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Abstract As a consequence of ongoing climate warming,
nearly all tidal glaciers in Arctic are retreating; hence, the
seascape of glacial fjords is changing in many aspects. We
took the example of Hornsund, the well-studied Svalbard
fjord, with over 30 years of almost continuous observations
of marine system. Recent data were collected during
summer oceanographic surveys between 2001 and 2013
and compared with archival data from 1980s. As most of
the phenomena connected with the warming happen at the
sea surface (ice, wind, waves, surface currents, brackish
water), we were interested, how the presumably stable,
near-bottom waters in fjords behave, what are the envi-
ronmental changes that are experienced directly by the
worms living in the sediment. We have found that both the
inner fjord basins (usually regarded as stable) and the outer
fjord parts (exposed to the direct influence of shelf waters)
has changed. Warming was documented in the inner
basins, while cooling and warming episodes were recorded
in the outer parts of the fjord. We demonstrate that fol-
lowing the increase melting and retreat of the glaciers, the
area of shallows increased, salinity decreased and tem-
perature increased—partly due to the advection of Atlantic
waters from the shelf. Observed changes are in accordance
with the model of arctic fjords evolution towards boreal
ones associated with increased organic matter turnover.
The observed changes are most likely typical for all cold
water, glaciated fjords that are exposed to climate
warming.
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Introduction

Fjord oceanography was the focus of oceanographic
research during the NATO Advance Science Workshop in
1980 and was later presented in baseline handbooks by
Syvitski et al. (1987). The basic paradigm of boreal and
Arctic fjords was that they represented a particular case of
estuarine circulation, with isolated basins and presence of
residual near-bottom water in the innermost basin (Pearson
1980). According to Pearson (1980), the functioning of
fjords was controlled by hydrodynamic forcing, where
hydrodynamic input was diminished from the ocean
towards the inner fjord, resulting in carbon limitation in the
outer fjord (rich benthos, intensive carbon cycling) and
nutrients sink in the inner fjord basin (poor benthos,
intensive pelagic-benthic sink). Long-term multidisci-
plinary studies of places with such specific characteristics
are of great value, especially in areas most impacted by
global warming like the European Arctic (ACIA 2005).
Contrary to the shelf and open bays, there are not many
complex oceanographical studies in Arctic fjords. Some
well-studied fjords in Arctic that may serve as a compar-
ison with the presented site are Kongsfjord, Van Mijen and
Isfjord on Spitsbergen (Hop et al. 2002; Svendsen et al.
2002; Renaud et al. 2007), Disco Bay and Young Sound on
Greenland (Schmid and Piepenburg 1993; Rysgaard and
Glud 2007), and Murres Inlet on Alaska (Powell and
Molnia 1989). The marine system of Hornsund, the
southernmost of the Spitsbergen fjords, has been investi-
gated since the mid-1970s (Siwecki and Swerpel 1979;
Urbanski et al. 1980; Swerpel 1985; Gorlich et al. 1987,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-015-1867-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-015-1867-9&amp;domain=pdf

Polar Biol

Swerpel and Westawski 1989). The summer studies have
continued since then and were recently conducted with
more modern equipment (undulating CTD, long continuous
profiles). In our studies, we attempted to compare old and
new abiotic data from the Hornsund fjord, with a special
focus on the situation in the near-bottom layer, as it is of
vital importance for the benthos—the long-living part of
the ecosystem. Hornsund is rich in benthic organisms with
over 500 species of macrofauna recorded in the soft bottom
only (Kedra et al. 2010a; Wlodarska-Kowalczuk et al.
2012), and a biomass ranging up to 100 g wet weight m >
(Gorlich et al. 1987).

Since benthic organisms have longer life cycles and
more limited dispersion ability than planktonic communi-
ties, they better integrate hydrographic processes over the
years and are believed to serve as better indicators of long-
term environmental changes (Warwick 1993; Kroncke
1995; Renaud et al. 2008). The abiotic factors ascribed to
have the greatest impact on benthic fauna persistence and
distribution are temperature, salinity, oxygen concentra-
tion, sediment texture, sedimentation rates as well as
trophic conditions indicated by organic carbon and, indi-
rectly, chlorophyll a concentrations in sediments (Snel-
grove 2001; Gray 2002; McArthur et al. 2010). Factors that
can either directly influence benthic communities or act as
the strong proxies for other variables are, among others,
depth and seabed slope—a geomorphology feature that
describe structural complexity of the seabed (McArthur
et al. 2010). One of the strongest impacts on benthic
communities inhabiting glacial fjords is produced by gla-
cial outflows loaded with large amount of mineral material
(Gorlich et al. 1987; Dale et al. 1989; Wlodarska-Kowal-
czuk and Pearson 2004).

