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over a latitudinal gradient
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1Norwegian Polar Institute, Fram Centre, Tromsø, Norway, 2Department of Ecological Chemistry,
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3UMR Littoral, Environment and Societies (CNRS–University of La Rochelle), Institut du Littoral et de
l’Environnement, La Rochelle, France, 4Hanse-Wissenschaftskolleg – Institute for Advanced Study,
Delmenhorst, Germany
Studies of Arctic food-web structure and function by means of carbon isotopic

composition (d13C) of fatty acids (FAs) have a main challenge of identifying a

proper baseline for pelagic particulate organic matter (PPOM). To assess

variations in d13C values of the FAs 16:1(n-7), 20:5(n-3) and 22:6(n-3) in PPOM,

seawater was collected along a latitudinal sea-ice gradient across the Barents Sea

in August 2019, spanning ice-free to fully ice-covered stations. d13C values varied

strongly along the sampling transect in all three FAs (16:1(n-7): -32.2 to -28.9 ‰,

20:5(n-3): -37.4 to -29.8 ‰, 22:6(n-3): -34.7 to -29.3 ‰) and, independently of

the FA, were consistently higher at ice-covered (d13C: -30.2 ± 1.1 ‰) vs. ice-free

stations (d13C: -33.8 ± 2.2‰). This was likely the result of the contribution of ice-

associated algae to PPOM due to ice melt as ice algae often have higher d13C
values than pelagic algae. Latitudinal differences in d13C values of 20:5(n-3) and

22:6(n-3) displayed a similar trend, which partly differed from 16:1(n-7). This was

likely related to differences in FA synthesis pathways and cellular functions

between the membrane-associated FAs 20:5(n-3) and 22:6(n-3) and the

storage FA 16:1(n-7). The d13C values presented here are intended to support

future food-web studies applying stable isotope mixing models to quantify

carbon sources in the polar marine environment.
KEYWORDS
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1 Introduction

The northern Barents Sea is a highly productive Arctic shelf

system, which supports large stocks of commercially important fish,

but is threatened by global warming (Ingvaldsen et al., 2025). Due to

its ecological significance, improved knowledge on current trophic

linkages and the energy flow within Barents Sea food webs is crucial

to better forecast future changes in marine ecosystem structure and

functioning (e.g., Årthun et al., 2025). Pelagic and sympagic (i.e.,

ice-associated) particulate organic matter (POM) are the primary

food sources in polar pelagic food webs, with varying contributions

depending on season and region (Budge et al., 2008; Koch et al.,

2023). Sympagic algae have been shown to represent a crucial food

source for zooplankton and, indirectly, for fish in the central Arctic

Ocean (Kohlbach et al., 2016, 2017) and Bering Sea (Wang et al.,

2015), whereas pelagic algae can be the major food source fueling

food webs in seasonally ice-covered regions such as the Barents Sea

(Kohlbach et al., 2023b, 2024).

Carbon stable isotope compositions (d13C) are commonly used

to distinguish the origin of POM (i.e., pelagic or sympagic) and to

trace this organic matter from production to consumption across

multiple trophic levels (Kunisch et al., 2021; Kohlbach et al., 2023b).

Thus, isotopic compositions of pelagic and sympagic POM are

crucial for the accurate quantification of flows of organic matter via

stable isotope mixing models (Stock et al., 2018). Traditionally,

biological samples are considered as a whole and their entire carbon

content is investigated via bulk stable isotope analysis (BSIA;

Søreide et al., 2013) as pelagic or sympagic algae can be well

separated based on their d13C values (Søreide et al., 2006). Data

interpretations from bulk measurements, however, have limitations

related to trophic fractionation, the routing of organic matter, and

because the origin of different sources in mixtures cannot be

determined (e.g., origin of microalgae in pelagic POM [PPOM]).

Complementary to the determination of isotopic compositions,

fatty acids (FAs) can be used as trophic markers as some FAs are

specific for certain groups of primary producers (e.g., diatoms,

flagellates and bacteria [Dalsgaard et al., 2003]). Comprehensive

understanding of food-web functioning therefore often requires the

use of a combination of several trophic markers (Lebreton et al.,

2011). Compound-specific stable isotope analysis (CSIA) of FAs

offers an additional approach, integrating the strengths of FA

trophic markers and BSIA (Kohlbach et al., 2016; Desforges et al.,

2022). CSIA can provide information on the composition of organic

matter produced by specific algal groups at a high taxonomic

resolution (i.e., d13C values of diatom- and flagellate-associated

FAs) as well as their fate in food webs. In addition, FAs are

minimally modified during metabolic processes (i.e., negligible

trophic fractionation), so their isotopic compositions remain

largely unaltered across trophic levels, making these molecules

valuable trophic markers (Dalsgaard et al., 2003; Bergé and

Barnathan, 2005).

