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A B S T R A C T   

The Barents Sea has been coined ‘the Arctic hotspot’ of climate change due to the rapidity with which envi-
ronmental changes are taking place. This transitional domain from Atlantic to Arctic waters is home to highly 
productive benthic communities. This system strongly fluctuates on a seasonal basis in its sympagic-pelagic- 
benthic coupling interactions, with potential effects on benthic standing stocks and production. Recent discov-
eries have questioned the marked seasonality for several high Arctic seafloor communities in coastal waters of 
Svalbard. Still, the seasonal variability of benthic process in the extensive Barents Sea open shelf remains poorly 
understood. Therefore, we studied the seasonality of macrofauna communities along a transect in the north-
western Barents Sea comprising two hydrographic domains (Arctic vs. Atlantic Water, across the Polar Front) and 
three geomorphological settings (shelf, continental slope and abyssal plain). Overall, we did not find strong signs 
of seasonal variation in taxonomic community structure and functional diversity. However, we found some weak 
signs of seasonality when examining each station separately, especially at a station close to the Polar Front, with 
high seasonal fluctuations in abiotic drivers indicating a stronger pelagic-benthic coupling. The lack of season-
ality found both at the shelf stations south and north of the Polar Front could be related to organic matter stored 
in the sediments, reflected in constant levels of total organic carbon in surface sediment across time for all 
stations. We did observe, as expected, highly spatially structured environmental regimes and macrofauna 
communities associated to them from shelf to slope and basin locations. Understanding the underlying spatio- 
temporal mechanisms by which soft-bottom benthic communities are structured along environmental gradi-
ents is necessary to predict future impacts of climate change in this area. Our results indicate that short-term 
climate driven changes in the phenology of pelagic ecosystem components might not be directly reflected in 
the Arctic benthic system, as seafloor processes seem to be partially decoupled from those in the overlying water.   

1. Introduction 

The Arctic marine ecosystem is a highly seasonal system (Walsh, 
2008). Extreme light regime shifts occur on an annual basis from 
midnight sun periods with 24 h sunlight in summer to permanent dusk 
throughout the polar night in winter. This marked transition governs 
seasonal air temperatures which, in turn and together with ocean-
–atmosphere interaction processes, drives one of the most characteristic 
features of this region: the seasonal sea ice. Not only is the abiotic 

component of this system in constant transition, but also primary pro-
ducers are phenologically tied to its seasonal fluctuations (Wassmann 
et al., 2011; Leu et al., 2015). Spring blooms of short lived pelagic and 
sympagic (ice associated) algae characterize the seasonality in Arctic 
primary production, which sustains the whole Arctic food-web, 
including seafloor communities (Sakshaug et al., 2009). 

High seasonality characterizes processes occurring in the pelagic 
realm of marine Arctic environments. For instance, peak abundance and 
biomass of primary producers and zooplankton communities in the sea 
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ice and the water column typically occur around early spring (Hassel, 
1986; Wassmann et al., 1999; Weydmann et al., 2013), followed by a 
sharp decrease in winter, when a lot of zooplankton species enter 
diapause in deeper waters (Daase et al., 2013). In Arctic shelf seas, such 
as the Barents Sea, a strong sympagic-pelagic-benthic coupling has 
traditionally been posited to govern the tight connectivity between the 
sea ice, water column and seafloor associated communities (Grebmeier 
et al., 1988; Wassmann et al., 1991; Graf, 1992; Søreide et al., 2013) 
through the cascading transfer of organic matter (OM) (i.e. vertical flux 
of particles) (Renaud et al., 2008; Wassmann et al., 2008; Wassmann and 
Reigstad, 2011). Thus, although expected, seasonal dynamics of mac-
robenthic communities and seafloor processes in the Arctic have 
received very little attention, outside of some intertidal (Pawłowska 
et al., 2011; Naumov, 2013) coastal/fjord studies Kędra et al., 2012; 
Włodarska-Kowalczuk et al., 2016; Morata et al., 2020) around Svalbard 
waters. Until recently it was thought that benthic communities entered a 
state of dormancy during the polar night, when little photosynthetic 
activity is possible and very little OM is exported to depths (Renaud 
et al., 2020). Recent studies, however, have demonstrated that benthic 
organisms do grow and reproduce during this time of the year, most 
likely relying on stored energy reserves or on detrital and advected re-
sources (Berge et al., 2015). 

Renaud et al. (2008) suggested that responses to seasonal food pulses 
are reflected at variable temporal scales in seafloor communities 
depending on the process in question. For instance, feeding rates of 
benthic organisms and sediment oxygen demand (SOD) rates respond 
within a few hours to weeks to short-term pulses of organic carbon 
reaching the seafloor. In contrast, responses of biomass and other 
benthic community metrics fluctuate on longer time-scales of weeks to 
months in response to seasonal fluctuations in OM input (Carroll et al., 
2008; Renaud et al., 2008). However, food supply is not the only factor 
that can influence seasonality in benthic community processes. Species- 
specific reproduction strategies, recruitment and settlement of mer-
oplankton larvae, together with post-settlement processes and species 
interactions, are also factors that can determine the seasonal dynamics 
of benthic adult populations (Thorson, 1950). Here, benthic functional 
community composition and its phenological dynamics might provide 
further insights into the responses of benthic communities to seasonal 
fluctuations in primary production and abiotic environmental changes. 

Soft-bottom benthic communities (mainly dominated by macrofauna 
representatives) have key roles in biogeochemical processes (Klages 
et al., 2004; Bourgeois et al., 2017; Snelgrove et al., 2018; Solan et al., 
2020) as they are responsible for remineralizing the OM that reaches the 
seafloor, closing the carbon cycle and replenishing nutrients to the water 
column which fuel pelagic primary production (Thamdrup and Canfield, 
2000). Many macrofaunal traits (i.e., morphological, behavioral and life 
history traits) can give insights about the ecological roles displayed by 
these communities (Oug et al., 2012; Degen et al., 2018). For instance, 
their feeding habits can reflect hydrodynamic conditions and carbon 
availability at the seafloor (Sutton et al., 2021). 

Recent studies have hypothesized that increased effects from climate 
change, such as ocean warming, sea ice cover retreat and increased 
primary production and input of OM to the seafloor will cease the sea-
sonality of benthic processes and activities (Morata et al., 2020). This 
reduction in seasonality might increase the benthos’ resilience to intra- 
annual variability in pelagic primary production, which is expected to 
shift its phenological timing in high Arctic regions. However, in the long 
run, it could reduce the communities’ functional diversity and redun-
dancy by favoring deposit-feeding taxa over suspension feeders, leading 
to a decoupling from pelagic-benthic interactions and increasing detrital 
energy pathways, with unknown tipping points and consequences to the 
ecosystems’ stability (Morata et al., 2020). Therefore, understanding 
spatio-temporal dynamics of macrobenthic taxonomic and functional 
community composition is critical to anticipate shifts in seafloor 
biogeochemical processes that could alter the whole ecosystem function 
(Degen et al., 2018). Spatio-temporal relationships between 

macrobenthic taxonomic diversity and functional diversity have yielded 
diverging results in the Arctic in that some showed a strong link of 
taxonomic and functional patterns (Kokarev et al., 2017; Włodarska- 
Kowalczuk et al., 2019) and others a weak link (Cochrane et al., 2012). 
However, no studies to our knowledge have attempted to assess the 
dynamics of functional diversity on a seasonal basis and whether it 
fluctuates in a concomitant temporal scale or not with the community 
taxonomic structure. 

Given the knowledge gaps in seasonality of high Arctic macrobenthic 
community composition and functional diversity, we conduct here the 
first seasonal study of macrobenthos in the open northern Barents Sea. 
We sample a transect with variable influence of sea ice and water masses 
to gain insight into potential trajectories in system change due to 
regional warming trends: from the Atlantic-influenced southern, and 
Arctic-influenced northern Barents Sea, to the continental slope and the 
adjacent Nansen Basin. The main aims of the study are (i) to assess the 
seasonality of macrobenthic community composition and functional 
diversity and (ii) to identify if the temporal dynamics of environmental 
variables are responsible for the structure of communities in these very 
distinct hydrographical and ecological settings. We hypothesize that 
seasonality in environmental variables such as sea ice cover, water mass 
properties and in OM export to the seafloor will be main drivers of 
spatio-temporal changes in the taxonomic and functional structure of 
benthic communities. We hypothesize that macrofauna abundances 
(and to a lower extent biomass) may reflect to some extent seasonal 
patterns of productivity in the overlying waters, increasing during the 
spring bloom, and decreasing during the polar night. Finally, we expect 
to find different timing in macrofauna seasonality along the transect 
following the space–time substitution paradigm, which states that 
bloom phenology is delayed at higher latitudes due to more persistent 
sea-ice cover (Wassmann et al., 2020), making seasonal patterns along 
this region site-specific and context dependent. 

2. Material and methods 

2.1. Study area 

The Barents Sea comprises a transitional domain between warm, 
Atlantic water masses in the south and cold, Arctic water masses in the 
north, separated by the Polar Front, an oceanographic feature charac-
terized by high biological productivity (Sakshaug et al., 2009). The 
Barents Sea shelf, with depths ranging from ca. 100 to 300 m, is 
bathymetrically complex, with several troughs and banks having 
different granulometric properties, presenting higher clay and silt frac-
tions in the troughs and sandier sediments in the shallower areas (Car-
roll et al., 2008). To the north, the shelf break leads to a steep 
continental slope, with a dynamic and small-scale heterogenous 
geomorphological setting comprising a variety of troughs, furrows, 
channels, canyons and mouth fans ending with a rugged topography 
further downslope (Kollsgård et al., 2021). The adjacent Nansen Basin 
presents an abrupt transition towards the oceanic environment with fine 
silt and clay types constituting an average of above 90 % of the total 
sediment (Husum et al., 2015). The West Spitsbergen Current (WSC) 
flows along the Norwegian shelf break northwards towards the Fram 
Strait, bringing warm Atlantic Water to the north. Once it crosses the 
Yermack Plateau, it evolves as the Svalbard Branch, which flows along 
the continental slope north of Svalbard and occasionally protrudes into 
the northern Barents Sea shelf (Fig. 1). 

