part of their diet. Understanding how these mobile species mediate food-web
stability and connectivity between shallow marine and fresh waters (e.g., Jardine et al.
2012), remains a challenge for devising ecosystem monitoring in the CBS and conservation
strategies in the Arctic.

Additionally, lower model agreement on TLs for aggregate mid- to lower-TL species
groups (Other Fishes, Echinoderms, Arthropods, and Molluscs) indicates that the choice of
taxa for monitoring within these groups is important. The selection of specific indicator
species, or a small group of functionally similar species is likely to yield more informative
monitoring data than monitoring broadly defined aggregate groups. Although technically
the same principal should apply to zooplankton, strong agreement in TLs among models
suggests size-fractioned zooplankton samples may suffice for monitoring relative TLs but
requires further investigation to confirm.

The Beaufort Sea Shelf region is culturally and economically important for local com-
munities, contains areas of significant conservation value, and is susceptible to socio-
economic uncertainties due to global climate change and climate variability. Agreement
of TLs across the trophic hierarchy from multiple methods provides a benchmark to assess
potential changes in ecosystem structure and biotic interactions associated with future
changing environmental conditions (Schmidt et al. 2017). Future studies to better define
the aggregate groupings will increase precision in present-day TL estimates, while repeat
sampling in the future will allow the data presented to be used in assessments of future eco-
system changes.
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