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ARTICLE INFO ABSTRACT
Keywords: Amid the alarming atmospheric and oceanic warming rates taking place in the Arctic, western fjords around the
ATCtiC' . Svalbard archipelago are experiencing an increased frequency of warm water intrusions in recent decades,
Benthic communities causing ecological shifts in their ecosystems. However, hardly anything is known about their potential impacts

Marine heatwaves (MHWs)

Fjord on the until recently considered stable and colder northern fjords. We analyzed macrobenthic fauna from four

Coastal environment locations in Rijpfjorden (a high-Arctic fjord in the north of Svalbard) along its axis, sampled intermittently in the

Community change years 2003, 2007, 2010, 2013 and 2017. After a strong seafloor warm water temperature anomaly (SSWWTA) in

Time series 2006, the abundance of individuals and species richness dropped significantly across the entire fjord in 2007,

Ecosystem disturbance together with diversity declines at the outer parts (reflected in Shannon index drops) and increases in beta di-
versity between inner and outer parts of the fjord. After a period of three years with stable water temperatures
and higher sea-ice cover, communities recovered through recolonization processes by 2010, leading to ho-
mogenization in community composition across the fjord and less beta diversity. For the last two periods (2010-
2013 and 2013-2017), beta diversity between the inner and outer parts gradually increased again, and both the
inner and outer sites started to re-assemble in different directions. A few taxa began to dominate the fjord from
2010 onwards at the outer parts, translating into evenness and diversity drops. The inner basin, however,
although experiencing strong shifts in abundances, was partially protected by a fjordic sill from impacts of these
temperature anomalies and remained comparatively more stable regarding community diversity after the
disturbance event. Our results indicate that although shifts in abundances were behind important spatio-
temporal community fluctuations, beta diversity variations were also driven by the occurrence-based macro-
fauna data, suggesting an important role of rare taxa. This is the first multidecadal time series of soft-bottom
macrobenthic communities for a high-Arctic fjord, indicating that potential periodic marine heatwaves might
drive shifts in community structure, either through direct effects from thermal stress on the communities or
through changes in environmental regimes led by temperature fluctuations (i.e. sea ice cover and glacial runoff,
which could lead to shifts in primary production and food supply to the benthos). Although high-Arctic mac-
robenthic communities might be resilient to some extent, sustained warm water anomalies could lead to per-
manent changes in cold-water fjordic benthic systems.

Abbreviations: SSWWTA, Seafloor Warm Water Temperature Anomaly; MHW, Marine Heatwave; AW, Atlantic Water; ArW, Arctic Water; AO, Arctic Oscillation
Index; LCBD, Local Contribution to Betadiversity; AEMs, Assimetric Eigenvector Maps; TBI, Temporal Beta diversity Index.
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1. Introduction

Arctic air temperatures have warmed more than four times faster in
the last four decades than in other parts of the globe (Rantanen et al.,
2022). In particular, the warming rate for the Northern Barents Sea re-
gion is five to seven times the global averages and this exceptional
heating is strongly linked to large reductions in sea ice concentration
and increased sea surface temperatures in this “warming hotspot”
(Isaksen et al., 2022). In light of this rapid change, long-term monitoring
programs of the marine Arctic ecosystem are urgently needed in order to
establish baselines and rates of environmental change to disentangle
short-term variation from long-term shifts, and to predict future sce-
narios relevant to management efforts. Benthic community structure
and function are determined by environmental drivers and faunal in-
teractions over multiple temporal and spatial scales (Griffiths et al.,
2017; Ehrnsten et al., 2020). By integrating the variability of these
processes into their structure, benthic communities (which are mainly
sessile and long-lived) have been proposed as excellent sentinels of
environmental change (Renaud et al., 2008; Carroll et al., 2011). Their
community fluctuations can thus indicate climate- or other
human-driven changes (e.g., Kroncke et al., 1998; Larkin et al., 2010;
Serrano et al., 2022).

In shelf and coastal areas, macrobenthic communities play crucial
roles in carbon cycling and the remineralization of nutrients (Bourgeois
et al., 2017; Solan et al., 2020). Particularly, fjords, which are common
geomorphological features in high and mid-latitude regions, are regar-
ded as important carbon sinks on a global scale (Smith et al., 2015; Faust
and Knies, 2019; Wtiodarska-Kowalczuk et al., 2019). These
semi-enclosed estuaries experience high seasonality in primary pro-
duction and strong gradients in abiotic parameters such as salinity,
temperature, oxygen concentrations, sedimentation rates, supply of
nutrients, and organic matter concentration in the sediments that cause
gradients of benthic assemblages along the fjord axis (Holte and Gulli-
ksen, 1998; Wtodarska-Kowalczuk et al., 1998; Wiodarska-Kowalczuk
et al., 2005; Jorda Molina et al., 2019; Udalov et al., 2021).

Isolation caused by fjordic sills in Arctic fjords may protect inner-
basin communities from strong fluctuations of abiotic factors occur-
ring in off-shore shelf regions and, therefore, such fjords are assumed to
act as refugia (Renaud et al., 2007; Kedra et al., 2010; Westawski et al.,
2011). Consequently, inner-fjord benthic communities are not just
subsets of the species pools present in adjacent shelves but, in fact, they
rather differ in species composition, species richness, diversity, func-
tional complexity and redundancy (Wiodarska-Kowalczuk et al., 2012;
Udalov et al., 2021). Therefore, benthic communities from Arctic
inner-fjord basins could be less resilient to species losses or invasions,
and the extent of environmental variation that these communities can
tolerate remains unclear in case of extreme disturbance events (Wlo-
darska-Kowalczuk et al., 2012).

The waters around the Svalbard archipelago comprise a transitional
domain from warm and salty Atlantic Waters (AW) dominating the
south and west of the archipelago, to colder and less saline Arctic Waters
(ArW) mainly present in the northern and eastern regions. In recent
decades, a progression of the AW over the ArW domain has been
observed, a phenomenon that has been termed Atlantification of the
Arctic (Polyakov et al., 2020; Ingvaldsen et al., 2021; Tsubouchi et al.,
2021). Periodic intrusions of AW into the western Svalbard shelf and the
adjacent fjords have been increasingly frequent in the last two decades,
especially after 2011 (Bloshkina et al., 2021). Similarly, a time series in
the northern waters of the shelf and shelf-break of Svalbard showed that
after 2011, previous stable conditions with high ice cover, below 0 °C
water temperatures in the upper 50 m and shallow mixing layer depths
shifted towards more open-water conditions, persistent shallow water
temperatures above 0 °C and large interannual variations in mixing
layer depths and ocean-to-atmosphere heat fluxes (including observa-
tions of extreme winter conditions with exceptional deep mixing layer
depths) (Athanase et al., 2020). In north-eastern fjords of the
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archipelago, abundant sea ice cover during the early 2000’s was fol-
lowed by a decrease in winter sea-ice cover after 2010, with strong links
to increased surface air temperatures (Dahlke et al., 2020). In addition,
marine heatwaves (MHWs), characterized as prolonged discrete anom-
alously warm water events (Hobday et al., 2016), have been increasingly
recorded in the Barents Sea and in the Fram Strait throughout the last
two decades (Beszczynska-Moller et al., 2012; Mohamed et al., 2022).

