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The ongoing environmental changes in the Southern Ocean may cause a dramatic decrease in habitat quality.
Due to its central position in the food web, Antarctic krill (Euphausia superba) is a key species of the marine
Antarctic ecosystem. It is therefore crucial to understand how increasing water temperatures affect important
krill life-cycle processes. Here, a long-term (August — March) laboratory acclimation experiment at different
temperature scenarios (0.5 °C, 1.5 °C, 2.5 °C, 3.5 °C, 5 °C, 7 °C) was performed and the effects of elevated
temperatures on whole animal parameters (O consumption, body length, length of the digestive gland) were
analyzed. The response of krill oxygen consumption to different experimental temperatures differed between
acute/short-term and long-term acclimation. After 8 months, krill oxygen consumption remained unchanged up
to temperatures of 3.5 °C and was significantly higher at temperatures > 3.5 °C. Krill acclimated to temperatures
> 3.5 °C were significantly smaller at the end of the experiment. Limited food intake and/or conversion may
have contributed to this effect, especially pronounced after the onset of the reproductive period. In addition, the
seasonal growth pattern in males differed from that of females. Together, our findings indicate that warming
Southern Ocean waters are likely to increase metabolic rate in krill, possibly altering the amount of energy
available for other important life-cycle processes, a finding directly related to future population dynamics and
fisheries management.

predict that observed Southern Ocean warming trends will continue
(Meredith et al., 2019).

1. Introduction

The Southern Ocean habitat is subject to ongoing environmental
changes which may cause a dramatic decrease in habitat quality (Flores
et al., 2012). Warming in the Southern Ocean is not spatially uniform
but trends can be identified in some regions (Whitehouse et al., 2008;
Meredith et al., 2019). Summer water temperatures in the upper 100 m
around South Georgia have increased by 0.9 °C since 1925 (Whitehouse
et al., 2008) and surface waters west of the Antarctic Peninsula have
increased by 1 °C during the second half of the 20th century (Meredith
and King, 2005). Bottom waters around Antarctica also warmed
detectably over the last decades (Rhein et al., 2013) and future scenarios

Antarctic krill, Euphausia superba (“krill” hereafter), is a key species
of the Southern Ocean ecosystem due to its central position in the food
web. Krill also supports a major commercial fishery, which has consis-
tently been the largest fishery (by tonnage) in the Southern Ocean since
its beginnings in the 1970s (Nicol et al., 2012; Nicol and Foster, 2016).
Studies on population dynamics and recruitment under predicted ocean
warming scenarios indicate declining abundances and biomass of krill
and/or poleward relocations of populations if surface warming con-
tinues (e.g. Atkinson et al., 2004; Hill et al., 2013; Pinones and Fedorov,
20165 Atkinson et al., 2019; Veytia et al., 2020). So far, the response of
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the different factors affecting circumpolar krill populations has not led
to sufficient predictive power, due to the regional variability of climate
change effects in the Southern Ocean (Larsen et al., 2014). In addition,
physiological and behavioral responses may also modify the effects
(Larsen et al., 2014).

Studies providing insight into the response of physiological processes
of Antarctic krill to climate-induced environmental changes are scarce
(Meyer and Teschke, 2016), compromising the accuracy of predictions
on how this species may respond to future climate change. However, to
determine the sensitivity of a species to climate change, it is crucial to
understand how increasing water temperatures affect the physiological
processes on the background of the species’ life cycle (Meyer, 2010b). As
an Antarctic marine species, krill have evolved in a very cold and stable
environment for at least 10 million years (Peck, 2005). Consequently,
they are adapted to a very narrow temperature range (Buchholz and
Saborowski, 2000) and can be considered as stenothermal, i.e. being
unable to tolerate large oscillations in environmental temperatures
(Peck, 2005). Although krill were shown to tolerate temperatures > 10
°C during short-term exposures (McWhinnie and Marciniak, 1964;
Cascella et al., 2015; Tarling, 2020), it seems unlikely that temperatures
higher than 3.5 °C are tolerable over longer time scales (Flores et al.,
2012).

Krill oxygen consumption rates, previously measured in laboratory
and field studies were comprised mostly of acute and short-term ex-
periments with acclimation times varying in the range of hours to a few
days. In most studies, the response of krill oxygen consumption to
temperature was found to be nearly independent within the thermal
ranges of their natural environment, although results differ with respect
to the lower and upper border of these ranges (McWhinnie and Marci-
niak, 1964; Segawa et al., 1979; Opalinski, 1991; Ngan et al., 1997). In
contrast, Hirche (1984) and Tarling (2020) showed that krill oxygen
consumption increased with temperature, at least up to 5.5 °C. The
different patterns observed may be related to different methodologies,
differences in krill size and/or stage, as well as different habitats
investigated (Ngan et al., 1997). Environmental temperatures were also
shown to influence the seasonal cycle of krill growth along with food
quality and quantity (e.g. Poleck and Denys, 1982; Atkinson et al., 2006;
Kawaguchi et al., 2006, 2007a; Wiedenmann et al., 2008; Brown et al.,
2010). The optimum temperature for krill growth was suggested to lie
between 0.5 °C and 1 °C and growth rates declined at temperatures
between 3 °C and 4 °C (Atkinson et al., 2006; Brown et al., 2010). These
results imply that changing water temperatures may have a profound
impact on krill physiology. As the krill’s life cycle is generally timed
closely to their highly seasonal environment, any changes in the envi-
ronment may have the potential to disrupt this delicate interplay
(Teschke et al., 2011; Meyer and Teschke, 2016). In addition, temper-
ature itself may act as an important environmental cue driving this daily
and/or seasonal interplay (Rensing and Ruoff, 2002).

