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Abstract
This study couples observations of krill (Thysanoessa inermis, Thysanoessa longicaudata, Thysanoessa rashii) from Tucker 
trawl nets and cameras, trying to test hypothesis that in the glaciated fjords of Svalbard most of the euphausiids biomass is 
located in near-bottom habitat and explains why in this region there are a substantial part of the krill population near the 
sea floor. Photographic material from the summers of 2013–2017 shows large numbers of near-bottom euphausiids (39% 
of the total krill biomass in Hornsund and 41% in Kongsfjorden), which reached a maximum density of 751 ± 224 indiv. 
 m−3 in Kongsfjorden, 731 ± 198 indiv.  m−3 in Hornsund, and 426 ± 124 indiv.  m−3 in Adventfjorden. Regional distribution 
of near-bottom aggregations of krill seem to be associated with close proximity to the glacier front rather than with depth. 
The highest densities were located in the glacial bays. Where and why these aggregations occur is probably complicated 
and dependent on many environmental factors acting together. However, the dominant factors seem to be sedimentation and 
estuarine circulation. No krill aggregations were found during the winter cruise. The dominating species was T. inermis which 
made up 90% of the community. Other krill species—T. rashii and T. longicaudata, made up 6% and 4%, respectively. In the 
summer, aggregations of other macrozooplankton were also observed: amphipods of the genus Themisto and chaetognaths 
of the genera Eukrohnia and Parasagitta. Euphausiid densities in the water column (from Tucker trawl hauls) were an order 
of magnitude lower (0.33 indiv.  m−3 for Kongsfjorden and 0.61 indiv.  m−3 for Hornsund) than those of the near-bottom 
aggregations observed on cameras system. At most stations, the krill exhibited a behaviour, known as “nose diving” in the 
sediment, which is likely related to feeding. Observation of this phenomenon may indicate that krill (mostly T. inermis), 
found near the bottom of Spitsbergen fjords, is looking for food there. Near-bottom aggregations of zooplankton, mainly 
krill, are common in glacial bays and can be important in the function of the fjord ecosystem. Our research proves that the 
zooplankton biomass can be highly underestimated if only Tucker trawl sampling is done, due to neglecting the near-bottom 
layer in this type of method.
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Introduction

Krill (the collective name of Euphausiacea species) is a 
key component of many marine ecosystems. Addition-
ally, krill is an important link between microscopic algae 

(microplankton) and large predators such as whales, sea-
birds, and fish (Cleary et al. 2012). Globally, there are 86 
species of krill (Everson 2000); in the fjords of Spitsbergen, 
there are five. The most common is Thysanoessa inermis, 
followed by also numerous Thysanoessa rashii and Thysa-
noessa longicaudata. In connection with the intensification 
of Atlantic water inflow, species Meganyctiphanes norvegica 
and Nematoscelis megalops are increasingly noted in Arctic 
region (Buchholz and Buchholz 2010). Many species of krill 
are known to form dense pelagic swarms and schools in tem-
perate and polar seas, mostly in the euphotic zone, and near 
the sea surface or close to the sea ice (Mauchline and Fisher 
1969). There has been a recent increase in the number of 
publications on benthopelagic krill aggregations due to the 
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development of new techniques that use underwater imagery 
and hydroacoustics (Hirche et al. 2016). Benthopelagic 
aggregations of krill were discovered in both the North-
ern Hemisphere (Greene et al. 1988; Gomez-Gutierrez and 
Robinson 2006; Laudien and Orchard 2012; Hirai and Jones 
2012; Hirche et al. 2016) and the Southern Hemisphere 
(Gutt and Siegel 1994; Clarke and Tyler 2008; Nicol and 
Brierley 2010). Antarctic krill (Euphausia superba) were 
found near the seafloor at depths up to 3500 m (Clarke and 
Tyler 2008; Schmidt et al. 2011). A multitude of observa-
tions of krill near the bottom of the ocean, especially at great 
depths, indicate that these are not accidental observations of 
"ecological outliers" (Brierley 2008). Deep migration and 
feeding at the sea bottom is probably an important part of 
the ecology of krill, and this characteristic constitutes a link 
between the benthic and pelagic food webs. However, occa-
sionally epizotic parasitoid infection cause large numbers 
of individuals descend to die, resulting in mass mortalities 
(Gómez-Gutiérrez et al. 2003). The depth data showing 
near-bottom concentrations of M. norvegica presented by 
Hirai and Jones (2012) suggest that these aggregations may 
be an important source of nutrients and carbon for the deep-
living pelagic and benthic fauna in deep sea environment. 
Schmidt et al. (2011) showed that local differences in the 
vertical distribution (lower concentration of krill in surface 
waters) of Antarctic krill could indicate less efficient food 
acquisition or higher predator pressure in surface waters. 
Due to their frequent change of feeding location (from 
the seabed to the upper water column and back), krill can 
provide considerable amounts of labile iron to the surface 
waters of the Southern Ocean (Schmidt et al. 2011) and this 
process might also occur in the Spitsbergen fjords.

The observations of benthopelagic aggregations of 
euphausiids in Kongsfjorden (Hirche et al. 2016), Hornsund, 
and Adventfjorden (this study) support the hypothesis of the 
wider nature of this phenomenon, as well as the need for a 
new assessment of the impact of a benthopelagic community 
on the fjord ecosystem. Our aim was to determine which 
habitat retains most of the krill biomass in glacial fjords—
the water column or the near-bottom waters and explain why 
in this region there are a substantial part of the krill popu-
lation near the sea floor. A combination of two sampling 
approaches—Tucker trawl net and near-bottom inspection 
with camera, let us evaluate adequate methodologies for 
study densities of zooplankton in Spitsbergen fjords.