The impacts of this ongoing Atlantification and extreme warming
events of the waters around Svalbard are not limited to hydrography,
but also to shifts in the structure and function of their ecosystems
(Wassmann et al., 2011; Ingvaldsen et al., 2021). With increased ocean
temperatures, the ranges of many boreal species are expected to expand
northward (Kraft et al., 2013; Renaud et al., 2015, 2019). In the Barents
Sea, several studies have already documented an increase in the pres-
ence of boreal fish, zooplankton, and benthic species (Dalpadado et al.,
2012; Kortsch et al., 2012; Fossheim et al., 2015). This poleward
expansion of boreal species may alter the intrinsic functionality of
receiving communities (Kortsch et al., 2012; Westawski et al., 2017;
Renaud et al., 2019; Csapo et al., 2021). Thermal stress induced by
unusual warm water temperature events (temperature anomalies such
as MHWs) can have detrimental consequences for benthic communities
when exceeding species thermal ranges (Dolbeth et al., 2021), inducing
mass mortality events in severe cases (Hobday et al., 2016; Garrabou
et al., 2022) or shifts in species abundances and/or biomass (Pansch
et al., 2018). At the same time, when not lethal, thermal stress may lead
to behavioral changes in benthic organisms affecting, for instance, bio-
turbation activities (Kauppi et al., 2023). However, indirect responses
can also be mediated by changes in other biotic interactions “post--
disturbance” (Pansch et al., 2018). For instance, ocean temperature
fluctuations in Arctic fjords can simultaneously lead to shifts in other
important environmental variables that constrain benthic community
structure and function (e.g. sea ice cover with consequent shifts in pri-
mary production, qualitative and quantitative food availability at the
seafloor, water mass properties and glacier runoff and turbidity)
(Westawski et al., 2011). Therefore, the extreme complexity of in-
teractions in the natural environment driven from temperature shifts
and its effects on biological communities should be taken into account.

The western and southern fjords of Svalbard have been extensively
studied (Molis et al., 2019). Carroll and Ambrose (2012) first reported
on macrofaunal patterns on the shelf and fjords of northeastern Svalbard
in 2003 in relation to Atlantic and Arctic water masses. Although
changes in sea ice and oceanographic regimes have been documented in
northern Svalbard during the last two decades (Athanase et al., 2020;
Dahlke et al., 2020), no long-term monitoring studies exist of benthic
fauna for this area.

Here, we analyze an intermittent time series (from 2003 to 2017) of
the soft-bottom macrobenthic communities from Rijpfjorden, a fjord
located on the northern coast of the Svalbard archipelago. Although this
has historically been considered a fjord with predominantly Arctic
conditions, periodic intrusions of warm Atlantic waters from the conti-
nental slope have been reported to protrude into the shelf area, affecting
the physico-chemical setting and the pelagic ecosystem surrounding this
fjord (Hop et al., 2019). Although no significant sustained warming
trends have been found throughout the last decades in Rijpfjorden
(Cottier et al., 2022), a long-term mooring deployed at the mid-region of
the fjord since 2006 provides indications of seafloor warm water tem-
perature anomalies (SfWWTAs) throughout the last decades, which we
report in the present article.

Our study investigates how these periodic SSWWTAs in the histori-
cally ArW-influenced Rijpfjorden might have affected the temporal dy-
namics of macrofauna communities. We hypothesize that the species
composition in years preceded by SfWWTAs will differ from those pre-
ceded by more stable and cold-water periods. We then put the inter-
annual changes in community composition into the spatial context
along the fjord axis and hypothesize that outer stations, which are more
exposed to the continental shelf and therefore more directly influenced
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by the effects of potential warm Atlantic inflows from the slope, will
show larger inter-annual fluctuations than communities inhabiting the
inner silled basin. We also investigate whether bottom temperature
fluctuations (i.e. anomalies) by themselves can drive community shifts
and if other environmental variables known to be important for benthic
community structure in Arctic fjords (which can be simultaneously
impacted by temperature, such as sea ice cover and glacier runoff) can
also have an impact on macrofauna compositional change. Once again,
we hypothesize that at outer stations, fluctuations in temperature will
have a stronger influence in determining community composition
through time, while more protected inner locations will be less directly
influenced by bottom water temperature.

2. Materials and methods
2.1. Study area

Rijpfjorden is located on the northern coast of the Nordaustlandet
island, in the north-east of the Svalbard archipelago (Fig. 1a). This fjord
is ca. 40 km long and between 7 and 13 km wide. The fjord opens into a
wide bay which connects it to the shelf north of Svalbard (100-200 m
water depth) which leads to the shelf-break of the Arctic Ocean. The
fjord has an inner basin with a maximum water depth of 215 m and an
outer basin with 290 m water depth. These two basins are separated by a
sill, crossing the fjord diagonally in a northwest-southeast direction,
with water depths ranging from ca. 50 m-140 m (Fig. 1d).

Rijpfjorden faces towards the Arctic Ocean and is mainly influenced
by comparatively cold and fresh ArW (Hop et al., 2019) with surface
temperatures close to the freezing point for most of the year (Wang et al.,
2013). AW, however, occasionally penetrates into the shelf area sur-
rounding the fjord (Hop et al., 2019; Wallace et al., 2010). These in-
trusions are influenced by topographic features of the submarine
landscape (troughs and banks along the shelf break) (Bluhm et al., 2020)
and also by the wind patterns prevailing in the area (Onarheim et al.,
2014; Kolés et al., 2020).

Sea ice usually covers the fjord for up to 9 months a year (Ambrose
et al., 2006; Leu et al., 2011) although sea ice extent and volume have
been variable during the last decade, with a minimum in 2013 (Hop
et al., 2019), and shorter fjord ice seasons have been attributed to
reduced sea ice north-east of Svalbard and increased water temperatures
(Johansson et al., 2020). Two marine-terminating glaciers are located in
the western part of the fjord (Fig. 1c).

2.2. Sampling and macrofauna processing

Sampling took place in 2003, 2007, 2010, 2013 and 2017 with the
research vessels Lance and Helmer Hanssen between late July and early
September. Four stations along a transect were studied in the time-
series: ‘Inner Rijpfjorden’ (IR) in the inner basin, ‘Middle Rijpfjorden’
(MR) in the outer basin, ‘Outer Rijpfjorden’ (OR) at the fjord mouth
located in a depression outside of the outer basin, and ‘Rijpfjorden
North’ (RN) just north of the fjord, on the shallow shelf (Table 1; Fig. 1c
and d). Stations IR and OR were sampled in all sampled events, station
RN in four years and MR in two years (Table 1).

At each station, three Van Veen grab samples of 0.1 m? each were
retrieved and sediment was sieved over a 0.5 mm mesh. Fauna collected
were preserved in a 4% buffered formaldehyde and Rose Bengal stain. In
the lab, macrofauna was sorted under the stereomicroscope and iden-
tified to the lowest taxonomic level possible. Taxonomic names were
checked using the World Register of Marine Species (WoRMS) (Worms
Editorial Board, 2022).

2.3. Environmental data

Mean daily water temperatures between 2006 and 2019 from 200 m
depth were retrieved from a mooring system located close to station MR
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(80.3N; 022.3E). From these, the temperature climatology of the bottom
water was calculated by averaging data over all the years for each day of
the year. Periods of time when mean temperatures exceeded the 90th
percentile of the climatology and which lasted for more than five
consecutive days were defined as periods with MHWs, following the
definition of Marine Heatwaves (MHWs) by Hobday et al. (2016), but
with climatology calculated from the 14 years of available mooring data
instead of 30 years. Since we calculated climatology based on 14 years of
available data in contrast to the recommended 30 years, our MHW
definitions should be regarded with caution and just as indicative of
temperature anomalies that could potentially be considered MHWs.
Therefore, we refer to these as seafloor warm water temperature
anomalies (SfWWTASs) in our study.

