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The contribution of ice algae to the winter energy budget
of juvenile Antarctic krill in years with contrasting sea
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Krill overwintering strategies vary with ontogeny and year; understanding this variability is essential to predicting how the species will respond
to climate change in the future. Overwintering studies have focused on larval and adult krill, but we know little about how juvenile krill over-
winter. The late winter diet of juvenile krill is important because it will determine their growth and development rates and consequently their
reproductive potential the following spring. A diet rich in ice algae would promote growth and reproductive development. The Bransfield
Strait (northern Antarctic Peninsula, AP) is an important overwintering ground for krill; it has been proposed this region offers a food-rich
winter environment. We examined the contribution of ice algae to the energy budget of overwintering juvenile krill during 2 years with con-
trasting sea ice conditions. Grazing on ice algae contributed �146% to their winter energy budget in 2015, even though ice concentrations
were �50% and consisted of newly formed pancake ice. However, when sea ice advanced late in the Bransfield Strait (2016), ice algae contrib-
uted significantly less (�16%) to the winter energy budget of juvenile krill. Delayed sea ice advance may negatively affect growth and repro-
ductive development of overwintering juvenile krill.
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Introduction
Antarctic krill, Euphausia superba (hereafter “krill”), serves as a

key species in the Southern Ocean supporting vast numbers of

predators, including whales, seals, seabirds, penguins, and fishes

(Laws, 1977; Reid, 1995; Pakhomov et al., 1996; Wienecke et al.,

2000; Murase et al., 2002; Thiele et al., 2004; Nicol et al., 2008).

Winter is a critical, but under-studied, season for krill. The need

to understand how krill are adapted for the Antarctic winter is

underscored by the fact that this season is the most susceptible to

the impacts of climate change (Flores et al., 2012b).

There are ontogenetic differences in krill physiology that deter-

mine their strategies for overwintering, and understanding how
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each stage of the krill life cycle responds to variable winter condi-

tions is crucial to interpreting krill population dynamics (Meyer

and Teschke, 2016). The majority of research on krill overwinter-

ing has been conducted on larval krill and adults. Overwinter sur-

vival of larvae is one of the key factors contributing to the success

of the krill population (Quetin and Ross, 2003). Larval krill must

continue to feed throughout the winter, or they will not survive

and recruit to the population the following spring (Meyer and

Teschke, 2016; Ryabov et al., 2017).

Adult krill suppress their metabolism (Meyer, 2012) and un-

dergo a reproductive resting period during autumn and winter

(Cuzin-Roudy, 2000; Ross and Quetin, 2000), in which mature

females and males regress to their respective immature forms

(Poleck and Denys, 1982). During this time, it has been suggested

they survive on lipid reserves built up during the summer and au-

tumn (Meyer and Teschke, 2016). Towards the end of winter,

sexual development is re-initiated in preparation for the spring–

summer reproductive season (Denys and McWhinnie, 1982;

Poleck and Denys, 1982). However, winter conditions may deter-

mine the timing of adult reproductive development and spawning

in the spring because sexual re-maturation is controlled largely by

winter food availability (Kawaguchi et al., 2007; Kawaguchi,

2016).

It is less certain precisely where juvenile krill, specifically Age

Class 1 (AC1, 1-year old), fit on this spectrum, but it is likely they

adopt a mix of both larval and adult overwintering strategies

(Atkinson et al., 2002). Understanding how AC1 krill overwinter

is important because female krill become sexually mature as early

as in their second year, i.e. Age Class 2 (AC2; Siegel and Loeb,

1994), and their diet as AC1 krill towards the end of winter and

early spring may determine their growth rates (Schmidt et al.,

2014) and consequently their size and maturity at the onset of

their second year. Since fecundity in krill increases allometrically

with body size (Ross and Quetin, 1983; Cuzin-Roudy, 2000)

larger AC2 females would produce more eggs in their first repro-

ductive season.

Growth and development in krill exert a high demand for

polyunsaturated fatty acids (PUFA) (Pond et al., 2005), which

krill obtain by feeding on diatoms (Schmidt et al., 2014) or het-

erotrophic dinoflagellates (Tang and Taal, 2005; Schmidt et al.,

2006). Thus, a diet rich in diatoms and/or heterotrophic dinofla-

gellates would promote growth and development in juvenile krill

and could be important towards the end of winter. Indeed,

delayed development of juvenile krill has been observed in the

winter pack-ice zone of the Lazarev Sea and has been attributed

to a lack of PUFA and a diet dominated by copepods (Schmidt

et al., 2014).

