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Abstract

A compilation of more than 30 studies shows that adult Antarctic krill (Euphausia superba) may frequent
benthic habitats year-round, in shelf as well as oceanic waters and throughout their circumpolar range. Net and
acoustic data from the Scotia Sea show that in summer 2-20% of the population reside at depths between 200 and
2000 m, and that large aggregations can form above the seabed. Local differences in the vertical distribution of
krill indicate that reduced feeding success in surface waters, either due to predator encounter or food shortage,
might initiate such deep migrations and results in benthic feeding. Fatty acid and microscopic analyses of stomach
content confirm two different foraging habitats for Antarctic krill: the upper ocean, where fresh phytoplankton is
the main food source, and deeper water or the seabed, where detritus and copepods are consumed. Krill caught in
upper waters retain signals of benthic feeding, suggesting frequent and dynamic exchange between surface and
seabed. Krill contained up to 260 nmol iron per stomach when returning from seabed feeding. About 5% of this
iron is labile, i.e., potentially available to phytoplankton. Due to their large biomass, frequent benthic feeding,
and acidic digestion of particulate iron, krill might facilitate an input of new iron to Southern Ocean surface
waters. Deep migrations and foraging at the seabed are significant parts of krill ecology, and the vertical fluxes
involved in this behavior are important for the coupling of benthic and pelagic food webs and their elemental

repositories.

Vertical migration by zooplankton, fish, or diving
vertebrates is a universal feature of aquatic environments.
Key to these migrations is the fact that water layers with
the preferred food often incur higher risk of predation or
physiological stress and are therefore vacated for large
parts of the day. Many herbivorous and omnivorous
mesozooplankton species feed on phytoplankton near the
surface at night but use deeper water as a daytime refuge
from visual predators (Hays 2003). Conversely, marine
mammals such as sperm whales dive to depths of over
1000 m to feed on deep-sea squid but regularly return to the
surface to breathe (Watwood et al. 2006). Carnivorous
chaetognaths and fish often follow the nocturnal migra-
tions of their prey and therefore become migrators
themselves (Pearre 2003).

On an individual level, the migrations provide a trade-off
between nutrition and survival, but implications arise for
the whole ecosystem due to the large biomass of
heterotrophs involved. A major consequence of vertical
migrations is the redistribution of organic matter and
nutrients when feeding locations differ from those of
excretion, defecation, or consumption of migrants. Thus,
vertical migration is one component of the ‘“biological
pump” that draws carbon into the deep ocean (Longhurst
and Harrison 1989). On the other hand, migrating animals
can also reintroduce nutrients and carbon from depth back
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up into the photic zone. Cladocerans, for instance, have
been found to increase phosphorus concentrations in the
epilimnion after feeding on algae in the hypolimnion
(Haupt et al. 2010); nocturnally ascending mysids release
trace metals into the water column after feeding on lake
sediments during the day (Song and Breslin 1999); and
sperm whales defecate iron-rich feces into the photic zone
when returning from deep-sea foraging (Lavery et al. 2010).

Ecological facets of vertical migration are no less
complex than its biogeochemistry. The migration behavior
of a species can change with life history stage, season, and
location (Haney 1988; Ohman 1988). Some zooplankton
species are strong migrants, some migrate rarely, while for
others the behavior is still debated. Antarctic krill
(Euphausia superba, hereafter “krill”’), for instance, is
considered an epipelagic species with the bulk biomass
being centered within the upper 150 m of the water column
(Demer and Hewitt 1995; Lascara et al. 1999) and with
diurnal vertical migrations either of small amplitude or
absent (Godlewska 1996). Therefore, routine krill surveys
for fishery and ecosystem management have generally
focused only on the upper 200 m (Hewitt et al. 2004; Siegel
2005).

This traditional view of krill being epipelagic was
challenged by images taken from a remotely operated
vehicle, which showed krill feeding at the seabed in water
depths of up to 3500 m (Clarke and Tyler 2008). Neither
their foraging at the seabed (Kawaguchi et al. 1986) nor
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occasional descent to great depth (Marr 1962; Lancraft et
al. 1989; Daly and Macaulay 1991) were novel findings, but
the surprising aspect was that krill reached 3500 m of depth
in good physiological condition and most likely migrated
this distance to feed (Clarke and Tyler 2008). Until now it
remains unclear if these extremely deep krill were “ecolog-
ical outliers” or a rare glimpse of a widespread behavior,
missed with standard sampling procedures (Brierley 2008).

The current biomass of Antarctic krill is 100-500 million
tonnes (Siegel 2005; Atkinson et al. 2009). Thus, even if
only a small part of this massive stock commutes between
surface and seabed, it will have fundamental implications
for the bentho-pelagic coupling of food webs and nutrient
pools. However, background information on deep migra-
tions and benthic feeding by krill—the causes, the
nutritional benefit, and the part of the population
involved—are still missing; and, therefore, the phenomenon
is not incorporated into krill energy budgets (Fach et al.
20006), life history models (Nicol 2006), or stock assess-
ments (Siegel 2005).

We approached these challenging questions by applying
multiple methods. To assess the overall circumpolar
prevalence and seasonality of benthic migrations, we
compiled all existing information on krill-seabed interac-
tions, including unpublished data and our own photo-
graphic survey. To estimate the proportion of krill found
below 200 m, possibly in transit to or from the seabed, we
used large datasets on vertical distribution from both nets
and acoustics. To establish the nutritional gain from seabed
foraging, we analyzed the stomach content of krill from 69
stations in the Scotia Sea and neighboring Bransfield Strait.
Finally, to assess the potential implications in terms of
elemental cycling, we quantified the amount of iron that
krill return to the surface after benthic feeding.

Methods

Photographic survey—A photographic survey of the
seabed was conducted at 33 stations off East Antarctica
between 16 December 2007 and 30 January 2008 on the
R/V Aurora Australis. The water depth ranged from 228 to
1625 m. A video camera (Canon EOS single-lens reflex
camera, 8 megapixel) was attached to a beam trawl and
towed ~ 1 m above the seabed with a constant speed of
~ 1.85 km h—1. Still images were taken every 10-20 s, with
1-296 images per station (median: 47, total: 2408). For each
image, presence or absence of euphausiids was recorded.