CTD casts were used to retrieve temperature and salinity profiles
close to each station during events of macrofauna sampling. However,
for some stations/years some CTD casts were missing, and we retrieved
the closest CTD casts in space and time to the sampling points from the
UNIS hydrographic database (Skogseth et al., 2019).

Monthly mean Arctic Oscillation indices (AO) were retrieved from
the National Weather Service of NOAA,' and the average of the year
prior to each macrofauna sampling event was calculated to include in
constrained analysis of environmental drivers on macrofauna. Some
studies suggest that higher inflows of Atlantic water into the Arctic
Ocean could be consistent with the positive phase of the AO (Slubowska
et al., 2005), a climate index that describes the patterns in atmospheric
circulation over the Arctic. In its negative phase, the polar vortex over
the Arctic gets weaker, allowing cold air to escape towards lower lati-
tudes while the westerly winds in the Arctic region fade (Rigor et al.,
2002). The opposite occurs during the positive phase, when the polar
vortex strengthens and cold air and lower pressures are kept in the
Arctic.

In high Arctic fjords, such as Kongsfjorden, it has been postulated
that the sedimentation gradient caused by glacial runoff is one of the
main drivers of macrofauna composition along the fjordic axis (Wto-
darska-Kowalczuk et al., 2005; Udalov et al., 2021). Glacial input into
Rijpfjorden is not substantial relative to other Svalbard fjords (Santos--
Garcia et al., 2022), but may have local influence on the inner fjord
station. Therefore, daily glacial runoff simulations (m®s~1) based on the
simulations by van Pelt et al. (2019) were computed using surface
topography and ice thickness to derive the equipotential surface (Tors-
vik et al., 2019). These data were provided by the Norwegian Polar
Institute (Jack Kohler, personal communication) for four locations
around the discharge area of the marine-terminating glacier Rijpbreen
available from 2006 to 2019 (Fig. 1c). The daily average runoff for all
discharge stations was calculated and then the average runoff from the
previous year before each macrofauna sampling event was calculated to
use as constraining variables for the macrofauna variation partition.

Granulometry analysis and the assessment of Total Organic Carbon
content (TOC) in the sediments were conducted for the years 2003 and
2010 taken from an extra grab sample. Granulometry samples were split
into coarse (>0.063 mm) and fine fractions (<0.063 mm) by wet sieving
and dried at 60 °C and weighted (Carroll and Ambrose, 2012). For TOC
content analysis, samples were treated with hydrochloric acid (HCD) to
eliminate carbonates and posteriorly, samples were burned at 480 °C in
a Leco IR 212 carbon analyzer (Carroll and Ambrose, 2012). Finally, the
CO;, content from the liberated gas was converted to %TOC (Nelson and
Sommers, 1996).

A time series of sea ice categories at each station was retrieved from
an ice chart repository courtesy of Ice Service at the Norwegian Mete-
orological Institute, Tromsp, Norway (Nick Hughes, personal commu-
nication). The Ice Service classifies sea ice into six categories based on
the type of ice and its concentration (out of 10) according to the World

! https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/
ao.shtml; accessed the 09.09.2022.
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B) Mechanisms of Atlantic intrusions north of Svalbard
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Fig. 1. Study area. a) An overview of the Svalbard archipelago with the main currents (red arrows indicate warm Atlantic waters and blue arrows indicate colder
Arctic waters; Vihtakari, 2020) and bathymetry. WSC=West Spitsbergen Current; SB=Svalbard Branch. b) Mechanisms of Atlantic intrusions in the area north of
Svalbard and in the area around Rijpfjorden (red polygon); 1, during normal conditions without Atlantic instrusions, the Svalbard branch flows along the continental
slope and sea ice cover is usually high in the area. 2, when easterly winds prevail in the area, the Ekman transport generated pushes the drifting sea ice northwards,
lifting the Svalbard branch and protruding into the shelf area. ¢) Map of Rijpfjorden (indicated by the yellow circle in map a)) showing the macrofauna sampling
locations (IR=Inner Rijpfjorden; MR = Middle Rijpfjorden; OR=Outer Rijpfjorden and RN=Rijpfjorden North) shown with red dots. Yellow triangle indicates the
location of the long-term mooring system. Yellow dots indicate the coordinates for glacial runoff simulations of Rijpbreen. Land is indicated in black and glaciers are
in grey. d) Bathymetric profile along the fjord axis (indicated with white dashed line in map c)), including the location of the four stations with their respective water
depths and approximate location of the mooring system. Bathymetry data source: GEBCO Compilation Group (2022)
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Table 1

Sampling years, coordinates (latitude and longitude), water depth and average bottom water temperature and salinity over the years sampled from CTD casts (standard
deviation (+) and range of minimum and maximum values are indicated). Total organic carbon content (TOC (%)) and grain size fraction <0.063 pm (%) of the 0-2 cm
sediment layer only for years 2003 and 2010 are indicated as super index A and B respectively.

Station Sampled years Latitude Longitude Depth Bottom Temperature Bottom TOC Grain size fraction <0.063
°N °E [m] [°C] Salinity (%) pm (%)
IR (Inner 2003, 2007, 2010, 2013, 80.083 22.195 205 -1.78 £ 0.12 34.74 £ 0.12 1.19% 91,9*
Rijpfjorden) 2017 (-1.87; —1.63) (34.61; 1.35°% 938
34.90)
MR (Middle 2007, 2010 80.299 22.233 250 -1.71 £ 0.06 34.68 + 0.07 1.45° 83,3%
Rijpfjorden) (-1.75; —1.66) (34.63;
34.72)
OR (Outer 2003, 2007, 2010, 2013, 80.533 22.146 230 —1.36 + 0.54 34.69 £ 0.13 1.44% 97,6‘°‘
Rijpfjorden) 2017 (-1.82; —0.54) (34.59; 1.66° 94,28
34.90)
RN (Rijpfjorden 2007, 2010, 2013, 2017 80.650 22.115 130 0.37 + 1.60 34.72 £ 0.15 1.48% 908
North) (-0.56; 2.75) (34.59;
34.90)

Meteorological Organization (WMO) Ice Chart Colour Code Standard station (Fig. 2f).

(WMO/TD-No. 1215) and Sea Ice Nomenclature (WMO-259): Fast Ice

(10/10th), Very Close Drift Ice (9-10/10ths), Close Drift Ice (7-9/ 2.4. Andlysis of inter-annual fluctuations in macrofauna composition
10ths), Open Drift Ice (4-7/10ths), Very Open Drift Ice (1-4/10ths) and

Open Water (0-1/10ths). Using qGIS (QGIS.org, 2022), the polygons for 2.4.1. Alpha-diversity

each ice type was retrieved daily from 2003 to 2018 at each sampling Alpha-diversity indices (species richness (S), Shannon diversity
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Fig. 2. Environmental variables throughout the study period. a) Times at which grab samples for the different years were taken are indicated with red dotted lines
across all environmental variables b) Daily bottom water temperatures recorded at 200 m depth from the long-term mooring are indicated with a dark red continuous
line (for location of mooring see maps Fig. 1). Gaps in the red line indicate non-available data. Periods shaded with orange indicate MHW events where temperatures
are above the 90th percentile of the climatology baseline (based on 14 years of data) for more than five consecutive days. ¢) Transformed Atlantic Water (tAW)
fraction (as the monthly average) at 200 m depth from the mooring defined as Temperature > 1 °C and Salinity >34.65 and represented by a red continuous line
(gaps represent non-available data). d) Averaged daily glacial runoff (m>/s) from four locations outside the discharge area of Rijpbreen (see Fig. 1c for location)
based on runoff simulations from 2006 to 2019 (left axis with black line) and annual glacial runoff (m3/s) from averaged daily runoff (right axis with red line and
black dots) (Data courtesy of Jack Kohler, Norwegian Polar Institute (NPI)). ) Monthly Arctic Oscillation Index (AO) values from 2003 to 2018. Red lines indicate the
positive phase of the AO, while blue lines indicate the negative phase. f) Sea-ice type frequencies for the four stations in Rijpfjorden (IR, MR, OR and RN) from 2003
to 2019. Each color band indicates a sea ice type based on the Norwegian Meteorological Institute (Ice Service) classification of ice types. Empty bands in white
indicate no available data.

