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Antarctic krill inhabit areas of the Southern Ocean that can exceed 4.0◦C, yet
they preferentially inhabit regions with temperatures of −1.5 to ≤1.5◦C. Successful
embryonic development and hatching are key to their life cycle, but despite the rapid
climatic warming seen across their main spawning areas, the effects of elevated
temperatures on embryogenesis, hatching success, and nauplii malformations are
unknown. We incubated 24,483 krill embryos in two independent experiments to
investigate the hypothesis that temperatures exceeding 1.5◦C have a negative impact
on hatching success and increase the numbers of malformed nauplii. Field experiments
were on krill collected from near the northern, warm limit of their range and embryos
incubated soon after capture, while laboratory experiments were on embryos from krill
acclimated to laboratory conditions. The hatching success of embryo batches varied
enormously, from 0 to 98% (mean 27%). Both field and laboratory experiments showed
that hatching success decreased markedly above 3.0◦C. Our field experiments also
showed an approximate doubling of the percentage of malformed nauplii at elevated
temperatures, reaching 50% at 5.0◦C. At 3.0◦C or below, however, temperature was not
the main factor driving the large variation in embryo hatching success. Our observations
of highly variable and often low success of hatching to healthy nauplii suggest that
indices of reproductive potential of female krill relate poorly to the subsequent production
of viable krill larvae and may help to explain spatial discrepancies between the
distribution of the spawning stock and larval distribution.

Keywords: Antarctic krill, hatching success, nauplii, malformation, temperature

INTRODUCTION

The success or failure of the early life stages is a key part of species’ life cycles. For broadcast
spawners, embryonic success is reliant upon internal reserves, parasitism, predation, and the
physical environment. In marine crustacean species, some embryonic stages are very sensitive
to environmental conditions, specifically temperature (García-Guerrero et al., 2003). High
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temperatures have been found to cause higher metabolic rates,
lower growth and survival rates, and greater numbers of larval
malformations in crustacean embryos (Rhodes, 1981; Jones,
1995; Naylor et al., 1999; Kumlu et al., 2000; Paula et al., 2001;
Manush et al., 2006). All of these responses to temperatures can
lead to reduced embryonic success, higher levels of nauplii failure,
and lower recruitment to the larval population. Identifying the
relative importance of temperature on embryonic development,
success, and nauplii malformations will lead to development of
more accurate population dynamic models on both spatial and
temporal scales.

Antarctic krill (Euphausia superba), hereafter “krill,” are an
ecologically and commercially valuable stenothermal crustacean
species in the Southern Ocean where they inhabit a temperature
range of −2.0◦C to 4.0◦C (Tarling et al., 2006; Cuzin-Roudy
et al., 2014). Within this 6.0◦C temperature envelope, krill are
considered to preferentially inhabit regions with temperatures
between −1.5◦C and ≤1.5◦C (Cuzin-Roudy et al., 2014; Perry
et al., 2019). Experimental results by Atkinson et al. (2006)
show that adult krill growth rates peak at 0.5◦C and decrease
rapidly to zero above 3.0◦C. Yet, the upper temperature tolerance
of krill embryos has never been defined. Anecdotal evidence
published by George and Stromberg (1985) stated that an
incubation temperature of 4.0◦C caused complete embryonic
failure but their finding requires further investigation. The lower
temperature tolerance of krill embryos was more exhaustively
tested by Yoshida et al. (2004) who recorded successful hatching
down to−2.1◦C. Krill embryos are negatively buoyant, and once
spawned, they sink until they hatch as nauplii (Fraser, 1936;
Marr, 1962). Throughout their roughly 6-day descent, embryos
experience a range of temperature conditions that affect water
density and hence sinking rate (Ross et al., 1988). The variation
in temperature during this descent also affects the speed at which
they develop (Marschall, 1983; George, 1984; Ross et al., 1988;
Yoshida et al., 2004).