The Bransfield Strait, an important overwintering
ground
The Bransfield Strait, at the northern AP, is considered to be an

important overwintering ground for krill (Schmidt et al., 2014).

Reiss et al. (2017) found that krill biomass (determined from net

catches) and density (determined from acoustic estimates) were

an order of magnitude higher in the Bransfield Strait during win-

ter than they were during summer, suggesting that krill actively

move into the region to overwinter. Interestingly, this pattern oc-

curred irrespective of the presence of sea ice in the region (Reiss

et al., 2017), and was an important region for juveniles and adults

alike (Reiss, unpublished data).

Krill in the Bransfield Strait continue feeding throughout the

winter (Huntley et al., 1994; Schmidt et al., 2014). The reasons

for this are likely due to the elevated food supply in the Bransfield

Strait compared to, for instance, the Lazarev Sea (Schmidt et al.,

2014). The Bransfield Strait has a relatively short sea ice season,

and consequently, significant primary production will persist

even into July (Arrigo et al., 2008), potentially providing phyto-

plankton for grazing krill in the late autumn and early winter

(Schmidt et al., 2014). Although sea ice formation occurs later in

this region than it does in other regions, like the Lazarev Sea, day

length is comparatively long, due to the lower latitude. Therefore,

ice algae biomass may still accumulate, providing overwintering

krill with an alternate source of autotrophic food (Fritsen et al.,

2011).

Krill in the Bransfield Strait may also be feeding on detritus

and heterotrophic prey during the winter. The majority of the

Bransfield Strait is a shallow shelf (�100 to 300 m) and has a rela-

tively high benthic biomass, even during the winter (Smith et al.,

2012). Krill from shelf regions along the northern AP have been

recorded at the seafloor, and it is likely benthic detritus or benthic

diatoms are additional food sources to those krill overwintering

there (Schmidt et al., 2011; Cleary et al., 2016). In addition, al-

though many Antarctic copepod species spend the winter at

depth in diapause, there are several species that continue to feed

in the upper ocean during autumn and winter, including

Metridia gerlachei and Calanus propinquus (Ashjian et al., 2008).

Both species are known prey items for krill (Price et al., 1988;

Atkinson and Sn€yder, 1997; Atkinson et al., 1999; Meyer, 2012;

Schmidt et al., 2014).

Our knowledge of the winter diet specifically of juvenile krill is

limited. However, several recent studies have shown that sea ice

algae and ice-associated biota are important food sources for ju-

venile krill overwintering in the northern Weddell Sea (Kohlbach

et al., 2017; Schaafsma et al., 2017) and in the waters off East

Antarctica (Jia et al., 2016). It is possible, therefore, that AC1 krill

in the northern AP and, specifically the Bransfield Strait where

they are primarily concentrated, might also be feeding on ice-

associated prey.

Warming in the northern AP
Long-term warming at the northern AP (Vaughan et al., 2003)

has resulted in a decline in sea ice extent and duration

(Stammerjohn et al., 2008), and delayed pack ice formation has

resulted in reduced sea ice algae biomass (Fritsen et al., 2008;

Smith et al., 2008; Fritsen et al., 2011; Lowe et al., 2012). If ice-

associated biota are also an important food source for AC1 krill

overwintering in the northern AP, then the changes in sea ice du-

ration and extent that have occurred in the region may have ram-

ifications for the success of the krill population. Here, we focus

specifically on the role of ice algae in the winter energy budget of

AC1 krill in the northern AP, comparing them to AC2 and older

(i.e. AC2þ) krill for reference. We compare our findings between

2 years with contrasting sea ice conditions and, correspondingly,

differing ice algae availability.

Methods
Study area
Our study was conducted in August 2015 and 2016, during the

4th and 5th US Antarctic Marine Living Resources (AMLR)

Program’s winter surveys on board the R.V.I.B. Nathaniel B.
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Palmer to the northern sector of the Antarctic Peninsula

(Figure 1).