The study area comprised a transect of seven stations in the north- 
western Barents Sea, east of the Svalbard Archipelago ranging from 
76.0oN to 81.9oN. Four of these stations were located on the shelf: P1 
south of the Polar Front, and P2, P4 and P5 north of it. Station P6 was 
located on the continental slope, station P7 in the southern Nansen 
Basin, and station SICE4 in the deep Nansen Basin (Fig. 1 and Table 1). 
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2.2. Sampling and sample processing 

Sampling was conducted on board of the Norwegian icebreaker R/V 
Kronprins Haakon in August 2019, December 2019, March 2021 and May 
2021 (Table 1). Due to the COVID-19 pandemic, the sampling planned 
for March and May 2020 was deferred to 2021. Therefore, a gap-year 
exists between the samples from December 2019 and March 2021 in 
which samples were not available to assess a consecutive annual cycle. 

At each station and season, three box core replicates (0.25 m2) were 
retrieved (Table 1). Stations P5 and SICE4 were only sampled in August 
2019, yet were included in this paper to give a better resolution for the 
spatial context of the transect. However, since seasonality was the main 
focus of our study, they were not included in most of the analyses 
focusing on seasonal variations. 

2.2.1. Water masses and sea ice concentration 
At each station bottom water temperature and bottom salinity were 

measured with the ships’ conductivity, temperature, depth (CTD) 
recorder. Following the TEOS-10 convention (IOC, SCOR and IAPSO, 
2010) and using the R package “gsw”, practical salinity unit (PSU) 
values were converted to absolute salinity and in-situ temperature 
values were first calculated to potential temperature prior to obtaining 
conservative temperature values. Using the same package, potential 
density was calculated from absolute salinity and in-situ temperature 
values with sea level pressure as reference. From this, bottom water 
masses were assigned to each station and for each time of the year 
(Fig. 2) following the water mass definitions from the Nansen Legacy 
(Sundfjord et al., 2020). 

Daily sea ice concentrations at each station location were retrieved as 
a 6.25 km gridded product of sea ice concentration from a repository of 
the University of Bremen based on AMSR-E and AMSR2 passive micro-
wave sensors (https://seaice.uni-bremen.de/sea-ice-concentration/a 
msre-amsr2/information/) for the years 2019, 2020 and 2021. Sea ice 
concentration values were extracted for each date of the station/season 
events (see Table 1 for dates) following the python code from Steer 
(2022) to use as environmental predictor. Since sea ice concentration 
was the only environmental parameter for which continuous records 
were available during the gap year in 2020, we used this environmental 
data to asses qualitatively if the surface water conditions remained 
relatively constant or not between the sampled years 2019 and 2021. 

2.2.2. Granulometry, total organic carbon (TOC) and sediment pigments 
A 5.5 cm in diameter plastic sub-core from each box core replicate 

(three replicates in total) as described in Ricardo de Freitas et al. (2023, 
under review this issue) and the core was sliced every centimeter from 
the surface. Sediment granulometry characteristics (mean grain size, silt 
content, clay content and sand content) for the 0–2 cm surface sediment 
layer (average between the 0–1 and 1–2 slices) and total organic carbon 
content (TOC%) for the 0–1 cm surface sediment layer were determined 
as described in Ricardo de Freitas et al. (2022a, 2022b, 2022c, 2022d) 
and Ricardo de Freitas, et al. (2023, under review) and resulting data 
used as published in Ricardo de Freitas et al. (2022a, 2022b, 2022c, 
2022d) and Ricardo de Freitas et al. (2023, under review this issue). 

In order to characterize sediment pigments of the surface seafloor 
(chlorophyll a and phaeopigments) one replicate core of 4.7 cm in 
diameter was retrieved from each of the three box cores replicates. Cores 

Fig. 1. Map of the northwestern Barents Sea with the location of the sampling stations along the sampling transect (from P1 to SICE4) indicated with red dots. Cold 
Arctic currents are indicated with blue arrows and warm Atlantic currents are indicated with red arrows. The stippled line indicates the approximate position of the 
Polar Front. Bathymetric data source. GEBCO Compliation Group, 2022. 
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were sliced into sections of 0–1 cm and 1–2 cm and stored in whirl-pack 
bags wrapped in aluminum foil at − 20 ◦C. Pigments were analyzed ac-
cording to Holm-Hansen et al. (1965). Briefly, sediment samples were 
thawed in the dark at 4C and pigments were extracted in 100 % acetone 
in the freezer for 24 h. Samples were centrifuged (6000 rpm for 15 min) 
and aliquots of the supernatant were measured on a Turner model 10-AU 
fluorometer before and after acidification with 1 N HCl. Data were 
standardized to mass per m2. The sediment pigment data was used as 
published in Akvaplan-niva (2023a, 2023b, 2023c, 2023d). The two 
slices (0–1 and 1–2 cm) were then summed together to represent the 

sediment pigment concentrations of the 0–2 cm surface sediment layer. 

2.2.3. Macrofauna community 
After carefully removing the overlying water from the sediment 

surface, 11.7 cm diameter plastic cylindrical cores were pushed into the 
sediment of the box cores. In total, five replicate cores (taken randomly 
throughout the three box core replicates) were sampled at each station 
and season for macrofauna community analysis. Samples were sieved 
over a mesh size of 0.5 mm and preserved in 4 % formaldehyde solution 
buffered with borax. In the laboratory, organisms were identified to the 

Table 1 
Overview of the sampling conducted in the present study. For each station and season (month) of the year, three box core replicates were deployed (BC-1,2&3). For 
each box core replicate, the exact coordinates in decimal degrees (⁰)) and depths (m) are given. At each station/season, five cylindrical core replicates of 11.7 cm 
diameter (ø) were randomly subsampled from each of the three box core replicates, trying to maximize subsampling from each box core as much as possible. These five 
core replicates are considered as the macrofauna replicates used for the analyses in this study. For each station/season, the dates in which the three box core replicates 
were deployed are given. Note that at stations P6 and P7 coordinates and depths differed more than at shelf stations between box core replicates and seasons due to 
difficulties to maintain the ship’s position against strong drifting sea ice conditions.  

Station Month and Year 
(date of deployment) 

Box Core replicate Number of core 
Replicates (ø 11.7 cm) 

Coordinates (◦N,◦E) Depth (m) 

P1 
(Atlantic Station) 

August 
(09.08.2019) 

BC-1 
BC-2 
BC-3 

2 
2 
1 

75.99, 31.22 
75.99, 31.22 
75.99, 31.22 

326.1 
326.0 
325.0 

March 
(06.03.2021) 

BC-1 
BC-2 
BC-3 

2 
2 
1 

76.00, 31.21 
76.00, 31.21 
76.00, 31.22 

324.9 
324.8 
325.2 

May 
(01.05.2021) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

76.00, 31.22 
76.00, 31.22 
76.00, 31.22 

325.6 
326.1 
326.1 

P2 
(Polar Front Station) 

August 
(12.08.2019) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

77.50, 34.00 
77.50, 34.00 
77.50, 34.00 

188.5 
188.5 
188.8 

March 
(07.03.2021) 

BC-1 
BC-2 
BC-3 

3 
1 
1 

77.51, 33.70 
77.52, 33.65 
77.53, 33.60 

167.8 
162.6 
169.8 

May 
(02.05.2021) 

BC-1 
BC-2 
BC-3 

3 
2 
- 

77.50, 34.00 
77.50, 34.00 
77.50, 34.00 

190.3 
190.8 
190.8 

P4 
(Arctic Station) 

August 
(14.08.2019) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

79.75, 34.02 
79.74, 34.00 
79.75, 34.03 

333.8 
332.7 
331.1 

December 
(09.12.2019) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

79.76, 34.00 
79.75, 34.00 
79.74, 34.00 

330.0 
337.0 
338.0 

March 
(11.03.2021) 

BC-1 
BC-2 
BC-3 

1 
3 
1 

79.77, 33.61 
79.77, 33.59 
79.76, 33.52 

326.9 
320.5 
331.9 

May 
(06.05.2021) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

79.75, 34.00 
79.76, 33.99 
79.76, 34.00 

335.3 
330.1 
326.8 

P5 
(Arctic Station shallow) 

August 
(16.08.2019) 

BC-1 5 80.50, 34.02 160.7 

P6 
(Continental Slope Station) 

August 
(19.08.2019) 

BC-1 
BC-2 
BC-3 

2 
- 
3 

81.55, 30.85 
81.53, 30.96 
81.54, 30.88 

856.6 
806.3 
829.1 

December 
(05.12.2019) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

81.54, 30.94 
81.55, 30.86 
81.55, 30.89 

848.0 
879.0 
870.0 

March 
(15.03.2021) 

BC-1 
BC-2 
BC-3 

1 
3 
1 

81.55, 30.85 
81.55, 30.85 
81.55, 30.86 

869.1 
872.3 
868.3 

May 
(11.05.2021) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

81.54, 30.87 
81.56, 30.85 
81.56, 30.85 

824.2 
953.8 
916.7 

P7 
(Nansen Basin) 

August 
(22.08.2019) 

BC-1 
BC-2 
BC-3 

3 
2 
- 

81.73, 28,67 
81.67, 28.79 
81.67, 28.81 

2648.9 
2349.3 
2329.0 

March 
(18.03.2021) 

BC-1 
BC-2 

3 
2 

81.73, 28.67 
81.73, 28.67 

2671.1 
2668.0 

May 
(15.05.2021) 

BC-1 
BC-2 
BC-3 

2 
1 
2 

81.84, 30.76 
81.81, 30.85 
81.79, 30.95 

3102.6 
3083.5 
3065.6 

SICE4 
(Nansen Basin) 

August 
(23.08.2019) 

BC-1 
BC-2 
BC-3 

1 
2 
2 

81.99, 24.53 
81.99, 24.74 
81.99, 24.80 

3603.8 
3603.8 
3604.0  
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lowest taxonomic level possible (depending on preservation state of 
specimens or taxonomic literature available) and counted at the Institute 
of Oceanology of the Polish Academy of Sciences (IOPAN) labs. Also, the 
weight (g) of the identified taxa was assessed as wet weight for the 
lowest taxonomic level possible matching the taxonomic identification. 
Accepted scientific names were retrieved from the World Register of 
Marine Species (WoRMS) (December 2021). 

2.3. Data analysis 

2.3.1. Environmental drivers 
In order to explore the seasonality and spatial structure in environ-

mental variables, a factor analysis of mixed data (FAMD) was performed 
to visualize differences in bottom water-mass properties, sediment pa-
rameters and sea ice cover across stations and seasons using the FAMD 
function from the R package “FactoMineR” (Lê et al., 2008). FAMD is a 
principal component method, similar to Principal Component Analysis, 
that allows for including both quantitative and qualitative data (Pagès, 
2004). Sediment parameters such as grain size and proportions of silt, 
clay and sand were only available for August 2019 but were assumed to 
remain constant across seasons given the short amount of time between 
sampling events. 

