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From photographic samples, we describe the benthic megafaunal communities in two
north Svalbard fjords and on the adjacent continental shelf. We analyze the fauna in
relation to abiotic factors of depth, bottom water temperature, percent cover of hard
substrata, heterogeneity of stone size, and bottom-water turbidity to explore how these
factors might affect the fauna and how they are related to thefunctional traits (size,
morphology, mobility, colonial/solitary, and feeding type) of the megabenthos. Depth
and bottom water temperature were consistently the strongest correlates with faunal
composition and functional traits of the constituent species. A greater proportion of
the variability in the functional traits of the megabenthoscould be explained by abiotic
factors rather than faunal composition, indicating that the abiotic factors of depth and
temperature were strongly related to the functional traitsof the megabenthos. On a
local scale, stone size heterogeneity explained most variation in the functional traits
of the megabenthos in one fjord. The results of this case study show a signi�cant
relationship between bottom water temperature and the functioning of north Svalbard
megabenthic communities. If our results are representative for other areas, warming
temperatures in the Arctic may decrease the variety of functional traits represented
in Svalbard megabenthos, resulting in scavenger-dominated communities. A reduction
in megabenthic biomass may also result, reducing energy availability to higher trophic
levels.

Keywords: Svalbard, benthic, image analysis, functional div ersity, monitoring

Introduction

The interplay between regional- and local-scale factors is an important determinant of diver-
sity in biotic communities (Ricklefs, 1987), and marine benthic diversity can be in�uenced by
factors at a variety of spatial scales (Gutt and Piepenburg, 2003; Gage, 2004; Robert et al.,
2014). In the Arctic, environmental drivers such as depth, benthic food supply, and bot-
tom oxygen a�ect megabenthic communities at regional scales, but factors such as substra-
tum type and disturbance may be just as important in structuring communities on more
local scales (Kuklinski et al., 2006a; Roy et al., 2014). Sensitivity of benthic communities
to abiotic factors, therefore, will vary in di�erent ways across these di�erent scales, and
this must be considered when monitoring programs are designed and their �ndings are
interpreted.
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Benthic communities o� the Norwegian archipelago of Sval-
bard are in�uenced by a variety of factors, including water
mass distribution, sedimentation, climate forcing, availability of
biotic and abiotic substrata, disturbance, and food input (Piepen-
burg et al., 1996; Kuklinski et al., 2006b; Carroll and Ambrose,
2012; K�edra et al., 2012; Kortsch et al., 2012; Ba�azy and Kuk-
linski, 2013; Ronowicz et al., 2013). Despite recent research
e�orts (Sswat et al., 2015), our understanding of how abiotic
factors in�uence the megabenthos around Svalbard remains lim-
ited. As future climatic changes are likely to be more dramatic
in the Arctic than in other regions (ACIA, 2006; Mora et al.,
2013), it is especially important to understand what factors in�u-
ence these communities (Bergmann et al., 2011; Nephin et al.,
2014).

Fjords are geologically young basins heavily in�uenced by
terrestrial input (Syvitski et al., 1987). Fjord fauna are often
considered to be subsets of shelf fauna, but recent evidence
suggests this is not always the case (W�odarska-Kowalczuk
et al., 2012). Generally, a decline in diversity is observed from
outer to inner fjords, and this is usually attributed to gradi-
ents of glacial sedimentation (Görlich et al., 1987; W�odarska-
Kowalczuk et al., 2005, 2012). Benthic megafaunal biomass and
diversity are also generally lower in Arctic fjords comparedto the
shelf, a pattern that again is attributed to inorganic sedimentation
(Syvitski et al., 1989; Piepenburg et al., 1996; Grange and Smith,
2013).

In the present analysis, we describe from photographic images
the benthic megafaunal communities in two Svalbard fjords and
on the north Svalbard shelf, as well as the dominant abiotic fac-
tors that appear to structure these communities. We focus in
particular on functional traits of the benthic fauna.