Net hauls—Data from “krillbase” (Atkinson et al. 2008,
2009) were used to study the deep vertical distribution of
postlarval krill. This database is a circumpolar compilation
of untargeted net hauls, either oblique or vertical. It spans
the October—April period, although three-quarters of the
data are from the most intensively sampled mid-summer
months of December, January, and February (see Atkinson
et al. 2008 for further details). For this study we have
additionally included vertical profiles given in Marin et al.
(1991), Piatkowski et al. (1994), Taki et al. (2008), and
recent unpublished data from the British Antarctic Survey.
The net hauls were divided into shelf and ocean areas using
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the 1000-m isobaths as a boundary. Within the categories
“shelf” and “ocean,” the hauls were further divided into
seven nominal depth strata, according to the top sampling
depth of the net (i.e., 0-100, 100-200, 200-300, 300400,

400-500, and 500-1000 m). Note that the bottom depths of

the net may have extended deeper than these nominal strata
suggest (e.g., a 0-200 m haul would be classified as within
top depth range, 0—100 m). Thus, for calculation purposes,
we made the conservative assumption that all krill caught
in a haul covering several of these seven depth strata were
in the uppermost stratum (e.g., for the 0-200 m net haul
example, it would be the 0—100 m stratum).

Acoustic surveys—Two acoustic surveys were carried out
across the Scotia Sea aboard the R/V vessel James Clark
Ross (Fig. 1). In 2003, the survey was run from west to east,
consisted of eight transects, and covered day and night
hours (Klevjer et al. 2010). In 2008, five 24-h grids and two
12-h grids were run along one south-north transect.
Volume backscattering strength (Sverdrup [S,], in decibels
above a reference level of 1 yPa m—! [dB re 1 m~1]) was
collected using a scientific echo sounder (Simrad EK60)
with hull-mounted split-beam 38- and 120-kHz transduc-
ers. Krill were reliably detected at 6 to maximal 300 m from
the transducer face. A swarm detection algorithm was
applied to the 120-kHz echogram data using Sonardata
Echoview 4.0 “school detection module,” which employs a
shoal analysis and patch estimation system algorithm
(Coetzee 2000). The applied swarm shape parameters are
described in Klevjer et al. (2010). Swarms were positively
identified as krill using the variable AS;59.33 dB window
identification technique (CCAMLR 2010). Krill biomass
was expressed as acoustic biomass (areca backscattering
coefficient [s,], m2 m~—2). Further details on swarm
detection and post-processing are given in Klevjer et al.
(2010).

The nearest distance between cruise locations and land
was computed using a great circle algorithm implemented
in the R package (Ihaka and Gentleman 1996). Full vertical
profiles of temperature and fluorescence were measured
using a conductivity (C)-temperature (T)-depth (D)
instrument (Sea-Bird” 911plus CTD). There were 64
hydrographic stations along the cruise track in 2003, and
3 to 5 hydrographic stations for each of the seven acoustic
grid areas in 2008.

Krill diet—Postlarval krill were sampled at 69 stations in
the Scotia Sea and neighboring Bransfield Strait (Fig. 1)
during various cruises of RRS James Clark Ross and krill
fisheries vessels (January—February 2002, 2003, 2005, 2006;
March 2004; April 2007; June-August 2004; July—August
2005, 2006; and November 2006). The krill were caught
with target net tows in the top 200 m and immediately
deep-frozen (—80°C on R/V vessel James Clark Ross,
—20°C on fishery vessels).

Microscopic analysis of the stomach content was carried
out on two to three individual krill per station. The
stomach was dissected from frozen krill and the content
emptied into a 4-mL water sample. The sample was gently
mixed, transferred into an Utermohl counting receptacle,



Limnology

Seabed foraging by Antarctic krill 0

-FF)aHAnd [slands
= acoustic survey 2003

<_’_H‘ aaas—
ﬁp acoustic survey 2008
O stomach content analysis

\\/»’-'\\

Fig. 1.

Scotia Sea and Bransfield Strait; acoustic krill survey in January—February 2003

(solid black lines); acoustic krill survey in January—February 2008 (gray boxes); sampling stations
for krill stomach content analysis, multiple cruises (white dots).

and settled for ~ 2 h. Rare items (e.g., copepod mandibles
and tintinnids) were counted by scanning the complete
receptacle at X 200 magnification, while common items
were enumerated from two perpendicular transects across
the whole diameter of the receptacle. The dimensions of
different food items were measured and their volume
calculated as in Schmidt et al. (2006). For copepods, the
width of the mandible blade was converted into prosome
length (Karlson and Bamstedt 1994) and then into body
volume (Mauchline 1998).

Fatty acid analysis and counts of lithogenic particles
were carried out on one to two samples per station. For
each of these samples, 10 frozen krill were dissected and
stomach content emptied into a 1-mL water sample. This
pooled sample was freeze-dried, and lipids were extracted in
chloroform : methanol (2:1, v:v). A known amount of an
internal standard (23:0) was added to each sample.
Thereafter, dissolved lipids and remaining structural parts
of the stomach content (including lithogenic particles) were
separated by cold centrifugation (1500 revolutions per
minute) in a tapered vial. From the supernatant, fatty acid
methyl esters were generated by transesterification of lipid
samples with 1% sulphuric acid in methanol (Christie
1982). Thin layer chromatography in a hexane: diethyl
ether: acetic acid solvent system was used to purify the
samples before analyzing with a Thermo Finnigan Trace
2000 gas chromatograph. Further details are given in
Schmidt et al. (2006).

The nonlipid part of the stomach content was retained in
the pellet of the centrifuged sample. Lithogenic particles
were extracted from these samples by combusting all
organic matter in a furnace (550°C, 12 h). Second, biogenic
silica was removed by exposing each sample to 2 mL of hot
1.5 mol L—! NaOH using a heating block at 100°C for
30 min. At intervals, the samples were mixed, and the
reaction was terminated with a few drops of 6 mol L—!
HCL. After the samples had settled and cooled, the
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supernatant was replaced by 4 mL of water and the vial
was stored in the fridge. For microscopic analysis, the
original sample or appropriate dilutions thereof were
whirly-mixed, transferred into an Utermohl counting
receptacle, and settled for ~ 2 h. Lithogenic particles were
counted in four size classes (2-5 um, 5-10 um, 10-15 um,
and 15-25 um) at X 200 magnification.

