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Winter condition, physiology,
and growth potential of
juvenile Antarctic krill

Kim S. Bernard1*, Kirsten B. Steinke1 and Julia M. Fontana2

1College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis,
OR, United States, 2School of Marine Science and Policy, University of Delaware,
Lewes, DE, United States
In recent years, substantial efforts have been made to understand the

implications of climate change on Antarctic krill, Euphausia superba, because

of their pivotal role in the Southern Ocean food web and in biogeochemical

cycling. Winter is one of the least studied seasons in Antarctica and we have

limited understanding about the strategies Antarctic krill use to survive the

winter. In particular, data on the winter physiology and condition of juvenile

Antarctic krill are severely lacking. FromMay to September (the austral autumn-

winter) of 2019, wemaintained juvenile Antarctic krill in large (1,330 L) aquarium

tanks at Palmer Station, Antarctica and, at monthly time intervals, measured

their physiology and condition. Each tank served as a “food environment

scenario”, representing possible food environments the krill may encounter

during winter along the Western Antarctic Peninsula. We found that, unlike

adults, juvenile krill maintain relatively high respiration rates through the winter

and respond positively to increased food concentrations by increasing their

ingestion rates. Unlike larval krill, juveniles use lipid stores accumulated during

the summer and autumn to sustain themselves through periods of starvation in

the winter. We used our empirically derived measurements of physiology and

condition to estimate the energy budget and growth potential of juvenile krill

during the winter. We found that, given their comparatively high respiration

rates, small juvenile krill (20 mg dry weight) would need to encounter food at

concentrations of ~ 0.15 mg C L-1 daily to avoid loss of body carbon. Without

sufficient lipid reserves, this value increases to ~ 0.54 mg C L-1, daily. The health

of juvenile krill in the wintertime is dependent on their ability to accumulate

lipid stores in the summer and autumn and to find sufficient food during the

winter. Changes in food availability to Antarctic krill throughout the year may

become problematic to juvenile krill in the future. Understanding the variability

in the winter energy budget of juvenile Antarctic krill will allow us to improve

population models that make assumptions on seasonal growth patterns.
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1 Introduction

Antarctic krill, Euphausia superba (hereafter “krill”), is an

essential species in the Southern Ocean. As one of the most

abundant species on Earth (Atkinson et al., 2009), krill supports

vast numbers of top predators (Laws, 1977; Reid, 1995; Nicol

et al., 2008), contributes to biogeochemical cycling (Atkinson

et al., 2012; Gleiber et al., 2012), and is the subject of a rapidly

growing fishery (Kawaguchi and Nicol, 2007; Nicol et al., 2011).

Effective management of the krill fishery requires accurate

growth models that take into account the variability in growth

with season, ontogeny, food availability, and temperature

(Constable et al., 2018). Winter, in particular, is also one of

the least understood aspects of the krill life cycle, yet it is during

winter that krill are most susceptible to the impacts of climate

change (Flores et al., 2012). While important advances have been

made in our understanding of the variability in growth rates of

larval (Quetin et al., 2003; Ross et al., 2004; Meyer et al., 2009)

and adult krill (Tarling et al., 2016) in the winter, we know little

about variability in growth of juvenile krill during the

dark season.

Much of our current conceptual framework for the autumn-

winter physiology and condition of krill is based on relatively

recent studies that have taken place in the Weddell and Lazarev

Seas (see for example Hagen et al., 2001; Atkinson et al., 2002;

Tarling et al., 2006; Meyer, 2012; Schmidt et al., 2014), earlier

studies from the northern part of the Western Antarctic

Peninsula (WAP) (see for example Quetin and Ross, 1991;

Ross and Quetin, 1991; Ross et al., 2000; Quetin et al., 2003;

Daly, 2004; Ross et al., 2004), and an older body of literature that

set the foundations of our knowledge on krill physiology and

condition (see for example Clarke and Morris, 1983; Ikeda, 1985;

Ikeda and Bruce, 1986; Kawaguchi et al., 1986). Although this is

a substantial body of work, there is still much that we do not

know since (i) krill exhibit a high degree of regional variability

(Schmidt et al., 2014), and (ii) there has been a severe lack of

intensive, long-term, studies focused on krill physiology, due

primarily to logistical constraints and challenges associated with

conducting long-term experiments (> 1 month) on krill (Meyer

and Teschke, 2016).

There are ontogenetic (Meyer and Teschke, 2016)

differences in krill physiology that determine their ability to

survive the winter, and it is important that we know the

physiological response of all stages in the krill life cycle (Meyer

and Teschke, 2016). Most winter research on Antarctic krill has

been conducted on the larval stage and on adults. Larval krill

have high respiration rates and must continue to feed, or they

will not survive the winter (Meyer and Teschke, 2016; Ryabov

et al., 2017). In contrast, adult krill suppress their metabolism in

winter and survive on lipid reserves built up during the summer

and autumn (Meyer and Teschke, 2016). Further, while larval

krill respond to increased food availability with increased

ingestion rates (Meyer et al., 2002), winter ingestion rates of
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adult krill do not increase even when adult krill are provided

with enhanced food supplies (Atkinson et al., 2002). It is less

certain precisely where juvenile krill (specifically 1-year old krill)

fit on this spectrum, but it is likely they adopt a mix of both larval

and adult strategies (Atkinson et al., 2002).

Here, we used long-term experiments to monitor seasonal

variability in the physiology and condition of juvenile Antarctic

krill from autumn through winter at the Antarctic Peninsula. We

used the empirical data derived from this experiment to model

food concentration dependent winter growth potential in

juvenile krill. We discuss these findings within the context of

ecosystem level changes currently observed and predicted for the

Western Antarctic Peninsula.
2 Methods

Between April and September 2019, we maintained juvenile

krill in four large circular aquarium tanks (1,330-L seawater

capacity) over 20-weeks to assess variability in juvenile krill

overwintering strategies. Each of the four circular tanks were

treated as “food environment” scenarios covering a range of food

environment possibilities.
2.1 Krill collection

Krill were collected at night in the Gerlache Strait and

Wilhelmina Bay (Figure 1) aboard the ARSV Laurence M.