Due to the central role of krill in the Southern Ocean ecosystem, the
Southern Ocean food web is particularly vulnerable to any perturbations
of krill populations (de Santana et al., 2013). It is therefore crucial to
identify effective processes determining the sensitivity and adaptability
of this species to a warming Southern Ocean, to not only enable realistic
predictions of future population dynamics but also adapt
ecosystem-based management approaches for krill fisheries (Flores
et al., 2012; Meyer et al., 2020). However, relying on field experiments
only limits the ability to understand the magnitude of the effects (Brown
et al., 2010). Field and laboratory data need to be combined to obtain a
higher experimental resolution as well as a process-based understanding
of the effects of elevated water temperatures on krill physiology. We
therefore analyzed whole animal performance of Antarctic krill by
investigating oxygen consumption rates, changes in mean body length as
well as length of the digestive gland, as a proxy for feeding activities, in a
long-term (August to March) laboratory experiment at different exper-
imental temperature regimes according to the model projections for
mean changes in Southern Ocean and global ocean sea surface
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temperatures in the upcoming century (Bopp et al., 2013; IPCC, 2013;
Rintoul et al., 2018; IPCC, 2019). In addition, experimental tempera-
tures of 5 °C and 7 °C were applied in order to generate a more thorough
understanding of the responses of Antarctic krill to changing water
temperatures.

2. Material and Methods
2.1. Field sampling and laboratory maintenance of krill

Antarctic krill (Euphausia superba) were caught in December 2016 off
East Antarctica (64°37°57.1"S111°00°13.0"E) in the upper 5-15 m of the
water column during voyage V2 16/17 of RSV Aurora Australis using a
targeted RMT8 trawl. Upon capture, all krill were immediately trans-
ferred to holding tanks (1,700 L) located in a constant-temperature room
at 0 °C and supplied with a continuous flow of chilled seawater (10 L
min’!, 0 °C, NHZ-free). Dead krill and moults were removed daily. After
arrival in Hobart (Tasmania) krill were delivered to the Australian
Antarctic Division (AAD) in Kingston and transferred to 1,700 L holding
tanks. Temperature in the tanks was maintained at 0.5 °C. Water was
recirculated through an array of mechanical and biological filters while
continuously monitored for quality (Kawaguchi et al.,, 2010). A
PC-controlled timer and dimming system (winDIM v4.0e, EEE, Portugal)
ensured natural Southern Ocean light conditions, running a sinusoidal
annual cycle with monthly variations of photoperiod and light intensity
assuming continuous light and a maximum of 100-lux light intensity at
the surface of the tank (equal to 1 % light penetration to 30 m depth
during austral summer midday at 66 °S) (Kawaguchi et al., 2010). Due to
logistic reasons, monthly variations in light conditions were shifted
backwards by one month. In the results section, time references there-
fore refer to the respective Southern Ocean light conditions prevailing, i.
e. September will be indicated as (“Antarctic”) August and so on. Krill
were fed daily with a mix of live laboratory-cultured algae which has
been successfully used in several experiments at the AAD prior to this
study and guarantees low mortality and high feeding rates in long-term
laboratory maintenance of krill (Kawaguchi et al., 2010). Dead krill and
moults were removed daily.

2.2. Experimental design and sampling

Different experimental temperature regimes were applied according
to the model projections for mean changes in Southern Ocean and global
ocean sea surface temperatures in the upcoming century (Bopp et al.,
2013; IPCC, 2013; Rintoul et al., 2018; IPCC, 2019): 0.5 °C served as
control temperature, 1.5 °C (+ ~1 °C; global and Southern Ocean, RCP
2.6), 2.5 °C (+ ~2 °C; Southern Ocean, RCP 8.5) and 3.5 °C (+ ~3 °C;
global, RCP 8.5). Additionally, experimental temperatures of 5 °C (4.5
°C) and 7 °C (+6.5 °C) were applied. For each experimental tempera-
ture, the experimental setup comprised four cylindrical 60 L tanks
(Tanks A-D) placed in an individual jacket tank (referred to as one
“cluster” in the following). Continuous inflow of filtered and chilled
seawater (30 L h'l) ensured a permanent water exchange. The inflowing
water temperature was monitored by a controller unit for each tank and
regulated by heating rods. This setup allowed the adjustment of tem-
perature for each cluster individually within a range of +0.1 °C. All
tanks were aerated with filtered air. Light regime was controlled by the
same PC software as in the holding system (see above). Prior to the start
of the experiment on September 17, 2017 (= Antarctic August; see
above), krill were randomly transferred from the holding system to the
experimental tanks until each tank held 96 individuals. After one week
of acclimation at control temperature (0.5 °C), water temperature was
gradually increased by 1 °C per day until target temperatures were
reached within each cluster except of the control cluster. Throughout the
whole experimental phase, krill were fed daily with a mix of live
laboratory-cultured algae (1 L per experimental tank) of the pennate
diatom Phaeodactylum tricornutum (final concentration of 1.5 x 10*



Table 1

Overview of the experimental design. Numbers of krill sampled per cluster at each sampling time point (T(-Tg) as well as numbers of individuals used for oxygen consumption measurements (“O cons.”) are given. Total
ratio of females: males (f:m) per cluster are also given. Due to experimental restrictions, one oxygen consumption measurement was repeated at Tg, indicated by #. At Tg, no regular sampling and only oxygen consumption
measurements were performed. Experimental days between samplings/experimental days passed since the start of the experiment (September 17, 2017) are indicated in italic.

Sampling timepoint (T)

Cluster Total n/cluster To — 24 hours T; — 4 wks/month 1 T, — month 2 T3 — month 3 T4 — month 4 Ts — month 5 Te — month 6 T, — month 7 (Tg) — month 8

(n/tank) September October November December January February March April May
Antarctic Antarctic Antarctic Antarctic Antarctic Antarctic Antarctic Antarctic Antarctic
August September October November December January February March April

0.5°C 384 n=32 n=32 n=232 n=32 n=32 n=232 n=232 n=232 Ozcons.:n:Z*S#
(96/tank A1-D1) Oz cons.:n =8 Oy cons.:n =38 (30/58) (28/86) (29/115) (28/143) (23/166) (27/193) (51/244)
f:m: 184:72 (1) (27/28)

1.5°C 384 n=32 n=32 n=232 n=32 n=32 n=232 n=232 n=232 Oy cons.:n =8
(96/tank A2-D2) Oz cons.:n =8 Oz cons.:n =8 (28/58) (28/86) (29/115) (28/143) (23/166) (27/193) (53/246)
f:m: 196:60 (1) (27/28)