Trace metal analysis of krill stomach content and
muscle tissue—Iron concentrations in krill stomach and
muscle were analyzed from 12 stations in the Scotia Sea
(January—February 2002, 2003; March 2004). Inside a class
100 laminar flow cabinet, deep-frozen krill were briefly
washed in ammonium acetate buffer (NH4Ac, 2 mol L—1,
pH 4.5) to remove attached trace metals. A ceramic scalpel
and Teflon forceps were used to dissect the stomach
content and separate the muscle of the 3rd abdominal
segment from the remaining body. For each station,
samples of 10-12 krill were pooled, freeze-dried, and
weighed. To estimate the ‘““labile’ iron fraction, stomach
content and muscle samples were exposed to 2 mL NH4Ac
buffer (2 mol L—1, pH 4.5) for 2 h and then centrifuged; the
leachate was analyzed with an inductively coupled plasma
mass spectrometer (ICP-MS). The residues were transferred
into Teflon tubes; and a mixture of 3 mL concentrated
hydrochloric acid (HCL, trace metal grade), 3 mL concen-
trated nitric acid (HNOs, trace metal grade), and 2.5 mL
concentrated hydrofluoric acid (HF, ROMIL SpA grade)
was added. Digestion was carried out in a microwave oven
at 175°C for 60 min. The digests were transferred to 30-mL
Teflon digestion pots with three rinses of 2% (v:v) HNO;.
These samples were dried overnight on a hot plate (140°C)
until 1 mL of liquid remained in the pots. To drive off
fluorides, 0.25 mL of concentrated perchloric acid (HCIOy,,
ROMIL Ltd. SpA grade) was added, and the samples were
evaporated on a hot plate at 140°C. A further 0.25 mL of
HClO,4 was added when only a drop of liquid remained,
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Euphausia superba, compilation of studies describing krill-seabed interactions. Observations are divided into four general

methods: a) direct photographic observation of krill at the seabed by remotely operated vehicle, towed camera, or camera attached to
gentoo penguins; b) sampling of krill at the seabed via epibenthic sledge, box corer, or light trap; c) krill in diet of benthic fish, starfish, or
penguins foraging at the seabed; d) direct observation of krill feeding at the seabed or of seabed-derived food items in their stomachs. The
table includes only studies where Euphausia superba was clearly identified. Unpublished images (pers. comm.) were checked for positive

identification by one of the authors (A.A.).

Stations with

Habitat Depth (m) Season, yr Observation Method  benthic krill
East Antarctica Shelf 160-1625 Summer 2007-2008  Benthic krill at almost every station, 5 a 31 of 33
and Slope stations below 1000 m (this study)
Davis Sea 400-870 Summer 2009-2010  Benthic krill at every station, mating a 16 of 16
(Kawaguchi et al. in press)
Weddell Sea Shelf 416-480 Summer 1987-1988  Krill swarm of >350 m length, up to a 2 of 16
230 krill m—3 (Gutt and Siegel
1994)
Marguerite Bay 154 Summer 1998 Individual krill at seabed (Gutt pers. a —
comm., doi:10.1594/PANGEA)
Western Weddell Sea 343 Summer 2007 Krill swarm including gravid females a —
(former Larsen Area) (J. Gutt pers. comm.)
South Shetland Is. 10-70 Summer 2006-2007  Gentoo penguins feeding on krill a —
swarms near the seabed (Takahashi
et al. 2008)
Anvers Island (inshore) <100 Summer 1993-1994  Krill aggregations in depressions a —
(Quetin et al. 1996)
Ross Sea and 520-550 Summer 2007-2008  Krill swarm at Seamount (A. Bowden a 1 of 55
Seamounts to the and R. O’Driscoll pers. comm.)
North
South Georgia Shelf 200-300 Summer 2008-2009  Dense krill swarm at seabed (P. Tyler a —
pers. comm.)
East Scotia Sea 1400, 2600 Summer 2009-2010  Adult krill including gravid females a —
(A. Clarke and P. Tyler pers.
comm.)
Drake Passage, 120-430 Summer 1997-1998  Up to 1714 krill m—2 collected with a, b 50f9
Bransfield Strait multi-box corer (Piepenburg et al.
2002)
Weddell Sea Shelf 576 Summer 1999-2000  Krill swarm at seabed (D. Gerdes a, b —
pers. comm.)
Marguerite Bay 200 Summer 2000-2001  Kirill feeding at ~200 m depth (Clarke a, d —
and Tyler 2008)
Marguerite Bay 550-3500 Summer 2006-2007  Krill feeding at abyssal depths a, d 8 of 10
(3500 m; Clarke and Tyler 2008)
South Shetland Is., 45-650 Summer 1994-1995  Kirill abundance correlates with b 7 of 24
Bransfield Strait sediment organic content (San
Vicente et al. 2006)
Shelf of Cosmonaut Sea 40 Winter 1984 Krill caught in light traps at seabed, b, d —
sand in stomachs (Kawaguchi et al.
1986)
Antarctic Peninsula, 50-470 Autumn, winter Krill in brittle star diet at 8 of 10 [¢ —
South Sandwich Is. 1973-1982 stations (Fratt and Dearborn 1984)
Antarctic Peninsula, 90-530 Summer—winter Fresh, intact krill in Antarctic sea star C —
South Sandwich Is., 1975, 1981-1982 stomachs (Dearborn et al. 1991)
South Georgia
Antarctic Peninsula 30-670 Summer, autumn Krill in 10% of brittle star stomachs [ —
1981-1983 (Dearborn et al. 1996)
South Orkney Is., South 15-300 Summer—winter All benthic fish species preyed on krill c —
Sandwich Is., South 1975, 1976 near South Georgia (Targett 1981)
Georgia
South Shetland Is. 5-40 Summer 1988-1989  Kirill frequent prey for benthic fish ¢ —
species (Barrera-Oro and Casaux
1990)
South Shetland Is. 100-800 Summer 1981-1982  Kirill as major food for 32 demersal c —

fish species (Takahashi and Iwami
1997)
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Table 1. Continued.
Stations with
Habitat Depth (m) Season, yr Observation Method  benthic krill
Eastern Weddell Sea 180-900 Summer 1997-1998  Benthic plunderfish have krill in their c —
diet (Olaso et al. 2000)
South Shetlands Is. 190-430 Summer 1980-1981  Demersal fish feeding on krill near the c —
seabed (Takahashi 1983)
Cosmonaut Sea, 200-400 Summer, autumn Benthic dragonfish: krill occurred in C —
Cooperation Sea 1988 ~50% of stomachs (Pakhomov
1998)
Cosmonaut Sea, 100-600 Summer 1983-1990  Krill in stomach of benthically feeding c —
Cooperation Sea fish (Pakhomov 1997)
South Georgia Shelf 100-400 Spring—autumn Antarctic skate: up to 150 krill c —
2007-2009 stomach—! (Main and Collins in
press)
South Orkney Is. <100 Summer 2001-2002  Chinstrap penguins made benthic c —
dives to feed on krill (Takahashi et
al. 2003)
South Shetlands Is. 20-70 Summer 2001-2002  Gentoo penguins perform benthic c —
dives and feed on krill (Kokubun et
al. 2010)
Bransfield Strait <1000 Summer, winter Benthic diatom species in krill d —
1978, 1984, stomachs (Ligowski 2000)
1985, 1986
Scotia Sea, Bransfield 130-3400 Year-round Benthic diatoms and lithogenic d —
Strait 2002-2007 particles in krill stomachs (this
study)

and the evaporation continued at 170°C to complete
dryness. The samples were redissolved in a known amount
of 2% HNO; to form the mother solutions, which were
analyzed on an ICP-MS for “refractory’ iron. To verify the
effectiveness of the digestion procedure, samples of a
certified standard reference material from the National
Institute of Standards and Technology (NIST 1648a, urban
particulate material) and an uncertified, but well-charac-
terized reference material of loess sediment were digested at
the same time as the samples.