Gould using an Isaacs-Kidd Midwater Trawl (IKMT) towed

obliquely between the surface and an average of 50 m, targeting

krill aggregations observed acoustically. Net contents were

immediately emptied into tubs filled with seawater and

individual krill were scooped out using soup ladles and

transferred to one of two large, insulated holding tanks

(~1,000 L). The holding tanks were fitted with a flow-through

seawater system to ensure a continuous supply of oxygenated

seawater and food, and to flush out waste products. Roughly

5000 individual juvenile krill (~30 mm) were collected. Once at

Palmer Station, the insulated holding tanks were transferred

from the ship to shore-side aquarium facilities.
2.2 Experimental setup

Once at Palmer Station, healthy, actively swimming krill (~

30 mm in length, representing juveniles) were gently transferred

from the insulated holding tanks and divided randomly between

the four circular indoor aquarium tanks. Each tank was filled

with ~1,330 L of seawater and was stocked with a packing

density of no more than 0.5 krill L-1 (~660 krill). The tanks were

supplied with natural unfiltered seawater in a flow-through

system. The Palmer Station seawater intake pipe is located on
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the rocky seafloor at approximately 6 m depth. During the

winter, sea ice formed in that area in August and remained

until our experiment ended in September. Each tank represented

one of four food environment scenarios (FES). For the first 70

days of the 140-day experiment, krill in FES1 and FES2 were

supplemented with a diet enriched in a freeze-dried, ground

mixed zooplankton assemblage (MZA). Prior to freeze-drying

and grinding the zooplankton catch, we assessed its broad

taxonomic composition. The zooplankton catch used for MZA

was dominated by calanoid copepods, such Calanus propinquus

and Metridia spp, and cyclopoid copepods, including Oithona

spp. Krill provided with the MZA diet were seen to actively feed

on the substance and other researchers have used similarly inert

food items to feed krill in experiments (e.g., Hagen et al., 2007).

Krill in FES3 and FES4 were supplemented with a locally grown

diatom culture (DIA) consisting of Synedropsis sp. At Day 71,

the supplemental food in FES1 & FES3 was discontinued,

restricting those krill to the limited amount of food in the

natural seawater assemblage (NAT). In contrast, FES2 & FES4

continued to receive supplemental diets of MZA and DIA,

respectively. For clarity, for the remainder of the paper we will

refer to FES1 as MZA-NAT, FES2 as MZA-MZA, FES3 as DIA-

NAT, and FES4 as DIA-DIA.

Krill were fed every 3-5 days with either the freeze-dried

mixed zooplankton feed (MZA) or the diatom culture (DIA).

The concentrations of dried zooplankton and diatoms, once

dispersed within the tanks, were ~0.12 mg C L-1 and ~0.05 mg C

L-1, respectively. Concentrations of the dried zooplankton diet

were relatively high, but within the range of those reported for

under-ice zooplankton biomass in the Antarctic (Table 1). The

diatom concentrations were also high but within the range of

those reported for phytoplankton in the fall and sea ice algae in

the winter (Table 1). Particulate organic carbon (POC) was
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measured from seawater samples taken from each tank every 3

days to assess background food concentrations. Throughout the

entire period, background POC ranged from 0.06 to 0.14 mg C

L-1 in the MZA-NAT tank, 0.05 to 0.13 mg C L-1 in the MZA-

MZA tank, 0.06 to 0.15 mg C L-1 in the DIA-NAT tank, and 0.05

to 0.14 mg C L-1 in the DIA-DIA tank.

Each morning, temperature, salinity, and dissolved oxygen

(DO) measurements were made in each tank. During our study,

seawater temperatures in the tanks ranged from a maximum of

1.9°C at the start of the experiment to a minimum of -0.5˚C from

July onwards (Supplemental Figure 1A). Lowest weekly average

temperatures were recorded in the final week of our experiment

in September (-0.30˚C). Weekly average temperatures did not

vary significantly between tanks (One-Way ANOVA, F(3,96) =

0.204, p = 0.893). Salinity increased gradually through the study

period, from a low of 33.5 to a high of 35.2 PSU (Supplemental

Figure 1B). Weekly average salinities did not vary significantly

between tanks (One-Way ANOVA, F(3,96) = 0.209, p = 0.89).

There was no trend in DO through the study and DO ranged

from 9.16 to 12.11 mg L-1 (Supplemental Figure 1C). Weekly

average DO did vary significantly between tanks (One-Way

ANOVA, F(3,96) = 14.97, p< 0.001), however the differences

were not sufficient to indicate oxygen depletion and were thus

not biologically meaningful. Further, because the DO

measurements were not consistent between tanks, much of the

variability was likely from the sensor itself. The DO sensor

membrane was replaced and recalibrated every 4 weeks.

Due to space limitations and logistic constraints, we were not

able to replicate each FES. The option to keep krill in smaller

200-L tanks that could have been replicated was considered,

however because we needed large numbers of krill for the suite of

experiments and measurements made throughout the study,

packing densities in the 200-L tanks would have exceeded 0.5
FIGURE 1

Map showing region where juvenile Antarctic krill were collected using the Isaacs-Kidd Midwater Trawl (IKMT).
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krill L-1. Krill are an aggregating, pelagic species and do not

behave normally in confined spaces (Price et al., 1988). Also,

because Antarctic krill often exist in swarms in their natural

environment, we decided that maintaining high numbers of

individuals in each tank throughout the study was important.

We have chosen statistical analyses that are appropriate for

unreplicated designs (Quinn and Keough, 2004) and have

analyzed our data within these constraints (see section 2.8

Statistical analyses).
2.3 Krill morphometrics and
elemental composition

Throughout the course of our experiment, we removed a

random selection of krill (60-120) from each tank at

approximately 28-day intervals for a suite of experiments and

measurements (numbers of krill removed are provided below for

each experiment and measurement). All krill removed from each

tank at each time point were measured for length (Standard

Length 1, Mauchline, 1981) and either wet weight (WW, mg),

dry weight (DW, mg), or both. For DW, individuals were oven-

dried at 60˚C for at least 24 hours prior to weighing. For all

weight measurements, each krill was measured individually. We

used these data to develop regression equations to convert total
Frontiers in Marine Science 04
length to DW (Supplemental Figure 2A) and WW

(Supplemental Figure 2B), and to convert between WW and

DW (Supplemental Figures 2C-D). In addition, we determined

carbon biomass (B, mg) of a smaller subset of krill from each

tank and time point and developed regression equations to

convert DW to B (Supplemental Figure 2E). The particulate

organic carbon (POC) content of krill was determined following

the method of Goñi et al. (2005). Briefly, dried samples of whole

krill were homogenized individually with a mortar and pestle

and weighed into silver boats, which were exposed to

hydrochloric acid fumes to remove any inorganic carbon.