Study area

The study area in the West Spitsbergen fjords is at high 
latitude (above 77°N) but is considered sub-Arctic due to 
frequent exposure to warm North Atlantic water inflows 
(Cottier et  al. 2005, 2016; Promińska et  al. 2017). The 
examined fjords have different morphologies, Kongsfjorden 

is a deep fjord (more than 300 m at the entrance) connected 
to the outer shelf and has easy advection of shelf waters, 
while Hornsund is shallower ( < 200 m at the entrance) and 
usually filled with colder coastal waters (Drewnik et al. 
2016; Promińska et al. 2017). Isfjorden, on the other hand, 
is a large fjord system with several branches. One of the 
branches is Advendfjorden which is approximately 8 km 
long and 3.5 km wide. Both Isfjorden and Adventfjorden are 
exposed to Atlantic water advection because they have no 
sill in the fjord mouth. Glaciers are present in the innermost 
fjord basins and the meltwater discharge is responsible for 
the strong summer density stratification and resulting estua-
rine circulation (Promińska et al. 2017). The water exchange 
in these fjords might be very dynamic (Jakacki et al. 2017) 
due to the tidal currents, wind-driven advection from the 
shelf (Goszczko et al. 2018), and glacial outflow (Urbanski 
et al. 2017). The following water masses were separated on 
the basis of CTD data (IOPAN, unpublished data) collected 
during our study in the fjords: Atlantic Waters (salinity 
above 35, temperature above 2.5 °C), Local Coastal Waters 
(salinity around 34–35, temperature between 2.5 and 0 °C), 
Winter Cooled Waters (salinity above 35, temperature below 
0 °C), and Surface Coastal Waters (salinity below 34 and 
temperature above 0 °C). Characteristics distinguishing indi-
vidual water masses in the Arctic fjords have been taken 
from the literature noted above.

Material and methods

The data presented here were collected between 2013 and 
2017 during summer cruises (daylight) each year on S/Y 
Oceania and one winter cruise (only darkness) in 2016 on 
R/V Helmer Hanssen. There were 107 photographic stations 
established in the fjords of western Spitsbergen, mainly in 
Hornsund and Kongsfjorden (Fig. 1, Online Resource 1), 
and there were a total of 52 horizontal stratified Tucker trawl 
hauls conducted in the summer seasons of 2014, 2015, and 
2016 for both fjords combined (Fig. 1, Online Resource 2). 
Photographic data were collected with three different sys-
tems depending on what was available on each cruise. In 
2013, photographic stations were sampled using a lander 
equipped with a DSLR camera. The lander took ten digital 
photos per station. Most photographic data (2014–2017) 
were collected using an underwater camera, referred to here 
as a drop camera. This consisted of an analogue camera 
with a resolution of 700 TV lines (TVL) for live view and a 
digital camera (Panasonic HX-A500) that recorded material 
at high resolution (1280 × 720 px) on a memory card. The 
device was towed for 10 min above the bottom at a speed 
of 0.1–0.2 knots (0.05–0.1 m/s). For both types of gear, a 
pair of lasers was used to determine scale in the images. At 
some stations in 2016, the film material was collected using 
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a camera mounted on an epibenthic sledge (Online Resource 
1). The camera used here is the same as in the case of drop 
cameras. None of the instruments were equipped with a 
pressure sensor. The camera on the lander was mounted one 
metre above a special weight, which released the trigger 
mechanism of the camera at the moment of contact with the 
bottom. This system worked well in hard bottom environ-
ments and in areas where the sediments were relatively well 
compacted. Soft, poorly compacted deposits, characteristic 
for glacier bays and the inner part of the fjord, mostly pre-
vented the application of this method, because the process 
caused resuspension of the sediment and resulted in poor 
or null visibility. To minimize the chance of this happening 
with the drop camera, it was towed approximately 50 cm 
above the bottom. At stations located near the glacier front, 
this distance was 10–20 cm due to very poor visibility 
caused by high concentration of suspended particular matter 
from glacier discharge. Estimates of the height of the device 
over the bottom were supported by comparison with objects 
of known size in the images, e.g. sponges and sea anemo-
nes. Other researchers have used a similar method to assess 

the height of the camera above the bottom (Gutt and Siegel 
1994; Hirche et al. 2016). To calculate the number of indi-
vidual krill at a station, five snapshots were selected from 
each video transect (drop camera) and five photos in the case 
of the lander. Snapshots and photos were selected from the 
beginning, middle, and end of the station recording and the 
average number of krill from all five counts was taken for 
further analysis. This method reduces the phototaxy effect, 
since the counts from the beginning of the recording, where 
krill did not have time to react, are also taken to the aver-
age. Following Gutt and Siegel (1994), the volume of water 
in which counts were made (number of individuals was 
expressed in  m3) was calculated using the known geometry 
of the camera lens and the distance to the bottom which is 
known. The density values from the video material are pre-
sented in six intervals: (0; 1–10; 11–50; 51–150; 151–350; 
and ≥ 350 indiv.  m−3).

The Tucker trawl had an opening of 1 m2 and 1 mm 
mesh size. It was hauled horizontally for 10 min at an aver-
age speed of 1.5 knots (0.8 m/s). At each station, there was 
a surface haul (20–0 m) and a bottom haul (approximately 

Fig. 1  Location of stations where seabed photos and Tucker trawl hauls were collected
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5 m above the bottom) (Fig. 1). The samples were pre-
served in 4% formaldehyde and analysed in the laboratory 
a few months later. All organisms from a subsample were 
counted, weighted, and identified, and these data were 
converted to the volume of the whole sample. All of the 
samples were georeferenced and labelled with the depth, 
date, and basic environmental parameters (e.g. tempera-
ture, salinity, and sediment/bottom type). The taxonomy 
nomenclature was adopted from WoRMS (https ://www.
marin espec ies.org/).

CTD profiles were collected from the bottom to the sur-
face on all cruises and the water mass types were classi-
fied based on the information in the literature (Promińska 
et al. 2017).