2.4.2. Ordination and cluster analysis
In order to explore grouping patterns in species composition across

index (H'qog ¢)) and Pielou’s evenness (J')) were calculated for each
replicate sample with the “vegan” R package (Oksanen et al., 2020). To

test for significant trends in total abundance, S, H', and J’ over time and
across stations, we built generalized additive models (GAM) with the
“mgcv” package in R (Wood, 2011) for each of these response variables.
The sampling years for each station were introduced as the smoothing
parameter in the model (k = 5) together with the factor station as the
predictor variables. For abundance and species richness, negative
binomial family distribution was chosen with log as link function,
whereas for H' and J' gaussian family distribution with identity link
function was selected. Deviation, normality and homoscedasticity of
residuals, together with the goodness of fit of observed values against
response values were visually inspected with the function “gam.check”
to identify violation of assumptions of the models (See Fig. A.2 to A.5).

time and space, non-metric multidimensional scaling (nMDS) analysis
was performed with Euclidean distances derived from Hellinger trans-
formed macrofauna abundance and presence-absence dissimilarities
with the package “vegan”. The Hellinger transformation was chosen to
make the data suitable for Euclidean-based methods and to give a low
weight to rare species (Legendre and Gallagher, 2001).

A cluster analysis using the UPGMA method was conducted with the
R package “clustsig” (Whitaker and Christman, 2014) for the Hellinger
transformed abundance data to support the patterns identified by the
nMDS. Both nMDS and clustering were carried out with the averaged
abundances and species occurrences for the three replicates at each
station/year.
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2.4.3. Beta diversity

The variation in community composition among sites in a region can
be evaluated by calculating beta-diversity values (Whittaker, 1972).
Changes in beta diversity can also be assessed through time and in the
combination of time and space simultaneously (Legendre and Gauthier,
2014; Legendre, 2019).

Hellinger transformation was applied both to the abundance and
occurrence data (each averaged over all replicates per station and
sampling year) to calculate the beta diversity index (Prorar) and the
local contribution to beta diversity (LCBD) with the function “beta.div”
of “adespatial” package (Dray et al., 2021) using Hellinger dissimilarity
coefficients (Legendre and de Caceres, 2013; Legendre and Borcard,
2018) between all stations and years. LCBD indices represent the degree
of uniqueness of the samples in terms of community composition (Leg-
endre and de Caceres, 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 statistical 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 (H,) that
species are randomly distributed and independent of one another across
the sites/time (Legendre and de Caceres, 2013).

When assessing diversity fluctuations in biological communities, it is
of interest to disentangle the potential underlying ecological mecha-
nisms by which species compositions change through time and space, i.
e. how they disassemble and reassemble (temporal turnover) (Tatsumi
et al., 2020). The change in beta diversity (AproraL) among two or more
sites throughout two time points can be either caused by disappearances
(extirpations, APg) or by increases (colonizations, Af¢) of species (Olden
and Poff, 2003; Tatsumi et al., 2021). Both extirpations and coloniza-
tions can lead to homogenization (APg. and Afc.) of species composition
among the sites, i.e., decreasing prorar (-AProraL), or to heterogeniza-
tion (APg; and APc,) of species composition between sites, i.e.,
increasing BroraL (+ABrorar) (Tatsumi et al., 2021). APg and Ac can be
further decomposed into two more components (Type 1 or 2) depending
on whether the colonization or extirpation of the species in question
appear (Afc. Typel) or disappear (APg. Type 1) at both sites simulta-
neously or at just one site (Apc. Type2, if incoming species at one site
were already initially present at the other; and APg ; Type 2, when
species disappearing at one site were initially present at both sites) (See
Fig. A.1 for a visual description of the colonization-extirpation processes
and how they affect the change in beta diversity among sites, adapted
and modified after Tatsumi et al. (2021)). The relative contribution of
each component can indicate different ecological processes. For
instance, contributions of APg. might reflect stochastic extirpations of
regionally rare species, while a greater contribution of Afg , might be a
sign that widespread species are decreasing more in frequency than rare
species (Tatsumi et al., 2021). High Apc. could reflect the appearance of
species with high dispersal capacity, spreading across all sites, or in-
ternal dispersion of species to new sites that were once restricted by a
dispersal barrier. Finally, AP¢ + can occur when new species are added
to unique locations. All four components of contribution to ABroraL can
happen simultaneously, potentially cancelling each other out, which is
the reason why decomposing these changes can help to recognize the
underlying fluctuations in species composition that are taking place.
Beta diversity values (froraL) using the Sgrensen index were calculated
between IR and OR for each year for the presence-absence transformed
macrofauna data. Following that, we calculated AProrar and its
decomposition into its components of Afc and Afg (and their respective
homogenization and heterogenization components: ABg., Afc., APg; and
ABc4) for each time period using the “ecopart.pair” function within the
“ecopart” R package (Tatsumi, 2022).

To test whether station IR or station OR changed more exceptionally
with respect to one or the other in time, and to evaluate if the sill could
have played an important role dampening effects of community change
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at the inner station, the temporal beta diversity index (TBI) was calcu-
lated (Legendre, 2019) using the percentage difference index (%diff) for
both abundance and occurrence data with the “TBI” function of the R
package “adespatial”. TBI indices measure the change in community
composition between two time points (T1 and T2) (Legendre, 2019),
generating a vector of TBI dissimilarities for each site. A random per-
mutation test (999 permutations) was used to test for significance of the
TBI indices and p-values were corrected for multiple testing using the
Holm method (Legendre, 2019). Furthermore, the TBI dissimilarities
between the two time points at each site were decomposed into con-
tributions from losses (B) and gains (C) of species and abundances
(Legendre, 2019).

2.4.4. Variation partitioning of temporal and environmental drivers on
macrofauna composition

Redundancy analysis (RDA) was used to partition the variation
within the macrofaunal data on a set of environmental predictor vari-
ables and a second set of temporal predictor variables (see below), for
each station individually (Borcard et al., 1992).

All environmental variables (see section 2.4) were included in the set
of environmental predictor variables. The sum of frequencies for each
type of ice was calculated for each station over the period of one year
prior to each sampling event for macrofauna (to account for time lags of
possible integrated sea ice cover effects on macrofauna communities)
and were used as environmental variables for constrained ordination
analysis. Only stations IR, OR and RN for the period between 2007 and
2017 were used for the analysis (due to missing ice data for year 2002).
When using the sea ice frequency as a constraining variable for the
macrofauna variation, we grouped the frequencies of the categories for
open water and very open drift ice under the category of “open water”,
and very close drift ice, close drift ice and open drift ice in the category
“drift ice”.