After drying the samples in an oven at 50°C for 24 hours to

remove excess acid, the samples were combusted at 1000 ˚C in a

Thermo Quest EA2500 Elemental Analyzer and the carbon

dioxide produced by the combustion process was measured.

Multiple standards of known carbon content and mass were

used to develop multi-level daily calibrations that were then

applied to calculate the amount of organic carbon in each of the

krill samples and reported as weight percent carbon content.
2.4 Respiration rates

Respiration rate experiments were run at approximately

28-day intervals. For each respiration experiment, 4 krill were
TABLE 1 Autumn and winter food availability for juvenile Antarctic krill.

Food Item Food Conc (mg C L-1) Season OW/SI Region Source

Copepods 0.001 A-W OW Wilhelmina Bay 1

Zooplankton* 0.03 A OW Marguerite Bay 2

Zooplankton** 0.001 A OW Antarctic Peninsula 3

Zooplankton* 0.01 W SI Marguerite Bay 2

Zooplankton 0.001 W-S T OW East Antarctic 4

Meiofauna 0.88 W-S T SI East Antarctic 4

Meiofauna 0.12 W SI Weddell Sea 5

Phytoplankton*** 0.01 A OW West Antarctic Peninsula 6

Phytoplankton*** 0.08 A OW West Antarctic Peninsula 7

Phytoplankton*** 0.02 A OW West Antarctic Peninsula 8

Phytoplankton*** 0.06 A OW Wilhelmina Bay 1

Ice algae 0.02 W SI Antarctic Peninsula 9

Ice algae*** 0.17 W SI Marguerite Bay 10

Ice algae*** 0.30 W SI Marguerite Bay 10

Ice algae*** 0.40 W SI Weddell Sea 5

Phytoplankton 0.004 W OW Antarctic Peninsula 9

Phytoplankton*** 0.004 W OW West Antarctic Peninsula 7

Phytoplankton*** 0.01 W OW West Antarctic Peninsula 8

Phytoplankton*** 0.01 W OW Wilhelmina Bay 1
frontie
* = converted from WW using conversion factor of 0.12, Harris et al. (2000).
** = converted to carbon equivalent using C = 40.1% DW, from present study.
*** = converted to carbon equivalent using C:Chl of 50.
1 Espinasse et al., 2012; 2 Ashjian et al., 2004; 3 Hopkins 1985; 4 Wallis et al., 2016; 5 Kramer et al., 2011; 6 Cleary et al., 2016; 7 Vernet et al., 2012; 8 Moreau et al., 2010; 9 Bernard et al., 2018; 10

Fritsen et al., 2008.
Mean biomass (mg C L-1) values obtained from the literature, for copepods, mixed zooplankton, meiofauna, phytoplankton, and ice algae in open water and sea ice from around Antarctica.
rsin.org

https://doi.org/10.3389/fmars.2022.990853
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Bernard et al. 10.3389/fmars.2022.990853
randomly selected from each FES tank and placed into one of

four 20-L buckets (corresponding to their FES) containing

0.2 µm-filtered (Whatman) particle-free (PF) seawater for 2-4

hours to empty their guts in the dark in a temperature-

controlled room set at -0.5°C. Following this, each krill was

placed into one of sixteen 500-mL clear, wide-mouth,

Nalgene bottles containing ~200 mL of PF seawater. The

Nalgene bottles were then filled completely by submerging

fully in a bucket of PF seawater and tapping to remove any

remaining air bubbles and were capped while submerged

underwater. An additional 4 Nalgene bottles were filled

with PF seawater to serve as controls. Each Nalgene bottle

was outfitted inside with a Contactless Sensor Spot

(PyroScience) for continuous measurement of oxygen

concentrat ions us ing a FireSt ingO2 oxygen meter

(PyroScience) as described in Bernard et al. (2018). Each

FireStingO2 unit also had a temperature sensor that allowed

for prec i se tempera ture compensa t ion of oxygen

measurements. Although the temperature-controlled room

was set at -0.5°C, mean temperatures in the experimental

units ranged from -1.09 to -1.23°C. Each set of respiration

experiments were run 1-3 times at each time point, yielding a

total of 4-12 individual measurements per month per FES.

Respiration experiments were run for 25-50 hours with

measurements being recorded every second. The first ~3 hours

were considered an acclimation period for the krill, and data

collected within that timeframe were not included in

determining respiration rates. Only the first 24 hours after the

initial acclimation period were used to calculate respiration rates.

Individual respiration rates (µl O2 ind-1 hr-1) were calculated

from the slope of the linear regression of oxygen concentration

over time (i.e., hour 3 to hour 27 of each experiment). At the end

of each experiment, krill were removed from experimental

chambers, their lengths were measured (Standard Length 1,

Mauchline, 1981), and their wet weights (WW, mg) were

obtained. A subset of individuals was subsequently dried at

60˚C for at least 24 hours and re-weighed to obtain their dry

weight (DW, mg). The remaining individuals were used for

other measurements requiring wet samples. For krill that were

not dried we used the length to dry weight regression described

above (Supplemental Figure 2A). Individual respiration rates

were converted to DW-specific respiration rates (µl O2 (mg

DW)-1 hr-1) for each krill.

Oxygen consumption rates were converted to mass of

carbon respired (CR, mg C ind.-1 day-1) following the methods

described by Ikeda et al. (2000):

CR = RR� RQ� 12=22:4� 24

Where RR is respiration rate (ml O2 ind.-1 hour-1), RQ is

the molar ratio of carbon dioxide produced to oxygen

consumed (a value of 0.97 is recommended by Ikeda et al.,

2000), and 12/22.4 is the weight (12 grams) of carbon in 1 mol

of carbon dioxide (22.4 liters is the molar volume constant).
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The product is multiplied by 24 to convert from hourly values

to daily values. Note that CR can also be considered as the

minimum carbon uptake (MCU) required to meet basal

metabolic demands.