Sea ice and model-derived ice algae biomass and
productivity
We used the Sea Ice Ecosystem State (SIESTA) model (Saenz and

Arrigo, 2012, 2014) to estimate sea ice algal biomass and produc-

tivity in our study region for August 2015 and 2016 (see

Supplementary Materials). We allowed the SIESTA simulation to

spin up for approximately 1 year, with simulation beginning near

the sea ice minimum in March 2014 and ending at the end of

August 2016. Outputs of the SIESTA model include sea ice area,

sea ice thickness, snow thickness, light limitation, and ice algae

production (g C m�2 day�1) and biomass (g C m�2) for the bot-

tom 20 cm of the sea ice.

Collection of krill
Krill were collected at each station using a 1.8 m Isaacs-Kidd

Midwater Trawl (IKMT) with a 2.54 m2 mouth area and 505 mm

mesh net. Tows were conducted obliquely through the water col-

umn to a maximum depth of 170 m, or 10 m above the seafloor.

Net depth was monitored in real time using a pressure sensor

mounted to the bridle of the IKMT. A calibrated General

Oceanics flow meter (model 2030R), mounted to the depressor

frame at the front of the net, was used to measure the volume of

seawater filtered during each tow. The IKMT catches were proc-

essed on board immediately following each tow.

Length, dry mass, and elemental composition
A subset of 136 krill (from 12 stations) collected during the sur-

vey in 2016 was used for measurements of length (L, mm) and

dry weight (DW, mg). Of this, 37 krill (from 4 stations) were

used for additional measurements of carbon (C, mg) content

(body carbon, or BC). We used Standard Length 1 (SL1)

(Mauchline, 1980) for length measurements; krill were measured

from the anterior tip of the rostrum to the posterior tip of the

uropods, excluding the terminal setae. Measured individuals were

then placed in pre-weighed tin boats in an oven at 60�C for 48 h,

after which tin boats and krill were re-weighed and krill DW was

determined. Weight percent organic carbon contents were deter-

mined by high-temperature combustion in a Thermo Quest

EA2500 Elemental Analyzer, following the procedure of Go~ni

et al. (2005).

An exponential model described the relationship between DW

and L (Supplementary Table S2, Figure S1a). A linear regression

model described the relationship between BC and DW

(Supplementary Table S2, Figure S1b). L–DW and DW–BC

regressions were used in subsequent analyses.

Respiration rate experiments
Krill used for respiration rate experiments were collected at five

stations occupied at the northern AP in August 2016 (Figure 1).

Once on deck, the catch was quickly placed into buckets of seawa-

ter and healthy, actively swimming krill were selected for respira-

tion rate experiments (see Supplementary Materials). At the end

of each experiment, krill lengths and DW were determined as de-

scribed above.

Individual respiration rates (ml O2 ind.�1 h�1) were calculated

as the product of the slope of the linear regression of oxygen con-

centration over time and experimental container volume in liters.

We used an R2 value >0.9 as our cut-off for subsequent analysis.

In total, seven individual experimental samples were excluded on

this basis. Individual respiration rates were also converted to

DW-standardized respiration rates [ml O2 (mg DW�1) h�1] for

each krill. Linear regressions were used to model the relationship

between krill DW and individual respiration rates.

Individual ingestion rates
Individual ingestion rates (here we refer only to ingestion of auto-

trophs) were estimated for a total of 676 krill collected at 35

Figure 1. Map of the Antarctic Peninsula showing station locations (filled circles) sampled during August 2015 and 2016 where krill were
collected for grazing rate measurements. Stations marked with a square identify those where krill were collected for respiration rate
experiments (station names are also provided for these).
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stations in 2015 and 31 stations in 2016. Ingestion rates were de-

termined using the gut fluorescence technique (Båmstedt et al.,

2000), adapted as in Conover et al. (1986) and Durbin and

Campbell (2007). Individual daily ingestion rates (I, ng Chl-a

ind.�1 day�1) were calculated as the product of instantaneous

gut pigment content (G, ng Chl-a ind.�1) integrated over a 24-

h period and gut evacuation rate (k, h�1). Background fluores-

cence, measured from animals starved for at least 24 h in 0.2 mm

filtered seawater, was negligible. A detailed description of inges-

tion rate measurements is provided in the Supplementary

Materials.