2.5°C 384 n=32 n=32 n=232 n=32 n=32 n=232 n=232 n=232 O, cons.:n=8
(96/tank A3-D3) Oz cons.:n =38 Oz cons.:n =28 (27/55) 29/84) (28/112) (28/140) (23/163) (27/190) (54/244)
f:m: 194:61 (1) (27/28))

3.5°C 384 n=32 n=32 n=32 n=32 n=32 n=32 n=32 n=32 O, cons.:n =8
(96/tank A4-D4) Oz cons.:n=8 Oz cons.:n =38 (25/53) (29/82) (28/110) (28/138) (23/161) (27/188) (56/244)
f:m: 208:48 (1) (27/28)

5.0°C 384 n=32 n=32 n=32 n=32 n=32 n=32 n=32 n=24 O, cons.:n =8
(96/tank A5-D5) Oz cons.:n=38 Oz cons.:n =28 (30/58) 27/85) (29/114) (28/142) (28/170) (28/198) (46/244)
f:m: 185:63 (1) (27/28)

7.0°C 384 n =232 n=232 n=232 n=232 n=232 n=232 n=232 n=24 Oy cons.:n =8
(96/tank A6-D6) Oz cons.:n =38 Oz cons.:n =28 (28/56) 27/83) (29/112) (28/140) (28/168) (28/196) (48/244)
f:m: 185:63 (€))] 27/28)
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cells-mL™Y), the chlorophyte Pyramimonas gelidicola (final concentration
of 2.2 x 10* cells-mL ') and the cryptophyte Geminigera cryophila (final
concentration of 2.0 x 10* cells-mL ). In addition, instant algae were
added to yield a final concentration of 1.1 x 10* cells mL™! Thalassiosira
weissfloggii (1200 T M, Reed Mariculture, USA), 5.34 x 10* cells mL™!
Isochrysis sp. (1800 T M, Reed Mariculture, USA) and 5.08 x 10* cells
mL"! Pavlova sp. (1800 T M, Reed Mariculture, USA) per tank. Krill also
received 0.625 g nutritional supplements per tank (0.3125 g of Frippak
#1 CAR and 0.3125 g of Frippak #2 CD powder, Primo Aquaculture,
Australia). During feeding, water inflow was not turned off to keep
water temperature constant. However, the flow rate in the experimental
tanks ensured sufficient residence time of food in the water column (full
tank water exchange every ~2 hours). All tanks were checked daily for
moults and dead individuals and scraped weekly to prevent biofouling.
Within each cluster, mean mortality in experimental tanks A-D [% =+ sd]
from September 2017 to April 2018 was 15.10 + 2.76 % (0.5 °C), 13.80
+ 4.76 % (1.5 °C), 9.38 + 2.69 % (2.5 °C), 12.24 + 2.15 % (3.5 °Q),
11.46 +5.54 % (5°C) and 16.41 + 2.99 % (7 °C). At each sampling time
point (Ty-Ty; see Table 1), sex, weight, body and carapace length as well
as length of the digestive gland of 8 individuals per tank A-D (n = 32 per
cluster) were measured, except of T; where 6 individuals per tank A-D (n
= 24 per cluster) were sampled at 5 °C and 7 °C due to logistic re-
strictions. Krill sampling was conducted by using a hand net which was
carefully lowered into the tubular tanks (A-D ; per cluster, respectively)
to avoid any kind of sampling stress. After accidentally swimming into
the net, krill was then carefully transferred to a beaker containing
temperate seawater and quickly measured at the respective acclimation
temperature. Body length of krill [mm] was measured from the anterior
tip of the rostrum to the posterior tip of the uropods, excluding any setae
(standard length (standard measurement; S1) (Mauchline, 1980). Mean
initial krill length per cluster at To was for 0.5 °C: 34.66 mm 95 % CI
[35.47, 33.84], for 1.5 °C: 35.14 mm 95 % CI [35.75, 34.53], for 2.5 °C:
34.06 mm 95 % CI [34.91, 33.21], 3.5 °C: 35.60 mm 95 % CI [36.37,
34.84], for 5.0 °C: 35.35 mm 95 % CI [36.40, 34.31] and for 7.0 °C:
34.10 mm 95 % CI [34.83, 33.37]. Measurements of carapace length
[mm] (anterior tip of rostrum to dorsal end of carapace) and the length
of digestive gland (along its diagonal axis) were carried out using a
stereomicroscope (Leica M205C, Leica, Germany) with an attached
digital camera (Leica DFC450, Leica, Germany). Pictures of the sexual
organs (female thelycum and male petasma) were also taken. In this
experiment, all individuals were classified as sub-adult males/females
(Stage IIA/B, respectively) according to Makarov and Denys (1981). Wet
weight [mg] was determined in a beaker filled with temperate seawater
on a balance. After weight measurement, each krill was quickly blotted
dry, immediately snap frozen in liquid nitrogen and stored at -80 °C for
further analyses. Handling time was always kept at minimum.

2.3. Oxygen consumption

Oxygen consumption (umol Oy g fwt'! h'l) was measured after 24
hours (Tp), after one month (T;) and after 8 months (Tg) of incubation
(see Table 1). The measurements were conducted at the respective
experimental temperature in 2.0 L Schott bottles (Duran, Germany),
equipped with PSt3 oxygen sensor spots (Presens, Regensburg, Ger-
many) and filled with filtered seawater (0.5 pm) acclimatized to the
respective experimental water temperature (see Table 1). Prior to
measurements, two-point calibrations were performed using nitrogen
and aeration to calibrate the 0 % and 100 % air saturation points within
the medium. Krill was not fed for 24 hours prior to measurements.
Before each measurement, sex and wet weight were recorded. After
carefully inserting individual krill, each bottle was closed without any
air entrapped and lowered back into the water bath. Water baths were
installed in a modified fridge to avoid temperature fluctuations due to
changes in air temperature. Each water bath within the fridge was
equipped with a controller unit regulating individual heating rods to
control water bath temperatures. To ensure sufficient mixing, each
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Table 2
Results of linear mixed effects model analysis for a) oxygen consumption [pmol g
fwt™! h'], b) body length [mm] and c) digestive gland length [% body length].