Percent loss of carbon biomass per day (CL, % carbon

biomass, B in mg, day-1) was calculated as:

CL = CR=B� 100
2.5 Functional response to
food concentrations

We ran a series of food removal experiments in July, August,

and September to determine the effect of increasing food

concentration on juvenile krill clearance, ingestion, egestion, and

assimilation rates and daily rations. For each experiment, twenty

krill were randomly collected from each FES tank and divided

equally between two 20-L buckets simulating the correspondent

feeding regime (Table 2). For each feeding regime, an extra 20-L

bucket without krill was used as experimental control. Lids were

placed on the buckets and buckets were placed in the dark in an

environmental room set at -0.5°C to maintain ambient seawater

temperature. The experiments ran for ~24 hours to encompass

diel variability in both feeding rates and fecal pellet production.

Clarke et al. (1988) recommend that egestion rates are measured

over a 40-minute period because after 40 minutes rates reach an

asymptote. However, their study was conducted on krill during

the summer, when food availability and feeding rates are

significantly higher. During our study, fecal pellet production

was low and there was not sufficient fecal mass for carbon analysis

after 12 hours, thus we found it necessary to increase the duration

of our experiments to 24 hours. Each experiment was repeated 2-3

times in each of July, August, and September (Table 2).

At the end of each experiment, all krill were removed,

measured for length (SL1), and weighed to obtain WW (mg).

A subset of krill was then dried at 60°C for ~24 hours prior to

being re-weighed to obtain DW (mg). The remaining individuals

were used for other measurements requiring wet samples, such

as lipid analysis. For krill that were not dried we used the length

to dry weight regression determined for krill during our study

(Supplemental Figure 2A). In addition, dry weight was converted

to carbon mass (mg C) for each krill using the dry weight to

carbon mass regression determined for krill during our study

(Supplemental Figure 2E).

After krill were removed, a 2-L aliquot of seawater from each

bucket was carefully siphoned from just beneath the surface to

avoid stirring up the fecal pellets. These aliquots were then

filtered through 25-mm GF/F filters, placed into 20-mL glass

scintillation vials, and stored at -80°C for later analysis of

particulate organic carbon (POC) at Oregon State University.

In addition, a 500-mL aliquot of seawater was removed from the

buckets that were supplemented with the diatom culture for chl-
frontiersin.org
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a analysis. We then siphoned off most of the remaining seawater

and carefully pouring the rest into a watch glass. There, the

pellets were rinsed several times with GF/F filtered seawater to

remove any attached debris. The pellets were subsequently

placed onto pre-ashed 25-mm GF/F filters and oven dried at

60°C for 24 hours prior to being re-weighed for DW. Filters and

pellets were then placed into 20-mL glass scintillation vials and

stored at -80°C for later POC analysis. Organic carbon contents

of fecal pellets and food were determined following the methods

of Goñi et al. (2005) described in section 2.3 above.

Clearance rates (F, L ind.-1 hour-1) were calculated as

following Conover (1978) and Båmstedt et al. (2000):

F = C0 − Ctð Þ � V= C½ � � n� tð Þ
Frontiers in Marine Science 06
Where V is volume (L), C0 is the initial food concentration

(mg C L-1), Ct is the final food concentration (mg C L-1), n is the

number of krill, t is the amount of time (hours) that the

experiment ran for, and [C] is the average food concentration

according to Conover (1978), calculated as:

C½ � = C0 � 1 − exp −g 0�tð Þ
� �

= t � g 0
� �

Where g` is the coefficient defining the instantaneous change

in food concentration, calculated as:

g 0 = −1 ln Ctð Þ= ln C0ð Þ � tð Þð Þ
Daily ingestion rates (I, mg C ind.-1 day-1) were calculated

according to Båmstedt et al. (2000) as:
TABLE 2 Summary of functional response experiments conducted in July, August, and September.

Month Exp FES Food Type Food Conc(mg C L-1) Dur (Hours) Temp (°C) Sal(PSU) DO(mg L-1)

Jul 1 MZA-NAT MZA 0.12 24 0.10 34.8 10.68

MZA-MZA MZA 0.11 24 -0.05 34.8 10.42

DIA-NAT DIA 0.04 24 -0.10 34.7 10.55

DIA-DIA DIA 0.04 24 -0.10 34.7 10.33

2 MZA-NAT MZA 0.12 24 -0.10 34.8 10.70

MZA-MZA MZA 0.12 24 0.00 34.8 10.49

DIA-NAT DIA 0.04 24 -0.05 34.7 10.62

DIA-DIA DIA 0.04 24 -0.10 34.7 10.58

Aug 1 MZA-NAT NAT 0.00 24 0.05 34.9 10.26

MZA-MZA MZA 0.13 24 0.00 34.8 10.10

DIA-NAT NAT 0.00 24 0.00 34.8 9.95

DIA-DIA DIA 0.05 24 0.00 34.8 9.97

2 MZA-NAT NAT 0.00 24 -0.10 34.9 10.05

MZA-MZA MZA 0.13 24 -0.10 34.9 10.12

DIA-NAT NAT 0.00 24 -0.10 34.9 10.26

DIA-DIA DIA 0.05 24 -0.10 34.9 10.31

3 MZA-NAT NAT 0.00 24 -0.20 34.9 10.09

MZA-MZA MZA 0.12 24 -0.20 34.9 10.23

DIA-NAT NAT 0.00 24 -0.20 34.9 10.16

DIA-DIA DIA 0.06 24 -0.10 34.9 10.22

Sep 1 MZA-NAT NAT 0.00 24 -0.10 34.7 10.07

MZA-MZA MZA 0.19 24 -0.10 34.7 10.05

DIA-NAT NAT 0.00 24 -0.10 34.7 10.05

DIA-DIA DIA 0.06 24 -0.10 34.7 10.06

2 MZA-NAT NAT 0.00 24 -0.10 34.7 10.15

MZA-MZA MZA 0.21 24 -0.10 34.6 10.12

DIA-NAT NAT 0.00 24 -0.10 34.7 10.14

DIA-DIA DIA 0.06 24 -0.10 34.7 10.21

3 MZA-NAT NAT 0.00 24 -0.05 34.7 9.84

MZA-MZA MZA 0.20 24 -0.10 34.7 9.81

DIA-NAT NAT 0.00 24 -0.10 34.7 9.88

DIA-DIA DIA 0.09 24 -0.10 34.7 9.95
Food types were diatoms (DIA) and mixed zooplankton assemblage (MZA) and in August and September, an additional treatment that did not include any food (NAT) was also included.
Food concentrations (Food Conc, mg C L-1) in each experiment are provided. The duration (Dur, hours), average temperature (Temp, °C), salinity (Sal, PSU), and dissolved oxygen (DO,
mg L-1) are shown for each experiment.
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I = F � C½ �
Daily egestion rates (E) were measured in terms of carbon

mass produced per day by an individual krill (mg C ind.-1 day-1).