Asymmetric Eigenvector Maps (AEMs) were used as temporal pre-
dictor variables (Legendre and Gauthier, 2014). AEM is an eigenfunction
method suitable to model multivariate directional processes like tem-
poral change of species abundance data. By incorporating AEMs as
constraining temporal predictors one can account for temporal auto-
correlation (or temporal structure) in the abiotic drivers or in the species
matrix itself (Legendre and Gauthier, 2014). AEMs were calculated for
the sampling period with complete environmental data sets available (i.
e. 2007 —2017). To account for the irregular intervals between sampling
events, dummy sampling events were added in mid-August (15th
August) for years when no samples were collected. 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 of time essentially produce n-1 sine waves of decreasing wave-
length (n = total number of sampling dates; here n = 11 due to dummy
variables). Accordingly, the first AEM (AEM;) describes a one direc-
tional change throughout the entire study period, while the last AEM
(AEM ) describes alternating changes from year to year (fine temporal
scales).

Prior to variation partitioning, both sets of predictor variables were
individually subjected to forward selection using a double-stopping
criterion (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 signif-
icantly to the explanatory power or until the Rgdjmd exceeds the
Rgdjusted of the full model. The variation partition analysis was per-
formed with the “varpart” function of the R package “vegan”.

3. Results
3.1. Environmental variables

The highest bottom water temperatures at 200m depth, reaching
above 2 °C, were recorded by the end of 2007, coinciding with the first



E. Jorda-Molina et al.

SfWWTA recorded in Rijpfjorden (Fig. 2b) which lasted for 40 days. A
succession of three shorter SfSWWTAs (of between 16 and 18 days each)
were recorded at the beginning of 2012. Following that, another
SfWWTA (of 25 days) with the second highest temperature values since
2006 occurred by the end of 2016. SEWWTAs were recorded for most
part of the year in 2018 (Fig. 2b).

At all stations inside the fjord, the averaged bottom water tempera-
tures from all years of the CTD casts was <0 °C, emphasizing the over-
riding influence of Arctic characteristics in this system, with winter cold
bottom water (WCW), while the outer station RN had average temper-
atures above 0 °C with the highest temperature recorded of 2.75 °C
(Table 1). Bottom water salinity values across all stations and years
ranged from 34.6 to 34.9.

The monthly Arctic Oscillation Index (AO) (Fig. 2e) showed the most
negative values in early 2010 and early 2013. The highest peaks of
positive AO values were observed at the end of 2006 and at the begin-
ning and end of 2011. No clear trends were observed, but between 2009
and 2010 the AO index was more negative than other periods of time.

The daily average glacial runoff for the four locations around the
Rijpbreen discharge area was seasonal, with high runoff in the summer
months. Peak flows were the highest for 2009, 2013 and 2016 (Fig. 2d).
Annual average of daily runoff values ranged between 1.29 m>/s in 2014
and 2.74 m%/s in 2016 over the study period. Although year 2018 was
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not included in the macrofauna time series, annual runoff values for that
year were the highest of all with 3.75 m3/s. Annual runoff values
appeared to be more variable from 2012 onwards.

The innermost stations (IR and MR) were dominated by local fast ice,
while the outer station (OR) and the shelf station (RN) had a higher
frequency of drift ice (Fig. 2f). From 2012 onwards, prolonged periods of
open water became more frequent at all stations.

3.2. Macrofauna community fluctuations in time across the fjord axis

3.2.1. Abundance and alpha-diversity

A total of 345 taxa belonging to 104 families and to 11 phyla were
identified. The most abundant classes were Polychaeta (71%), followed
by Bivalvia (21.6%).

Both abundance and species richness followed similar statistically
significant trends across years for all stations with more than 2 sampling
events (see Fig. 3 for significance of results and Table A.1 for detailed
output of GAM models) (Fig. 3b and c), indicating big fluctuations
through time. On average, abundance at IR and OR in 2007 was
respectively between 0.2 and 0.8 times that in 2003, and for richness
between 0.7 and 0.5 times. After these decreases, both variables fol-
lowed a strong increase: on average, abundance at IR, OR and RN in
2007 was respectively between 5.4, 12.4 and 7.3 times that in 2003, and
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Fig. 3. Macrobenthic community metrics along the Rijpfjorden axis through time. a) abundance (ind./m?), b) species richness, ¢) Shannon index (H'), d) Pielou’s
evenness index (J'). Significance of variation across years for each station from the GAM models is indicated with *** = p-value <0.001, ** = p-value 0.001-0.01, *
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(averaged for three replicates). Empty data is missing data (no sampling of macrofauna).
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for richness between 1.9, 2.3 and 2.1 times. After 2010, both variables
decreased again.

H’ showed significant changes through time at stations OR and RN
(Fig. 3c), with a significant drop from 2003 to 2007 at OR. Hardly any
change in H’ from 2007 until 2013 was observed at both stations, fol-
lowed by a significant decrease from 2013 to 2017 at OR. Highly sig-
nificant decreases in J’ occurred at the outer stations (OR and RN), while
significant (IR) or non-significant (MR) fluctuations were observed in
the inner part of the fjord (Fig. 3d).

In all years, Annelida dominated relative abundances at the inner
station (>75%) and at the outer station OR (c.a. 75%) (Fig. 3e). Mollusca
were abundant in some years at station MR and RN. At RN, there was an
increase in the relative contribution of Annelida to total abundances in
the most recent years.

At station IR, most abundant families were Cirratulidae and Lum-
brineridae, except for year 2007 (Fig. 4). At station MR, Thyasiridae
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dominated from 2010 onwards. At station OR, Cirratulidae and Thya-
siridae families dominated after 2007, and for station RN, Oweniidae,
Thyasiridae and Yoldiidae were the dominant families after that year as
well.

3.2.2. Ordination and cluster analysis

The community structure of the inner station (IR) was clearly distinct
from all other stations in the abundance-based nMDS (Fig. 5a), indi-
cating a spatial differentiation. Additionally, a temporal pattern was
observed for stations MR, OR, and RN. These stations grouped together
from 2010 onwards, while samples from 2003 to 2007 were more distant
from this group. In the occurrence-based nMDS (Fig. 5b), a dominant
temporal structure was observed. Samples collected in 2003 and 2010
grouped together, while all samples from 2013 to 2017 were more
similar to each other than to other years. Samples from 2007 appeared to
group farther apart (with the exception of station IR which grouped
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Fig. 4. Heatmaps showing averaged abundances (three replicates) for each Family (note that suffix -idae is missing at the end of each family name for space reasons).
Each circle represents one station (IR, MR, OR and RN) and each concentric line represents the different years (2003, 2007, 2010, 2013 and 2017). Families are
grouped by phylum (indicated by pictograms at the bottom). The last category belongs to taxa only identified to higher taxonomic level than family. Abundances are
given as individuals/m? with dark blue representing lowest values and dark red/fuchsia representing highest values (see color scale in the middle). Phylum pic-
tograms modified after Integration and Application Network (IAN) library symbols and PhyloPic.
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Fig. 5. Two-dimensional nMDS plot of: a) Hellinger transformed macrofauna abundance and b) Hellinger transformed occurrence data. Colors indicate the year of
macrofauna sampling while symbols indicate the four different stations (for station codes and geographical location see Fig. 1). Black dotted lines with arrows track

the direction of change at each station from year to year in the ordination space.

closer to the ones from 2013 to 2017).

The UPGMA cluster confirmed the nMDS patterns for the abundance-
based dataset (Fig. 6). The most abundant taxa for the IR samples were
lumbrinerid (Lumbrineris mixochaeta, Scoletoma sp.) and cirratulid
polychaetes (Tharyx sp., Aphelochaeta sp.). Dominant taxa at stations
MR, OR and RN included several different polychaetes (Galathowenia
oculata, Chaetozone sp., Maldane spp.) and bivalves (Mendicula sp., Yol-
diella spp. — Fig. 6) from 2010 onwards. Other polychaete species such as
Maldane spp., Heteromastus filiformis, and Leitoscoloplos mammosus were
also abundant at those stations after 2010, but less than the others.