Functional traits describe what organisms actually do in a
community rather than their taxonomic classi�cations (Petchey
and Gaston, 2002). Communities with greater functional diver-
sity may be more resistant to invasion, have greater productiv-
ity or more e�cient resource use, and provide a wider array
of ecosystem services than those with lower functional diver-
sity (Mason et al., 2005; Petchey and Gaston, 2006). Functional
traits of the fauna may be more useful in explaining ecosystem
processes than taxonomic analyses alone (Mokany et al., 2008;
Bremner et al., 2013). Evenness of functional guilds has been
found to decline from outer to inner regions of Svalbard fjords,
with fewer suspension feeders, and more mobile, deposit-feeding
organisms found in inner fjords (W�odarska-Kowalczuk, 2007;
W�odarska-Kowalczuk et al., 2012). This most likely in�uences
the complexity of ecosystem processes carried out by the benthos
along the fjord gradient.

We set out to discern how the abiotic factors of depth,
water temperature, availability of hard substrata, stone size
heterogeneity, and inorganic sedimentation are related to
megabenthic communities in north Svalbard fjords and on the
nearby shelf. On the basis of previous macrofaunal studies, we
expected that sedimentation would have a dominant e�ect on
abundance and diversity. We also expected that assemblages of
organisms with di�erent functional traits would be found in
di�erent areas—shelf and inner and outer fjords—as a result
of the in�uence of abiotic factors. We investigated di�erent

spatial scales by comparing stations among and within fjord and
shelf areas.

Methods

Study Area
Photographs of the sea�oor were recorded in Raudfjorden,
Rijpfjorden, and on the north Svalbard shelf (Figure 1).
Raudfjorden and Rijpfjorden are both predominantly north-
facing fjords in the northern part of the Svalbard archipelago.
Both have a maximum depth between 200 and 250 m (Holte
and Gulliksen, 1998; Wang et al., 2013). Raudfjorden consists
of a single basin and has a sill at the fjord mouth that rises to a
depth of 130 m (Holte and Gulliksen, 1998). Rijpfjorden has a sill
halfway down its length but opens widely onto a shallow shelf at
100–200 m depth (Ambrose et al., 2006; Wang et al., 2013).

Raudfjorden is largely in�uenced by Atlantic Water, a warm,
saline water mass that continues onto the north Svalbard shelf
(Muench et al., 1992; Holte and Gulliksen, 1998; Rudels et al.,
2005). It also experiences a relatively high rate of inorganic sed-
imentation at 0.1–0.2 cm year� 1 in the outer part of the fjord
(Elverhøi et al., 1983), with sedimentation rate increasing toward
the fjord head (Holte and Gulliksen, 1998).

In contrast, Rijpfjorden is a “true” Arctic fjord as it is primarily
in�uenced by Arctic water and remains covered by ice for most
of the year, from October to June or July (Morata et al., 2013).
The melting process is dynamic, with snowmelt re-freezing asice
in the late spring (Wang et al., 2013). Even after landfast ice in
Rijpfjorden has melted, ice �oes are brought into the fjord by
surface currents from the northeast, with the result that Rijpfjor-
den is covered by sea ice in various forms for most of the year
(Ambrose et al., 2006; Leu et al., 2011). Because of its “true” Arctic

FIGURE 1 | Map of sampling stations in north Svalbard. Depth contours
are shown every 150 m. WSC, West Spitsbergen Current (Atlantic Water);
ESC, East Spitsbergen Current (Arctic Water).
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character, Rijpfjorden has been the site of several studies designed
to predict the e�ects of climate change on Arctic communities
(Ambrose et al., 2006; Wallace et al., 2010; Leu et al., 2011; Morata
et al., 2013).

The north Svalbard shelf stations included in this case study
are located between 80 and 81� N. The north shelf is in�uenced
by cooling AW at intermediate depth, though bottom water may
be formed as dense plumes of cold brine that spill over the
shelf following sea ice formation (Quadfasel et al., 1988; Rudels
et al., 2005). The stations included in this case study are close
to the winter ice edge, though the ice edge is dynamic and has
retreated to the northeast since 1979 (Piechura and Walczowski,
2009; Onarheim et al., 2014). The stations in this case study are
also in an area that may be subject to �shing activity (Norsk
Fiskeridirektoratet).

