
PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 1 / 26

 

 OPEN ACCESS

Citation: Yunda-Guarin G, Atchison S, Baker 
KD, Cyr F, Parrish CC, Walkusz W, et al. (2025) 
Trophic ecology and nutritional status of 
northern shrimp in Canada’s sub-Arctic. PLoS 
One 20(5): e0322745. https://doi.org/10.1371/
journal.pone.0322745

Editor: Claudio D’Iglio, University of Messina, 
ITALY

Received: September 13, 2024

Accepted: March 26, 2025

Published: May 20, 2025

Copyright: © 2025 Yunda-Guarin et al. This is 
an open access article distributed under the 
terms of the Creative Commons Attribution 
License, which permits unrestricted use, 
distribution, and reproduction in any medium, 
provided the original author and source are 
credited.

Data availability statement: All relevant data 
are within the manuscript and its Supporting 
Information files.

Funding: Partial funding for this research 
was from the Canadian Association of Prawn 
Producers and the Northern Coalition, who 

RESEARCH ARTICLE

Trophic ecology and nutritional status of 
northern shrimp in Canada’s sub-Arctic

Gustavo Yunda-Guarin 1*, Sheila Atchison2, Krista D. Baker3, Frédéric Cyr 3, 
Christopher C. Parrish4, Wojciech Walkusz2, Jonathan A. D. Fisher1, Tyler D. Eddy 1

1  Centre for Fisheries Ecosystems Research, Fisheries and Marine Institute, Memorial University, St. 
John’s, Newfoundland, Canada, 2  Freshwater Institute, Fisheries and Oceans Canada, Winnipeg, 
Manitoba, Canada, 3  Northwest Atlantic Fisheries Centre, Fisheries and Oceans Canada, St. 
John’s, Newfoundland, Canada, 4  Department of Ocean Sciences, Memorial University, St. John’s, 
Newfoundland, Canada 

* Gustavo.Guarin@mi.mun.ca

Abstract 

In the Northwest Atlantic Ocean, northern shrimp (Pandalus borealis) play key 

ecological roles as mid-trophic level consumers and as prey to higher-trophic 

level predators, including commercial fish species. However, the effects of chang-

ing environmental conditions and biological processes on trophic interactions in 

sub-Arctic ecosystems, particularly on lipid storage and nutrient transfer from 

intermediate to high trophic levels, remain unclear. Biochemical tracer methods 

(i.e., fatty acids and stable isotopes) were employed to study the trophic ecology 

and stage-specific nutritional condition of P. borealis across different spatial and 

seasonal scales. Trophic markers indicated significant contributions from both dia-

toms and zooplankton to the diet of P. borealis and highlighted the adaptability of 

this species to opportunistic feeding strategies based on sinking phytodetritus. Our 

results revealed a strong seasonality in the lipid composition of P. borealis, with 

lipid dynamics being highly influenced by environmental conditions and resource 

availability. The primary lipid classes in P. borealis were storage triacylglycerols, 

accounting for over 50% of lipids observed, followed by membrane phospholipids. 

Eggs from ovigerous females exhibited the highest concentrations of total lipids 

and essential fatty acids, such as omega-3 fatty acids, underscoring the import-

ant ecological role of eggs in sub-Arctic food webs by providing high-quality lipid 

sources. Additionally, our findings indicated an increase in the total lipid content of 

shrimp eggs from spring to summer, suggesting that the early stages of P. borea-

lis are vulnerable to changes in the timing of seasonal primary production, when 

females store large reserves of energy-rich lipids. This study highlights the large 

seasonal and temporal variability in the nutritional status of P. borealis and under-

lines the importance of understanding lipid dynamics in assessing the resilience of 

populations to environmental changes.
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1.  Introduction

Northern shrimp (Pandalus borealis, Krøyer, 1838 [1]) populations are widespread in 
the North Atlantic Ocean and represent some of the most valuable fisheries in East-
ern Canada [2]. This species plays essential ecological roles in key ecosystem pro-
cesses, acting as both mid-trophic level consumers and prey to higher-trophic level 
predators such as seabirds, seals, whales, and important commercial fish species 
[3,4]. Through their feeding, shrimp contribute to bottom-up processes by recycling 
nutrients and supporting energy transfer from primary producers to higher trophic 
levels. Simultaneously, they are integral to top-down processes, as their populations 
may be regulated by predation from top predators, influencing trophic dynamics and 
shaping sub-Arctic food web structure. As opportunistic feeders, shrimp consume a 
diverse diet, including phytoplankton, detritus, crustaceans, molluscs, jellyfish, and 
plant material [5–7].

Despite the importance of this species in high-latitude food webs and lucrative 
commercial fisheries, their trophic ecology, lipid biochemistry, energetic adaptations 
and mechanisms influencing their population dynamics are still poorly understood. 
Pandalus borealis is a sequential protandric hermaphrodite species that usually 
changes sex from male to female between four to seven years of age [8]. In north-
ern latitudes, each individual undergoes a developmental process in which they are 
born as a male, then transition to an intersexual phase, and ultimately mature into 
a female [9]. This sex change strategy, common to many crustaceans, allows indi-
viduals to grow and store energy as males before transitioning to females, providing 
more energy for egg production [10]. Colder waters in northern latitudes slow growth, 
delaying the sex change [11]. As a result, P. borealis populations are highly sensitive 
to seasonal and long-term changes in climate, which can affect their life cycle and 
reproductive success [9].

While annual scientific assessments of shrimp population dynamics and 
stock productivity occur within some management areas, accurately forecasting 
regional productivity and potential fisheries yields remains challenging, especially 
for shrimp stocks that have never been assessed [12]. This is largely due to an 
incomplete understanding of the mechanisms influencing population dynamics and 
a lack of detailed knowledge of their life history, especially the variables affect-
ing growth and abundance in the early stages [13]. Environmental changes are 
expected to affect key aspects of shrimp life stages, including egg survival, embry-
onic development, larval characteristics, hatching, and recruitment [14–16]. Due to 
the complex annual life cycle of P. borealis, both localized and large-scale alter-
ations in environmental variables, such as temperature and pH, are likely to impact 
the survival, abundance and distribution of this species in the North Atlantic Ocean 
[17–19]. Indeed, historical declines in P. borealis populations in the Northwest 
Atlantic Ocean have been linked to climate-driven increases in water temperature 
and shifts in predation pressure [20]. In addition, climate-induced environmental 
changes may affect the physiology and composition of aquatic organisms, altering 
fatty acid composition and impacting the transfer of essential lipids within food 
webs [21,22].
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Lipids are critical throughout the life cycle of marine species, supporting important physiological processes such as 
growth and reproduction [23]. Storage lipids like wax esters and triacylglycerols (TAG) provide high-energy reserves, 
whereas structural lipids such as phospholipids (PL) serve as fundamental components of cell membranes [24]. At high 
latitudes, FAs are biosynthesized mainly by primary producers (e.g., ice-associated algae and phytoplankton) [25]. Ice 
algae, compared to phytoplankton, contain higher proportions of long-chain polyunsaturated fatty acids (PUFAs), making 
them a critical high-quality food source for herbivores and subsequent trophic levels [26]. Among PUFAs, arachidonic acid 
(20:4ω6; ARA), eicosapentaenoic acid (20:5ω3; EPA), and docosahexaenoic acid (22:6ω3; DHA) are essential fatty acids 
(EFAs) primarily synthesized by microalgae in aquatic environments [27]. Since marine invertebrates, including arthro-
pods, can synthesize only limited amounts of EFAs de novo, they rely on their diet to obtain these important nutrients [23]. 
Thus, variations in dietary composition may directly influence the lipid profiles of marine invertebrates, further altering 
nutritional dynamics within food webs [21]. While marine invertebrates have lower levels of lipids compared to primary 
producers such as phytoplankton and ice algae, they remain an essential source of PUFAs in marine food webs, under-
scoring their crucial ecological role in supporting higher trophic levels [28].

To provide new insights into trophic interactions and nutrient transfer, trophic biomarker approaches such as SI and FAs 
have proven to be powerful tools, opening new research avenues in trophic ecological studies [29]. Stable isotopes of car-
bon (δ13C) and nitrogen (δ15N) provide time- and space-integrated insights into species’ diets and habitat use, helping to 
quantify aspects of the food web [30]. Nitrogen isotope ratios, which show a consistent enrichment of approximately 2.3‰ 
per trophic level in aquatic environments, are used to estimate the trophic positions of consumers [31]. Carbon isotope 
ratios, with an enrichment of 0–2‰ per trophic level, help determine the reliance of consumers on different food sources 
[32]. Besides, FAs are exclusively biosynthesized by particular primary producers and integrated into marine species with 
little or no modification of the original structure, making them valuable as biomarkers of dietary sources [25,33,34]. Using 
a multi-dietary tracer approach that included both trophic biomarkers (i.e., stable isotopes and fatty acids) the main objec-
tive of this study was to provide new insights into the foraging ecology and nutritional status of P. borealis. The following 
research questions are addressed in this paper: Q1. How do variations in habitat and seasonal changes in food availability 
influence the diet composition and feeding strategies of P. borealis? Q2. What are the spatial and temporal patterns in fatty 
acid profiles and lipid storage across different maturity stages of P. borealis, and how do shifts in diet or prey availability 
impact their nutritional conditions? Q3. How does combining multi-dietary tracer approaches enhance our understand-
ing of P. borealis ecology and establish a baseline for evaluating the future status of shrimp conditions in a changing 
environment?

2.  Materials and methods

2.1.  Study area

The study region encompasses the lower Arctic and sub-Arctic, extending from the Labrador Shelf in the south to Hudson 
Strait and the southern Davis Strait in the north (Fig 1). This area covers five shrimp fishing areas (SFAs) designated for 
the biomass assessment and resource management of shrimp stocks. The northern part of this region is characterized by 
intense mixing and transformation of water masses [35]. Further south, the Labrador Current interacts with warmer Atlan-
tic waters from the West Greenland Current and colder Arctic waters from the Baffin Island Current and Hudson Strait 
outflow, creating a dynamic system of water exchange [36] (Fig 1A). The hydrodynamics of the Labrador Shelf are primar-
ily driven by this southward-flowing Labrador Current system, which consists of a narrow, cold Arctic-origin coastal current 
on the shelf and a wider main branch carrying subpolar waters along the slope [37]. The latter is an essential component 
of the anticlockwise subpolar gyre that largely contributes to the climate variability of the North Atlantic [38]. Freshwater 
runoff and sea-ice melt significantly influence interannual variation in salinity and the strength of the Labrador Current [39]. 
These currents establish a larval connectivity system critical for determining P. borealis settlement densities in the region 
[40]. Interannual variability in sea ice extent along the Labrador Shelf is primarily driven by fall and winter air temperatures 
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Fig 1.  Maps of the study area. A) The location of northern shrimp (Pandalus borealis) and zooplankton sampling sites respective to shrimp fishing 
areas (SFAs; gray polygons). The Eastern Assessment Zone (EAZ) and Western Assessment Zone (WAZ) correspond to SFA2 and SFA3, respectively. 



PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 5 / 26

and snow conditions [41], with greater ice extent and colder spring air temperatures linked to colder waters, whereas 
reduced ice extent and higher spring surface salinity are linked to warmer winter air temperatures [42].

2.2.  Sample collection

Sample collection of Pandalus borealis was conducted with vessels affiliated with the Canadian Association of Prawn 
Producers (CAPP) and the Northern Coalition (NC) across five Shrimp Fishing Areas (SFAs) (Fig 1A; S1 Table). To 
determine fatty acid profiles for lower and middle trophic levels, meso- and macro-zooplankton samples were collected 
during the summer of 2023 onboard the Canadian research icebreaker CCGS Amundsen (Fig 1A; S1 Table). Sampling 
was conducted using a double square net (DSN) with a mesh size of 500 µm, covering a 1m2 collection area, deployed to 
a maximum depth of 100 meters of the water column. After collection, all samples were immediately frozen at –20°C for 
further biochemical analyses. Shrimp samples were categorized by sex and reproductive stages (S1 Table). Total weight 
and morphometric measurements (i.e., total body length and carapace length) of each individual were recorded following 
shellfish multi-species survey protocols established by Fisheries and Oceans Canada (S1 Table). Zooplankton samples 
were frozen as bulk, with a subsample taken for further taxonomic composition determination. The taxonomic analysis 
was performed to the lowest possible level (data, not included in this paper), which has allowed for analysis of the relative 
contributions of zooplankton types based on their feeding modes.

2.3.  Stable isotope analyses

In total, 500 individual shrimp samples were used for stable isotope analyses. Muscle tissues from shrimp samples were 
freeze-dried at –50°C, ground into a fine powder using a mortar and pestle, and thoroughly cleaned between samples to 
prevent cross-contamination. Tools were rinsed with 95% ethanol and wiped clean after processing each sample. Stable 
nitrogen and carbon isotope ratios were measured using a Carlos Erba Elemental Analyser coupled to a Thermo DeltaV 
isotope-ratio mass spectrometer in the Stable Isotope Laboratory of Memorial University, St. John’s, Canada. Replicated 
measurements of international standards (USGS40 and USGS41 from the International Atomic Energy Agency; B2151 
from Elemental Microanalysis) established measurement errors of ≤ 0.13‰ for δ13C and δ15N. All SI results are expressed 
in delta (δ) units (δ13C, δ15N) as the per mil (‰) difference with respect to standards: δX (‰) = [(R

Sample
 – R

Standard
)/R

Standard
] × 

103, where X is 13C or 15N of the sample and R represents either 13C/12C or 15N/14N. Standards were calibrated against the 
international references Vienna PeeDee Belemnite (VPDB) for carbon and atmospheric air for nitrogen. Additionally, 24 
bulk zooplankton samples were processed for SIA using the same procedures as described for shrimp. Analytical blanks 
and replicate analyses were included at regular intervals to ensure data quality. Zooplankton samples were initially sepa-
rated by fishing areas to account for spatial variability in isotopic baselines; however, they were later grouped to ensure a 
sufficient representative number for trophic position analyses. Full SIA results are provided in supplementary material (S2 
and S8 Tables).