2.3.2. Macrofauna taxonomic composition and diversity 
Univariate alpha diversity indices (species richness (S), Shannon 

diversity index (H’ (log e)) and Pielou’s evenness (J’)) were calculated 
for each replicate with the R package “vegan” (Oksanen et al., 2013). In 
order to test for significant differences of alpha diversity indices across 
seasons for each station, a Kruskal-Wallis test was performed using the R 
package “stats” (R Core Team, 2022). After that, a rank sums Conover- 
Iman test of multiple comparisons with Bonferroni p-adjusted values 
was performed with the R package “conover.test” (Dinno and Dinno, 
2017) to identify which pairs of seasons were significantly different. 

A non-Metric Multidimensional Scaling Analysis (nMDS) was per-
formed with both the Hellinger transformed abundance of macrofauna 

(which allows to work in the Euclidean space) and the square-root 
transformed biomass for each station and season using the metaMDS 
function from the R package “vegan”. For the Hellinger-transformed 
abundance-based ordination, Euclidean dissimilarity distances were 
applied, while for the biomass-based ordination, Bray-Curtis dissimi-
larity distances were used. Environmental variables were fitted onto the 
ordination as vectors of correlation with the envfit function. A UPGMA 
cluster analysis of the Hellinger transformed abundance was performed 
using the hclust function from the R package “stats” to validate the 
grouping patterns from the nMDS. Additionally, a heatmap was used to 
visualize the most abundant species (individuals with more than 10 
individuals for the sum of all samples in the study) below the cluster 
dendrogram with the R package “pheatmap” (Kolde, 2019). A two-way 
PERMANOVA analysis was performed with the function adonis2 from 
the R package “vegan” to test for significant differences in the multi-
variate macrofauna community for Hellinger transformed abundances 
across the different stations and seasons. At the same time, PERMA-
NOVA analysis with 9999 permutations was performed for each station 
separately to test for significant differences across seasons. Post-hoc 
pair-wise tests were conducted to search for significantly different 
pairs, using the Bonferroni method to correct the p-values for multiple 
testing with the pairwise.adonis2 function from the R package “pairwi-
seAdonis” (Martinez Arbizu, 2017). To validate that the differences 
detected were not affected by heterogeneity of variances across seasons, 
a test of multivariate homogeneity of groups dispersions was conducted 
for the Euclidean distance-matrix of Hellinger transformed macrofauna 
abundance and traits (CWM) for each individual station across the factor 
seasons with the function betadisper from the R package “vegan”. This is 
a multivariate analogue of Levene’s test for homogeneity of variances in 
which the distances of each observation to the group centroid (in this 
case the factor “seasons”) are tested to check whether one group is 
significantly more variable than the other. The test of significance was 
performed using the permutest.betadisper function from the R package 
“vegan” with 9999 permutations. 

To identify which samples from which seasons were driving the most 
important betadiversity differences seasonally, local contributions to 
beta diversity (LCBD) values were calculated with the function beta.div 
of “adespatial” package (Dray et al., 2018) using Hellinger dissimilarity 
coefficients (Legendre and Borcard, 2018; Legendre and De Cáceres, 
2013). LCBD indices represent the degree of uniqueness of the samples 
in terms of community composition (Legendre and De Cáceres, 2013) 
and show how much each observation contributes to beta diversity; a 
sample unit with an LCBD value of 0 would have the species composition 
of the average centroid for all sites. LCBD values can be tested for sta-
tistical significance by random, independent permutations of the species 
matrix. Adjusted p-values (Holm correction method for multiple testing) 
for the LCBD values were calculated with 999 permutations, testing the 
null hypothesis (Ho) that species are randomly distributed and inde-
pendent of one another across seasons (Legendre and De Cáceres, 2013). 
LCBD values were calculated for each station separately across sampled 
seasons in order to identify seasons that were significantly unique in 
taxonomic composition compared to the average community composi-
tion of all the seasons. 

2.3.3. Biological traits approach (BTA) and functional diversity 
For the functional traits analysis, biological traits were retrieved 

from the Arctic Traits Database (Degen and Faulwetter, 2019). Seven 
fuzzy coded functional traits were used (size, body form, living habit, 
adult movement, larval development, feeding habit and environmental 
position) with a total of 32 categories (Table S1 in Supplementary 
material). For each taxon, trait categories were given a value from zero 
to three, with zero meaning no affinity for that category and three 
meaning exclusive affinity for that category. For unavailable traits for 
some of the taxa at the species level, traits were retrieved for the genus 
or family level. In order to calculate functional diversity indices, fuzzy 
coded traits were standardized in proportions from 0 to 1 using the 

Fig. 2. Factor analysis of mixed data (FAMD) of quantitative (black arrows) 
and qualitative (water masses as black crosses) environmental variables and 
sampling stations in the northern Barents Sea across four seasons. The inertia 
explained by each axis is expressed in percentage. Bottom water-masses are 
derived from bottom water temperatures and salinities. mAW = modified 
Atlantic Water; PW = Polar Water; wPW = warm Polar Water; CBSDW = Cold 
Barents Sea Dense Water; IW = Intermediate Water and PW = Polar Water; 
based on definitions from Sundfjord et al. (2020). 

È. Jordà-Molina et al.                                                                                                                                                                                                                          



Progress in Oceanography 219 (2023) 103150

6

function prep.fuzzy.var from the R package “ade4” (Dray and Dufour, 
2007) and a matrix distance was calculated with the dist.ktab function. 
Using the function dbFD from the R package “FD” (Laliberté et al., 2014), 
functional richness (FRic), functional evenness (FEve), functional 
dispersion (FDis) and functional redundancy (Fred = FDis/H’) were 
calculated. FRic indicates the amount of functional space occupied by all 
species in the community and does not take into account the abundance 
of organisms; FEve accounts for the evenness in the distribution of the 
abundance of organisms in the functional space; FDis is the mean dis-
tance in the trait space of each species to the centroid of all species in the 
community, which can be weighted by the abundances, shifting the 
centroid towards the more dominant taxa (Ahmed et al., 2019; Carmona 
et al., 2016). Functional redundancy (Fred, calculated as the ratio of 
FDis/H’), indicates to what degree different taxa occupy the same 
functional space (i.e. display the same traits). Whenever this ratio de-
creases, functional redundancy increases (van der Linden et al., 2012). 
Functional diversity indices were tested for significant differences across 
seasons at each station with a Kruskal-Wallis test followed by a Conover- 
Iman test of multiple comparisons with Bonferroni p-adjusted values the 
same way as was done for the alpha-diversity indices. 

The community weighted mean (CWM) of functional traits weighted 
by the Hellinger-transformed abundances was calculated using the 
function functcomp from the package “FD”, generating a Stations/Sea-
sons × Traits matrix, where trait categories are expressed in proportions 
adding up to 1 based on the weight of Hellinger transformed abundance. 
A Fuzzy Correspondence Analysis (FCA) (Chevene et al., 1994) was 
performed with the CWM matrix to visualize the contribution of traits 
and their modalities in differentiating the functional structure among 
stations and seasons. This was done with the dudi.fpca function from the 
R package “ade4”. 

For the CWM weighted abundance trait matrix, a two-way PERMA-
NOVA analysis was performed to test for significant differences in trait 
composition for the different stations and seasons, the same way as for 
the taxonomic community composition. At the same time, PERMANOVA 
analysis with 9999 permutations was performed for each station sepa-
rately to test for significant differences across seasons. Post-hoc par-wise 
tests were conducted to search for significantly different pairs, using the 
Bonferroni method to correct the p-values for multiple testing, the same 
way as for the taxonomic community composition. Also, multivariate 
heterogeneity of variances were tested the same way as for the abun-
dance dataset (see above). 

2.3.4. Variation partition of macrofaunal community with environmental 
variables 

Redundancy analysis (RDA) was used to partition the variation 
within the Hellinger-transformed abundance and the macrofauna func-
tional composition (CWM Hellinger transformed) datasets on the set of 
environmental predictor variables, the spatial structure of the sampling 
stations (spatial-autocorrelation) using Moran Eigenvector Maps 
(MEMs) and the temporal structure (seasonality, but also other time 
scale fluctuations) using Asymmetric Eigenvector Maps (AEMs) based on 
the sampling seasons. MEMs are orthogonal vectors calculated through 
decomposition of the Moran’s I coefficient to maximize spatial auto-
correlation. These spatial predictors can then be used in variation 
partition analysis to explicitly account for spatial structure (Dray et al., 
2012). MEMs were calculated based on the geographical coordinates of 
sampling locations (original targeted coordinates for each station were 
used instead of the exact coordinates of sampling events, since they 
generally did not vary significantly between replicates and seasons) 
(excluding P5 and SICE 4) using the list.explore() function from the R 
package “adespatial”. For that we input the coordinates, used “distance” 
graph type, and after the Euclidean distances between sites were 
calculated, we defined the weights of the spatial weighting matrix as 1- 
d/max(d) and finally we obtained the MEMs (the number of which is n- 
1, where n is the number of sites) by using the standardization style “B”, 
which is the basic binary coding. For all these intermediary steps we 

used the R packages “sp” and “spdep” (Pebesma and Bivand, 2005; 
Bivand et al., 2008) (to see the different calculated MEMs the reader is 
referred to Fig.S5 from the Supplementary Material). AEM is an eigen-
function method suitable to model multivariate directional processes 
like temporal change of species abundance data. By incorporating AEMs 
as constraining temporal predictors one can account for temporal 
autocorrelation (or temporal structure) in the abiotic drivers or in the 
species matrix itself (Legendre and Gauthier, 2014). To account for the 
irregular intervals between sampling events, dummy sampling events 
were added on the 15th day of every month when no samples were 
collected, starting the 15th of August and finishing the 15th of May. 
Based on results from the macrofauna community taxonomic and 
functional structure (see Results section), which did not show extreme 
differences between the seasons from 2019 and 2021, we considered 
seasons as being from consecutive years, instead of taking into account 
the gap year between 2019 and 2021 (see Discussion section). AEMs 
were then calculated using the time between neighboring dates as edge 
weight with the function aem.time from R package “adespatial”. In 
principle, AEMs as temporal predictors are essentially n-1 sine waves of 
decreasing wavelength, where n is the total number of sampling dates; 
here n = 10, including the dummy variables). The smallest AEM, AEM1 
depicts long time scale fluctuations and the biggest AEM, AEM10 depicts 
smaller time-scale variations (Fig. S6). 