As the phenomena of glacial retreat are widespread
nowadays in the Arctic (Hagen et al. 2003; Btaszczyk et al.
2009), the glacial fjords benthos is experiencing major
environmental change. Such changes took place in recent
history as glaciologists report complete or almost complete
disappearance of Svalbard glaciers during last climate
optimum (Koerner and Fisher 2002), glacial advance dur-
ing Little Ice Age in fourteenth to nineteenth centuries
(Dowdeswell 1995; Pawtowska et al. unpublished data)
and periods of warming in twentieth and twenty-first cen-
turies. Additional pressure comes with the increased
Atlantic water inflow towards west Spitsbergen fjords
(Pavlov et al. 2013). Strong salinity gradient that separates
brackish surface waters from lower part of the water col-
umn in glacial fjords like Hornsund (Svendsen et al. 2002;
Lacka and Zajaczkowski 2015) may result in different
response of surface and near-bottom waters to such exter-
nal forcing. This fact, together with the key role that seabed
plays for benthic communities and in biogeochemical
processes, highlights the importance of conducting
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complex monitoring studies. Broad environmental data
collection near the seabed is not common, with only a few
recent examples, such as Glover et al. (2010) from Fram
Strait and Hoelemann et al. (2011) from Laptev Sea, both
of which present a marked increase in near-bottom tem-
peratures over last years.

The purpose of our study is to present environmental
conditions prevailing at the bottom of the Hornsund fjord
and re-discuss the environmental processes that affect
benthic communities in fjords. This is the first study to
address this issue with such a numerous amount of abiotic
parameters measured in Hornsund. We present data on
deeper soft bottom sublittoral (<50 m), with no data from
shallows and hard substrata. With the use of statistical
testing and GIS tools (geographic information systems), we
aim to illustrate and analyse conditions that long-living
benthic fauna encounters at the bottom of the sea. The
following questions were the focus of this study: what are
the local environmental barriers near the seabed? Do the
separate fjord basins change in the same way or differ-
ently? How stable are benthic environmental conditions in
the fjord? All of these questions are discussed on the
background of historical data from 1980s. The second
paper shows benthos species occurrence and its spread as
projected with the Species Distribution Modelling statisti-
cal tool.

Materials and methods
Study area

The Hornsund fjord is under the influence of two distinct
water masses: warm and saline Atlantic Water transported
by the West Spitsbergen Current from the Norwegian Sea
and cold, less-saline Arctic-type Water carried by the
Sgrkapp Current from the northeast Barents Sea (Piechura
et al. 2001; Cottier et al. 2005). Both water masses can
easily penetrate the fjord area because Hornsund does not
have a sill at the entrance. However, several topographic
shallows of the seafloor occur throughout the fjord, sepa-
rating individual basins (Rudowski and Marsz 1996). All of
the water formations found in the fjord depend on Atlantic,
Arctic and glacier waters mixing and vary seasonally
(Svendsen et al. 2002; Cottier et al. 2005) as well as inter-
annually (Walczowski and Piechura 2006). Hornsund, like
other fjords of western Spitsbergen, belongs to broad
fjords, which means that rotational effects will modify the
main water flow. Thus, water entering the basin will tend to
inflow along southern coast and outflow along northern
coast of the fjord (Cottier et al. 2010). Water of Atlantic
origin (modified by mixing with Arctic Water) is usually
observed as a bottom inflow. Its distribution and range
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differ from summer to summer and is limited by the
shallow sills while entering the inner basins. (Prominska
et al. unpublished data). As much as 70 % of the Horn-
sund’s catchment area is covered with glaciers, with thir-
teen of them directly entering the fjord (Btaszczyk et al.
2013). It has been estimated that tidewater glaciers in
Hornsund retreat faster (~70 ma~' on average) than
elsewhere on Svalbard (~45 ma~! on average), most
likely due to local topographic conditions, climate and
Atlantic water fluxes. Hence, the Hornsund region is
believed to be more vulnerable to climatic—oceanic system
change than the rest of the archipelago (Btaszczyk et al.
2013).