2.4.  Lipid class and fatty acid analyses

Over 900 individual samples, including P. borealis at various maturity stages, eggs from ovigerous females, and bulk zoo-
plankton, were analyzed for FA composition, lipid classes, and total lipid content. To our knowledge, this is one of the most 

The main bathymetric features, shown in color, have been extracted from GEBCO Compilation Group (2023). Schematic surface flow patterns (arrows), 
together with the main currents and topographic features, are indicated in black. Orange points represent sites where P. borealis was sampled between 
2022 and 2023 across five shrimp fishing areas (SFAs 4-6, WAZ and EAZ). Blue points represent sites where zooplankton was sampled in 2023 across 
eight stations (from north to south: Hatton, Killinek Main, Isecold-3, Hatton Basin, SagBank, Isecold-2, Isecold-1, and Sentinel). The annual mean sur-
face (B) and bottom (C) temperatures averaged over the sampling years (i.e., 2022-2023) have been extracted from the Global Ocean Physics Analysis 
and Forecast (GLORYS). D) Annual mean sea ice concentration (2022-2023) extracted from the MASAM2 dataset for the region of interest [43].

https://doi.org/10.1371/journal.pone.0322745.g001

https://doi.org/10.1371/journal.pone.0322745.g001
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extensive studies of this type ever conducted on these taxa. The maturity stages of P. borealis were categorized into the 
following discrete classes based on sexual maturity: males, first-time spawning females with head roe, multiple-spawning 
females with head roe, multiple-spawning females without head roe, and ovigerous females (S1 Table). This classifi-
cation was derived from the 2023 spring multi-species survey conducted by the Department of Fisheries and Oceans 
Canada (DFO, unpubl. data). Lipid analyses were conducted at the Department of Ocean Sciences, Memorial University 
of Newfoundland, St. John’s, Canada. Total lipids were extracted using a chloroform/methanol/water solution (2:1:1, v/v) 
following the established protocol of Folch et al. [44] as modified by Parrish [45]. Samples were homogenized, sonicated, 
and centrifuged three times for lipid extraction. The lipid extracts were stored at −20°C in 2 ml vials, capped under nitrogen 
and sealed with Teflon tape until further analysis. A three-step development system was used to separate and quantify 
lipid classes [46]. Lipid content and classes were quantified using a Chromarod-Iatroscan (Mark V) TLC/FID system. FAs 
in shrimp were transesterified from the lipid extracts and analyzed as methyl esters (FAME) using an HP6890 GC FID 
system equipped with a 7683 autosampler. Zooplankton lipid results are included in the supplementary material (S6 and 
S7 Tables).

To assess variations in the contribution of different food sources, multiple fatty acid markers were used as dietary indi-
cators. Pelagic markers such as C16 FAs (e.g., 16:1ω7, 16:4ω1) and 20:5ω3 are primarily produced by ice-associated and 
pelagic diatoms, while 18:4ω3 and 22:6ω3 FAs are predominantly linked to dinoflagellates [47–49]. Long-chain C20 FAs 
(e.g., 20:1ω9, 20:1ω11) and C22 FAs (e.g., 22:1ω9, 22:1ω11) serve as reliable indicators of a diet rich in Calanus cope-
pods [50,51]. Benthic and coastal markers included FAs associated with macroalgae (20:4ω6), vascular plants (18:3ω3, 
18:2ω6), green macroalgae (18:2ω6), and bacteria (18:1ω7) [52]. Concerning lipid classes, a high amount of free fatty 
acids (FFA) indicates the occurrence of lipid hydrolysis and suggests that samples had undergone degradation processes 
either before, during, or after the storage period [53]. If hydrolysis has occurred, TAG content cannot reliably be used 
as a measure of condition due to the potential loss of some lipids [54]. Therefore, in this study, the relative proportion of 
FFA was used as an indicator of sample preservation quality, with samples exceeding 20.5% FFA of the total lipid content 
being excluded from lipid class analyses. In addition, the nutritional condition of P. borealis samples was assessed based 
on the following lipid indicators: (1) the amount (as mg/g WW) of total lipids content per sample; (2) the amount (as mg/g 
WW) of the lipid classes TAG and PL; (3) the sum (as % total lipid) of the EFAs: ARA: 20:4ω6, EPA: 20:5ω3, and DHA: 
22:6ω3, and (4) TAG-sterol ratios as proposed by Fraser [55].

2.5.  Trophic levels

The estimation of trophic levels was used to characterize the functional role of P. borealis individuals across SFAs. The 
trophic level of shrimp was assessed using the ‘OneBaseline’ model from the Bayesian tRophicPosition package in R 
(v.4.4.1) [56]. This model applies the equation: δ15N

c 
= δ15N

b 
+ ΔN (TL – λ). Where δ15N

c
 is the nitrogen stable isotope value 

of the consumer (shrimp) for which the trophic level is estimated, δ15N
b
 represents the nitrogen isotope ratio of a known 

trophic level (herbivorous zooplankton), ΔN is the trophic discrimination factor (TDF) for nitrogen, and λ is the trophic level 
of baseline sources. In this study, λ was set to 1.0, representing basal primary producers. Trophic discrimination factors 
(ΔN and ΔC) were sourced from McCutchan et al. [57], with values of 2.9 ± 0.32 (SE) for nitrogen and 1.3 ± 0.3 (SE) for 
carbon. The trophic levels were categorized as: low trophic level (≤ 2) indicates primary consumers, such as herbivores 
and filter feeders; intermediate trophic level (> 2 and < 3) represents secondary consumers (e.g., omnivores); and high 
trophic level (≥ 3) indicates higher trophic level consumers, including scavengers/detritivores.

2.6.  Environmental analyses

Sea bottom temperature and sea ice concentrations were evaluated as explanatory variables to explain variation in trophic 
biomarkers. Surface and seafloor water temperature were extracted from the European Union Copernicus Marine Service 
Information (CMEMS) Global Ocean Physics Analysis and Forecast (GLORYS), available at https://doi.org/10.48670/

https://doi.org/10.48670/moi-00016
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moi-00016 [consulted August 2nd, 2024]. Sea ice concentration data were extracted from the National Snow and Ice Data 
Center (NSIDC) Daily 4 km Arctic Sea Ice Concentration, Version 2 (MASAM II), accessible at https://doi.org/10.7265/
bqd9-vm28 [consulted March 5th, 2024]. Annual averages (2022–2023) for surface and seafloor temperatures and sea ice 
concentrations are presented in Fig 1 (panels B to D, respectively). For each sampling site, we calculated the average sea 
ice concentration (SIC%) over the three months before sampling and the average bottom temperature (°C) for the month 
before the sampling date. This period was selected due to the isotopic and lipid turnover rates in the tissues of some 
high-latitude crustaceans ranging from less than one month to three months [58]. These turnover rates can significantly 
impact the isotopic and fatty acid composition of these consumers [58].

2.7.  Statistical analyses

All statistical analyses were performed using R (v.4.4.1) (https://www.R-project.org/) in RStudio (v. 2024.04.2 + 764). 
Stable isotope and fatty acid values were compared across SFAs and seasons using a two-way analysis of variance 
(ANOVA), followed by Tukey’s post-hoc test for pairwise comparisons. Linear regression analysis was employed to 
develop a model that explains the relationship between a dependent and one or more independent variables. Specifically, 
these models were used to simultaneously evaluate the effects of shrimp sex, weight, and size, along with environmental 
variables such as depth, bottom temperature, and sea ice concentration, on SI and FA profiles. The normality of residu-
als was tested by examining the characteristic Quantile-Quantile (QQ) plot [59]. If residual normality and homoscedas-
ticity assumptions were not met, response variables were log-transformed. Contrasts were estimated using ‘emmeans’ 
package (v.1.10.3) based on Searle et al. [60]. Model fit evaluations and assumption checks were done through visual-
izations using the ‘performance’ package (v.0.10.4) [61]. The isotopic niche space occupied by shrimp populations was 
calculated using the standard ellipse area, or ‘niche size’ method, available in the R ‘SIBER’ package [62]. Additionally, 
the probabilistic approach outlined by Jackson et al. [62] was applied to estimate the mode and credible intervals of the 
Bayesian-simulated Standard Ellipse Areas (SEAb). To ensure the robustness of our results, the sample size-corrected 
standard ellipse area (SEAc) approach was used to reduce the impact of extreme δ13C and δ15N values on the analysis. 
SEAc encompasses approximately 40% of the isotopic observations within each shrimp fishing area (SFA), making it less 
susceptible to the influence of sample size variations and isotopic outliers [62]. The visualization of FA profiles of shrimp 
was carried out using a principal component analysis (PCA). This method highlights the linear correlations among the vari-
ables and identifies the specific FAs that significantly contribute to distinguishing between different observed groups. FA 
that contributed less than 1.0% to the total FA profile on average were excluded from the analysis.

3.  Results

3.1.  Stable isotope composition

Pandalus borealis exhibited a relatively wide range of isotopic compositions across different shrimp fishing areas (SFAs; 
Fig 2). The stable isotopic composition (δ13C and δ15N) of P. borealis varied significantly among SFAs, seasons, and 
maturity stages (p < 0.001). On average, δ13C values in the muscle of females varied from −17.4 ± 0.6 ‰ to −18.9 ± 0.7 
‰ (mean ± SD), while δ13C values in the muscle of males ranged from −18.0 ± 0.4 ‰ to −19.1 ± 0.7 ‰ (S2 Table). Among 
SFAs, the most 13C-enriched value (δ13C = −16.7 ‰) was recorded in female shrimp in SFA3, whereas the most 13C- 
depleted value (δ13C = −21.2 ‰) was observed in male shrimp in SFA2, both in autumn.

Stable isotope analysis also revealed that male shrimp in SFA6 had the most 15N-depleted values (9.5 ‰) in winter. In 
contrast, the most 15N-enriched value (12.4 ‰) was recorded for female shrimp in SFA3 in autumn (Fig 2). The average 
δ15N values in females ranged from 10.7 ± 0.4 ‰ to 11.7 ± 0.4 ‰, whereas δ15N values in males ranged from 10.5 ± 0.4 ‰ 
to 11.1 ± 0.5 ‰ (S2 Table). Linear models indicated that environmental conditions may influence fluctuations in the isotopic 
composition of P. borealis, with a significant interaction effect between sea-ice concentrations (p < 0.01) and temperature 
(p < 0.001) on δ13C isotopic values (S3 Table). Additionally, this analysis denoted a significant effect of depth, sea-ice 

https://doi.org/10.48670/moi-00016
https://doi.org/10.7265/bqd9-vm28
https://doi.org/10.7265/bqd9-vm28
https://www.R-project.org/
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concentrations, and bottom temperature on δ15N signatures (p < 0.001). The isotopic composition of bulk zooplankton, 
used as a benchmark to further trophic position discussion, showed it has much lower values of δ15N than the shrimp (Fig 
2; S8 Table). The average δ15N value was 7.3 ± 0.5 ‰, while the average value of the δ13C was −23.4 ± 0.9 ‰.

3.2.  Trophic positions occupied by northern shrimp

The taxonomic analysis of bulk zooplankton (not detailed here) revealed that the vast majority of the biomass consisted 
of the herbivorous Calanus species (C. finmarchicus, C. glacialis, and C. hyperboreus). In most samples, these species 
made up approx. 80% of the content, making this bulk-content analysis a justifiable benchmark approach. The trophic 
levels occupied by P. borealis ranged between the second and third trophic levels (Fig 3). Across the SFAs, females of 
shrimp consistently exhibited higher trophic levels compared to males (Figs 3 and S1). Notably, in SFA3, females dis-
played the highest trophic levels (mean = 2.95). In contrast, males in SFA4 showed the lowest trophic levels (mean = 2.39) 
in this study.

3.3.  Isotopic niche dynamics of northern shrimp populations across spatiotemporal scales

The isotopic niches of P. borealis, measured as the size-corrected standard ellipse area (SEAc), varied across SFAs and 
seasons (Fig 4A and 4B). SEAc values ranged from 0.50 to 1.09 among SFAs and from 0.56 to 1.44 among seasons (Fig 
4C and 4D). Variation in the isotopic niche breadth along SFAs revealed a decrease in niche size from northern to south-
ern regions (Fig 4C) and an increase in the isotopic niche breadth in autumn (SEAc = 1.44) compared to other seasons 
(Fig 4D). Based on δ13C vs δ15N biplots, the most significant isotopic differences along the carbon axis were observed 
between the shrimp populations SFA2 and SFA3, despite their geographical proximity, as well as the absence of niche 
overlap between SFA3 and the other SFAs (Figs 1 and 4A). In contrast, higher overlaps were observed between the 
niches of SFAs 4, 5, and 6 (Fig 4A) and the spring and winter seasons (Fig 4B).