Results

Compilation of benthic observations of krill—To our
knowledge there are 14 studies that have directly observed
E. superba at the seabed, many of them yet unpublished
(Table 1). During other video surveys, e.g., within the
project Food for Benthos on the Antarctic Continental
Shelf (FOODBANCS), shrimp-like organisms (possibly
including E. superba) were regularly seen at the benthos,
but were not identified to species level (P. Sumida pers.
comm.). Most of the studies presented in Table 1 were
conducted over the shelf (10-500 m water depth), but krill
were found on all of the 10 stations deeper than 1000 m,
which suggests that their benthic migrations are not
restricted to shallow waters. Numbers of krill observed at
the seabed varied from a few individuals to dense swarms
(Table 1).

Further evidence for krill migrations to the seabed comes
from epibenthic sampling, diet analysis of benthic preda-
tors, and the examination of krill stomach content
(Table 1). Mapping of the study locations (Fig. 2) and
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seasons (Table 1) shows that krill-seabed interactions are
not restricted to winter (Kawaguchi et al. 1986) or areas
with elevated seabed temperature (Clarke and Tyler 2008),
but are circumpolar in extent and occur year-round. Krill
were found at 70 out of 164 stations where their appearance
at the seabed was systematically recorded (Table 1). This
encounter rate is high, considering that epipelagic nets
caught krill in only 76% (shelf, n = 2859) or 61% (ocean, n
= 4599) of all hauls (Atkinson et al. 2008).

Photographic survey of euphausiids at the seabed—We
used a survey off Terre Adélie in the Indian sector of the
Southern Ocean for an inspection of benthic images for
krill. Out of the 2408 analyzed images, 415 showed
euphausiids (~ 17%). E. superba were clearly identified in
several images, while in others low resolution prevented
their separation from Euphausia crystallorophias, which
might co-occur in this area (Nicol et al. 2000). Most images
with euphausiids showed a few individuals rather than large
abundances, but a precise count was often impossible. Out
of the 33 sampling stations, euphausiids were sighted at the
benthos in 31. The encounter rate per station ranged from
0-61% of all images (Fig. 3). Considering the patchy
distribution of krill in the water column (Atkinson et al.
2008), these encounter rates seem high and suggest that
migration of euphausiids to the seabed is widespread and
frequent within this sampling area.

As a second step, we tried to identify some of the
environmental parameters that may have initiated the
benthic interactions. None of the following were clear
predictors of euphausiid encounter rate at the seabed:
surface water chlorophyll ¢ (Chl @) concentration, seabed
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Fig. 2.  Euphausia superba, circumpolar records of benthic
observations. Each dot represents one study (details in Table 1).
Seabed temperatures are taken from Clarke et al. (2009).

coverage with biota, seabed substratum, and water depth.
The only parameter showing a significant effect was the
time of day (R? = 0.188, p = 0.009, n = 33), with slightly
higher encounter rates in the early morning (around 04:00 h
local time) compared to evening or night.

Vertical distribution of krill in the water column—
Net samples: Our first approach to study the vertical
distribution of postlarval krill is based on 8544 net catches
compiled in the krillbase database. Two aspects were

% of benthic
images with krill

e <10%
11-20%

o
O 2-50%

—— 1000 m

Terre Adélie

considered, krill density (individuals m—3) and the likeli-
hood of their encounter (number of nets containing krill as
percentage of total net samples). While krill densities are 1—
2 orders of magnitude higher in the upper 200 m water
column than at depth (Fig. 4; Table 2), the likelihood of
capturing krill is not greatly dissimilar: Krill were present in
64% of all hauls from the upper 200 m of the water column
(n = 8133) and in 48% of hauls that sampled only the water
column below 200 m depth (» = 411). Combined, these
results suggest that even though krill densities are low in
deeper waters, the encounter of small numbers is common.
Moreover, krill densities below 200 m depth extend in
relatively consistent amounts throughout the water col-
umn. Thus, krill caught at depth are not simply scattered
from an epipelagic population center, but reflect deep
penetration into the ocean, possibly even transit to the
seabed. When calculating the total krill abundance over the
sampled water column (individuals m~—2), the low krill
densities at depth translate into relatively high total
numbers (Table 2). This is because the sampled habitat
volume below 200 m was twice (shelf) or even nine times
(ocean) as large as the epipelagic layer. Therefore, based on
data in Table 2, 20.3% of the sampled oceanic krill
population and 8.5% of the shelf population were found
below 200 m. These percentages would even increase if
significant amounts of krill were below the bottom
sampling depth of the net or directly at the seabed.

Acoustic surveys: Our second approach to study the
vertical distribution of krill is based on two acoustic
surveys in the Scotia Sea in January 2003 and January
2008. Compared to net sampling, acoustics provides much
higher vertical resolution and spatial coverage. A total of
22,400 krill swarms were analyzed. However, acoustic

Fig. 3.

Euphausia superba, photographic survey at the seabed off Terre Adélie. The size of

the circles relates to the krill encounter rate (number of images with krill vs. total number

of images).
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Fig. 4.
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Euphausia superba, vertical distribution of krill densities (ind. m—3). The plots are

based on 8544 net hauls from various cruises compiled in the “krillbase’ database.

signals progressively attenuate with distance from the
transducer, which limited the reliable detection of krill
swarms to the upper 250-300 m of the water column.