The south-west Atlantic sector of the Southern Ocean is
key for krill, being the region with the highest krill densities,
where the fishery operates and where the population extends to
its warmest thermal limit around the island of South Georgia
(Atkinson et al., 2008). Surface water temperatures around South
Georgia can reach over 4.0◦C, yet its waters contain high densities
of sexually mature adult krill that support the fishery (Marr,
1962; Perry et al., 2019). This adult population does not, however,
translate to high larval recruitment as expected (Ward et al.,
1990; Tarling et al., 2007; Siegel and Wakins, 2016). Suggested
reasons for this lack of larval recruitment include the area
being unsuitable for spawning, predation on larvae, and larval
export during the winter (Ruud, 1932; Tarling et al., 2007).
However, the effect of temperature on embryonic development
and larval recruitment around South Georgia has not been
examined. A wider understanding of the factors that modulate
krill embryogenesis and hatching success will allow us to better
understand, model, and predict their population distribution and
dynamics (Kawaguchi, 2016).

We tested the hypothesis that temperatures approaching
the warm distributional limit have a negative impact on egg
hatching success and naupliar development. To investigate

this, we ran two independent incubation experiments. In
one, we incubated embryos from gravid females collected and
immediately incubated from around South Georgia and the
South Sandwich Islands. In the other, we incubated embryos from
females that had been collected and then laboratory acclimated at
the aquarium of the Australian Antarctic Division in Tasmania.

MATERIALS AND METHODS

Overview
For this study, we incubated 24,483 embryos from 20 females
across six temperature treatments. These 20 females were
collected from two sources. Fourteen gravid females were
collected from a field expedition and incubated for short periods
at sea to harvest their eggs; experiments carried out on these
embryos will hereafter be referred to as field experiments.
Embryos from field females were incubated at 0.5, 3.0, and 5.0◦C.
The remaining six females had been originally collected from the
field and were subsequently maintained in controlled conditions
for a minimum of 10 months and re-matured in captivity. These
are hereafter referred to as laboratory experiments. Embryos from
laboratory females were incubated at 0.0, 1.0, 3.0, 5.0, and 7.0◦C.
Differences in the range of set temperature between our field and
laboratory experiments were a result of the different amounts of
space and resources available in each context.

Embryos From Our Field Experiments
Sampling Method and Collection of Embryos
Krill were collected from the Scotia Sea using a Rectangular
Midwater Trawl with an effective mouth area of 8 m2 net
(RMT8), or an RMT 1 + 8 (Baker et al., 1973) on board the RRV
Discovery during January and February 2019 (Figure 1). Within
30 min of net recovery, undamaged gravid females were relocated
to stable environmental conditions similar to those described in
Tarling et al. (2006). Gravid females were transferred individually
into perforated 500 ml lidded containers with a 1-mm mesh
placed 25 mm from the bottom to allow spawned embryos to
sink to the bottom to avoid cannibalism (Ross and Quetin, 1983).
These containers were then stacked up to six high inside 9 cm
diameter perforated pipes within a 320 L aquarium. Unfiltered
ambient temperature seawater, at a flow of 20 L per minute from
the ship’s non-toxic intake at 5 m depth, was passed through
the aquarium to provide the females with a constant turnover
of fresh oxygenated seawater and any available plankton. We
did not provide any supplementary food to the females. Water
temperature of the aquarium was monitored frequently to ensure
it aligned with ambient ocean conditions. Temperature profiles
from both South Georgia and the South Sandwich Islands are
shown in Figure 1. A cover was placed over the top of the
aquarium so that krill were kept in subdued light conditions
except for routine maintenance checks.

Krill were checked every 12 h (12:00 and 00:00 local time) for
embryos, until they had spawned. All females spawned within
7 days of being placed in the aquarium. An embryo batch refers
to a complete spawn from a single female that was consequently
used for experimentation. No more than a single batch was used
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FIGURE 1 | Sample locations for field and laboratory experiments as well as temperature details from the field experiments. (A) Temperature profiles collected from
CTD casts at South Georgia and the South Sandwich Islands during the cruise on which the field experiments were undertaken. (B) The station locations at which
gravid females were captured for our field and laboratory experiments. Field samples were collected from the Atlantic sector. Laboratory samples were collected
from the Indian Ocean sector of the Southern Ocean.

per female. All egg batches were checked for fertilization which
was determined by looking for the formation of fertilization
jelly (Jia et al., 2014). All egg batches checked were fertile and
were progressed to the next stage of the experiment. Each of the
females, from which embryo batches were taken, was weighed
and measured (AT = from anterior edge of eye to tip of telson)
(Morris et al., 1988) then frozen at −80◦C with any remaining
embryos from the batch.