Fig 2.  Carbon and nitrogen isotopic composition of northern shrimp (Pandalus borealis) and zooplankton. Stable isotope biplots illustrate the 
isotopic composition of Pandalus borealis across the shrimp fishing areas SFA2 (yellow), SFA3 (purple), SFA4 (red), SFA5 (green), and SFA6 (blue). 
The isotopic composition is represented by solid symbols: squares for P. borealis females, dots for males, and a triangle for zooplankton. Each shrimp 
data point is the mean for the group with error bars representing ± SD. Sample sizes are presented in S2 and S7 Tables.

https://doi.org/10.1371/journal.pone.0322745.g002

https://doi.org/10.1371/journal.pone.0322745.g002
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3.4.  Fatty acid composition in northern shrimp

A total of 68 different FAs were identified in P. borealis tissues (i.e., muscle and eggs). The relative abundances of these 
FAs varied among sex, tissues, seasons and fishing areas (Tables 1 and 2). Fourteen of these FAs had proportions 
exceeding 1% on average, collectively accounting for 89.7% of the total FAs identified in P. borealis (Tables 1 and 2). 
The overall lipid profile of P. borealis was dominated by the FAs: palmitoleic acid (16:1ω7; 13.8 ± 6.4%), eicosapentaenoic 
acid (EPA; 20:5ω3; 13.0 ± 5.0%), palmitic acid (16:0; 12.8 ± 3.1%), oleic acid (18:1ω9; 11.4 ± 2.4%), docosahexaenoic acid 
(DHA; 22:6ω3; 8.9 ± 3.8%), docosenoic acid (22:1ω11; 6.1 ± 5.2%), vaccenic acid (18:1ω7; 6.1 ± 2.1%), and eicosenoic 
acid (20:1ω9; 5.9 ± 3.7%). Each of these eight FAs exceeded 5% of the total FAs in the shrimp profile. Despite the overall 
similarity in dominance, individual proportions of these FAs fluctuated throughout maturity stages, tissues, and spatio-
temporal gradients (Tables 1 and 2; S2 Fig). For example, in SFA3, the highest proportions of 16:1ω7 were found in both 
female and male shrimp (mean ± SD: 23.8 ± 6.0% and 22.0 ± 5.8%, respectively) compared to other SFAs. In contrast, 
among seasons, a higher proportion of 16:1ω7 (16.7 ± 2.9%) was detected in shrimp eggs during the winter period. Simi-
larly, variation in the relative contribution of EPA and DHA was observed, with higher proportions of EPA and DHA found in 
ovigerous female eggs during the spring and increases in the relative abundance of EPA and DHA recorded in eggs and 
females in areas SFA2, SFA4, and SFA6.

The first two principal components of the PCA explained between 70% and 80% of the variation in FA composition 
among SFAs, indicating that shrimp individuals varied in lipid contributions across regions (Fig 5). For instance, PCA 
indicated that P. borealis in SFA3 showed significant contributions of the diatom-associated FA marker 16:1ω7 and the 
terrestrial-associated FA marker 18:2ω6 compared with other areas. In contrast, shrimp from other regions, such as SFA2, 

Fig 3.  The estimated trophic levels of female and male northern shrimp (Pandalus borealis) in five shrimp fishing areas in Canada’s sub-
Arctic. Horizontal lines represent the trophic levels occupied by different shrimp individuals (mean trophic level values given above the boxes; black 
numbers). The middle part of the boxes represents the interquartile range, i.e., the middle quartiles (or the 75th minus the 25th percentile). The whiskers 
represent the variability outside the 75th and 25th percentile. Estimates were made using the ‘tRophicPosition’ model.

https://doi.org/10.1371/journal.pone.0322745.g003

https://doi.org/10.1371/journal.pone.0322745.g003
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had high contributions of a mix of different FAs, including the diatom-associated FA marker 20:5ω3, the zooplankton-
associated FAs 20:1ω9 and 22:1ω11, and the dinoflagellate-associated FA 22:6ω3 (Fig 5).

The relative abundances of SAFAs, MUFAs, and PUFAs were significantly different among SFAs (p < 0.001) and across 
maturity stages (p < 0.001) in this study. Females displayed distinct fatty acid profiles among SFAs, with SAFAs ranging 
from 18.0% in SFA6 to 20.2% in SFA3. MUFAs exhibited greater variability, from 46.8% in SFA4 to 57.0% in SFA6, while 
PUFAs ranged from 23.3% in SFA3 to 32.4% in SFA4. In males, SAFAs were slightly lower, ranging from 16.9% in SFA2 
to 20.6% in SFA5. MUFAs among males fluctuated between 47.3% in SFA5 and 56.8% in SFA6, whereas PUFAs varied 
from 24.1% in SFA6 to 30.9% in SFA5. Shrimp eggs exhibited a distinct FA composition in SFA6, with the highest pro-
portion of PUFAs (37.9 ± 1.6%) and the lowest proportion of MUFAs (42.5 ± 2.0%; Table 1). Linear model analyses indi-
cated that both bottom depth (p = 0.001) and bottom temperature (p < 0.001) had a negative effect on SAFAs. Additionally, 
bottom depth had a positive effect on MUFAs (p < 0.01) but negatively affected PUFAs (p < 0.01). The weight of individual 
shrimp was also identified as an important variable influencing SAFAs, MUFAs, and PUFAs, with both SAFAs and PUFAs 
showing a negative correlation (p < 0.001 and p < 0.05, respectively) with shrimp weight in both females and males (S4 
Table).

Seasonal variation in the relative contribution of FAs was observed (Fig 6). For instance, male shrimp exhibited the 
highest contribution of SAFAs in wintertime (20.0 ± 4.1%, mean ± SD) (Table 2; Fig 6). A high contribution of MUFAs was 
observed in females of shrimp during spring (52.3 ± 10.0%). In contrast, a greater proportion of PUFAs was observed in 

Fig 4.  Stable isotope biplots illustrating seasonal and spatial changes in the isotopic niche structure of the northern shrimp (Pandalus borea-
lis) population in Canada’s sub-Arctic. The positions occupied by females and males of shrimp in the isotopic space are represented by dots in each 
δ13C − δ15N biplot. Standard ellipses (solid lines) enclose the size-corrected standard ellipse area (SEAc, fits 40% of the data) of shrimp along the shrimp 
fishing areas (A): SFA2 (yellow), SFA3 (purple), SFA4 (red), SFA5 (dark green), and SFA6 (dark blue); and seasons (B): winter (light green), spring (dark 
grey), summer (orange), and autumn (light blue). Variation in the sizes of the standard ellipse areas (Figs C and D; with mean SEAc values given above 
the boxes) was calculated using SIBER.

https://doi.org/10.1371/journal.pone.0322745.g004

https://doi.org/10.1371/journal.pone.0322745.g004
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Table 2.  Summary of individual lipids as a percentage of total FAs (mean ± SD) in Pandalus borealis tissues (muscle and eggs) collected 
across shrimp fishing areas in Canada’s sub-Arctic.

Fatty 
acids

Males
(n = 142)

Females
(n = 155)

Eggs
(n = 42)

Males
(n = 86)

Females
(n = 98)

Eggs
(n = 24)

Males
(n = 64)

Females
(n = 68)

Eggs
(n = 10)

Males
(n = 105)

Females
(n = 107)

Eggs
(n = 6)

AUTUMN WINTER SPRING SUMMER

Saturates (%)

14:0 3.5 ± 0.9 3.1 ± 0.9 3.3 ± 0.6 3.7 ± 0.9 3.7 ± 1.1 3.5 ± 0.5 3.5 ± 0.7 2.9 ± 0.8 2.9 ± 0.4 4.5 ± 1.1 3.3 ± 0.8 3.4 ± 0.5

16:0 12.8 ± 3.2 13.8 ± 3.6 12.0 ± 2.1 13.2 ± 3.9 12.9 ± 3.1 12.9 ± 0.7 12.0 ± 2.4 11.0 ± 3.5 14.3 ± 1.1 12.6 ± 2.4 13.1 ± 2.7 11.8 ± 0.6

18:0 1.9 ± 0.5 2.0 ± 0.6 1.0 ± 0.2 2.1 ± 0.9 2.1 ± 0.4 1.3 ± 0.1 2.1 ± 0.4 2.2 ± 1.3 1.6 ± 0.3 2.0 ± 0.4 1.8 ± 0.4 0.9 ± 0.2

ΣSAFA 19.0 ± 3.6 19.9 ± 4.1 16.9 ± 2.2 20.0 ± 4.1 19.5 ± 2.8 18.4 ± 0.9 18.5 ± 3.0 17.0 ± 3.8 19.5 ± 1.4 19.9 ± 3.2 19.1 ± 2.9 16.8 ± 0.6

Monounsaturates (%)

16:1ω7 14.6 ± 8.5 14.6 ± 9.2 15.6 ± 4.3 11.9 ± 3.6 12.5 ± 4.5 16.7 ± 2.9 12.8 ± 4.5 11.1 ± 4.1 12.3 ± 1.8 16.5 ± 5.3 13.2 ± 4.5 12.5 ± 1.9

18:1ω7 6.2 ± 2.1 6.6 ± 2.7 6.5 ± 2.6 5.7 ± 1.9 6.1 ± 1.8 6.5 ± 1.2 6.3 ± 1.6 6.6 ± 2.1 7.7 ± 1.2 5.1 ± 1.7 5.5 ± 2.0 5.0 ± 0.9

18:1ω9 11.0 ± 2.6 11.8 ± 2.8 13.2 ± 3.0 11.6 ± 1.7 11.4 ± 1.9 11.0 ± 1.7 11.5 ± 2.7 12.2 ± 1.9 11.7 ± 1.4 9.5 ± 1.8 11.3 ± 1.9 15.0 ± 2.4

20:1ω7 1.8 ± 0.9 1.8 ± 1.2 1.0 ± 0.2 1.7 ± 0.8 1.8 ± 1.0 0.9 ± 0.1 1.9 ± 0.7 2.1 ± 1.2 0.9 ± 0.2 1.8 ± 0.6 1.7 ± 0.9 1.2 ± 0.4

20:1ω9 5.5 ± 3.9 5.0 ± 4.0 4.2 ± 1.8 7.3 ± 4.3 7.2 ± 4.0 3.2 ± 0.8 6.4 ± 3.4 6.7 ± 3.7 3.3 ± 0.9 6.1 ± 3.0 6.0 ± 3.6 6.0 ± 1.5

20:1ω11 1.1 ± 0.6 0.9 ± 0.7 0.7 ± 0.2 1.1 ± 0.5 1.0 ± 0.4 0.6 ± 0.1 1.2 ± 0.4 1.1 ± 0.4 0.6 ± 0.1 0.8 ± 0.3 0.7 ± 0.4 0.9 ± 0.2

22:1ω9 1.9 ± 1.8 1.7 ± 2.8 0.9 ± 0.4 1.9 ± 1.3 2.0 ± 1.5 0.7 ± 0.3 1.9 ± 1.4 2.3 ± 2.8 0.6 ± 0.2 2.2 ± 1.6 1.8 ± 1.6 0.9 ± 0.3

22:1ω11 5.5 ± 5.0 4.7 ± 5.3 3.0 ± 1.5 7.8 ± 5.6 7.5 ± 5.6 2.7 ± 0.7 7.0 ± 4.1 7.3 ± 5.2 2.6 ± 0.9 7.0 ± 4.6 6.5 ± 5.9 5.1 ± 1.8

ΣMUFA 50.8 ± 10.9 49.9 ± 12.6 46.9 ± 2.3 51.6 ± 13.0 52.2 ± 12.4 44.4 ± 1.9 51.8 ± 8.2 52.3 ± 10.0 41.7 ± 3.5 51.1 ± 7.0 49.0 ± 9.9 48.6 ± 3.5

Polyunsaturates (%)

18:2ω6 
(LIN)

2.0 ± 0.8 2.0 ± 0.9 2.3 ± 0.9 1.8 ± 0.5 1.7 ± 0.5 2.3 ± 0.6 1.7 ± 0.5 1.8 ± 0.6 2.1 ± 0.4 1.7 ± 0.5 1.6 ± 0.6 1.5 ± 0.3

20:4ω6 
(ARA)

0.9 ± 1.8 0.7 ± 0.3 1.0 ± 0.3 0.7 ± 0.5 0.8 ± 0.5 1.1 ± 0.3 1.0 ± 0.5 1.2 ± 0.7 1.4 ± 0.3 0.7 ± 0.4 1.0 ± 0.5 1.1 ± 0.5

20:5ω3 
(EPA)

12.6 ± 4.6 13.0 ± 5.7 18.2 ± 1.3 11.4 ± 5.4 11.4 ± 5.4 18.6 ± 1.7 11.8 ± 3.7 12.4 ± 4.7 19.1 ± 1.4 12.1 ± 3.0 14.3 ± 5.0 16.7 ± 2.5

22:6ω3 
(DHA)

8.8 ± 4.5 8.9 ± 5.4 8.6 ± 2.4 9.4 ± 4.3 9.0 ± 4.4 8.8 ± 1.6 9.1 ± 2.2 9.0 ± 3.0 10.7 ± 1.6 7.9 ± 2.1 8.9 ± 2.8 8.1 ± 0.8