The environmental variables used as community predictors in the 
RDA analysis were previously standardized. From the granulometric 
parameters, only the mean grain size was used as surrogate for the silt, 
clay and sand content variables to avoid high collinearity between 
environmental predictors (Fig. S1). For the sediment pigments and TOC 
(%) values, the mean between the three replicate samples (or less rep-
licates when not available) from the box core replicates at each station/ 
season event were used as predictor variables (see Table S2). For the 
response variables, the Hellinger transformed macrofauna abundance 
and functional composition based on Hellinger transformed abundance 
CWM, the five core replicates (see Table 1) were considered separately. 

Prior to variation partitioning, the three sets of environmental, 
spatial auto-correlation predictors (MEMs) and temporal predictors 
(AEMs) were individually subjected to forward selection (FWS) for both 
the abundance and traits (CWM) datasets using a double-stopping cri-
terion (Blanchet et al., 2008) to avoid overestimation of the explained 
variation. In this approach, variables are added to the model in order of 
decreasing explanatory power until no variable adds significantly to the 
explanatory power or until the R2-adjusted exceeds the R2-adjusted of 
the full model (Blanchet et al., 2008). The variation partition analysis 
was performed with the varpart function of the R package “vegan”. 

Another set of variation partition analyses were performed for each 
station individually in order to assess the contributions of seasonality 
(this time without spatial predictors (MEMs)) for both the abundance 
and traits (CWM) datasets. In this case, depth and sediment grain size 
parameters were excluded, as they were not expected to vary across 
seasons. Both AEMs and environmental variables were subjected to 
forward selection prior to variation partitioning with the same proced-
ure as in the first variation partition sets for the whole transect. 

3. Results 

3.1. Seasonality and spatial structure in environmental variables 

The FAMD analysis revealed clear environmental differences among 
stations (Fig. 2). For the first axis, which explained most of the variation 
(44.12 %), the southern stations P1 and P2 correlated positively with 
bottom water temperature, TOC, grain size, sediment phaeopigments 
and chlorophyll a; while stations from P4 northwards were character-
ized by higher sea ice concentration and silt fraction. At stations P1, and 
P4 and P6, but especially at station P4 the August conditions differed 
from December, March and May conditions along the second axis (which 
explained 20.71 % of the variation), which was mainly driven by the 
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small variations in bottom water salinity and the different water masses. 
Station P2 had the highest seasonality in ice cover, with high cover in 

March and May, but open water conditions in August. Sea ice concen-
tration at stations P4, P6 and P7 was higher than 80 % for all season, 
with very small variations in time. Station P1 was free of sea ice during 
all sampling seasons (Fig. 3, Table S2). The qualitative analysis of sea 
ice concentration during the gap year revealed that the year 2019 had 
generally higher sea ice cover than the end of 2020 and beginning of 
2021, especially on the northern stations P6 and P7. 

Bottom water temperatures at stations P1 and P6 were above or close 
to 0 ◦C for most of the seasons, while P7 had negative temperatures in all 
seasons. Stations P2 and P4 had the highest seasonal temperature vari-
ations, with values ranging from negative values in December and 
August to above 0 ◦C in spring (Fig. 3, Table S2). Bottom water salinity 
was nearly constant at all stations, between ca. 34.7 to 34.9 PSU 
(Table S2). Total organic carbon content in surface sediments (TOC) 
was highest at station P1 (1.9–2.1 %) compared to all the other stations 
north of the Polar Front (1.3–1.5 %) (Fig. 3, Table S2). No strong sea-
sonal variations were observed at any of the stations (Fig. 3, Table S2). 
Chlorophyll a in sediments was mostly constant through seasons at 
stations P4, P6 and P7 (ranging between 2 and 4.1 mg/m2 across those 
stations) (Fig. 3, Table S2). Much higher values were observed at sta-
tions P1 (12–9.5 mg/m2) and P2 (11.5–5.9 mg/m2), with the highest 
variations at the latter one, where the highest values were noted in 
August and the lowest in March (Fig. 3, Table S2). Sediment phaeo-
pigments had lower values at stations P4, P6 and P7 (14.7–31.2 mg/m2) 
compared to stations P1 (29.5–42.4 mg/m2) and P2 (34.2–43.8 mg/m2). 
Seasonal variations were observed in most stations, with lower values in 
August (and in December at P4 and P6) and highest in March/May 
(Fig. 3, Table S2). This was also reflected in the sediment pigment 
quality ratios (Chlorophyll a/Phaeopigments) indicating an overall 
lower food quality in March/May than in August/December (Fig. 3). 

3.2. Seasonal and spatial patterns in macrofauna taxonomic structure 

A total of 272 different taxa belonging to 8 phyla were identified, 
with Annelida and Mollusca being the most abundant, followed by 
Arthropoda and Echinodermata. Polychaeta was the most abundant 
class, contributing to 59 % of the total abundance, followed by Bivalvia 
(23 %), Malacostraca (7 %) and Ophiuroidea (3 %). Overall, polychaetes 
(phylum Annelida) dominated numerically at most stations, except at 
stations P2 and P5, where molluscs were almost equally abundant 
(Fig. 4A). No seasonal differences were found in total abundance at any 
station except for station P6, where abundance was significantly higher 
in December than in March and May (Fig. 4B). The total abundance at P2 
and P5 was higher than for the other shelf stations, and the lowest 
abundance values were noted in the Nansen Basin (Fig. 4B). The only 
significant seasonal changes in biomass were observed for stations P2 
and P6, with a significant increase in biomass from March to May at P2, 
and significantly higher biomass in August than in May at P6. As with 
abundance, total macrofauna biomass (Fig. 4C) was higher at shelf than 
slope and basin stations. In general, H’ index was higher for shelf and 
slope stations than for the basin stations (Fig. 4D). Significant seasonal 
differences were only found at P1 (higher values in August compared to 
March) and P2 (higher values in March than in August and May). Taxon 
richness followed a similar pattern as abundances across stations, and 
seasonal significant differences were only found at station P2, with 
higher values in March compared to August (Fig. 4E). J’ index values 
increased gradually with latitude, and seasonal changes were only found 
at station P2, with significantly higher values in March compared to 
August and May (Fig. 3F). 

The cluster analysis revealed relatively stronger seasonal dissimi-
larities at stations P2, P4 and P6, while almost no dissimilarities were 
found at the Atlantic station P1 (Fig. 5). In addition, it revealed that the 
community at station P1 was more similar to P4 than to the neighboring 
station P2, due to the numerical dominance of the tube-building 

polychaete Spiochaetopterus typicus and high abundances of three other 
polychaete species: Heteromastus filiformis, Spiophanes kroyeri and Ano-
bothrus laubieri. The two shallowest stations, P2 and P5, clustered 
together, both being dominated by bivalves such as Macoma sp., Yol-
diella solidula and Yoldiella lenticula. At P2 polychaetes Lumbrineris sp., 
Myriochele heeri and Galathowenia oculata were also relatively numerous. 
Fauna at station P6 was clearly dominated by the polychaete Prionospio 
cirrifera, while station P7 had relatively high abundance of Myriochele 
heeri and Siboglinum norvegicum (Fig. 5 and Table S3). 

The nMDS based on Hellinger transformed macrofauna abundance 
revealed a clear separation between the shelf stations (P1, P2, and P4) 
and the slope and basin stations (P6 and P7). Shelf stations also differed 
from each other in community composition, with P1 and P4 being more 
similar to each other than to P2. No clear seasonal differences were 
observed, as samples taken at different seasons tended to not form 
distinctive groups for a given sampling station (Fig. 6A). A similar 
pattern was observed for the macrofauna biomass, and in this case sta-
tions P1 and P4 stations were grouped even closer (Fig. 6B). Environ-
mental variables that correlated best with the community composition 
of the deeper stations P6 and P7 were sea ice concentration, clay and silt 
fractions and bottom water salinity. In contrast, the shelf stations were 
positively correlated with sand fraction and mean grain size, sediment 
pigments, TOC and bottom water temperature. 

LCBD map (Fig. 7) showed that March samples from P2 station had 
significantly higher LCBD values, indicating that those samples were 
more unique in community composition than the mean composition of 
the other seasons. At station P6, significantly higher LCBD values were 
found for May samples. Although not significant, station P4 had higher 
LCBD values in March too, while station P7 and P6 had higher values in 
May. Stations P1 had similar LCBD values for all seasons. 

The PERMANOVA analysis based on abundance of macrofaunal 
community composition (Table 2) revealed significant differences across 
stations, seasons and the interaction of both. However, the R2 explained 
by season (0.05) and the interaction of season and station (0.13) was 
much lower than for the factor station (0.39), indicating low contribu-
tion of the seasonality factor to the variation explained. At P1 significant 
differences in community composition were found only between August- 
May and March-May. For P2, P4 and P7 stations, significant differences 
were found between all pairs of seasons. For station P6, significant 
seasonal differences were found between all pairs of seasons except 
between August and December. Both stations P2 and P7 had highest R2 

values for the factor season (0.42 and 0.4 respecitvely). No significant 
effects for the multivariate heterogeneity of variances were found at any 
of the stations, indicating homogeneity of variances between seasons 
(Table 2, Fig. S2). 

3.3. Seasonal and spatial patterns in functional diversity of macrofauna 
communities 

No significant seasonal differences were observed for functional 
richness (FRic), functional evenness (FEve) and functional dispersion 
(FDis). FRic and FDis followed a similar pattern across stations, pre-
senting higher values at the shelf and slope stations compared to the 
basin stations (Fig. 8A and C). FEve increased gradually in variability 
among replicates for the deep stations (Fig. 8B). The functional redun-
dancy at the slope and shallow stations was higher than at the basin 
stations indicated by low FRed values (Fig. 8D). Significant seasonal 
differences were found at station P2, with significantly higher values in 
August compared to March and May, and lower values in March than in 
May, indicating that samples from March had higher functional redun-
dancy. Seasonal differences were also found at station P7, with signifi-
cantly lower values in March compared to August, indicating again 
higher functional redundancy in March. Linear regressions between 
functional diversity (FDis) and H’ for all stations and seasons showed 
significant but not very strong linear relationships (R2-adjusted = 0.63, 
p-value= <2e-16 ***) (Fig. S4) Relationships were maintained constant 
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Fig. 3. Overview of some of the most relevant environmental variables varying across stations and seasons. On the top, daily sea ice concentrations from 2019 to 
2021 are shown to assess qualitatively the sea ice conditions during the gap year (2020). Bottom water temperatures are shown with color ranging from dark blue to 
red on top of the seafloor for each station/season (for values see color scale). Bottom water masses are indicated as in Fig. 2. Mean values of sediment pigments 
(Chlorophyll a and Phaeopigments) and TOC% are shown as colored circles at the bottom of each station/season. Sizes scales represent values and the two black 
circles around them signify the standard deviation of the mean. Five most abundant taxa for each station/season are shown (for taxa names see Fig. 5 and Table S3). 
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across seasons, except for December due to lack of samples at some 
stations for that season. 