To visualize the area of interest and the distribution of 
the near-bottom krill aggregations, GIS analyses were per-
formed using ArcGIS 10.4 software. Coastline and glacier 
were digitized from Landsat 8 satellite data from 2015. 
Near-bottom abundance estimations for whole fjords are 
based on the following assumptions: near-bottom aggrega-
tion of krill does not occur in areas shallower than 25 m 
and this krill aggregation occupies 1-m layers of water 
above the bottom. On the basis of bathymetric data (www.
iopan .gda.pl/proje cts/Visua l/index .html) for both fjords, 
areas with depths < 25 m were not taken into account in 
the analysis, and the unknown bathymetry near the glacier 
front was extrapolated using the inverse distance weighted 
(IDW) interpolation method. Near-bottom krill concentra-
tions from measurement points were interpolated (krig-
ing ordinary method) into the remaining area of the fjord 
(Fig. 4). After interpolation, data were divided into five 
density classes (polygons): 0, 1–10, 11–50, 51–150, and 
150–300 (indiv.  m−3). The water volume near the bottom 
(1 m layer) assigned to individual classes was calculated. 
To determine the krill density, the central value for each 
interval was selected (0, 5, 30, 100, and 200 (indiv.  m−3), 
respectively), and the krill density was calculated for the 
individual polygons. The biomass for the studied area was 
calculated using a wet weight of 79.5 mg for individual 
krill. This weight was calculated as weighted arithmetic 
mean of the wet mass obtained for each Tucker trawl sta-
tions for each species separately. A weight to each spe-
cies corresponding to its percentage was assigned: Thy-
sanoessa inermis—0.9, Thysanoessa longicaudata—0.04, 
Thysanoessa rashii—0.06. The results from all examined 
polygons were summed to obtain an estimated krill bio-
mass in the entire fjord near-bottom area for depths > 25 m. 
The krill concentration in the water column was calcu-
lated based on the average krill density obtained from 
the Tucker trawl data and the calculated volume of each 
fjord. GIS analyses were performed according to methods 
described in the ArcGIS Help Library (https ://resou rces.
arcgi s.com/).

Results

Photographic material was examined from 107 photo sta-
tions (Fig. 1). Krill densities exceeding 100 indiv. m−3 
were recorded at ten stations, with the largest numbers at 
the KGF9 station (751 ± 224 indiv. m−3) and at the HSD10 
station (731 ± 198 indiv. m−3) (Fig. 2). Krill aggregations 
with > 100 individuals  m−3 were recorded at five sta-
tions in Kongsfjorden (KGF 2, KGF 34, KGF 44, KGF 
46, KGF 9), four stations in Hornsund (HSD 1, HSD 1′, 
HSD 10, HSD 7), and at one station in Isfjorden (ISF 1) 
which should be interpreted as "cohesive swarms", i.e. 
swarms that are several dozen metres in diameter and con-
tain several tons of biomass (Kalinowski and Witek 1980; 
Miller and Hampton 1990). The most abundant species 
dominating euphausiid community was T. inermis which 
made up 90% of it. Other krill species—T. rashii and T. 
longicaudata made up 6% and 4% of total krill abundance, 
respectively. In our study, an aggregation of chaetognaths 
( > 50 indiv.  m−3) from the genera Eukrohnia and Parasag-
itta (Fig. 3a) (289 indiv.  m−3) was recorded at one station 
(KGF 51), and dense aggregations (119–530 indiv.  m−3) of 
hyperiid amphipods from the genus Themisto (most likely 
Themisto libellula) were recorded at three locations (KGF 
2S, KGF 44, KGF 9) (Table 1; Fig. 3b). It is worth noting 
that the amphipods occurred together with krill, while the 
chaetognaths were a monotypic aggregation. In addition, 
copepods co-occurred with krill in considerable numbers 
at two stations—at one station in Isfjorden (ISF 1) and 
one station in Hornsud (HSD 10). Due to the very small 
size of the copepods, it was not possible to determine their 
number based on the recordings from the available camera 
systems. Pteropods, one of the most important compo-
nents of the macroplankton in the fjords of Spitsbergen 
(Węsławski et al. 2000; Walkusz et al. 2009), were not 
found at any bottom location. Krill were completely absent 
at 46 stations. Results grouped by location and density 
classes are presented in Table 1. Zooplankton aggregations 
were not observed in the winter season, but individual 
zooplankton were present at station KGF28 (1 indiv. m−3) 
and at the ISF2 and ISF3 stations (5 and 1  indiv. m−3, 
respectively). Nine out of eleven observations of the larg-
est benthic aggregations of krill ( > 50 indiv. m−3) were in 
the depth range between 60 and 100 m, and four of them 
were in Atlantic type water (AW). There were no signifi-
cant correlations between the formation of aggregations of 
zooplankton and the type and depth of the water masses 
(Fig. 4).   

https://www.marinespecies.org/
https://www.marinespecies.org/
http://www.iopan.gda.pl/projects/Visual/index.html
http://www.iopan.gda.pl/projects/Visual/index.html
https://resources.arcgis.com/
https://resources.arcgis.com/


1419Polar Biology (2019) 42:1415–1430 

1 3

Assessment of the importance of benthic 
aggregation

Based on the localized areas in which near-bottom krill 
aggregations may occur, the estimated volumes of near-
bottom water layers in the present study were 0.25 km3 
in Hornsund and 0.14 km3 in Kongsfjorden (Fig. 2). The 
biomass values (wet weight) in this volume were estimated 
to be 711 tons in Hornsund and 203 tons in Kongsfjorden. 
The krill present in the water column in Hornsund was 
1130 tons (for a volume of 23.7 km3 and an average den-
sity of 0.6  indiv.  m−3) and in Kongsfjorden there were 
296 tons (12.4 km3 with 0.3 indiv. m−3). However, the 
percentage of the biomass in both fjords being associated 
with near-bottom habitats (39% in Hornsund and 41% in 
Kongsfjorden) is similar in the two fjords, despite the fact 
that Hornsund is estimated to host twice as much krill 
as Kongsfjorden. Predators (such as the Atlantic cod) in 
Kongsfjorden were twice as numerous as predators in 
Hornsund (Szczucka et al. 2017), and this difference may 
partially explain the difference in krill biomass between 
these locations.