a) Oxygen consumption [umol g fwt? h™']  Linear mixed-effects model fit by

REML

adj. R% 0.574
Fixed effects numDF F p
(Intercept) 1 2887.02 < 0.0001
ftime 2 12.50 < 0.0001
ftreat 5 27.74 < 0.0001
ftime:ftreat 10 3.18 0.0011
Random effects

(Intercept)  Residual
StdDev. 0.000022 0.67
b) Body length [mm] Linear mixed-effects model fit by REML

adj. R 0.460
Fixed effects numDF F P
(Intercept) 1 410303.91 < 0.0001
ftime 7 102.04 < 0.0001
ftreat 5 56.42 < 0.0001
fsex 1 5.846 0.0157
ftime:ftreat 35 6.466 < 0.0001
ftime:fsex 7 9.187 < 0.0001
Random effects
(Intercept) Residual

StdDev. 0.00016 2.30
c) Digestive gland length [% body length]  Linear mixed-effects model fit by

REML

adj. R% 0.567
Fixed effects numDF F P
(Intercept) 1 350775.5 < 0.0001
ftime 7 230.7 < 0.0001
ftreat 5 11.8 < 0.0001
fsex 1 14.4 0.0002
ftime:ftreat 35 7.3 < 0.0001
ftime:fsex 7 6.8 < 0.0001
Random effects

(Intercept) Residual

StdDev. 0.000028 0.76

water bath was additionally equipped with an individual pump. The
light regime within the fridge was identical to the holding system (see
above), using an additional light system installed at the back of the
fridge. Oxygen concentrations within the bottles were measured for ~24
hours, using an OXY 10-Channel Oxygen Meter (Presens, Regensburg,
Germany). Two bottles served as controls to account for bacterial
respiration. After each measurement, krill was snap frozen and stored at
-80 °C. The decrease in oxygen concentrations within all bottles was <
12 % of the initial concentration.

The decrease in oxygen concentration over time within each bottle
was analyzed using linear regression analysis. To exclude any possible
stress response to handling, only data recorded later than 1 h after start
of the measurement were used. Mean R? + sd across all channels and
treatments was for T¢: 0.95 + 0.06, for T1: 0.91 + 0.12 and for Tg: 0.93 +
0.11, respectively. Values are given in micromole oxygen per gram fresh
weight per hour [pmol g fwt™ h'l].

2.4. Statistics

Data analysis was performed in RStudio version 1.3.959 (RStudio
Team, 2020) using R version 4.0.1 (R Core Team, 2020). Data sets were
visually checked before analysis using scatterplots. One data point was
removed from the data set of body length [mm] and digestive gland
length [% body length]) due to an obvious data entry error. For the
dependent variable oxygen consumption rate [pmol g fwt? h'], two
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a) 24 hrs (T,)

b) 4 wks (T,)

umol O, g fwt™ h

1 T T T T | |

c) 8 months (Ty)

I I T T T T

0.5°C 1.5°C 2.5°C 3.5°C 5.0°C 7.0°C

Fig. 1. Oxygen (O2) consumption rates [pmol g fwt! h''] + 95 % CI of
Antarctic krill (E. superba) after a) 24 hours (Ty), b) 4 weeks (T;) and, c) 8
months (Tg) of acclimation at different experimental temperatures (clus-
ter 1-6) in the laboratory. At each timepoint, O, consumption was measured
for ~ 24 hours at the respective experimental temperature. Significant differ-
ences compared to control temperature (0.5 °C) within timepoints are indicated
by hash tags; significant differences compared to T, within each temperature
treatment by asterisks. p < 0.05 (Dunnett’s test). n = 7-8 per experimental
temperature and timepoint, except of cluster 1 at Tg (n = 15); see also Table 1.

replicates were removed from the data set before analysis due to the
death of experimental krill during measurements at Top (n =1 (2.5°C); n
=1 (3.5 °Q)). Applying the 99 % quantile method for the remaining
data, four outliers were detected and subsequently removed from the
dataset (TO:n=1(5°C); Tl:n=2(3.5°Cand 5°C); T8: n =1 (0.5 °C).
Dependent variables (oxygen consumption rate [pmol g fwt™! h'], body
length [mm] and digestive gland length [% body length]) were visually
checked for normal distribution using histograms. To investigate the
effects of experimental temperature (factor treatment; ftreat) and the
variation over time (factor time; ftime) on dependent variables, linear
mixed models with a Gaussian distribution were fitted using the nlme
package in R (Pinheiro et al., 2020). In addition, the factor sex (fsex) was
considered to account for variations between sexes. A random term for
experimental tank (A-D, see Table 1) was included to account for a
potential tank effect. The best combination of explanatory variables,
including interactions, was found by step-wise forward model selection.
A term was added to the model when it resulted in an increase in RZ, a
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Fig. 2. Body length [mm] + 95 % CI of Antarctic krill (E. superba) during 7
months of acclimation at (a) different experimental temperatures (cluster
1-6; see figure legend) in the laboratory and (b) of female (black) and
male (grey) Antarctic krill, averaged over the different levels of the factor
temperature. (a) Significant differences compared to control temperature (0.5
°C) within timepoints are indicated by hash tags; significant differences
compared to Tp within each temperature treatment by asterisks. (b) Significant
differences between sexes within timepoints are indicated by hash tags; sig-
nificant differences compared to Ty within females/males by asterisks. p < 0.05
(Dunnett’s test). n = 24-32 per experimental temperature and timepoint,
respectively (see Table 1).

decrease in akaike information criterion (AIC) and when it was significant
at the a = 0.05 level. Validation of the final model was examined by
residual analysis, including testing for temporal auto-correlation (using
the acf function). See Table 2 for model results as well as supplementary
material for mean values of the respective parameters
(Table S.1-3/S.5-6). Multiple comparison posthoc tests (Dunnett’s test)
were performed to detect significant differences compared to the
respective controls of the factor temperature (ftreat; 0.5 °C) and factor
time (ftime; To).