The fuzzy correspondence analysis (FCA) did not show clear group-
ings across seasons (Fig. 9). Instead, it showed a rather spatial grouping 
along the first axis (explaining 33.03 % of the variation) differentiating 
the shelf and slope stations from the P7 station. At the same time, the 
slope station grouped further apart from the shelf stations along the 
second axis (which explained 19.56 % of the variation). Trait categories: 
tube-dwelling (LH3), sessile (MV1), vermiform (BF2), infaunal (EP1), 
parasite/commensal/symbiotic (FH6) and medium and small/medium 

(S3 and S2) were positively correlated with samples of P7 along the first 
axis. In contrast, trait categories for burrower and burrowing (MV2 and 
LH4), dorso-ventrally and laterally compressed (BF3 and BF4), swimmer 
and crawler (MV4 and MV3) and small (S1) correlated positively with 
most shelf station communities, especially at P2. Along the second axis, 
trait category indicating benthic/direct larval development (LD3) 
correlated positively with samples of station P6, while pelagic/plank-
totrophic larval development (LD1) correlated with samples from sta-
tions P1 and P2. 

The PERMANOVA analysis conducted on the CWM trait matrix 

Fig. 4. Macrobenthic community composition and diversity indices from the northern Barents Sea across four seasons from five macrofauna core replicates. A) 
Stacked bar plots showing abundances of macrobenthos (five replicates pooled) by phylum; B) boxplots for total abundances of macrofauna (significance tests are 
shown for the square root transformed biomass), C) boxplots for total biomass of macrofauna D) H’ (Shannon Index), E) S’ (Species richness), F) J’ (Pielou Evenness) 
for each station and season based on abundance. Significant differences in pair-wise comparisons at each station across seasons after the Kruskal-Wallis test and 
Conover test applying the Bonferroni correction for adjusted p-values are reported in red with asterisks. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. In boxplots, the 
colored rectangles indicate the interquartile range, which is divided into the upper and lower quartiles by the median (indicated with a black line); whiskers indicate 
the maximum and minimum values, excluding outliers. 
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considering all stations and seasons (Table 3) identified statistically 
significant differences between stations (R2 = 0.33), seasons (R2 = 0.04) 
and the interaction of station and season (R2 = 0.12). When taking each 
station individually into account, significant seasonal differences were 
found at station P2 (March samples vs. August and May samples). For 
station P4, significant differences were found between samples collected 
in August and March, and August and December. Again, station P2 had 
the highest R2 for the factor season (R2 = 0.49). No significant effects for 
the multivariate heterogeneity of variances were found at any of the 
stations, indicating homogeneity of variances between seasons (Table 3, 
Fig. S2). 

3.4. Spatio-temporal variation partition of macrofauna with 
environmental variables 

The variation partition for the macrofauna community composition 
(Hellinger transformed abundance-based) (Fig. 10A) showed that tem-
poral predictors (AEMs 9 and 6, see supplementary material Fig. S6) 
only explained 2 % of the macrofauna variation. Thirty five percent of 
the variation, in contrast, was explained by the selected environmental 
variables (in decreasing importance depth, TOC, mean grain size, bot-
tom salinity, bottom temperature, sea ice concentration and sediment 
phaeopigments) of which 24 % was explained together with the spatial 
structure (MEM1, 4 and 3). In total, 31 % of variance was explained by 
the spatial structure. 

For the CWM traits dataset (Fig. 10B), no AEMs were selected in the 
forward selection step, and therefore, no variation was attributed to 
seasonality in macrofauna trait composition. In contrast, environmental 
variables selected (in decreasing importance: depth, TOC, bottom water 
salinity, sea ice concentration, mean grain size and bottom temperature) 
accounted for 29 % of the variation, while the spatial structure (MEM1, 
3, 4 and 2) accounted for 26 % of the variation. Of that, 21 % was 
accounted for by both the environmental variables and spatial structure. 

As for the variation partitions at each station (Fig. 11A,B), for station 
P1 the analysis attributed 4 % variation on the abundance based mac-
rofauna dataset to environmental variables (bottom water salinity) and 
4 % to the temporal predictors (AEM9). No environmental variables or 
AEMs were selected for the CWM-based dataset. For station P2, the 
abundance-based partition attributed 21 % of variation to the environ-
mental variables (bottom water temperature) and 21 % to the selected 
AEMs (AEM2). For the CWM-based dataset, 39 % of variation was 
attributed to the environmental variables (bottom water temperature) 
and 39 % to the temporal predictors (AEM2). For station P4, 12 % of 
variation was attributed to the environmental variables (chlorophyll a 
and phaeopigments) together with the AEMs selected (AEM4 and 6) for 
the abundance-based macrofauna, while 6 % of total variation was 
attributed to the temporal component alone. For the CWM-based data-
set, 17 % was attributed to the environmental variables (bottom water 
salinity) and 18 % to the selected AEMs (AEM4 and 7). At station P6, 8 % 
and 7 % of variation in the abundance-based macrofauna dataset was 
attributed to the environmental variables (sediment phaeopigments) 
and temporal predictors (AEM5) respectively, while no environmental 
variables were selected for the CWM-based dataset (despite AEM3 being 
selected after FWS). Lastly, at station P7, 25 % of variation was attrib-
uted to environmental variables (bottom water temperature) together 
with AEMs selected (AEM3 and 1) for the abundance-based dataset, 
while no variation was explained by either of the explanatory sets alone. 
No variables were selected for the CWM-based data for that station. 

4. Discussion 

In shallow temperate coastal environments, macrofauna commu-
nities often undergo significant seasonal fluctuations, presenting lower 
biomass in late winter and an increase in biomass from early summer to 
early fall (Beukema, 1974; Baird and Ulanowicz, 1989; Zwarts and 
Wanink, 1993; Coma et al. 2000; Saulnier et al., 2019). This increase in 

Fig. 5. Cluster dendrogram (UPGMA) based on Euclidean dissimilarity dis-
tances calculated from Hellinger transformed macrofauna abundance for the 
five pooled core replicates for each season (August, December, March and May) 
and station (P1, P2, P4, P5, P6, P7 and SICE-4). Heatmap shows the raw 
abundances of the most abundant taxa (>10 individuals in total for all summed 
samples of the entire study) are shown below the cluster analysis. Macrofauna 
abundance values are shown for the five pooled core replicates at each station/ 
season (see color scale on the top right). Drawings for some of the most 
abundant species are presented. D. vitreum, Macoma sp., P. dunbari and 
Y. lenticula are redrawn from images © Amgueddfa Cymru – National Museum 
Wales using Inkscape. H. filiformis is redrawn from image © Fredrik Pleijel using 
Inkscape. N. diaphanes is redrawn from © “Nephasoma diaphanes” - Nephasoma 
diaphanes (Gerould, 1913) collected in United States of America by Florida 
Museum of Natural History Invertebrate Zoology (licensed under http:// 
creativecommons.org/licenses/by-nc/4.0/). All drawings made by Èric Jordà 
Molina with Inkscape 1.3 (0e150ed6c4, 2023–07-21). Drawings are just for 
illustrative purpose and are not made to taxonomic detail. 
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Fig. 6. Non-metric multidimensional ordination (nMDS) showing A) the similarity between sample replicates by season and station of Hellinger-transformed 
macrofauna abundance data using Euclidean distances, and B) the similarity between replicates by season and station of the square root transformed macrofauna 
biomass using Bray-Curtis distances from the northern Barents Sea. 

È. Jordà-Molina et al.                                                                                                                                                                                                                          



Progress in Oceanography 219 (2023) 103150

12

biomass during summer coincides with increasing temperatures, pri-
mary production and food availability to the seafloor, which induces an 
increased somatic growth and is accompanied by recruitment pulses 
(Reiss and Kröncke, 2005; Saulnier et al., 2019). On the contrary, the 
lower food supply during winter could be the reason behind weight loss 
and, together with increased predation pressure, increased natural 
mortality (Saulnier et al., 2019). These seasonal patterns in temperate 
environments, however, may differ from equatorial or polar regions 
with little or extreme seasonality in environmental conditions, respec-
tively (Saulnier et al., 2019). 

High Arctic marine ecosystems are characterized by marked seasonal 
pulses of primary production and fluctuations in abiotic parameters (i.e. 
seasonal sea ice cover, among others) which constrain the phenology, 
structure and composition of pelagic communities (Daase et al., 2013; 
Søreide et al., 2013). Hence, assuming that the Barents Sea is a tightly 
pelagic-benthic coupled system (Wassmann et al., 2008; Wassmann and 
Reigstad, 2011), we hypothesized that benthic standing stocks (i.e. 
macrofauna) might reflect seasonal patterns in their taxonomic and 
functional composition that mirror those in the overlying water. 
Conversely, the results of our study indicate a general lack of seasonality 
in macrobenthic community parameters, and especially, in functional 
composition (Fig. 10). We found only weak seasonal patterns at some 
individual stations with respect to the others, indicating that, any sea-
sonality is site-context specific along the northwestern Barents Sea and 
adjacent Nansen Basin, a region comprising different sea ice, hydro-
graphical and productivity regimes and extending over different 
geomorphological settings (shelf, slope and deep basin). We also hy-
pothesized that seasonal patterns, if present, might be driven by seasonal 
fluctuations in sea ice cover, water mass properties and food availability. 
Although we found seasonal variations in some environmental param-
eters within stations (in fact environmental variables where highly 
spatially structured), no pronounced seasonal variations were observed 
across the whole region for bottom water properties (except at P2 and 

P4) and food availability, indicating relatively stable seafloor conditions 
year-round. In particular, total organic carbon in surface sediment (and 
to some extent sediment pigments) remained seasonally stable at all 
stations, pointing towards a decoupling of seafloor food availability 
from seasonal pelagic food export to depth. 