Image Collection
Photographs were recorded using a downward-facing digital
drop camera, as described bySweetman and Chapman (2011).
Photos were recorded at an altitude of approximately 2.5 m and
were spaced about 10 m apart. Fixed laser points were used for
size reference. All footage was recorded in September 2011 from
the R/VHelmer Hanssen.

Image Analysis
Images that were too dark, too turbid, showed evidence of �shing
activity, or were at an anomalous altitude were considered ineli-
gible for analysis. Of the eligible photos, 15 were randomly sub-
selected from each station and analyzed using the cell counter
function in ImageJ (National Institutes of Health, USA). Percent
cover of hard substrata was quanti�ed as the number of ran-
dom dots out of 100 overlying rock when projected on the image.
Stone size heterogeneity was calculated as the coe�cient ofvari-
ation of the surface areas of 15 randomly sub-selected stonesin
each image (or all stones, if fewer than 15 were present).

Abiotic Factors
Water temperature and turbidity were recorded with a Seabird
SBE9/11C CTD and attached turbidity sensor (Seapoint). Mea-
surements were recorded at each station in August–September
2011 aboard the R/VHelmer Hanssen. Bottom temperature and
bottom turbidity used for analysis in this case study are averaged
over the bottom 10 m of the water column.

Statistical Analyses
A conceptual outline of the statistical analyses in this studyis
shown inFigure 2. Biotic indices including total number of indi-
viduals (N), total number of species (S), Shannon–Wiener diver-
sity (H0based on natural log;Shannon and Weaver, 1963), Pielou
evenness (J0; Pielou, 1969), and Margalef richness (d;Margalef,
1968), were calculated using Primer6 (Clarke and Gorley, 2006).
Margalef richness was considered a more appropriate index of
species richness than the number of species per image because the
number of individuals per image varied widely among stations.
Abiotic factors and biotic indices were compared among sta-
tions with a non-parametric analysis of variance (Kruskal-Wallis
test, K-W) because data violated the assumption of homoscedas-
ticity, even after log transformation. Dunn's test was usedfor

post-hocpairwise comparisons. Multivariate analysis of similarity
(ANOSIM) for all fauna was conducted based on a Bray–Curtis
similarity matrix in Primer6. A DISTL-M procedure was used to
discern the in�uence of abiotic factors on the fauna, and a dbRDA
plot was constructed to visualize the �t of the DISTL-M model
to the biotic data using the PERMANOVAC add-on to Primer6
(Anderson et al., 2008).

Functional Traits
In order to understand how abiotic factors related to the func-
tional traits of organisms in the fjords and on the shelf, we con-
structed a “functional trait matrix” in which the abundanceof
individuals possessing each functional trait was listed instead of
abundance of each morphotype. Functional traits included size,
morphology (�at, mound, oblong, with walking legs, upright
and simple, upright and branched), mobility (sessile, swimming,
crawling), colonial/solitary (colony of zooids, sponge, single indi-
vidual), and feeding mode (photosynthetic, suspension feeder,
deposit feeder, predator, scavenger/opportunist). Because the
functional traits we chose were categorical, it was not possible
to use many of the indices which have been developed to mea-
sure functional diversity (Schleuter et al., 2010). We instead used
multivariate statistical techniques and conducted the same anal-
yses as we had done for the faunasensuBremner et al. (2013).
A resemblance matrix was constructed based on Euclidean dis-
tances and was used as the basis for multivariate DISTL-M and
dbRDA analyses (Figure 2).

Results

Abiotic Factors
Bottom temperature was highest (C4:5� C) at station 7, in inner
Raudfjorden, lower at the north shelf stations 11, 12, and 14
(2.92–3.25� C), and lowest in Rijpfjorden (� 1.8–0.5� C;Figure 3).
These values indicate greater in�uence of Atlantic water onsta-
tions in Raudfjorden and on the shelf and greater Arctic water
in�uence in Rijpfjorden. Turbidity was highest at station 7, in
Raudfjorden, and was generally much higher at stations in this
fjord than at stations on the shelf. Rijpfjorden stations showed
intermediate turbidity, with more turbid water being present at
stations 17 and 18, in the inner part of the fjord (Figure 3).