In polar ecosystems, carbon isotopic compositions of primary

producers—making up mixtures like PPOM—can vary
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substantially at broad temporal and spatial scales (de la Vega

et al., 2019). It is therefore important to rely on source d13C
values specific to a season and a region to precisely quantify

organic matter fluxes. However, literature on FA-specific d13C
values in PPOM is limited and geographically restricted so far

(e.g., Wang et al., 2014; Kohlbach et al., 2016).

Here, we present FA-specific d13C values of PPOM collected

along a latitudinal transect with ice-free and ice-covered sampling

stations across the northwestern Barents Sea during August 2019.

Our aim was to determine how isotopic compositions of FAs in

PPOM change over this gradient, and to compare this to pre-

existing data, in order to define some trends linked to differences in

environmental parameters as well as FA synthesis pathways and

cellular function. Based on this preliminary dataset, we provide

recommendations for research foci of future isotope-based

ecosystem studies.
2 Materials and methods

2.1 Sampling

PPOM was collected between 8th and 21st of August 2019 at six

process (P) stations (P1, P2, P4, P5, P6, P7) along a northward

transect in the northwestern Barents Sea as part of the Nansen

Legacy project (arvenetternansen.com; Figure 1). This transect

covered a latitudinal gradient from ca. 76 to 82° N, from the

Barents Sea shelf across the shelf break into the deep Nansen

Basin. Located south of the Polar Front, station P1 was

dominated by Atlantic water, whereas the surface waters of the

other stations were influenced by Arctic water masses (Kohlbach

et al., 2023a). At the time of sampling, stations P1 and P2 were ice-

free, whereas the ice edge was located close to station P4, at ca.

79.75° N and 34°E, and stations P5 to P7 were ice-covered. Ice

concentration increased from 60% to 90% from stations P4 to P7.

More details on environmental conditions can be found in

Kohlbach et al. (2023a). Seawater was sampled at the depth of

maximum chlorophyll a concentration (14 to 73 m) using Niskin

bottles attached to a CTD rosette. Seawater volumes of 1.2 to 2.5 L

were filtered through pre-combusted (3 h, 550°C) 47 mm

Whatman® GF/F filters using a vacuum pump (-20 kPA). Until

further processing, filters were stored at -80°C.
2.2 Determination of PPOM FA-specific
isotopic compositions

Carbon isotopic composition was determined in the FAs 16:1

(n-7) and 20:5(n-3), predominantly synthesized by diatoms, and FA

22:6(n-3), mostly found in dinoflagellates and other flagellates (e.g.,

Phaeocystis; Dalsgaard et al., 2003 and references therein). These

FAs can have different physiological functions, with 16:1(n-7) often

used for energy storage (Morales et al., 2021) and the
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polyunsaturated FAs (PUFAs) 20:5(n-3) as well as 22:6(n-3) being

important components of cell membranes (Harwood, 1998). FAs

were extracted after Folch et al. (1957) using dichloromethane/

methanol (2:1, v/v) and converted into fatty acid methyl esters

(FAMEs) using methanol (containing 3% concentrated sulfuric

acid). FA proportions are presented in Supplementary Table 1;

FA profiles of PPOM are discussed in an ecological context in

Kohlbach et al. (2021). Subsequent isotopic analyses were done at

the stable isotope facility of the joint research unit LIENSs (CNRS –

University of La Rochelle), France (see details in Kohlbach et al.,

2023b). Isotopic compositions are reported in per mil (‰) using the

delta (d) notation and are normalized using Vienna Pee Dee

Belemnite (VPDB) as a reference material. To consider a

potential drift during the analysis of each sample batch, raw data

were corrected and normalized with an internal standard (23:0,

Sigma Aldrich) calibrated in EA-IRMS (mean: -32.39 ‰, standard

deviation: 0.02 ‰, n = 5) as recommended in Dunn and Carter

(2018). Reference materials used for the calibration of the EA-IRMS

were USGS-61 and USGS-63. d13C values (mean ± standard

deviation) of the internal standard 23:0 added during lipid

extraction were -32.85 ± 0.40 ‰ (n = 18). One replicate per

station was analyzed, thus limiting statistical analyses, but this

replicate is representative of the water at the sampling location as

a large amount was filtered (see 2.1).
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3 Results and discussion

