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Climate change threatens shallow Arctic macrofaunal
blue carbon stocks

Marc J. Silberberger!?

Abstract

This study examines mollusk communities in shallow (< 150 m) and deep (> 200 m) zones of Arctic, sub-Arctic, and
temperate fjords to assess macrofaunal blue carbon storage under climate change. Biomass and trait-based analyses
show that shallow Arctic habitats support long-lived, large suspension feeders with high carbon storage potential. In
contrast, warmer regions host smaller, short-lived taxa, indicating reduced carbon storage and altered climate feedbacks.
These findings underscore the vulnerability of existing zoobenthic carbon stocks and highlight the need to expand
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research to other taxa and full benthic communities across the European Arctic.

Mollusca; Infauna; Biomass; Latitudinal gradient; Ecosystem functioning

L Department of Fisheries Oceanography and Marine Ecology, National Marine Fisheries Research Institute, Hugo Kottataja 1, 81-332

2 Institute of Oceanology Polish Academy of Sciences, Powstaricéw Warszawy 55, 81-712 Sopot, Poland

Received: 5 August 2024; revised: 5 May 2025; accepted: 19 May 2025

Benthic communities are an integral part of marine
ecosystems and have an important role for their function-
ing (Campanya-Llovet et al., 2017; Griffiths et al., 2017).
Numerous ecosystem services, like food provision or or-
ganic matter processing, have long been recognized to
be tightly linked to benthic communities (Costanza et al.,
1997; Snelgrove, 1999). In addition, the biomass of benthic
communities themselves was identified as important blue
carbon stocks in recent years (Barnes, 2017; Barnes et al.,
2019; Zwerschke et al., 2022). This faunal blue carbon
has been identified as a negative climate feedback loop in
high polar systems, where ongoing marine ice losses cause
longer phytoplankton blooms and make new benthic habi-
tats available for colonization (Barnes et al., 2021). How-
ever, how already existing zoobenthic blue carbon stocks
in already ice-free areas will be affected by climate change
through e.g. range extensions of species and altered or-
ganic matter recycling in the water column is not known.

Efforts to assess zoobenthic blue carbon storage in
the European Arctic and sub-Arctic were so far limited to
epibenthos in the Barents Sea, which is comparable with
the highest levels in Antarctic shelf sediments (Souster et
al,, 2020, 2024). Whether the same is true for infaunal blue
carbon is not known, but Souster et al. (2024) emphasized
the potential importance of the infaunal blue carbon stocks.

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

Gaining knowledge about the faunal blue carbon stocks in
this region is important, since climate change is altering
benthic community composition and functioning along the
northern European continental shelf (Brattegard, 2011;
Silberberger et al., 2024). Based on latitudinal patterns in
resource partitioning among different feeding types in ben-
thic communities, Silberberger et al. (2024) proposed that
climate change will alter the carbon sequestration poten-
tial in high-latitude sedimentary habitats. Their observa-
tions were, however, based on non-quantitative sampling
for stable isotopes and accordingly, it remains unknown
whether the described functional changes are important
for the quantitative composition of benthic community
biomass and the blue carbon associated with it.

Here I studied the macrofaunal mollusk communities
in two depth zones (shallow: < 150 m; deep: > 200 m)
of four European fjords in three climate zones (Figure 1).
The sampling was conducted in the summer of 2021 (be-
tween 3 August and 4 September) from r/v Tanteyen (Salt-
fijord) and r/v Oceania (all other fjords). All locations were
placed in the outer basin of the studied fjords to reduce
the influence of local confounding environmental drivers
that are typically strongest within the inner parts of fjords
(Wtodarska-Kowalczuk et al,, 2012; Jorda Molina et al,,
2019). The studied fjords are located along a latitudinal
gradient that has been previously used as a space-for-time
substitution to study potential climate change impacts
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Figure 1. Representation of the studied latitudinal and depth gradient and univariate community measures. The map
on the left shows the study region and the locations of the studied fjords in the Arctic (Isfjord), sub-Arctic (Malangen
and Saltfjord), and temperate climate zone (Selbjgrnfjord). Detailed maps of the studied fjords show the shallow
(< 150 m depth) and deep (> 200 m depth) sampling locations. Station abbreviations use the first 3 letters of the fjord
name together with S (shallow) or D (deep). Boxplots depict total abundance, total biomass, and average individual
biomass across all sampling locations. Letters indicate significant differences according to Dunn’s test (a¢ = 0.05).
Sampling locations that have the same letter are not significantly different. Results of statistical tests can be found in the

Supplementary Information.