Sampling and laboratory analysis

Sampling was performed in the Hornsund fjord (Spitsber-
gen) during routine summer R/V OCEANIA cruises of the
Institute of Oceanology Polish Academy of Sciences
between 2001 and 2013. Surface sediments were collected
at 27 stations in 2012 (Fig. 1). Sediment samples for
granulometric analysis, as well as organic carbon content
and chlorophyll a concentration, were collected from a
box-corer with a 2-cm-wide plastic syringe (upper 5, 2 and
2 cm, respectively). Samples were frozen onboard at the
temperature of —80 °C and transported to the laboratory.
Then sediments were freeze-dried in vacuum at the tem-
perature of —70 °C and homogenized precisely by an
Agate mortar and pestle. Grain size (<2 mm) analyses
were performed using a Malvern Mastersizer 2000 laser
particle analyzer and presented as volume percent. Mean
grain size was calculated in the program GRADISTAT 8.0
by the geometric method of moments (Blott and Pye 2001).
Organic carbon content (C,) in the sediment was mea-
sured with the use of an Elemental Analyzer Flash EA
1112 Series and the Isotopic Ratio Mass Spectrometer
IRMS Delta V Advantage (Thermo Electron Corp., Ger-
many). Dry and homogenous sediment samples were
weighed (4 mg) and acidified with 2 M HCI (Hedges and
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Stern 1984; Chang et al. 1991). The reference gases (N,
and CO,) were calibrated against IAEA standards. Quality
control of the organic carbon concentrations measurements
was conducted with standard materials supplied by the
Thermo Electron Corp. Accuracy and precision resulting
from the method used were satisfactory (average recovery
99.1 £ 2.0 %). Chlorophyll a (Chl a) concentration in the
sediment samples was measured with fluorometric method
(Evans et al. 1987) with use of Perkin Elmer LS55 Fluo-
rescence Spectrometer. Pigment from freeze-dried sedi-
ments was extracted in 90 % acetone for 24 h at
4 °C. Emission at 671 nm excited at 431 nm was measured
before and after sample acidification with 1 M HCI and
used to calculate the Chl a concentration according to the
method described by Evans and O’Reilly (1983).

Sedimentation rates were assessed with sediment traps
(double cylindrical, 72 mm diameter, 0.46 m long),
exposed for 10 h at 17 locations in 2012 and 2013 (Fig. 1).
Samples were vacuum-filtered onto pre-weighted MN GF5
filters (0.4 pm pore size) and rinsed with distilled water.
The filters were dried at 60 °C for 24 h, weighed to
determine sediment dry mass and combusted at 450 °C for
24 h. The organic matter amount was calculated as a
weight loss in combustion. This value was subtracted from
the total mass in order to obtain the amount of settled
mineral matter.

Long-term measurements of water temperature and
salinity along fjord axis were performed during 2001-2012
period. Data were collected with an SBE 49 probe, pro-
filing at 16 Hz, with an increased accuracy of
0.0003 mS cm™!, 0.002 °C, and 1 % of the full-scale
range, for conductivity, temperature, and pressure,
respectively. The data were processed and averaged every
1 dB in the SBE Data Processing program using standard
procedures. Additional point data were collected in 2012.
The CTD probe (SBE 911plus, Seabird Electronics Inc.,
USA) was lowered vertically from the surface to a few
meters above the bottom at 27 stations distributed
throughout the fjord (Fig. 1). Near-bottom measurements
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Fig. 1 Study area—Hornsund fjord (Svalbard Archipelago, Arctic). Location of sampling stations and individual fjord basins (borders set at

topographic shallows of the seafloor)

@ Springer



Polar Biol

were analyzed separately to present the conditions pre-
vailing near the seabed.

Oxygen concentration and saturation in the bottom waters
were measured at two sampling stations during the 2013
summer season (Fig. 1). Locations were repeated after
Urbanski et al. (1980) in order to monitor oxygen values after
a prolonged period. IntelliCAL™ LDOI101 luminescent/
optical dissolved oxygen (LDO) probe (HACH) was used.

The water depth was measured simultaneously with
other environmental variables at each sampling station
(Echotrac MK III 12 kHz, Odom Hydrographic Systems).
Additionally, the new detailed bathymetric charts
(Moskalik et al. 2013) were compared with older sea charts
used for navigation.

Data visualization and GIS analysis

In order to visualize the area of interest and the distribution
of measured parameters throughout the fjord, GIS analyses
were performed with the use of ArcGIS 10.1 software. Up-
to-date coastline and glaciers range were digitized from
Landsat 8 satellite images of the Hornsund fjord from year
2013.