Given that no extreme differences were found between seasons from 
differing years (2019 and 2021) in both taxonomic and functional 
composition and that most sediment parameters remained relatively 
stable in most cases, we consider that treating the two years over which 
the study was conducted as if they were consecutive, reflecting a full 
annual cycle, is a valid approach to discuss the results of our study. 

4.1. Lack of seasonality in macrofauna and similarity in macrofauna on 
the shelf on either side of the Polar Front 

Station P1, south of the Polar Front, did not show strong signs of 
seasonal variability in either taxonomic or functional composition. This 
station is Atlantic Water (AW) influenced with year-round presence of 
modified Atlantic Water (mAW) bottom water masses and consistent 
open-water conditions. Here, we observed some environmental vari-
ability driven mainly by small increases in chlorophyll a and phaeo-
pigments in the sediments, and in bottom water temperatures in March 
and May compared to August, while sediment variables such as TOC 
remained relatively constant across seasons (Ricardo de Freitas et al., 
2023 under review) (Figs. 2 and 3, Table S2). Consequently, the envi-
ronmental variables did not seem to play a major role in driving mac-
rofauna variation across seasons (Fig. 11). Station P4, north of the Polar 
Front and with high sea ice cover, also lacked seasonal differences in 
univariate taxonomic and functional metrics, and low variance 
explained by seasons in species and trait composition despite some 
significant seasonal differences in community composition (Tables 2 and 
3). It is important to bear in mind that the PERMANOVA analyses are 
taking into account the whole community including the rare species, and 

Fig. 7. Map showing the results of the Local contribution to beta diversity (LCBD) for the Hellinger transformed macrofauna abundance in the northern Barents Sea 
across four seasons. The position of each station is indicated with empty circles. LCBD values for each station across seasons are indicated with colored circles the 
sizes of which indicate the LCBD value and the color the season. LCBD values are calculated individually for each station comparing seasons and therefore should not 
be compared between locations. LCBD indices from seasons which are significant are indicated with a red rim (p adjusted-value < 0.05 after applying the Holm 
correction for multiple testing) indicating seasons that are more unique in community composition than the average composition of the other seasons. 
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significant differences could be reflective of sampling size limitations to 
effectively account for the rare fraction of specimens, yielding signifi-
cant differences across seasons. Interestingly, this station had similar 
macrofauna taxonomic composition to station P1 (Figs. 5 and 6A). At 
both stations, the spiochaetopterid polychaete S. typicus dominated in 
abundance. This species has boreal biogeographic affinities (Bhaud, 
1998), high tolerance to environmental disturbance and dual surface 
deposit and filter/suspension feeding modes (Degen and Faulwetter, 
2019). This might be an indication that P4 is influenced by AW advec-
tive processes, with higher bottom water temperatures and food avail-
ability (either in-situ or advected). Lundesgaard et al. (2022) observed 
intrusions of the Arctic Circumpolar Boundary Current, flowing along 
the slope, into the northern Barents Sea shelf through the Kvitøya and 
Franz Victoria Troughs, flowing southwards and converging around our 
P4 station (Fig. 1). This is supported by the signs of wPW in March and 
May that we observed in this station, which is likely a product of AW or 
mAW that has been mixed with PW (Sundfjord et al., 2020). Whether the 
similarity in faunal assemblages is driven by bottom thermal 

preferences, larval advection or food availability is difficult to conclude. 
Benthic communities in the Barents Sea are in fact highly constrained by 
the spatial extent of bottom water masses, particularly of AW (Carroll 
et al., 2008; Cochrane et al., 2009). Hence, it appears from our results 
that AW-influenced bottom water regions along the northwestern 
Barents Sea shelf displayed the least seasonal fluctuations in macrofauna 
communities despite presenting spatially distinct sea ice cover and 
seafloor food availability. 

4.2. Weak signs of seasonality in macrofauna at the Polar Front 

Macrofauna communities at station P2 showed the strongest seasonal 
signals in community composition compared to all other stations along 
the transect, which was also reflected in functional composition (Fig. 11 
and Table 2, 3). While fine-scale temporal patterns in macrofauna 
variation at P2 were not selected to explain any variation on the mac-
rofauna data (Fig. 11 and S6; i.e. month to month variability, which do 
not fit with expected phenological dynamics in the water column), both 
macrofauna taxonomic and functional fluctuations were partially 
explained by longer time-scale predictors (i.e. AEM2 Fig. 11), mirroring 
expected seasonal patterns at these latitudes for water column processes. 
In general, significant increases in species diversity, richness and even-
ness were observed from August to March (with more unique taxonomic 
composition in the latter), followed by general significant decreases in 
May (Fig. 4). It is well known that in areas with overlaying oceano-
graphical fronts, sea ice edge and polynya areas (such as the Barents Sea 
Polar Front) macrobenthic species diversity and density is enhanced 
(Wassmann et al., 2006; Carroll et al., 2008; Cochrane et al., 2009). This 
was also the case in our study along with the strongest seasonal varia-
tions in environmental parameters observed at station P2. For instance, 
sea ice cover was highly variable together with bottom water masses 
and, to a certain extent, chlorophyll a, phaeopigments and food quality 
ratios (Fig. 3, Table S2). Hence, this station is likely under the influence 
of the transitional area of the Polar Front, separating both Atlantic and 
Arctic domains with high seasonal variability in its oceanographic dy-
namics. This might result in a tighter pelagic-benthic coupling (Carmack 
and Wassmann, 2006; Cochrane et al., 2009), in which short pulses of 
high quality food (rather than the overall productivity of the water 
column) might be of high importance for benthic community structure. 
However, seasonal differences in macrofaunal taxonomic and functional 
composition at P2 were better explained by bottom water temperature 
instead of any food availability proxies. In this station, we found signs of 
bottom wPW in March, indicating a certain degree of Atlantic advection, 
but macrofauna community composition was different from the highly 
Atlantic influenced stations P1 and P4 with surface deposit feeding bi-
valves (Macoma sp. and Y. solidula) dominating at P2 (Fig. 5). This 
distinction in macrofaunal assemblages may arise from the difference in 
depth and in sediment granulometry between stations, since P1 and P4 
were located in troughs with finer sediment grain sizes, while P2 was 
located in the Storebankken bank, with coarser grain sizes (Fig. 1). This 
is supported by the similarity in fauna composition of P2 with P5, as the 
latter was also located in a shallow bank next to Kvitøya, even though we 
only had data for one season (Fig. 5). 

The increase in abundances of several polychaete species (i.e. Myr-
iochele heeri, Nicomache lumbricalis, Notoproctus oculatus) and Ophiur-
oidea indet. in March at P2 could be due to recruitment into the 
community (bearing in mind that effects of recruitment in adult pop-
ulations would be due most likely to recruits from the previous year, 
since most small recruits would be lost at the mesh sizes that we sieved 
our samples) (Fig. 5). The life cycles of the polychaeta families these 
species belong to, oweniids and maldanids, have maximum larval 
occurrence and posterior recruitments around the spring bloom in Arctic 
waters (Fetzer and Arntz, 2008), which was also observed by Włodarska- 
Kowalczuk et al. (2016), who found seasonal differences in the size of 
oweniid polychaetes in Kongsfjorden. 

From our data, however, it is not possible to infer any recruitment 

Table 2 
PERMANOVA results from the macrofauna community abundance Hellinger- 
transformed. Results from a two-way model including all stations and all sea-
sons (and interaction) and one-way models for each station separately across the 
different seasons. Stations with samples in only one season were not included 
(P5 and SICE-4). P-values from post-hoc pair-wise comparisons were corrected 
with the Bonferroni method and only significant comparisons are reported. Df =
degrees of freedom, R^2 = adjusted R^2, F = F-statistic, Pr(>F) = p-value. The 
test of homogeneity of multivariate dispersion (Betadisper) is shown for each 
station for the season factor. Df = degrees of freedom, F = F-statistic and Pr(>F) 
= p-value from the test are reported.    

Df R^2 F Pr(>F) Pair-wise 
Comparison (only 
station by station) 

All        
Station 4  0.39  15.75 1e-04 

***   
Season 3  0.05  2.72 1e-04 

***   
Station*Season 9  0.13  2.35 1e-04 

***   
Residuals 68  0.42    

P1        
Season 2  0.20  1.53 0.0049 

** 
August vs May * 
March vs May *  

Residuals 12  0.80    
Betadisper 2   0.15 0.860  

P2        
Season 2  0.42  4.38 1e-04 

*** 
August vs March ** 
August vs May ** 
March vs May **  Residuals 12  0.58    

Betadisper 2   0.85 0.447  
P4        

Season 3  0.34  2.83 1e-04 
*** 

August vs December 
** 
August vs March ** 
August vs May ** 
December vs March 
** 
December vs May ** 
March vs May **  

Residuals 16  0.65    

Betadisper 3   0.754 0.531  
P6        

Season 3  0.25  1.81 5e-04 
*** 

August vs May ** 
December vs March 
** 
December vs May ** 
March vs May *  

Residuals 16  0.75    

Betadisper 3   2.49 0.100  
P7        

Season 2  0.40  3.97 2e-04 
*** 

August vs March * 
August vs May ** 
March vs May **  Residuals 12  0.60    

Betadisper 2   0.145 0.876   
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patterns, since we did not measure individual sizes and we missed ju-
veniles smaller than our mesh size (0.5 mm) (Mincks and Smith, 2007). 
However, no distinct recruitment events were evident in our data based 
on visual observation of macrofauna sizes (e.g. no clear juvenile cohorts 
were observed in the samples). Also, preliminary results from analysis of 
biomass size spectra of the macrofauna samples from our study suggest a 
rather lack of seasonal pulses in the sizes of bigger recruit fractions, only 
showing relatively stronger variations between seasons at station P2 
(Barbara Górska, personal communication in July 2023). Studies from 
the West Antarctic Peninsula (WAP) have shown that most polychaete 
species displayed marginally seasonal to non-seasonal patterns of 
recruitment as indicated by the year-round presence of small juveniles 
for most macrofaunal taxa (Glover et al., 2008; Mincks and Smith, 
2007). Due to this apparent decoupling of recruitment from pelagic 
processes, direct and lecithotrophic larval development modes seem to 
be selected rather than the planktotrophic ones in the WAP (Smith et al., 
2006). In fact, the dominant larval development in our study was direct 
benthic larval development, while planktotrophy (LD1) was usually 
under 40 %. This could support the theory that benthic recruitment 
processes might be highly decoupled from pelagic bloom phenology in 
the Barents Sea, and rely mainly on constant food availability to sustain 
reproduction activities and dispersal/recruitment processes year-round. 
In a similar line, Descôteaux et al. (2021) identified a clear mismatch 
between meroplankton bulk abundance peaks and phytoplankton bloom 
occurrence in the Barents Sea. However, they found that most larvae in 
the meroplankton bulk were planktotrophic, suggesting that perhaps 
these larval modes might feed on other sources than the dominant 

diatoms during the peaks of primary production (Cleary et al., 2017; 
Descôteaux et al., 2021). Therefore, it is possible that food availability 
might be an important driver for recruits in this area of the Barents Sea, 
and that its potential seasonal constancy in the surface sediments might 
translate into constant pulses of successful recruitments year-round 
(despite taxon specific differences in timing of reproductive cycles). 