(Mazurkiewicz et al., 2020; Silberberger et al., 2024). The
depth zones follow Silberberger et al. (2024), who iden-
tified distinct trophic niches of macrobenthos between
the two zones, particularly in the sub-Arctic. The latitudi-
nal gradient represents variation in benthic community
composition, and patterns of primary production, organic
matter transformation and export that are expected to
gradually move northward with the progressing climate
change (Silberberger et al., 2024). Accordingly, the com-
munities at southern locations were used as predictors for
the future of the more northern locations. I hypothesize
that a future loss of suspension-feeding bivalves at high
latitudes (Silberberger et al., 2024) will be accompanied
by a simultaneous large reduction of the macrofaunal blue
carbon stock. This will be visible along the studied latitu-
dinal gradient through a reduced overall biomass, smaller

individuals, and more short-lived individuals when moving
from North to South.

The focus on Mollusca was chosen due to the typically
high relative contribution of this phylum to macrofaunal
abundance and biomass, as well as the extreme taxonomic
and functional diversity within Mollusca (Wanninger and
Wollesen, 2019). Furthermore, most mollusk species in
the study region have a southern or northern distribution
limit within the study region and a large proportion of the
mollusk species with a northern distribution limit within
the study region have been shown to expand their distri-
bution to the North (Brattegard, 2011).

Macrofauna samples were collected with a van Veen
grab (sampling area: 0.1 m?). Five replicate grab sam-
ples were collected from each study location. The entire
samples were washed over a 0.5-mm sieve prior to fixa-
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tion in 4% formaldehyde (borax-buffered). In the labo-
ratory, all mollusks were collected from the samples and
identified to the lowest possible taxonomic level, counted
(abundance) and the blotted wet-weight (biomass) was
determined. In total, 2627 individuals were assigned to
74 taxa, comprising 57 species, 9 genera, 4 families, and
4 classes (see Supplementary Information for taxon list).
Abundance and biomass were standardized to 1 m? sedi-
ment surface area. Average individual biomass was esti-
mated for each Van Veen grab sample by dividing the total
macrofaunal community biomass by the total macrofau-
nal community abundance. To identify significant differ-
ences in univariate community measures (i.e., total abun-
dance, total biomass, average individual biomass) the non-
parametric Kruskal-Wallis test (Kruskal and Wallis, 1952)
was used. Dunn’s test (Dunn, 1964) with p-value correc-
tion according to the Benjamini-Hochberg method (Ben-
jamini and Hochberg, 1995) was used for post-hoc pair-
wise comparisons. The univariate community measures
revealed gradual variation across stations, with no clearly
defined station groupings emerging from the statistical
analysis (Figure 1). Although not significant for all pair-
wise comparisons among stations, strong patterns were
observed within the data. Total biomass was more than
one order of magnitude higher for the shallow Arctic loca-
tion (IsfS) than for any other station. Furthermore, total
biomass was considerably elevated at shallow locations
in Arctic and temperate fjords in comparison to deep loca-
tions in the same fjords, a pattern that was not observed
for sub-Arctic fjords. Across all fjords, the average indi-
vidual biomass was higher in the shallow habitats. The
magnitude of this difference between the depth zones dif-
fered strongly between the fjords and was particularly high
in the Arctic and the more northern sub-Arctic fjord (Fig-
ure 1). The average individual biomass was highest in the
Arctic fjord and particularly high for the shallow location.
Given that maximum shell size is generally correlated with
longevity in bivalves (Ridgway et al.,, 2011), it is likely that
the relatively large individuals collected from the shallow
Arctic fjord are also relatively old. Taken together, these
biomass and individual biomass patterns indicate the shal-
low Arctic community as the community with outstanding
high faunal blue carbon storage (high biomass) that has
been stored for a long time (large-sized individuals that
are most likely old).