Mineral sedimentation rate values, Co, content and Chl
a concentration in the sediments were visualized as a
graduate symbol point layer due to number of points not
high enough for interpolation. The mean grain size of the
sediment was categorized based on the Wentworth (1922)
scale and displayed as a point layer with the use of grad-
uated colors symbology.

Other environmental variables were visualized as con-
tinuous layers. The interpolation method was chosen
depending on sampling design and character of each factor
as to minimize the extrapolation error: inverse distance
weighted (IDW) for bathymetry and Spline with Barrier in
case of bottom water temperature and salinity. Depth layer
was later used to calculate slope of a seabed (slope tool).
Bathymetry was additionally reclassified with the threshold
set every 50 m. Output cell size of created rasters was
50 m.

Additional continuous layer was created in order to
illustrate long-term variability of near-bottom water tem-
perature and salinity across fjord axis. Mean values of
temperature and salinity in basins were calculated for each
year. Results were given coordinates, displayed as point
data in ArcGIS 10.1 and interpolated using Spline method.

In order to illustrate areas of uniform environmental
conditions at the bottom of Hornsund fjord, we performed
Grouping Analysis on data collected in 2012. Values of
environmental variables were assigned to point data rep-
resenting sampling locations. This tool performs a classi-
fication procedure that looks for a solution where all the
features within each group are as similar as possible, and
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all the groups themselves are as different as possible.
Feature similarity is based on the set of attributes (here
values of analysed parameters) assigned to points (sam-
pling locations). All GIS analyses were performed
according to methods described by ArcGIS Help Library
(http://resources.arcgis.com/).

Statistical analysis

In order to verify whether environmental conditions at the
seabed differ across the fjord, we divided the fjord area into
four separate basins (I, II, IIT and IV) based on topographic
shallows of the seafloor (Fig. 1). We quantified basic
descriptive statistics and tested whether there were statis-
tically significant differences between fjord basins with
regard to the following parameters: C,,, content and Chl
a concentration in sediments—proxies for trophic condi-
tions, mean grain size of sediments, mineral matter sedi-
mentation rates, depth, slope, temperature and salinity of
near-bottom water. We used nonparametric Kruskal-Wal-
lis and post hoc Dunn tests. All the analyses were per-
formed using STATISTICA 10.0 (StatSoft Inc. 2011).
Statistical significance was accepted at p < 0.05.

Results

Statistical testing of differences between four individual
fjord basins with regard to analysed variables revealed the
smallest distinction between Basins III and IV (only one
variable differed significantly), as well as Basins I and II
(only two variables differed significantly). Results of post
hoc testing can be found in Table 1. Hornsund fjord was
homogenous in terms of trophic conditions. Statistical
testing revealed no significant differences between fjord
basins with regard to C,, content in sediments
(Hia n=27) = 0.50, p = 0.918). Concentration of Chl a in
the sediments differed significantly only between Basins III
and IV (Hgan=7) =798, p =0.046, Dunn’s test:
p = 0.049). Nonetheless, higher mean values of both
parameters were observed at the fjord entrance and in the
most inner basin (Fig. 2). Hornsund seafloor was domi-
nated by fine-grained sediments (Fig. 3). Post hoc testing
revealed a significant difference only between Basins IV
and I (Dunn’s test: p = 0.015) as patches of several types
of sediments were noted at the fjord entrance. Mineral
matter sedimentation rates differed statistically only
between Basins II and III (Hsn=17) = 7.99, p = 0.046,
Dunn’s test: p = 0.034). Nonetheless, higher mean rates
were observed in the inner basins than outer ones, with
maximum in Basin III (Fig. 4). The highest values of slope
were observed along the coastline at the entrance to Basin
IT (Fig. 5a). Statistical analysis showed significant
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Table 1 Differences between four individual Hornsund fjord basins with regard to selected environmental parameters

Environmental variable BASINS

I versus II I versus IIT I versus IV 1T versus IIT II versus IV IIT versus IV

Core content in sediments - — — — — _

Chlorophyll a concentration in sediments — — — — _ +
Mean grain size of sediments — — + — — _
Mineral matter sedimentation rates - - — + - —
Slope of the seabed - - + — + —
Depth + + + + + —
Near-bottom water temperature + + + + + —
Near-bottom water salinity — + + + + _

