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Until recently, polar night constituted truly a “mare incognitum” of our times. Yet, the first
records from this very little-explored period showcased a surprisingly rich and active
ecosystem. This investigation aims to reveal the level of scavenger activity during both
Arctic polar night and day. It compares the shallow-water scavenging fauna observed
during two contrasting seasons (winter vs. summer) in a high Arctic fjord (Kongsfjorden,
79◦ N, Spitsbergen, Svalbard Archipelago). In each of January and July 2015, two
different bait types – Atlantic cod (Gadus morhua) and a bird carcass (chicken meat)
were deployed at a depth of 12 m. Fauna were monitored remotely using time-lapse
cameras equipped with bait traps, with photographs taken every 15 min over a period
of 4 days. Thirty taxa were recorded at baits, dominated by lysianassid amphipods
(Onisimus sp. 88%, Anonyx sp. 2%, but only during winter), and buccinid gastropods
(B. undatum 5%, B. glaciale 1%, Buccinum sp. 3%, in both seasons). In most cases,
buccinids were the first animals to appear at bait. The total number of recorded
taxa, mean species richness per sampling unit, total abundance and associations
among taxa were higher, on average, in winter than in summer deployments, while
Pielou’s evenness index showed the opposite pattern. Scavenger assemblages differed
significantly between the two seasons and also in response to the two different bait
types, with seasonal effects being strongest. Contrary to expectations, bait consumption
rates differed very little between the two seasons, being slow in general and only slightly
faster in summer (0.05 g of cod bait consumed in 1 min) compared to winter (0.04 g
min−1), yielding novel insights into ecological interactions and functions in shallow
marine ecosystems during Arctic polar nights.

Keywords: decomposition, carrion, necrophage, time lapse, image analysis, SCUBA

INTRODUCTION

Scavengers play an important role in benthic nutrient and energy circulation essential for ecosystem
functioning (Benbow et al., 2020). Their significance is emphasized in polar regions where this
feeding type is a common strategy (Arnaud, 1977; Renaud et al., 2020). The relatively high level
of disturbance, both physical (e.g., the forces of wind and ice, strong salinity gradients and iceberg
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seabed scouring close to glacier fronts) and biological (such as
feeding by gray whales and walruses, or mass mortalities in
dynamic populations) is advantageous to necrophages (Britton
and Morton, 1994; Dunlop et al., 2014). Strong environmental
seasonality with prolonged periods of total darkness (often more
than 3 months) and ice cover in winter shapes the phenology
of primary productivity. The fact that most organic carbon is
produced during intense spring phytoplankton blooms, after the
return of the sun, ice-cover breakdown and the stabilization of
the upper water column (Sakshaug et al., 2009; Hodal et al.,
2012) might suggest that benthic consumers in the Arctic
are resource-controlled or food-limited and, hence, depend on
seasonal vertical fluxes of phytodetritus to the sea floor (bottom-
up control; Presler, 1986; see Piepenburg, 2005 and references
therein). This classic perception of depleted life during the harsh
polar night has been questioned recently, however, by Berge et al.
(2015a,b) who documented not a dormant but a surprisingly rich
and active winter ecosystem across nearly all of its components,
including benthic invertebrates and scavengers, indicating a
greater top-down influence on ecosystem structure and function
during winter than was previously assumed. Undoubtedly in such
a system, opportunistic omnivores capable of deriving nutrition
from a variety of sources, especially those available year-round,
are favored (Renaud et al., 2020).

There are few studies describing shallow-water assemblages
of scavengers from higher latitudes, especially during the polar
night (but see e.g., Legeżyńska et al., 2000, 2012; Smale et al.,
2007; Nygård et al., 2012; Dunlop et al., 2020), which, until
recently (Berge et al., 2015a,b), was one of the last unexplored
areas in time and space for the marine realm, probably as a
consequence of logistic constraints. Thus, our understanding of
marine scavenging fauna comes primarily from lower latitudes
and/or deep-sea ecosystems, as necrophagy becomes a more
prominent strategy with increasing depth, due to declining
food availability (Stockton and DeLaca, 1982; see also Dunlop
et al., 2018 and references therein). Moreover, in contrast to
Antarctica (Smale et al., 2007; Dunlop et al., 2014), studies on
seasonality conducted in the Arctic (Legeżyńska et al., 2012;
Nygård et al., 2012) have focused primarily on just one group
of animals – amphipods – and only in the deep sea (Premke
et al., 2006). Scavengers are comprised, however, of a very large
and taxonomically diverse functional group. In addition, very
few previous studies have used different types of bait. Scavenging
may not be a purely random or opportunistic process; some
scavengers may be selective in their food choice (Nygård et al.,
2012). There are many potential sources of food in shallow
marine systems, including carcasses of fish or birds. Both the
Atlantic cod, Gadus morhua (Olsen et al., 2009; Renaud et al.,
2012; Geoffroy and Priou, 2020), and some seabird species (Berge
et al., 2015a; Ostaszewska et al., 2017) have recently shown
increases in their relative abundances and spatial distribution in
the Arctic polar night, due to rapid climatic warming.

Broadly, there are two methods generally used to study
necrophagy: baited traps and remote photo-video apparatuses.
Traps enable positive identifications of individual organisms
caught (including potentially via consultation with taxonomic
specialists), but they are selective – results do depend on

the dimensions of the trap and the size of their opening(s).
Cameras can be deployed either to monitor the bait (and its
vicinity) continuously through time (via video footage), or at
pre-programmed intervals (via time-lapse photography). In some
cases, however, the identification of organisms might be difficult
or even impossible to achieve directly from photographs or video
footage. One possibility is to use a combination of methods (i.e.,
to deploy both baited traps and photo/video cameras) (Jones
et al., 2003; Premke et al., 2006).