Assimilated carbon (A, mg C ind.-1 day-1) was calculated:

A = I − E

Daily ration (DR, % B day-1) of the food consumed by each

krill was calculated as:

DR = I � 24=B� 100
2.6 Utilization of stored lipids

A subset of krill (6-9 individuals) from each tank and time

point were used for total lipid content analyses. Lipid extraction

and analysis was carried out in the laboratory of Dr. Louise

Copeman (National Oceanic and Atmospheric Administration).

Samples were homogenized in chloroform and methanol

solution prior to extraction of total lipids using the procedure

modified by Folch et al. (1956). Total lipid content was then

determined gravimetrically and expressed as a mass and also as a

percentage of total dry weight (Hagen, 2000). Due to logistical

constraints, total lipids were only measured in July, August, and

September of our study period, thus our calculations of the

utilization of stored lipids by juvenile krill is limited to the winter

months only. The rates of stored lipid usage were calculated as

the slope of the linear regression of total lipid content over time

(in months). These values were then converted to the daily

utilization of lipids in the form of carbon using the multiple

linear regression presented in Fäber-Lorda et al. (2009):

C = 3:27 + 0:503� L + 0:405� DW

Where C is carbon (mg ind.-1), L is total lipid content (mg

ind.-1) and DW is dry weight (mg ind.-1).
2.7 Growth potential

Growth (G, mg C ind.-1 day-1) can be calculated according to

Runge and Roff (2000) as:

G = A + LC − CR

Where A is assimilated carbon (mg C ind.-1 day-1), LC is

lipid utilization (mg C ind.-1 day-1), and CR is respired carbon

(mg C ind.-1 day-1). However, because it was not possible to

quantify actual I (ingestion rates) and therefore A of krill in our

experimental tanks, we have used I and A determined from the

functional response feeding experiments (section 2.5 above), and

thus we have estimated growth potential (Gp) across a range of

possible food concentrations (0 to 600 mg C m-3). Because we

found that RR, and therefore CR, varied significantly from
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month to month in our study (see Results), we have estimated

Gp for each month. As RR, and therefore CR, vary with dry

weight of an individual krill, we have estimated Gp for a juvenile

krill with a dry weight of 33 mg, which is the mean dry weight of

the krill used in our study. Juvenile krill smaller than our average

individual size may have a different growth potential so we also

calculated growth potential for juveniles of 20 mg dry weight.
2.8 Statistical analyses

After testing for normality and homogeneity of variance

(sphericity) in our data and checking for and removing any

extreme outliers, we used an Analysis of Variance (ANOVA) to

test for significant differences in dry weight, body length, body

carbon biomass, mean respiration rates between FES using time as a

blocking factor, an approach recommended by Quinn and Keough

(2004) for unreplicated two factor designs. After finding no

significant differences in respiration rate with FES, we

subsequently ran an ANOVA followed by Tukey HSD to test for

significant differences in mean respiration rates over time. We

compared the rate of decline in total body lipid content over time in

each FES using Analysis of Covariance (ANCOVA) followed with a

post-hoc simple main effects analysis. ANCOVA is an appropriate

method to compare slopes of two or more regression lines (Quinn

and Keough, 2004). The assumptions for an ANCOVA were tested

prior to this; these included linearity between time and total lipid

content at each FES level, homogeneity of regression slopes,

normality, homoscedasticity, and no significant outliers.

Functional responses in ingestion rates and daily rations to

increasing food concentrations were determined using linear

regression models. A second order polynomial model was used to

describe the functional response of clearance rates to increasing

food concentrations. Linear regressionmodels were used to describe

the functional response in egestion and assimilation rates to

increasing ingestion rates. All tests were carried out in RStudio,

2022.07.1 (RStudio, 2022).
3 Results

3.1 Morphometrics

There were no significant differences in dry weight of juvenile

krill used in our study either between FES (F(3,12) = 3.73, p = 0.42) or

over time (F(4,12) = 1.136, p = 0.39). Body length did not vary

significantly over time (F(4,12) = 1.168, p = 0.37). However, an

ANOVA and post-hoc Tukey HSD test revealed significant

differences in body length between COP-COP (mean = 29.50

mm, SD = 1.25 mm) and DIA-NAT (mean = 28.00 mm, SD =

0.51 mm; F(3,12) = 4.10, p = 0.04). While an intitial ANOVA

revealed significant differences in body carbon between FES

(F(3,12) = 3.691, p = 0.043), the post-hoc Tukey HSD test found
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no significant differences (p > 0.05 for all comparisons). Body

carbon did not vary significantly over time (F(4,12) = 1.131, p = 0.39).

Overall, mean body length was 28.41 mm (SD = 0.43 mm), mean

dry weight was 33 mg (SD = 1.75 mg), and mean body carbon was

14.10 mg C (SD = 0.81 mg C).
3.2 Respiration rates

There was no significant differences in respiration rates between

FES with time as a blocking factor (F(3,12) = 1.459, p = 0.275).

Respiration rates varied significantly across time points (F(4,15) =

12.76, p< 0.001) and a post-hoc Tukey HSD test revealed that

respiration rates were initially low, averaging 0.318 [µL O2 (mg

DW)-1 hour-1] and 0.274 [µL O2 (mg DW)-1 hour-1] in May and

June, respectively. Following this, respiration rates increased

significantly to 0.474 [µL O2 (mg DW)-1 hour-1] in July (p<

0.05), reaching a maximum of 0.486 [µL O2 (mg DW)-1 hour-1]

in August, and then decreased in September to an average of 0.395

[µL O2 (mg DW)-1 hour-1] (Figure 2).