PPOM FA-specific d13C values displayed some noteworthy

variations at both spatial and temporal scales (Figure 2): Along

the sampling transect, d13C values of 16:1(n-7), 20:5(n-3) and 22:6

(n-3) varied from -32.2 to -28.9 ‰, -37.4 to -29.8 ‰ and -34.7

to -29.3 ‰, respectively. Differences were also evident across

sampling years and months, with 16:1(n-7) being considerably

more d13C-enriched in a study from June 2017 (Kunisch et al.,

2021) than in August 2019 (present study; Figure 2). When

unaccounted for, these spatial and temporal variations of several

‰ could severely alter data interpretation in food-web studies

relying on FA-specific d13C values. This emphasizes the

importance of studying potential food sources (i.e., pelagic and

sympagic algae in our case) and consumers from the same location

and same time period while accounting for potentially varying

species-specific turnover rates of FAs in the consumers.

Variations in FA isotopic compositions can be related to a

multitude of biotic and abiotic factors, some of them relatively well

known and others not well studied or documented (e.g., Wang et al.,

2014; de la Vega et al., 2019). Although differences in PPOM FA-

isotopic compositions were observed, the limited size of our dataset

prevents us from offering definitive explanations; instead, we aim to

suggest potential influencing factors in the following discussion.
FIGURE 1

Sampling area in the northern Barents Sea indicating the main pathways of Atlantic (red arrows) and Arctic water masses (blue arrows).
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3.1 Influence of sea-ice melt

The d13C values of all three FAs were higher at the ice-covered

stations (P5 to P7: -30.2 ± 1.1 ‰) compared to the ice-free stations

(P1 and P2: -33.8 ± 2.2 ‰; Wilcoxon test, W = 2, p = 0.002). This

was likely a consequence of sea-ice melt, indicated by the lower

surface water salinity at the ice-covered compared to the ice-free

stations, and the large contribution of ice-associated diatoms, such

as Shionodiscus bioculatus, to the pelagic protist communities at the

ice-covered stations (Kohlbach et al., 2023a). Ice-associated algae

have often higher d13C values than pelagic algae (Figure 2: station

P7), i.e., up to 7 ‰ (Wang et al., 2015; Kohlbach et al., 2016; de la

Vega et al., 2019; Kunisch et al., 2021) due to the limitation in

dissolved inorganic carbon (DIC) availability in sea ice in

comparison to the water column (Thomas and Papadimitriou,

2011). Thus, enhanced input of sympagic algae to PPOM at ice-

covered vs. ice-free stations was likely a major driver of PPOM

d13C composition.
3.2 Influence of FA synthesis pathways and
cellular function

At most sampling stations (except P4 and P7, where differences

between FA d13C values were minor), the monounsaturated FA 16:1

(n-7) was more d13C-enriched than the two PUFAs 20:5(n-3) and

22:6(n-3). Similarly, 16:1(n-7) was more d13C-enriched than the

PUFAs in IPOM at P7 (Figure 2).
Frontiers in Marine Science 04
Both 16:1(n-7) and 20:5(n-3) are considered to be typical

diatom-produced FAs; however, the differences in their d13C
values point to a different driver than the taxa-specific influence

on isotopic fractionation. Without being exhaustive, this difference

may be related to several factors including:
1. The metabolic reactions involved in FA biosynthesis:

Different de novo production pathways may affect FA

d13C values. Indeed, 16:1(n-7) derives directly from the

saturated FA 16:0, while the long-chain PUFAs derive from

FA 18:0, and their synthesis requires multiple enzymatic

steps, including desaturation and elongation (Sprecher,

2000; Leonard et al., 2004; Baird, 2022). As suggested by

Wang et al. (2014), the activity of desaturase enzymes (to

introduce unsaturation) and of elongation enzymes (to add

carbon atoms) may affect FA isotopic compositions.

2. The origin of the carbon used in FA biosynthesis: FAs

synthesized during different stages of algae growth (e.g.,

early bloom, late season; Falk-Petersen et al., 1998) may

incorporate DIC with varying d13C values (de la Vega

et al., 2019).