Data obtained from 52 Tucker trawl stations showed no 
statistically significant differences between the densities of 
krill in the surface and bottom layers in both fjords (Fig. 5) 
and between them. However, it is worth mentioning that con-
sistently in the lower layer there were more krill individuals. 
The dominant species of krill in both fjords was T. inermis, 

but T. rashii and T. longicaudata were also registered. In 
Hornsund, T. inermis constituted up to 92% of total krill 
abundance in this fjord, T. rashii 5% and T. longicaudata 
3%. In Kongsfjorden, T. inermis, T. rashii and T. longicau-
data constituted, respectively, 78%, 11%, and 11% but there 
were also recorded Meganyctiphanes norvegica (three indi-
viduals) associated with the influx of Atlantic water masses 
(Wesławski et al. 2017). Regarding the size of the individu-
als, it can be concluded that T. inermis population in Horn-
sund is mainly composed of adults (body size > 21 mm), 
whereas in Kongsfjorden the population structure is more 
even (Fig. 6). There were also statistically significant differ-
ences in the numbers between upper and lower water layers 
for Themisto and chaetognaths in Kongsfjorden. Themisto 
abundance was significantly greater in Kongsfjorden. Pho-
tographic material confirmed this observations—all three 
Themisto aggregations were located in Kongsfjorden.

Discussion

The study of benthopelagic communities is inherently prob-
lematic (e.g. unintentional equipment contact with the sedi-
ment) and often requires modification of existing tools and 
the design and construction of new ones (Christiansen et al. 
1999; Hirche et al. 2006, 2016). The results presented here 
show that traditional sampling, such as the Tucker trawl, 
and recently developed imaging techniques, such as the 

Fig. 2  Visualization of where zooplankton aggregations are most likely to form in both fjords a Hornsund, b Kongsfjorden in the summer sea-
son. The area of designated polygons is heavily dependent on the environmental factors described in the text and should be treated as indicative
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drop camera, photographic landers, and epibenthic sledge-
mounted camera, can be combined to yield a wider under-
standing than is possible from data obtained using any of 
these techniques separately.

Benthic aggregations of plankton

The drop camera allowed us to sample in places that were 
inaccessible to both the Tucker trawl (the area just above the 
bottom) and the epibenthic sledge (where sediments were too 
muddy). There are relatively few papers dealing with bot-
tom benthopelagic zooplankton communities. Dense clusters 
of zooplankton were previously reported in the Antarctic 
(Euphausia superba) (Gutt and Siegel 1994; Clarke and 
Tyler 2008; Nicol and Brierley 2010; Fuentes et al. 2016), in 
the Faroe-Shetland Channel area (Hirai and Jones 2012), and 
in the Spitsbergen area (Laudien and Orchard 2012; Hirche 

et al. 2016). It is considered that the biomass of benthope-
lagic communities decreases exponentially with depth. At 
1000 m, the biomass is 1% that of the surface zooplankton, 
and at 5000 m, this value is approximately 0.1% (Wishner 
1980). However, the results presented in this paper and in 
the other work (Gutt and Siegel 1994) show that the average 
numbers of krill obtained using imaging methods are much 
higher than the average numbers obtained from trawls. The 
numbers of krill found during this study are consistent with 
values from the literature, e.g. 596 ± 261 indiv. m−3 of Meg-
anyctiphanes norvegica recorded at 480 m at the bottom of 
the Faroe-Shetland Channel (Hirai and Jones 2012). Such 
large numbers have the potential to impact the amount of 
carbon supplied to the bottom of the ocean. In most works, 
sinking zooplankton is treated as an artefact rather than as 
a significant process (Michaels et al. 1990; Wakeham et al. 
1993). The importance of dead krill as a source of organic 

Fig. 3  a The registered aggregation of the chaetognaths, b hyperiid 
amphipods. In c, aggregations of krill with marked white circles of 
distinctly different individuals are shown. These individuals have a 

clearly orange body which may suggest the last stage of infection of 
the parasitoid Pseudocollinia ciliate as described by Gómez-Gutiér-
rez et al. (2003) and Cleary et al. (2019)
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matter for benthic organisms has been previously docu-
mented (Sokolova 1994).

Krill food sources include items filtered out of the water 
column (sponge spicules, diatoms, dinoflagellates, silico-
flagellates, foraminiferans, crustacean exuviae, tintinnid cili-
ates), other zooplankton, and detritus from sediments (Ritz 
et al. 1990; Dilling et al. 1998; Nakagawa, 2004). Krill with 
access to the ocean bottom utilize several methods to obtain 

food from the sediments (Fig. 7). One method is to swim at 
a high angle (almost vertical) to the bottom to create a strong 
water current with their pleopods. This disturbs the top layer 
of sediment, which the animal then feeds on by filtering. In the 
second method, the individual swims slowly very close to the 
bottom and uses its antennae to plough up the surface layers 
of the sediment, also disturbing it and making it available for 
filtering. The third method is called “nose diving” (Mauch-
line and Fisher 1969; Clarke and Tyler 2008), where Antarc-
tic krill (Euphausia superba) swim headfirst into the surface 
layer of the sediments and feed on the disturbed sediment. 
The nose diving method of feeding was very often observed 
in our research (additional video are given in Online Resource 
3) in drop camera images from Hornsund, Kongsfjorden, and 
Adventfjorden (Fig. 7, Online Resource 3). The resuspension 
of sea floor sediment structure by krill activity was so effective 
that, after a short time, they had resuspended so much mate-
rial that the reduced visibility prevented further observations.