3. Results
3.1. Oxygen consumption rates

Temperature effects on routine metabolic rates (determined by ox-
ygen consumption rates) of Antarctic krill (E. superba) varied signifi-
cantly with time (Tp, T; and Tg; p = 0.001) (Fig. 1; see also Table 2 for
model results). After 24 hours of incubation at the respective acclima-
tion temperatures, oxygen consumption was higher in krill acclimated to
5°C (p < 0.001) and 7 °C (p < 0.001) compared to krill acclimated to
control temperature. After 4 weeks of acclimation (T;), oxygen con-
sumption of krill acclimated to water temperatures > 3.5 °C was
significantly higher compared to control conditions (p < 0.001,
respectively). Krill acclimated to 2.5 °C and 3.5 °C also showed a sig-
nificant increase in oxygen consumption compared to Ty (p = 0.0064
and p = 0.029, respectively). However, after 8 months, oxygen con-
sumption of krill acclimated to 2.5 °C and 3.5 °C returned back to
control (0.5 °C) levels. Again, significantly higher values compared to
the control could be detected in krill acclimated to 5 °C (p = 0.040) and
7 °C (p < 0.001). Compared to Ty (24 hours), oxygen consumption of
krill acclimated to 5 °C and 7 °C was significantly lower (5 °C: p = 0.005;
7 °C: p = 0.019) after 8 months (Tg).
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Fig. 3. Digestive gland (DG) length [% body length] + 95 % CI of Ant-
arctic krill (E. superba) during 7 months of acclimation (a) at different
experimental temperatures (cluster 1-6; see figure legend) in the labora-
tory and (b) of female (black) and male (grey) Antarctic krill, averaged
over the different levels of the factor temperature. (a) Significant differ-
ences compared to control temperature (0.5 °C) within timepoints are indicated
by hash tags; significant differences compared to T, within each temperature
treatment by asterisks. (b) Significant differences between sexes within time-
points are indicated by hash tags; significant differences compared to T within
females/males by asterisks. p < 0.05 (Dunnett’s test). n = 24-32 per experi-
mental temperature and timepoint, respectively (see Table 1).

3.2. Morphometric parameters

3.2.1. Body length

Krill growth in length was assessed indirectly by comparing changes
in mean body length [mm] over time. The effects of the different
experimental temperatures on krill growth in length varied significantly
with time (p < 0.001; see also Table 2). From August till December, a
significant increase in body length could be detected in all treatments
(Fig. 2a). No significant differences to the control (0.5 °C) could be
observed, except for krill acclimated to 7 °C from November onwards (p
< 0.01). Thereafter, the magnitude of growth over time was inversely
correlated with experimental temperature: In krill acclimated to tem-
peratures < 2.5 °C, no effect of acclimation temperatures was evident.
Body lengths steadily increased until December with only small in-
creases in length thereafter. At the end of the experiment (March, T),
body lengths of krill acclimated to temperatures < 2.5 °C were signifi-
cantly higher compared to the start of the experiment in August. In
contrast, krill acclimated to temperatures > 3.5 °C grew significantly
less from December onwards. This general pattern remained until the
end of the experiment in March, resulting in shorter lengths compared to
control animals at all experimental temperatures > 3.5 °C. Krill accli-
mated to 3.5 °C and 5 °C still grew from December onwards but at lower
rates, resulting in smaller length increments during the whole experi-
mental phase (3.5 °C: 9.5 % and 5 °C: 6.8 % of initial body length at Ty).
Body lengths of krill acclimated to 7 °C profoundly decreased over time
after December. Consequently, krill were smaller compared to their
initial starting length (-0.2 %) as well as compared to krill acclimated to
control conditions (-16.7 %; p < 0.001) at the end of the experiment.

Independent of experimental temperatures, krill growth over time
also varied significantly with sex (p < 0.001; Table 2) (Fig. 2b). Body
lengths of both, males and females increased from August (Tp) till
December (T4). No notable difference in body length could be detected
for both sexes within that period, although lengths in males were slightly
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higher during the initial phase of the experiment (August — September; p
< 0.05, respectively). Thereafter, length increments decreased in males
(i.e. shrinking) and steadied in females, resulting in significantly higher
values for females compared to males from January onwards. At the end
of the experiment, the increase in body length of male krill was smaller
(4.3 %; p < 0.05) compared to that of female krill (13.5 %; p < 0.001)
over time.

3.2.2. Digestive gland (DG) length [% body length]

The effects of acclimation temperature on the size of the digestive
gland (DG) in percent body length [%] varied notably with time (p <
0.001; see also Table 2) (Fig. 3a). From August till December, a signif-
icant increase in DG size could be detected in all treatments (Fig. 3a).
Within this time period, no significant differences to the control (0.5 °C)
could be observed, except of krill acclimated to 7 °C, where differences
already began to emerge from October onwards and significantly higher
DG sizes of krill acclimated at 3.5 °C and 5.0 °C in September (T7) only.
After reaching peak values in December (T4), DG size decreased again
and steadied thereafter until the end of the experiment in March.
However, at experimental temperatures < 2.5 °C a trend to increasing
values became visible from January to March, which could not be
observed in temperature treatments > 2.5 °C. DG size of krill acclimated
to temperatures > 2.5 °C remained below control values from January (7
°C)/February (2.5 °C - 5 °C) onwards.

Patterns of DG size change over time also varied significantly with
sex, independent of acclimation temperature (p < 0.001; see also
Table 2). The DG of both sexes significantly increased from August (T)
till December (T4) (Fig. 3b) with higher initial values in males during the
first two months of incubation (Ty: p < 0.001; T;: p < 0.001). After
reaching peak values in December, DG size decreased in both sexes and
remained unchanged for the rest of the experimental period. At the end
of the experiment in March, the DG of female krill was significantly
larger than at the start of the experiment in August (5.8 %; p < 0.001),
whereas the DG in males returned to its initial size (-0.15 %; p = 1.00).