+: statistically significant difference found between basins (Dunn’s post hoc test result <0.05); —: no statistically significant differences found
(Dunn’s post hoc test result >0.05)
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Fig. 2 Organic carbon content (a) and chlorophyll a concentration (b) in Hornsund fjord sediments. Data collected in 2012
differences between Basin IV and two other basins: I and II Variables that differed the most among fjord seabed
(Hi v=10s6) = 24.67, p = 0.000, Dunn’s post hoc test: were depth, bottom waters temperature and salinity. The
p = 0.000 in both cases). highest variability in depth was documented in Basin II
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(Fig. 5b). Only in this area all the distinguished classes,
including the deepest one (200-260 m), were observed.
A Kruskal-Wallis test confirmed differences between fjord
basis (Hg n=10s6) = 83.90, p = 0.000). Post hoc tests
illustrated that sites were statistically similar in only one
case: Basins III and IV (Dunn’s test, p = 0.144). The same
situation was noted for near-bottom water temperature.
Post hoc testing revealed significant differences between
all basins except for Basins III and IV
(Hi v=201y = 123.80, p = 0.000, Dunn’s test: p = 1.000)
where the lowest mean values were observed with the
minimum below 0 °C (Fig. 6a). With regard to near-bot-
tom water salinity, post hoc tests illustrated that sites were
statistically similar for Basins III and IV (p = 0.861) but
also Basins I and II (p = 0.063; Hg =01y = 84.86,
p = 0.000). The later presented higher mean values of
salinity. In general, lower values were observed towards
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the inner part of the fjord and at the
(Fig. 6b).

Long-term measurements of near-bottom water temper-
ature and salinity revealed variability among both basins
and years. Time scale shows distinct annual episodes of
warming (2002, 2006) and cooling (2010-2011) of the outer
fjord basins (I and II), while innermost basin (IV) presents
steady warming with a peak at the end of observation period
(Fig. 7a). In case of mean salinity values, trend of decrease
with time was observed in each basin (Fig. 7b).

Oxygen concentration and saturation measured at two
monitoring sites confirmed good aerobic condition in Horn-
sund fjord. Both measures showed high levels of oxygen in
near-bottom waters. Oxygen concentration and saturation at a
station located in Basin I valued 12.5 mg 17! and 118 %,
respectively. Slightly lower values were noted in Basin Il with
concentration at level 9.5 mg 17" and saturation of 77.6 %.

glacier fronts
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Fig. 5 Seabed slope (a) and depth (b) of Hornsund fjord

The simplified map of uniform environmental condi-
tions indicated diversity of the Hornsund fjord seabed soft
bottom habitats (Fig. 8). Although clear environmental
barriers were not detected, graph illustrated division into
following zones: from shelf to central basin and in the most
inner basins of the fjord. A discontinuity of environmental
conditions was observed between north and south glacial
bays of the fjord.

Discussion
Trophic conditions

Sediment properties like grain size are known to directly
influence meio- and macrofaunal density and diversity
(Gray 2002). Sediments in the Hornsund fjord were quite
homogenous in terms of granulometric characteristics. In
general, the fine fraction of sediment dominated throughout
the fjord. However, single patches of coarse sediment
occurred, especially at the fjord mouth. In general, a

decreasing trend in mean grain size values occurred
towards the inner basins. This could suggest good trophic
conditions in those areas. According to the literature, small
particles serve as a better substrate for microorganisms that
decompose organic matter and create better settlement
conditions for benthic fauna with readily available organic
carbon (Gray 2002; McArthur et al. 2010). Thus, muddy
sediments together with high organic matter content are
important factors that control distribution and positively
affect macrozoobenthos communities (Denisenko et al.
2003). However, benthic richness in inner glacial fjord
bays is rather low (Gorlich et al. 1987; Sejr et al. 2000;
Renaud et al. 2007). The same pattern is found in the
Hornsund fjord (Wlodarska-Kowalczuk et al. 2005;
Witodarska-Kowalczuk and Westawski 2008; Wtodarska-
Kowalczuk et al. 2013). This state may be attributed to
high sedimentation rate of glacial material.

Intensive sedimentation of mineral matter in glacial
fjords is known to cause not only sediment instability
(Syvitski et al. 1987; Wlodarska-Kowalczuk et al. 2005),
but also affects organic matter availability (Gorlich et al.