The objective of this study was to trace the decomposition
caused by scavengers of two different bait types (Atlantic cod
Gadus morhua, and bird meat) in each of two contrasting
seasons (during polar night and polar day) in an Arctic shallow-
water marine ecosystem. Underwater time-lapse photography
combined with small baited traps were employed to investigate:
(1) assemblage structure, (2) food consumption rate, and (3)
feeding preferences of scavengers, as well as (4) inter-specific
associations among scavenger species at bait. Due to known
differences in overall food availability in winter (limited) vs.
summer (more plentiful), we expected to see strong seasonal
differences in (1)-(4) above. Specifically, we expected assemblages
of scavengers would be richer and more abundant, show faster
consumption rates and stronger inter-specific interactions in
winter (when food is relatively scarce) compared to summer.
Furthermore, we also expected assemblages of scavengers to
change gradually over time, as the bait gradually decayed. In
other words, we expected a decay in the similarity of species’
assemblages over time would correlate directly with a decay in
the bait through time, over the 4-day period of our observations.

MATERIALS AND METHODS

Study Area
The study took place in the vicinity of Ny-Alesund in
Kongsfjorden – an important Arctic monitoring site, and the best
studied northerly fjord – located on the west coast of Spitsbergen,
Svalbard Archipelago (Figure 1). Due to the lack of shallow
sill at its entrance, and strong influx of Atlantic waters (mixed
with Arctic waters) through the action of the West Spitsbergen
Current, the conditions prevailing inside the fjord are more
sub-Arctic than Arctic in character (Hop et al., 2002; Wiencke
and Hop, 2016). Despite its high latitude and the proximity
of three large recessing tidal glaciers (Van Pelt and Kohler,
2015), including the Kongsbreen – the most active one on the
archipelago (Lefauconnier et al., 1994), only the inner parts of
Kongsfjorden are strongly glacially influenced. Freshwater runoff,
sediment deposition, and ice action thus decreases gradually
along the axis of the fjord toward its mouth. In such a large fjordic
system, benthic habitats are diverse, but due to sedimentation the
seabed is generally muddy with overlying boulders and rocks.
Fauna and flora represents a typical mix of boreal and Arctic
species (Włodarska-Kowalczuk et al., 1998; Hop et al., 2002;
Gulliksen and Svensen, 2004; Voronkov et al., 2016; Wiencke and
Hop, 2016). Monthly mean air temperature in Ny-Alesund in
January is −10◦C, while in August it is ∼5◦C above zero. Mean
winter seawater temperature is 1◦C, while in the summer it is
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∼3.5–4◦C. The salinity regime in shallow water varies between
ca. 34.7–34.8 PSU in winter and 33.5–34 PSU in summer (Hop
and Wiencke(eds), 2019). Surface water can freeze in winter for
a few months; however, since 2005/2006, winter ice-cover is rare
here (Cottier et al., 2007) and the sea did not freeze at the study
locality during this study. In summer, the shallow seabed can
be scoured by icebergs from tidal glaciers (Dowdesweell and
Forsberg, 1992). Polar night begins 24 October and ends 18
February (light conditions can be characterized as polar twilight,
civil polar night and nautical polar night at noon on winter
solstice) while polar day (i.e., midnight sun) occurs 18 April to
24 August, with direct sun reaching Ny-Alesund 8 March to 8
October (Berge et al., 2020). During the civil polar night peak,
surface irradiances are insufficient to support primary production
(Cohen et al., 2015). Detailed physical characterization of the
fjord is most recently presented in Hop et al. (2019). For more
details regarding polar night, refer to Berge et al. (2020).

Protocol
Two time-lapse camera systems, spaced 25 m apart, were
deployed at a depth of 12 m in the vicinity of the Ny-Alesund
harbor (Figure 1). Camera systems (Figure 2A), described in
detail in Balazy et al. (2018), were secured on the soft-bottom
seabed by divers with lead weights and rocks. Cameras were
situated in front of two types of bait: Atlantic cod (Gadus morhua)
and bird meat (chicken meat mimicking a bird food-fall item).
Bait was anchored to the sediment with copper wire laden with
small stones (Figure 2B). Each camera-system was also equipped
with a cylindrical bait-trap (25 cm long and 10 cm in diameter)
made of plastic with an elliptical opening (2.5 cm in diameter)
at one end, and covered by a net (1 mm mesh) at the other end.
Each trap contained a small piece (∼40 g) of bait that matched the
bait situated outside the trap being photographed by the camera-
system. The main aim of the trap was to support identification of
organisms (particularly small-sized scavengers) that might prove
difficult to identify in photographs. The camera system consisted
of a Canon EOS 1110D camera with Canon EFS 18–55 mm lens
set at its widest position. For lighting, a single 40W and 125◦
beam LED strobe firing for a second was used. The camera focus
was set to manual mode and pointed at a distance of 30 cm,
i.e., it was pointed at and focused to the exact position of the
bait. The aperture was set to F14 to ensure a large depth of
field. The baits were monitored over a period of 4 days, with
each camera taking a photograph every 15 min. The traps and
associated cameras were deployed for both types of bait in each
of two seasons: winter (17–22nd January) and summer (5–9th
August) in 2015 (see Table 1 for details). After that time, all the
gear and bait remains were recovered, photographs downloaded,
and animals from traps preserved in formalin. Organisms in
traps and on photographs (located directly on bait and around it)
were identified to the lowest possible level (typically species) and
counted. Each combination of Season and Bait type is referred to,
hereafter, as a “case.” Consumption rates were calculated as the
difference in the weight of the bait from before deployment to
after its recovery, divided by its period of submergence.

Individual photographs taken at 15-min intervals were
extremely variable in the identities of species they happened

to contain, with some photographs containing very few species
or no species at all. Thus, for subsequent analysis, we used
a more consolidated measure of the scavenger community by
combining (averaging) the data from 12 consecutive photographs
(taken over a period of 180 min) into a single sampling unit
(Anderson and Santana-Garcon, 2015). For each sampling unit,
we calculated the mean abundance for each species as well as
several summary metrics: species richness (S), evenness (J′),
and log-transformed total abundance [log(Ntot)]. Variation in
scavenger assemblages (mean abundance values per species)
among sampling units was quantified using the Bray–Curtis
dissimilarity measure after applying dispersion weighting (Clarke
et al., 2006). Dispersion weighting ensured that species displaying
highly erratic spatio-temporal clustering (i.e., amphipods) were
suitably down-weighted for subsequent analyses.