ΣPUFA 29.2 ± 8.5 29.2 ± 10.1 35.2 ± 2.0 27.5 ± 9.8 27.3 ± 10.0 36.1 ± 2.2 28.4 ± 5.9 29.0 ± 8.0 37.7 ± 2.3 27.8 ± 4.9 30.7 ± 7.6 33.7 ± 3.4

Total 89.9 90.8 91.3 92.2 91.0 91.0 90.3 89.7 91.7 90.5 89.9 90.1

Bacterial 1.7 ± 0.6 1.6 ± 1.1 1.6 ± 2.0 1.6 ± 0.6 1.7 ± 0.4 1.6 ± 0.2 2.1 ± 0.6 2.5 ± 2.8 1.7 ± 0.3 1.7 ± 0.3 1.8 ± 0.5 1.5 ± 0.5

P/S 1.5 ± 0.4 1.5 ± 0.4 2.2 ± 0.8 1.4 ± 0.3 1.4 ± 0.3 2.0 ± 0.2 1.5 ± 0.2 1.9 ± 1.2 1.9 ± 0.1 1.4 ± 0.2 1.6 ± 0.3 2.0 ± 0.2

Σω3 23.9 ± 8.8 24.2 ± 10.6 29.9 ± 2.9 23.0 ± 9.5 22.7 ± 9.7 30.5 ± 3.0 23.2 ± 5.3 23.8 ± 7.4 32.3 ± 2.5 22.6 ± 4.6 26.0 ± 7.3 29.1 ± 2.5

Σω6 4.4 ± 1.5 4.3 ± 1.7 4.6 ± 1.5 4.0 ± 1.5 4.0 ± 1.2 4.8 ± 1.0 4.5 ± 1.2 4.6 ± 1.4 4.7 ± 0.6 4.3 ± 1.3 4.0 ± 1.3 3.8 ± 1.2

Σω6/Σω3 0.2 ± 0.1 0.2 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.03 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.03

DHA/
EPA

0.7 ± 0.2 0.7 ± 0.2 0.5 ± 0.1 0.9 ± 0.1 0.8 ± 0.2 0.5 ± 0.1 0.8 ± 0.2 0.7 ± 0.1 0.6 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 0.5 ± 0.1

Zoo-
plankton

16.0 ± 11.4 14.4 ± 12.5 9.9 ± 3.8 19.9 ± 11.7 19.8 ± 11.9 8.3 ± 1.7 18.7 ± 9.4 19.7 ± 11.1 8.1 ± 2.0 18.2 ± 9.8 16.9 ± 11.7 14.3 ± 3.4

Vascular 
plants

2.3 ± 0.7 2.3 ± 0.9 2.6 ± 0.7 2.0 ± 0.5 2.0 ± 0.5 2.7 ± 0.6 2.0 ± 0.5 2.0 ± 0.6 2.5 ± 0.4 2.1 ± 0.5 1.9 ± 0.5 2.0 ± 0.3

ΣEFA 22.3 ± 8.9 22.6 ± 10.8 27.7 ± 2.5 21.6 ± 9.7 21.2 ± 10.2 28.5 ± 2.8 21.9 ± 5.4 22.5 ± 7.9 31.1 ± 3.0 20.7 ± 4.8 24.3 ± 7.8 25.9 ± 2.8

EPA: polyunsaturated eicosapentaenoic acid; DHA: polyunsaturated docosahexaenoic acid; SAFA: saturated FA; MUFA: monounsaturated FA; PUFA: 
polyunsaturated FA; ω3: omega-3; ω6: omega-6, DHA/EPA: dietary ratio and EFA: essential fatty acids (20:4ω6; 20:5ω3; 22:6ω3). Only those fatty acids 
≥1% in at least one group are included in this table. The maximum values obtained are shown in bold.

https://doi.org/10.1371/journal.pone.0322745.t002

https://doi.org/10.1371/journal.pone.0322745.t002
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the shrimp eggs during the same season (37.7 ± 2.3%). In this regard, in spring, an increase in the relative contribution of 
EFAs (i.e., 20:4ω6, 20:5ω3, and 22:6ω3) and omega-3 FAs was observed in eggs.

3.5.  Lipid classes and nutritional condition of northern shrimp

Across fishing areas, the total lipid content (given as mg/g WW) in P. borealis varied from 16.2 ± 19.8 (mean ± SD, SFA5) 
to 34.1 ± 19.2 (SFA3). Overall, the main lipid classes in P. borealis tissues were dominated by triacylglycerols (TAG) 
accounting for more than 50% and phospholipids (PL) with more than 30% of the total lipid classes. Sterol content was 
generally found in low amounts in shrimp, with shrimp eggs displaying the highest values in the SFA2. Wax esters only 
occurred in trace amounts.

The proportions of TAGs and PLs varied across SFAs and maturity stages. TAG proportions (as a percentage of total 
lipids) were generally higher in SFA6, with females showing values ranging from 39.7 ± 28.5% in SFA2 to 69.4 ± 23.4% in 
SFA6. Similarly, TAGs in males varied from 48.9 ± 30.1% in SFA2 to 69.2 ± 19.8% in SFA6. In contrast, shrimp eggs exhib-
ited lower variability in TAG proportions, ranging from 37.4 ± 12.6% in SFA6 to 53.8 ± 8.7% in SFA3. Phospholipid propor-
tions showed an inverse trend in some cases, with females displaying the highest PL levels in SFA2 (32.2 ± 24.6%) and 
the lowest in SFA6 (13.8 ± 16.0%). Males exhibited PL values ranging from 16.5 ± 14.9% in SFA6 to 37.7 ± 22.5% in SFA3, 
while shrimp eggs had the most abundant PL proportions in SFA6 (50.0 ± 10.4%) and the least in SFA3 (39.9 ± 10.1%; 
Table 3). Linear models indicated that shrimp weight had a positive effect (p < 0.001) on TAG concentrations in shrimp 
tissues. In addition, shrimp weight (p < 0.001) showed a significant negative effect on PL levels (S5 Table). The environ-
mental variables of sea ice concentrations and temperature had a significant influence on the proportions of TAG, PL, and 
total lipids in P. borealis.

Fig 5.  Principal component analysis (PCA) biplot illustrating the relative correlations between fatty acids found in northern shrimp (Pandalus 
borealis) and the fishing areas. Each point represents a shrimp sample from the following shrimp fishing areas: SFA2 (yellow), SFA3 (purple), SFA4 
(red), SFA5 (dark green), and SFA6 (dark blue). The coloured ellipses represent 95% confidence intervals around the means of the sampled sites. Only 
fatty acids contributing ≥1% are included in Fig 5A. The correlation between the saturated fatty acids (SAFAs), monounsaturated fatty acids (MUFAs), 
and polyunsaturated fatty acids (PUFAs) and the fishing areas is shown in Fig 5B. The essential fatty acids (EFAs) are represented by omega-3 (ω3), 
omega-6 (ω6), and the sum of the EFAs 20:4ω6, 20:5ω3, and 22:6ω3.

https://doi.org/10.1371/journal.pone.0322745.g005

https://doi.org/10.1371/journal.pone.0322745.g005
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Seasonal and regional variations in total lipid content and lipid classes were observed (Fig 7). TAG concentrations 
(given as mg/g WW) were significantly different among SFAs (p < 0.05) and seasons (p < 0.001), whereas PL content 
was markedly distinct among maturity stages (p < 0.001) and seasons (p < 0.001). Eggs consistently showed the highest 
PL levels year-round across all study areas. Additionally, TAG levels fluctuated with a notable increase in TAG amounts 
in male shrimp during winter and in SFA6. Shrimp eggs exhibited higher total lipid content, peaking in summer and the 
northernmost SFAs (Fig 7). From winter onwards, all shrimp tissues gradually decreased total lipid amounts, mirroring the 
decline observed in total lipid content in eggs from high to low latitudes. In this study, no relationship was found between 
the average weight and length of females and the total lipid content measured in their eggs. In addition to the lipid classes, 
higher EPA + DHA levels were observed in the eggs of ovigerous females across seasons, with peaks observed in autumn. 
Finally, high TAG/sterol ratio values were found in both females and males in the SFA6 and in the winter period (Table 3).

4.  Discussion

Pandalus borealis exhibited distinct feeding patterns influenced by local and seasonal variability in environmental con-
ditions and food availability. Trophic markers indicated that P. borealis fed on a combination of pelagic and benthic 
resources, with notable regional differences. During the autumn months, the shrimp expanded their ecological niche, with 
females displaying a broader spectrum of prey items. Changes in the feeding behavior were further evidenced by fluctu-
ations in the content of lipid reserves. Pandalus borealis from northern regions exhibited higher levels of lipid reserves in 
eggs, which is likely to support egg survival overwinter, while shrimp from southern regions (SFA6) showed higher levels 
of lipid storage in muscle tissue, probably due to regional differences in food availability and energy allocation. Overall, P. 

Fig 6.  Bar plots illustrating the seasonal contributions of fatty acids in Pandalus borealis tissues. The bar plots represented the relative pro-
portions of saturated FAs (SAFAs), monounsaturated FAs (MUFAs), and polyunsaturated FAs (PUFAs) found in shrimp tissues. The total contributions 
of omega-3, omega-6, and essential fatty acids (EFAs), as well as the contributions of FAs derived from bacterial and zooplankton sources, are also 
illustrated by the bars. EFAs are the sum of the fatty acids: 20:4ω6, 20:5ω3, and 22:6ω3.

https://doi.org/10.1371/journal.pone.0322745.g006

https://doi.org/10.1371/journal.pone.0322745.g006
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borealis demonstrated remarkable dietary flexibility and opportunistic feeding strategies, allowing it to respond to changing 
environmental conditions and prey availability, thus reinforcing its important ecological role as a facilitator of energy trans-
fer between trophic levels and habitats in sub-Arctic regions.

4.1.  Feeding and foraging behaviour of northern shrimp

Relative contribution of carbon sources according to stable isotopes.  Pandalus borealis uses different trophic 
pathways in its diet in areas covered by this study according to the range of δ13C and δ15N values, which are a proxy 
for the total diversity of resources. On the one hand, δ13C values suggested that shrimp feed primarily on a mixture of 
pelagic and benthic sources, where according to Stein and Macdonald [63], δ13C values from these combined sources 
typically range from –24.0 ‰ to –19.0 ‰. The δ13C composition of shrimp revealed that they preyed on a wide range of 
isotopically different resources, suggesting changes in the composition of prey items used by shrimp among different 
SFAs. For example, the most ¹³C-enriched average isotopic composition in females of shrimp in SFA3 suggested a 
greater reliance on ice-derived carbon and/or the consumption of alternative sources, including reworked organic material 
[64]. In comparison, the most ¹³C-depleted values (–21.2 ‰) recorded in male shrimp in SFA2 denoted a diet based on 
phytoplankton sources. On the other hand, δ15N isotopic values showed that female shrimp not only exploited a wide 
variety of resources but also accessed prey from different trophic levels, including higher trophic levels compared to their 
male counterparts (Figs 3 and S1). From the isotopic values, it appears that P. borealis individuals do not always share 

Fig 7.  Seasonal and spatial variations in lipid classes and total lipid content in northern shrimp (Pandalus borealis). Triacylglycerol, phospho-
lipid, and total lipid contents are measured in mg per g of wet weight (mg/g WW). The middle part of the box, or the “interquartile range,” represents the 
middle quartiles (or the 75th minus the 25th percentile). The black line in the box represents the median. The minimum and maximum values of the data 
are indicated by the upper and lower lines of the box, respectively. Points beyond the lines represent outliers in the data set.

https://doi.org/10.1371/journal.pone.0322745.g007

https://doi.org/10.1371/journal.pone.0322745.g007
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similar diets and exhibit varied preferences for different food items. Accordingly, previous studies found that P. borealis 
males actively feed on plankton (i.e., ice-associated algae and/or phytoplankton) more than females [65]. This supports 
the interpretation that lower δ15N values in males are associated with herbivorous feeding behaviours, while higher δ15N 
values in females indicate predominantly omnivorous and carnivorous behaviours or the consumption of sinking reworked 
organic material. Furthermore, fluctuations in the isotopic composition may reflect an average of varying proportions of 
prey items assimilated by individuals over time [66] influenced by aspects such as prey availability, life stage, shifts in 
feeding activity (i.e., vertical migrations), and inter- and intraspecific competition.