4. Discussion

Antarctic krill experience high regional differences in habitat tem-
peratures due to its horizontal and vertical distribution and the full
natural temperature range of krill was suggested to lie between -1.8 and
5.5 °C (Tarling, 2020). Future scenarios predict ongoing changes,
although regional impacts may vary (Meredith et al., 2019). In order to
understand the effects of rising water temperatures in the Southern
Ocean on Antarctic krill, a thorough understanding of its” physiological
responses to temperature is urgently needed (Meyer and Teschke, 2016).
We therefore captured the whole animal performance of Antarctic krill
by investigating oxygen consumption rates, changes in mean body
length as well as length of the digestive gland at different experimental
temperatures.

4.1. Temperature effects on krill oxygen consumption

Oxygen consumption rate is a good measure of physiological per-
formance and capacity (Buchholz, 2003) and used as a proxy for
metabolic rate (Tarling, 2020). To date, studies on krill respiration
mostly comprised acute and short-term experiments with short accli-
mation times (from hours to a few days) (McWhinnie and Marciniak,
1964; Rakusa-Suszczewski and Opalinski, 1978; Segawa et al., 1979;
Hirche, 1984; Opalinski, 1991; Ngan et al., 1997; Tarling, 2020). Here,
acute (24 hours), short- (4 weeks) as well as long-term responses (8
months) were measured.

Although a high variability in the acute measurements (24 hours;
Fig. 1a) was observed, oxygen consumption of krill remained unchanged
at temperatures < 3.5 °C under both, acute (24 hours) and long-term (8
months) conditions (Fig. 1a and c). This may indicate a compensated
thermal range in Antarctic krill (here: 0.5 °C to 3.5 °C), where oxygen



K. Michael et al.

consumption remains largely independent of temperature. Indeed, pre-
vious studies found krill oxygen consumption to be temperature-
independent within different thermal ranges of their natural environ-
ment (e.g. McWhinnie and Marciniak, 1964; Segawa et al., 1979; Ngan
et al., 1997). Accordingly, Brown et al. (2013) could not detect signifi-
cant effects of acclimation temperature (—1 °C, 1 °C and 3 °C, respec-
tively) on oxygen consumption rates under long-term conditions (March
— May). These results were suggested to be a strategy to deal with
changes in water temperature during diel vertical migration (Opalinski,
1991). However, a different pattern was observed under short-term (4
weeks) conditions (Fig. 1b), where oxygen consumption was signifi-
cantly higher at temperatures > 2.5 °C and also showed an increasing
trend with increasing experimental temperature, in line with findings of
Hirche (1984) and Tarling (2020). The different patterns observed in the
response of krill oxygen consumption rates to temperature were previ-
ously suggested to be related to the employment of different methods,
animals from different regions as well as different experimental designs
(Ngan et al., 1997). Due to the relatively low number of replicates per
temperature and timepoint, respectively, an underlying trend of
increasing respiration rates may have remained unresolved under acute
(24 hours) and long-term (8 months) conditions, leading to the different
patterns observed compared to short-term conditions (4 weeks). The
time dependency of different acclimation processes at the lower end of
the studied temperature range may also have contributed to the different
patterns observed. Specifically, a higher variance is visible in measure-
ments under acute and short-term compared to long-term conditions.
Clearly, further studies, involving a higher number of replicates as well
as more comparable, stringent methodological approaches with respect
to (pre-) acclimation times, are needed for Antarctic krill.

At high acclimation temperatures (5 °C and 7 °C), significantly
higher metabolic rates were detected under acute (24 hours) and short-
term (4 weeks) conditions with no further increase at acclimation tem-
peratures > 5 °C (Fig. 1a and b). No further increase in oxygen con-
sumption at water temperatures higher than 5.5 °C was also detected by
Tarling (2020) under acute conditions. In contrast, no such leveling-off
of oxygen consumption rates at experimental temperatures > 5 °C was
observed by Hirche (1984) and Opalinski (1991). Nevertheless, krill are
considered to be stenothermal. Even though they can tolerate short-term
temperature increases > 10 °C to a certain degree (McWhinnie and
Marciniak, 1964; Cascella et al., 2015; Tarling, 2020), thermal thresh-
olds are expected to arise at constant, high water temperatures as
applied here (> 5 °C). An upper thermal threshold at temperatures of ~
5 °C was previously suggested for Antarctic krill under acute and
short-term conditions (Clarke and Morris, 1983; Tarling, 2020). After 8
months of acclimation, krill were able to compensate for the effects of
temperature at 5 °C and 7 °C, although compensation remained
incomplete and oxygen consumption rates were still significantly higher
compared to the control value (0.5 °C) (Fig. 1¢). Therefore, although our
findings suggest that krill may be able to adjust routine metabolic rates
at higher temperatures to a certain degree over time, metabolic rates
remain elevated at temperatures > 5 °C, even after long-term acclima-
tion. Once again this emphasizes temporal differences in the response of
krill oxygen consumption to changes in water temperatures (see above).

Together, our findings indicate that warming Southern Ocean waters
are likely to increase routine metabolic rates in krill at temperatures >
3.5 °C. This is possibly altering the amount of energy available for other
important life-cycle processes such as growth and/or reproduction
(Portner, 2010; Sokolova, 2013). Despite temporal differences observed
between the different experimental timepoints, oxygen consumption
rates remained unchanged up to 3.5 °C under long-term conditions. If
this finding represents a strategy to deal with natural temperature os-
cillations during vertical movements in the water column remains to be
investigated. Furthermore, underlying processes and potential energetic
trade-offs need further investigation. Local differences in thermal hab-
itats may also alter the capacities to acclimate to changing water tem-
peratures in the future and thus, additionally modify effect sizes across

Zoology 146 (2021) 125910

the distribution range of Antarctic krill (Tarling, 2020).
4.2. Temperature effects on krill growth