Multivariate variation in community structure, encapsulated
in the Bray–Curtis dissimilarity matrix, was then partitioned
using permutational multivariate ANOVA (PERMANOVA,
Anderson, 2001) in response to a fixed, 2-factor (Season, Bait
type) design. As only one replicate camera system was deployed
for each bait-type within each season, inferences are necessarily
limited to these experimental units, with the primary aim being
to characterize changes in the scavenger communities tracked
over time in each case. In addition, individual sampling units
(each drawing information from a period lasting 180 min)
were also taken sequentially from individual cameras over
a period of 4 days, so they were not independent through
time. This was accounted for by including “Time” as an
ordered sequential linear covariate in all formal PERMANOVA
analyses. Significant effects detected by PERMANOVA were
examined using appropriate post hoc pair-wise comparisons.
A permutational test of multivariate dispersions (PERMDISP,
Anderson et al., 2008), was used to compare temporal variation
in scavenger assemblage structure across the four combinations
of Season × Bait type. Similarity percentages (SIMPER) were
used to identify species’ contributions toward within-group and
between-group differences among groups. Patterns of change
in scavenger communities through Time and in response to
Season and/or Bait type were visualized using non-metric multi-
dimensional scaling (MDS) on the distances among relevant
centroids (e.g., Anderson, 2017) and metric MDS of bootstrap
averages (Clarke et al., 2014). Temporal trajectories for different
seasons and bait types were examined in separate ordination
plots, with segmented bubbles showing S, log(Ntot) and J′.
The univariate variables: S, log(Ntot), and J′, were also tested
individually using the same ANCOVA design (2 factors, with
Time as a covariate), but based on a Euclidean distance matrix
(untransformed data, Clarke et al., 2006; Anderson et al., 2008).
All statistical analyses were done using PRIMER 7 with the
PERMANOVA + add-on (Anderson et al., 2008; Clarke and
Gorley, 2015).

All permutation tests were done using 9999 permutations of
residuals (Freedman and Lane, 1983). Interspecific relationships
at bait were quantified using copulas (e.g., Mai and Scherer,
2017). First, the statistical significance of relationships was
ascertained using permutation tests on the index of association
(e.g., Somerfield and Clarke, 2013), then estimation of the size

Frontiers in Marine Science | www.frontiersin.org 3 May 2021 | Volume 8 | Article 656772

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-656772 May 20, 2021 Time: 16:34 # 4

Balazy et al. Scavengers of Polar Night and Day

FIGURE 1 | Map of the study area.

FIGURE 2 | Time-lapse camera system, equipped with baited trap (on the
left), in front of the bird bait (A), and a sample photographic image produced
by the system (B).

and direction of inter-species’ associations (positive or negative)
was done using Gaussian copulas for discrete data (Anderson
et al., 2019). Estimation was done separately for each of the four

combinations of Season × Bait type. Correlation structures from
the copulas were visualized using the ‘corrplot’ package (version
0.84; Wei and Simko, 2017) in the R software package (R Core
Team, 2020).

RESULTS

A total of 30 taxa were identified from photographs (Table 2).
Among these, 16 taxa were identified to species level, nine
to genus, one to family, three to class and one to phylum.
Twenty-six individuals remained unidentified. The lysianassid
amphipod Onisimus sp. made up 88% of the total number of
animals counted, however it did not occur frequently (appearing
in 55% of the images, mostly in winter). The most frequently
occurring species were buccinid gastropods (Buccinum undatum
occurring in 93% of the images and accounting for 5% of the
total number of animals counted; Buccinum sp. – 89% and 3%;
and B. glaciale – 60% and 1%, respectively), the hermit crab
Pagurus pubescens (40% occurrence and 0.5% of total abundance)
and another amphipod, Anonyx sp. (31% occurrence and 2% of
total abundance).

Only six species were found in all of the traps (Table 2).
The most abundant of these was the gastropod B. undatum
(10 individuals) followed by the amphipod Anonyx sarsi
(six individuals) and another buccinid B. glaciale (three
individuals). The other three species (Orchomenella minuta,
Pagurus pubescens, Phyllodoce groenlandica) were represented by
single specimens.

There were clear changes in the community of scavengers over
time, which varied somewhat seasonally as well (Figure 3). In
most cases, buccinids (B. undatum, B. glaciale, Bucinnum sp.,

TABLE 1 | Time-lapse recording details by bait type and season.

Bait type Start weight, end weight [g] Deployment date/time Recovery date/time

Winter Summer Winter Summer Winter Summer

Cod (Gadus morhua) 270, 50 473, 184 2015-Jan-17 14:32 2015-Aug-05 11:38 2015-Jan-21 11:58 2015-Aug-09 16:12

Bird meat 300, 64 300, 149 2015-Jan-18 14:24 2015-Aug-05 20:38 2015-Jan-22 18:59 2015-Aug-09 15:38
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TABLE 2 | List of taxa occurring on different bait types on photographs and in traps (W-Winter, S-Summer).