It seems that the local distribution of krill (T. inermis) 
is more associated with close proximity to the glacier front 
rather than with a depth (Fig.  2). An obvious question 
arises as to what conditions lead to the formation of bottom 
aggregations.

Possible scenarios

Predator avoidance strategy

A variety of predator avoidance strategies have been 
described for krill and fish, the most common of which are 

Table 1  Macrozooplankton 
near the bottom; frequency of 
observations of the different 
density classes; data from 107 
photo stations (see Fig. 1)

Fjord Number of 
stations

0 1–10 11–50 51–150 151–350  ≥ 350

Abundance of Euphausiids  m−3

 Hornsund 44 15 17 8 1 1 2
 Isfjorden 3 0 2 0 0 0 1
 Kongsfjorden 52 24 17 5 3 2 1
 Other 8 7 1 0 0 0 0
 Summary 107 46 37 13 4 3 4

Abundance of Chaetognaths (Eukrohnia and Parasagitta combined)  m−3

 Hornsund 44 38 5 1 0 0 0
 Isfjorden 3 2 1 0 0 0 0
 Kongsfjorden 52 43 5 3 0 1 0
 Other 8 6 2 0 0 0 0
 Summary 107 89 13 4 0 1 0

Abundance of Themisto  m−3

 Hornsund 44 39 3 2 0 0 0
 Isfjorden 3 2 1 0 0 0 0
 Kongsfjorden 52 37 7 5 0 2 1
 Other 8 8 0 0 0 0 0
 Summary 107 86 11 7 0 2 1

Fig. 4  Summary of all positive krill observations recorded by the 
drop camera with the depth and water mass type associated with each 
observation
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swarming and avoiding predators by escaping to the seabed 
(Verity and Smetacek 1996; Axelsen et al. 2001; Ryer et al. 
2004; Simard and Harvey 2010). Krill in the water column 
may be vulnerable to predation from above, below, and all 
sides, while krill near the seabed are mainly vulnerable from 
above. Forming aggregations is another strategy that reduces 
mortality from predation, so forming aggregations near the 

bottom may be especially advantageous as it combines two 
strategies for avoiding predators. On the other hand, there 
are cases when swarms of the krill (Meganyctiphanes nor-
vegica) were protected by large, piscivorous fish, which 
uses the krill swarms as a feeding ground in their hunt for 
planktivores (Kaartvedt et al. 2005). It should be also taken 
into account that krill interaction with sea floor may actually 

Fig. 5  Whisker plots show-
ing densities of Euphausiids, 
Themisto spp., and Chae-
tognaths from Tucker trawl 
samples (upper and lower water 
column) in both fjords. The 
concentration of krill was also 
shown with the division into 
species (Thysanoessa inermis, 
Thysanoessa longicaudata, Thy-
sanoessa rashii). Median and 
range (min max) are shown
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expose to different predators like demersal fishes and sea 
anemones.

The density of cod feeding on krill is much higher in 
Kongsfjorden than in Hornsund (Szczucka et al. 2017), 
which may explain why a larger part of the krill population 
occurs near the seabed in Kongsfjorden than in Hornsund 
(which has low numbers of predatory fish). Acoustic data 
showing the distribution and size of fish in the water col-
umn for both of the fjords discussed here (Szczucka et al. 
2017) support this idea. The lowest density of fish occurs 
in the glacial bays is consistent with the maximum occur-
rences of krill (Brepolen, Samarinvagen in Hornsund and 
near the glacier front of Blomstrandbreen, Convaybreen in 
Kongsfjorden) (Fig. 2). Glacial bays are characterized by 
specific environmental factors, including a large amount of 
mineral suspension in the water column and a strong gradi-
ent between brackish waters at the surface and higher salin-
ity waters at depth. Large predators, such as Atlantic cod, 
tend to avoid glacial bays (Szczucka et al. 2017).

Sedimentation and glacier trap

Estuarine circulation in the glaciated fjords is driven by cata-
batic winds (Węsławski et al. 2000; Lydersen et al. 2014). 
This process starts in June when ablation intensifies and ends 
in September when the air temperature drops, leading to a 
significant decrease in the inflow of suspended sediments 
and the volume of fresh water (Węsławski et al. 1995). There 
are also known cases of mass mortality of krill (Węsławski 
and Legżyńska 1998), phytoplankton (Hernando et al. 2015), 

and amphipods (Eiane and Daase 2002) as a result of osmotic 
shock resulting from the direct proximity of the glacier or the 
glacial river. On the other hand, previous research demon-
strates the high tolerance of the krill Euphausia superba to a 
wide salinity range from 25 to 45 (Aareset and Torres 1989). 
It is believed that a large amount of suspended material in 
glacial bays has a negative effect on the functioning of coastal 
ecosystems (Thrush et al. 2003). High concentrations of sus-
pended material in the water column can adversely affect 
krill by clogging the filtration apparatus used for feeding. 
When sediment concentrations are high, krill may ingest pre-
dominantly inorganic mineral particles. Additionally, mineral 
particles of glacial origin ( > 1.1 × 105 μm3) with sharp edges 
can mechanically destroy the krill (Fuentes et al. 2016). Dead 
zooplankton can be periodically stranded, creating swaths of 
dead organisms on the shore. This has been recorded in the 
southern (Fuentes et al. 2016) and northern polar regions 
(Legeżyńska et al. 2000; Eiane and Daase 2002). Dead krill 
have also been recorded in large numbers during dredging 
in an Antarctic fjord, in the form of large aggregations on 
the seabed (Sicinski personal communication, Balazy unpub-
lished photography). A dense concentration of suspended 
material in the tidewater glacier area is likely to be a cause of 
high krill mortality (Lewis and Syvitski 1983; Węsławski and 
Legeżyńska 1998). Suspended plumes on the surface, which 
come directly from the outflows of glaciers or glacial rivers, 
are a common occurrence (Zajaczkowski 2008). Numerous 
mineral particles from the flocculation process combine in 
the deeper parts of the water column into large flocs that 
can build up on the boundary of various water masses thus 