Somatic growth is a good indicator for the response of an animal to
the environment since it is the sum of a number of major physiological
processes (Tarling et al., 2006). In krill, growth has already been
investigated in numerous laboratory and field studies, extensively
reviewed by Reiss (2016). Krill growth undergoes a seasonal cycle which
was found to be dependent on temperature as well as food quality and
quantity (e.g. Poleck and Denys, 1982; Atkinson et al., 2006; Kawaguchi
et al., 2006, 2007a; Wiedenmann et al., 2008; Brown et al., 2010).
Generally, the annual growth cycle of krill comprises a phase of rapid
growth during spring and summer and a phase of little growth in winter,
with an overall decrease in the annual increment as reproduction be-
comes a priority (Constable and Kawaguchi, 2018). Mean initial body
length of krill in our experiment was ~35 mm at Ty (Fig. 2a). Krill mean
body lengths [mm] increased until December and steadied thereafter
(Fig. 2a). From August — December, mean daily growth rates (derived
from Fig. 2a; normalized to the number of experimental days between
samplings, see Table 1) were 0.053 mm day'1 (0.5 °C), 0.047 mm day'1
(1.5 °C) and 0.054 mm day'1 (2.5 °C). From December onwards
(December— March), only small positive growth rates could be observed
in krill acclimated to temperatures < 2.5 °C (0.010 mm day'1 at 0.5 °C,
0.010 mm day* at 1.5 °C, 0.013 mm day™! at 2.5 °C). In the field, growth
rates of similar sized krill (30 — 40 mm) were ~ 0.02 - 0.3 mm day'1 in
January/February (Atkinson et al., 2006), in line with growth rates re-
ported by Kawaguchi et al. (2006) for 40 mm krill in December. Average
growth rates of adult krill also ranged between 0.020 and 0.103 mm
day™ in the early productive season (October to December) (Tarling
et al., 2016). Growth rates observed in our experiment are rather at the
lower end of the ranges reported from the field but in line with a pre-
vious long-term laboratory experiment, reporting mean daily growth
rates of 0.03 mm day! at -1 °Cand 1 °C and 0.02 mm day! at 3 °C water
temperature during the growth period (August - December) (Brown
et al.,, 2010). A general “lab effect” on growth rates was already pro-
posed earlier, possibly due to sub-optimal laboratory conditions
(Buchholz, 1991; Brown et al., 2010). However, as overall growth dur-
ing the whole experimental phase here was significantly positive at
temperatures < 2.5 °C (Fig. 2a), we can conclude that the experimental
conditions generally allowed for positive growth.

In previous field and laboratory studies, the optimum temperature
for growth in krill was suggested to lie within the range of 0.5 °C and 1
°C and that krill growth rates generally decline at temperatures between
3 °Cand 4 °C (Atkinson et al., 2006; Brown et al., 2010). In our study,
significant differences in body lengths of krill acclimated to > 3.5 °C
began to emerge from November (7 °C) and December (3.5 °C and 5 °C)
onwards (Fig. 2a). Although krill still showed positive growth, the
magnitude of increments in mean body length declined with increasing
acclimation temperatures and, when compared to T, even led to smaller
mean body lengths in krill acclimated to the highest temperature by the
end of the experiment (7 °C, Fig. 2a). Therefore, krill acclimated to
temperatures > 3.5 °C were significantly smaller (and lighter; a trend
visible in mean fresh weight [mg]; see supplementary material S.4)
compared to control conditions at the end of the experiment. Even more
important, as the magnitude of the effect of temperature on krill growth
depends on the initial size of krill, a possibly even stronger effect on
larger krill than those used in our experiment (~35 mm at Ty) may be
anticipated (Constable and Kawaguchi, 2018).

Food availability and quality were suggested to have a positive in-
fluence on growth rates under suboptimal temperatures (Wiedenmann
et al., 2008; Hill et al., 2013; Constable and Kawaguchi, 2018). The size
of the digestive gland can serve as a measure of feeding activities during
the previous days and weeks but it is also used as an indicator for
short-term lipid dynamics during starvation experiments and between
seasons (e.g. summer vs. winter) (Virtue et al., 1993; Nicol et al., 2004;
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Teschke et al., 2007). In our study, the daily feeding regime was two
hours of intensive feeding (see also 2.2), followed by a period of very
limited access to food every day. A marked decline in DG size coinciding
with lower mean body length increments was observed at all acclima-
tion temperatures from December onwards (Figs. 2a and 3 a), a time at
which krill are thought to have entered the energy demanding repro-
ductive period. As krill were only able to intensively feed for two hours a
day, the feeding regime in our experiment may therefore have become
insufficient during this period of high energy demand (i.e. reproductive
phase). Therefore, any energy shortage during this period may have
been compensated by a diversion of energy from the digestive gland and
possibly, also from somatic growth. Reproduction period ends short if
food conditions are not sufficient and from February onwards, krill then
start to regress their maturity (in other words: enter autumn state)
(Kawaguchi, 2016). However, differences in DG size in relation to
acclimation temperatures were also observed (Fig. 3a). During the
high-growth season (August - December; see above), the size of the
digestive gland [%] was significantly smaller in krill acclimated to 7 °C.
Despite the overall decrease in DG size at all acclimation temperatures
from December to January, DG size increased again in krill acclimated at
temperatures < 2.5 °C from February onwards, whereas size increments
of krill acclimated to temperatures > 2.5 °C remained low and signifi-
cantly below control values (Fig. 3a). At higher water temperatures, the
changes in energetic requirements within the reproductive phase may
therefore have been amplified, also emphasized by the patterns
observed in krill acclimated at the highest experimental temperature (7
°C). An effect of temperature on feeding activities itself may serve as a
possible explanation for the observed differences in DG size as well as in
growth in response to experimental temperature, especially pronounced
after the onset of the reproductive period. However, the direct effect of
increased temperature on krill feeding rates has not yet been measured
(Schmidt and Atkinson, 2016). Also, if the role of the digestive gland in
Antarctic krill is the same as in other crustaceans (major site of
(short-term) lipid storage and synthesis) (Virtue et al., 1993), the
observed effects may also indicate an increasingly lower capacity to feed
at a proportional rate and/or to build up the short-term reserves within
the digestive gland as temperature increases.