Individual ingestion rates were standardized by DW [mg Chl

(mg DW)�1 day�1], and we converted daily individual ingestion

rates to carbon equivalents [mg C (mg DW)�1 day�1] using a C:

Chl-a ratio of 50 (Vernet et al., 2012).

Daily ration
Individual krill for which gut pigments had been measured were

first converted to DW (mg) by applying our L–DW regression

equations (Supplementary Table S2). We then determined BC

(mg) by applying our DW–BC regression equations

(Supplementary Table S2). Daily rations (DR, %) were calculated

as carbon consumed as a percent of BC.

Contribution of algae to the winter energy budget of krill
We calculated the contribution of an algal diet to the energy bud-

get for each krill that we measured ingestion rates on. First, we es-

timated individual daily respiration rates. Next, we estimated

individual energy requirements from food by calculating total

minimum energy requirements minus energy available from lipid

and protein stores. Finally, we calculated the percent of energy re-

quired from food that was met by grazing. A detailed description

of these steps is provided in the Supplementary Materials.

Statistical analysis
We grouped krill into two stage/size categories: 20–30 mm (AC1)

and >30 mm (AC2þ). Since we collected few krill at stations oc-

cupied during daylight hours we chose to only use samples col-

lected during the night and twilight hours. All data were log-

transformed prior to analysis to achieve normal distribution and

homogeneity of variance. We used two-way ANOVAs to compare

standardized ingestion rates, daily rations, and algal contribution

to energy budget between stage/size (AC1 and AC2þ) and year

(2015 and 2016).

Results
Sea ice and model-derived ice algae productivity and
biomass
Satellite-based estimates of sea ice concentrations for 2015 show

that sea ice appeared in the study region in June, gradually in-

creasing to its peak in early August (Figure 2 and Supplementary

Figure S3). In all months examined, however, sea ice concentra-

tions were low in our study region (Figure 2), suggesting the pres-

ence of sparse pancake ice rather than well-developed pack ice.

Although sea ice was present in the study region from June 2015,

ice algae production and biomass remained low until late July–

early August, when values increased rapidly to approximately 1.5

mg C m�2 day�1 and over 10 mg C m�2 respectively, remaining

relatively stable in our study region throughout August (Figure 3

and Supplementary Figure S3).

Satellite-based estimation of sea ice concentrations in 2016, on

the other hand, showed that sea ice was largely absent from our

study region during May through July (Figure 2 and

Supplementary Figure S3), only increasing above 5 000 km2 at

the end of August (Supplementary Figure S3). For much of

August 2016, model-derived ice algae biomass for the bottom 20

cm remained below 5 mg C m�2 but increased up to 11 mg C

m�2 on by the end of the month (Figure 3 and Supplementary

Figure S3). Model-derived ice algae production remained <1 mg

C m�2 day�1 for most of August 2016 but increased rapidly

towards the end of the month to >2 mg C m�2 day�1

(Supplementary Figure S3).

Individual respiration rates
As would be expected, individual respiration rates increased with

body size from 13.9 ml O2 ind.�1 h�1 for an individual weighing

17.6 mg DW (�25 mm length) to 133.1 ml O2 ind.�1 h�1 for an

individual weighing 291.2 mg DW (�53 mm length) (Figure 4).

Diel gut pigment, gut evacuation rates, and ingestion
rates
Gut pigment content of both AC1 and AC2þ krill varied signifi-

cantly over the diel cycle (p � 0.001, one-way ANOVA), with

greatest values occurring at night between 21:00 and 09:00

(Supplementary Figure S4). Gut evacuation rates (k, h�1) varied

from 0.2 h�1 for AC2þ krill to 0.5 h�1 for AC1 krill

(Supplementary Figure S5). Mean mass-specific daily ingestion

rates were low, ranging between <0.001 and 0.62 mg Chl

(mg DW)�1 day�1 for AC1 krill and <0.001 and 0.08 mg Chl

(mg DW)�1 day�1 for AC2þ krill. Mean daily mass-specific in-

gestion rates of AC1 krill were significantly higher than for AC2þ
krill in both 2015 and 2016 during our surveys (Figure 5a,

Table 1). Highest mean daily ingestion rates were recorded in

2015 (Figure 5a, Table 1).