Percent hard substratum cover and stone size heterogeneity
were found to be signi�cantly di�erent among stations (Table 1).
A sample photo from each station is shown inFigure 4. Mean
percent hard cover was highest at stations 7, in inner Raudfjorden
(33:0 � 7:4, mean� standard error), and 14, on the north Sval-
bard shelf (38.3� 3.2), while stone size heterogeneity was high-
est at stations 7, 9, 12, and 14 (coe�cients of variation 0.9–1.2;
Figure 5).

Differences in Richness and Diversity among
Stations
The distriubtions of each species and average densities at each
station are shown in Supplementary Table 1. Multivariate anal-
ysis of similarity revealed overall signi�cant di�erences among
stations (ANOSIM, GlobalR D 0:827,p D 0:001). Signi�cant
di�erences were revealed for each of the indices N, S, H0, J0, and
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FIGURE 2 | Conceptual outline of statistical analyses condu cted in this study.

d among stations (Table 1). The highest average number of indi-
viduals (465.3� 17.8) was at station 17, in inner Rijpfjorden, and
this was signi�cantly di�erent from every other station except sta-
tion 18 inpost-hocanalysis. However, the highest average number
of species per image (13.6� 0.4) and the highest average H0index
(2.1� 0.04) were both found at station 14, on the north Svalbard
shelf. Station 14 also showed the highest average Margalef rich-
ness (2.5� 0.1), though this was not signi�cantly di�erent from
stations 12, 15, 16, or 18, on the outer shelf and in Rijpfjorden.
Pielou evenness was signi�cantly lower (0.15–0.19) at stations 10,
17, and 18, than all other stations except station 8 (0.41� 0.02)
in mid Raudfjorden (Figure 6).

Because species-accumulation curves were not found to reach
an asymptote for any station, we compared Chao1 richness val-
ues for each station using individual photos as replicates. Chao1
is a diversity index based on the number of rare species in a
sample, designed to estimate species richness under the assump-
tion that not every species present has been captured. Within
Raudfjorden, station 7 in the inner fjord was found to have the
highest estimated richness (13.5� 1.9), while station 8, in mid-
Raudfjord, had the lowest (5.0� 0.7). On the shelf, stations 11
and 10, closer to land on the inner shelf, were found to have the
lowest Chao1 richness (6.0� 0.7 and 19.3� 1.9, respectively),
while stations 12 and especially 14 had the highest (26.2� 2.1
and 36.0� 2.6, respectively). Within Rijpfjorden, stations 17 and

18, in the inner fjord, had the lowest richness (14.5� 1.9 and
22.0� 1.4, respectively), but outermost station 15 also had simi-
larly low richness (17.1� 0.6). It should be noted that the Chao1
richness values for these stations were still higher than forother
stations in Raudfjorden and on the shelf, speci�cally 8, 9, and
11. Station 16 had the highest Chao1 richness within Rijpfjorden
and indeed of all stations (53.5� 8.0;Figure 7). When Chao1
was calculated on a regional scale, with all Raudfjorden, shelf,
and Rijpfjorden values combined, Rijpfjorden had the highest
richness, though it was not signi�cantly di�erent from the shelf
(Figure 7).

Relationships between Biotic and Abiotic Factors
DISTL-M analysis revealed that each of the abiotic factors
tested had a signi�cant e�ect on the biotic data cloud (p D
0:001 for each factor in marginal tests). The abiotic factor
that accounted for the highest proportion of variability in the
biotic data was depth, with anR2-value of 0.11, followed in
order by bottom temperature (R2 D 0:10), bottom turbid-
ity (R2 D 0:08), percent hard substratum cover (R2 D
0:05), and stone size heterogeneity (R2 D 0:03). The best-�t
forward-selected model included all abiotic variables and had
an R2-value of 0.36, indicating that all abiotic factors together
explained approximately 36% of the variability in the biotic
data.
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FIGURE 3 | CTD pro�les showing temperature and turbidity of th e water at each station. Numbers in bold indicate station. Note different scales ofx- and
y-axes.
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TABLE 1 | Results of Kruskal-Wallis tests for differences in bi otic and
abiotic factors among stations.