From fertilized embryo batches (of >1000), ∼30 embryos
were immediately fixed in 4% formalin as an initial (T0) sample
and the remaining embryos were progressed to the experimental
stage. Embryo batches from 14 different females were collected
from five different stations split between two main locations
(South Georgia and the South Sandwich Islands). Of these 14
females, four originated from South Georgia and 10 were from
the South Sandwich Islands (Table 1).

Experimental Method
For each of our 14 embryo batches, we investigated embryonic
development at three different temperature treatments
(Supplementary Figure S1). This allowed hatching success
between females to be examined in addition to change caused
by temperature. Individual embryo batches (i.e., embryos from
a single female) were immediately randomly divided into nine
250 ml bottles, each containing∼60 embryos. The 250 ml bottles

were prepared with 0.45 µm filtered seawater. All seawater was
pH tested at this stage of the experiment, but a malfunction
resulted in the readings being inaccurate so pH levels are
not reported for these experiments. Three bottles from each
batch were placed in scientific fridges at each of our treatment
temperatures. Fridges maintained temperatures within ±0.5◦C
of set temperatures. We used three temperature treatments
for our field experiments. Our lowest temperature was 0.5◦C,
representing the temperature optimum for post-larval growth
(Atkinson et al., 2006). The other treatment temperatures were
3.0 and 5.0◦C chosen to be either side of 4.0◦C that George and
Stromberg (1985) suggested to be the point of embryonic failure.

Every 24 h, ∼30 embryos were removed from each
experimental temperature and fixed using 4% formaldehyde
solution. Each bottle started with ∼60 embryos such that each
bottle contained 2 days’ worth of embryos. Experiments lasted
for 6 days (Ross et al., 1988; Yoshida et al., 2004). Oxygen
consumption of 60 krill embryos for 6 days is predicted to be
15–30 µl (Ikeda, 1984; Yoshida et al., 2011). Considering that
the oxygen saturation level in seawater would be 2.5 ml of
oxygen per 250 ml, a reduction in oxygen of 30 µl would be
minimal even at the elevated temperature treatments. Taking
this into consideration, we did not measure oxygen levels in
the experimental bottles during our field experiments. Our
experiments resulted in 19 samples from each egg batch: six from
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each of the three temperature treatments and one T0 sample.
From the 14 embryo batches, three out of the total 266 samples
were damaged and impossible to analyze.

Laboratory Analysis
Preserved embryos and larvae were observed using an Olympus
SZX16 microscope with Olympus SDF PLAPO 1× PF lens and
photographed with a Canon EOS550D camera and captured
with EOS utility software. Each sample was photographed and
analyzed for different life stages (Supplementary Figure S2).
Three embryonic stages were identified prior to hatching: two
cell, multiple cell, and limb bud. We used photographs from Jia
et al. (2014) to help identify these stages. Hatched nauplii were
categorized as either healthy or malformed, with total hatching
success being the sum of these two categories. Three additional
stages were also identified; entrapped embryos were nauplii that
either died while hatching or were fixed in formalin at the time
they were hatching; unclassified embryos were those that were
damaged and therefore unclassifiable; and all embryos that could
not be categorized were recorded simply as embryos.