Because of the statistically significant variability in respiration

rates over time in our study, we analyzed the relationship between

carbon mass respired (mg C ind.-1 day-1) and DW (mg) for each

time point (Supplemental Figure 3). These monthly relationships
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were applied to our calculations of growth potential (see below).We

have also analyzed the average winter relationship between carbon

respired (mg C ind.-1 day-1) and DW (mg) by combining values

from the entire study period to obtain a regression that could be

applied in other studies (Figure 3A). During our study, the average

percent loss of body carbon through respiration was highest for

smallest juveniles (~10 mg DW) and decreased steeply for

individuals between 10 mg and 50 mg in DW with little change

for individuals with > 50 mg in DW (Figure 3B). Percent loss of

body carbon through respiration observed in our study ranged

between 0.4 and 2.8% day-1.
3.3 Functional response to
food concentrations

Clearance rates exhibited a second order polynomial

response to increasing food concentrations (Figure 4A).

Clearance rates increased from an average low of 0.43 mL (mg

DW)-1 hour-1 at food concentrations of 80 mg C m-3 to a

maximum average of 1.45 mL (mg DW)-1 hour-1 at food

concentrations of 200 mg C m-3, and then subsequently

declined to an average of 0.77 mL (mg DW)-1 hour-1 at food

concentrations of 300 mg C m-3 (Figure 4A).
FIGURE 2

Monthly means for hourly dry weight standardized respiration rates [µL O2 (mg DW)-1 hour-1] for juvenile krill in our study. Error bars are
standard deviation. Compact letter display indicates significant differences (p < 0.05).
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Ingestion rates increased significantly with food concentration

from an average low of 0.03 mg C ind.-1 day-1 at 0.08 mg C L-1 (or

80mg Cm-3) to an average high of 0.3 mg C ind.-1 day-1 at 0.3 mg C

L-1 (Figure 4B). There was no significant trend of carbon egested

with carbon ingested (Figure 4C) and mean carbon egestion rates

during our study were 0.039 mg C ind.-1 day-1. Assimilated carbon

increased proportionately to ingested carbon (Figure 4D) reaching

maximum values of 0.252 mg C ind.-1 day-1 at ingestion rates of

0.298 mg C ind.-1 day-1. Percent body carbon consumed increased

from an average low of 0.34% at food concentrations of 80 mg

Cm-3 to an average high of 1.66% at food concentrations of 300 mg

C m-3 (Figure 4E).

3.3.1 Utilization of stored lipids
Utilization of lipid reserves by juvenile krill through the

winter was calculated for each FES as the slope of the linear

regression of total lipid content over time (Figure 5). In all but

the MZA-MZA tank, stored lipid utilization from July to

September was significant (Figure 5). We found that the rate

of lipid utilization over time varied significantly by FES

(ANCOVA; F(3,70) = 16.16; p< 0.001). A post-hoc Tukey HSD

test revealed that lipid utilization by krill in the DIA-NAT tank

(3.9% per month) was significantly greater than in any of the

other three FES tanks (p< 0.05 for all three comparisons). Lipid

utilization in krill in the MZA-MZA tank (0.95% per month)

was not significantly different to that in the MZA-NAT tank

(2.1% per month; p = 0.08). Krill in the DIA-DIA tank (3.4% per

month) showed no significant differences in lipid utilization to

krill in the MZA-NAT tank (p = 0.51), but lipid utilization by
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krill in the DIA-DIA tank was significantly higher than in the

MZA-MZA tank (p< 0.05).

Despite the significant difference in rate of lipid utilization

over time between the four FES tanks, we used the average value

of 2.6% DW to calculate the carbon equivalent of lipid utilization

in the growth potential calculations (see below).

3.3.2 Growth potential
For a juvenile krill with a DWof 33mg, our empirically derived

algorithms suggest respiration rates ranging from a low of 8.7 µL

O2 ind.-1 hour-1 in June to a high of 14.95 µL O2 ind.-1 hour-1 in

July. This equates to respired carbon values ranging from 0.11 to

0.19 mg C ind.-1 day-1. Growth potential (Gp) was then calculated

as the difference between the sum of assimilated carbon based on

food concentrations ranging between 0 and 1 mg C L-1 (0 and 1000

mg C m-3) and the carbon equivalent of stored lipid utilization and

carbon respired. Given the observed respiration rates during our

study, a 33 mg DW juvenile krill would experience positive growth

with minimal food availability (Figure 6A). In contrast, a smaller

juvenile krill with a DW of 20 mg would need to encounter food

concentrations of at least ~ 0.15 mg C L-1 to avoid loss of carbon

biomass during the winter (Figure 6B).
4 Discussion

Over a four-month period from mid-autumn through to late

winter/early spring, we maintained juvenile krill under four

different feeding environment scenarios (FES) and, at monthly
A B

FIGURE 3

(A) Relationship between carbon respired (mg C ind.-1 day-1) and dry weight (mg) of juvenile krill during the fall and winter. The linear regression
equation is provided, as are the adjusted r-squared and p-values. (B) Relationship between percent body carbon loss per day (% day-1) and dry
weight (mg) of juvenile krill during the fall and winter. The non-linear regression equation is provided.
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intervals, assessed their physiology and condition. Our study has

revealed new information about how juvenile Antarctic krill

survive the winter months. We have found that juvenile krill

adopt a mix of strategies used by larval stages and adults.

Specifically, juvenile krill maintain relatively high respiration

rates (in contrast to adults), respond positively to available food

concentrations (in contrast to adults), and make use of lipid

stores (in contrast to larvae). We discuss these findings and their

implications for growth potential below.
4.1 Metabolic demand

Respiration rates of juvenile krill determined during our

study were higher than what has been reported for adults

(Atkinson et al., 2002) and within the range of those reported

for juvenile krill in the autumn and winter at the Antarctic
Frontiers in Marine Science 10
Peninsula and in the Lazarev Sea (Atkinson et al., 2002; Bernard