@ Springer
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1987; Witodarska-Kowalczuk et al. 2013). The glacier
proximal basins are usually reported as exposed for the
highest sedimentation rates (Pearson 1980; Gorlich et al.
1987), and thus it is expected that organic matter loads will
be diluted in the mineral suspensions, what makes this
place oligotrophic for benthic fauna (Wtodarska-Kowal-
czuk et al. 1998). Previous research concerning organic
matter availability in glacial fjords has documented a
strong gradient diminishing toward inner basins (Gorlich
et al. 1987; Wlodarska-Kowalczuk and Pearson 2004). To
our surprise no such trend was detected in our results. Our
data indicated rather homogenous trophic condition in
Hornsund fjord. We believe it might be attributed to
extensive glacial retreat toward land that weakened the
influence of glaciers on adjacent basins and entire fjord
area. Stewart (1991) suggests that low sedimentation rates
in the Arctic are related to glaciers retreat and increased
sediment trapping in recently extended glacial fjords.
According to recent literature, the majority of the sus-
pended sediment is deposited in the very vicinity of the
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glacier fronts. Szczucinski and Zajaczkowski (2012) noted
that most of the sediments from the buoyant brackish
plumes settle within 2-3 km from the glacier fronts. This
can be seen in our results in Fig. 4 where decrease in
sedimentation rates occurred towards the centre of Bre-
pollen (Basin IV) and in general towards fjord centre.
Table 2 additionally highlights the drop of average mineral
suspension load in fjord center over the last 30 years. In
general, organic matter content in sediments of Hornsund
fjord decreased in comparison with archival data. This drop
may suggest that more energy is utilized in the water col-
umn due to a weaker pelagic-benthic coupling (Petersen
1984; Westawski et al. 2009).

The active tidal glacier fronts in Hornsund affect fjord
not only by providing suspended sediments but also
freshwater. The hydrographic phenomena connected with
this coast form were presented in older works like Greis-
man (1979) as well as in new literature (Lydersen et al.
2014). Glaciers are modifying rather narrow zone near their
fronts and that modification is of great importance for the
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water column. Estuarine circulation and upwelling of more
nutrient waters are observed that stimulate phytoplankton
and zooplankton production (Westawski and Legezyriska
1998; Lydersen et al. 2014). It has already been proven that
waters at the glacial fronts in Brepollen (Hornsund) are
abundant with zooplankton (Trudnowska et al. 2014).
Nonetheless, ongoing melting of the glaciers fronts has its
consequences. Mass mortality of zooplankton communities
is commonly linked with fresh water and mineral matter

outflow from the glaciers (Wgstawski and Legezynska
1998; Zajaczkowski and Legezynska 2001). Likewise,
phytoplankton mortalities have been attributed to direct
salinity shock or limited light levels in the high turbid
waters (Wiktor et al. 1998). That phenomenon may agree
with our findings. The high mean values of C,, content
and Chl a concentration in the sediments observed in the
most inner basin of the fjord may be explained by enhanced
sinking of plankton associated with glacial activity. The
fresh water transport from glaciers in Hornsund is assumed
as about 1 km® year™', yet it appears in the surface waters
only, and is highly seasonal (Westawski et al. 1991). High
food availability in the outer Basin I can be linked with a
close proximity to warmer and more productive shelf
waters like in an outer fjord basin in Pearson model
(Pearson 1980). The high C,, content in sediments
observed in our studies agrees with recent findings reported
by Smith et al. (2015). They have compiled data on Ce,
content from nearly all fjord systems across the globe and
shown that fjords are one of the major hotspots for organic
carbon burial. The data obtained for Burgerbukta bay
(Basin III) indicated poor trophic conditions in contrast to
Brepollen (Basin IV). It appears that glaciers in Basin III
are more active and intensive sedimentation rates dilutes
organic material on the seabed.

For our assessment of benthic biota in Hornsund, we
may conclude that nowadays glaciers are modifying rather
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Table 2 Summary of the environmental changes observed in benthic biotope in Hornsund fjord during last 30 years—compilation of data from

cited literature and present results

Factor

1975-1985

2010-2012

Organic carbon in sediment

Average mineral suspensions load in surface
waters

Seabed topography
Bathymetry

Minimal near-bottom temperature in summer at
100 m depth

2.5-4 %, drop from open to inner part (Gorlich

et al. 1987)
Central basin:
15-20 mg dm™ (Gorlich et al. 1987)
Outer basin (Isbjornhamna):
65 mg dm ™3 (Gérlich et al. 1987)

Ice scours from grounded icebergs, numerous
drop stones

Deep bays near tidal glaciers

Central basin:

—0.4 °C (Urbanski et al. 1980)
Inner basin (Brepollen):

—1.9 °C (Urbanski et al. 1980)

0.8-1.8 %, even distribution

Central basin:

0.1-13 mg dm~> (IO PAS archive
2013)

Outer basin (Isbjornhamna):

146 mg dm~ (Zajaczkowski
unpublished data)

No large icebergs, less dripstones

Retreating tidal glaciers over shallow
bays

Central basin:

0.3 °C

Inner basin (Brepollen):

—-13°C

Maximal near-bottom temperature in summer at  Central basin:

100 m depth

Maximal near-bottom salinity in summer at 100 m Central basin:

depth

0.5 °C (Urbanski et al. 1980)
Inner basin (Brepollen):
—1.9 °C (Urbanski et al. 1980)

34.4 PSU (Urbanski et al. 1980)
Inner basin (Brepollen):
34.9 PSU (Urbanski et al. 1980)

Central basin:

1.1 °C

Inner basin (Brepollen):
—0.1 °C

Central basin:

34.6 PSU

Inner basin (Brepollen):
34.7 PSU

narrow zone near their fronts and that modification is of
great importance for the water column (estuarine circula-
tion, plankton concentration and mortality, upwelling—see
Westawski and Legezynska 1998; Lydersen et al. 2014)
and seabed biota (more stable sediment, better conditions
for reproduction and foraging due to lower sedimentation
rates).

Topography and hydrography

Bathymetry may seem to be the most stable feature of the
fjord, yet, in the case of the glacier movement (nearly
172 km? in Hornsund in the last 100 years—Blaszczyk
et al. 2009, 2013) it has changed over the years. Glacier
fronts that were at the depth of 100 m in Brepollen are now
at 40-50 m depth, and new extensive shallows appeared
(Moskalik et al. 2013). Increase in newly exposed sea bed
and change in fjords bathymetry are reported as typical for
other Arctic locations like Alaska, Greenland and Svalbard
in general (ACIA 2005; Weslawski et al. 2010). Boulton
(1986) observed that both retreat and advance (surge) of
glaciers produce marked changes to the sea bed. Forms of
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the seabed have most likely changed in the last 20 years, as
the size of icebergs calving from the glaciers diminished,
and shallower draft leaves no tracks on the seabed. This
somewhat speculative conclusion is based on the reports
from wintering in 1982-1984 (Goérlich and Stepko 1992)
and personal observations compared with reports from the
last ten years. Our data showed that depth differed signif-
icantly throughout the fjord. As reported by McArthur et al.
(2010), habitat heterogeneity can interrupt predator—prey
relationships, thus impede the dominance of certain spe-
cies. Despite that, newly exposed shallows may potentially
serve as new habitats for benthic fauna.

Slope is a geomorphological feature that is of great
ecological value. It describes the complexity of the seabed
that is mirrored in transport and deposition of sediment,
habitat structure, foraging patterns or macrofauna compo-
sition (McArthur et al. 2010). In our study, both patches of
flat areas with low complexity as well as steep slope
(especially along the coastline) were observed; however,
when compared to Kongsfjorden, Hornsund is more
homogenous (Pardus et al. unpublished data). The steep-
ness of the fjord shows where the decaying algae rolling
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from the shallows may accumulate. This is important, as
the increased production and spread of macrophytes was
reported in the area (Weslawski et al. 2010). Hornsund is
rather shallow and U-shaped, when compared to the deep
and V-shaped Kongsfjord profile (http://www.iopan.gda.pl/
projects/Visual/index.html) and glacier retreat provides
new sites of different morphology that may enhance the
organic matter accumulation (Moskalik et al. 2013).

Although cold fjords are known to be well oxygenated
through seasonal vertical mixing (Freeland et al. 1980;
Syvitski et al. 1987), the increasing temperature and
enhanced organic matter transport to the seabed, combined
with restricted water exchange in isolated inner basins may
create locally and seasonally anaerobic conditions in the
seabed. Recent data from Kotwicki et al. (unpublished
data) show the oxygenation of only upper 1 cm of sediment
in Hornsund as effect of low bioturbidity and organic
matter load, see also Wlodarska-Kowalczuk et al. (2005).
Nevertheless, our monitoring measurements of oxygen
concentration and saturation in near-bottom waters of
Hornsund fjord indicated good aerobic conditions. Both
parameters showed high values, irrespective of sampling
location. Moreover, saturation levels did not changed much
during the last 30 years. Values measured at the exact
sampling stations by Urbariski et al. (1980) also indicated a
good aerobic state with saturation levels of 72 and 85 % in
Basins I and II, respectively. Similarly, extensive studies
conducted by Jgrgensen et al. (2005) did not present anoxic
microenvironments in sediment, with average oxygen
penetration to the sediment depth of 6-8 mm in Svalbard
coastal waters. It appears that Hornsund fjord is stable with
regard to aerobic conditions.