Variation in trophic niche structure.  Bayesian estimations of the standard ellipse area (SEAc) revealed variations 
in the isotopic niche width of P. borealis populations across spatial and seasonal gradients. Specifically, results showed 
a visually notable decrease in niche width from northwest to southeast SFAs and an increase in trophic niche size during 
the autumn (Fig 4). Because niche dimensions can rapidly adjust to variations in both intraspecific and interspecific 
competition and changes in prey abundance, the observed increase in niche width suggests that shrimp populations feed 
on a broader range of prey items or use prey across a wider spectrum of trophic levels [66]. In comparison, a narrower 
niche width in southeast SFAs indicates a reliance on a more limited range of food items or shifts in dietary preferences 
over time [66]. Furthermore, niche dimensions may reflect fluctuations in the degree of trophic specialization among 
individual shrimp in response to changes in environmental productivity [67,68]. Isotopic niche analysis (δ13C vs. δ15N 
biplots) among regions also revealed distinct differences in niche overlap. Notably, SFA3 exhibited no overlap with other 
fishing areas, implying that P. borealis in SFA3 may rely on distinct food sources or use different foraging behaviours 
compared to shrimp in other regions (See Figs 3 and 4A). Likewise, results revealed a smaller niche overlap between 
females and males in SFA3 compared to other regions (S1 Fig), suggesting a lower level of competition between 
individuals. This also suggests that both biotic and abiotic conditions in SFA3 may differ from those along the Labrador 
coast. Variation in niche size and separation suggest that P. borealis exhibits dietary flexibility, not relying on specific types 
of prey. Instead, this species likely adapts to opportunistic feeding strategies, adjusting its diet based on prey availability 
across different regions and seasons. This adaptability may reflect an ecological advantage, allowing this species to 
exploit a wider range of food resources in response to fluctuating environmental conditions, competition dynamics, and 
prey availability. This hypothesis is supported by stomach content analyses that reveal dynamic shifts in prey preferences 
of P. borealis over time and migratory patterns [5,6]. These studies revealed that shrimp diet encompasses a wide range 
of prey, including annelids, small crustaceans, phytoplankton, zooplankton, and detritus during diurnal activity periods. 
Conversely, nocturnal foraging predominantly targets copepods and euphausiids as primary prey sources [5,6]. This 
highlights the important role of P. borealis in sub-Arctic food webs by increasing the number of energy flow pathways 
between pelagic and benthic habitats and low-intermediate and high trophic levels.

Role of environmental variability in stable isotope and fatty acid compositions.  In sub-Arctic ecosystems, life 
strategies of various species are closely related to seasonality in environmental conditions and primary production. In 
particular, temperature and sea ice conditions considerably influence the time of blooms (ice-associated vs. pelagic) 
and the timing of organic material fluxes at different depths [67,69,70]. For instance, the increase in diatom abundance 
is strongly associated with rising temperatures and reduced sea ice concentration in early spring, whereas autotrophic 
flagellates remain consistently present throughout the year, unaffected by seasonal variations [70]. Thus, in seasonal 
oceans, environmental conditions may significantly influence dynamics in the biochemical composition of consumers by 
affecting the timing, abundance, and taxonomic composition of primary producers [71].

Stable isotope analyses in subpolar regions have shown a relationship between variations in carbon and nitrogen sig-
natures and fluctuations in environmental conditions. For example, variability in δ13C signatures of benthic consumers was 
linked to variations in the composition of prey sources driven by changes in sea ice conditions [67]. In contrast, variations 
in δ15N signatures appear to be associated with depth gradients and alterations in the biochemical characteristics of sink-
ing particles caused by abiotic degradation processes, mostly at the first meters of the water column [72,73]. Furthermore, 
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anthropogenic nitrogen inputs, including runoff or atmospheric deposition, may also lead to isotopic variability in nitrogen 
sources, thereby affecting baseline isotopic values in marine food webs [57,74].

Environmental variables, including depth, pH, temperature, light intensity, and salinity, are also recognized for influ-
encing lipid metabolism, composition, and storage of individual FAs in different marine groups [75–78]. In this study, the 
marked variability in SI composition and FA profiles observed across SFAs and seasons suggested that environmental 
conditions may significantly influence dynamics in the biochemical composition of ecosystems, thereby affecting trophic 
markers and FA composition of shrimp. For example, significant differences in dietary markers across continuous SFAs 
indicated that P. borealis rely on distinct food sources, in which habitat conditions play an essential role in shaping their 
availability (see the next section of the discussion). Linear models revealed a significant interaction effect between envi-
ronmental variables (i.e., temperature, bottom depth, and sea ice concentration) and changes in both SI and FA profiles 
in P. borealis. For example, water temperature and bottom depth were the most significant factors affecting SAFA values, 
while depth had the greatest influence on MUFA and PUFA levels. These findings are consistent with previous research 
suggesting that such variations are linked to modulations in lipidome composition as a response to physical environmental 
stress (e.g., homeoviscous adaptation) [79,80]. In contrast, fluctuations in sea ice concentration and temperature were 
key factors affecting the total lipid content and lipid classes in shrimp. Recognizing the significant effect of environmental 
variables on lipid metabolism, further studies are needed to precisely determine the effects of a changing sub-Arctic eco-
system on the storage and transfer processes of essential lipids within high-latitude marine food webs. However, accu-
rately determining the impact of specific environmental variables on lipid metabolism and storage is challenging due to the 
difficulty in isolating specific environmental drivers in this type of analysis [75].

Fatty acid composition among spatial and seasonal gradients.  In the present study, the highest proportions of the 
diatom-associated FAs (16:1ω7 and 20:5ω3; EPA), along with the zooplankton-associated FAs (18:1ω7, 18:1ω9, 20:1ω9, 
and 22:1ω11), and dinoflagellate-associated FA (22:6ω3; DHA), indicated a significant dietary contribution from both 
diatoms and zooplankton to shrimp. This FA composition aligns with profiles previously described by Ackman and Eaton 
[81] and Hopkins et al. [82] in which the SAFA 16:0, the MUFAs 16:1ω7 and 18:1ω9, and the PUFAs 20:5ω3 and 22:6ω3 
dominated the lipid profiles in P. borealis. Shrimp eggs from Antarctic regions displayed lipid profiles closely aligning with 
our results, especially in the pronounced presence of 16:0, 16:1ω7, 18:1ω7, 18:1ω9 and 20:5ω3 as the dominant FAs [83]. 
The consistent dominance of these FAs over time and regions highlights the importance of these sources in shrimp diets, 
suggesting that P. borealis relies substantially on pelagic primary producers across different seasons and highlights the 
adaptability of this species to foraging strategies with diets based mainly on sinking phytodetritus. Interestingly, SI and 
FA analyses revealed a notable difference in the diet of P. borealis in SFA3 compared to those in other SFAs, including 
the nearby SFA2 (See Figs 4A and 5). In the present study, both biochemical trophic markers indicated that P. borealis 
in SFA3 were feeding primarily on a profile associated with benthic and land-sea margin habitats. This assumption 
was supported by their FA profiles, which showed higher proportions of 18:2ω6, typically associated with vascular plant 
markers [52], as well as significant amounts of 16:1ω7 and 18:1ω7 FAs, which can originate from either diatoms or 
bacteria [84]. In contrast, the presence of intact wax esters, as well as the high abundance of phytoplankton and Calanus-
type markers 20:1 and 22:1, suggest a diet based on herbivorous copepods in SFA2 and SFA6 [47,85]. This study 
revealed that the FA composition of shrimp closely matches the lipid profiles of their prey, particularly zooplankton. This 
suggests that herbivorous diets, primarily based on phytoplankton species, play a crucial role in the rapid and efficient 
transfer and storage of high-energy lipids (e.g., triacylglycerols and wax esters) within sub-Arctic marine food webs. Since 
P. borealis seems to rely on diatoms and zooplankton as its main sources of lipids, our study highlights the vulnerability of 
this species to possible changes in seasonal production cycles as a result of anthropogenic climate change.

Seasonal storage of essential lipid reserves may be a requirement for marine crustaceans living in extreme environments 
that ensure short seasonal periods of food abundance [86]. Pandalus borealis tend to accumulate lipids during periods 
of high food availability, which are then utilized during spawning and larval development [82]. Thus, the timing of these 
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productivity bloom cycles is fundamental for ensuring that larvae hatch with sufficient lipid reserves [53]. Since some marine 
invertebrates cannot produce certain FAs and must obtain them from their diet [21], variations in the lipid composition of 
P. borealis may reflect changes in their diets according to seasonal fluctuations in the composition of primary producers. 
In this study, FA analyses revealed high relative proportions of the diatom markers 16:1ω7, 20:4ω6, and 20:5ω3 in shrimp 
eggs during winter and spring. Notably, increases in levels of 20:4ω6 and 20:5ω3 in eggs were also accompanied by rises in 
PUFAs, omega-3, and DHA proportions in spring. Likewise, increases in the proportions of zooplankton markers and MUFAs 
were observed in both females and males during winter and spring. The increased contribution of diatom- and zooplankton-
associated FAs in the shrimp diet underscores the reinforcement of the sympagic-pelagic-benthic coupling during these 
seasons and highlights the essential ecological role of these sources influencing diets and lipids dynamics in shrimp year-
around. Lipid analyses revealed seasonal fluctuations in total lipid content within P. borealis tissues. Specifically, an increase 
in the amount of total lipids in shrimp eggs was observed between spring and summer, along with peaks in total lipid levels 
for both female and male shrimp during the winter season (Fig 7). These findings align with previous studies that reported 
similar seasonal patterns in total lipid content. Specifically, a greater accumulation of lipid reserves was observed during win-
ter when food is scarce [82,87,88], as well as during reproductive processes, which are often linked to the spring phytoplank-
ton bloom [88,89]. However, variations in total lipid content and the production of storage lipids may also be influenced by 
other drivers, including overwintering strategies, seasonal variability in feeding behaviour, and among maturity stages [87].

4.2.  Nutritional status of northern shrimp

In high-latitude ecosystems, seasonal variability in environmental conditions such as temperature, light availability, and 
nutrient dynamics significantly impact the magnitude and duration of primary producer blooms [90]. These environmen-
tal shifts also play crucial roles in influencing the abundance and types of lipids synthesized by phytoplankton and other 
primary producers [71,91]. Consequently, it is predicted that global climate change could affect the lipid profiles of primary 
producers, impacting the production of EFAs such as omega-3 PUFAs, particularly EPA and DHA [92,93]. Reductions 
in the planktonic synthesis of omega-3 FAs will cascade through the food web, impacting the lipid intake and storage of 
essential lipids at higher trophic levels, which ultimately may affect the growth, reproduction, and survival of diverse spe-
cies, including P. borealis [27].

The allocation of energy towards lipid storage is vital for many marine invertebrates, especially in cold and nutrient-
variable environments [55]. Lipid reserves, especially TAGs, are important for energy-intensive processes like repro-
duction and larval development in crustaceans, making TAG content a key indicator of nutritional conditions [55,94]. For 
example, studies have shown that higher lipid reserves in female shrimp correlate with increased fecundity and better 
egg quality, which enhance larval survival [52]. Additionally, investigations concluded that during starvation or moulting 
phases the rapid catabolism of TAG results in changes in lipid class composition, reflected in declining TAG and TAG-
sterol ratios. In contrast, TAG-sterol ratios typically increase throughout development periods due to the rapid accumula-
tion of TAGs derived from external food intake [55]. Changes in TAG content (as mg/g WW) and TAG-sterol ratios were 
registered in spatiotemporal gradients in this study. On the one hand, our data exposed a gradual reduction in TAG and 
TAG-sterol ratios in the muscles of females and males from winter to summer, contrasting with increases in TAG and 
TAG-sterol ratios in eggs from spring to autumn. On the other hand, TAG and TAG-sterol ratios in eggs were higher in 
the northernmost areas (SFA2 and SFA3), whereas increases in TAG and TAG-sterol ratios in the muscles of males and 
females were recorded in the southernmost fishing area (SFA6). As food availability fluctuates spatially and temporally in 
sub-Arctic regions, lipid profiles, storage, and nutritional conditions of P. borealis are likely to adjust accordingly. Hence, 
variations in TAG content may result from fluctuations in the timing of pelagic production, reflecting periods of starvation or 
increased food intake [82,94]. In particular, in zooplankton-feeding species like P. borealis, fluctuations in TAG levels may 
be influenced by the availability of wax esters, which are biosynthesized by zooplankton and stored as energy reserves by 
consumers [95].
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Lipid profiles in crustaceans may vary based on feeding conditions and between maturity stages, suggesting that male 
and female shrimp may allocate or deplete lipid reserves differently depending on physiological needs [94,96]. This study 
highlighted that eggs are significantly richer in essential lipids, including phospholipids and omega-3 FAs, compared to the 
lipid content in ovigerous females (see Table 3). It suggests that the production of lipid-rich eggs may impose considerable 
demands on the lipid reserves of females, a trend observed in other crustacean species as well [88]. For example, it was 
observed that wax esters are rapidly consumed during the development of fertilized eggs [95]. The energetic investment in 
egg production (measured as poor TAG content) could explain, in part, the relatively lipid-deficient and notable variability 
in lipid profiles observed in ovigerous females and their eggs. This study also revealed an increase in the storage of TAG, 
PL, and total lipids in eggs from summer to fall, suggesting that ovigerous females may allocate lipid reserves differently 
among tissues before winter. This dynamic adjustment in lipid storage may not only influence individual health and repro-
ductive success in females of P. borealis but may also play an important role in population dynamics by influencing lipid 
conditions across various maturity stages, especially in larval individuals [82]. As larval individuals are particularly vulner-
able to changes in food availability and environmental conditions, fluctuations in lipid storage can have cascading effects 
on survival rates and overall population stability [55]. Thus, understanding how interacting biogeochemical conditions influ-
ence lipid content and storage is crucial for predicting the responses of P. borealis populations to ongoing environmental 
changes in sub-Arctic ecosystems and for formulating effective conservation and management strategies.

