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ARTICLE INFO ABSTRACT

Keywords: This study compares the macrofaunal communities along two bathymetric transects (1000 — 2500 m water
Macrobenthos depth) in predominantly ice-covered western (offshore Greenland) and generally ice-free eastern (offshore
Benthic-pelagic coupling Svalbard) regions of the Fram Strait. Material was collected using an USNEL 0.25 m? box corer and all sediment
if:gcsea samples were processed through a 500-um sieve. A total of 1671 organisms from 169 species were found.

Densities off Greenland were generally lower than those observed off Svalbard. On both sides of the Fram Strait,
density, biomass and biodiversity generally decreased with increasing water depth. An exception was observed
at the deepest station off Greenland (2500 m water depth), which was located within the Marginal Ice Zone. At
this station, macrofaunal density was elevated (992 + 281 ind. m~?) compared to the adjacent shallower
sampling areas off Greenland (272 + 208 ind. m~2to787 + 172 ind. m~?) and the deeper stations (2000 and
2500 m water depth) off Svalbard (552 + 155 ind. m~2?and 756 + 182 ind. m~?). The most abundant species
along both transects was the polychaete Galathowenia fragilis (off Greenland: 288 ind. m ™2, off Svalbard: 740
ind. m~2). Sea ice coverage and water depth, as well as the associated food availability at the seafloor, seem to
be crucial factors driving the macrofaunal community patterns. A strong pelago-benthic coupling is observed to
be typical in Arctic deep-sea ecosystems, and is also confirmed by our study.

LTER observatory HAUSGARTEN

1. Introduction primary production is comparably lower than at Arctic areas with less

sea ice coverage (Wheeler et al., 1996). However, along Marginal Ice

Arctic deep-sea ecosystems are characterized by low temperatures
(Sverdrup et al., 1942; Gage and Tyler, 1991), high pressure, high
oxygen saturation (Thistle, 2003) and frequently soft ooze seafloor se-
diments (Dietrich et al., 1975), as well as a seasonal light and sea ice
regime given their high latitudes (Smith Jr and Sakshaug, 1990).

The occurrence, distribution, and thickness of sea ice are major
factors influencing primary production across the Arctic Ocean
(Wheeler et al., 1996), ultimately determining the light availability in
the underlying water column (Arrigo et al., 2008), primary production
in the upper waters and, therefore the quantity of particulate organic
matter available for subsequent transport to the sea floor (Wohlers
et al., 2009; Kortsch et al., 2012; Jones et al., 2014; Bourgeois et al.,
2017). In areas of dense sea ice coverage such as the high Arctic,

Zones (MIZs), where the sea ice covered region meets open water,
primary production is far higher than further north (Smith Jr, 1987)
due to stratification and nutrient enrichment within the euphotic zone
during melting events (Sakshaug and Skjoldal, 1989).

At the deep seafloor the absence of light limits primary production
to a few distinct locations, where microbial chemoautotrophic pro-
cesses may occur, like at cold seeps and hydrothermal vents (Karl et al.,
1980). For most areas of the World's oceans, benthic organisms rely on
the particle input from the upper ecosystem compartments such as the
water column and the sea ice in polar regions (Billett et al., 1983;
McMahon et al., 2006; Soltwedel et al., 2018). Sea-ice algae blooms and
degradation through the water column are major food sources for
benthic communities in ice-covered areas (Boetius et al.,, 2013;

* Corresponding author. Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Am Handelshafen 12, 27570, Bremerhaven, Germany.

E-mail address: melissa.kaess@awi.de (M. KaB).

1 present address: Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12, 27570 Bremerhaven, Germany.
2 present address: Senckenberg Gesellschaft fiir Naturforschung, Senckenberganlage 2, 60325 Frankfurt, Germany.
3 present address: Institute for Ecology, Evolution and Diversity, Goethe-University of Frankfurt, Max-von-Laue-Str. 13, 60439 Frankfurt, Germany.

https://doi.org/10.1016/j.dsr.2019.103102

0967-0637/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

Please cite this article as: Melissa Kaf3, et al., Deep-Sea Research Part I, https://doi.org/10.1016/j.dsr.2019.103102



http://www.sciencedirect.com/science/journal/09670637
https://www.elsevier.com/locate/dsri
https://doi.org/10.1016/j.dsr.2019.103102
https://doi.org/10.1016/j.dsr.2019.103102
mailto:melissa.kaess@awi.de
https://doi.org/10.1016/j.dsr.2019.103102

M. Kap, et al.

Ferndndez-Méndez et al., 2014). However, these inputs vary depending
on season of the year, local depth and hydrographic characteristics
(Renaud et al., 2008).

Benthic organisms of all sizes, including macrofauna, play im-
portant roles in biogeochemical processes at the sediment-water inter-
face e.g., via bioturbation, ventilation and particle reworking, driving
energy fluxes in the entire ecosystem, as detrivores, providing food
sources for other animals and modifying the microtopography of the
bottom (Hebbeln and Wefer, 1991; Romero-Wetzel and Gerlach, 1991;
Graf, 1992; Huettel and Gust, 1992). As environmental conditions
structure benthic communities, monitoring temporal and spatial
changes in diversity, biomass and abundance of seafloor communities is
of importance when attempting to understand these remote ecosystems,
and to hypothesize their likely response to environmental changes.

Over the last decades, few studies have described depth-related
changes in community structure of macrofauna in deep-sea sediments
either off Svalbard (Wlodarska-Kowalczuk et al., 2004; Budaeva et al.,
2008; Vedenin et al., 2016; Hoffmann et al., 2018) or off Greenland
(Schnack, 1998; Brandt and Schnack, 1999; Seiler, 1999; Hoffmann
et al., 2018). This study provides for the first time a comparison of
macrofauna community structures on species level of Eastern Green-
land deep seafloor communities with those found off Svalbard. Within
this study the communities were compared along bathymetric transects,
sampled at the same latitudes, from similar water depths, and within
the same season and year. Based on studies of macrofaunal commu-
nities carried out in the same area (Hoffmann et al., 2018) as well as
other ice-covered deep-sea areas such as the central Arctic Ocean
(Kroncke, 1998; Kroncke et al., 2000) or offshore Greenland (Seiler,
1999), we assumed that macrofaunal abundance, biomass and diversity
should be generally lower off Eastern Greenland than off Svalbard.
Moreover, we expected that due to enhanced particle flux in the MIZ,
macrofaunal communities should respond in some way to the increased
food supply in these areas.

In this study we therefore aimed to test the following hypotheses:
(1) The macrofaunal density, biomass and biodiversity of seafloor
communities off Eastern Greenland and off Svalbard differs, both ac-
cording bathymetrical gradient and between areas. (2) The specific
environmental conditions in the Arctic Ocean, i.e., variations in ice
coverage, the associated difference in primary production rates and flux
rates of particulate organic matter to the seafloor, have a stronger in-
fluence on macrofauna community composition than bathymetric pat-
terns.

2. Material and methods
2.1. Sampling design

Sampling was conducted during RV Polarstern expedition PS99.2 in
the boreal summer of 2016at the LTER (Long-Term Ecological
Research) observatory HAUSGARTEN (Soltwedel et al., 2005) using an
USNEL-type box corer (sample area of 0.25m?). Samples were taken
along an east-west transect at approx. 79°N in the Fram Strait at four
stations off Eastern Greenland (EG-I to EG-IV), and four stations taken
off Svalbard (HG-I to HG-1V) at comparable water depths, i.e. ~1000 —
~2500m (Fig. 1, Table 1). While the deepest station off Eastern
Greenland was situated in the Marginal Ice Zone (MIZ) (Krumpen,
2017), all shallower sampling sites off Eastern Greenland were per-
manently covered by sea ice transported to the South by the East
Greenland Current (Manley, 1995; Perner et al., 2015). Because of the
warm West Spitsbergen Current flowing in a northerly direction
(Manley, 1995; von Appen et al., 2015), the stations off Svalbard are
predominantly ice-free through much of the year (Bauerfeind et al.,
2009).
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Fig. 1. Sampling area. Stations off Eastern Greenland (EG-I to EG-IV) and off
Svalbard (HG-I to HG-IV) sampled during RV Polarstern expedition PS99.2 in
2016. West Spitsbergen Current (WSC) and East Greenland Current (EGC)
highlighted in light grey.

Table 1
Sampled stations off Eastern Greenland and Svalbard during RV Polarstern ex-
pedition PS99.2.