Acoustic biomass and number of swarms peaked
between 20 and 40 m depth (Fig. 5). However, in common
with previous findings (Demer and Hewitt 1995; Demer
2004), small but consistent amounts of krill extended from
~ 150 m right down to the detection limit at 300 m (Fig. 5).
To explain this occurrence of krill swarms well below the
population center, three factors were considered: food
availability, predator avoidance, and transit to greater
depths. Simultaneously sampled phytoplankton concentra-
tions (fluorescence) showed a peak in the upper 30-m water
column (Fig. 5), and deepest phytoplankton maxima were
at ~ 100 m. Mesopelagic krill predators such as fish and
squid cannot be avoided by migrating into their main
habitat, while foraging dives of air-breathing predators
only reach to a maximum depth of ~ 200 m in summer
(Fig. 5). Thus, neither food availability nor avoidance of
predators can easily explain the presence of krill swarms as
deep as 300 m. However, the average size of krill swarms
decreased with depth (Fig. 6), which is characteristic for
vertical migration. According to acoustic studies by Zhou
and Dorland (2004), E. superba form small irregular
aggregation shapes during vertical migration, which can
reorganize to bigger swarms when the migration termi-
nates.
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Thus, results from both acoustics and net sampling show
that, with sufficiently large data sets, evidence for deep
vertical migration of krill can be found. The results in
Figs. 4 and 5 suggest that similar amounts of krill are
distributed throughout the deep-water column, which
allows us to estimate a potential krill biomass between
200 m water depth and the seabed. For this calculation, we
used the average acoustic krill biomass estimated for the
200-300 m depth stratum, which accounted for 0.7% of the
total biomass in the top 300 m. This small proportion of
deep krill would add up to 2% of the total biomass over
500 m and ~ 11% over 2000 m. However, the value of 0.7%
is a conservative estimate due to attenuation of acoustic
signals, which will affect the detection of small krill swarms
at depth more than large surface swarms. This might
explain why percentages of deep krill based on acoustic
estimates are somewhat lower than net-based estimates at
500 m and 2000 m (Table 2).

Differences in krill vertical distribution with distance
from land—The vertical distribution of krill is not a fixed
feature, but can vary with local conditions (Klevjer et al.
2010). Based on the acoustic data sets, we found that in
areas close to land the proportions of krill biomass in the
deepest analyzed stratum (200-300 m depth) were relatively
high, but an order of magnitude lower at moderate
distances from land (Table 3). Beyond 200 km offshore,
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Table 2.

Euphausia superba, number of individuals within seven depth strata, presented for oceanic and shelf waters. Numbers of

krill m—2 were calculated from krill densities (individuals [ind.] m—3) multiplied by the vertical interval of the respective stratum. For the
> 1000 m stratum in the oceanic water, the mean vertical interval of net hauls sampling just this stratum was 952 m.

Oceanic hauls Shelf hauls
Top sampling Vertical No. of Krill density Krill No. No. of Krill density Krill No.
depth of net (m) interval (m) hauls (ind. m—3) (ind. m—2) hauls (ind. m—3) (ind. m—2)
0-100 100 4673 0.0943 9.43 3147 0.273 27.3
100-200 100 179 0.017 1.7 134 0.123 12.3
200-300 100 177 0.0017 0.17 56 0.0173 1.73
300-400 100 18 0.00014 0.014 7 0.00832 0.832
400-500 100 46 0.0016 0.169 6 0.01135 1.135
500-1000 500 84 0.0014 0.703 — — —
>1000 952 14 0.0019 1.777 — — —
Total krill No. (ind. m~2): 13.96 43.32
Population below 200 m (%): 20.3 8.5

the fraction of deep krill increased again. This pattern was
the same for both of our acoustic surveys (2003 and 2008),
which suggests that it reflects true regional differences in
krill vertical distribution rather than random observations.
Biotic factors that also change with distance from land in
the Scotia Sea in summer are the phytoplankton availabil-
ity and the predation pressure from land-breeding preda-
tors (Table 3). Both predation risk and feeding reward
increase towards land, but they seem to change at different
scales. While the predation rate sharply decreases beyond

Fluorescence (rel. unit) Krill biomass (%)
M Temperature (°C)
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Fig. 5.

~ 100 km from the colony (Murphy 1995; Atkinson et al.
2008), moderate to high food availability can extend over
200 km from land (Table 3; Atkinson et al. 2008).

Fatty acid and microscopic analyses of krill stomach
content—The krill used for stomach content analysis were
caught from the upper 200-m water column of 69 stations
in the Scotia Sea and Bransfield Strait and were sampled
during different seasons and years. In accordance with the
aim of the study to investigate krill-seabed interactions, we

Krill swarms (%) Predator diving depth

20 0 10 20 1 23 456 78

Euphausia superba, vertical distribution of acoustic biomass and swarm frequency (Scotia Sea, January—February 2003 and

2008, n = 22,400), co-occurring hydrography (phytoplankton biomass and temperature, n = 88), and mean maximum depth of foraging
dives of air-breathing krill predators. 1-diving petrel (Prince and Jones 1992), 2-Macaroni penguin (Green et al. 2005), 3-Gentoo penguin
(Takahashi et al. 2008), 4-Adélie penguin (Kato et al. 2009), 5—Chinstrap penguin (Takahashi et al. 2003), 6-Antarctic fur seal (Staniland
et al. 2004), 7-Crabeater seal (Burns et al. 2004), 8—Baleen whales (Shirihai 2002). (rel. unit—relative unit.)
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Fig. 6. Euphausia superba, vertical distribution of krill swarm
sizes (n = 22,400). Area backscattering coefficient, s, (X
108 m2 m—2) indicates the acoustic biomass of a krill swarm.

paid special attention to a quantitative estimate of the
number and size of lithogenic particles in krill stomachs
and their co-occurrence with various food items.

The data show a large range in the particle number per
stomach, but high values were found throughout the year
(Fig. 7). For krill sampled at four stations in a bay near
Neumayer Glacier (South Georgia), these lithogenic
particles co-occurred with fatty acids typical for fresh
phytoplankton (16:4[n-1]; 18:4[n-3]; Fig. 8A). However, at
the remaining 65 stations further from land, lithogenic

Table 3.

particles co-occurred with fatty acid indicators of phytode-
tritus (18:1[n-7]/16:4[n-1]; 18:1[n-7}/16:1[n-7]; 18:2[n-6]) and
bacteria (iso+anteiso 17:0; 18:1[n-7]; Fig. 8B) or a mixture
of phytodetritus and copepods (20:1 and 22:1 isomers;
Fig. 8C). In the otherwise iron-limited Southern Ocean,
lithogenic particles in surface waters are usually associated
with iron fertilization and high phytoplankton concentra-
tions (Smith et al. 2007; Korb et al. 2008). This suggests
that the co-occurrence of lithogenic particles with high
amounts of fresh phytoplankton in krill stomachs indicates
their uptake in surface water (Fig. 8A). Conversely, if
lithogenic particles did not co-occur with fresh phytoplank-
ton in krill stomachs but instead with phytodetritus, krill
might have fed at the seabed (Fig. §B,C).