Fig. 6  Density and distribu-
tion of Euphausiids length in 
Tucker Trawl samples collected 
in 2016. Data shown separately 
for both fjords. Mean and range 
(min max) are shown
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creating a reservoir of cleaner water that may trap the plank-
tonic organisms below. The estuarine circulation, driven by a 
rapid influx of glacial meltwater, may be responsible for zoo-
plankton retention in the inner parts of the fjord (Węsławski 
et al. 2000). There, the high sediment load and surface salin-
ity gradient result in high zooplankton mortality. Stunned and 
dead krill are forced to the surface by glacial outflow, where 
they are an excellent source of food for seabirds (Urbanski 
et al. 2017). These conditions also create a perfect feeding 
site for necrophagous crustaceans. Large concentrations of 
birds in the study area, mainly Black-legged kittiwakes (Rissa 
tridactyla), were recorded in 2015 for both fjords (Urbański 
et al. 2017) and correlate with the large numbers of krill in 
the near-bottom aggregations at this time. Analysis of the 
photos showed large densities of echinoderms and anemones 
from the genus Cerianthus near the glacier, which may also 
be feeding on dead krill. The population of ophiuroids in 
the Spitsbergen fjords had very high concentrations near the 
glacier fronts (Deja el al. 2016), which may be associated 

with bottom macrozooplankton aggregations. In Antarctica, 
dead euphausiids were the main source of food for abyssal 
ophiuroids (Sokolova 1994).

Parasitoid apostome ciliates

One of the few well-explained causes of mass mortalities is 
parasitoid apostome ciliates (Gómez-Gutiérrez et al. 2003, 
2017). Thysanoessa inermis and Thysanoessa raschii are 
infected with parasitoid ciliates of the genus Pseudocollinia 
that kill krill in < 3 days (Capriulo and Small 1986; Capriulo 
et al. 1991; Lynn et al. 2014) Krill individuals infected with 
Pseudocollinia can be easily visually recognized. Their body 
loses transparency and changes colour from beige to orange 
depending on the stage of infection and characteristically 
swells the cephalothorax (Gómez-Gutiérrez et al. 2003, 
Gómez-Gutiérrez and Robinson 2006; Lynn et al. 2014). 
In our studies, distinctive, clearly orange individuals were 
observed on several dozen video stations and maybe they are 

Fig. 7  Three methods of krill feeding at the sea bottom. Methods 1 
and 3 may be convergent, and differences in the depth of the indi-
vidual result from the degree of hydration of the upper layer of the 
sediment (fluffy, nepheloid layer), edited from Mauchline and Fisher 
(1969). Behaviour number 3 was first observed by Clarke and Tyler 
(2008), calling them nose diving. In most observations, feeding activ-
ity was calm when there were few krill present and the individuals 

delved into the sediment at regular intervals (b); additional data are 
given in Online Resource 1 "ESM_1.mp4". Black dots symbolize 
the places where the nose diving activity of one individual occurred. 
When krill were more abundant, feeding behaviour was more chaotic, 
nervous (c). A number of krill feeding simultaneously have the poten-
tial to resuspended a lot of sediment
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infected (Fig. 3c). Not many such changed individuals were 
observed; however, there were not registered dead individu-
als at the bottom, which usually accompanies such infections 
(Gómez-Gutiérrez et al. 2003).

Possible errors in the methodology

The numbers of krill presented in this work should be inter-
preted with some caution. Collecting camera images below 
the euphotic zone necessitates the use of artificial lighting. 
This method may introduce error that results in overestimat-
ing the densities of the individuals. Positive phototaxis of 
zooplankton in Kongsfjorden in response to ROV lighting 
has been previously shown (Hirche et al. 2016). Another 
study also noted the influence of artificial lighting on animal 
concentrations (Gutt and Siegel 1994). Strategies employed 
to minimize this error included continuous horizontal drop 
camera movement over the bottom (0.05–0.1 m/s), absence 
of propulsors (which can deter zooplankton), and the method 
of selecting the still photos from the beginning, middle, and 
end of the recording period. At most of the surveyed stations 
where large numbers of krill were observed, they appeared 
immediately after seabed became visible; consequently, 
the effect of density increasing with the length of the tran-
sect was noticeable but small. The coefficient of variation 
(defined as the ratio of standard deviation to average and 
expressed in percentage) does not exceed 30%.

Conclusion

This study point out that not using methods allowing to sam-
ple also in the bottom layer of water leads to a huge underes-
timation of the zooplankton biomass in Spitsbergen fjords. 

It was estimated that bottom aggregations of krill make up 
over 39% of the total krill biomass in Hornsund and 41% in 
Kongsfjorden. Our observations also show that dominated 
in Spitsbergen euphasiid species—T. inermis creates bot-
tom aggregation mainly in close vicinity to glacier front. 
Recorded behaviour known as "nose diving" suggests that 
near-bottom habitat is chosen by krill due to the availability 
of food in this region.
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Appendix

See Tables 2 and 3. 3.