Embryos From the Laboratory
Experiments
Sampling Method and Collection of Embryos
The krill population used in the laboratory experiments
originated from the Indian Ocean sector of the Southern Ocean
between 64.67 to 64.71◦S and 109.44 to 109.69◦E during the
2017/2018 field season (Figure 1). Male and female krill were
returned to the Australian Antarctic Division’s marine research
aquarium and maintained at 0.5◦C, where they matured and
spawned naturally (Kawaguchi et al., 2010). Embryos were
obtained in November 2018. While these krill were caught from
different swarms, the locations caught were in close proximity,
and they all experienced an identical environment for the
10 months prior to spawning, so we have referred to them
as a single entity “Laboratory krill.” Individual gravid females
were isolated and floated in 2 L spawning bottles with mesh set
1 cm from the bottom of the bottle to ensure embryos were
not cannibalized by the female after spawning. Spawning was
checked for twice a day. When spawning was observed, the eggs
were gently transferred to 5 L containers and checked under
the microscope for fertilization by looking for the formation of
fertilization jelly (Jia et al., 2014). Six batches of >1000 embryos
originating from six different females were used.

Experimental Method
Each egg batch was randomly divided into 30 experimental
bottles (250 ml) with∼30 embryos per bottle. Each experimental
bottle had a window with 400 µm mesh to allow exchange
of temperature-controlled seawater in the bottle. Experimental
bottles were then randomly placed in five different incubation
tanks with recirculating temperature-controlled water at five
different temperature settings (six experimental bottles each in
0.0, 1.0, 3.0, 5.0, and 7.0◦C, respectively). One bottle from
each batch and temperature treatment was sampled every
24 h. The temperature-controlled recirculating seawater was
measured for temperature, salinity, and pH prior to pipetting
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out the embryos and larvae into glass vials and fixing with 4%
formaldehyde solution.

Laboratory Analysis
Embryos and larvae were observed with Leica M205C dissecting
stereo-microscope with a Leica DFC 450 camera and Leica
LAS V4.0 software. Data regarding embryonic developmental
stages and nauplii malformations were not collected from the
laboratory data.

Statistical Analysis
All statistical analyses were conducted in the R 3.4.1
programming environment (R Core Team, 2017). The
relationship between the number of hatched and unhatched
eggs was examined using a generalized linear model (GLM)
using a quasibinomial distribution following the method used
by Mayor et al. (2012). Field and laboratory results were tested
independently of each other. The effects of the following
variables were also investigated using this model: temperature
(field levels = 0.5, 3.0, and 5.0◦C, laboratory levels = 1.0,
3.0, 5.0◦C) and individual female (field levels = females 1–14,
laboratory levels = females 1–6). An optimal model was backward
selected from a full model containing all variables.

We examined the relationship between the number of healthy
and malformed nauplii at different temperature treatments using
a non-parametric Kruskal–Wallis test. We only performed this
analysis on embryos from our field experiments where the data
were available. The same method of analysis was used to test
the difference between weight and length of field females on
hatching success and number of nauplii malformations. For all
analyses, α = 0.05.

We acknowledge that our sample size of 20 females will affect
the statistical power of our analyses. However, we emphasize the
difficulty in obtaining field samples of healthy gravid females,
which subsequently spawn within an experimental setting that
has limited sample sizes in all previous attempts of this sort
(Table 2). Furthermore, the numbers obtained in the present
study still allow robust statistical analyses to be performed. The
design of our field experiments means that repeat sampling could

bias our analysis. To account for this, we ran a sensitivity analysis
using (1) all days between 1 and 6, (2) odd days only, and (3) even
days only. We found that the repeat sampling did not produce
false trends, and consequently, we have reported on the analysis
that used all 6 days of sampling.

RESULTS

Firstly, we present the results of our quasibinomial GLM which
examined how hatching success was affected by female and
temperature in both our field and laboratory experiments.
Secondly, we describe the effects of temperature on the number
of nauplii malformations and egg death.

Variation in Hatching Success
Variation in Hatching Success Between Females
Hatching success was significantly affected by female in both our
field (Quasibinomial GLM, F = 4.204, df = 38, p≤0.001) and
laboratory results (Quasibinomial GLM, F = 8.6008, df = 38,
p≤0.01) (Figure 2). The wet weights and lengths of females from
the field experiments ranged from 1.25 to 2.1 g and 52 to 60 mm
(Table 1). We found that neither the weight nor length of the
field females had a significant effect on the hatching success or
the occurrence of nauplii malformation. Weight and length data
are not available for the laboratory data.