Date Station ID Latitude Longitude Depth (m)
2016-07-02 EG-I 78.99 °N 5.43 ‘W 995
2016-07-01 EG-II 78.93 °N 4.64 ‘W 1548
2016-07-01 EG-III 78.85 °N 3.96 ‘W 1971
2016-06-30 EG-IV 78.82 °N 2.73°'W 2603
2016-07-10 HG-I 79.14 °N 6.08 °E 1282
2016-07-08 HG-II 79.14 °N 491 °E 1540
2016-07-11 HG-III 79.11 °N 4.60 °E 1887
2016-06-27 HG-IV 79.06 °N 418 °E 2462

2.2. Macrofauna sampling and sample processing

Sampling was restricted to one box corer deployment per station. As
box corer subsampling owing to logistic constraints is a common ap-
proach in Arctic deep-sea research (see Kroncke, 1994), the sampled
sediment from each box corer was divided into eight subsamples
(pseudoreplicates) via foam core partition walls to allow to analyze
distribution patterns on a small spatial scale. The uppermost 12 cm of
these subsamples were analyzed to investigate the epibenthic and in-
faunal macrofauna. Each subsample of 3750 cm?® was processed through
a 500-um mesh size sieve. The particular area selected for the bathy-
metric transect off Svalbard, and the mesh size used for this study (500-
um) were chosen to complement and allow direct comparison with
observations made from previous studies conducted in the same geo-
graphical region (Wlodarska-Kowalczuk et al., 2004; Budaeva et al.,
2008; Vedenin et al., 2016). After sieving, residuals were fixed with
100% ethanol and stored at room temperature. Macrofaunal organisms
were identified to the lowest possible taxonomical level, counted and
extrapolated to an abundance estimation for 1 m *Whenever identifi-
cation to species level was not possible, the sample was identified to the
next identifiable taxonomical category and assigned a putative species
name (e.g., ‘Hesionidae genus sp. 1’, ‘Hesionidae genus sp. 2°). Posterior
fragments, exuviae, xenobionts, meiofauna taxa (Nematoda, Ostracoda,
Harpacticoida) and empty tubes were excluded from the analysis.

Biomass (blotted wet weight, ww) was determined by weighing
each specimen and subsequently extrapolating all values to an area of
1 m? Shelled organisms, such as mollusks, were weight in their shells.
As biomass loss due to storage in ethanol is well-characterized, species-
specific corrections were applied to accurately determine the weight of
each specimen following the recommendations of Brotskaya and
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Zenkevich (1939). Biomass data determined for station EG-IV had to be
treated with caution as some individuals of the sponge species Hyme-
desmia nummulus, Lissodendoryx complicate, and Forcepia topsenti ob-
served at this station could not be quantified as they were attached to
stones and were excluded from the biomass analysis.

2.3. Environmental data

Samples for grain size analyses were already collected during RV
Polarstern expedition PS85 in June/July 2014. Given that sedimentation
rates in the Arctic Ocean are generally low (Hebbeln and Wefer, 1991)
we assume no major change in grain size between 2014 and 2016.
Other background parameters (water content, ash free dry weight
(AFDW), chloroplastic pigment equivalents (CPE), chlorophyll a (Chl
a), particulate proteins (PP)) were obtained from samples taken during
RV Polarstern expedition PS99.2 in 2016 in parallel to the macrofauna
sampling. Sediment sampling for environmental parameters was con-
ducted, using a multiple corer (MUC) (Barnett et al., 1984). Sub-
sampling was restricted to the uppermost 5cm of the sediment using
plastic syringes with cut-off ends and an inner diameter of 1.2 cm (CPE
and PP) and 2.0 cm (AFDW and grain size), respectively.

Grain sizes were analyzed with a particle size analyzer (Mastersizer,
2000G, hydro version 5.40, Malvern instruments, UK). Classification of
the grain size was done via the Udden-Wentworth scale (Wentworth,
1922). To determine the sediment water content, samples were dried at
70°C in a drying cabinet. Subsequently, the dried sediment samples
were incinerated in a muffle furnace to determine their ash free dry
weight (AFDW). Food availability at the seafloor surface was estimated
via sediment-bound chloroplastic pigment equivalents (CPE), i.e., the
bulk of pigments containing chlorophyll a (Chl a) and its degradation
product (phaeopigments) (Thiel, 1978). Concentrations of intact Chl a
indicate the “freshness” of the phytodetritial matter at the sediment
surface (Fonseca and Soltwedel, 2007). Chloroplastic pigments were
extracted with 90% acetone in a cell mill. Pigment concentrations were
measured using a fluorometer (Yentsch and Menzel, 1963; Holm-
Hansen et al., 1965). Particulate proteins (PP) were analyzed to esti-
mate the total biomass (small organisms and detrital matter) in the
sediments following the procedure of Greiser and Faubel (1988). The
sodium salt Coomassie Brilliant Blue stain was used to tag the protein
fragments (Sedmak and Grossberg, 1977).

Sea ice concentration (see National Snow and Ice Data Center,
2008) data for all stations were provided by the Centre for Satellite
Exploitation and Research (CERSAT) of the Institut Francais de Re-
cherche pour ’Exploitation de la Mer (IFREMER), France. An area of
10 x 10km surrounding the stations was used to calculate sea ice
concentration at each station for the period 2011 to 2016. To reflect
overall conditions in a representative way, we calculated the average
sea ice concentration over the last five years.

Table 2

Summary of the main community descriptors: number of individuals m~2 (N), total species richness per box corer (0.25m?; S), biomass in g wet weight m~
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2.4. Statistical analysis

The Shannon index H'(og ¢) (Shannon and Weaver, 1963), the Pielou
evenness J' (Pielou, 1966) and the Hurlbert rarefaction ES,) (Hurlbert,
1971) were determined for macrofaunal communities at each station.
To describe the small scale aggregation the standardized Morisita dis-
persion index I, was used (Morisita, 1962; cf. Schroeder, 2005). Sig-
nificantly aggregated occurrence of specimens are indicated by va-
lues > 0.5, whereas values < —0.5 can be interpreted as significantly
even distributed (Krebs, 1999).

Multivariate analysis was carried out on fourth-root transformed
abundance data to increase the influence of rare species and decrease
the influence of highly dominant species on the results. Between-station
similarities were calculated using the Bray-Curtis similarity index (Bray
and Curtis, 1957). The resulting resemblance patterns of the macro-
fauna communities were visualized via non-metric multidimensional
scaling (nMDS). An analysis of similarity (ANOSIM; Clarke, 1993) test
was used to assess similarities between macrofaunal species composi-
tion and abundances off Eastern Greenland and Svalbard. Additionally,
the Similarity Percentages routine (SIMPER; Clarke and Warwick,
1994) was implemented to calculate similarities within and between
the different levels of the chosen factors and to differentiate which
species explain these similarities. The relationships between multi-
variate community structure and abiotic variables were examined using
the BEST BIO-ENV routine (Clarke and Warwick, 2001) to define suites
of variables that best explain the community structure. Prior to multi-
variate analysis we checked all environmental variables for auto-
correlation and excluded those parameters which showed such corre-
lations (CPE and AFDW). After this, an exploratory BEST BIO-ENV
routine was carried out to define which single variable and combination
of variables “best explained” the benthic community structure. This
exploratory test was followed by a second test with 9999 permutations
to test for significant correlations. All multivariate statistical analyses
were performed using the software PRIMER-v6 and v7 (Clarke and
Gorley, 2006, 2015).

3. Results
3.1. Macrofaunal density and biomass

Integrating all stations, a total of 1671 organisms from 169 taxa
were found. On average, lower macrofaunal densities were observed off
Eastern Greenland (608 = 208 ind. m~™2) than off Svalbard
(1063 + 247 ind. m~2 Table 2). Along both transects macrofauna
densities decreased with increasing water depth. However, at the dee-
pest stations EG-IV and HG-IV at 2500 m depth, we observed higher
densities than at EG-III and HG-IIT at 2000 m depth. The macrofaunal
densities at the deepest station off Eastern Greenland (EG-IV:
992 + 281 ind. m™2) even exceeded those found at the shallowest
station off Eastern Greenland (EG-I: 780 = 172 ind. m™2).

2

(excluding Mohnia mohni at HG-IV), heterogeneity of the community structure H'(, <), evenness J', number of species relative to the number of organisms ESsg) and

dispersion of individuals I, for each station investigated during PS99.2.