Bait Trap

Cod Bird Cod Bird

W S W S W S W S

Anonyx sp. + + +

Anonyx sarsi +

Buccinum glaciale + + + + + + +

Buccinum polare + + +

Buccinum sp. + + + +

Buccinum undatum + + + + + + +

Caprella sp. + +

Colus sp. + + + +

Coryphella verrucosa + +

Cryptonatica affinis/Euspira pallida + +

Dendronotus robustus + +

Gadus morhua + + +

Gastropoda undetermined + +

Golfingia sp. +

Harmothoe sp. +

Hyas araneus + + + +

Lebbeus polaris + + +

Lumpeninae + +

Margarites helicinus + + + +

Mertensia ovum +

Myoxocephalus scorpius + + + +

Myxine glutinosa + +

Nemertea undetermined +

Onisimus sp. + + + +

Orchomenella minuta +

Pagurus pubescens + + + + +

Phyllodoce groenlandica +

Phyllodoce sp. + + + +

Pisces undetermined + + +

Sagittoidea +

Sclerocrangon sp. +

Stegophiura nodosa +

Strongylocentrotus droebachiensis +

Undetermined + + + +

Colus sp.) were the first species to arrive at the bait, generally
occurring within the first 0–15 min. In the case of bird meat
in winter, Anonyx sp. also appeared early. In the summer,
Hyas araneus appeared at the bait after 45 min, then first
B. undatum appeared.

The number of animals attracted to the bait over the
course of deployment varied between bait types and seasons
(Figures 4A,B). Due to the occasional occurrence of Onisimus
sp. in huge numbers, reaching at times over 1500 individuals,
two graphs with different scales are presented: one with a scale
covering all the Onisimus sp. counted (Figure 4A) and one with a
reduced scale to see other taxa more clearly (Figure 4B). Large
quantities of amphipods were observed only in winter, on cod
bait. On bird meat, no more than 380 individuals were observed
at any single time. Despite being recorded almost right after

bait placement (Figure 3), the sharp increase in Onisimus sp.
numbers was observed only after 2 days, when the outer skin
was already deteriorating and the initial scavengers had already
started to leave. In the case of the cod bait in winter, the upward
trend in Onisimus sp. abundance continued until the end of
bait monitoring, while in the case of bird meat the numbers
of this species started gradually to decrease after 84 h. Anonyx
sp. was much less numerous. It occurred more often and in
greater numbers on bird meat than on cod, and again mostly
in winter. Maximum numbers (245 individuals at once) were
recorded after 3 days but did not last long (i.e., only for 1.5 h).
Buccinids (mostly B. undatum, B. glaciale, and/or Buccinum
sp.) were the most numerous scavengers at bait in the summer
(maximum 23 B. undatum individuals at once), and the second-
most numerous in winter (maximum 26 B. undatum individuals
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FIGURE 3 | Order of arrival of scavengers at each bait type, for each season.

FIGURE 4 | Number of individuals observed at each bait type in each season: with scale including all the Onisimus sp. counted (A) with scale reduced to 30
individuals (allowing other taxa to be seen more clearly) (B). Gaps in the continuity of data over time are caused by lack of data due to obstruction of the camera’s
lens by kelp being dragged in front of the camera by currents.

at once). Apart from bird meat in winter, the temporal patterns
in their occurrence and abundance at bait was similar across the
bait types and season. Some fluctuations in Buccinum numbers
might have been caused by these gastropods gaining access to soft
tissues of the bait through external holes, after which they became
invisible to the camera, so could no longer be counted. This was
especially evident in the case of cod, which was denser than the
chicken meat, so it was easy to observe the gastropods using the
cod’s mouth or gill covers to get inside. Two crab species were
recorded in every case: a small hermit crab Pagurus pubescens
and the much larger spider crab Hyas araneus. However, they
appeared sporadically without any clear pattern or trend. Only at
cod bait in the summer were P. pubescens seen nearly throughout
the whole monitoring period. Whenever Hyas araneus appeared
at bait, amphipods disappeared. The remaining species (Table 2)

constituted a small percentage of recorded necrophages. Their
occurrence was more noticeable in winter, especially on bird bait.

Due to the hindered access to the bird meat caused by dense
kelp cover in the summer, the differences in bait consumption
rate between the two seasons were analyzed only on cod bait
(Table 1). Cod decomposition was slightly faster in summer
(0.05 g min−1) than in winter (0.04 g min−1). Despite this,
at the end of the monitoring in winter, the cod bait consisted
only of bones, fin rays and some skin remains. Nevertheless,
1344 Onisimus sp. individuals and one Buccinum sp. were
still present at it.

Figure 5 shows the number of taxa in each broader
taxonomic group occurring in each of the four combinations
of Season × Bait type. Among the recorded scavenger taxa,
gastropods were the most species rich (six to ten taxa), while
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FIGURE 5 | Number of taxa recorded at two bait types in each of two seasons.

polychaetes and amphipods were represented by only one or two
taxa. More taxa were recorded in winter (24 on cod, 25 on bird
meat) than in summer (17 on cod, 15 on bird meat).

There was a significant interaction between Season and Bait
type in their effects on scavenger assemblages (Table 3). Pair-
wise comparisons indicated significant seasonal effects occurred
for both types of bait, but the nature of these effects differed
(Table 3 and Figures 3, 4, 6). Sizes of the (square-root
transformed) components of variation (Sqrt, Table 3) were
higher for Season (20.8) than for Bait type (16.9) indicating a
greater effect of seasons over bait type. The three-way interaction
(Time × Season × Bait type, 20.1) was also quite large relative
to other components in the model, indicating that changes
over time in the scavenger assemblages (i.e., the nature of
the temporal trajectory of turnover) varied significantly across
the four Season × Bait type groups. The greatest temporal
variation occurred in summer for bird bait, followed by winter
for either bird or cod (which did not differ significantly
from one another in their temporal variation), followed by
summer for cod, which showed significantly lower temporal
variation than the other three groups (Table 4). The metric
MDS ordination plot of bootstrap averages (Figure 6) displayed
clear separation of the four cases (left-to-right corresponding
to winter-summer differences, and top-to-bottom corresponding
to cod-bird differences) and also displayed visually the greater
variation in scavenger taxa (greater spread of bootstrap averages)
observed through time for bird meat deployed in summer
compared to the other cases. Taxa giving rise to observed
differences between the seasons, on cod bait, were: amphipods
Onisimus sp. and buccinid gastropods occurring in higher

numbers in winter; and the hermit crab P. pubescens being more
abundant in summer (Table 5). On bird meat, buccinids and
the amphipod Anonyx sp. showed the highest contributions to
the average dissimilarity between seasons. Different buccinid
species were more abundant in different seasons, while Anonyx
sp. occurred mainly in winter. The taxa contributing the most
to observed differences between bait types included: Onisimus
sp. and B. undatum (more abundant in winter on cod bait),
and B. glaciale (more abundant on bird meat). In the summer,
Buccinum sp. contributed the most to observed differences
between the two bait types, and B. undatum and P. pubescens
occurred in greater abundances on cod.