Variation in Hatching Success Between Temperature
Temperatures had a highly significant effect on hatching success
in both the field (Quasibinomial GLM, F = 10.435, df = 13,
p≤0.001) and the laboratory experiments (Quasibinomial GLM,
F = 11.1707, df = 15, p≤0.01).

Embryos from our field experiments had greatest hatching
success at 3.0◦C, whereas laboratory embryos had greatest
hatching success at 1.0◦C (Figure 3). The lowest recorded mean
hatching success from our field experiments occurred at 0.5◦C
from embryos collected from South Georgia (mean = 5.7 ± SD
2%). At all temperatures in the field experiments, some
embryo batches had no nauplii hatching. The highest

TABLE 2 | Prior hatching success results.

References Mean (range) of egg
hatching success (%)

Source of females Egg incubation
temperature (◦C)

Experiment details Number of
females used

Kikuno, 1981 20 (0–63) Southern Indian Ocean 0.4 Females incubated immediately for
egg production Females not fed

6

Harrington and Ikeda, 1986 70 (45–89) Prydz Bay 0 ± 0.5 Females incubated immediately for
egg production Females not fed

43

Hirano et al., 2003 19 (0–71) West Atlantic Sector/Australian
Antarctic Division Stocks

0.4 Females maintained for up to three
months before eggs collected
Females fed

28

Yoshida et al., 2004 44 (7–58) Unknown −2.1 – 2.4 Females maintained for up to four
months before eggs collected
Females fed

4

Yoshida et al., 2011 24 (0–48) Western Indian Ocean 0.5 Females incubated immediately for
egg production Females not fed

5

Results of all known experiments on egg hatching success rates in Antarctic krill give context to our results.
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FIGURE 2 | Mean hatch percentages of females from both the field and laboratory experiments. Egg batches from all 20 females were categorized into the two
experiments from the laboratory (black bars) or the field. Field experiments are subdivided further into either South Georgia or the South Sandwich Islands. Average
hatching success values and the standard deviation (shown by orange bar) were calculated for each female. The laboratory average hatching success was created
using results from 1.0, 3.0, and 5.0◦C treatments. These temperature treatments were chosen as they were the closest match to the three temperature treatments
averaged here in the field experiments (0.5, 3.0, and 5.0◦C).

FIGURE 3 | Variation in hatching success with temperature in field and laboratory experiments. Field experiments are divided into South Georgia and the South
Sandwich Islands. Mean hatching success values presented here highlight the variation between the two experiments. Each data point has been slightly offset to
ensure the bar showing standard deviation is visible.
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mean hatching success in our field experiments occurred
at 3.0◦C from embryos collected from the South Sandwich
Islands (mean = 23.± SD 21%).

The minimum mean hatching success between 1.0 and
5.0◦C from the laboratory experiments was recorded at 5.0◦C
(mean = 31 ± SD 30%). The highest recorded mean hatching
success occurred at 1.0◦C (mean = 77± SD 28%) (Table 3).

Embryos from both the field and laboratory experiments
showed very similar trends in embryonic development, peaks
and development times at both 3.0◦C and 5.0◦C, even though
the hatching successes were different (Figure 4). Day six of both
experiments showed that the percentage of larvae hatched at
temperatures up to and including 3.0◦C were more than double
than at 5.0◦C. Although hatching success was minimal, hatching
did occur at the 7.0◦C treatment in the laboratory experiments.

Effect of Temperature on Nauplii
Malformation and Egg Death
Differentiation of embryos stages and nauplii into healthy
or malformed was only done for the field experiments. We

FIGURE 4 | Effect of temperature on rate of embryonic development. The
mean percentage of nauplii hatched for each of the temperature replicates for
each day of the incubation experiments. Each data point has been slightly
offset to ensure the bar showing standard deviation is visible.

found a significant difference in the number of healthy nauplii
hatching at different temperature treatments (Kruskal–Wallis,
chi-squared = 6.97, df = 2, p = 0.03). Nauplii that hatched
at 5.0◦C were twice as likely to be malformed than at the
two lower temperature treatments (Figure 5). A negative
correlation was identified between the total hatch percent
and the percentage of hatched malformed nauplii (R2 = 0.11,
p = 0.0589, n = 33).