N S Biomass H' (10g ¢ J ESs0) Ip

ind. m~2 SD g wwm™? SD
EG-I 780 +172 55 1.62 + 0.06 3.37 0.84 26.14 0.07
EG-II 388 +171 43 6.58 +1.21 3.29 0.88 27.74 0.50
EG-IIT 272 + 208 29 4.21 +0.78 2.84 0.84 23.52 0.52
EG-IV 992 + 281 39 2.63 + 0.46 2.82 0.77 18.14 0.50
HG-1 1448 + 405 62 12.09 +1.08 3.43 0.83 24.87 0.50
HG-II 1496 + 245 71 5.68 +0.91 3.40 0.80 24.48 0.10
HG-III 552 + 155 37 3.73 + 0.64 3.16 0.87 23.70 0.14
HG-IV 756 +182 30 2.87 +0.15 2.36 0.70 15.43 0.14
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Fig. 2. Relative macrofaunal abundance among higher taxa. The group “others”
comprise of the taxa Cnidaria, Echinoidea, Enteropneusta, Nemertea,
Oligochaeta, Ophiuroidea, and Tunicata. Stations arranged following the
longitudinal transect beginning with the westernmost sampling site offshore
Eastern Greenland.

Macrofaunal biomass also tended to progressively decrease with
increasing depth along both transects, except for EG-I at 1000 m depth,
where the lowest biomass values (1.62g ww m~2) across all eight
stations was observed (Table 2). When excluding one single observation
of the large gastropod Mohnia mohni macrofaunal biomass off Svalbard
was lowest at HG-IV (biomass HG-IV including M. mohni:
407 = 0.42g ww m~2 biomass HG-IV excluding M. mohni:
2.87 + 0.15g ww m™?),

3.2. Macrofaunal community composition and diversity

In the overall study, a total of 169 species were identified belonging
to 81 families and 128 genera. The most abundant taxa off Eastern
Greenland was Galathowenia fragilis (family Owenidae, class
Polychatea), with an abundance of 288 ind. m~2 and comprising 12%
of the total EG samples. The distribution pattern of macrofaunal species
off Eastern Greenland changed with increasing water depth (Fig. 2).
The sipunculid Nephasoma (Nephasoma) diaphanes was most abundant
at EG-I (17%). The crustacean Diastylis polaris dominated at EG-II (16%)
and at EG-IIT (24%). However, at EG-IV the polychaete species Chae-
tozone sp. as well as G. fragilis (both 17%) were the most dominant taxa.

Along the off Svalbard transect, the species G. fragilis was most
abundant comprising 17% of the total HG samples (740 ind. m~2).
Bivalves were the most dominant species at stations HG-I and HG-III,
where Thyasira sp. comprised 13% of the total macrofaunal abundance
at HG-I and Yoldiella annenkoave comprised 17% at station HG-IIL. The
polychaete Aricidea abranchiata and G. fragilis were the most abundant
species at stations HG-II (each representing 14% of the abundance) and
HG-IV (each representing 34%).

Heterogeneity of the macrofaunal community H'(,s ) decreased
along the bathymetric transects off Svalbard and Eastern Greenland. In
contrast, evenness J’ was highest at EG-II (1500 m) and HG-III (2000 m)
but lowest at the deepest station on each transect (EG-IV and HG-1V,
respectively). H'qog ¢) Was generally higher off Svalbard than off Eastern
Greenland, whereas ES(sq) was lower at the communities off Svalbard
compared to communities off Eastern Greenland. The standardized
Morisita dispersion index (I,) indicated a random spatial distribution
pattern of macrofaunal organisms at the stations EG-I, HG-II, HG-III and
HG-IV, while at all other stations the distribution was aggregated
(Table 2).

The results of the nMDS (Fig. 3) showed that the communities off
Eastern Greenland and Svalbard appear to be clearly different in their
species compositions. Furthermore, a distinct depth separation within
the two transects was observed. The one-way ANOSIM demonstrated
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Fig. 3. Non-metric multidimensional scaling plot (nMDS) of the community
structure of each station. The grey scale is following the bathymetric transect by
withe being the shallowest stations (1000 m) and darkest the deepest (2500 m).

the apparent difference between transects to be statistically significant
(Global R = 0.298, p < 0.001, 9999 permutations). Within the com-
munity off Eastern Greenland the separation between the depth groups
was significant except for the stations of intermediate depth (ANOSIM
pairwise R = 0.126, p = 0.063, 9999 permutations, Table S1). The
community off Svalbard showed a separation between all stations (all
ANOSIM pairwise R > 0.8, p < 0.001, Table S1). Further details on
the results of the pairwise ANOSIM are provided in Table S1 of the
supplementary material.

Results of the SIMPER routine showed an average dissimilarity of
82.6% between the macrofaunal communities off Eastern Greenland
and Svalbard. In total five taxa contributed to the > 50% difference
between transects (polychaetes: 31%, mollusks: 7%, crustaceans: 6%,
poriferans: 4% and sipunculids: 3%). Within group average similarity
was 19% off Eastern Greenland and 30% off Svalbard.

3.3. Environmental parameters

Median grain sizes at the stations off Eastern Greenland decreased
with increasing water depth and ranged from fine silt (EG-I) to very fine
sand (EG-1V) (Table 3). A similar trend was found for the stations along
the bathymetric transect off Svalbard. However, along this transect all
sediments were characterized as medium silt. The water content of the
sediments was generally higher at stations off Svalbard compared to
those at stations off Eastern Greenland (Table 3). There were minor
differences between total organic matter content (AFDW) of the sedi-
ments along the two transects, but a tendency for higher values off
Svalbard was observed (Table 3).

Sediment-bound chloroplast pigment equivalents (CPE) generally
decreased with water depth at HG stations (122.14 * 5.70 to
66.86 + 12.60 pg/ml), whereas as for EG, the three stations EG-I to
EG-II had similar values (21.13 * 1.50 to 23.85 * 6.50 ug/ml).
Station EG-IV, however, exhibited the highest pigment concentrations
off Eastern Greenland (45.48 + 11.30ug/ml), exceeding those at the
shallower stations of this transect. Across both transects Chl a showed
no clear bathymetric pattern in concentration. In general, pigment
concentrations off Svalbard were two to six times higher than observed
at the stations located off Eastern Greenland (Table 3). Furthermore,
Chl a was up to eight times higher off Svalbard compared to sediments
off Eastern Greenland. An exception was found at the deepest stations
of the two transects, where the Chl a content was similar (Table 3).
Benthic biomass, as indicated by the concentrations of sediment-bound
particulate proteins (PP), also showed no clear bathymetric pattern.
When comparing both transects overall, PP concentrations off Svalbard
were almost twice as high as those measured off Eastern Greenland
(Table 3).
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Table 3
Environmental parameters (means *+ SD): median grain size, Water content, AFWD: ash-free dry weight, CPE: chloroplastic pigment equivalents, Chl a: chlorophyll
a and PP: particulate proteins.
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Median grain size Water content AFDW CPE Chl a PP
um % mg/ml ug/ml ug/ml mg/ml
EG-I 13.4 £ 1.2° 54 2 0.42 +0.06 23.85 +6.50 3.47 +1.10 1.12 +0.07
EG-IT 15.1 = 1.7° 46 +1 0.48 +0.05 21.13 +1.50 2.23 +1.30 0.78 +0.06
EG-III 20.3 + 3.9° 43 1 0.50 +0.03 21.27 *2.40 2.62 +0.20 0.96 +0.01
EG-IV 88.0 = 47.7 43 £1 0.49 +0.03 45.48 +11.30 6.70 +1.40 1.33 +0.07
HG-I 17.4 + 1.2 66 +1 0.58 +0.05 122.14 +5.70 16.81 +0.40 2.94 +0.14
HG-II 17.8 + 2.9 62 *2 0.63 +0.07 96.48 +13.00 14.52 +1.60 3.19 +0.23
HG-TII 229 + 1.9 52 +3 0.50 +0.04 90.47 +15.60 16.10 +6.70 2.45 +£0.26
HG-IV 26.3 + 4.8 51 +1 0.51 +0.04 66.86 +12.60 8.36 +0.70 1.98 +0.08
2 cf. Hoffmann et al. (2018).
100 1 4. Discussion
90 A
30 Our study revealed a general trend of decreasing macrofaunal
densities and biomasses with increasing water depth off Eastern
§ 70 1 EG-I Greenland and off Svalbard. Furthermore, macrofaunal densities at the
§ 601 - deepest site off Eastern Greenland from this study were high in com-
,g 50 4 —EG-1V parison to a similar study by Kroncke (1994). The general trend of
g 0 | ggj‘ decreasing densities and biomass with increasing depth agrees with
e — = HG-II patterns previously observed in non-Arctic regions (e.g. Rex et al,
=30 1 - THOW 2006) and Arctic deep-sea regions across similar depth ranges (Kroncke,
20 A /N s 1994; Schnack, 1998; Deubel, 2000; Ir{offmann et al., 2018; Vedenin
ol ,//\\ .. ///,\\\ et al., 2018), including cold seeps (Astrom et al., 2018), and the
P =l Y =% N = = b Chukchi slope in the Canadian Arctic (MacDonald et al., 2010; Degen
T Tl W . ' May' T 'Aug' Sep “oct Moy Deo et al., 2015). The significance of depth gradients on benthic biomass

Fig. 4. Monthly sea ice concentration (%) at the sampled stations averaged over
the years 2011 — 2016. Concentrations of stations located off Eastern Greenland
are depicted in solid lines, stations off Svalbard in dotted lines.