Table 2  Station name, date, 
depth, location, krill densities, 
and type of gear from photo 
stations used in this study 
(summer season 2013, 2014, 
2015, 2016, 2017, and winter 
2016); krill densities in indiv. 
 m−3

Station Date Depth (m) Latitude Longitude Euphausiacea 
abundance  m−3

Gear type

HSD1 27.07.2015 65 77.041 16.027 124 Drop camera
HSD1′ 28.07.2015 65 77.041 16.027 156 Drop camera
HSD10 30.07.2015 95 76.926 16.290 731 Drop camera
HSD11 30.07.2015 121 77.023 16.533 6 Drop camera
HSD12 30.07.2015 70 76.989 16.531 0 Drop camera
HSD13 30.07.2015 70 76.973 16.544 12 Drop camera
HSD14 30.07.2015 50 77.019 16.171 12 Drop camera
HSD15 29.07.2016 50 77.058 16.599 2 Drop camera
HSD16 29.07.2016 56 77.056 16.613 0 Drop camera
HSD17 29.07.2016 62 77.056 16.627 0 Drop camera
HSD18 29.07.2016 66 77.054 16.642 1 Drop camera
HSD19 29.07.2016 60 77.044 16.574 1 Drop camera
HSD1S 01.08.2016 106 77.008 15.853 5 Epibenthic sledge
HSD2 28.07.2015 70 77.093 15.963 0 Drop camera
HSD20 01.08.2016 31 76.914 16.283 2 Drop camera

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Table 2  (continued) Station Date Depth (m) Latitude Longitude Euphausiacea 
abundance  m−3

Gear type

HSD21 01.08.2016 80 76.925 16.286 16 Drop camera
HSD22 31.07.2016 84 76.973 16.227 0 Drop camera
HSD23 31.07.2016 78 77.094 15.946 1 Drop camera
HSD24 31.07.2016 84 77.066 15.984 0 Drop camera
HSD25 30.07.2014 160 77.082 15.811 20 Drop camera
HSD26 30.07.2014 167 77.075 15.818 10 Drop camera
HSD27 29.07.2014 55 77.046 16.625 0 Drop camera
HSD28 30.07.2013 84 77.001 16.079 0 Lander
HSD29 30.07.2013 107 77.009 16.025 0 Lander
HSD2S 01.08.2016 78 77.059 15.970 0 Epibenthic sledge
HSD3 28.07.2015 55 77.082 15.993 12 Drop camera
HSD30 30.07.2013 105 76.993 16.018 0 Lander
HSD31 31.07.2017 63.5 77.043 15.939 12 Drop camera
HSD32 31.07.2017 46 77.071 16.355 13 Drop camera
HSD33 31.07.2017 59 77.058 16.409 12 Drop camera
HSD34 31.07.2017 88 77.020 16.447 1 Drop camera
HSD35 31.07.2017 145 76.927 16.308 10 Drop camera
HSD36 31.07.2017 118 76.949 16.251 0 Drop camera
HSD37 31.07.2017 30 77.052 16.002 0 Drop camera
HSD38 31.07.2017 64 77.042 16.453 7 Drop camera
HSD39 31.07.2017 80 77.081 15.991 5 Drop camera
HSD4 28.07.2015 32 77.055 15.891 2 Drop camera
HSD40 31.07.2017 75 77.093 15.952 1 Drop camera
HSD41 31.07.2017 110 76.951 16.251 1 Drop camera
HSD5 28.07.2015 34 77.033 15.955 6 Drop camera
HSD6 28.07.2015 53 76.997 16.169 6 Drop camera
HSD7 28.07.2015 90 77.023 16.533 587 Drop camera
HSD8 29.07.2015 22 77.004 15.631 0 Drop camera
HSD9 29.07.2015 54 77.009 15.623 0 Drop camera
ISF1 02.08.2015 40 78.241 15.641 426 Drop camera
ISF2 11.01.2016 56 78.649 16.875 5 Drop camera
ISF3 01.01.2016 64 78.258 13.795 1 Drop camera
KGF1 03.08.2015 25 78.933 11.923 0 Drop camera
KGF11 06.08.2015 100 78.968 11.658 0 Drop camera
KGF12 06.08.2015 100 78.961 11.726 0 Drop camera
KGF13 06.08.2015 100 78.956 11.820 0 Drop camera
KGF14 06.08.2015 100 78.943 11.888 0 Drop camera
KGF15 06.08.2015 100 78.932 11.955 0 Drop camera
KGF16 06.08.2015 100 78.922 12.032 4 Drop camera
KGF17 06.08.2015 100 78.913 12.110 2 Drop camera
KGF18 06.08.2015 100 78.907 12.185 0 Drop camera
KGF19 07.08.2015 74 78.877 12.468 0 Drop camera
KGF1S 04.08.2016 280 78.977 11.945 0 Epibenthic sledge
KGF2 05.08.2015 100 78.980 12.441 105 Drop camera
KGF20 07.08.2015 93 78.885 12.430 0 Drop camera
KGF21 07.08.2015 88 78.954 12.045 12 Drop camera
KGF22 07.08.2015 110 78.964 11.982 44 Drop camera
KGF23 07.08.2015 100 78.991 11.951 0 Drop camera
KGF24 20.01.2016 93 78.933 11.954 0 Drop camera
KGF25 21.01.2016 105 78.917 12.269 0 Drop camera
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Table 2  (continued) Station Date Depth (m) Latitude Longitude Euphausiacea 
abundance  m−3