Field experiments showed an average of 53% of embryos
developing on day one and 34% by day six (Figure 6).
Across the 6 days of the experiment, the average number of
embryos developing differed at each treatment: 40% (0.5◦C), 41%
(3.0◦C), and 34% (5.0◦C). The percentage of embryos reaching
the multiple cell stage on day one decreased with increasing
temperature, from 56 to 49%. The average percentage of embryos
failing to develop from the multiple cell stage to limb bud ranged
from 30 to 32% across treatments. The average percentage of
entrapped nauplii was 2% at 0.5 and 3.0◦C but increased to
5% at 5.0◦C.

DISCUSSION

Total hatching success in our field experiments was low
and variable and the percentage of nauplii hatching with
malformations increased significantly above 3.0◦C. Total
hatching success in our laboratory experiments was higher,
but also highly variable. In regard to our hypothesis, we
found that both field and laboratory experiments showed
the inhibitory effect of temperature above 3.0◦C regardless
of the reported mean hatching success. From our field
experiments, we also found a doubling of the percentage of
malformed nauplii between 3.0 and 5.0◦C. Below, we describe
the influence of temperature on embryonic success in both
the field and the laboratory experiments, the implications
of our findings for understanding krill recruitment at a
regional scale, and how krill reproduction may be affected in a
warming climate.

Effect of Temperature on Hatching
Success
Krill embryos did not hatch well above 3.0◦C, either in the
laboratory or the field. However, contrary to previous suggestions
(George and Stromberg, 1985), we did not find complete
inhibition of embryonic development above 4.0◦C in either of
our experiments. Embryos hatched at 5.0◦C in both our field
and laboratory experiments and in very low numbers at 7.0◦C in
the laboratory experiments, a finding that shows krill embryos
are more resilient to temperature than suggested by George
and Stromberg (1985). Field experiments also showed other
responses to high temperatures, namely a lower percentage of
embryos reaching the multiple cell stage, an increase in the
percentage of embryos becoming entrapped during hatching, and
a significant increase in the percentage of nauplii hatching with
visible malformations.

These results suggest that temperatures above 3.0◦C have a
strong effect on hatching success and the prevalence of nauplii
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FIGURE 5 | Percentages of malformed nauplii. All hatched nauplii in our field experiments were categorized as either healthy or malformed. This figure presents the
percentage of malformed nauplii for each of the three temperature treatments. On the x-axis the number in brackets is the mean total hatch percent at the
corresponding temperature. The error bars show standard deviation and the horizontal bar shows the mean percentage values.

malformations in krill. Antarctic marine species are known
for their stenothermy (Peck et al., 2004) reflecting their long
evolutionary isolation (Hempel, 1985). Their physiology such
as enzyme reactions, diffusion, and membrane transport are
adapted for polar temperatures, and warmer temperatures inhibit
these processes. This variation of biological function in response
to changing temperatures could be the reason for the variation in
embryonic development speeds described in Ross et al. (1988),
Yoshida et al. (2004), and similarly reported from our own
experiments. Adult krill growth rates are also highly sensitive
to small temperature changes; growth rates peak at ∼0.5◦C and
decrease rapidly towards zero above 3.0◦C (Atkinson et al., 2006).
We suggest that future work should investigate exactly why the
physiology of krill is so negatively affected by seemingly small
changes in temperature.

Low hatching success recorded from prior incubation
experiments have been attributed to handling effects, as shown
in Euphausia pacifica (Ross, 1981). We handled the embryos
carefully, just once, and in a consistent manner across all
experiments. Such methods have been shown to yield high
embryo hatching success in several experiments (Harrington
and Ikeda, 1986; Yoshida et al., 2004, 2011) as well as in
our own laboratory experiments. We found consistent trends
in either low or high hatching success of fertilized embryos
across multiple krill sampled from different schools which, given
our consistent methods, would be hard to explain in terms
of handling-based artifacts. Furthermore, studies on copepods
have shown that, when embryo success is low, more of the
hatching nauplii are malformed (Mayor et al., 2012; Maud
et al., 2015) which aligns with our results. Taken together,

the evidence suggests that our results are not an artifact of
experimental procedures.