Daily rations
Mean daily rations ranged from 0.002 to 7.6% for AC1 krill, and

<0.001 to 0.8% for AC2þ krill. Daily rations were significantly

higher in 2015 than in 2016 for both AC1 and AC2þ krill

(Figure 5b, Table 1). In both years, daily rations were significantly

higher for AC1 krill than for AC2þ krill (Figure 5b, Table 1).

Contribution of algae to the winter energy budget of krill
Overall, algal contribution to the energy budget of all krill sur-

veyed was significantly higher in 2015 than in 2016 (Figure 5c,

Table 1). In 2015, grazing on algae contributed an average of

146% to the minimum required energy intake for AC1 krill

(range: 3.6–1 067%; Figure 5c, Table 1). This was significantly

more than the mean (mean ¼ 12%) measured for AC2þ krill the

same year (range: 0.3–131%). In 2016, feeding on algae contrib-

uted a mean of only 16% to the energy budget of AC1 krill

(range: 0.4–42%), and significantly less (mean ¼ 1%; range: 0.1–

3.2%) to AC2þ krill (Figure 5c, Table 1).

Discussion
Antarctic krill is an abundant and successful Southern Ocean spe-

cies that plays an important role linking lower trophic levels to

Juvenile Antarctic krill 209
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top predators. The success of krill can be attributed in part to

their flexible nature, particularly with respect to the variety of

strategies used to survive the typically food-poor winter. Krill oc-

cupy a wide range of habitat types around Antarctica, requiring

specialized approaches to overwintering. While certain regions

are considered to be more favourable to overwintering than

others, the reasons for this are not yet fully understood. Our

study, conducted at the northern AP, explores the contribution of

ice algae to the winter energy budget of AC1 krill during 2 years

with contrasting sea ice conditions.

Sea ice and model-derived ice algae production and
biomass
By late May 2015, sea ice had begun to appear in our study area.

By mid-June 2015, sea ice area had increased to �15 000 km2,

continuing to increase to a maximum of �50 000 km2 in early

August 2015. In contrast, sea ice was largely absent from our

study area in June 2016, with ice moving in and out of the region

during July and early August. By mid–late August 2016, sea ice

area increased rapidly to >25 000 km2, mostly because of advec-

tion from the Powell Basin and Weddell Sea to the east of the AP.

Although sea ice conditions appear to be more favourable in 2015

than those in 2016, sea ice extent was relatively low, compared to

previous years (Reiss et al., 2017). Furthermore, sea ice concen-

trations in the Bransfield Strait (where the majority of krill were

collected) never exceeded 50% in August in either year. This sug-

gests that the majority of sea ice in our study region consisted of

newly formed pancake ice, rather than well-developed pack ice.

This concurs with visual observations of sea ice made during our

surveys.

Model-derived winter ice algae biomass and productivity

varied between 2015 and 2016. The earlier formation of sea ice in

2015 is likely responsible for the establishment of a more produc-

tive ice algae community, although biomass remained low until

early August when increased day length promoted growth of the

Figure 2. Mean satellite-derived fractional ice concentration for June–August 2015 (left panel) and 2016 (right panel). The black box
represents our study area.
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algae. In contrast, ice algae productivity and biomass remained

low throughout the winter of 2016 in response to delayed sea ice

formation. By mid-August 2016, ice algae biomass and productiv-

ity increased rapidly when sea ice with high algal biomass moved

into the area from the Weddell Sea.

While the model-derived mean ice algae biomass and produc-

tivity in our study area were several orders of magnitude lower

than ice algae are capable of achieving in sea ice (Arrigo, 2017), it

does represent a concentrated food source relative to the water

column. Furthermore, there is reason to suspect that the model

estimations may be biased towards producing low values. The

passive microwave sea ice detection algorithms used to generate

sea ice concentrations that are then used by the SIESTA model to

predict ice algae biomass and productivity are less reliable at low

ice concentrations, and warmer temperatures (Comiso and

Steffen, 2001). Furthermore, the relatively low spatial resolution

(25 km2) of the passive microwave sea ice grid causes a large frac-

tion of the study area to be masked from analysis due to the prox-

imity of land (i.e. coastline and islands).