The mean species richness of scavengers (S), was significantly
higher in winter (8–9) than in summer (4–7), for either type of
bait (Table 3 and Figure 7A). During the summer, mean S was
higher at cod (7) than at bird bait (4). It is important to bear in
mind, however, that cod bait was physically bigger in size (473
vs. 300 g, Table 1), and bird meat was often covered by algae.
In winter, when both baits were of the same weight and not
covered by algae, there was no significant difference in scavenger
richness detected between the two bait types. Log-transformed
total abundance was also much higher in winter (3.9–5.3) than in
summer (2.0–2.7) (Table 3 and Figure 7B). During both seasons,
log(Ntot), like richness, was higher on average at cod bait (2.7–
5.3) than at bird bait (2.0–3.9, Figure 7B), but similar caveats
(regarding differences in the amount of each bait type, etc.) apply.
For evenness, however, the opposite trend was observed – mean
J′ was higher in summer (0.7) than in winter (0.3–0.5) (Table 3
and Figure 7C). In addition, evenness was higher, on average, for
bird meat (0.5–0.7) than for cod bait (0.3–0.7).
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TABLE 3 | Results of multivariate and univariate PERMANOVA analyses for differences in scavenger assemblages through time (as a linear covariate) and between
seasons and bait types.

Factor df MS F p Sqrt Pair-wise post hoc comparisons

Assemblage structure Time (180 min) – covariable 1 21721.0 22.545 0.0001 13.0

Season 1 27655.0 28.704 0.0001 20.8 Winter 6= Summer for Cod and for Bird

Bait type 1 18544.0 19.248 0.0001 16.9 Cod 6= Bird in Winter and in Summer

Time × Season 1 13391.0 13.899 0.0001 14.3

Time × Bait type 1 10282.0 10.673 0.0001 12.5

Season × Bait type 1 8868.7 9.205 0.0001 16.1

Time × Season × Bait type 1 13156.0 13.655 0.0001 20.1

Residual 115 963.4 31.0

Total 122

S Time (180 min) – covariable 1 12.7 7.187 0.0093 0.3

Season 1 277.1 157.310 0.0001 2.1 Winter 6= Summer for Cod and for Bird

Bait type 1 29.5 16.722 0.0003 0.7 Cod = Bird in Winter, Cod 6= Bird in Summer

Time × Season 1 0.4 0.250 0.6227 −0.2

Time × Bait type 1 0.04 0.025 0.8757 −0.2

Season × Bait type 1 70.7 40.143 0.0001 1.5

Time × Season × Bait type 1 67.1 38.103 0.0001 1.5

Residual 115 1.8 1.3

Total 122

log(Ntot) Time (180 min) – covariable 1 15.5 57.483 0.0001 0.4

Season 1 150.1 557.000 0.0001 1.6 Winter 6= Summer for Cod and for Bird

Bait type 1 30.8 114.180 0.0001 0.7 Cod 6= Bird in Winter and in Summer

Time × Season 1 67.2 249.240 0.0001 1.1

Time × Bait type 1 5.2 19.379 0.0002 0.3

Season × Bait type 1 4.8 17.924 0.0001 0.4

Time × Season × Bait type 1 2.6 9.658 0.0024 0.3

Residual 115 0.3 0.5

Total 122

J′ Time (180 min) – covariable 1 0.3 19.307 0.0002 0.0

Season 1 2.3 174.750 0.0001 0.2 Winter 6= Summer for Cod and for Bird

Bait type 1 0.6 42.647 0.0001 0.1 Cod 6= Bird in Winter and in Summer

Time × Season 1 2.3 173.800 0.0001 0.2

Time × Bait type 1 0.0 0.069 0.7750 0.0

Season × Bait type 1 0.4 28.129 0.0001 0.1

Time × Season × Bait type 1 0.7 0.411 0.7223 0.0

Residual 115 0.0 0.1

Total 122

The shape of temporal trajectories of scavenger assemblages
varied for each of the four combinations of Season × Bait
type (Figure 8). The scavenger assemblage for cod bait in
winter (Figure 8A) showed effectively two distinct groups of
sampling units. In the first 48 h, the bait was dominated
by buccinid gastropods, but species evenness remained high.
After that period (sample 18–19, Figure 8A; www1, 2021), the
vast majority of the bait was already consumed and the first
B. undatum and B. glaciale had started to leave the bait. At
the same time, amphipods Onisimus sp. started coming to the
bait in large numbers and to dominate it completely. This
caused a dramatic rise in the total abundance of scavengers
overall, with a concurrent drop in species evenness. Apart
from samples 15 and 16 (which had either severely reduced
numbers or no recorded species, when the camera viewfinder

was covered with kelp), the decomposition of cod bait in the
summer was more homogeneous. Although the hermit crab
P. pubescens was attracted to the bait throughout the entire
time, its highest numbers were recorded after 2 days. The
temporal trajectory of changes in scavenger assemblages found
on bird meat in winter was similar to that of cod, but without
such a clear change happening before vs. after 48 h. As the
resources of the bait were diminishing, buccinids diminished
and amphipods increased (Onisimus sp. and Anonyx sp.), which
was also reflected in successively increasing values for total
abundance and concomitant decreasing species evenness over
time. The decomposition of bird meat in summer was far less
clearly successional; it did not follow a linear trend of turnover
through time. Instead, a circular pattern was observed in the
ordination plot (Figure 8D); this may be a reflection of extremely
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FIGURE 6 | Bootstrap average MDS plot of scavenger assemblages from
different bait types (cod, bird) and seasons (winter, summer) calculated on the
basis of Bray–Curtis dissimilarities after a transformation using dispersion
weighting of average abundances (for n = 12 photographs).

low frequencies and abundances in many sampling units (so
very few taxa upon which to calculate similarities, particularly
at later time points in the series), most probably due to the
fact that the bait was repeatedly covered with kelp (Table 1).
This also may explain the high temporal variation detected for
this case (Table 4).