4.3. “Seasonal” differences at the deep stations could be due to spatial 
heterogeneity or inter-annual changes 

Apart from station P2, the northernmost stations at the continental 
slope (P6) and in the Nansen Basin (P7) also showed some temporal 
variations in taxonomic composition (Figs. 7 and 11 and Table 2). This 
could be attributed to the fact that the area around the continental slope 
and adjacent parts of the Nansen Basin act as a highly dynamic polynya, 
as the warm circumpolar boundary current flows along the slope north 
off Svalbard, melting the sea ice (Lundesgaard et al., 2022). This creates 
zones of frequently open waters with higher seasonal productivity (Falk- 
Petersen et al., 2015), strong advection processes from further south, 
and perhaps tighter pelagic-benthic coupling interactions. Dybwad et al. 
(2022) suggested that vertical fluxes of total particulate matter (TPM) 
and TOC along the northern slope of Svalbard is higher towards the west 
where sea ice cover increases gradually and the AW gets mixed along the 
slope and enters into the Arctic Ocean. However, they observed a greater 
mismatch between the spring blooms and the grazer communities to-
wards the east of the slope, close to our P6 and P7 stations, indicating 
more rapid exports of primary production blooms to depth despite their 

Fig. 8. Boxplots for functional diversity indices of macrofauna traits from Hellinger transformed abundances in the northern Barents Sea across seasons. A) FRic 
(Functional richness), B) FEve (Functional evenness), C) FDis (Functional dispersion), D) FRed (Functional redundancy ratio = FDis/H’, low ratio indicates high 
functional redundancy). Significant differences in pair-wise comparisons at each station across seasons after the Kruskal-Wallis test and Conover test applying the 
Bonferroni correction for adjusted p-values are reported in red with asterisks. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. In boxplots, the colored rectangles indicate the 
interquartile range, which is divided into the upper and lower quartiles by the median (indicated with a black line); whiskers indicate the maximum and minimum 
values, excluding outliers. Black dots indicate the values of for the different replicates. 
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lower total bulk. 
The sea ice concentration values along the transect from the begin-

ning of 2019 and into 2021, indicated that the polynya around P6 and P7 
was of an inter-annual intermittent character, since stations P6 and P7 
were generally ice-free around January and February of 2019 and 2021, 
but were almost completely ice covered in 2020. The fact that no 
polynya developed in 2020 and that we sampled macrobenthic com-
munities only in 2019 (August and December) and 2021 (March and 
May) could be one of the reasons why we see more striking differences in 
the communities (i.e., abundance, biomass and species richness) be-
tween these two periods (and perhaps could be more indicative of inter- 
annual fluctuations). However, the environmental variables at the slope 
(including sediment pigments and TOC), and in the adjacent basin did 
not differ substantially across seasons. It is also important to notice that 
station P6, was at slightly different locations between seasons and the 
rapid changes in depth due to difficulties to maintain the ship’s position 
in strong sea ice drifting conditions. This might have caused sampling 
slightly different geomorphological conditions in this heterogeneous 
environment (Kollsgård et al., 2021), with potentially differing macro-
faunal communities associated with it. At P7 the low faunal densities in 
the deep sea and the resulting high small-scale variability (Gallucci 
et al., 2009; Rex and Etter, 2010; Vedenin et al., 2016), in combination 
with relative small sample sizes of our study, might have increased the 
risk for mistaking small spatial differences for seasonal differences in 
community structure (compared to the shelf stations). This was reflected 
in the nMDS, were replicates at the deepest stations were more dissim-
ilar to each other in community composition compared to the replicates 
from the shelf. Therefore, the “seasonal” differences found for these two 
stations should be considered with caution. Nevertheless, we want to 
stress again that all these seasonal differences (although significant in 
some cases when analyzing each station separately) were small when 
looking at the whole regional scale of the study area. 

4.4. Lack of macrofauna seasonality through constant food availability 
(food bank) 

Benthic surface sediment pigment concentrations are known to be a 
good proxy for water column productivity and have been shown to in-
fluence benthic community structure and function in Arctic shelves 
(Ambrose and Renaud, 1995; Piepenburg et al., 1997; Cochrane et al. 
2009). Chlorophyll a gives an indication of the “freshness” of the organic 
matter reaching the seafloor, as it is directly derived from pelagic pri-
mary production exported to depths (Boon and Duineveld, 1996) having 
a few-week-long half-life in polar sediments (Renaud et al., 2008). On 
the other hand, phaeopigments are a result of degradation products from 
fresher organic matter that have been through degradation processes 
(such as pelagic grazing), which accumulate in surface sediments over 
longer temporal scales than chlorophyll a (Morata and Renaud, 2008). 
The pulsed and highly seasonal nature of primary production in the high 
Arctic would suggest that a similar seasonal pattern should be expected 
in food availability to the seafloor realm. Of course, the magnitude in the 
amount of OM reaching the ocean floor through vertical flux will 
depend, among others, on bacterial degradation and grazing activities 
by planktonic organisms, but we would expect that the temporal pat-
terns would be similarly translated into the seafloor sediments when it 
comes to what is available for fueling benthic standing stocks. Never-
theless, pigment concentrations (although displaying spatial differences 
between stations) remained relatively stable across seasons, especially 

Fig. 9. Fuzzy Correspondence Analysis showing the contribution of trait cate-
gories in correlation to the seasonal and spatial (stations) functional structure 
based on the community weighted means of trait composition of Hellinger 
transformed abundances. Only trait categories with Pearson correlations higher 
than 0.5 with either the first or second axis are shown in the vectors. S1 = Small 
(<10 mm); S2 = Small-medium (10–50 mm); S3 = Medium (50–100 mm); S4 
= Medium-large (100–300 mm); BF2 = Vermiform, elongate; BF3 = Dorso- 
ventral compressed; BF4 = Laterally compressed; LH3 = Tube dwelling; LH4 =
Burrowing; MV1 = Sessile/none; MV2 = Burrower; MV3 = Crawler; MV4 =
Swimmer (facultative); LD1 = Planktotrophic larval development; LD3 =
Direct/benthic larval development; FH4 = Opportunist/Scavenger; FH6 =
Parasite/Commensal/Symbiotic; EP1 = Infauna. 

Table 3 
PERMANOVA results from the community weighted means (CWM) from the 
macrofauna functional traits weighted by the Hellinger-transformed abun-
dances. Results from a two-way model including all stations and all seasons (and 
interaction) and one-way models for each station separately across the different 
seasons. Stations with samples in only one season were not included (P5 and 
SICE-4). P-values from post-hoc pair-wise comparisons were corrected with the 
Bonferroni method and only significant comparisons are reported. Df = degrees 
of freedom, R^2 = adjusted R^2, F = F-statistic, Pr(>F) = p-value. The test of 
homogeneity of multivariate dispersion (Betadisper) is shown for each station 
for the season factor. Df = degrees of freedom, F = F-statistic and Pr(>F) = p- 
value from the test are reported.    

Df R^2 F Pr(>F) Pair-wise 
Comparison (only 
station by station) 

All        
Station 4  0.33  10.80 0.0001 

***   
Season 3  0.04  1.78 0.0308 *   
Station*Season 9  0.12  1.79 0.0016 

**   
Residuals 68  0.51    

P1        
Season 2  0.22  1.67 0.0635 March vs May * (p =

0.04)  
Residuals 12  0.78     
Betadisper 2   0.20 0.829  

P2        
Season 2  0.49  5.84 0.0006 

*** 
August vs March ** 
March vs May **  

Residuals 12  0.51    
Betadisper 2   1.36 0.299  

P4        
Season 3  0.32  2.56 0.0024 

** 
August vs December 
* 
August vs March **  Residuals 16  0.68    

Betadisper 3   0.35 0.783  
P6        

Season 3  0.21  1.45 0.145   
Residuals 16  0.79     
Betadisper 3   0.60 0.623  

P7        
Season 2  0.20  1.53 0.161   
Residuals 12  0.82     
Betadisper 2   0.60 0.597   
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for chlorophyll a. Also other indicators for high-quality OM such as C:N 
ratio (Ricardo de Freitas et al., 2023, under review this issue) and, to a 
lesser extent, phaeopigment content remained relatively constant 
throughout the seasons (Fig. 3 and Table S2). This lack of seasonally 
fresh OM input to the benthos could be due to intensive grazing activ-
ities in the water column, resulting in most of the input to the seafloor 
being in form of phaeopigments (Morata and Renaud, 2008). In fact, 

there was quite a strong development of grazing communities around 
spring and summer in stations north of the Polar Front, as Bodur et al. 
(2023) (in this issue) measured high amounts of fecal pellet derived 
carbon with sediment traps down to 200 m, indicating high grazing and 
degradation of fresh OM during the productive season. 