Factor K df P

% Hard cover 122:759 10 < 0:001

Stone heterogeneity 98:635 10 < 0:001

N 136:455 10 < 0:001

S 111:426 10 < 0:001

H0 131:669 10 < 0:001

J0 105:321 10 < 0:001

D 109:815 10 < 0:001

Results of pairwise post-hoc tests are shown inFigures 5 , 6

The accompanying dbRDA graph shows that stations sepa-
rate along the axes of bottom temperature, bottom turbidity,and
depth, indicating that these factors in�uence the di�erencesin
benthic communities among stations (Figure 8). Points belong-
ing to the same station are spread out along the axes for percent
hard substratum cover and stone size heterogeneity, indicating
that these factors also in�uence the fauna but vary within sta-
tions. It should be noted that they-axis captures much less (28%)
of the variation in the data than thex-axis (40%). The four sta-
tions in Rijpfjorden are each represented by a close cluster of
points, indicating lower intra-station heterogeneity of the com-
munity here than elsewhere. Points for Rijpfjorden are spatially
separated from the other stations in the bottom left of the graph,
indicating they are in�uenced by low temperature (Figure 8).

Functional Traits
An examination of the functional traits of the fauna at each
station reveals that stations 17 and 18, in inner Rijpfjorden,
are almost entirely dominated by small, mobile, scavengers
(Figure 9). Station 10 has a high proportion of mobile scavengers,
while stations 8, 11, and 15 have high proportions of scavengers
with various morphologies. Stations 7, 9, 12, 14, and 16 feature a
high proportion of sessile suspension feeders, many of which are
colonial (Figure 9).

Results of a DISTL-M analysis show relationships between
abiotic factors and the fauna at each station. All abiotic fac-
tors were found to be signi�cantly related to the biotic data
cloud (p D 0:001 in marginal tests) except for bottom turbid-
ity (p D 0:203). The best-�t forward-selected model included
all �ve abiotic factors and explained 56% of the variability in
the functional trait data. Bottom temperature explained the
largest amount of inter-station variability (36%;R2 D 0:36).
Depth explained the second-largest amount of variation (12%;
R2 D 0:12), and each of the other abiotic factors hadR2-
values orders of magnitude lower (0.04, 0.04, and 0.002 for
bottom turbidity, percent hard substratum cover, and stone het-
erogeneity, respectively). In the accompanying dbRDA based
on functional traits, stations separated widely along the axes
of bottom temperature and depth. Some separation occurred
between points from the same station along the axes relating to
percent hard substratum cover and bottom turbidity, though a
much lower proportion of variability was captured by this second
axis (Figure 10).

Local vs. Regional Scales
We also ran separate DISTL-M analyses for the shelf and each
of the fjords. On this local scale, bottom temperature, and depth
were once again the strongest correlates of fauna within Raudfjor-
den, Rijpfjorden, and the north Svalbard shelf, as they explained
the largest proportions of variation in the biotic data withineach
local area. In Raudfjorden,R2-values were 0.38 and 0.19 for bot-
tom temperature and depth, respectively. On the shelf, depth
explained 31% of the variation in the data (R2 D 0:31) and
temperature explained 27% (R2 D 0:27), while in Rijpfjorden,
depth explained 40% of the variation in the data (R2 D 0:40) and
bottom temperature explained 19% (R2 D 0:19). No other abi-
otic factors were nearly as important in explaining the variation
in the data, as theirR2-values were orders of magnitude lower
(Figure 11).

DISTL-M analysis of the functional traits on a local scale
showed that functional traits of the fauna were in�uenced bydif-
ferent abiotic factors. For Raudfjorden, stone size heterogeneity
explained 44% of the variability in the functional trait datacloud,
and bottom temperature explained 13%. On the shelf, depth
explained 38% of the variability in the functional trait data, and
bottom temperature explained 20%. Depth was by far the most
important factor in Rijpfjorden, explaining 93% of the variation
in the data (Figure 12).