Sea ice concentrations clearly differed off Eastern Greenland and off
Svalbard. Sea ice concentration off Eastern Greenland ranged between
70 and 90% for most of the year, whereas sea ice concentration was
generally well below 20% off Svalbard (Fig. 4). Station EG-IV in the
MIZ off Eastern Greenland exhibited the lowest ice concentration off
Eastern Greenland. The averaged minimum sea ice concentration of
36% occurred in the month September. Off Svalbard, ice concentrations
were lowest at HG-I and highest at HG-1V, i.e., the average ice coverage
increased with increasing distance from the coastline off Svalbard.

The explanatory BEST routine indicated that the top ten combina-
tions of environmental variables explained between 61% and 68% of
the macrofaunal variability (Table 4). A second BEST routine with 9999
permutations identified this correlation to be significant (p = 0.013).
Water content, as single variable, was in the analysis indicated as the
“best explanatory” variable in the analysis (Spearman correlation
Rho = 0.453; p = 0.011). Water content in combination with grain
size, Chl q, sea ice cover, and water depth were defined as the “best
explanatory” combination of all variables included in this analysis
(Spearman rank correlation Rho = 0.679; p = 0.013).

Table 4

can be attributed to the generally decreasing food/energy availability
with increasing water depth, which was reflected in lower CPE and PP
values observed at greater depths in our study. At greater water depths,
particles spend a longer duration in the water column before reaching
the seafloor and benthic communities, when compared to particles
reaching the seafloor on shallower depths (Stein and MacDonald,
2004). Due to this increased residence time of particulate organic
matter in the water column, these particles are more likely to be con-
sumed and degraded by pelagic organisms before reaching the seafloor,
reducing the quantity and quality (freshness) of this potential benthic
food source (Stein and MacDonald, 2004).

Our results showed marked community differences between the
heavily ice-covered sampling area off Eastern Greenland and the mainly
ice-free area off Svalbard. Considering that the BEST BIO-ENV routine
displayed that ice concentration was one of the explanatory values with
most influence on the macrofaunal density and biomass in our study
area, the regional differences in macrofauna densities and biomasses
with generally higher values in eastern parts of the Fram Strait can be
explained by the contrasting sea ice regimes found at each transect site
(e.g. Degen et al., 2015; Gutt et al., 2016). The three shallower stations
off Eastern Greenland (EG-I, EG-II, EG-III) are characterized by per-
manent sea-ice cover, resulting in reduced primary production and,
subsequently, reduced input of organic matter to the sea floor. This low
production was reflected by comparatively low CPE and PP con-
centrations in surface sediments. In contrast, in the mostly ice-free re-
gion off Svalbard, overall higher pigment and protein concentrations in

Results of the BEST routine (BIO-ENV, 9999 permutations, p = 0.013) showing the five combinations of environmental parameters best explaining the

community structure.

Number of variables Spearman rank correlation

Explanatory environmental parameters

0.679
0.658
0.642
0.640
0.637

(S

Grain size, water content, Chl a, ice concentration, depth
Grain size, Chl a, PP, depth

Grain size, water content, Chl a, ice concentration

Grain size, water content, Chl a, depth

Grain size, Chl a, PP, ice concentration, depth




M. Kap, et al.

the sediments off Svalbard indicated a generally higher primary pro-
duction and particulate organic matter sedimentation. This strong pe-
lago-benthic coupling resulting in different macrobenthic communities
in the deep Fram Strait is distinctive in the area of the LTER observatory
HAUSGARTEN (Hoffmann et al., 2018).

Exhibiting a comparably high macrofaunal standing stock, the sta-
tion EG-IV off Eastern Greenland indicated that the macrofaunal com-
munity differed from the general depth and regional patterns. The re-
latively high macrofauna density at EG-IV can be explained by its
location in the transition zone between permanently ice-covered and
ice-free areas off Eastern Greenland, the Marginal Ice Zone (MIZ). These
areas are known as productive zones with subsequently enhanced
particle flux from surface production to the sea floor (Heimdal, 1983).
Ice algae produced in the MIZ are probably the most important food
source for local benthic communities (McMahon et al., 2006). Even
though this food source occurs only for a limited time period (Michel
et al., 1996), it can still result in locally increased faunal abundance,
diversity and biomass (Piepenburg, 2005; Boetius et al., 2013). Still,
although macrofaunal densities at EG-IV were comparably high, bio-
mass values determined for this station were lower than observed at the
adjacent EG stations. While benthos at EG-IV appears to receive higher
quantity of food (Table 3), this material has a long residence time in the
water column, which might lead to lower quality of food for benthos
(Stein and MacDonald, 2004). This low food quality could cause smaller
body size and explain the high abundance but low biomass at EG-IV.
Our assumption on food quality can be partly supported by the study of
Zhang and Wirtz (2017) which observed food quality to be more im-
portant to explain benthic characteristics than food quantity. However,
to further prove our assumption of benthic biomass to be lower due to
poorer food quality, we would need more detailed data on food quality,
which is unavailable at the time. Additionally, sponges generally re-
present a large proportion of benthic biomass in polar regions (Gerdes
et al., 1992; Barthel and Tendal, 1993). Biomass of sponges attached to
stones was unaccounted for, and this could further contribute to the
high abundance, but low biomass found at EG-IV.

Density, biomass and macrofaunal diversity showed a decreasing
tendency with increasing water depth along both transects.
Furthermore, we also found significant differences between the two
transects (one-way ANOSIM, p < 0.001), with higher species richness
and diversity off Svalbard, and higher evenness off Eastern Greenland.
Despite these differences, polychaetes, mollusks and crustaceans re-
presented the dominant taxa at most stations along both transects, a
pattern which has been described as typical for Arctic macrofauna
communities (e.g. Vedenin et al., 2016; Makela et al., 2017; Astrém
et al., 2018), primarily those inhabiting soft sediments (Piepenburg,
2005). Nonetheless, we found no endemic species within any of the
station transects. It is assumed that Arctic deep-sea fauna is a rather
youngcommunity, as the glaciation in the Pleistocene led to local ex-
tinction of many species or even all of them (Clarke, 2003). Arctic deep
basins have been relatively recently recolonized by the deep-sea ben-
thos (Dahl et al., 1976) and boreal-Arctic species are therefore common
in the Arctic (Piepenburg, 2005).

Based on the ANOSIM results we distinguished three depth groups
of macrofauna off Eastern Greenland and four depth groups off
Svalbard. This depth-related decline in macrofaunal diversity is similar
to that described in the Canadian Basin (MacDonald et al., 2010). While
the pattern found off Eastern Greenland agrees with results obtained in
a recent Arctic study (Vedenin et al., 2018), we could further divide the
“1991-3054 m” cluster (sensu Vedenin et al., 2018) off Svalbard into
two separate groups at 2000 and 2500 m water depth. Species evenness
J’ of the present study corresponds as expected with values found at the
Svyatogor Ridge in the Fram Strait (Astrom et al., 2018). The Fram
Strait and other polar deep-sea regions are proposed to have a vast
occurrence of singletons and doubletons (Schwabe et al., 2007; Brandt
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et al., 2015; Ghiglione et al., 2017), which could explain the relatively
high evenness J' (1°\str6m et al., 2018) which was also found in this
study.