This general association between lithogenic particles and
phytodetritus or copepods in krill stomachs is confirmed by
microscopic examinations. The suite of items likely found at
the seabed (benthic diatoms and fragmented pelagic
diatoms) is positively related to lithogenic particles
(Fig. 9A), whereas those encountered near the surface
(e.g., intact pelagic diatoms and dinoflagellates) are nega-
tively related to the number of lithogenic particles (Fig. 9B).
Surprising is the co-occurrence of lithogenic particles with
copepod mandibles in krill stomachs (Fig. 9A), as copepods
inhabit mainly the upper water column.

However, several copepod species are known to diapause
for up to 8-9 months in deeper water in the southern Scotia
Sea (Atkinson et al. 1997), and krill searching individually
near the seabed might be more likely to encounter and
capture copepods than those feeding in great swarms in
surface water.

Co-occurrence of lithogenic particles and iron in krill
stomachs—We observed that stomach samples with a high
load of lithogenic particles turned ochre during combustion,
suggesting the presence of Fe-oxides (Fig. 10A). Subsequent
trace metal analysis confirmed that high amounts of
refractory and labile iron in krill stomachs co-occur with
the uptake of lithogenic particles (Fig. 10B), but not with the
ingestion of fresh food items (Fig. 10C). As previously
established, high amounts of lithogenic particles in krill
stomachs indicate benthic feeding, and therefore the iron

Euphausia superba. Changes in phytoplankton availability, effect from land-based

air-breathing predators, and vertical migration of krill with distance from land, during austral
summer. The acoustic krill biomass (area backscattering coefficient, s,) in the 200-300 m stratum,
expressed as percentage of the total krill biomass between 10 and 300 m, is used as an indicator of
krill migration into deeper water. Maximum fluorescence indicates the available phytoplankton
biomass. Krill consumption rates are given in Murphy (1995) and Atkinson et al. (2008).

Distance from land (km)

10-50 50-200 200400

Deep krill biomass (% of total s,)

2003 0.6 0.03 0.3

2008 0.9 0.07 4.3
Maximum Chl «a fluorescence (relative unit)

2003 2.18 1.44 0.88

2008 0.62 0.90 0.39
Krill consumption by air-breathing predators High Transitional Low
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Month

Euphausia superba, stomach content of lithogenic particles in relation to time of the

year. Krill were sampled in the Scotia Sea and Bransfield Strait during multiple cruises.

would be newly introduced to surface water upon their
return from the deep ocean. Some of the iron ingested at the
seabed was most likely of biogenic origin as suggested by the
enhanced proportion of labile iron (4-5%) and relatively
high Fe:Al ratios (0.7-0.9; Planquette et al. 2009). The
significance of this Fe uptake is illustrated by the fact that, in
concert with benthic feeding, iron concentrations can be >
1000 times higher in krill stomachs than in their muscle tissue
(Fig. 10D). Converting these concentrations into absolute
amounts, we found up to 12 times more iron in krill
stomachs than in the whole of the remaining body.

Discussion

Where, when and why do krill visit the seabed?—Direct
observations of krill at the seabed have underlined the close
link between their benthic migrations and the uptake of
food. Thus, Clarke and Tyler (2008) noted that whenever
krill were detected at the seabed they were seen actively
feeding, and there was a loose correlation between the
concentration of benthic krill and the amount of phytode-
tritus at the seabed. This raises the question of why krill
sometimes prefer feeding at the seabed rather than in their
primary habitat, the upper water column.

To understand this behavior, three aspects have to be
considered. First, feeding success near the surface can be
low, e.g., due to food shortage or predator avoidance. In
the Scotia Sea, such unfavorable surface conditions can
occur close to land, where the effect from air-breathing
predators is high, and far from land, where phytoplankton

concentrations are relatively low even in summer (Table 3).
In both zones, we found a larger part of the krill population
in the deepest stratum of acoustic detection (200-300 m)
compared to that found at intermediate distances from
land, suggesting that under such conditions some krill
migrated away from surface waters to feed at depth. At
intermediate distance from land, predation risk is usually
reduced, and moderate to high phytoplankton abundances
favor a shallow krill distribution. However, more work is
needed to determine the surface-layer factors that drive
deep migrations and benthic feeding.

A second potentially relevant point is that, in contrast to
the upper ocean, where food is often ephemeral, the seabed
can act as a “food bank,” with phytoplankton being
accumulated, temporarily buried, and only slowly degraded
(Smith et al. 2006). Studies on benthic deposit feeders have
shown that high-quality organic matter can be available at
the seabed even in winter (Smith and DeMaster 2008). Krill
can efficiently use these food banks because they are
adapted to feeding on surfaces (Hamner et al. 1983), and
their high mobility gives an advantage in locating patchy
food. Deep scattering layers of euphausiids, in close vicinity
to the seabed, have been observed during winter (Kawa-
guchi and Nicol 2007).

The third aspect is that krill are strong swimmers
(Hamner et al. 1983) with a cruising speed of 20 cm s—!
(Kils 1981), which would allow them to migrate 1000 m in
< 2 h. Huntley and Zhou (2004) found a strong
relationship between body mass and swimming speed
among pelagic organisms. Even euphausiid species much

Fig. 8.

—

Euphausia superba, principal component analysis of fatty acids and co-occurring lithogenic particles in krill stomach content. The fatty

acids indicate different food sources: fresh phytoplankton (green) i.e., diatoms (16:4[n-1]; 16:1[n-7]) and flagellates (18:4[n-3]); degrading material
(brown) i.e., phytodetritus (18:1[n-7]/16:4[n-1]; 18:1[n-7])/16:1[n-7]), cell walls (18:2[n-6]), and bacteria (iso + anteiso17:0; 18:1[n-7]); heterotrophic
food (magenta) i.e., copepods (20 : 1+ 22 : 1 isomers) and heterotrophs in general (18:1[n-9]/18:1[n-7]). Food items that align together on the PC1—
PC2 plane are considered to have been ingested at the same time and/or in the same habitat. (A) South Georgia, bay with glacial outflow (n = 4); (B)
Scotia Sea, 10-50 km from land (n = 39); (C) Scotia Sea, 50-400 km from land (r» = 35). The fraction of unconstrained variance accounted for by

each axis is given in brackets.
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smaller than E. superba migrate vertically for 400-1000 m
on a daily basis (Sardou et al. 1996; Antezana 2009). Thus,
with a body length of up to 6.4 cm and wet weight of 2 g,
adult E. superba will have a substantial potential for
vertical migrations.