On the contrary, temperature and salinity of near-bottom
waters varied interannually as well as between fjord basins.
Multi-year oscillations observed especially at the fjord
entrance suggest strong influence of shelf waters. These
conclusions agree with the latest findings of increased
inflow of warmer and more saline Atlantic water towards
west Spitsbergen fjords (Pavlov et al. 2013). Pavlov et al.
(2013) has additionally noted that Atlantic Water influence
may be more visible in the bottom layer of Spitsbergen
fjords than in the sub-surface layers that depend more on
atmospheric forcing. Still, this Atlantic fluxes are believed
to be limited only to outer and central basins of the fjords
(Urbanski et al. 1980; Swerpel 1985; Wtodarska-Kowal-
czuk et al. 2013). Inner glacial basins, on the contrary, are
believed to be suitable refuge for Arctic taxa. Norwegian
fjords are known to host cold-water species in the inner-
most basins, contrary to outer basins dominated by Atlan-
tic, warmer species (Freeland et al. 1980). The same
distribution of species may occur in the future in the fjords
of European Arctic. Although an increase in near-bottom
water temperature occurred over the last 30 years, the

coldest water masses are still noted in the most inner basins
of the Hornsund fjord. However, the amount of cold winter
water is highly variable in recent years (Prominska et al.
unpublished data).

In conclusion, we have documented data concerning
environmental factors known to be important for distribu-
tion and persistence of benthic fauna. This is the first study
to address such a numerous amount of physical parameters
representing conditions prevailing at the bottom of the
Hornsund fjord. As was summarised in Table 2, there is a
tendency towards an evolution to “boreal fjord” according
to the Pearson (1980) model. The observed changes can be
extrapolated to produce scenarios for other cold water
fjords that are exposed to the climate warming. New
extensive shallows appeared, temperature increased and
salinity decreased. There are changes in the amount and
influence of suspended matter supply and turnover in
organic matter distribution throughout the fjord. Our find-
ings suggest that contrary to common opinion (Westawski
et al. 2011) glacial retreat is not leading to the constantly
increased turbidity and sedimentation. Apparently this is
the case of the first stage of the retreat, when the glacier
drains rapidly and can both disturb the seabed in large area
and release lots of sediment. As the glacier gets thinner, its
front gets narrower and retreats to shallower areas, the
sediment flux’s range decreases. This needs to be con-
firmed in the future research. The drop in organic matter
content may suggest that more energy is utilized in the
water column due to a weaker pelagic-benthic coupling—a
phenomenon attributed to subarctic versus arctic ecosys-
tems (Petersen 1984; Westawski et al. 2009).

It appears the Hornsund fjord is becoming homogenized
with less diversification among individual basins; a similar
observation was recorded in Kongsfjorden between 1998
and 2006 (Kedra et al. 2010b). With the use of statistical
testing and GIS analysis, we have pointed out ares of
homogeneous and heterogeneous conditions. Although
clear environmental barriers were not detected, it seems
that principal driving forces for the benthic organisms
living conditions in Hornsund fjord are shelf waters and
glaciers activity. We distinguished uniform zones at the
fjord mouth, in the middle basin along fjord axis and in the
most inner basins of the fjord. Multi-year temperature and
salinity means shows the importance of external driving
force (variable advection of shelf waters documented by
Walczowski and Piechura 2006; Walczowski et al. 2012)
for the benthic fauna living at the fjord mouth, while
innermost basin, regarded as cold and very stable (Wes-
lawski et al. 2010) shows steady change likely due to the
lesser production of winter cooled water—already recorded
in other Svalbard fjords (Svendsen et al. 2002). Since
temperature and salinity seemed the least stable variables
in the fjord, it can be expected that they will have the
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biggest influence on benthic fauna distribution and com-
position during ongoing changes. Already an increase in
biomass and diversity of fauna is observed (Westawski
et al. 2011; Grzelak and Kotwicki unpublished data). Also
the prolongation of the productive vegetation period is very
likely (Piwosz et al. 2009). Further investigations are
needed to verify exactly which physical drivers control
species distribution. The next stage of our research will be
performing Species Distribution Modelling that shall verify
importance of various abiotic parameters for selected
benthic species, map their distribution and point out
potential refugia for species of Arctic origin.
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