Diversity itself is a rather complex community descriptor and has
been discussed in various concepts for deep-sea community analysis
(e.g. Sanders, 1968; Dayton and Hessler, 1972). In accordance with the
diversity-productivity theory which indicates the relationship between
water depth and diversity (Rex and Etter, 2010), we assume decreasing
diversity with increasing depth is directly related to reduced food
supply. Therefore, only certain taxa which can make more efficient use
of lower food quality and quantity can be found at the deeper stations.
We further assume that the spatial heterogeneity in community patterns
found off Eastern Greenland and off Svalbard is related to a patchy food
supply, which is characteristic for deep sea benthic communities
(Grassle, 1989). These assumptions could explain the higher species
richness and diversity found along the almost year-round ice-free sta-
tions off Svalbard, where the food supply is hypothesized to be less
variable throughout the year compared to off Eastern Greenland with
highly variable sea ice coverage. This variability is also reflected in the
less aggregated communities found off Svalbard (see standardized
Morisita dispersion index I,). Contrastingly, the poorer food supply
related to heavy sea ice conditions, could explain the highly aggregated
fauna distribution patterns observed for most stations off Eastern
Greenland, which matches the increased occurrence of sessile sponges
along this transect, and could thus demonstrate the role sponges have as
providers of substrate to other benthic organisms, thus increasing ag-
gregation. Matts of sponge spicules are known to work as sediment
traps and to provide habitat for other benthic species in deep-sea ha-
bitats (Barthel and Tendal, 1993) and polar habitats (Barthel, 1992;
McClintock et al., 2005). Furthermore, particularities in food supply
may also explain the rather high species richness found at station EG-IV.
This site is located in the MIZ off Eastern Greenland, where production
of sea-ice algae is enhanced during the ice thinning in Arctic spring
followed by blooming of phytoplankton and subsequently increased
organic matter/energy flux to the seafloor (Engelsen et al., 2002;
Wassmann and Reigstad, 2011). The seasonal elevated quantity and
quality of food is hypothesized to be sufficient to support more species
than the shallower, permanently ice-covered EG stations.

To summarize, this study presents a unique data set for the Arctic
deep-sea, as the macrofaunal data from two fundamentally contrasting
Arctic marine regions were collected in the same season and year, from
comparable water depths across bathymetric transects. A direct com-
parison of the selected transects was therefore possible without any of
the temporal concerns posed when comparing data collected from dif-
fering years or seasons.

Based on our data set we observed and thereby confirmed our first
hypothesis, that generally lower macrofaunal densities and biomasses
of benthic deep sea macrofauna communities are found in ice-covered
areas. A change in community composition along a bathymetrical
gradient was observed in both, ice-covered and ice-free areas of the
Fram Strait. We could confirm also our second hypothesis, finding that
independent from the station depth, macrofaunal communities situated
in MIZs can exhibit deviations from the general trend of decreasing
density, biomass and biodiversity values with increasing depth. An in-
creased regional primary production (e.g. as reflected in the MIZ) and
subsequently increased food availability to the benthic communities
can lead to local deviations in common community-depth relationships.

Acknowledgements

The authors are grateful to the captain and crew of RV Polarstern
expedition PS99.2 in 2016 for their great support during the box corer
sampling. We thank Ulrike Braeckman for grain size analysis as well as
Anja Pappert with numerous volunteers and trainees for the



M. Kadp, et al.

biochemical analysis of the sediment. Furthermore, we would like to
thank Thomas Krumpen for providing the ice data. Besides, a special
thanks to Santiago Pineda Metz for his suggestions to improve this
manuscript and Autun Purser for assistance with the English. Finally,
we thank all anonymous reviewers for the effort of reviewing our
manuscript. This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.dsr.2019.103102.

References

Arrigo, K.R., van Dijken, G., Pabi, S., 2008. Impact of a shrinking Arctic ice cover on
marine primary production. Geophys. Res. Lett. 35 (19). https://doi.org/10.1029/
2008g1035028.

Astrém, E.K., Carroll, M.L., Ambrose Jr., W.G., Sen, A., Silyakova, A., Carroll, J., 2018.
Methane cold seeps as biological oases in the high-Arctic deep sea. Limnol. Oceanogr.
63 (S1), S209-S231. https://doi.org/10.1002/1n0.10732.

Barnett, P., Watson, J., Connelly, D., 1984. A multiple corer for taking virtually un-
disturbed samples from shelf, bathyal and abyssal sediments. Oceanol. Acta 7 (4),
399-408. https://doi.org/10.1017/50269727000014846.

Barthel, D., 1992. Do hexactinellids structure Antarctic sponge associations? Ophelia 36
(2), 111-118. https://doi.org/10.1080,/00785326.1992.10430362.

Barthel, D., Tendal, O.S., 1993. The sponge association of the abyssal Norwegian
Greenland Sea: species composition, substrate relationships and distribution. Sarsia
78 (2), 83-96. https://doi.org/10.1080/00364827.1993.10413524.

Bauerfeind, E., Nothig, E.-M., Beszczynska, A., Fahl, K., Kaleschke, L., Kreker, K., Klages,
M., Soltwedel, T., Lorenzen, C., Wegner, J., 2009. Particle sedimentation patterns in
the eastern Fram Strait during 2000-2005: results from the Arctic long-term ob-
servatory HAUSGARTEN. Deep Sea Res. Oceanogr. Res. Pap. 56 (9), 1471-1487.
https://doi.org/10.1016/j.dsr.2009.04.011.

Billett, D., Lampitt, R., Rice, A., Mantoura, R., 1983. Seasonal sedimentation of phyto-
plankton to the deep-sea benthos. Nature 302 (5908), 520. https://doi.org/10.1038/
302520a0.

Boetius, A., Albrecht, S., Bakker, K., Bienhold, C., Felden, J., Ferndndez-Méndez, M.,
Hendricks, S., Katlein, C., Lalande, C., Krumpen, T., 2013. Export of algal biomass
from the melting Arctic sea ice. Science 339 (6126), 1430-1432. https://doi.org/10.
1126/science.1231346.

Bourgeois, S., Archambault, P., Witte, U., 2017. Organic matter remineralization in
marine sediments: a Pan-Arctic synthesis. Glob. Biogeochem. Cycles 31 (1), 190-213.
https://doi.org/10.1002,/2016gb005378.

Brandt, A., Elsner, N.O., Malyutina, M.V., Brenke, N., Golovan, O.A., Lavrenteva, A.V.,
Riehl, T., 2015. Abyssal macrofauna of the Kuril-Kamchatka Trench area (Northwest
Pacific) collected by means of a camera—epibenthic sledge. Deep Sea Res. Part II Top.
Stud. Oceanogr. 111, 175-187. https://doi.org/10.1016/j.dsr2.2014.11.002.

Brandt, A., Schnack, K., 1999. Macrofaunal abundance at 79 N off East Greenland: op-
posing data from epibenthic-sledge and box-corer samples. Polar Biol. 22 (2), 75-81.
https://doi.org/10.1007/s003000050392.

Bray, J.R., Curtis, J.T., 1957. An ordination of the upland forest communities of southern
Wisconsin. Ecol. Monogr. 27 (4), 325-349. https://doi.org/10.2307/1942268.

Brotskaya, V., Zenkevich, L., 1939. Quantitative account of the Barents Sea benthic fauna.
Trudy VNIRO 4, 55-120 (in Russian).

Budaeva, N.E., Mokievsky, V.O., Soltwedel, T., Gebruk, A.V., 2008. Horizontal distribu-
tion patterns in Arctic deep-sea macrobenthic communities. Deep Sea Res. Oceanogr.
Res. Pap. 55 (9), 1167-1178. https://doi.org/10.1016/j.dsr.2008.05.002.

Clarke, A., 2003. The polar deep seas. In: Tyler, P. (Ed.), Ecosystems of the World.
Elsevier, Amsterdam, pp. 239-260.

Clarke, K., 1993. Non-parametric multivariate analyses of changes in community struc-
ture. Aust. J. Ecol. 18 (1), 117-143.

Clarke, K., Gorley, R., 2006. PRIMER V6: User Manual/tutorial (Plymouth Routines in
Multivariate Ecological Research). Primer-E Ltd, Plymouth.

Clarke, K., Gorley, R., 2015. Getting Started with PRIMER V7. PRIMER-E: Plymouth.
Plymouth Marine Laboratory.