To further assess the blue carbon potential of the stud-
ied mollusk communities, modalities for three biological
traits related to resource utilization (feeding mode) and
carbon storage potential (maximum size, life span) were
assigned to all individuals except for juvenile bivalves and
gastropods (see Supplementary Information for trait de-
scriptions). In the context of my study, resource utiliza-
tion serves as a response trait (Lavorel and Garnier, 2002)
(i.e., linking the observed community composition to the
habitat-specific food availability) and carbon storage po-
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tential as an effect trait (Lavorel and Garnier, 2002) (i.e.,
how much biomass can be stored for how long in response
to the experienced environmental conditions). Fuzzy cod-
ing was used to assign modalities to indicate the degree
to which a taxon expresses a trait modality. The modali-
ties were assigned on the genus level (or higher for indi-
viduals classified on a higher taxonomic level) using the
Cefas benthic trait database (Clare et al., 2022) and the
Arctic trait database (Degen and Faulwetter, 2019), supple-
mented with information from other scientific literature
and own expert opinion, if necessary. Traits were assigned
at the genus level, as species-level trait information was
not available for all taxa. While this lower taxonomic reso-
lution introduces some uncertainty into the trait data, it
does not pose a major issue for the interpretation of the
results. On the contrary, any patterns detected in the trait-
based analysis are likely robust, as they emerge despite
the coarser taxonomic resolution. Juvenile bivalves and
gastropods that were identified only to the class level were
not assigned any traits and were excluded from the trait-
based analysis. The assignment of traits on a class level to
bivalves and gastropods would be non-informative, since
all modalities for the three studied traits are represented
in the two classes. The exclusion of juvenile bivalves and
gastropods is unlikely to have significantly affected the re-
sults, as these individuals are likely to belong to taxa that
were already recorded among the adult specimens at the
same locations. Therefore, their inclusion would not have
substantially enhanced trait representation. Additionally,
the juveniles were all very small, meaning their exclusion
could only meaningfully influence abundance-based anal-
yses. Biomass-based analyses, however, are not notably
affected, given the extremely low biomass of such small
individuals. Two RLQ analyses (Dray et al., 2014) were
conducted with two different community data sets (abun-
dance; biomass) to explore how functional differences in
the communities are related to the different habitat charac-
teristics (climate and depth zone). RLQ analysis produces
a simultaneous ordination of three data matrices (R - habi-
tat characteristics per sample; L - taxon abundances per
sample; Q - biological traits per taxon). First, individual
ordinations for each matrix were computed: correspon-
dence analysis for L; multiple correspondence analysis for
R; principal component analysis for Q. The ordinations of
R and Q were weighed by species and sites weights, respec-
tively, derived from the correspondence analysis of L. Then,
the final RLQ analysis maximizes the covariance between
R and Q. All data matrices and a code for the RLQ analysis
are available from Zenodo (Silberberger, 2024).

The biomass-based RLQ analysis, linked the high con-
tribution of long-lived (> 10 y), large (> 100 mm), and
suspension-feeding taxa to shallow (< 150 m) and Arctic
habitats (habitat and trait scores in Figure 2). This result
is in line with the above-identified blue carbon potential
of this habitat and the previously described latitudinal and
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Figure 2. Results of the first two axes of the RLQ analyses using abundance (top) and biomass community data (bottom).
Scores of taxa (left), habitat (middle), and traits (right) are shown. Colors indicate class membership, habitat classification
categories, and traits. The values of d give the grid size. The percentages of the total inertia projected on each axis are
given in the taxa plot. Exact scores and abbreviations are available in the Supplementary Information. For clarification
regarding any label ambiguities caused by overlaps, please consult Supplementary Figure S3.

depth patterns in suspension feeding (Silberberger et al.,
2024). Therefore, the results demonstrate that the poten-
tial loss of the long-lived suspension-feeding bivalves from
shallow Arctic communities (Figure 2) will likely reduce
the macrofaunal biomass by up to one order of magnitude
(Figure 1). My results appear to contrast with an earlier
study (Mazurkiewicz et al., 2020) that concluded that the
macrofaunal size structure may be resilient to major cli-
matic changes, based on a high consistency in biomass size
spectra in different fjords along the same latitudinal gradi-
ent. All samples in Mazurkiewicz et al. (2020), however,
were collected deeper than 150 m and even below 200
m for Svalbard fjords. Accordingly, the patterns in com-
munities shallower than 150 m could not have been dis-
covered by them and the reported latitudinal consistency
in biomass size spectra (Mazurkiewicz et al., 2020) must
be limited to deep habitats, where much of the biomass
is already associated with deposit feeders and predators
(Figure 2; Silberberger et al., 2024).

Furthermore, RLQ analyses of abundance and biomass

associated intermediate life spans (3-10 y) with sub-Arctic
fjords and short life spans (1-3 y) with temperate fjords
(Figure 2). This suggests that biomass and zoobenthic blue
carbon turnover will accelerate with progressing climate
change. Accordingly, the potential of benthic macrofauna
in fjords to act as a blue carbon reservoir appears to be
limited to newly emerging habitats due to sea-ice loss, as
known for Antarctic fjords (Zwerschke et al., 2022). For all
other habitats that already contain a macrofaunal commu-
nity, a future warmer climate will likely cause a reduction
of the blue carbon storage and the associated climate feed-
back loop is expected to reinforce human-made climate
change. Although the present study does not permit an
overall assessment of the macrofaunal blue carbon stock
in the studied sedimentary habitats due to the focus on
Mollusca only, the results emphasize that increased efforts
to study macrofaunal blue carbon stocks of other phyla
and entire communities in the Arctic are urgently needed,
due to the potential negative impact that the progressing
climate change will have on these blue carbon stocks.
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