We conclude that vertical feeding migrations by krill are
flexible and may be induced by suboptimal feeding in
surface water. Strong swimming abilities of adult krill and
the presence of benthic food banks make the seabed an
attractive and attainable alternative feeding ground.

Ecological relevance of benthic krill—The first mention of
E. superba interactions with the benthos was made ~ 30 yr
ago (Targett 1981; Fratt and Dearborn 1984); and, since,
individual krill and dense swarms have repeatedly been
observed at the seabed (Gutt and Siegel 1994), from coastal
areas (Kawaguchi et al. 1986) to abyssal depths (Clarke and
Tyler 2008). However, the general perception remains that
E. superba is an epipelagic species, with benthic krill being
ecological outliers (Brierley 2008). This is because the
proportion of krill found at the seabed is believed to be very
small compared to that in the upper water column, and
feeding at the seabed is thought to be of low energetic benefit,
especially when combined with long-distance migrations.

Results of the present study challenge these arguments:
First, we compiled ~ 30 studies linking krill to the seabed.
The number of studies and frequency of encounter suggests
that krill-seabed interactions are widespread. They can
happen throughout the year and throughout their circum-
polar range, including offshore habitats and areas with low
seabed temperature. Within the last few years, the number
of benthic camera surveys reporting krill or unidentified
shrimp-like crustaceans potentially being krill has increased
rapidly (Table 1; P. Sumida pers. comm.). Even their
observation at abyssal depths has been replicated in a
different area (Table 1; A. Clarke and P. Tyler pers.
comm.), and a recent study has reported on krill mating
near the seabed (Table 1; Kawaguchi et al. in press).

Second, we analyzed two large data sets on krill biomass
distribution in the water column, one based on net samples,
the other on acoustic surveys. Both showed independently
that, even in summer, 2-20% of the krill is below the top
200 m at any given time, and this does not include the
fraction at or near the seabed. However, these percentages
represent only average data, and proportions of deep krill
can be much higher. Figure 11 illustrates an occasion when
up to 75% of the krill population appeared as a benthic or
midwater aggregation below 200 m water depth. Commer-
cial fishery trawlers have found similar echograms of dense
krill aggregations near the seabed (Kawaguchi and Nicol
2007). These results suggest that the part of the krill
population involved in deep migrations is not minor.
Restricting routine krill surveys for fishery and ecosystem
management to the upper 200-m water column (Hewitt et
al. 2004; Siegel 2005) will certainly underestimate the
overall krill stock.

Third, the stomach content of krill caught in the upper
water column shows that they use both surface- and
seabed-derived foods on a dynamic basis, with phytode-
tritus, bacteria, and copepods ingested either in transit to or
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from benthic habitats or directly at the seabed. This
suggests that benthic feeding is a true part of the versatile
feeding ecology of krill. The energetic benefit of long-
distance feeding migrations has to be seen against the
potential alternative for being eaten or starving when
remaining in surface water. Long-distance feeding migra-
tions, to balance the trade-off between predation risks and
gaining food, are not exceptional among micronekton. Off
Hawaii, midwater fish and shrimp of similar size to krill
perform daily offshore—onshore migrations of 2-11 km
round-trip to feed (Benoit-Bird and Au 20006).

The krill found at depth are usually adult, including
gravid females (Marin et al. 1991; Clarke and Tyler 2008;
Taki et al. 2008). Benthic feeding grounds might be more
accessible to larger, adult krill due to their higher
swimming speed (Huntley and Zhou 2004), which offers a
wider choice of habitat. Thus, each of the ontogenetic
stages of E. superba has its specific way to acquire food
while avoiding predators: Larvae dwell under winter sea-ice
(Daly 1990), juveniles live in large swarms (Tarling et al.
2009), and adults additionally explore the benthos.
Together these strategies might increase resource partition-
ing within the krill population and therefore contribute to
the flexibility and overall success of Antarctic krill.

Implications for bentho-pelagic coupling—The benthic
feeding migrations not only have implication for E. superba
but also for the coupling of benthic and pelagic food webs.
The regular appearance of krill in the stomachs of demersal
fish and brittle stars indicates their role as a food source for
benthic predators (Table 1), but quantitative assessments
still await further studies. Thus, on their downward
migration, krill contribute to the export of carbon and
nutrients from surface water to the deep ocean, due to their
excretion, defecation, and consumption by predators. On
the other hand, the occurrence of lithogenic particles and
benthos-derived food in stomachs of krill sampled in the
upper 200-m water column (Fig. 8B,C) suggests that, on
return from depth, krill also reintroduce benthic material
into surface waters.

Comparing export vs. import, it might be assumed that
vertical migration of krill will cause more export of carbon
and nutrients out of the mixed layer than import back into
this layer. This is because export is realized as soon as krill
leave the relatively thin upper mixed layer; however, import
requires their migration throughout the whole water
column, and, therefore, prior evacuation of gut content is
more likely. However, this assumption does not take into
account that gut passage times of krill slow during periods
of nonfeeding (Perissinotto and Pakhomov 1996) and that
nutrient concentrations can be orders of magnitude higher
in deeper water, and especially at the seabed, than in
impoverished surface waters (Coale et al. 2005; Bruland
and Lohan 2006; De La Rocha 2006). Thus, even if some
gut content is lost during transit, benthic feeding by krill
and their subsequent return to surface waters may lead to a
net upward flux of certain nutrients or trace metals.

Implications for the vertical transfer of iron—The release
of dissolved iron by krill after benthic feeding has not

Cust # 10-360
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Euphausia superba, krill stomach content identified under the microscope. (A) Food

items showing a positive correlation with lithogenic (Litho.) particles. (B) Food items showing a
negative correlation with lithogenic particles. Benthic diatom species: Cocconeis spp. and
Grammatophora spp. The ratio of cell fragments (F) vs. complete cells (C) was used as an
indicator of phytodetritus. Each dot represents one individual.

directly been measured in this study. However, we
calculated that excretion rates could be as high as 0.17 nmol
iron mg~! dry weight d—!, based on the fact that krill with a
high stomach content of lithogenic particles contain 0.34 =
0.43 nmol labile iron mg~! dry weight (» = 5, Fig. 10B) and
about half of this ingested iron could be released in
dissolved form (and a quarter each in assimilated and fecal
pellet pools) as shown for copepods (Hutchins et al. 1995).
If taking into account the large biomass concentrations of
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krill in the Scotia Sea (7400 mg dry weight m—2, Demer et
al. 2007, assuming dry weight = 0.2 X wet weight), this
value leads to a total release of dissolved iron by krill
returning from the seabed of 26 nmol Fe m—2 d~1if ~ 2%
of the total population migrated and 312 nmol Fe m—2 d—!
if 20% of the population migrated daily.