Another possible explanation is that macrobenthic communities 
from the northern Barents Sea, which are hypothesized to be food- 

Fig. 10. Venn diagrams showing the variation partition of the temporal structure (Asymmetric Eigenvector Maps. AEMs) (blue circle), environmental variables (pink 
circle), spatial structure (Mooran Eigenvector Maps. MEMs) (yellow circle) and that contributes to explain the macrofauna taxonomic composition (A) and mac-
rofaunal functional composition (CWM) (B) respectively. stations P5 and SICE4 were excluded. Next to each circle the variables that were selected after forward 
selection (FWS) are shown. The spatial predictors are shown as Moran eigenvector maps (MEMs) (with axis in degree north latitude and east longitude units) and 
each square represent a station (P1, P2, P4, P6 and P7 from south to north). Size of the squares are proportional to the scores of the eigenvectors and the color shows 
the sign of autocorrelation among sites (black, negatively correlated and white, positively correlated). For the temporal predictors, AEMs are shown as decomposed 
sine waves, with months on the x axis and eigenfunction scores in the y axis. Blue triangles represent sampling dates while black dots are the dummy dates included 
to construct AEMs due to irregular time intervals of sampling (see methods section for detailed explanation). 
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limited (Cochrane et al., 2009 and experience lower overall productiv-
ity, process and utilize the fresh sporadic pulses of OM reaching the 
seafloor very efficiently (Morata et al., 2015), hampering its detection in 
surface sediment. The two most dominant feeding habit modes across 
the whole transect were sub-surface deposit feeders and suspension/ 
filter feeders, followed, by sub-surface deposit feeder (Fig.S3). Carroll 
et al. (2008) argued that despite the high bioturbation potential of the 

surface and sub-surface deposit feeding types, the mixing activities of 
the seafloor fauna in this region of the Barents Sea are much lower 
compared to those of other continental shelves, and that this leads to low 
intensity of sediment mixing and shallow mixed depth in the sediments. 
Ricardo de Freitas et al. (2023, under review this issue) observed almost 
no variation in TOC across the sediment profiles for the first 5 cm of 
sediment surface for the same stations of our study, nor seasonal 

Fig. 11. Venn diagrams showing the variation partition of the temporal structure (Asymmetric Eigenvector Maps. AEMs) (blue circle) and environmental variables 
(pink circle) and that contribute to explain the macrofauna taxonomic composition and (B) macrofaunal functional composition (CWM) respectively. Variations 
partitions are conducted for each station individually, and therefore no spatial predictors (Mooran Eigenvector Maps. MEMs) are included. For the temporal pre-
dictors, AEMs are shown as decomposed sine waves, with months on the × axis and eigenfunction scores in the y axis. Blue triangles represent sampling dates while 
black dots are the dummy dates included to construct AEMs due to irregular time intervals of sampling (see methods section for detailed explanation). 
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variations for the sediment profiles. Sediment surface OM could there-
fore be more prone to resuspension, given the occurrence of strong 
bottom water currents originated by brine rejection in ice-covered areas 
of the Barents Sea during late autumn (Årthun et al., 2011), which create 
a distinctive nephloid layer that transports organic matter across the 
Barents Sea and even injects it into the deeper Arctic Ocean basin 
(Buettner et al., 2020; Rogge et al., 2023). Therefore, resuspension 
processes could be another reason why we did not detect high seasonal 
differences in the concentration of sedimentary phaeopigments. Instead, 
the constant levels of bulk TOC, which integrates sediment pigments and 
many other sources of OM, could be the basis for the lack of seasonal 
patterns observed at this and the other highly advective stations of this 
region (P1 and P4). This is supported by the lack of variability in food 
web structure of benthic communities observed in the same locations 
and seasons by Ziegler et al. (2023), this issue, who found that com-
munities relied consistently on degraded OM, most likely of resuspended 
origin. 

So far, studies on the seasonality of polar benthic communities have 
yielded diverging results depending on the geographic location, com-
munity metrics and responses and spatio-temporal scales under study. 
For example, studies from the Beaufort Sea documented strong seasonal 
responses, such as increased SOD rates with increased ice algae standing 
stocks (Renaud et al., 2007) and a rise in benthic metabolic remineral-
ization with an increase in food availability from spring to summer (Link 
et al., 2011). On the other hand, observations from the advective system 
of the European Arctic have supported the lack of pronounced season-
ality in benthic community activities (Berge et al., 2015). Studies carried 
out in Kongsfjorden (West Spitsbergen) showed high resilience of mac-
rofaunal food-web structure to seasonal variability in food quality 
(Kędra et al.2012) and unchanged size spectra of macro- and meiofauna 
between summer and winter (Mazurkiewicz et al. 2019). The seasonal 
stability in size spectra, food-web structure, abundance and biomass 
(Włodarska-Kowalczuk et al., 2016) and sediment oxygen demand 
(SOD) rates (Morata et al., 2020) of macrofaunal communities, in the 
same fjord, were attributed to the existence of a ‘food bank’ of detrital 
organic material stored year-round in sediments. The ‘food bank’ theory 
was first proposed as an explanation of the quasi-constant abundance 
patterns and the lack of seasonality in recruitment pulses in both macro- 
and megafauna and little seasonality in SOD rates observed on the shelf 
of the West Antarctic Peninsula (Smith et al., 2006; Glover et al., 2008). 
This apparent seasonal decoupling of benthic dynamics from pelagic 
processes had been only documented in Svalbard fjords. The fact that we 
observed so little seasonality in the taxonomic and functional compo-
sition of macrofauna community in our study could suggest that the 
northwestern Barents Sea shelf and adjacent basin present similar sea-
floor dynamics as that of the West Antarctic Peninsula shelf, which is 
also an advective system (Moffat & Meredith, 2018). This is supported 
by recent findings of moderate seasonality in SOD rates for the same 
study locations and seasons (Sen et al. unpublished data) and little 
variation in benthic food web structure (Ziegler et al., 2023). Thus, the 
‘food bank’ theory could provide an explanation for analogous mecha-
nism between advective polar environments of both hemispheres to 
sustain constant benthic communities year-round. Low bottom water 
temperatures in polar regions are hypothesized to be responsible for the 
relatively high preservation of food sources at the seafloor by hampering 
efficient bacterial remineralization (Smith et al., 2012 and references 
therein). Therefore, predicted increased bottom temperatures for the 
Barents Sea of up to 6 ◦C by the end of the 21st century (Renaud et al., 
2019), could put the stability of this ‘food bank’ at risk (Smith et al., 
2012 and references therein). 

5. Conclusion 

Our study revealed only weak signs of seasonality in macrofauna 
taxonomic composition and no seasonal variations in the analyzed 
metrics of functional composition in the northwestern Barents Sea. The 

constant total organic carbon in the sediments across seasons, in line 
with the non-seasonal community dynamics, might point towards the 
reliance of macrobenthos on the long-term accumulated food sources in 
the seafloor of this advective gateway, similarly as to what has been 
observed in other polar shelves such as the West Antarctic Peninsula. 

Although no strong seasonal taxonomic variation was observed in 
macrofauna communities along the transect, functional composition 
remained much more constant across seasons. The relationship between 
functional diversity and taxonomic diversity for the whole transect, 
including all seasons, showed a significant, but not very strong linear 
relationship, indicating that the communities of the northwestern 
Barents Sea show a certain degree of functional resilience throughout all 
seasons (Kokarev et al., 2021). However, functional resilience was 
spatially heterogeneous, being much lower at the deep basin (P7 and 
SICE4) than communities on the shelf stations, most likely resulting 
from the very low taxonomic richness in these abyssal depths. This is in 
concordance with other studies showing that deep-sea macrofaunal as-
semblages from the eastern Fram Strait had lower functional redun-
dancy than the shallower shelf (Górska et al., 2022). Therefore, the lack 
of seasonality that we observed in trait composition in our study might 
result from the relatively high functional resilience of the system, 
especially in the shelf, to slight fluctuations in species composition 
through time (seasons). This is consistent with the relatively constant 
benthic food-web structures found by Ziegler et al. (2023) for the same 
locations and across the same seasons. 

It is anticipated that the timing of seasonal primary production will 
be affected by sea ice retreat and ocean warming driven by climate 
change. Therefore, fluctuations in the phenology of food export to the 
seafloor are to be expected. However, the year-round “food bank” on 
which macrobenthic communities may rely on, might buffer these shifts 
in the near future, making benthic communities resilient to changes in 
overlying waters. Nevertheless, regime shifts in productivity and abiotic 
drivers might cause integrated changes on longer time scales which 
might affect the stability of the sediment food bank, and thus, food 
availability. This could have implications for the ecological function and 
structure of macrobenthic communities in this region. 
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Chevene, F., Doléadec, S., Chessel, D., 1994. A fuzzy coding approach for the analysis of 
long-term ecological data. Freshw. Biol. 31 (3), 295–309. https://doi.org/10.1111/ 
j.1365-2427.1994.tb01742.x. 

Cleary, A.C., Søreide, J.E., Freese, D., Niehoff, B., Gabrielsen, T.M., 2017. Feeding by 
Calanus glacialis in a high arctic fjord: potential seasonal importance of alternative 
prey. ICES J. Mar. Sci. 74 (7), 1937–1946. https://doi.org/10.1093/icesjms/fsx106. 

Cochrane, S.K., Denisenko, S.G., Renaud, P.E., Emblow, C.S., Ambrose Jr, W.G., 
Ellingsen, I.H., Skarðhamar, J., 2009. Benthic macrofauna and productivity regimes 
in the Barents Sea—ecological implications in a changing Arctic. J. Sea Res. 61 (4), 
222–233. https://doi.org/10.1016/j.seares.2009.01.003. 

Cochrane, S.K.J., Pearson, T.H., Greenacre, M., Costelloe, J., Ellingsen, I.H., Dahle, S., 
Gulliksen, B., 2012. Benthic fauna and functional traits along a Polar Front transect 
in the Barents Sea-Advancing tools for ecosystem-scale assessments. J. Mar. Syst. 94, 
204–217. 

Coma, R., Ribes, M., Gili, J.M., Zabala, M., 2000. Seasonality in coastal benthic 
ecosystems. Trends Ecol. Evol. 15 (11), 448–453. https://doi.org/10.1016/S0169- 
5347(00)01970-4. 

Daase, M., Falk-Petersen, S., Varpe, Ø., Darnis, G., Søreide, J.E., Wold, A., Leu, E., 
Berge, J., Philippe, B., Fortier, L., 2013. Timing of reproductive events in the marine 
copepod Calanus glacialis: a pan-Arctic perspective. Can. J. Fish. Aquat. Sci. 70 (6), 
871–884. https://doi.org/10.1139/cjfas-2012-0401. 

Degen, R., Aune, M., Bluhm, B.A., Cassidy, C., Kędra, M., Kraan, C., Vandepitte, L., 
Włodarska-Kowalczuk, M., Zhulay, I., Albano, P.G., 2018. Trait-based approaches in 
rapidly changing ecosystems: A roadmap to the future polar oceans. Ecol. Ind. 91, 
722–736. https://doi.org/10.1016/j.ecolind.2018.04.050. 

Degen, R., Faulwetter, S., 2019. The Arctic Traits Database – a repository of Arctic 
benthic invertebrate traits. Earth Syst. Sci. Data 11 (1), 301–322. https://doi.org/ 
10.5194/essd-11-301-2019. 
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