Clarke, K., Warwick, R., 1994. An Approach to Statistical Analysis and Interpretation.
PRIMER-E, Plymouth.

Clarke, K.R., Warwick, R., 2001. Change in Marine Communities. Plymouth Marine
Laboratory, UK.

Dahl, E., Laubier, L., Sibuet, M., Stromberg, J.-O., 1976. Some quantitative results on
benthic communities of the deep Norwegian Sea. Astarte (9), 61-79.

Dayton, P., Hessler, R., 1972. Role of biological disturbance in maintaining diversity in
the deep sea. Deep-Sea Res. Oceanogr. Abstr. 19 (3), 199-208. https://doi.org/10.
1016/0011-7471(72)90031-9.

Degen, R., Vedenin, A., Gusky, M., Boetius, A., Brey, T., 2015. Patterns and trends of
macrobenthic abundance, biomass and production in the deep Arctic Ocean. Polar
Res. 34, 18. https://10.3402/polar.v34.24008.

Deubel, H., 2000. Berichte zur Polarforschung. Doctoral thesis (in German).
Struktureigenschaften und Nahrungsbedarf der Zoobenthosgemeinschaften im

Deep-Sea Research Part I xxx (xxxx) XXxX

Bereich des Lomonossowriickens im Arktischen Ozean (= Structures and nutrition
requirements of macrozoobenthic communities in the area of the Lomonossov Ridge
in the Arctic Ocean) 370. pp. 1-147.

Dietrich, G., Kalle, K., Krauss, W., Siedler, G., 1975. An Introduction to Oceanography (=
Allgemeine Meereskunde: Eine Einfiihrung in die Ozeanographie) (in German). Gebr.
Borntraeger, Berlin, Germany.

Engelsen, O., Hegseth, E.N., Hop, H., Hansen, E., Falk-Petersen, S., 2002. Spatial varia-
bility of chlorophyll-a in the Marginal Ice Zone of the Barents Sea, with relations to
sea ice and oceanographic conditions. J. Mar. Syst. 35 (1), 79-97. https://doi.org/10.
1016/50924-7963(02)00077-5.

Fernandez-Méndez, M., Wenzhofer, F., Peeken, 1., Sgrensen, H.L., Glud, R.N., Boetius, A.,
2014. Composition, buoyancy regulation and fate of ice algal aggregates in the
Central Arctic Ocean. PLoS One 9 (9), e107452. https://doi.org/10.1371/journal.
pone.0107452.

Fonseca, G., Soltwedel, T., 2007. Deep-sea meiobenthic communities underneath the
marginal ice zone off Eastern Greenland. Polar Biol. 30 (5), 607-618. https://doi.
org/10.1007/s00300-006-0220-8.

Gage, J.D., Tyler, P.A., 1991. Deep-sea Biology: A Natural History of Organisms at the
Deep-Sea Floor. Cambridge University Press, Cambirdge UK.

Gerdes, D., Klages, M., Arntz, W., Herman, R., Galéron, J., Hain, S., 1992. Quantitative
investigations on macrobenthos communities of the southeastern Weddell Sea shelf
based on multibox corer samples. Polar Biol. 12 (2), 291-301. https://doi.org/10.
1007/bf00238272.

Ghiglione, C., Alvaro, M.C., Piazza, P., Bowden, D., Griffiths, H.J., Carota, C., Nava, C.R.,
Schiaparelli, S., 2017. Mollusc species richness and abundance from shelf to abyssal
depths in the Ross Sea (Antarctica): the importance of fine-mesh-towed gears and
implications for future sampling. Polar Biol. 40 (10), 1989-2000. https://doi.org/10.
1007/s00300-017-2117-0.

Graf, G., 1992. Benthic-pelagic coupling: a benthic view. Oceanogr. Mar. Biol. 30,
149-190.

Grassle, J.F., 1989. Species diversity in deep-sea communities. Trends Ecol. Evol. 4 (1),
12-15. https://doi.org/10.1016,/0169-5347(89)90007-4.

Greiser, N., Faubel, A., 1988. Biotic factors. In: Higgins, R.P., Thiel, H. (Eds.),
Introduction to the Study of Meiofauna. Smithsonian Institution Press, Washington,
DC, London, pp. 79-114.

Gutt, J., Alvaro, M., Barco, A., Bohmer, A., Bracher, A., David, B., De Ridder, C., Dorschel,
B., Eléaume, M., Janussen, D., 2016. Macroepibenthic communities at the tip of the
Antarctic Peninsula, an ecological survey at different spatial scales. Polar Biol. 39 (5),
829-849. https://doi.org/10.1007/s00300-015-1797-6.

Hebbeln, D., Wefer, G., 1991. Effects of ice coverage and ice-rafted material on sedi-
mentation in the Fram Strait. Nature 350 (6317), 409-411. https://doi.org/10.1038/
350409a0.

Heimdal, B.R., 1983. Phytoplankton and nutrients in the waters north-west of Spitsbergen
in the autumn of 1979. J. Plankton Res. 5 (6), 901-918. https://doi.org/10.1093/
plankt/5.6.901.

Hoffmann, R., Braeckman, U., Hasemann, C., Wenzhofer, F., 2018. Deep-sea benthic
communities and oxygen fluxes in the Arctic Fram Strait controlled by sea-ice cover
and water depth. Biogeosciences 15 (16), 4849-4869. https://doi.org/10.5194/bg-
15-4849-2018.

Holm-Hansen, O., Lorenzen, C.J., Holmes, R.W., Strickland, J.D., 1965. Fluorometric
determination of chlorophyll. Journal du Conseil 30 (1), 3-15. https://doi.org/10.
1093/icesjms/30.1.3.

Huettel, M., Gust, G., 1992. Impact of bioroughness on interfacial solute exchange in
permeable sediments. Mar. Ecol. Prog. Ser. 89 (2), 253-267. https://doi.org/10.
3354/meps089253.

Hurlbert, S.H., 1971. The nonconcept of species diversity: a critique and alternative
parameters. Ecology 52 (4), 577-586. https://doi.org/10.2307/1934145.

Jones, D.O., Yool, A., Wei, C.L., Henson, S.A., Ruhl, H.A., Watson, R.A., Gehlen, M., 2014.
Global reductions in seafloor biomass in response to climate change. Glob. Chang.
Biol. 20 (6), 1861-1872. https://doi.org/10.1111/gcb.12480.

Karl, D., Wirsen, C., Jannasch, H., 1980. Deep-sea primary production at the Galapagos
hydrothermal vents. Science 207, 1345-1347. https://doi.org/10.1126/science.207.
4437.1345.

Kortsch, S., Primicerio, R., Beuchel, F., Renaud, P.E., Rodrigues, J., Lgnne, O.J., Gulliksen,
B., 2012. Climate-driven regime shifts in Arctic marine benthos. Proc. Natl. Acad. Sci.
109 (35), 14052-14057. https://doi.org/10.1073/pnas.1207509109.

Krebs, C.J., 1999. Spatial Pattern and Indices of Dispersion (Chapter 6, Version 4, 2013).
Ecological Methodology. Benjamin/Cummings, Menlo Park, Calif., pp. 235-274.

Kroncke, 1., 1994. Macrobenthos composition, abundance and biomass in the Arctic
Ocean along a transect between Svalbard and the Makarov basin. Polar Biol. 14 (8),
519-529. https://doi.org/10.1007/bf00238221.

Kroncke, 1., 1998. Macrofauna communities in the Amundsen basin, at the Morris Jesup
rise and at the Yermak plateau (Eurasian Arctic Ocean). Polar Biol. 19 (6), 383-392.
https://doi.org/10.1007/s003000050263.

Kroncke, 1., Vanreusel, A., Vincx, M., Wollenburg, J., Mackensen, A., Liebezeit, G.,
Behrends, B., 2000. Different benthic size-compartments and their relationship to
sediment chemistry in the deep Eurasian Arctic Ocean. Mar. Ecol. Prog. Ser. 199,
31-41. https://doi.org/10.3354/meps199031.

Krumpen, T., 2017. Sea Ice and Atmospheric Conditions at HAUSGARTEN between 2000 -
2016 (Daily Resolution), Link to Model Results. PANGAEA.