4.3.  Implications of climate change for shrimp stocks

As climate change intensifies, it increasingly disrupts trophic interactions and the foraging ecology of marine species in 
high-latitude regions by altering the abundance, distribution, and diversity of prey species, making the effects on ecosys-
tem functioning more unpredictable [97]. The finding that the lipid content of eggs of P. borealis peaks prior to overwin-
tering emphasizes the importance of synchronization between primary production blooms and the reproductive cycles 
of shrimp. Consequently, shifts in the onset of primary production could disrupt this synchrony, leading to a depletion of 
essential energy-rich lipid reserves that, in turn, could diminish reproductive output and larval survival, ultimately affecting 
population stocks of P. borealis [98]. However, regional differences in the ecological niche structure suggest that shrimp 
populations in various areas may respond differently to climate-induced changes in food availability, highlighting the 
remarkable dietary flexibility of this species in adapting to fluctuations in resource dynamics. In terms of fisheries manage-
ment, this study highlights the importance of monitoring lipid-based condition indices, particularly during early life stages, 
as indicators of population health and recruitment potential [99]. Incorporating dietary tracer data into stock assessments 
can yield more accurate predictions of shrimp productivity under future climate scenarios. Finally, changes in the nutri-
tional quality of P. borealis as a food source may alter its role as a key forage species for higher trophic levels, potentially 
impacting the net transfer of essential lipids in sub-Arctic ecosystems.

Supporting information

S1 Fig.  Stable isotope biplots illustrating changes in the isotopic niche structure of the northern shrimp (Panda-
lus borealis) population in Canada’s sub-Arctic. The positions occupied by females and males of shrimp in the isotopic 
space are represented by dots in each δ13C - δ15N biplot. Standard ellipses (solid lines) enclose the size-corrected stan-
dard ellipse area (SEAc, fits 40% of the data) of shrimp along the shrimp fishing areas (SFAs).
(TIFF)

S2 Fig.  Spatial and temporal variation in fatty acid composition of zooplankton and northern shrimp (Pandalus 
borealis) in Canada’s sub-Arctic regions. Fatty acid profiles of northern shrimp collected from various management 
regions, including the Labrador Shelf (LS) and shrimp fishing areas (SFAs 2–6), highlight spatial variation (A). Fatty 
acid profiles grouped by season illustrate temporal differences in FA composition (B). The middle part of the box, or the 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s002


PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 21 / 26

“interquartile range,” represents the middle quartiles (or the 75th minus the 25th percentile). The black line in the box rep-
resents the median. The minimum and maximum values of the data are indicated by the upper and lower lines of the box, 
respectively. Points beyond the lines represent outliers in the data set.
(TIFF)

S1 Table.  Sampling details of the sites where northern shrimp (Pandalus borealis) was collected between 2022 
and 2023 across five fishing areas in Canada’s sub-Arctic. 
(DOCX)

S2 Table.  Isotopic composition of northern shrimp (Pandalus borealis) in Canada’s sub-Arctic regions. 
(DOCX)

S3 Table.  Summary of the main effects on stable isotope (δ13C-δ15N) values of northern shrimp (Pandalus borea-
lis) across five shrimp fishing areas in Canada’s sub-Arctic regions. 
(DOCX)

S4 Table.  Summary of the main effects on saturated, monounsaturated and polyunsaturated fatty acid values of 
northern shrimp (Pandalus borealis) across five shrimp fishing areas in Canada’s sub-Arctic regions. 
(DOCX)

S5 Table.  Summary of the main effects on lipid classes and total lipid content values of northern shrimp (Panda-
lus borealis) across five shrimp fishing areas in Canada’s sub-Arctic regions. 
(DOCX)

S6 Table.  Relative abundance of individual fatty acids as a percentage of total FAs (mean values with standard 
deviations) in zooplankton in Canada’s sub-Arctic regions. Zooplankton samples were collected south to north from 
various stations including Sentinel, Isecold-1, Isecold-2, SagBank, Hatton Basin, Isecold-3, Killinek Main, and Hatton 600. 
EPA: polyunsaturated eicosapentaenoic acid; DHA: polyunsaturated docosahexaenoic acid; SFA: saturated FA; MUFA: 
monounsaturated FA; PUFA: polyunsaturated FA; ω3: Omega-3; ω6: Omega-6, and EFA: essential fatty acids (20:4ω-6; 
20:5ω-3; 22:6ω-3). Only those fatty acids ≥1% are included in this table.
(DOCX)

S7 Table.  The relative concentration of lipid classes in zooplankton in Canada’s sub-Arctic regions. The average 
lipid class contents (as mg/g WW) are measured in milligrams per gram of wet weight.
(DOCX)

S8 Table.  Isotopic composition of zooplankton across Canada’s sub-Arctic regions. 
(DOCX)

Acknowledgments

We thank Maxime Geoffroy, Eugenie Jacobsen, Gérald Darnis, and Lucie Bourreau for collecting zooplankton samples 
during the 2023 field campaign aboard the Canadian research icebreaker CCGS Amundsen and providing taxonomic anal-
yses. We sincerely thank Donna Teasdale from the Department of Archaeology, Queen’s College, Memorial University, for 
providing access to freeze-drying facilities for processing the samples. We also thank the research laboratory coordinators 
Jeanette Wells, Andrea Prentice, and Geert Van Biesen for their assistance in measuring stable isotopes and fatty acids in 
shrimp samples. Finally, we express gratitude to Sergio Cortez Ghio for his comments on the statistical analyses, and to 
Peace Igwe for her invaluable laboratory assistance. ChatGPT [version ChatGPT-4] improved text clarity and readability for 
more effective communication. After using this tool, the authors reviewed and edited the content as required.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322745.s010


PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 22 / 26

Author contributions

Conceptualization: Jonathan A. D. Fisher, Tyler D. Eddy.

Data curation: Gustavo Yunda-Guarin.

Formal analysis: Gustavo Yunda-Guarin.

Funding acquisition: Tyler D. Eddy.

Investigation: Gustavo Yunda-Guarin.

Methodology: Gustavo Yunda-Guarin, Christopher C. Parrish.

Resources: Tyler D. Eddy.

Supervision: Jonathan A. D. Fisher, Tyler D. Eddy.

Validation: Gustavo Yunda-Guarin, Christopher C. Parrish, Wojciech Walkusz, Jonathan A. D. Fisher, Tyler D. Eddy.

Visualization: Gustavo Yunda-Guarin.

Writing – original draft: Gustavo Yunda-Guarin.

Writing – review & editing: Sheila Atchison, Krista D. Baker, Frédéric Cyr, Christopher C. Parrish, Wojciech Walkusz, 
Jonathan A. D. Fisher, Tyler D. Eddy.

References
	 1.	 Krøyer H. Conspectus Crustaceorum Groenlandiae. Naturhistorisk Tidsskr. 1838;2(3):249–61.

	 2.	 DFO. Seafisheries landed value by province, 2025 Jan 30 [Cited 2024 July 12]. Available from: https://www.dfo-mpo.gc.ca/stats/commercial/
land-debarq/sea-maritimes/s2022pv-eng.htm

	 3.	 Parsons DG. Predators of northern shrimp,Pandalus borealis(Pandalidae), throughout the North Atlantic. Marine Biology Research. 2005;1(1):48–
58. https://doi.org/10.1080/17451000510018944

	 4.	 Tam JC, Bundy A. Mass-balance models of the Newfoundland and Labrador Shelf ecosystem for 1985-1987 and 2013-2015. Can Tech Rep Fish 
Aquat Sci. 2019;3328.

	 5.	 Savenkoff C, Savard L, Morin B, Chabot D. Main prey and predators of northern shrimp (Pandalus borealis) in the northern Gulf of St. Lawrence 
during the mid-1980s, mid-1990s, and early 2000s. Can Tech Rep Fish Aquat Sci. 2006; 2639.

	 6.	 Bundy A, George RL, Shelton PA. A mass balance model of the Newfoundland-Labrador Shelf. Can Tech Rep Fish Aquat Sci. 2000;2310.

	 7.	 Urban P, Praebel K, Bhat S, Dierking J, Wangensteen OS. DNA metabarcoding reveals the importance of gelatinous zooplankton in the diet of 
Pandalus borealis, a keystone species in the Arctic. Mol Ecol. 2022;31(5):1562–76. https://doi.org/10.1111/mec.16332 PMID: 34936153

	 8.	 Nilssen EM, Hopkins CCE. Regional variability in fish-prawn communities and catches in the Barents Sea, and their relationship to the environ-
ment. ICES Mar Sci Symp. 1992;195:331–348.

	 9.	 Chang H-Y, Richards RA, Chen Y. Effects of environmental factors on reproductive potential of the Gulf of Maine northern shrimp (Pandalus borea-
lis). Global Ecology and Conservation. 2021;30:e01774. https://doi.org/10.1016/j.gecco.2021.e01774

	10.	 Baeza JA. Sex allocation in a simultaneously hermaphroditic marine shrimp. Evolution. 2007;61(10):2360–73. https://doi.org/10.1111/j.1558-
5646.2007.00199.x PMID: 17714503

	11.	 Daoud D, Lambert Y, Audet C, Chabot D. Size and temperature-dependent variations in intermolt duration and size increment at molt of Northern 
Shrimp, Pandalus borealis. Mar Biol. 2010;157(12):2655–66. https://doi.org/10.1007/s00227-010-1526-1

	12.	 Cardinale M, Zimmermann F, Søvik G, Griffiths CA, Bergenius Nord M, Winker H. Spatially explicit stock assessment uncovers sequential deple-
tion of northern shrimp stock components in the North Sea. ICES J Mar Sci. 2023;80(7):1868–80. https://doi.org/10.1093/icesjms/fsad111

	13.	 Jónsdóttir IG. Effects of changes in female size on relative egg production of northern shrimp stocks (Pandalus borealis). Regional Studies in 
Marine Science. 2018;24:270–7. https://doi.org/10.1016/j.rsma.2018.09.004

	14.	 Brillon S, Lambert Y, Dodson J. Egg survival, embryonic development, and larval characteristics of northern shrimp (Pandalus borealis) females 
subject to different temperature and feeding conditions. Marine Biology. 2005;147(4):895–911. https://doi.org/10.1007/s00227-005-1633-6

	15.	 Brosset P, Bourdages H, Blais M, Scarratt M, Plourde S. Local environment affecting northern shrimp recruitment: a comparative study of Gulf of 
St. Lawrence stocks. ICES Journal of Marine Science. 2018;76(4):974–86. https://doi.org/10.1093/icesjms/fsy185

	16.	 Le Corre N, Pepin P, Han G, Ma Z. Potential impact of climate change on northern shrimp habitats and connectivity on the Newfoundland and 
Labrador continental shelves. Fisheries Oceanography. 2021;30(3):331–47. https://doi.org/10.1111/fog.12524

https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2022pv-eng.htm
https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2022pv-eng.htm
https://doi.org/10.1080/17451000510018944
https://doi.org/10.1111/mec.16332
http://www.ncbi.nlm.nih.gov/pubmed/34936153
https://doi.org/10.1016/j.gecco.2021.e01774
https://doi.org/10.1111/j.1558-5646.2007.00199.x
https://doi.org/10.1111/j.1558-5646.2007.00199.x
http://www.ncbi.nlm.nih.gov/pubmed/17714503
https://doi.org/10.1007/s00227-010-1526-1
https://doi.org/10.1093/icesjms/fsad111
https://doi.org/10.1016/j.rsma.2018.09.004
https://doi.org/10.1007/s00227-005-1633-6
https://doi.org/10.1093/icesjms/fsy185
https://doi.org/10.1111/fog.12524


PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 23 / 26

	17.	 Arnberg M, Calosi P, Spicer JI, Tandberg AHS, Nilsen M, Westerlund S, et al. Elevated temperature elicits greater effects than decreased pH on 
the development, feeding and metabolism of northern shrimp (Pandalus borealis) larvae. Mar Biol. 2012;160(8):2037–48. https://doi.org/10.1007/
s00227-012-2072-9

	18.	 Kurihara H, Matsui M, Furukawa H, Hayashi M, Ishimatsu A. Long-term effects of predicted future seawater CO2 conditions on the survival and 
growth of the marine shrimp Palaemon pacificus. Journal of Experimental Marine Biology and Ecology. 2008;367(1):41–6. https://doi.org/10.1016/j.
jembe.2008.08.016

	19.	 Ouellet P, Chabot D, Calosi P, Orr D, Galbraith PS. Regional variations in early life stages response to a temperature gradient in the north-
ern shrimp Pandalus borealis and vulnerability of the populations to ocean warming. Journal of Experimental Marine Biology and Ecology. 
2017;497:50–60. https://doi.org/10.1016/j.jembe.2017.09.007

	20.	 Richards RA, Hunter M. Northern shrimp Pandalus borealis population collapse linked to climate-driven shifts in predator distribution. PLoS One. 
2021;16(7):e0253914. https://doi.org/10.1371/journal.pone.0253914 PMID: 34288940

	21.	 Gaillard B, Meziane T, Tremblay R, Archambault P, Layton K, Martel A, et al. Dietary tracers in Bathyarca glacialis from contrasting trophic regions 
in the Canadian Arctic. Mar Ecol Prog Ser. 2015;536:175–86. https://doi.org/10.3354/meps11424

	22.	 North CA, Lovvorn JR, Kolts JM, Brooks ML, Cooper LW, Grebmeier JM. Deposit‐feeder diets in the Bering Sea: potential effects of climatic loss of 
sea ice‐related microalgal blooms. Ecological Applications. 2014;24(6):1525–42. https://doi.org/10.1890/13-0486.1

	23.	 Parrish CC. Essential fatty acids in aquatic food webs. In: Arts MT, Brett MT, Kainz MJ, editors. Lipids in aquatic ecosystems. Springer; 2009. pp. 
309–326.