3. The functions of these FAs in the cells: While 16:1(n-7) is a

FA typically used for energy storage and accumulated

under unfavorable growth conditions (Morales et al.,

2021), the two PUFAs are utilized for biomembrane

stabilization (Harwood, 1998). During the time of

sampling in August, the Barents Sea phytoplankton was

in a late-bloom stage (Kohlbach et al., 2023a). The
FIGURE 2

Carbon stable isotope compositions (d13C) of the fatty acids 16:1(n-7), 20:5(n-3) and 22:6(n-3) in pelagic particulate organic matter (PPOM) collected
at stations P1 to P7 in the Barents Sea. Data from other studies have been added for comparisons: Ice-associated particulate organic matter (IPOM)
collected at station P7 during the same sampling campaign (Kohlbach et al., 2023b), PPOM collected in August 2012 close to station P6 (station 209;
Kohlbach et al., 2016), and PPOM collected in June 2017 close to stations P1, P2, P4 and P6/P7 (stations 44, 47, 48, and 50, respectively; Kunisch
et al., 2021). The plot was created in Software R, version 4.1.0 (R Core Team, 2021), using the package ggplot2 (Wickham, 2016).
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phytoplankton FA production was likely dominated by the

synthesis of storage rather than membrane FAs reflecting

strong seasonal variation, driven by the availability of

nutrients and light (Falk-Petersen et al., 1998).
Of these potential explanations, the first is likely the best

candidate as metabolic pathways are probably relatively similar

between pelagic and sympagic algae, whereas the timing of their life

cycles—involved in explanations 2 and 3—differs considerably.

However, our limited dataset makes it difficult to identify the

main factors influencing the isotopic compositions, warranting

further investigation combining observations from the field—e.g.,

changes with season and region and variations within additional

FAs— and experimental approaches to finely determine synthesis

pathways and fractionation factors associated with each step during

biosynthesis (Remize et al., 2020, 2021).

Interestingly, despite the fact that the two PUFAs are produced by

different algal taxa, i.e., 20:5(n-3) predominantly by diatoms and 22:6

(n-3) predominantly by (dino)flagellates/Phaeocystis (Dalsgaard et al.,

2003), the d13C values of 20:5(n-3) and 22:6(n-3) followed a very

similar trend over the latitudinal gradient, with 20:5(n-3) being always

more d13C-depleted than 22:6(n-3). A similar pattern (i.e., lower d13C
values in 20:5(n-3)) was observed in the IPOM at P7 and the PPOM

collected in August 2012 close to P6. As previously described (e.g.,

Sprecher, 2000; Baird, 2022), the PUFAs are both synthesized from FA

18:0 as a precursor, with 22:6(n-3) being eventually synthesized from

20:5(n-3) through elongation of its chain into 22:5(n-3) and then

desaturation at the 4th carbon of the chain. The difference of d13C
values between 20:5(n-3) and 22:6(n-3), which ranged from 0.4 ‰ at

station P6 to 2.7 ‰ at station P1, therefore likely corresponds to the

isotopic fractionation issued after the combination of these two

biochemical pathways. This likely reflects the distinct carbon

fixation mechanisms in diatoms and dinoflagellates leading to

unique isotopic fractionation even with similar PUFA biosynthetic

pathways. Our preliminary results stress the need to better assess the

processes involved in isotopic fractionation during biochemical

reactions, in order to provide precise estimations of fractionation

factors for each enzymatic reaction. Such estimations at the molecular

scale would allow to holistically understand which processes lead to

isotopic fractionation at the individual scale, but also at the scale of

food webs, providing more robust estimates of organic matter fluxes in

complex marine food webs. Ultimately, these molecular-level

fractionation factors should be collected and summarized in review

articles and databases, as has been done previously at the level of

species or functional groups (Vander Zanden and Rasmussen, 2001;

Stephens et al., 2023).
4 Conclusions

Carbon isotopic compositions of PPOM FAs varied markedly

across latitudinal gradients, which could have strong implications for

data interpretation in food-web studies. Such variations were found to

be linked to varying molecular structure (monounsaturated vs.
tiers in Marine Science 05
polyunsaturated FAs) and cellular function (storage vs. membrane

FAs) as well as to differences in the contribution of ice-associated algae

to the PPOM pool depending on ice-melt stage. Given the complexity

underlying the observed variability and trends, further in-depth

studies are needed to investigate the mechanistic processes leading

to differences in FA isotopic compositions—such as fractionation

mechanisms in chemical reactions and synthesis pathways—while also

accounting for seasonal dynamics (i.e., elevated production of storage

or membrane FAs during certain periods of the year).
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