3.2.3. Beta-diversity

The spatio-temporal LCBD values obtained from the abundance-
based macrofauna data (Fig. 7a) indicated higher values for all sam-
ples from 2003 to 2007, together with most samples in all years at the IR
station, indicating a more distinctive species composition at IR than at
stations MR, OR and RN and from 2010 onwards (with lower LCBDs).
However, no significant differences were detected after the permutation
test for any of the station/year. In contrast, for the presence-absence
dataset, the LCBD map showed lower values for years 2003 and 2010
than for 2013 and 2017 (Fig. 7b). All samples from 2007 presented the
highest values, but only samples from OR and RN stations showed sta-
tistically significant uniqueness in species composition after the per-
mutation test.

Beta diversity values between stations IR and OR (Fig. 8a), based on
the presence-absence data, showed an increase between 2003 and 2007,
and then a large decrease between 2007 and 2010, with the lowest
values for 2010. From then onwards, beta diversity increased again
gradually.

Temporal changes in beta diversity between IR and OR were mainly
driven by colonization. Extirpations of species, in contrast, appeared not
to contribute much to beta diversity changes through time (Apg values
were close to 0) (Fig. 8b). Nonetheless, when further decomposing its
components into attributes of homogenization and heterogenization
(Fig. 8c), we found that extirpation contributions had in fact higher
values than those of colonization. However, extirpations (both Afg. and
APg) almost canceled each other out at all time periods. When further
decomposing APg  into type 1 and 2, both types equally contributed to
AProraL during all periods except for 2013-2017, when APg; was
dominated by contributions of type 2 (Fig. 8d). Between 2007 and 2010,
colonization (APc) of taxa dominated the AProrar Over extirpations
(ABE), especially driven by contributions of Afc., indicating establish-
ment of widespread species common at both stations. This contribution
by APc. was mainly dominated by type 1 colonization, while for the last
period 2013-2017 was dominated by type 2 colonization (Fig. 8d). In

order to be able to interpret the results from all different components of
contributions to change in beta diversity we looked at the number of
taxa appearing and disappearing exclusively at each station (IR and OR)
and at both stations simultaneously for each consecutive time period
(Fig. A.6).

The average dissimilarity at each site (IR and OR) between each
period showed a similar pattern for both abundance and occurrence-
based data (Fig. 9). On average, the communities at both sites
changed more during the first two periods (2003-2007 and 2007-2010),
while lower dissimilarities were observed from 2010 onwards. Between
2003-2007 and 2013-2017, changes were on average dominated by
losses in species (or abundance), while for 2007-2010 gains dominated
at both sites. TBI permutation tests showed that station OR changed
more significantly in species composition than IR between 2003 and
2007 for the occurrence dataset. While no significance was reported
after p-value correction, station IR changed more than OR between
2010-2013 and 2013-2017 for the abundance-based dataset (with p-
values close to significance of 0.06) (Fig. 9 and Table A.2).

3.3. Variation partitioning of environmental and temporal drivers

For station IR, selected environmental drivers of macrofauna com-
munity variation were glacial runoff and AO index; for station OR,
bottom temperature and glacial runoff; and for RN, bottom temperature,
open water frequency and bottom salinity (Fig. 10).

All temporal AEMs generated from the distances between sampling
events were also subjected to forward selection at each station. The
order of the selected AEMs increased from the shelf station RN (AEMs 5,
3 & 4), toward the outer fjord (OR: AEMs 5 & 9) and further towards the
inner basin (IR: AEMs 6 & 9 (Fig. 10).

At station IR, the variation partitioning indicated that throughout
2007, 2010, 2013 and 2017 the selected environmental variables
accounted for 12% of the variation in the macrofauna. At the same time,
13% of the variation was also accounted for by the selected temporal
predictors, and a total of 27% was explained by the temporal structure of
the environmental variables. For station OR, the selected environmental
variables only explained 4% of the macrofauna variance, 7% was
explained by the temporal AEMs but 38% in combination with the
temporal predictors selected. Lastly, for the outer-most station, RN, the
environmental variables selected only explained variation in the mac-
rofauna when combined with the selected temporal AEMs (up to 30%).

4. Discussion

Our time series shows that macrofaunal composition fluctuations
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took place in Rijpfjorden during the first two decades of the 21st cen-
tury, and occurred in conjunction with longer open water periods and
times of documented seafloor warm water temperature anomalies
(SfWWTAs). We identified three distinct periods of change: a strong
disturbance, subsequent recovery, and then a gradual restructuring of
macrobenthic communities. We also confirmed that the outer stations
were more prone to significant changes in macrofauna species compo-
sition through time than the inner silled basin, although this last one also
experienced fluctuations.

4.1. 2003-2007: a strong Atlantic inflow in 2006 led to macrofauna
extirpations across Rijpfjorden, with less impact in the inner-basin

The mooring at station MR recorded SfWWTAs of up to +2 °C be-
tween August and November 2006 (Fig. 2b). Temperature anomalies
were also documented in many other western fjords of the archipelago
for that year (Bloshkina et al., 2021). At the same time, a significant

10

increase in surface water temperature defined as a warm water anomaly
was observed between 2004 and 2008 at the Fram Strait region
(Beszczynska-Moller et al., 2012), which translated rapidly into changes
in several marine biological components (Soltwedel et al., 2016), from
zooplankton communities (Ramondenc et al., 2002) to the seafloor. For
instance, studies from the Long-Term Ecological Research HAUS-
GARTEN observatory, in the deep Fram Strait, revealed that nematode
densities between 2000 and 2009 suffered a drop from 2002 to 2005,
and bounced back after 2006 (Hoste et al., 2007; Grzelak, 2015; Sol-
twedel et al., 2016). Our results suggest that this warm water anomaly,
reflected as a potential benthic MHW in our mooring data, reached to
northern Svalbard fjords and had significant impacts in the macrofauna
communities from Rijpfjorden, also reflected as drops in abundance and
species richness in 2007 (Fig. 3a and b). The changes in community
composition translated into an increase in beta diversity between the
inner and outer stations (IR and OR) (Fig. 8a), and although this change
was mainly caused by colonizations at one site, further decomposition
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revealed that important widespread and local extirpations took place
(Fig. 8b and c). Mass mortality events (MMEs) among benthic commu-
nities have been reported in other marine ecosystems after MHWs. For
example, in the Mediterranean Sea, decreases in especially sessile or-
ganisms were observed and correlated with the temperature anomalies
recorded for the summer of 2003 (Garrabou et al., 2009), while
throughout the last decades, five consecutive MMEs associated with
more recent MHWs have taken place (Garrabou et al., 2022).