Causes of High Variability in Hatching
Success
Evidence from our results and from other published studies
(Table 2) show that krill embryos exhibit a high variability in
the hatching success of their embryos and, on occasion, have
extremely high or low success. This phenomenon also holds true
for other euphausiid species (Gómez-Gutiérrez, 2006). Hatching
success of Euphausia pacifica have been reported to range from
50 to 94% (Feinberg et al., 2006) <5 to >95% (Ross, 1981)
and <10 to <40% (Gómez-Gutiérrez, 2002). In accordance
with results from prior studies, we also found high levels of
variability in mean hatching success between females in both
our field (15%, 0–54% ± SD 17%) and laboratory (58%, 0–
98% ± SD 34%) studies. Our field results showed that neither
the weight nor the length of the female krill had a significant
effect on the hatching success or the number of malformed
nauplii. The well-defined relationship between female length and
brood size in euphausiid species suggests that brood size does
not have an effect hatching success and malformed nauplii (Ross
and Quetin, 1983; Harrington and Ikeda, 1986; Feinberg et al.,
2007). Results from our field experiments also showed a high
incidence of malformed nauplii, a factor poorly reported on
in the literature.

The reasons behind this high level of variation are unclear;
however, we suggest that one or a number of other environmental
factors drive hatching success below 3.0◦C. The extremely high
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FIGURE 6 | Rate of embryonic development. The rate of embryonic development from each of the temperature treatments in our field experiments. Each of the
recorded embryonic development stages is shown in a different color. For each day of the experiments, the mean percentage of each developmental stage is given.

energetic cost of egg production in krill (Nicol et al., 1995,
2000) makes it likely that food quality and availability has a
significant effect on quality of embryos. A modeling study by
Rumsey and Franks (1999) suggested that variability of hatching
success reported in E. pacifica could be due to female nutrition
and the oceanic environment at the time and location of embryo
release. Hatching success in krill has also been associated with

quantity and composition of fatty acids in the embryos, which
in turn is influenced by the maternal diet (Yoshida et al., 2011).
Our findings show that future studies should prioritize assessing
numbers of healthy nauplii and not just hatching success, as well
as investigating the reasons for nauplii malformation. This level
of variation is important to take into account when estimating
larval recruitment using spawning estimates.
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TABLE 3 | Effect of temperature on hatching success from both field and laboratory experiments.

Location 0.0◦C 0.5◦C 1.0◦C 3.0◦C 5.0◦C 7.0◦C

Laboratory 73 ± 35 (13–98) – 77 ± 28 (36–98) 67 ± 29 (28–96) 31 ± 300–72) 5.0 ± 6.5 (0–16)

South Georgia – 5.7 ± 2 (3–8) – 18 ± 14 (7–39) 6.5 ± 4.4 (0–10) –

South Sandwich Islands – 21 ± 22 (0–54) – 23 ± 21 (0–52) 5.8 ± 6.3 (0–16) –

At each of the temperature treatments three values are given: (1) mean percentage of hatching success, (2)± standard deviation (SD), and (3) a range of hatch percentages
in brackets. Mean values have been used (rather than medians) to allow direct comparison with other experimental results (Table 2).

Implications for Understanding Spatial
Variability in Krill Recruitment
Because krill are a key species in the food web and exploited
commercially, there is much interest in identifying areas
of successful spawning and recruitment (Orsi et al., 1995;
Hofmann and Hüsrevoglu, 2003; Murphy et al., 2004;
Perry et al., 2019; Thorpe et al., 2019). Our results highlight
the extremely variable and often low krill hatching success in the
field, suggesting that we need to refine our models to account for
maternal factors as well as temperature.