The study of Tovar-Sanchez et al. (2007) suggests even
higher iron release rates by krill of 0.5-17 nmol iron mg—!
dry weight d—1. However, these data represent particulate



os]

U jabile Fe

B refiactory Fe

Fe (log,, pg mg™! body dry wt)

]

Fe (log,, pg mg™! body dry wt)

(9]
&~
w
(=28

Food (log,, um?® mg™! body dry wt)
D

10000000 -
1000000 -

2.672.000

111,200

1)

100000 -

10000 - - 2.400
1000 -

100 4

Fe (ug kg™ dry w

10 -

Muscle Stomach

Fig. 10. Euphausia superba, iron concentrations in stomach
and muscle. The krill were sampled at 12 stations in the Scotia
Sea. (A) Stomach samples with high amount of lithogenic particles
turned ochre during combustion, indicating the presence of Fe-
oxides (i). In contrast, white ash was derived from organic
structures and biogenic silica (ii). (B) Correlation between amount
of iron and number of lithogenic particles in krill stomachs, both
normalized to body dry weight (refractory Fe: y = 1.0208x +
1.3332, R2 = 0.876, p < 0.001, n = 11; labile Fe: y = 0.9737x +
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as well as dissolved iron fractions. We have subsequently
measured dissolved iron excretion rates for krill sampled at
seven stations north of South Georgia during January
2011. These gave a maximum value of 0.04 nmol dissolved
iron mg—! dry weight d—! based on 3-h incubations after
capture (A. Atkinson and C. Schlosser unpubl. data). This
is similar to values we calculate for stomachs with a
moderate load of lithogenic particles based on Fig. 10B.
Multiplied by the benthically feeding part of the population
(2-20% as above), this value amounts to 6-76 nmol
dissolved iron m~2 d—! brought into the top 200 m. All
of the three calculations concur that iron release by krill is a
substantial input compared to values of 4 to 145 nmol
dissolved iron m—2 d—! from other sources such as
upwelling (de Baar et al. 1995; Blain et al. 2007; Pollard
et al. 2009) or dust deposition (Tegen and Fung 1994;
Mahowald et al. 1999; Moore et al. 2002).

The hypothesis that krill release dissolved iron after
benthic feeding is supported by three separate observations:
First, enzymatic digestion of food and a low pH within
crustacean guts (Dall and Moriarty 1983) are ideal to
solubilize iron from particles (Hutchins and Bruland 1994;
Barbeau et al. 1996); second, the amount of labile iron in
krill stomachs can be > 100 times higher than what is
required for their daily growth (assuming a growth rate of
~ 1% of body mass d—!, Atkinson et al. 2006), suggesting
that benthic feeding leads to a surplus of labile iron in krill
stomachs. Third, iron pools that are not soluble during
stomach passage might subsequently be released from fecal
pellets through microbial degradation (Hutchins and Bru-
land 1994) or desorption from lithogenic particles (Blain et
al. 2007) after pellet disintegration.

A role of krill in recycling iron within surface layers has
been suggested before (Tovar-Sanchez et al. 2007; Nicol et
al. 2010), but the fact that krill stomachs can contain up to
12 times more iron than the rest of the krill body points to
krill as vector for “new” iron from the seabed. This is a
fundamental distinction, because, however efficient recy-
cling may be, sources of new iron are needed to activate a
strong biological carbon pump (Blain et al. 2007; Pollard et
al. 2009). Such input of new iron into surface waters is
usually attributed to physical forces—vertical mixing,
lateral flow, upwelling, and mineral dust deposition (de
Baar et al. 1995; Moore et al. 2002; Lam et al. 2006). The
large biomass of krill, and their interchange across a very
strong vertical gradient in iron concentrations, suggests a
role for krill in the iron cycle that has been unsuspected.

«—

0.0812, Rz = 0.766, p < 0.001, n = 12). (C) Correlation between
amount of iron and food in krill stomachs, both normalized to
body dry weight (refractory Fe: y = —0.5626x + 6.9296, R2 =
0.2953, p = 0.084, n = 11; labile Fe: y = —0.5315x + 5.4642, R =
0.2323, p = 0.113, n = 12). The total microscopically identifiable
volume of food (um3) was calculated from counts and measure-
ments of individual items in the stomach content. (D) Iron
concentrations (mean * 1 SD) in the stomach exceed that of
muscle tissue by 2-3 orders of magnitude. Labile iron accounts for
25% = 6% of total iron in the muscle and for 5% = 4% in the
stomach. Mean values are given above each bar.
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FEuphausia superba, aggregation of high krill biomass at the seabed and in midwater layers to the NE of South Georgia

(54°7.5'S; 35°25.6’"W). The image represents volume backscattering strength (S,, dB re 1 m—1) at 120 kHz over a 25-min period (17:10 h to
17:35 h Greenwich Mean Time [GMT], 3 January 2011). Krill biomass was estimated from the 120-kHz data using a variable AS, 5035 dB

window identification technique (CCAMLR 2010).

Perspectives for future research—This study shows that,
far from being exceptional, visits to the seabed are an
important part of the life of adult krill with implications for
the wider food web and biogeochemical cycles. However, we
still need further investigations to resolve the dynamics of
these feeding migrations and their quantitative aspects. Krill
are subject to an expanding fishery; so one key question is
what fraction of the population is missed by stock surveys of
the upper layers? This requires simultaneous quantifications
of krill densities at the seabed and in the water column
above. Such studies will benefit from extended acoustics
sampling depths, e.g., by using towed acoustic systems
(Lawson et al. 2004) and digital cameras with sufficient
image resolution to identify and enumerate krill at the
seabed. Repeatedly sampling such large krill aggregations as
seen in Fig. 11 might reveal if some krill live in ““permanent
benthic populations” (Brierley 2008) or return to the surface
on a daily basis. Finally, sampling krill in good conditions
directly from the seabed will allow budgeting of benthically
derived food sources, calories, and trace metals.

Reports on bentho-pelagic aggregations and feeding at
the seabed are not restricted to E. superba but include other
euphausiid species also considered to be pelagic, e.g.,
Meganyctiphanes norvegica (Youngbluth et al. 1989;
Schmidt 2010), Euphausia pacifica (Nakamura 1992; Taki
2006), and FEuphausia valentini (Hamame and Antezana
2010). Due to difficulties in assessment, epibenthic habitats
might have been considerably undersampled in the past,
especially at depth. However, with more frequent use of
video systems and deep acoustics we will be in a better
position to understand the role of epibenthic habitats for
euphausiid species.
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