We found supporting evidence for our hypothesis that the macro-
benthos of the inner-most silled basin would remain more stable due to
dampened fluctuations in environmental conditions compared to the
outer sties. Both the nMDS (Fig. 5) and the LCBD indices partially sup-
ported this hypothesis, since the magnitude of change at station IR after
the SfTWWTA of 2006 (2003 vs 2007 years) was smaller than for the
outer stations, and LCBD indices were only significant for the outer
stations in 2007 (Fig. 7). Both alpha (H’) and beta diversity analyses also
supported the possibility of partial protection by the sill. For instance,
from the TBI analysis we saw that station OR changed significantly in
beta diversity for this period compared to station IR (Fig. 9), and H’
plummeted significantly at OR while it remained stable at IR (Fig. 3c).
The distinction of macrobenthic communities between inner and outer
parts of silled fjords seems to be a common feature in Arctic and sub-
Arctic silled fjords (Wiodarska-Kowalczuk et al., 2005; Renaud et al.,
2007; Kedra et al., 2010; Jorda-Molina et al., 2019; Udalov et al., 2021).
The shallow sill of Rijpfjorden, therefore, seems to protect the inner
basin from macrofauna fluctuations to certain extent, but not completely
as indicated by the widespread non-random extirpation contributions of
taxa occurring across the fjord axis during this period, including the
inner parts of the fjord, and also indicated by significant drops in
abundances at this inner location (Fig. 8c, Fig. A.8).
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4.2. 2007-2010: a recovery period with widespread re-colonization
resulting in homogeneous fjord macrobenthos

Our results indicate that the period 2007-2010 was a recovery phase
for the macrobenthic communities after the disturbance event of 2006.
During this period with prevailing cold water temperatures and longer-
lasting sea-ice cover, change in total beta diversity between IR and OR
was dominated by contributions of colonizations leading to a decrease in
beta diversity, which was mainly driven by widespread species arriving
at both sites (from other areas of the fjord not covered in the sampling or
from outside the system) (Fig. 8a,b,c). Such a widespread colonization
from outside the fjord led to homogenization of benthic communities.
Such evidence of homogenization in macrofauna assemblages of previ-
ously distinct fjordic regions (mainly in outer and mid-fjord areas) has
also been observed in Kongsfjorden (Kedra et al., 2010), which the au-
thors attributed to the increased inflow of AW into the fjord due to a
more enhanced West Spitsbergen Current (WSC) transport during the
first decade of the 21st century.

The significant increases in abundance and species richness, and
moderate increases in H' reported in most sites across Rijpfjorden be-
tween 2007 and 2010 support this recovery scenario through re-
colonization (Fig. 3a,b,c). Furthermore, the significant drops in J* for
the outer stations indicate that a few taxa already present before the
extinction event started dominating the community after 2007 (Fig. 3d).
These taxa include Galathowenia oculata, Yoldiella spp., Chaetozone sp.,
and Mendicula sp., followed in lower abundance by Maldane spp., Het-
eromastus filiformis, and Leitoscoloplos mammosus (Fig. 6). All these spe-
cies also appeared in the inner station but at much lower abundances.
Most of these taxa are opportunists with ranges spanning well into
boreal/temperate regions, and capable of strong fluctuations in popu-
lation size over short periods of time. For example, G. oculata, which had
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the highest abundances recorded in the time series, is a surface-deposit
feeding tube-building polychaete that has been described as tolerant to
environmental stressors such as sedimentation loads or organic enrich-
ment and seems to be facilitated by slight disturbances (Trannum et al.,
2022). Although we do not have sediment parameters for all years, TOC
values for 2003-2010 (Table 1) for the top 2 cm of the sediment indicate
a slight increase in organic carbon content for stations IR and OR (from
1.19 to 1.35% and from 1.44 to 1.66% respectively). This potential in-
crease in food availability, although highly speculative, and the
ecological space made available after the massive extinctions seen in
2006 could have contributed to the success of disturbance-tolerant taxa
such as G. oculata, H. filiformis, and Chaetozone sp. Studies comparing
macrobenthic samples of the Fram Strait from the year 2000 (before the
warm water anomaly recorded in that region) vs. 2010 and 2017 (after
the warm water anomaly), revealed significant shifts in macrofauna
community composition, with generalized increases in density and di-
versity across all depths from shelf to basin following a transect at 79°N
starting at the shelf off West Spitsbergen (outside of Kongsfjorden) for
the latter (Gorska et al., 2022). In this case, some of the taxa that
experienced highest increases in 2010 at the shelf stations (70-400 m
depth) were some of the same representatives that we saw increasing in
Rijpfjorden. This was accompanied by increases in food availability (e.g.
sediment-bound chloroplastic pigments) at the seafloor from 2007 on-
wards (Soltwedel et al., 2016). This could indicate that the shift in
productivity and food availability at the seafloor recorded in the Fram
Strait, could have been observed as well in the northern fjords from
Svalbard.
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4.3. 2010-2017: the inner and outer areas slowly re-assemble and
diverge in structure

For the last two survey periods (2010-2013 and 2013-2017), beta
diversity increased gradually between IR and OR (Fig. 8a). We found
indications that widespread species that were initially shared at both IR
and OR in 2010 disappeared during 2010-2013, contributing to heter-
ogenization between IR and OR. (Fig. A8). However, contributions to
change in beta diversity from both widespread and local extirpations
cancelled each other out, making contributions of colonizations leading
to heterogenization the ones driving the overall beta diversity change.
This establishment of new taxa exclusive to each site (especially at sta-
tion IR (Fig. A8) increased the AByoraL for this period (Fig. 8a). Although
SfWWTAs were detected in early 2012, no tAW was associated with
them (Fig. 2b and c). Perhaps this indicates that water from the shelf was
advected into the fjord but was heavily mixed with local water, main-
taining a higher temperature than the receiving water at that time of the
year (late winter). Whether this advective event had any impacts on the
recruitment or settlement of benthic larvae is something worth consid-
ering, but it seems that this SfSWWTA during winter time did not have
such a drastic impact as in 2006 on the macrobenthic communities.
Interestingly, between 2013 and 2017, the extirpation contributions to
AProrar (both ABg, and APg) (Fig. 8c) had higher values than both
components of contributions due to colonization, and most of the het-
erogenization caused by extirpations was due to the disappearance of
species previously common at both sites which disappeared from one of
them (ABg + Type 2). In fact, although extinctions of taxa exclusive to
each site were almost equal (26 and 28 taxa for IR and OR respectively),
extirpations at OR from taxa initially shared with IR accounted for 11
taxa, while 6 shared taxa went lost at station IR (Fig. A8). This indicates
that the two stations had begun to re-assemble in a divergent manner. It
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is also possible that the inner station started acting as a refugium for
some species present in the outer parts of the fjord during the last AW
intrusion, as fewer shared taxa were lost at IR than at OR.

4.4. Spatio-temporal drivers of change in macrofauna communities

The macrofauna communities of the outer stations of Rijpfjorden
changed following long temporal patterns, as they were linked with
long-term hydrographic trends that we have documented in this fjord
potentially reflecting the SfTWWTAs. However, the innermost locations
followed more stochastic shifts (as indicated by the higher selected
AEMs), pointing towards more complex environmental interactions and
temporal changes towards the head of the fjord (Fig. 10).

In high Arctic fjords, it is well understood that glacial runoff from
adjacent glaciers plays a key role in structuring seafloor communities
(Holte and Gulliksen, 1998; Udalov et al., 2021; Wtodarska-Kowalczuk
et al., 2005; Wtodarska-Kowalczuk and Pearson, 2004). This is mainly
due to high sedimentation rates of inorganic material that increase to-
wards high glacial activity areas (usually in glacial bays at the head of
fjords) diluting food particles at the seafloor and promoting the burial of
fauna. Hence, suspension feeders and filter feeders are usually nega-
tively affected by these sedimentary loads, clogging their feeding or-
gans, while relatively motile surface and sub-surface deposit feeders,
carnivorous/omnivorous, and predators thrive better in these unstable
and stressful conditions (Wiodarska-Kowalczuk et al., 1998). This was
reflected in the community of the inner-most station of Rijpfjorden,
which was dominated by the carnivorous polychaetes Lumbrineris mix-
ochaeta and Scoletoma sp. as well as surface deposit feeders like the
cirratulid polychaetes Aphelochaeta sp., Chaetozone sp. and Tharyx sp.
(Fig. 5). Some of these taxa have also been found to be common in inner
parts of other silled fjords of Svalbard (i.e. Kongsfjord and van Mijenf-
jord; (Witodarska-Kowalczuk and Pearson, 2004; Renaud et al., 2007;
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Kedra et al., 2010). Sedimentation-tolerant nuculanid and thyasirid bi-
valves have also been reported as co-dominant taxa in inner glacial sites
in other Arctic fjords (Udalov et al., 2021), but were only found in low
densities in inner Rijpfjorden. Vertical fluxes of organic and inorganic
material have been reported to be an order of magnitude higher in
Kongsfjorden than in Rijpfjorden (Weydmann-Zwolicka et al., 2021).
The relatively low sedimentation in Rijpfjorden might cause carnivore
polychaetes to thrive better than the partially infaunal deposit-feeding
bivalves (McMahon et al., 2006), perhaps outcompeting the latter.
Therefore, it appears to be important to consider the degree of sedi-
mentation impact in high Arctic fjords, as it could give place to unique
inner-communities as seen in Rijpfjorden which might react differently
to impacts of warming through time.