Grazing on ice algae by AC1 krill
Grazing on autotrophic material was an important part of the

diet of AC1 krill, but not for AC2þ individuals. The gut fluores-

cence technique does not differentiate between phytoplankton

and ice algae; however, we reason, below, that grazing by AC1

krill during both years was primarily on ice algae. Using daily

rations of AC1 krill and the regression equation presented by

Atkinson et al. (2002) for the relationship between daily ration

and food concentration, we back-calculated the potential food

concentrations on which AC1 krill would have been feeding in

both years. We predict that for daily rations of AC1 krill observed

in 2015, potential autotrophic food concentrations would have

been extremely high, �395 mg C m�3. This is two orders of mag-

nitude more than the average available phytoplankton biomass

recorded during our 2015 survey (5.0 mg C m�3; see

Supplementary Table S7). Even for the extremely low daily

rations recorded in August 2016, predicted food concentrations

(45 mg C m�3) were an order of magnitude higher than the

Figure 3. Mean model-derived ice algae concentration (mg C m�2) in the bottom 20 cm of the sea ice for June–August of 2015 (left panel)
and 2016 (right panel). The black box represents our study area.
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available phytoplankton standing stock (3.6 mg C m�3; see

Supplementary Table S7).

Although model-derived ice algae concentrations were rela-

tively low in both years compared to other regions (Arrigo,

2017), concentrations were greater than the available phytoplank-

ton in the water column (Supplementary Table S7). In August

2015, theoretical ice algae biomass in the Bransfield Strait, where

krill were mostly concentrated, was approximately 5 mg C m�2

(determined for the bottom 20 cm of the sea ice). These concen-

trations are the equivalent of �25 mg C m�3 in seawater.

Considering that the majority of bottom ice algae is in the bottom

5 cm of the sea ice, these values could rise to the equivalent of

100 mg C m�3. While this is only a third of the predicted food

concentrations based on daily rations, this value is averaged over

25 km2 and, since 50% or less of that area would have been cov-

ered by ice, it is likely that at the scale of the ice floe the concen-

trations of ice algae would have been at least double what the

SIESTA model estimated. Furthermore, as mentioned above, our

ice algae values are likely underestimated due to constraints with

satellite data. Despite lower ice algae biomass in 2016, by the end

of August ice algae biomass in the Bransfield Strait had also

reached �5 mg C m�2, the equivalent of 25 mg C m�3 (or 100

mg C m�3 at the upper extreme).

Thus, we propose that, like juvenile krill in the Weddell Sea

(Kohlbach et al., 2017; Schaafsma et al., 2017), AC1 krill in the

Bransfield Strait were grazing on ice algae during our study. In a

corresponding study conducted over a longer time frame (2012–

2016), analysis of bulk stable isotopic ratios of d15N suggest that

postlarval krill were primarily carnivorous, except for in August

2012 (a winter with good sea ice conditions) when average d15N

were significantly lower, suggesting herbivory (Walsh and Reiss,

submitted). Since the majority of krill in August 2012 were �30

mm in length, i.e. AC1 krill dominated the population in 2012

(Walsh and Reiss, submitted), these findings support our hypoth-

esis that AC1 krill are primarily herbivorous, at least during win-

ters with good sea ice conditions.

However, we emphasize that our results do not imply grazing

on ice algae throughout the winter. Walsh and Reiss (submitted)

also examined fatty acid ratios of 16:1(n-7)/18:4(n-3) in krill over

a consecutive 5-year period as an index of diatom consumption

(Schmidt et al., 2006) and found that although values for larval

and postlarval krill varied among years, they were consistently

(a)

(b)

(c)

Figure 5. Variability in mean (a) daily ingestion rates [lg Chl
(mg DW)�1 day�1], (b) daily rations (% of body carbon consumed
as algae), and (c) algal contribution to energy requirements (% of
energy requirements met from grazing), for AC1 and AC2þ krill in
2015 and 2016.

Table 1. Results of two-way ANOVAs for comparisons of mean
ingestion rate (IR), daily ration (DR), and algal contribution to
energy budget (ACEB) between stage (AC1 and AC2þ), year (2015
and 2016), and stage � year.