MacDonald, LR., Bluhm, B.A,, Iken, K., Gagaev, S., Strong, S., 2010. Benthic macrofauna
and megafauna assemblages in the Arctic deep-sea Canada Basin. Deep Sea Res. Part
II Top. Stud. Oceanogr. 57 (1-2), 136-152. https://doi.org/10.1016/j.dsr2.2009.08.
012.


https://doi.org/10.1016/j.dsr.2019.103102
https://doi.org/10.1016/j.dsr.2019.103102
https://doi.org/10.1029/2008gl035028
https://doi.org/10.1029/2008gl035028
https://doi.org/10.1002/lno.10732
https://doi.org/10.1017/s0269727000014846
https://doi.org/10.1080/00785326.1992.10430362
https://doi.org/10.1080/00364827.1993.10413524
https://doi.org/10.1016/j.dsr.2009.04.011
https://doi.org/10.1038/302520a0
https://doi.org/10.1038/302520a0
https://doi.org/10.1126/science.1231346
https://doi.org/10.1126/science.1231346
https://doi.org/10.1002/2016gb005378
https://doi.org/10.1016/j.dsr2.2014.11.002
https://doi.org/10.1007/s003000050392
https://doi.org/10.2307/1942268
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref13
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref13
https://doi.org/10.1016/j.dsr.2008.05.002
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref15
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref15
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref16
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref16
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref17
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref17
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref18
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref18
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref19
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref19
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref20
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref20
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref21
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref21
https://doi.org/10.1016/0011-7471(72)90031-9
https://doi.org/10.1016/0011-7471(72)90031-9
https://10.3402/polar.v34.24008
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref24
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref24
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref24
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref24
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref24
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref25
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref25
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref25
https://doi.org/10.1016/s0924-7963(02)00077-5
https://doi.org/10.1016/s0924-7963(02)00077-5
https://doi.org/10.1371/journal.pone.0107452
https://doi.org/10.1371/journal.pone.0107452
https://doi.org/10.1007/s00300-006-0220-8
https://doi.org/10.1007/s00300-006-0220-8
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref29
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref29
https://doi.org/10.1007/bf00238272
https://doi.org/10.1007/bf00238272
https://doi.org/10.1007/s00300-017-2117-0
https://doi.org/10.1007/s00300-017-2117-0
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref32
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref32
https://doi.org/10.1016/0169-5347(89)90007-4
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref34
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref34
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref34
https://doi.org/10.1007/s00300-015-1797-6
https://doi.org/10.1038/350409a0
https://doi.org/10.1038/350409a0
https://doi.org/10.1093/plankt/5.6.901
https://doi.org/10.1093/plankt/5.6.901
https://doi.org/10.5194/bg-15-4849-2018
https://doi.org/10.5194/bg-15-4849-2018
https://doi.org/10.1093/icesjms/30.1.3
https://doi.org/10.1093/icesjms/30.1.3
https://doi.org/10.3354/meps089253
https://doi.org/10.3354/meps089253
https://doi.org/10.2307/1934145
https://doi.org/10.1111/gcb.12480
https://doi.org/10.1126/science.207.4437.1345
https://doi.org/10.1126/science.207.4437.1345
https://doi.org/10.1073/pnas.1207509109
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref45
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref45
https://doi.org/10.1007/bf00238221
https://doi.org/10.1007/s003000050263
https://doi.org/10.3354/meps199031
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref49
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref49
https://doi.org/10.1016/j.dsr2.2009.08.012
https://doi.org/10.1016/j.dsr2.2009.08.012

M. Kap, et al.

Mikeld, A., Witte, U., Archambault, P., 2017. Benthic macroinfaunal community struc-
ture, resource utilisation and trophic relationships in two Canadian Arctic
Archipelago polynyas. PLoS One 12 (8), e0183034. https://doi.org/10.1371/
journal.pone.0183034.

Manley, T., 1995. Branching of Atlantic water within the Greenland-Spitsbergen passage:
an estimate of recirculation. J. Geophys. Res.: Oceans 100 (C10), 20627-20634.
https://doi.org/10.1029/95jc01251.

McClintock, J.B., Amsler, C.D., Baker, B.J., Van Soest, R.W., 2005. Ecology of Antarctic
marine sponges: an overview. Integr. Comp. Biol. 45 (2), 359-368. https://doi.org/
10.1093/icb/45.2.359.

McMahon, K.W., Ambrose Jr., W.G., Johnson, B.J., Sun, M.-Y., Lopez, G.R., Clough, L.M.,
Carroll, M.L., 2006. Benthic community response to ice algae and phytoplankton in
Ny Alesund, Svalbard. Mar. Ecol. Prog. Ser. 310, 1-14. https://doi.org/10.3354/
meps310001.

Michel, C., Legendre, L., Ingram, R., Gosselin, M., Levasseur, M., 1996. Carbon budget of
sea-ice algae in spring: evidence of a significant transfer to zooplankton grazers. J.
Geophys. Res.: Oceans 101 (C8), 18345-18360. https://doi.org/10.1029/96jc00045.

Morisita, M., 1962. I8-Index, a measure of dispersion of individuals. Res. Popul. Ecol 4
(1), 1-7. https://doi.org/10.1007/bf02533903.

National Snow and Ice Data Center, University of Colorado, 2008. All about Snow - data:
terminology. Available from: https://nsidc.org/cryosphere/seaice/data/
terminology.html, Accessed date: 6 March 2019.

Perner, K., Moros, M., Lloyd, J.M., Jansen, E., Stein, R., 2015. Mid to late Holocene
strengthening of the East Greenland Current linked to warm subsurface Atlantic
water. Quat. Sci. Rev. 129, 296-307. https://doi.org/10.1016/j.quascirev.2015.10.
007.

Pielou, E.C., 1966. The measurement of diversity in different types of biological collec-
tions. J. Theor. Biol. 13, 131-144. https://doi.org/10.1016,/0022-5193(66)90013-0.

Piepenburg, D., 2005. Recent research on Arctic benthos: common notions need to be
revised. Polar Biol. 28 (10), 733-755. https://doi.org/10.1007/s00300-005-0013-5.

Renaud, P.E., Morata, N., Carroll, M.L., Denisenko, S.G., Reigstad, M., 2008.
Pelagic-benthic coupling in the western Barents Sea: processes and time scales. Deep
Sea Res. Part II Top. Stud. Oceanogr. 55 (20), 2372-2380.

Rex, M.A,, Etter, R.J., 2010. Deep-sea Biodiversity: Pattern and Scale. Harvard University
Press, Cambridge.

Rex, M.A,, Etter, R.J., Morris, J.S., Crouse, J., McClain, C.R., Johnson, N.A., Stuart, C.T.,
Deming, J.W., Thies, R., Avery, R., 2006. Global bathymetric patterns of standing
stock and body size in the deep-sea benthos. Mar. Ecol. Prog. Ser. 317, 1-8. https://
doi.org/10.3354/meps317001.

Romero-Wetzel, M., Gerlach, S., 1991. Abundance, biomass, size-distribution and bio-
turbation potential of deep-sea macrozoobenthos on the Vgring Plateau (1200-1500
m, Norwegian Sea). Meeresforschung 33 (4), 247-265.

Sakshaug, E., Skjoldal, H.R., 1989. Life at the ice edge. Ambio 18 (1), 60-67.

Sanders, H.L., 1968. Marine benthic diversity: a comparative study. Am. Nat. 102 (925),
243-282. https://doi.org/10.1086,/282541.

Schnack, K., 1998. Berichte zur Polarforschung. Doctoral thesis (in German).
Besiedlungsmuster der benthischen Makrofauna auf dem ostgronlandischen
Kontinentalhang (= Macrofaunal community patterns at the continental margin off
East Greenland) 294. pp. 1-124.

Schroeder, A., 2005. Doctoral thesis. Community dynamics and development of soft
bottom macrozoobenthos in the German Bight (North Sea) 1969 - 2000. Berichte zur
Polarforschung 494. pp. 1-252. https://doi.org/10.2312/BzPM_0494_2005.

Schwabe, E., Bohn, J.M., Engl, W., Linse, K., Schrédl, M., 2007. Rich and rare—first in-
sights into species diversity and abundance of Antarctic abyssal Gastropoda
(Mollusca). Deep Sea Res. Part II Top. Stud. Oceanogr. 54 (16-17), 1831-1847.
https://doi.org/10.1016/j.dsr2.2007.07.010.