As one important example, krill are abundant at South
Georgia, where the females are the largest anywhere in the
Southern Ocean (Schmidt et al., 2014) and clearly benefit from
the high food concentrations (Pond et al., 2005). Yet, larval
abundances are typically low here (Ward et al., 2006; Tarling
et al., 2007; Perry et al., 2019). A variety of explanations have
been proposed, including high predation and mass advection
(Tarling et al., 2007). We found the mean hatching success
of embryos from South Georgia to be 10% in surface waters
(∼150 m) where temperatures can exceed 3.0◦C during summer
(Whitehouse et al., 1996). While temperatures exceeding 3.0◦C
will have increasingly negative impacts on hatching success,
embryos spawned in the top 100 m of the water column will
sink out of these sub-optimal temperature conditions within
24 h (Quetin and Ross, 1984; Hempel and Hempel, 1986;
Figure 1). It is also possible that embryos will be spawned
below the surface warm layer and avoid interacting with
warmer temperatures until they ascend as nauplii (Kawaguchi
et al., 2011). To fully understand the interaction between
embryonic development and temperature, we must understand
how high initial temperatures within 24 h of spawning may
affect subsequent hatching success. Nevertheless, the degree of
variation exhibited in our experiments strongly suggests that
temperature conditions at South Georgia are not the only reason
for embryonic failure, reduced nauplii survival, and consequent
poor recruitment to larvae.

Recruitment of juvenile krill to the adult population is highly
variable from year to year (Quetin et al., 2003; Saba et al., 2014;
Atkinson et al., 2019), and the causal factors vary regionally
and possibly temporally (Loeb and Santora, 2015) with sea ice
extent, ENSO, and the Southern Annular Mode all being invoked.
However, there does not appear to be a clear stock–recruit
relationship; moderate or high recruitment can follow years with
exceptionally low biomass of the spawning stock (Moline et al.,
2004; Siegel and Wakins, 2016). Fecundity of krill is known to
vary with their age (Cuzin-Roudy, 2000; Tarling et al., 2016), but

this study shows that, in addition to consideration of the overall
output of eggs, we need to incorporate the large and unexplained
variability of egg hatching success into our understanding of krill
population dynamics.

Krill Reproduction in a Changing Climate
Irrespective of any maternal effect, temperatures of 5.0◦C reduce
hatching success by half compared to 3.0◦C. Concurrently,
nauplii are more likely to be entrapped during hatching and are
twice as likely to be malformed. Yet, neither current nor predicted
Southern Ocean temperatures for 2100 create conditions whereby
the full descent of an embryo will exceed temperatures of 3.0◦C
(Meredith and King, 2005; Clarke et al., 2007; Barnes and Peck,
2008; Sallée et al., 2013). For the next century, it is unlikely that
larval recruitment of krill will be driven directly by temperature,
especially due to the smaller predicted changes below the surface
waters of the Southern Ocean. However, this statement comes
with a caveat, as we did not test temperature in tandem with
any other future climate change stressors. Pressure from multiple
climate change stressors, including pH and food availability
(Atkinson et al., 2004; Quetin et al., 2007; Kawaguchi et al.,
2011, 2013), may cumulatively make embryos more sensitive to
temperature as they will ultimately have to expend more energy
maintaining homeostasis.

Overall, our results show that krill embryos are negatively
impacted by incubation temperatures that exceed 3.0◦C.
Below this temperature, other environmental factors and
individual female variability dictate hatching success. Further
understanding of these controls may help to explain the
discrepancy in the spatial distributions of spawning females and
larvae (Perry et al., 2019). To model the distribution of krill
in a changing climate to the level required for effective fishing
management to operate (Hill et al., 2006), we need to take account
of the factors that dictate embryo hatching success.
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FIGURE S1 | A schematic showing our field experiment setup. For each batch of
eggs (>1000) produced by a gravid female the following experimental setup was
used. We placed ∼60 eggs into each of nine treatment bottles. Three bottles were
placed in each of the three temperature treatments. Each day ∼30 eggs were
removed from each of the bottles and fixed in 4% formalin.

FIGURE S2 | Recorded stages of embryonic development from field experiments.
Photographic documentation for the different embryonic development stages
recorded when analyzing the eggs from the field experiment in the laboratory.
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