Although water temperature was not selected at station IR as a
macrofauna driver, the fact that the AO index was selected as commu-
nity fluctuation driver at IR could be linked indirectly to the strength of
Atlantic intrusions, the extent of penetration towards the head of the
fjord and the effects of prevailing wind patterns in the Rijpfjorden area
(Fig. 10). Positive AO phases are positively correlated with inflow
anomalies of Atlantic Water in the Barents Sea Opening and onto the
shelf areas (Armitage et al., 2018). Wind stress has also been shown to be
an important forcing variable in the region (Muilwijk et al., 2018;
Smedsrud et al., 2022). When easterly and southerly winds predomi-
nate, Ekman transport pushes the pack ice further north and away from
the northern coast of Svalbard, leading to shelf-break upwelling which
results in the protrusion of Atlantic water onto the shelf (Falk-Petersen
et al., 2015, but see Randelhoff and Sundfjord, 2018) (Fig. 1b). Inter-
estingly, in the summer of 2014, exceptional amounts of AW/tW were
detected in western Svalbard fjords (Bloshkina et al., 2021; Prominska
etal., 2017; Tverberg et al., 2019). In contrast, no signs of tAW presence
or warm water anomalies were observed in Rijpfjorden. One possible
explanation for this seemingly “intermittent” decoupling between the
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variables used to construct the AEMs.

western fjords and the northern fjords could be the local wind patterns
prevailing in the north. Nilsen et al., 2021, confirmed that there was a
strong correlation between the local wind stress curl pattern over the
Yermak Plateau and the seasonal and interannual volume transport
anomalies towards the northern shelf of Svalbard. In fact, during sum-
mer and autumn of 2014 westerly winds dominated the area (Koenig
et al., 2017), pushing the drift ice towards the coast (Lundesgaard et al.,
2021) and hampering the lifting of the AW flowing along the continental
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slope (Svalbard Branch). This stresses the importance to include a
northern fjord in monitoring efforts of the archipelagos’ fjordic eco-
systems, since we cannot rely solely on the processes documented in well
studied western fjords to always act as a proxy for northern coastal
areas.

The variables selected for OR and RN (bottom temperature, salinity,
and open water periods) suggest that the documented SFWWTAs may
have played a role in determining macrobenthic structure through time,
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perhaps inducing thermal stress to the biological communities and
promoting species extirpations in periods with high temperatures and
recolonizations in periods with low temperatures. However, other pro-
cesses and factors such as primary production, food availability, and
metabolic demands, which were not covered in this study and that can
co-vary with water temperature, could play an important role here.
Quantification of food supply and organic matter could be consequently
of significance for benthic time-series, as responses might range from
community level to species level. For instance, growth rates in Arctic
cockles in this fjord indicated that food quality and availability were
more important than temperature in initiating growth line depositions
(Ambrose et al., 2012).

MHVs have been reported to be as strong in the Arctic Ocean and
sub-Arctic seas as in other ocean basins, and their annual intensity has
increased in strength during the first two decades of the 21st century
compared to 1982-2000 (Huang et al., 2021). Such trends have been
reported for the Fram Strait, the Bering Sea, the Siberian Arctic Seas and
the Barents Sea (Beszczynska-Moller et al., 2012; Carvalho et al., 2021;
Golubeva et al., 2021; Mohamed et al., 2022). In our study, we find
evidence that potential MHWs recorded in the form of SfWWTAs and
AW-like (tAW) intrusions into Rijpfjorden led to changes in macrofauna
communities. Interestingly, this response was clear after the heat wave
of 2006, but less drastic changes were observed in later SfWWTAs.
Further measurements from the mooring in Rijpfjorden recorded an
important SfSWWTA extending throughout most part of 2018, indicating
a much longer anomaly of warm water than in any of the previous years
(Fig. 2a). Mesocosm experiments exposing coastal macrofaunal com-
munities to heatwaves have showcased differential responses to single or
sequential MHWs at the community level, with a high response in the
sessile/infaunal fraction (Pansch et al., 2018). Diverging responses to
episodic versus chronic stress may be due to phenological and functional
shifts, while acclimation and post-disturbance biotic interactions could
also play important roles (Pansch et al., 2018). Some of these mecha-
nisms might be behind the succession of the communities observed in
our study. Other studies have reported unexpected resilience of coral
reefs against successive MHWSs, where despite high mortality rates
during the first onset of disturbance events, they lessened over time
despite persistent temperature anomaly periods, suggesting that coral
communities could adapt to these new warming conditions (Fox et al.,
2021). Moreover, a time series assessing the disturbance impacts of
climate driven ice-scouring in shallow zoobenthos from Antarctic waters
reported surprising short recovery times (within 10 years) to initial
conditions prior to high detrimental impact periods, suggesting that
typically considered sensitive cold-water communities seem to be more
resilient and recover faster than previously thought in polar environ-
ments (Zwerschke et al., 2021). From this, the question arises as to
whether the heatwaves documented between 2006 and 2017 in Rijpf-
jorden have conditioned macrobenthic communities to withstand the
thermal stress associated with the last warming event of 2018, or, on the
contrary, if a large extirpation event took place once again as in 2006.

5. Conclusions

We found strong evidence that Atlantic intrusions into Rijpfjorden, in
the form of SEWWTAs and potential MHWs, led to macrobenthic fluc-
tuations observed in the present intermittent time series (i.e. extirpa-
tions followed by recovery periods and posterior re-assembling in
different directions at different parts of the fjord axis). In general,
macrobenthic communities of this high Arctic fjord appeared to be
somewhat resilient to these disturbance events, with recovery periods of
up to 4 years (2006-2010). Macrofauna diversity was especially more
stable at the inner silled basin, suggesting a certain isolation from strong
environmental fluctuations outside the fjord (despite strong variations
in community abundances). However, a re-structuring in species
composition took place after the recovery in abundance and species
richness in 2010. This was mainly attributed to newly dominating taxa
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from that year onwards at the outer part of the fjord.

Stronger and more frequent Atlantic intrusions plus local manifes-
tations of climate change could lead macrobenthic communities from
northern fjords to resemble those of western Svalbard today, which are
more exposed to the effects of warm water advections from the shelf
areas. There is a possibility that with more drastic disturbance events the
communities in the innermost locations, partially protected by the sill,
could reach a tipping point despite their recovery capabilities, where
they could lose their unique characteristics. This could potentially alter
ecosystem services such as carbon sequestration or biogeochemical
processes within the fjord, with unknown consequences to the whole
fjordic ecosystem, and could put these cold-water refugia at stake.
Rijpfjorden, therefore, should be regarded as a model for a cold-water
high-Arctic coastal system in transition impacted by periodical warm-
ing events.
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