Correlation structures estimated using copulas indicated
stronger measured associations occurred among taxa in winter
than in summer, for both types of bait (Figure 9). The strongest
negative relationships between taxa were recorded on cod bait
in winter and concerned Onisimus sp. amphipods leaving the
bait whenever Hyas sp. crabs appeared. Negative associations
also were detected between amphipods and buccinid gastropods
(B. undatum and B. glaciale), likely reflecting temporal turnover,
with the increase in amphipods (as the bait decomposed)
corresponding to times when the buccinids were leaving the bait.
On bird meat in winter, Onisimus sp. also actively avoided and
left the bait whenever it was approached by another potential
predator: sculpin (Myoxocephalus scorpius).

DISCUSSION

This study, using both baited traps and photographic methods,
revealed a highly abundant, taxonomically diverse, and active
necrophagic community in both studied seasons. Many of the
expected differences in scavenger assemblages (between seasons
and bait types) were supported by our time-lapse observations
of these experimental units. We documented more abundant and
species-rich assemblages, having stronger and greater numbers of
interspecific interactions in response to the winter deployments
compared to the summer deployments, in direct accordance
with a priori hypotheses. In contrast, we did not find significant
seasonal differences in scavenger consumption rates. In addition,
we documented successional turnover through time (over a
period of 4 days), in both the identities and relative abundances
of species, for a variety of scavengers belonging to a broad range
of taxonomic groups.

Whelks (at least two species: Buccinum undatum and
B. glaciale) were the most frequently observed necrophages in
our study. These gastropods are primarily predators of bivalves
and polychaetes, scavenging opportunistically (Nielsen, 1974;
Taylor, 1978; Britton and Morton, 1994), with highest feeding
activity from late autumn to early spring (i.e., May), when their
breeding starts (Gulf of St. Lawrence, 50◦ N, Martel et al., 1986).
In our study, we observed similar patterns of abundance for
these species in winter and in summer cases, which does not
support this phenology in the Arctic (79◦ N), but rather suggests
a high level of physiological plasticity for B. undatum (UK 50◦ N,
Iceland 65◦ N, Thatje et al., 2019). High densities of buccinids in
the shallow waters of Kongsfjorden (up to 4 ind. per 0.023 m2,
Kaczmarek et al., 2005; Włodarska-Kowalczuk, 2007) and their
relatively rapid movement (15 cm per minute, Lapointe and
Sainte-Marie, 1992) may explain why, in most cases, buccinids
were the first species at the bait, appearing only 15 min after its
placement on the seabed. Only when spider crabs (Hyas araneus)
appeared first did B. undatum appear later (i.e., at 30 min, after
crabs had left the bait). It has been suggested that these crabs can
prevent or delay entry of whelks into baited traps, and that whelks
typically avoid these crabs, which are their natural predators (see
Lapointe and Sainte-Marie, 1992 and references therein). The
fact that both species were observed at the bait simultaneously
at a later state of bait decomposition might be explained by a
highly mobile crab approaching the bait after it had already been
colonized by the slower moving whelks. In a field experiment
performed in Gronfjorden (Spitsbergen), Markowska et al. (2008)
found no instances of aggressive behavior between H. araneus
and Buccinum gastropods and stated that large whelks are
not easily susceptible to predation. Size-related immunity from
predation could explain the only slightly negative association
observed here between spider crabs and Buccinum gastropods
(Figures 9A,B). Interestingly, we observed crab in the vast
majority of cases staying at the bait very briefly (for 15–30 min).
Only on four occasions did it remain for longer periods of time
(assuming the same individual was being seen in consecutive
frames), i.e., for 45 (twice), 90 and 150 min (the last two occasions
were observed at cod bait in winter). On one occasion, we also
observed a crab trying to eat the small hagfish Myxine glutinosa.
Perhaps these crabs treat the intact bait only as a place for
feeding on other smaller necrophages, as has been observed for
some deep-water fish that prey on amphipods consuming carrion
(Jones et al., 1998).

In terms of numbers, lysianassid amphipods completely
dominated scavenging assemblages in winter (Figures 4A,B),
although these organisms (individually) are quite small in size.
The large influx of amphipods was the main difference found
between the seasons for cod bait, and one of the main seasonal
differences observed for bird bait (Tables 3, 5). Their dominance
at bait and food falls is typical both in the deep sea and in
shallow coastal areas of polar seas and cold waters (Legeżyńska
et al., 2000; Legeżyńska, 2001; Premke et al., 2006; Nygård et al.,
2012). These highly mobile organisms with their well-developed
chemoreceptors can locate carrion very quickly (Legeżyńska
et al., 2000 and references therein). Anonyx sp. was the first
species to appear in the case of bird meat, and Anonyx sp.
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TABLE 4 | Results of PERMDISP analyses comparing temporal variation in scavenger assemblage structure across four groups (combinations of Season × Bait type).

Factor df1 df2 p

Main test Season × Bait type 3 119 0.0001

Groups t p

Pair-wise test Winter Cod, Summer Cod 2.434 0.0301

Winter Cod, Winter Bird 0.610 0.5981

Winter Cod, Summer Bird 5.454 0.0001

Summer Cod, Winter Bird 2.708 0.0180

Summer Cod, Summer Bird 6.395 0.0001

Winter Bird, Summer Bird 4.075 0.0007

Groups Size Average SE

Means Winter Cod 29 33.6 1.3

Summer Cod 32 27.1 2.3

Winter Bird 32 35.0 1.9

Summer Bird 30 45.4 1.7

TABLE 5 | Results of SIMPER analyses identifying taxa with the highest contributions to observed differences between the Seasons and Bait types.