4.3. Sex-specific differences in krill growth trajectories

Seasonal differences between male and female growth throughout
the summer season (January to March) could be detected (Fig. 2b),
whereas no sex-specific differences could be detected in response to
different acclimation temperatures. From January onwards, growth in
female krill was steadying whereas negative growth could be observed
in males (Fig. 2b). Sex-specific differences between seasonal growth
rates and/or patterns already observed in previous studies, were sug-
gested to be related to the different energetic requirements for male
versus female reproduction and/or dimorphism in growth between sexes
(Nicol et al., 1995; Brown et al., 2010; Tarling et al., 2016; Constable
and Kawaguchi, 2018; Melvin et al., 2018). In addition, Melvin et al.
(2018) only recently introduced a method to obtain sex-specific growth
rates by incorporating the length of the carapace into instantaneous
growth rate (IGR) measurements. Comparing the traditional method
with the new method, they found significant differences between growth
rate methods, resulting in higher growth percentages for gravid females
using the new (sex-specific) growth rate (IGR) measurement (Melvin
et al., 2018). Therefore, the patterns observed here may be related to the
seasonal maturity cycle of krill. In our experiment, individuals were
classified as late-subadults, as secondary sexual characteristics as well as
a progression of maturity over time could be observed (Makarov and
Denys, 1981; Kawaguchi, 2016). Establishing a clear relationship be-
tween the maturity cycle and the patterns observed here is therefore
rather speculative. However, the previous findings together with the
sex-specific differences in growth observed here underline the need to
include the interaction between reproduction and growth into future life
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Fig. 4. Schematic overview on percent difference in oxygen consumption,
body length and fresh weight compared to control conditions (0.5 °C)
after long-term acclimation at different temperatures in the laboratory. a)
Percent difference in oxygen consumption compared to control conditions (0.5
°C) after 8 months of acclimation (August-April). b) Percent difference in body
length and fresh weight (see supplementary material) compared to control con-
ditions (0.5 °C) after 7 months of acclimation (August-March). See paragraphs
2.2, 2.3 and Table 1 for details on the experimental design. Different shading
indicates putative thresholds for the respective parameters.

cycle and population dynamic models, particularly those used in fish-
eries management, to provide realistic outputs related to sex-specific
growth rates and energetics (Tarling et al., 2016; Constable and Kawa-
guchi, 2018; Melvin et al., 2018). Especially in light of future changes in
water temperatures it may reduce data variability and allow for more
accurate determination of effect sizes in a warming Southern Ocean.

4.4. Implications and future perspectives

Krill growth and reproduction depend on the amount of energy
available after the costs of baseline maintenance have been met
(Constable and Kawaguchi, 2018). Our findings indicate that warming
Southern Ocean waters are likely to increase routine metabolic rate of
krill at temperatures > 3.5 °C (Fig. 4a), suggesting increases and/or
shifts in process-specific energy demands which impose energetic con-
straints on growth at temperatures > 3.5 °C (Fig. 4b). A limitation in
food intake and/or conversion at higher temperatures may have
contributed to the temperature-dependent decline in growth observed
here, especially pronounced after the onset of the reproductive period.
The effects of temperature on krill growth observed here suggest that
krill will become progressively smaller (and lighter) in the future,
especially if temperatures reach 3.5 °C within a broad distributional
range (Fig. 4b). Furthermore, as the major temperature effects became
mostly evident during the spawning season and thereafter, this may
imply that the energetic requirements during this time of the year may
leave krill particularly sensitive to the effects of temperature on whole
animal level. Temperature effects on individual growth and thus, total
biomass as well as on parental krill fitness due to increased energetic
demands may subsequently affect reproductive capacities (Cuzin--
Roudy, 2000; Tarling et al., 2007), which directly relates to future
population dynamics. It may also have an impact on total biomass
available for predators and fisheries in the future (Wiedenmann et al.,
2008). Predicted changes in food quality and quantity in the Southern
Ocean (Deppeler and Davidson, 2017) may exacerbate the effects of
temperature demonstrated here. Due to the strong seasonality of the
Southern Ocean, krill generally has a short timeframe where energy for
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growth and reproduction can be accumulated and its life cycle is timed
closely to this highly seasonal environment (Meyer et al., 2010a;
Teschke et al., 2011; Meyer and Teschke, 2016). Any changes in food
quantity/quality but also availability during the time of the year needed,
e.g. due to temporal shifts in seasonal timings of bloom patterns, may
therefore have an additional impact on krill performance in the future.
However, the validity and the sign of these impacts remain to be
investigated, especially with respect to their effectiveness in the field.

We still lack a complete mechanistic understanding of the effects of
temperature on krill physiology. Additional, process-oriented studies are
urgently needed to be able to quantify the thermal sensitivity and the
respective energy budget shares of physiological processes under future
Southern Ocean temperatures. In addition, future changes in environ-
mental factors will act in a complex and simultaneous manner on the
whole ecosystem. The capacity to acclimatize and/or migrate, limited by
geography (e.g. coastal boundaries) and ecological factors (e.g. tem-
perature, habitat/food availability and quality) will therefore define
future distribution ranges of this species (Peck et al., 2010; Hill et al.,
2013; Veytia et al., 2020).

5. Conclusions

The long-term acclimation of E. superba at different temperature
scenarios provided insights into the effects of elevated ambient tem-
peratures on Antarctic krill during austral summer. Our data do not only
provide a more detailed insight into krill (thermal) physiology on the
whole animal level but also allow a first determination of the capacity of
Antarctic krill to cope with Southern Ocean warming. Although the
highest temperatures - eliciting the largest effects - represent rather
unrealistic habitat scenarios, we were able to refine preliminary thermal
thresholds for important krill life cycle traits. The results obtained here
will help to refine existing models and emphasize the need for additional
studies, in the laboratory as well as in the field. In turn, this will allow for
realistic, model-based predictions of krill abundances and biomass
under predicted Southern Ocean warming scenarios. Future studies
should concentrate on the underlying physiological processes involved
in the observed responses, in particular on the thermal sensitivities of
the different fractions contributing to the krill energy budget, and
downstream effects on reproductive capacity.
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