IR DR ACEB

F p F p F p

Stage (DF¼2) 59.72 �0.0001 64.49 �0.0001 19.23 �0.0001
Year (DF¼1) 34.1 �0.0001 34 �0.0001 20.9 �0.0001
Stage � year

(DF¼2)
0.06 0.8002 0.08 0.7787 0.02 0.9007

Degrees of freedom (DF) are shown in parenthesis for each category, F is the
ANOVA F-statistic, p is the probability.

Figure 4. Winter respiration rates (ll O2 ind.�1 h�1) of krill by
individual dry weight (mg). Respiration rates measured along the
northern AP in August 2016. Regression equation: y ¼ 0.215 * x.
R2 ¼ 0.6738.
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low and never exceeded a value of 5. According to Schmidt et al.

(2006), the ratio of 16:1(n-7)/18:4(n-3) in krill fed a monoculture

diet of diatoms for 3 weeks is >5, indicating that the ratios ob-

served by Walsh and Reiss (submitted) were representative of a

non-diatom-dominated diet. Because lipid accumulation pro-

vides a longer-term dietary history than gut fluorescence, these

results suggest that grazing on ice algae was not consistent

throughout the winter, but rather became more important in late

winter as day length rapidly increased and primary productivity,

although still low, was rising.

Benthic phytodetritus has also been proposed as an important

food source for overwintering krill in this region (Schmidt et al.,

2014; Cleary et al., 2016) and it is possible that the algal pigments

we measured could have come from that food source. However,

during our study, highest algal ingestion rates for either AC1 or

AC2þ krill occurred at night, coinciding with the period of time

when krill were in the surface waters, as observed using acoustic

backscatter (Figure 6). We suggest, therefore, that although ben-

thic phytodetritus is an important food source for krill, this is not

likely contributing to the algal pigment measured in krill samples

collected during our study.

The implications of a late-winter ice algae diet for
AC1 krill
Although winter ingestion rates were low compared to those mea-

sured in summer (Bernard et al., 2012), grazing on ice algae con-

tributed a mean of nearly 150% to the winter energy budget of

AC1 krill in 2015, exceeding the minimum energy demand.

Excess energy consumed from ice algae could presumably be di-

rected towards growth and development in AC1 individuals.

However, in 2016, this value was significantly lower (�16%),

likely reflecting the variable sea ice conditions and ice algae pro-

duction and biomass between the 2 years. We did not measure

feeding rates on other prey items, and it is likely that AC1 krill

were feeding on alternative food sources during both years, but

especially in August 2016. However, there are differences in the

nutritional quality of food sources, and since food quality plays a

major role in determining the physiology of juvenile krill, a diet

of ice algae may have important consequences for overwintering

AC1 krill with implications for their reproductive potential.

Several field studies have examined the effects of food nutri-

tional quality on krill growth rates and lipid storage, using analy-

sis of local phytoplankton communities (Ross et al., 2000;

Atkinson et al., 2006), or fatty acid markers and stable isotope

compositions to infer diet history (Pond et al., 2005; Schmidt

et al., 2006). Small krill feeding primarily on diatoms have higher

proportions of PUFA, while those with a carnivorous diet have a

greater proportion of storage lipids (triacylglycerols, TAG)

(Hagen et al., 2007; Schmidt et al., 2014). Since growth and devel-

opment in krill exerts a high demand for PUFA (Pond et al.,

2005), a diet of diatoms would promote growth of young krill

(Ross et al., 2000; Pond et al., 2005; Atkinson et al., 2006), while a

diet dominated by copepods would result in greater accumulation

of storage lipids and delayed development (Schmidt et al., 2014).

Because age at maturity and age at first spawning in female

krill at the AP occurs in their second year (i.e. AC2) (Siegel,

2000), late winter growth in AC1 females is important. Larger

AC1 females entering spring as AC2 females will produce more

eggs in their first reproductive year than smaller individuals (Ross

and Quetin, 1983; Cuzin-Roudy, 2000). While feeding on spring

pelagic phytoplankton blooms is necessary for oocyte maturation

in female krill (Schmidt et al., 2012), we suggest that feeding on

ice algae in the late winter is important for maximizing size at

first spawning.