et al., 2018). Unlike what has been observed for larval krill

(Meyer et al., 2002), we observed an increase in respiration rate

from autumn to winter, with a drop at the onset of spring. This

was not anticipated but may reflect the energetic demand of

early reproductive development (Nicol et al., 1995), because in a

concurrent study we also observed a coincident increase in

maturity of young female krill in July and August (Steinke

et al., submitted). The decrease in respiration rate from August

to September may be an energy conservation strategy prior to

the onset of the growing season, though we do not have sufficient

data to support this hypothesis here. Mass-specific respiration

rates were highest for smallest individuals in our study and

corresponded to the loss of body carbon through respiration of

up to 2.8% day-1. This value does not account for the energetic

costs of swimming against currents or of diel vertical migration,

which can be considerable (Swadling et al., 2005).
B C

D E

A

FIGURE 4

Functional responses of juvenile krill provided natural seawater assemblage (NAT), the addition of a freeze-dried mixed zooplankton assemblage
(MZA), and the addition of cultured diatoms (DIA). (A) Relationship between clearance rate [F, mL (mg DW)-1 hour-1] and food concentration (mg
C m-3). The second-order polynomial regression equation is provided, as are the adjusted r-squared and p-values. (B) Relationship between
carbon ingested (I, mg C ind.-1 day-1) and food concentration (mg C L-1). The linear regression equation is provided, as are the adjusted r-
squared and p-values. (C). Relationship between carbon egested (E, mg C ind.-1 day-1) and carbon ingested (I, mg C ind.-1 day-1). The linear
regression equation is provided, as are the adjusted r-squared and p-values. (D) Relationship between carbon assimilated (A, mg C ind.-1 day-1)
and carbon ingested (I, mg C ind.-1 day-1). The linear regression equation is provided, as are the adjusted r-squared and p-values. (E)
Relationship between percent body carbon ingested, or daily ration (DR, % day-1) and food concentrations (mg C m-3). The linear regression
equation is provided, as are the adjusted r-squared and p-values.
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4.2 Meeting metabolic demand

We found that the metabolic demands of overwintering

juvenile krill can be met through either the consumption of

food or the utilization of stored lipid reserves. Below, we discuss

these mechanisms in more detail.

4.3 Feeding and functional response to
food concentrations

Although we were not able to directly measure feeding rates

(including clearance, ingestion, and assimilation) by krill in each

of the FES tanks in our study due to logistical constraints, we did

determine functional responses of juvenile krill feeding rates to

food concentrations. Clearance rates for juvenile krill during our
Frontiers in Marine Science 11
study followed a second-order polynomial fit in response to

increasing food concentration, with an average value of 0.95 mL

(mg DW)-1 hour-1, which is similar to what was observed for

juvenile krill in autumn in the Lazarev Sea (Atkinson et al.,

2002). Carbon ingestion rates by juvenile krill increased linearly

with increasing food concentrations. And, because egestion rates

showed no significant change with increasing food

concentration, carbon assimilation rates of juvenile krill also

responded significantly to increased food concentrations.

The ingestion rates recorded during our study equate to daily

rations reaching up to nearly 2% body carbon. While this is low

compared to daily rations in the summer months (Atkinson and

Snÿder, 1997), it is close to the upper range of percent body carbon

lost through respiration that we recorded during our study, 2.8%

day-1. Our functional response slope for daily ration with increasing
B

C D

A

FIGURE 5

Total lipid content as a percentage of dry weight (mg) of juvenile krill in the four different feeding environment scenarios. (A) MZA-NAT = fed a
mixed zooplankton assemblage for 2 months and then switched to natural unfiltered seawater for the remaining 2 months. (B) MZA-MZA = fed
a mixed zooplankton assemblage for the full 4-month period. (C) DIA-NAT = fed cultured diatoms for 2 months and then switched to natural
unfiltered seawater for the remaining 2 months. (D) DIA-DIA = fed cultured diatoms for the full 4-month period. Total lipid utilization is
calculated as the slope of the linear regression of total lipid content over time (months).
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food concentration is also considerably higher than that reported in

the autumn for juvenile krill in the Lazarev Sea (Atkinson et al.,

2002). This may seem surprising because our average clearance rates

were similar to those recorded by Atkinson et al. (2002). However,

the average dry weight of juvenile krill used in their study was

substantially higher, at 54 mg, than that measured in our study, at 33

mg. Growth and development of juvenile krill in the Lazarev Sea are

delayed compared to those at the Antarctic Peninsula (Schmidt et al.,

2014) and it is plausible that higher daily rations observed in our

study could be in response to the associated elevated energetic

demand. Alternatively, it is possible that more abundant food

resources at the Antarctic Peninsula could promote earlier growth,

in contrast to the low food environment of the Lazarev Sea.

Clearance rates, and therefore ingestion and daily rations, can

be severely underestimated if experiments are run in small

containers (Quetin et al., 1991). For instance, Price et al. (1988)

found that clearance rates of krill were double what they were in

large containers (50 L) than in small containers (5 L). And Quetin

et al. (1988) reported clearance rates based on field ingestion rates

that were even higher than those measured by Price et al. (1988) in

the 50 L containers. We ran each of our ingestion/egestion rate

experiments in 15 L of seawater in buckets. Therefore, it is likely

that our estimates of feeding in response to food concentrations

may be on the low end of the spectrum.
4.4 Utilization of stored lipids

During the winter months of our study, juvenile krill made use

of lipid reserves. We observed lipid utilization rates ranging from as
Frontiers in Marine Science 12
low as 0.95% DW per month to as high as 3.9% DW per month.

This use of lipid reserves by the juvenile krill in our study equated to

approximately 0.53mgC ind.-1 day-1. Lipid reserves are accumulated

by juvenile krill during their first summer as post-larvae. In Antarctic

krill, triacylglycerols (TAGs) serve as the primary storage lipids and

are acquired through a carnivorous diet (Hagen et al., 2007; Schmidt

et al., 2014). Indeed, krill can survive short-term starvation during

winter by using stored TAGs (Hagen et al., 2007) and we observed

significantly greater lipid utilization in those krill that were

supplemented with the DIA diet compared to those supplemented

with the MZA diet. In addition, those krill that were initially

provided with MZA and then switched to NAT used less stored

lipids than those provided with DIA the entire time. Thus, while a

diet of diatoms is important for growth and development in juvenile

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

predation on other zooplankton, such as copepods, allows juvenile

krill to build their lipid reserves for the winter months. A recent

study found that omnivory was critical for juvenile Antarctic krill

during summer in coastal waters off Anvers Island, Western

Antarctic Peninsula (Conroy, 2022). That study showed the

metazoans were the primary food source for juvenile krill, even in

the summer when diatom concentrations are typically high. Their

findings and our own suggest that carnivory plays a more important

role in juvenile Antarctic krill survival than previously thought.