Discussion

Our results indicated clear and signi�cant di�erences in the
benthic community within the same fjord, at stations spaced
as little as 8 km apart. From this case study, we can therefore
state that there was no single characteristic community forthe
fjords studied. Rather, distinct variations in the benthiccommu-
nity occurred along the fjord axis. Distributions of megafauna
have seldom been documented for Svalbard fjords, so more
research is required to determine if and to what extent pat-
terns in the megafauna found in these fjords parallel patterns
observed in other fjords and other major taxonomic groups (e.g.,
the macrofauna).

Roy et al. (2014)found that substratum type was more impor-
tant in structuring benthic communities on local scales than
on regional scales. However, in this case study, stone size het-
erogeneity explained only a small fraction of the variability in
the local scale data, except for one case: the functional traits
of fauna within Raudfjorden. Between fjords, stone size hetero-
geneity only explained a small fraction (3%) of the variability
in the biotic data. While it is possible that habitat heterogene-
ity in�uences benthic megafauna on a larger spatial scale than
was quanti�ed here (approximately 40 m;Robert et al., 2014), it
was not possible to quantify habitat heterogeneity on larger spa-
tial scales in this case study. Nevertheless, our results dohighlight
the importance of considering habitat heterogeneity on di�erent
spatial scales.

Bottom water temperature and depth were the most impor-
tant abiotic factors structuring both composition and functional
traits of the fauna in every case except for Raudfjorden men-
tioned above. The results will therefore be discussed here in the
context of temperature and depth primarily. Depth explained
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FIGURE 4 | An example photo from each station in north Svalbard. Scale barD 26 cm.

11% of the variability in the composition and 12% of the vari-
ability in the functional traits of north Svalbard fauna in this
case study. Strong depth gradients in the megabenthos have also
been observed in the Kara Sea and in East Greenland (Mayer
and Piepenburg, 1996; Jørgensen et al., 1999), though the latter
case includes a greater range of depths than was quanti�ed in
this case study. In the Arctic, disturbance and competition have
been shown to vary along depth gradients, but both factors are
of little importance below approximately 40 m depth (Barnes
and Kuklinski, 2004; Kuklinski, 2009). The sites included in this
case study are located at 77–360 m, so of the factors correlated
with depth, only benthic food supply is likely to be important.
Food supply is generally negatively correlated with depth (Roy
et al., 2014), but on local and meso-scales, structures such as

polynyas and gyres can dramatically increase food supply to the
benthos (Piepenburg, 2005). Lateral advection is also responsi-
ble for local-scale patterns of benthic food supply (Mayer and
Piepenburg, 1996; Piepenburg, 2005). In a recent study, (Sswat
et al., 2015) found that the north Svalbard shelf benthos was in�u-
enced by depth and substratum type, with higher diversity and
abundance of sessile suspension feeders occurring at shallower
stations. Station 14 in this case study had the highest abundance
and diversity of suspension feeders and also the greatest availabil-
ity of hard substrata (Figures 5, 9). This station sits at shallower
depth (192 m) compared to the adjacent station 12 (360 m). It
is possible that bottom currents at shallower depth carry away
�ne particles to expose large stones and also bring particulate
food to the suspension feeders at station 14. A similar pattern
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FIGURE 5 | Abiotic factors at each north Svalbard station. (A) Average
percent hard substratum cover per image,(B) average stone size
heterogeneity (coef�cient of variation) per image. Error bars represent

standard error. Stations without any letters in common werefound to be
signi�cantly different from each other in pairwisepost-hoc analysis. Arrows
point toward fjord mouth.