	24.	 Parrish C, Deibel D, Thompson R. Effect of sinking spring phytoplankton blooms on lipid content and composition in suprabenthic and benthic 
invertebrates in a cold ocean coastal environment. Mar Ecol Prog Ser. 2009;391:33–51. https://doi.org/10.3354/meps08148

	25.	 Budge S, Springer A, SJ I, Sheffield G. Fatty acid biomarkers reveal niche separation in an Arctic benthic food web. Mar Ecol Prog Ser. 
2007;336:305–9. https://doi.org/10.3354/meps336305

	26.	 Søreide JE, Leu E, Berge J, Graeve M, Falk-Petersen S. Timing of blooms, algal food quality and Calanus glacialis reproduction and growth in a 
changing Arctic. Glob Chang Biol. 2010;16(11):3154–3163. https://doi.org/10.1111/j.1365-2486.2010.02175.x

	27.	 Galloway AWE, Winder M. Partitioning the Relative Importance of Phylogeny and Environmental Conditions on Phytoplankton Fatty Acids. PLoS 
One. 2015;10(6):e0130053. https://doi.org/10.1371/journal.pone.0130053 PMID: 26076015

	28.	 Legeżyńska J, Kędra M, Walkusz W. Identifying trophic relationships within the high Arctic benthic community: how much can fatty acids tell? Mar 
Biol. 2014;161(4):821–36. https://doi.org/10.1007/s00227-013-2380-8

	29.	 Budge SM, Wooller MJ, Springer AM, Iverson SJ, McRoy CP, Divoky GJ. Tracing carbon flow in an arctic marine food web using fatty acid-stable 
isotope analysis. Oecologia. 2008;157(1):117–29. https://doi.org/10.1007/s00442-008-1053-7 PMID: 18481094

	30.	 Post DM. Using stable isotopes to estimate trophic position: models, methods, and assumptions. Ecology. 2002;83(3):703–18. https://doi.
org/10.1890/0012-9658(2002)083[0703:usitet]2.0.co;2

	31.	 McCutchan JH Jr, Lewis WM Jr, Kendall C, McGrath CC. Variation in trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos. 
2003;102(2):378–90. https://doi.org/10.1034/j.1600-0706.2003.12098.x

	32.	 Renaud PE, LÃ¸kken TS, JÃ¸rgensen LL, Berge J, Johnson BJ. Macroalgal detritus and food-web subsidies along an Arctic fjord depth-gradient. 
Front Mar Sci. 2015;2. https://doi.org/10.3389/fmars.2015.00031

	33.	 Parzanini C, Parrish CC, Hamel J-F, Mercier A. Trophic relationships of deep-sea benthic invertebrates on a continental margin in the NW 
Atlantic inferred by stable isotope, elemental, and fatty acid composition. Progress in Oceanography. 2018;168:279–95. https://doi.org/10.1016/j.
pocean.2018.10.007

	34.	 Søreide JE, Carroll ML, Hop H, Ambrose WG Jr, Hegseth EN, Falk-Petersen S. Sympagic-pelagic-benthic coupling in Arctic and Atlantic waters 
around Svalbard revealed by stable isotopic and fatty acid tracers. Marine Biology Research. 2013;9(9):831–50. https://doi.org/10.1080/17451000.
2013.775457

	35.	 Yashayaev I. Hydrographic changes in the Labrador Sea, 1960–2005. Progress in Oceanography. 2007;73(3–4):242–76. https://doi.org/10.1016/j.
pocean.2007.04.015

	36.	 Lochte AA, Repschläger J, Seidenkrantz M-S, Kienast M, Blanz T, Schneider RR. Holocene water mass changes in the Labrador Current. The 
Holocene. 2019;29(4):676–90. https://doi.org/10.1177/0959683618824752

	37.	 Florindo-López C, Bacon S, Aksenov Y, Chafik L, Colbourne E, Holliday NP. Arctic Ocean and Hudson Bay freshwater exports: New estimates from 
seven decades of hydrographic surveys on the Labrador Shelf. J Climate. 2020;33(20):8849-8868. https://doi.org/10.1175/JCLI-D-19-0990.1

	38.	 Hátún H, Sandø AB, Drange H, Hansen B, Valdimarsson H. Influence of the Atlantic subpolar gyre on the thermohaline circulation. Science. 
2005;309(5742):1841–4. https://doi.org/10.1126/science.1114777 PMID: 16166513

	39.	 Rice J. Changes to the large marine ecosystem of the Newfoundland-Labrador shelf. Large Mar Ecosyst. 2002;10(C):51–103. https://doi.
org/10.1016/s1570-0461(02)80055-6

	40.	 Le Corre N, Pepin P, Burmeister A, Walkusz W, Skanes K, Wang Z, et al. Larval connectivity of northern shrimp (Pandalus borealis) in the North-
west Atlantic. Can J Fish Aquat Sci. 2020;77(8):1332–47. https://doi.org/10.1139/cjfas-2019-0454

https://doi.org/10.1007/s00227-012-2072-9
https://doi.org/10.1007/s00227-012-2072-9
https://doi.org/10.1016/j.jembe.2008.08.016
https://doi.org/10.1016/j.jembe.2008.08.016
https://doi.org/10.1016/j.jembe.2017.09.007
https://doi.org/10.1371/journal.pone.0253914
http://www.ncbi.nlm.nih.gov/pubmed/34288940
https://doi.org/10.3354/meps11424
https://doi.org/10.1890/13-0486.1
https://doi.org/10.3354/meps08148
https://doi.org/10.3354/meps336305
https://doi.org/10.1111/j.1365-2486.2010.02175.x
https://doi.org/10.1371/journal.pone.0130053
http://www.ncbi.nlm.nih.gov/pubmed/26076015
https://doi.org/10.1007/s00227-013-2380-8
https://doi.org/10.1007/s00442-008-1053-7
http://www.ncbi.nlm.nih.gov/pubmed/18481094
https://doi.org/10.1890/0012-9658(2002)083[0703:usitet]2.0.co;2
https://doi.org/10.1890/0012-9658(2002)083[0703:usitet]2.0.co;2
https://doi.org/10.1034/j.1600-0706.2003.12098.x
https://doi.org/10.3389/fmars.2015.00031
https://doi.org/10.1016/j.pocean.2018.10.007
https://doi.org/10.1016/j.pocean.2018.10.007
https://doi.org/10.1080/17451000.2013.775457
https://doi.org/10.1080/17451000.2013.775457
https://doi.org/10.1016/j.pocean.2007.04.015
https://doi.org/10.1016/j.pocean.2007.04.015
https://doi.org/10.1177/0959683618824752
https://doi.org/10.1175/JCLI-D-19-0990.1
https://doi.org/10.1126/science.1114777
http://www.ncbi.nlm.nih.gov/pubmed/16166513
https://doi.org/10.1016/s1570-0461(02)80055-6
https://doi.org/10.1016/s1570-0461(02)80055-6
https://doi.org/10.1139/cjfas-2019-0454


PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 24 / 26

	41.	 Cyr F, Coyne J, Snook S, Bishop C, Galbraith PS, Chen N, et al. Physical Oceanographic Conditions on the Newfoundland and Labrador Shelf 
during 2022. Can Tech Rep Hydro Aquat Sci. 2024;377.

	42.	 Prinsenberg SJ, Peterson IK, Narayanan S, Umoh JU. Interaction between atmosphere, ice cover, and ocean off Labrador and Newfoundland from 
1962 to 1992. Can J Fish Aquat Sci. 1997;54(S1):30–9. https://doi.org/10.1139/f96-150

	43.	 Fetterer F, Stewart JS, Meier WN. 2015, updated daily. MASAM2: Daily 4 km Arctic Sea Ice Concentration, Version 1. Boulder, Colorado USA. 
NSIDC: National Snow and Ice Data Center. 2012 July 03 [Cited 2024 Aug 02]. Available from: https://doi.org/10.7265/N5ZS2TFT

	44.	 Folch J, Lees M, Sloane-Stanley GH. A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem. 
1957;226(1):497–509. https://doi.org/10.1016/s0021-9258(18)64849-5

	45.	 Parrish CC. Determination of total lipid, lipid classes, and fatty acids in aquatic samples. In: Arts MT, Wainman BC, editors. Lipids in freshwater 
ecosystems. Springer, New York, NY; 1999. pp. 4–20.

	46.	 Parrish CC. Separation of Aquatic Lipid Classes by Chromarod thin-layer chromatography with measurement by latroscan flame ionization detec-
tion. Can J Fish Aquat Sci. 1987;44:722–731.

	47.	 Graeve M, Kattner G, Piepenburg D. Lipids in Arctic benthos: does the fatty acid and alcohol composition reflect feeding and trophic interactions? 
Polar Biology. 1997;18(1):53–61. https://doi.org/10.1007/s003000050158

	48.	 Falk-Petersen S, Sargent JR, Henderson J, Hegseth EN, Hop H, Okolodkov YB. Lipids and fatty acids in ice algae and phytoplankton from the 
Marginal Ice Zone in the Barents Sea. Polar Biology. 1998;20(1):41–7. https://doi.org/10.1007/s003000050274

	49.	 Viso A-C, Marty J-C. Fatty acids from 28 marine microalgae. Phytochemistry. 1993;34(6):1521–33. https://doi.org/10.1016/s0031-9422(00)90839-2

	50.	 Dalsgaard J, St John M, Kattner G, Müller-Navarra D, Hagen W. Fatty acid trophic markers in the pelagic marine environment. Adv Mar Biol. 
2003;46:225–340. https://doi.org/10.1016/s0065-2881(03)46005-7 PMID: 14601414

	51.	 Sargent JR, Falk-Petersen S. The lipid biochemistry of calanoid copepods. Hydrobiologia. 1988;167–168(1):101–14. https://doi.org/10.1007/
bf00026297

	52.	 Kelly J, Scheibling R. Fatty acids as dietary tracers in benthic food webs. Mar Ecol Prog Ser. 2012;446:1–22. https://doi.org/10.3354/meps09559

	53.	 Ouellet P, Taggart CT, Frank KT. Lipid Condition and Survival in Shrimp (Pandalus borealis) Larvae. Can J Fish Aquat Sci. 1992;49(2):368–78. 
https://doi.org/10.1139/f92-042

	54.	 Sasaki GC, Capuzzo JM, Biesiot P. Nutritional and Bioenergetic Considerations in the Development of the American LobsterHomarus americanus. 
Can J Fish Aquat Sci. 1986;43(11):2311–9. https://doi.org/10.1139/f86-283

	55.	 Fraser A. Triacylglycerol content as a condition index for fish, bivalve, and crustacean larvae. Can J Fish Aquat Sci. 1989;46:1868–1873.

	56.	 Quezada‐Romegialli C, Jackson AL, Hayden B, Kahilainen KK, Lopes C, Harrod C. tRophicPosition, anrpackage for the Bayesian estimation of 
trophic position from consumer stable isotope ratios. Methods Ecol Evol. 2018;9(6):1592–9. https://doi.org/10.1111/2041-210x.13009

	57.	 McCutchan JH Jr, Lewis WM Jr, Kendall C, McGrath CC. Variation in trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos. 
2003;102(2):378–90. https://doi.org/10.1034/j.1600-0706.2003.12098.x

	58.	 Kaufman MR, Gradinger RR, Bluhm BA, O’Brien DM. Using stable isotopes to assess carbon and nitrogen turnover in the Arctic sympagic amphi-
pod Onisimus litoralis. Oecologia. 2008;158(1):11–22. https://doi.org/10.1007/s00442-008-1122-y PMID: 18709389

	59.	 Zuur AF, Ieno EN, Smith GM. Analysing Ecological Data. Springer. New York, NY; 2007. https://doi.org/10.1007/978-0-387-45972-1

	60.	 Searle SR, Speed FM, Milliken GA. Population Marginal Means in the Linear Model: An alternative to least squares means. Am Stat. 
1980;34(4):216–221.

	61.	 Lüdecke D, Ben-Shachar M, Patil I, Waggoner P, Makowski D. performance: An R Package for Assessment, Comparison and Testing of Statistical 
Models. JOSS. 2021;6(60):3139. https://doi.org/10.21105/joss.03139

	62.	 Jackson AL, Inger R, Parnell AC, Bearhop S. Comparing isotopic niche widths among and within communities: SIBER - Stable Isotope Bayesian 
Ellipses in R. J Anim Ecol. 2011;80(3):595–602. https://doi.org/10.1111/j.1365-2656.2011.01806.x PMID: 21401589

	63.	 Stein R, Macdonald RW. Geochemical proxies used for organic carbon source identification in Arctic Ocean sediments. In: The organic carbon 
cycle in the Arctic Ocean. Springer; 2004. pp. 24–32.

	64.	 Iken K, Bluhm BA, Gradinger R. Food web structure in the high Arctic Canada Basin: Evidence from δ13C and δ15N analysis. Polar Biol. 
2005;28(3):238–249. https://doi.org/10.1007/s00300-004-0669-2

	65.	 Wienberg R. On the food and feeding habits of Pandalus borealis Krøyer 1838. Arch für Fischerei Wiss. 1981;31:123–137.