4.5 Growth potential

We calculated growth potential of a juvenile krill with an

average dry weight of 33 mg and assumed that it would have used

0.59 mgC day-1 in lipids stores based on the observed rates of lipid
BA

FIGURE 6

Growth potential (Gp, mg C ind.-1 day-1) of (A) a 33 mg DW juvenile krill and (B) a 20 mg DW juvenile krill at a range of food concentrations (mg
C L-1) from May to September. The horizontal dashed lines indicate zero growth, values above this represent growth, while values below
represent shrinkage. The vertical dashed lines denote mark the point of zero growth and the corresponding food concentration in each month,
colored accordingly.
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utilization. Given the carbon respired by that individual, based on

our monthly respiration rate measurements, we estimated the

minimum food concentrations required to avoid negative growth

during the winter as being negligible. However, without lipid

reserves, an overwintering juvenile krill of 33 mg DWwould need

to encounter food concentrations of ~ 0.58 mg C L-1 to avoid body

carbon loss through the winter. For juvenile krill < 35 mgDW, the

potential for negative growth increases, and higher food

concentrations are necessary to avoid loss of body carbon

through the winter months, even if lipid stores are present. For

instance, a 20 mg DW juvenile krill using ~ 0.39 mg C day-1 in

lipid stores would need to encounter food at concentrations of ~

0.15 mg C L-1 to avoid negative growth. Without sufficient lipid

reserves, a 20 mg DW juvenile krill would need to encounter food

concentrations of ~ 0.54 mg C L-1 during the winter. The

supplemental food we provided krill during our study were at

concentrations of ~ 0.05 mg C L-1 (DIA) and 0.12 mg C L-1

(MZA), which is at the low end of what would sufficiently meet

their metabolic demands. However, that food in addition to the

use of stored lipids, was likely sufficient to prevent large losses of

body carbon mass in the krill. Indeed, the fact that young female

krill used in our study initiated reproductive development in July

and August (Steinke et al., submitted) demonstrates that growth

potential was positive in those months.

Food concentrations on the order of ~ 0.05 mg C L-1 are not

uncommon during the winter months along the Antarctic

Peninsula (Ashjian et al., 2004; Espinasse et al., 2012; Vernet

et al., 2012). However, higher concentrations at and above 0.15

mg C L-1 have only been observed associated with sea ice during

the winter (Ashjian et al., 2004; Fritsen et al., 2008; Kramer et al.,

2011; Wallis et al., 2016). Schaafsma et al. (2017) found that the

stomachs of larval and juvenile krill in the winter were primarily

filled with sea ice-associated species, including the centric

diatom Actinocyclys actinochilus, the pennate diatom

Fragilariopsis spp., dinoflagellate cysts, and the copepod

Stephos longipes. Stable isotope analysis studies have also

demonstrated that larval and juvenile krill feed predominantly

on sea ice-associated prey during the winter (Jia et al., 2016;

Kohlbach et al., 2017). Thus, in some regions and during years

when sea ice is present in the winter, it is possible that juvenile

krill may find sufficient food to sustain the metabolic

requirements and avoid losing mass. Although losing mass

during the winter months may not necessarily be lethal,

juvenile krill that maintain their mass in the winter, or even

grow, will be in a better position come spring.
4.6 Implications

Sea ice coverage along the Western Antarctic Peninsula (WAP)

has declined significantly in the last 30 years (Stammerjohn et al.,

2012), with a concomitant decrease in ice algae biomass (Fritsen

et al., 2008) and, presumably, ice-associated biota, such as the
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copepods Stephos longipes and Paralabidocera antarctica that

typically are less abundant as waters warm and sea ice retreats

(Granata et al., 2022). It is thus likely crucial that juvenile krill feed

carnivorously in the summer to accumulate storage lipids and

reduce the need to feed as much in the winter. Recent studies

using genetic and stable isotope approaches have demonstrated that

the diet of Antarctic krill shifts from one that is primarily

herbivorous in the spring, during the spring phytoplankton

blooms (Cleary et al., 2018; Conroy, 2022), to one that is

predominantly carnivorous in the summer and early autumn

(Pauli et al., 2021; Conroy, 2022). The summer-autumn

carnivorous diet is dominated by copepods, including Oithona

spp., Metridia spp., and Calanus spp. (Pauli et al., 2021), which

have become more abundant along the Western Antarctic

Peninsula in the summer over the last 2 decades in response to

sea ice decline in that region (Gleiber, 2014). Thus, the potential

negative impacts of sea ice decline on the winter diet and ultimately

physiology and condition of juvenile krill may be balanced by an

increase in the summer abundances of their copepod prey.

However, extrapolating beyond this should be done with

caution. It remains unclear how continued warming and the

consequential changes in the quality of prey available to krill

might affect their winter physiology and condition in the future.

Regional variability in total lipid contents of Antarctic krill has been

observed in the summer along the WAP, with significantly higher

total lipid contents seen in krill in the southern WAP compared to

the north (Ruck et al., 2014). The latitudinal climate gradient of the

WAP, where the north is a warmer, wetter, more maritime

environment in contrast to the colder, drier, more polar

environment of the south, has been used by researchers as a

proxy to understand past ecosystem changes and to predict future

ones (e.g., Ducklow et al., 2013). Using this approach, one could

postulate that the ability of juvenile Antarctic krill to accumulate

stored lipids in the summertime might decrease with continued

warming, i.e., follow the trends of the northernWAP. In addition to

causing shifts in the community structure and quality of prey for

krill, warmer winters may cause an increase in themetabolic rates of

krill. This would increase the energy demand of krill during the

winter, forcing them either to consume more during the winter or

to build up greater lipid stores in the summer and autumn.

5 Conclusion

Juvenile Antarctic krill adopt a mix of strategies to survive

the winter when food is scarce. By using stored lipid reserves

(similarly to adult krill) and taking advantage of sporadic

elevated food concentrations (similarly to larval krill), juvenile

krill can maintain relatively high respiration rates (similarly to

larval krill) without losing substantial carbon body mass. This

approach allows juvenile krill to respond with flexibility to their

environment. With warming along the WAP and the decrease in

sea-ice-associated prey for krill, it is important that juvenile krill

build lipid reserves they can draw on during periods of
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starvation in the winter by feeding carnivorously during the

summer and autumn. Our study provides new information on

the physiology, condition, and growth potential of juvenile

Antarctic krill in the winter. Our findings also highlight the

importance of carnivory in juvenile Antarctic krill. Our results

can be used to improve population models for Antarctic krill as

well as food web models for the Southern Ocean.
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