Factor Taxa Average abundance [%] Average dissimilarity Contribution [%]

Season Cod Winter Summer

Onisimus sp. 2.10 0.00 10.06 18.69

Buccinum glaciale 1.88 0.50 8.06 14.97

Buccinum undatum 2.85 2.76 7.94 14.75

Pagurus pubescens 0.42 1.73 6.97 12.95

Buccinum sp. 3.05 2.51 6.30 11.70

Bird Winter Summer

Buccinum sp. 2.32 2.46 14.88 22.43

Buccinum glaciale 2.51 0.98 14.36 21.66

Buccinum undatum 1.55 1.91 10.02 15.11

Anonyx sp. 0.61 0.00 4.14 6.24

Bait type Winter Cod Bird

Onisimus sp. 2.10 0.43 9.27 16.99

Buccinum undatum 2.85 1.55 8.77 16.08

Buccinum glaciale 1.88 2.51 8.49 15.55

Buccinum sp. 3.05 2.32 6.69 12.26

Summer Cod Bird

Buccinum sp. 2.51 2.46 16.75 27.63

Buccinum undatum 2.76 1.91 15.41 25.42

Pagurus pubescens 1.73 0.29 11.34 18.71

Only taxa with contributions higher than 5% are shown.

and Onisimus sp. were the second species (but with higher
abundance than the first buccinids) to appear at cod bait, in
winter. Based on the identified animals found in baited traps
and previous literature on lysianassid amphipod abundance and
distribution in Kongsfjorden, we considered that two species
were most likely to have been the species recorded in our
photographs: A. sarsi (reported to occur mainly in shallower
waters in contrast to A. nugax – a similar species occurring

mainly deeper than 30 m), and O. edwardsii (peaking at 15 m
depth) (Legeżyńska, 2001; Nygård et al., 2012). Both species are
well known from the study region, utilizing necrophagy in their
feeding repertoire and recorded throughout the year (Legeżyńska
et al., 2000; Legeżyńska, 2008; Nygård et al., 2012). Dominance
of Onisimus sp. at the study site (located in the middle of the
glacial fjord with soft muddy sediments) is not a surprise, as
Anonyx sp. occurs usually on coarser sediments, in the outer parts
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FIGURE 7 | (A) Species richness (S), (B) log-transformed total abundance log(Ntot ), and (C) Pielou’s evenness (J′) for different bait types in each of two seasons.
Horizontal line in the middle of the inter-quartile range represents the median, bigger dots = average values, smaller dots = potential outliers.

of Kongsfjorden where there are stronger currents (Legeżyńska,
2001).

Differences in the abundances of amphipods between winter
and summer have been reported previously in Antarctica,
where superabundant winter fauna were absent in summer
(Smale et al., 2007), and in the Arctic. Nygård et al. (2012)
observed at Spitsbergen much larger catches using traps
in November/February than in July/August, when samples
contained very few amphipods. Onisimus edwardsii is a markedly
omnivorous feeder (Legeżyńska, 2001) that probably modifies
its diet according to the changing accessibility of different kinds
of food throughout the year (Legeżyńska, 2008). All Onisimus
species exhibit seasonal shifts in feeding strategy. In the summer
they typically feed close to glacial fronts, mainly on dead
zooplankton (killed by freshwater discharge causing an osmotic
shock at the surface waters, Zajaczkowski and Legezyńska, 2001;
Legeżyńska, 2008). This might explain their almost complete
absence at the bait deployment site in summer. In winter, when
food resources are not that plentiful, and when glacial melt stops,
the bait constitutes an easy alternative food source for these
amphipods, which gather at it in large numbers (Nygård et al.,
2012). On the other hand, amphipods are flexible with their
feeding habits and do not rely exclusively on carrion (A. sarsi
exhibits both scavenging and predatory behavior, Sainte-Marie,
1986; Legeżyńska, 2008). They may just be temporary passers-
by, reacting to infrequent occurrences of carrion, with clusters
of individuals varying randomly both spatially and temporally
(Britton and Morton, 1994). The latter explanation suits better
the patterns observed for Anonyx, a genus known for its rapid
and efficient voracious feeding, and slow digestion, that can
tolerate long periods of starvation (Sainte-Marie, 1986). Again,
similar to the small buccinids observed early-on at the bait, when
Hyas crabs were feeding at the bait, amphipods disappeared, or
only appeared in small numbers (Figure 9A). An antagonistic
response also appeared to happen (only in winter) after the
appearance of sculpin Myoxocephalus scorpius in close proximity
to the bait (Figure 9B).

In contrast to Antarctica, where phytodetritus produced
in short seasonal blooms is stored in the sediment on the
seabed and can serve as a “food-bank” throughout the year

(Smith et al., 2012), benthic organisms in the Arctic typically
utilize pelagic inputs very quickly (Renaud et al., 2007; Morata
et al., 2015; but see Włodarska-Kowalczuk et al., 2016). Thus,
the limited food resources available during Arctic polar night
are most likely to be the reason for the occurrence of abundant,
species-rich scavenging assemblages (Figures 7A,B), stronger
interspecific interactions (Figure 9), higher overall numbers of
species (Figure 5), and longer stays at bait (e.g., observed for the
spider crabs Hyas spp.) recorded in winter compared to summer
deployments. Kȩdra et al. (2011) also found slightly higher
richness and abundance of shallow water (15 m) carnivorous and
opportunistic species during the winter (March) in Kongsfjorden.
However, from the pool of species that occurred at bait only in
the winter, only Anonyx sp. and hagfish Myxine glutinosa are
considered true opportunistic scavengers (Shelton, 1978; Sainte-
Marie et al., 1989; Martini, 1998), with the latter known for its
preference for fish (Leigh et al., 2016). The other species (e.g.,
Caprella sp., Coryphella verrucosa, Cryptonatica affinis/Euspira
pallida, Dendronotus robustus, Harmothoe sp., Lebbeus polaris,
Nemertea undet., Sclerocrangon sp., Table 2) occurred only
occasionally, in very low numbers, and are not generally known
as scavengers. Some of these were previously recorded in baited
traps (single individuals of the skeleton shrimp C. septentrionalis
and polar shrimp L. polaris, Legeżyńska et al., 2000), but their
appearance at bait should be treated with caution and perhaps
regarded as accidental. These results might also have been
affected by water clarity; underwater visibility was generally
greater in winter, enabling better detection of a greater number
of organisms. We also consider that a time-lapse system’s strobe
light could attract some animals (Smale et al., 2007), like cod
and some plankton (e.g., Mertensia ovum, Sagittoidea). Potential
artifacts caused by introducing artificial light would be much
stronger during polar night (winter) sampling, when ambient
light conditions are typically pitch black.