Finally, regional differences in late-winter diet and food quality

might also explain the observed differences in age at maturity and

age at first spawning between the AP (AC2) and the Antarctic

Indian Ocean (AC3) (Siegel, 2000). It is well-known that adult

krill undergo a reproductive resting period during autumn and

winter (Cuzin-Roudy, 2000; Ross and Quetin, 2000), in which

mature females and males regress to their respective immature

forms (Poleck and Denys, 1982). Towards the end of winter, sex-

ual development is re-initiated in preparation for the spring–

summer reproductive season (Denys and McWhinnie, 1982;

Poleck and Denys, 1982). Experiments in the laboratory setting

have shown that the availability of food during winter will

Figure 6. Bubble plot of the vertical distribution of acoustic energy attributed to krill during the summer of 2007 (left panel) and winter of
2016 (right panel) showing the magnitude of the daily vertical migration. Grey areas represent nighttime. Acoustic data were treated as
described in Reiss et al. (2017).
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determine the degree of sexual regression in adult krill and, con-

sequently, the timing of sexual re-maturation (Kawaguchi et al.,

2007; Kawaguchi, 2016). Although these studies did not examine

the role of food in sexual maturation of AC1 females specifically,

it is plausible that the nutritional quality of the late winter diet

may determine the age at maturity and age at first spawning. An

understanding of the degree of life history plasticity and the

mechanisms that govern life history traits, such as age at first

spawning, is necessary for predicting how krill might respond to

climate change (Suryan et al., 2009).

Conclusion
It has been suggested that changes in the timing of sea ice forma-

tion and a decrease in sea ice extent and availability of well-

developed over-rafted pack ice may negatively impact krill popu-

lations (Kawaguchi and Satake, 1994; Loeb et al., 1997; Atkinson

et al., 2004; Flores et al., 2012a; Meyer, 2012; Ross et al., 2014;

Meyer et al., 2017). However, the Bransfield Strait is a dynamic

region and sea ice formation, extent and concentration vary sub-

stantially between years (Reiss et al., 2017). The sea ice season is

relatively short compared to other regions; consequently, much

of the sea ice present is newly formed pancake ice, in which accu-

mulated ice algae have limited time to develop into the substan-

tial biomass observed in other sea ice environments (Arrigo,

2017). Furthermore, well-developed, heavily rafted pack ice is

scarce in the Bransfield Strait.

Despite this, the Bransfield Strait remains an important over-

wintering region for krill (Reiss et al., 2017). Our findings show

that grazing on ice algae by overwintering AC1 krill can be suffi-

cient to meet and exceed their minimum energy demands even

when sea ice concentrations are relatively low and dominated by

newly formed pancake ice as opposed to well-developed, over-

rafted pack ice. The excess energy they consume from ice algae

can go directly into growth and reproductive development and

may explain the regional differences in age at maturity and age at

first spawning.

However, during a lower sea ice year in which the waters in the

Bransfield Strait were largely ice-free, we observed that grazing on

ice algae by AC1 krill contributed substantially less to their mini-

mum energy demands, and we assume that in these conditions

AC1 krill supplement their diet with heterotrophic prey, possibly

protozoans. As the northern AP continues to warm, we anticipate

more frequent ice-free conditions in the Bransfield Strait. How

this might affect the growth and development of AC1 krill, and

ultimately influence their age at maturity and first spawning,

remains unclear.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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Atkinson, A., Meyer, B., Stübing, D., Hagen, W., Schmidt, K., and
Bathmann, U. V. 2002. Feeding and energy budgets of Antarctic
krill Euphausia superba at the onset of winter—II. Juveniles and
adults. Limnology and Oceanography, 47: 953–966.

Atkinson, A., Siegel, V., Pakhomov, E., and Rothery, P. 2004.
Long-term decline in krill stock and increase in salps within the
Southern Ocean. Nature, 432: 100–103.

Atkinson, A., Shreeve, R. S., Hirst, A. G., Rothery, P., Tarling, G. A.,
Pond, D. W., Korb, R. E. et al. 2006. Natural growth rates in
Antarctic krill (Euphausia superba): II. Predictive models based on
food, temperature, body length, sex, and maturity stage.
Limnology and Oceanography, 51: 973–987.
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