FIGURE 6 | Biotic indices of richness, evenness, and diversi ty
at each station in north Svalbard. (A) Average number of
individuals per image, (B) average number of species per image,
(C) Margalef richness, (D) Shannon-Wiener diversity index, (E) Pielou

evenness index. Error bars represent standard error. Stations without
any letters in common were found to be signi�cantly different from
each other in pairwise post-hoc analysis. Arrows point toward fjord
mouth.

has been observed at Hopen in the NW Barents Sea (Cochrane
et al., 2009). Arctic megabenthic communities may also change
as a function of depth because of distinct water masses imping-
ing on the sea�oor at di�erent depths. In the Canadian Arc-
tic, colder, fresher water of Paci�c origin overlies warmer,saline
Atlantic water, and this gradient has been hypothesized as a major
structuring factor for the megafauna here (Roy et al., 2014).
Horizontal gradients in water masses have also been shown to
a�ect the megabenthos in the Barents Sea, with higher abun-
dance of megafauna being found at Atlantic-in�uenced south-
ern stations, where productivity was higher (Cochrane et al.,
2009). Our results also show high abundance of megafauna at

Atlantic-in�uenced shelf stations (Figure 6), but it cannot nec-
essarily be stated that Atlantic water in�uence always leads to
greater abundance and diversity of the megafauna, particularly
in fjords because some Atlantic in�uenced fjord sites in this
case study showed low megafaunal abundance and diversity (e.g.,
Stations 7–9,Figure 6).

Bottom water temperature (that was used as an indicator
of Atlantic or Arctic water mass in�uence) at our sampling
stations explained 10 and 36% of the variability in faunal
composition and functioning, respectively. Stations in Raud-
fjorden were heavily in�uenced by Atlantic water masses (as
indicated by the relatively higher temperatures,Figure 3) and
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FIGURE 7 | Chao1 species richness estimates. (A) Stations in Raudfjorden,(B) stations on the north Svalbard shelf,(C) stations in Rijpfjorden,(D) fjord and shelf
regions combined. Error bars represent standard error.

FIGURE 8 | dbRDA graph showing relationship of north Svalbar d fauna
to abiotic factors.

showed lower faunal diversity, plus a lower variety of func-
tional traits (primarily mobile scavengers with rare sessile sus-
pension feeders,Figure 9). Stations in Raudfjorden had turbid
bottom water (Figure 3), indicating heavy disturbance from
glacial sedimentation, re-suspension, and/or terrestrialrun-o�.

Inorganic sediment released by melting glaciers can smother
organisms, clog �ltering structures, dilute sediment organic
material with inorganic particles, and reduce primary pro-
duction by making the water column turbid, all of which
can reduce biomass and diversity in glacial-in�uenced fjords
(W�odarska-Kowalczuk et al., 2005). Stations in Raudfjorden
had the lowest abundance of megafauna, indicating that it
was di�cult for more sedimentation-sensitive taxa to sur-
vive in this heavily-sedimented Atlantic-in�uenced fjord, such
as sponges (that were dominant at the low turbidity station
14). Nevertheless, the dominant organisms at station 8 were
shrimp of the speciesPandalus borealisthat have been shown
to be sensitive to inorganic particles in the water (Dale et al.,
2008).

By contrast, the low bottom water temperature in Rijpfjorden
indicated that the fjord is heavily in�uenced by Arctic water
masses. The Rijpfjorden megabenthic community had high
diversity, as shown by the high Chao1 index (Figure 7) and also
a wide variety of functional traits (e.g., predators, mobilescav-
engers, and sessile suspension feeders with various morpholo-
gies). A previous study at Arctic water mass-in�uenced stations
in the Barents Sea has shown higher evenness and diversity ofthe
megabenthos, despite lower abundance (Cochrane et al., 2009),
and a body of recent research has shown that Arctic diversityis
not as impoverished as previously believed (Piepenburg, 2005).
The high diversity observed at the outer Rijpfjorden stationsis
reminiscent of Antarctic fjord communities, which show higher
faunal and functional diversity than shelf stations at similar depth
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FIGURE 9 | Proportion of fauna at each north Svalbard station p ossessing different functional traits. (A) Size in vertically-facing view, cm,(B) basic
morphology, (C) mobility, (D) colonial/solitary,(E) feeding mode. Arrows point toward mouth of each fjord.

FIGURE 10 | dbRDA graph showing relationship of functional tr aits of north Svalbard fauna to abiotic factors.