Differences in bait consumption rate between the two seasons
were small (0.04 vs. 0.05 g min−1) despite different overall
food availability in the ecosystem and seawater temperature.
Our result supports earlier findings from Antarctica, where no
significant differences between the seasons was detected (max.
0.04, mean 0.01–0.03 g min−1 in winter; 0.01–0.03 g min−1
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FIGURE 8 | (A–D) Non-metric MDS plots of scavenger assemblages from different bait types (cod, bird) and seasons (winter, summer) calculated on the basis of
Bray–Curtis dissimilarities after a transformation using dispersion weighting of average abundances (for n = 12 photographs), with temporal trajectory connecting the
points through time (numbers show the sequential ordering from 1 up to ∼32 for the sampling units spanning 180 min) and overlying bubbles with data for S (yellow),
log(Ntot) (orange), and J′ (pink). Each plot has a corresponding shade plot of the underlying data matrix. The larger the entry in a specific cell, the darker the shade
plotted, white representing the absence of that species, and full black the largest entry in the whole matrix.

in summer). Also, by comparison with lower latitudes in the
deep sea, shallow-water (12 m depth) polar scavenging is slow
(Smale et al., 2007). In a recent study performed in Kongsfjorden

at 360 m, consumption rate was recorded to be an order of
magnitude faster (i.e., 0.5 g min−1, Dunlop et al., 2020) than that
recorded in our study.
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FIGURE 9 | (A–D) Correlations among pairs of species estimated using copulas for different bait types (cod, bird) and seasons (winter, summer).

Differences between bait types were slightly less pronounced
than differences between the seasons (Sqrt, Table 3). Despite
O. edwardsii being regarded as an omnivore with weak
food preferences (Legeżyńska, 2008), we recorded many
more Onisimus individuals on cod bait than on bird meat
(Figures 4A,B and Table 5). Surprisingly, for Anonyx (most
probably A. sarsi), which is considered to be a scavenger and
predator of polychaetes and crustaceans (Oliver and Slattery,
1985), the opposite pattern occurred. Apart from lysianassids
and hermit crabs Pagurus pubescens (more abundant at cod bait
in the summer, Figure 4B and Table 5), other species did not
exhibit any clear bait preferences. Many of the species are typical
opportunists, like buccinid gastropods. For them, scavenging
is only a subsidiary feeding mechanism utilized occasionally
(Schembri, 1982). According to Britton and Morton (1994)
predominance of facultative scavengers over specialized, obligate
ones is a typical feature of benthic communities in shallow shelf
seas. In terms of overall numbers of taxa in different groups, cod
was slightly more attractive for various scavengers than bird meat
in the summer deployment, but not in winter (Figure 5). At any
particular time-point, the opposite pattern could be observed,
and species richness in winter did not differ significantly between
the two bait types (Table 3 and Figure 7A). Thousands of

lysianassids invading the bait in winter (generating low measures
of species evenness and higher total abundance; Figure 7C),
suggest cod may be a more attractive bait type for many species.
However, excluding Onisimus sp. amphipods, there was not a
clear preference by scavengers for cod. Similarly, no tendency
for scavengers to prefer autochthonous vs. allochthonous carrion
was found by Morton and Jones (2003), but this is not always
the case (Morton and Yuen, 2000). One possible explanation
for the lack of evident preference for cod in our study may have
been the presence of an intact skin cover on cod by comparison
to only some skin leftovers being present on bird meat. As
can be seen in time-lapse footage (www1, 2021), most of the
scavengers are utilizing natural body holes such as gills, mouth
and anus in order to get to the soft tissues of the cod, indicating
that, for many of them, cod skin might be a difficult barrier
to break through. Overall, these results suggest that increasing
borealization of high-latitude fish communities anticipated in the
near future (especially as the Barents Sea is considered a gateway
to the Arctic Ocean; see Geoffroy and Priou, 2020 and references
therein), could result in boreal gadids becoming one of the main
food items for local scavengers in this region.

This study provides insights into the over-wintering strategies
of bottom fauna, temporal turnover in scavengers present at
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carrion, scavenging community dynamics, and nutrient cycling
and functioning of shallow-water ecosystems during polar night.
Given the many limitations of the current study (e.g., a single
study site, a single replicate camera system per bait type within
each season, a relatively short physical distance of 25 m between
the bait types), the general lack of such shallow-water seasonal
data, the rapid change of Arctic systems due to climate warming
(Overland et al., 2019), and the consequent modifications to
carrion decomposition efficiency and energy flow (Dunlop et al.,
2020), clearly more comprehensive investigations are needed.
The high Arctic fjords of Svalbard Archipelago, which may
represent an area similar in its environmental parameters to
what might be expected for most Arctic coastal areas in the
second half of this century (Piskozub, 2017), could serve as
a potential model system. Future studies should be based on
multiple sites across a broader geographic gradient, should have
greater replication within seasons and across multiple years,
should be mirrored/replicated in Antarctic systems, and should
also include data collected in the absence of bait. Such future
studies will enable a more complete understanding of marine
scavengers’ essential role, as a community, in ocean nutrient
cycling, with important implications for the far-reaching impacts
anticipated under rapid climate change.
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