	66.	 Bearhop S, Adams CE, Waldron S, Fuller RA, Macleod H. Determining trophic niche width: A novel approach using stable isotope analysis. J Anim 
Ecol. 2004;73(5):1007–12. https://doi.org/10.1111/j.0021-8790.2004.00861.x

	67.	 Yunda-Guarin G, Michel LN, Roy V, Friscourt N, Gosselin M, Nozais C, et al. Trophic ecology of epibenthic communities exposed to different sea-
ice concentrations across the Canadian Arctic Ocean. Progress in Oceanography. 2023;217:103105. https://doi.org/10.1016/j.pocean.2023.103105

	68.	 Francois CM, Mermillod‐Blondin F, Malard F, Fourel F, Lécuyer C, Douady CJ, et al. Trophic ecology of groundwater species reveals specialization 
in a low‐productivity environment. Functional Ecology. 2015;30(2):262–73. https://doi.org/10.1111/1365-2435.12484

	69.	 Cyr F, Lewis K, Bélanger D, Regular P, Clay S, Devred E. Physical controls and ecological implications of the timing of the spring phytoplankton 
bloom on the Newfoundland and Labrador shelf. Limnol Oceanogr Letters. 2023;9(3):191–8. https://doi.org/10.1002/lol2.10347

https://doi.org/10.1139/f96-150
https://doi.org/10.7265/N5ZS2TFT
https://doi.org/10.1016/s0021-9258(18)64849-5
https://doi.org/10.1007/s003000050158
https://doi.org/10.1007/s003000050274
https://doi.org/10.1016/s0031-9422(00)90839-2
https://doi.org/10.1016/s0065-2881(03)46005-7
http://www.ncbi.nlm.nih.gov/pubmed/14601414
https://doi.org/10.1007/bf00026297
https://doi.org/10.1007/bf00026297
https://doi.org/10.3354/meps09559
https://doi.org/10.1139/f92-042
https://doi.org/10.1139/f86-283
https://doi.org/10.1111/2041-210x.13009
https://doi.org/10.1034/j.1600-0706.2003.12098.x
https://doi.org/10.1007/s00442-008-1122-y
http://www.ncbi.nlm.nih.gov/pubmed/18709389
https://doi.org/10.1007/978-0-387-45972-1
https://doi.org/10.21105/joss.03139
https://doi.org/10.1111/j.1365-2656.2011.01806.x
http://www.ncbi.nlm.nih.gov/pubmed/21401589
https://doi.org/10.1007/s00300-004-0669-2
https://doi.org/10.1111/j.0021-8790.2004.00861.x
https://doi.org/10.1016/j.pocean.2023.103105
https://doi.org/10.1111/1365-2435.12484
https://doi.org/10.1002/lol2.10347


PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 25 / 26

	70.	 Pepin P, Parrish C, Head E. Late autumn condition of Calanus finmarchicus in the northwestern Atlantic: evidence of size-dependent differential 
feeding. Mar Ecol Prog Ser. 2011;423:155–66. https://doi.org/10.3354/meps08952

	71.	 Galloway AWE, Budge SM. The critical importance of experimentation in biomarker-based trophic ecology. Philos Trans R Soc Lond B Biol Sci. 
2020;375(1804):20190638. https://doi.org/10.1098/rstb.2019.0638 PMID: 32536303

	72.	 Rontani J-F, Belt ST, Brown TA, Amiraux R, Gosselin M, Vaultier F, et al. Monitoring abiotic degradation in sinking versus suspended Arctic 
sea ice algae during a spring ice melt using specific lipid oxidation tracers. Organic Geochemistry. 2016;98:82–97. https://doi.org/10.1016/j.
orggeochem.2016.05.016

	73.	 Stasko AD, Bluhm BA, Reist JD, Swanson H, Power M. Relationships between depth and δ15N of Arctic benthos vary among regions and trophic 
functional groups. Deep Sea Research Part I: Oceanographic Research Papers. 2018;135:56–64. https://doi.org/10.1016/j.dsr.2018.03.010

	74.	 Vander Zanden MJ, Rasmussen JB. Primary consumer δ13C and δ15N and the trophic position of aquatic consumers. Ecology. 1999;80(4):1395–
1404. https://doi.org/10.1890/0012-9658(1999)080[1395:pccana]2.0.co;2

	75.	 Winnikoff JR, Haddock SHD, Budin I. Depth- and temperature-specific fatty acid adaptations in ctenophores from extreme habitats. J Exp Biol. 
2021;224(21):jeb242800. https://doi.org/10.1242/jeb.242800 PMID: 34676421

	76.	 Hamoutene D, Puestow T, Miller-Banoub J, Wareham V. Main lipid classes in some species of deep-sea corals in the Newfoundland and Labrador 
region (Northwest Atlantic Ocean). Coral Reefs. 2007;27(1):237–46. https://doi.org/10.1007/s00338-007-0318-7

	77.	 Marmillot V, Parrish CC, Tremblay J-É, MacKinnon JF. Lipid transfers within the lower food web of western Arctic seas. Elem Sci Anth. 2024;12(1). 
https://doi.org/10.1525/elementa.2022.00084

	78.	 Lischka S, Greenacre MJ, Riebesell U, Graeve M. Membrane lipid sensitivity to ocean warming and acidification poses a severe threat to Arctic 
pteropods. Front Mar Sci. 2022;9. https://doi.org/10.3389/fmars.2022.920163

	79.	 Shillito B, Desurmont C, Barthélémy D, Farabos D, Després G, Ravaux J, et al. Lipidome variations of deep-sea vent shrimps according to 
acclimation pressure: A homeoviscous response? Deep Sea Research Part I: Oceanographic Research Papers. 2020;161:103285. https://doi.
org/10.1016/j.dsr.2020.103285

	80.	 Brett MT, Dörthe C. Müller-Navarra, Persson J. Crustacean Zooplankton Fatty Acid Composition. In: Arts MT, Brett MT, Kainz MJ, editors. Lipids in 
aquatic ecosystems. Springer, New York, NY; 2009. pp. 115–146.

	81.	 Ackman RG, Eaton CA. Fatty Acid Composition of the Decapod Shrimp,Pandalus borealis, in Relation to that of the Euphausid,Meganyctiphanes 
norvegica. J Fish Res Bd Can. 1967;24(2):467–71. https://doi.org/10.1139/f67-041

	82.	 Hopkins C, Sargent J, Nilssen E. Total lipid content, and lipid and fatty acid composition of the deep-water prawn Pandulus borealis from Balsfjord, 
northern Norway: growth and feeding relationships. Mar Ecol Prog Ser. 1993;96:217–28. https://doi.org/10.3354/meps096217

	83.	 Graeve M, Wehrtmann I. Lipid and fatty acid composition of Antarctic shrimp eggs (Decapoda: Caridea). Polar Biol. 2003;26(1):55–61. https://doi.
org/10.1007/s00300-002-0440-5

	84.	 Parrish CC. Lipids in Marine Ecosystems. ISRN Oceanography. 2013;2013:1–16. https://doi.org/10.5402/2013/604045

	85.	 Giraldo C, Stasko A, Choy ES, Rosenberg B, Majewski A, Power M, et al. Trophic variability of Arctic fishes in the Canadian Beaufort Sea: a fatty 
acids and stable isotopes approach. Polar Biol. 2015;39(7):1267–82. https://doi.org/10.1007/s00300-015-1851-4

	86.	 Clarke A. Lipid content and composition of the pink shrimp, Pandalus montagui (Leach) (Crustacea: Decapoda). J Exp Mar Bio Ecol. 1979;38(1):1–
17. https://doi.org/10.1016/022-0981(79)90084-4

	87.	 Clarke A. Seasonal variations in the total lipid content of Chorismus antarcticus (Pfeffer) (Crustacea: Decapoda) at South Georgia. Journal of 
Experimental Marine Biology and Ecology. 1977;27(1):93–106. https://doi.org/10.1016/0022-0981(77)90056-9

	88.	 Saether O, Ellingsen TE, Mohr V. Lipids of North Atlantic krill. Journal of Lipid Research. 1987;27(3):274–85. https://doi.org/10.1016/
s0022-2275(20)38835-0

	89.	 Kattner G, Hagen W. Lipids in marine copepods: Latitudinal characteristics and perspective to global warming. In: Arts MT, Brett MT, Kainz MJ, 
editos. Lipids in aquatic ecosystems. Springer, New York, NY; 2009. pp. 257–280.

	90.	 Matthes LC, Ehn JK, Dalman LA, Babb DG, Peeken I, Harasyn M, et al. Environmental drivers of spring primary production in Hudson Bay. Elem 
Sci Anth. 2021;9(1):1–25. https://doi.org/10.1525/elementa.2020.00160

	91.	 Guschina IA, Harwood JL. Algal lipids and effect of environment on their biochemistry. In: Arts MT, Brett MT, Kainz MJ, editors. Lipids in aquatic 
ecosystems. Springer, New York, NY; 2009. pp. 1–24.

	92.	 Hixson SM, Arts MT. Climate warming is predicted to reduce omega-3, long-chain, polyunsaturated fatty acid production in phytoplankton. Glob 
Chang Biol. 2016;22(8):2744–55. https://doi.org/10.1111/gcb.13295 PMID: 27070119

	93.	 Colombo SM, Rodgers TFM, Diamond ML, Bazinet RP, Arts MT. Projected declines in global DHA availability for human consumption as a result of 
global warming. Ambio. 2020;49(4):865–80. https://doi.org/10.1007/s13280-019-01234-6 PMID: 31512173

	94.	 Harding G, Fraser A. Application of the triacylglycerol/sterol condition index to the interpretation of larval lobster Homarus americanus distribution in 
close proximity to Georges Bank, Gulf of Maine. Mar Ecol Prog Ser. 1999;186:239–54. https://doi.org/10.3354/meps186239

	95.	 Sargent JR. Marine wax esters. Sci Prog Oxf. 1978;65(260):437–58. https://doi.org/10.1351/pac198153040867

https://doi.org/10.3354/meps08952
https://doi.org/10.1098/rstb.2019.0638
http://www.ncbi.nlm.nih.gov/pubmed/32536303
https://doi.org/10.1016/j.orggeochem.2016.05.016
https://doi.org/10.1016/j.orggeochem.2016.05.016
https://doi.org/10.1016/j.dsr.2018.03.010
https://doi.org/10.1890/0012-9658(1999)080[1395:pccana]2.0.co;2
https://doi.org/10.1242/jeb.242800
http://www.ncbi.nlm.nih.gov/pubmed/34676421
https://doi.org/10.1007/s00338-007-0318-7
https://doi.org/10.1525/elementa.2022.00084
https://doi.org/10.3389/fmars.2022.920163
https://doi.org/10.1016/j.dsr.2020.103285
https://doi.org/10.1016/j.dsr.2020.103285
https://doi.org/10.1139/f67-041
https://doi.org/10.3354/meps096217
https://doi.org/10.1007/s00300-002-0440-5
https://doi.org/10.1007/s00300-002-0440-5
https://doi.org/10.5402/2013/604045
https://doi.org/10.1007/s00300-015-1851-4
https://doi.org/10.1016/022-0981(79)90084-4
https://doi.org/10.1016/0022-0981(77)90056-9
https://doi.org/10.1016/s0022-2275(20)38835-0
https://doi.org/10.1016/s0022-2275(20)38835-0
https://doi.org/10.1525/elementa.2020.00160
https://doi.org/10.1111/gcb.13295
http://www.ncbi.nlm.nih.gov/pubmed/27070119
https://doi.org/10.1007/s13280-019-01234-6
http://www.ncbi.nlm.nih.gov/pubmed/31512173
https://doi.org/10.3354/meps186239
https://doi.org/10.1351/pac198153040867


PLOS One | https://doi.org/10.1371/journal.pone.0322745  May 20, 2025 26 / 26

	96.	 Clarke A, Hopkins CCE, Nilssen EM. Egg Size and Reproductive Output in the Deep-Water Prawn Pandalus borealis Kroyer, 1838. Functional 
Ecology. 1991;5(6):724. https://doi.org/10.2307/2389534

	97.	 Cuff JP, Labonte D, Windsor FM. Understanding Trophic Interactions in a Warming World by Bridging Foraging Ecology and Biomechanics with 
Network Science. Integr Comp Biol. 2024;64(2):306–21. https://doi.org/10.1093/icb/icae070 PMID: 38872009

	98.	 Koeller P, Fuentes-Yaco C, Platt T, Sathyendranath S, Richards A, Ouellet P, et al. Basin-scale coherence in phenology of shrimps and phytoplank-
ton in the North Atlantic Ocean. Science. 2009;324(5928):791–3. https://doi.org/10.1126/science.1170987 PMID: 19423827

	99.	 Palacios E, Racotta IS, Heras H, Marty Y, Moal J, Samain J-F. Aquaculture International. 2001;9(6):531–43. https://doi.org/10.102
3/a:1020589924810

https://doi.org/10.2307/2389534
https://doi.org/10.1093/icb/icae070
http://www.ncbi.nlm.nih.gov/pubmed/38872009
https://doi.org/10.1126/science.1170987
http://www.ncbi.nlm.nih.gov/pubmed/19423827
https://doi.org/10.1023/a:1020589924810
https://doi.org/10.1023/a:1020589924810