Gear type

KGF26 23.01.2016 44 78.925 12.389 0 Drop camera
KGF27 23.01.2016 44 78.921 12.378 0 Drop camera
KGF28 23.01.2016 72 78.961 12.345 1 Drop camera
KGF29 07.08.2016 67 78.998 11.978 8 Drop camera
KGF2S 05.08.2016 90 78.893 12.439 0 Epibenthic sledge
KGF3 05.08.2015 48 78.978 12.403 4 Drop camera
KGF30 05.08.2016 80 78.967 12.334 16 Drop camera
KGF31 07.08.2016 82 78.894 12.464 2 Drop camera
KGF32 06.08.2016 85 79.070 11.610 1 Drop camera
KGF33 08.08.2016 58 78.958 12.402 6 Drop camera
KGF34 07.08.2016 92 78.977 12.445 157 Drop camera
KGF35 08.08.2016 39 78.951 12.401 4 Drop camera
KGF36 07.08.2016 78 78.898 12.409 1 Drop camera
KGF37 08.08.2016 63 78.973 12.428 2 Drop camera
KGF38 07.08.2016 64 78.893 12.390 0 Drop camera
KGF39 07.08.2016 47.5 78.885 12.511 1 Drop camera
KGF4 05.08.2015 42 78.977 12.381 0 Drop camera
KGF40 07.08.2016 48 78.884 12.498 2 Drop camera
KGF41 07.08.2013 90 78.931 12.145 0 Lander
KGF42 08.08.2013 115 78.921 12.071 0 Lander
KGF43 08.08.2013 98 78.915 12.161 0 Lander
KGF44 10.08.2013 75 78.997 11.943 340 Lander
KGF45 08.08.2017 50 78.971 12.369 1 Drop camera
KGF46 08.08.2017 81 78.961 12.345 100 Drop camera
KGF47 08.08.2017 43 78.924 12.376 0 Drop camera
KGF48 08.08.2017 85 78.885 12.423 5 Drop camera
KGF49 07.08.2017 70 78.956 12.036 0 Drop camera
KGF5 05.08.2015 53 78.983 12.389 12 Drop camera
KGF50 07.08.2017 62 78.962 11.991 0 Drop camera
KGF51 07.08.2017 80 78.991 11.957 2 Drop camera
KGF6 05.08.2015 30 78.987 12.365 58 Drop camera
KGF7 05.08.2015 55 78.978 12.341 8 Drop camera
KGF8 05.08.2015 45 78.975 12.242 12 Drop camera
KGF9.10 06.08.2015 70 79.000 11.977 751 Drop camera
MG1 01.01.2016 98 79.556 11.128 0 Drop camera
RAU1 10.08.2017 52 79.702 12.232 0 Drop camera
RAU2 10.08.2017 67 79.738 12.470 2 Drop camera
RIP1 14.01.2016 84 80.300 22.345 0 Drop camera
SH1 03.08.2015 50 78.206 11.645 0 Drop camera
SH2 03.08.2015 50 78.945 10.274 0 Drop camera
SH3 03.08.2015 50 79.082 10.689 0 Drop camera
SM1 13.01.2016 81 79.790 11.024 0 Drop camera

During the summer season, there was always daylight; during winter there were only darkness
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Table 3  Station name, date, depth, location, and krill densities from Tucker trawl samples used in this study (summer 2014, 2015, and 2016); 
krill densities in indiv. 100 m−3

Station Date Depth (m) Latitude (N) Longitude (E) Krill 100 m−3 upper 
strata

Krill 100 m−3 
lower strata

14003/GL 7.2014 25 77.046 16.628 62.1 –
14004/GL 7.2014 25 77.040 16.598 5.2 –
14010/GL 7.2014 25 77.073 15.846 11.6 –
14011/GL 7.2014 25 77.056 15.856 21.2 –
14016/GL 8.2014 25 78.979 12.417 40.9 –
14017/GL 8.2014 30–25 78.980 12.417 0.2 –
14,024/GL 8.2014 30 78.896 12.434 1.7 –
14025/GL 8.2014 30 78.884 12.445 43.1 –
H2 30.07.2015 150–200 76.983 15.759 – 10.7
H2 30.07.2015 15–20 76.983 15.759 8.7 –
HGLA1 29.07.2016 68 77.053 16.652 – 63.3
HGLA1 29.07.2016 15 77.054 16.653 185.3 –
HGLA3 29.07.2016 55 77.039 16.599 – 93.4
HGLA3 29.07.2016 15 77.044 16.567 192.8 –
HGLA4 31.07.2016 85 77.094 15.941 – 14.1
HGLA4 31.07.2016 15 77.090 15.949 38.9 –
HGLA5 31.07.2016 86 77.067 15.978 – 13.4
HGLA5 31.07.2016 15 77.089 15.934 20.3 –
HGLA6 01.08.2016 15–40 76.913 16.301 10.8 –
HGLA6 01.08.2016 30 76.925 16.284 0 –
KB3 07.08.2015 250–290 78.941 76.516 – 66.6
KB3 07.08.2015 10–25 78.941 76.516 7.9 –
KB4 07.08.2015 50–60 78.903 12.230 – 22.2
KB4 07.08.2015 10–25 78.903 12.230 0 0
KB5 07.08.2015 15–25 78.885 12.430 44.2 –
KB5 07.08.2015 45–75 78.885 12.430 – 9.7
KB5 SILL 07.08.2015 10–25 78.898 12.318 1.7 –
KGLA1 07.08.2016 50 78.885 12.505 – 64.9
KGLA1 07.08.2016 15 78.884 12.497 15.1 –
KGLA2 07.08.2016 42–74 78.893 12.384 – 51.9
KGLA2 07.08.2016 15 78.892 12.403 53 –
KGLA3 08.08.2016 40–48 78.976 12.441 – 8.9
KGLA3 08.08.2016 15 78.984 12.396 2.2 –
KGLA4 08.08.2016 15 78.973 12.423 59 –
KGLA4 08.08.2016 53 78.956 12.423 – 127.2
MB1 29.07.2015 80–100 77.092 15.962 – 14.7
MB1 29.07.2015 5–15 77.092 15.962 168.7 –
MB2 29.07.2015 50–70 77.092 15.962 – 68
MB2 29.07.2015 5–15 77.092 15.962 103.5 –
MEN1 30.07.2015 50–70 77.022 16.533 – 57.8
MEN1 30.07.2015 5–15 77.022 16.533 9.6 –
MEN2 30.07.2015 30–40 76.989 16.530 – 165.6
MEN2 30.07.2015 5–15 76.989 16.530 50.3 –
P1 29.07.2015 80–100 77.066 15.851 – 77
P1 29.07.2015 5–15 77.066 15.851 89.3 –
P2 29.07.2015 80–100 77.061 15.865 – 196
P2 29.07.2015 5–15 77.061 15.865 93.4 –
S1 30.07.2015 50–40 76.926 16.290 – 120.6
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