(Grange and Smith, 2013). Antarctic fjords are hypothesized to
receive higher organic input than shelf stations in the form of
macroalgal detritus, foraging krill, and whale excreta; however,
the high diversity observed in Antarctic fjords more likelyresults
from larval retention and lack of glacial sedimentation, because
Antarctic fjords are at an earlier stage of warming than their Arc-
tic counterparts (Grange and Smith, 2013). In this case study,
Rijpfjorden was found to be primarily in�uenced by Arctic water

masses and to have high faunal diversity and a variety of func-
tional and trophic groups and relative low water column turbid-
ity. It could thus be considered more comparable with diverse
Antarctic fjords, which are at an earlier stage of warming and not
heavily in�uenced by glacial sedimentation.

Changes in ocean temperature and biogeochemistry are pre-
dicted to be more extreme in the Arctic compared to other
regions of the world ocean (Mora et al., 2013). The Arctic shelf
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FIGURE 11 | dbRDA graph showing relationship of north Svalba rd fauna to abiotic factors on local scale.(A) Stations in Raudfjorden,(B) stations on north
Svalbard shelf,(C) stations in Rijpfjorden.

seas are predicted to experience an increase in water temperature
of 2–4� C by 2100, and this is a greater temperature increase than
is predicted for the Antarctic (Mora et al., 2013, Figure 2A).

Food input to the sea�oor may also increase in Arctic fjords
with climate change if earlier ice break-up in spring leads to
a mismatch between the spring bloom and the emergence of
zooplankton, and tighter pelagic benthic coupling (Sokolova,
1994; Zaj �aczkowski and Lege�zyñska, 2001; Leu et al., 2011).
It is unclear how north Svalbard megafauna may respond to
increased benthic carbon �ux, but it is possible that greater
food �ux could boost megafaunal biomass (Smith et al., 2008).
However, warming will also potentially increase glacier activity,
calving, and sedimentation (Hodson and Ferguson, 1999;
W�odarska-Kowalczuk and Weslawski, 2001), which may in
turn decrease megafaunal biomass and megabenthic functioning
in north Svalbard. It is well documented that heavy inorganic
sedimentation leads to reduced diversity and functional diversity

of macrobiota (Syvitski et al., 1989; Piepenburg et al., 1996;
W�odarska-Kowalczuk and Weslawski, 2001; W�odarska-
Kowalczuk, 2007) and inorganic sedimentation can also reduce
mesoscale heterogeneity of the benthic community (W�odarska-
Kowalczuk and Weslawski, 2008). The diverse communities
at stations 15 and 16 in outer Rijpfjorden and at stations on
the shelf have a variety of trophic groups. By contrast, in the
more heavily-sedimented inner fjord stations in both Raud-and
Rijpfjorden, the community consists almost entirely of mobile
scavengers. If our results are representative for other fjords and
if it can be assumed that an Atlantic-in�uenced fjord is a good
proxy for a warming Arctic fjord, an increase in sedimentation
from rising temperatures and enhanced glacial melting may thus
lead to a shift from suspension-feeding/detritivore communities
to more necrophagous communities. If our results are indeed
representative, warming temperatures could also lead to a
reduction in megafauna abundance and biomass. Much higher
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FIGURE 12 | dbRDA graph showing relationship of functional tr aits of north Svalbard fauna to abiotic factors. (A) Stations in Raudfjorden,(B) stations on
north Svalbard shelf,(C) stations in Rijpfjorden.

megafaunal abundances were observed at the colder (17 and 18),
and less turbid (18) stations in inner Rijpfjorden compared to
the warmer, more turbid station 8 in Raudfjorden (Figure 6),
even though all three stations were characterized by mobile
scavengers and feature primarily soft substrata. Thus, warming
and increased sedimentation, besides reducing functionaldiver-
sity of the megabenthos, are likely to decrease the abundance
and biomass. Such a reduction in abundance or biomass of
the megabenthos may have major implications for Arctic fjord
ecosystems (e.g., reducing energy transfer to predatory �shes and
other higher trophic levels).
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