Sedmak, J.J., Grossberg, S.E., 1977. A rapid, sensitive, and versatile assay for protein
using Coomassie brilliant blue G250. Anal. Biochem. 79 (1-2), 544-552. https://doi.
0rg/10.1016/0003-2697(77)90428-6.

Seiler, D., 1999. Berichte zur Polarforschung. Doctoral thesis (in German). Struktur und

Deep-Sea Research Part I xxx (xxxx) XXxX

Kohlenstoffbedarf des Makrobenthos am Kontinentalhang Ostgronlands (=
Macrobenthic structure and carbon demand at the continental margin off East
Greenland) 307. pp. 1-98.

Shannon, C., Weaver, W., 1963. The Measurement Theory of Communication. University
of Illinois Press, Urbana, IL.

Smith Jr., W.0O., 1987. Phytoplankton dynamics in marginal ice zones. Oceanogr. Mar.
Biol. 25, 11-38.

Smith Jr., W.0., Sakshaug, E., 1990. Polar phytoplankton. In: Smith Jr.W.O. (Ed.), Polar
Oceanography - Part B, Chemistry, Biology, Geology. Academic Press, inc., pp.
477-525.

Soltwedel, T., Bauerfeind, E., Bergmann, M., Budaeva, N., Hoste, E., Jaeckisch, N., von
Juterzenka, K., MatthieBen, J., Mokievsky, V., N6thig, E.-M., 2005. HAUSGARTEN:
multidisciplinary investigations at a deep-sea, long-term observatory in the Arctic
Ocean. Oceanography (3), 46-61. https://doi.org/10.5670/0ceanog.2005.24.

Soltwedel, T., Guilini, K., Sauter, E., Schewe, 1., Hasemann, C., 2018. Local effects of large
food-falls on nematode diversity at an arctic deep-sea site: results from an in situ
experiment at the deep-sea observatory HAUSGARTEN. J. Exp. Mar. Biol. Ecol. 502,
129-141. https://doi.org/10.1016/j.jembe.2017.03.002.

Stein, R., MacDonald, R.W., 2004. The Organic Carbon Cycle in the Arctic Ocean.
Springer, Berlin.

Sverdrup, H.U., Johnson, M.W., Fleming, R.H., 1942. The Oceans: Their Physics,
Chemistry, and General Biology. Prentice-Hall, New York.

Thiel, H., 1978. Benthos in Upwelling regions. Upwelling Ecosystems. Springer, pp.
124-138.

Thistle, D., 2003. The deep-sea floor: an overview. In: Tyler, P. (Ed.), Ecosystems of the
World, V. 28 Ecosystems of the Deep Ocean. Elsevier, pp. 5-38.

Vedenin, A., Budaeva, N., Mokievsky, V., Pantke, C., Soltwedel, T., Gebruk, A., 2016.
Spatial distribution patterns in macrobenthos along a latitudinal transect at the deep-
sea observatory HAUSGARTEN. Deep Sea Res. Oceanogr. Res. Pap. 114, 90-98.
https://doi.org/10.1016/j.dsr.2016.04.015.

Vedenin, A., Gusky, M., Gebruk, A., Kremenetskaia, A., Rybakova, E., Boetius, A., 2018.
Spatial distribution of benthic macrofauna in the central Arctic Ocean. PLoS One 13
(10), €0200121. https://doi.org/10.1371/journal.pone.0200121.

von Appen, W.-J., Schauer, U., Somavilla, R., Bauerfeind, E., Beszczynska-Moller, A.,
2015. Exchange of warming deep waters across Fram Strait. Deep Sea Res. Oceanogr.
Res. Pap. 103, 86-100. https://doi.org/10.1016/j.dsr.2015.06.003.

Wassmann, P., Reigstad, M., 2011. Future Arctic Ocean seasonal ice zones and implica-
tions for pelagic-benthic coupling. Oceanography 24 (3), 220-231. https://doi.org/
10.5670/0oceanog.2011.74.

Wentworth, C.K., 1922. A scale of grade and class terms for clastic sediments. J. Geol. 30
(5), 377-392. https://doi.org/10.1086/622910.

Wheeler, P.A., Gosselin, M., Sherr, E., Thibaultc, D., Kirchman, D.L., Benner, R.,
Whitledge, T.E., 1996. Active cycling of organic carbon in the central Arctic Ocean.
Nature 380 (6576), 697. https://doi.org/10.1038/380697a0.

Wlodarska-Kowalczuk, M., Kendall, M.A., Weslawski, J.M., Klages, M., Soltwedel, T.,
2004. Depth gradients of benthic standing stock and diversity on the continental
margin at a high-latitude ice-free site (off Spitsbergen, 79 N). Deep Sea Res.
Oceanogr. Res. Pap. 51 (12), 1903-1914. https://doi.org/10.1016/].dsr.2004.07.
013.

Wohlers, J., Engel, A., Zollner, E., Breithaupt, P., Jiirgens, K., Hoppe, H.-G., Sommer, U.,
Riebesell, U., 2009. Changes in biogenic carbon flow in response to sea surface
warming. Proc. Natl. Acad. Sci. 106 (17), 7067-7072. https://doi.org/10.1073/pnas.
0812743106.

Yentsch, C.S., Menzel, D.W., 1963. A method for the determination of phytoplankton
chlorophyll and phaeophytin by fluorescence. Deep-Sea Res. Oceanogr. Abstr. 10 (3),
221-231. https://doi.org/10.1016,/0011-7471(63)90358-9.

Zhang, W., Wirtz, K., 2017. Mutual dependence between sedimentary organic carbon and
infaunal macrobenthos resolved by mechanistic modeling. J. Geophys. Res.:
Biogeosciences 122 (10), 2509-2526. https://doi.org/10.1002/2017jg003909.


https://doi.org/10.1371/journal.pone.0183034
https://doi.org/10.1371/journal.pone.0183034
https://doi.org/10.1029/95jc01251
https://doi.org/10.1093/icb/45.2.359
https://doi.org/10.1093/icb/45.2.359
https://doi.org/10.3354/meps310001
https://doi.org/10.3354/meps310001
https://doi.org/10.1029/96jc00045
https://doi.org/10.1007/bf02533903
https://nsidc.org/cryosphere/seaice/data/terminology.html
https://nsidc.org/cryosphere/seaice/data/terminology.html
https://doi.org/10.1016/j.quascirev.2015.10.007
https://doi.org/10.1016/j.quascirev.2015.10.007
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.1007/s00300-005-0013-5
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref61
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref61
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref61
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref62
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref62
https://doi.org/10.3354/meps317001
https://doi.org/10.3354/meps317001
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref64
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref64
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref64
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref65
https://doi.org/10.1086/282541
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref67
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref67
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref67
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref67
https://doi.org/10.2312/BzPM_0494_2005
https://doi.org/10.1016/j.dsr2.2007.07.010
https://doi.org/10.1016/0003-2697(77)90428-6
https://doi.org/10.1016/0003-2697(77)90428-6
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref71
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref71
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref71
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref71
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref72
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref72
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref73
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref73
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref74
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref74
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref74
https://doi.org/10.5670/oceanog.2005.24
https://doi.org/10.1016/j.jembe.2017.03.002
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref77
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref77
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref78
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref78
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref79
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref79
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref80
http://refhub.elsevier.com/S0967-0637(19)30247-X/sref80
https://doi.org/10.1016/j.dsr.2016.04.015
https://doi.org/10.1371/journal.pone.0200121
https://doi.org/10.1016/j.dsr.2015.06.003
https://doi.org/10.5670/oceanog.2011.74
https://doi.org/10.5670/oceanog.2011.74
https://doi.org/10.1086/622910
https://doi.org/10.1038/380697a0
https://doi.org/10.1016/j.dsr.2004.07.013
https://doi.org/10.1016/j.dsr.2004.07.013
https://doi.org/10.1073/pnas.0812743106
https://doi.org/10.1073/pnas.0812743106
https://doi.org/10.1016/0011-7471(63)90358-9
https://doi.org/10.1002/2017jg003909

	Community structure of macrofauna in the deep Fram Strait: A comparison between two bathymetric gradients in ice-covered and ice-free areas
	Introduction
	Material and methods
	Sampling design
	Macrofauna sampling and sample processing
	Environmental data
	Statistical analysis

	Results
	Macrofaunal density and biomass
	Macrofaunal community composition and diversity
	Environmental parameters

	Discussion
	Acknowledgements
	Supplementary data
	References




