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Abstract: This study investigated the tolerance of resting eggs of Eurytemora pacifica to storage under
low temperatures, which is of particular interest in light of the recent use of nauplii as living food
in aquaculture, other than conditions experienced also in the wild during winter cold events in the
Northern Hemisphere. Sediment samples collected in August 2020 were used to store the resting
eggs at two different freezing temperatures (−5 and −20 ◦C) for five different durations (1, 3, 6, 9,
and 12 months). The mean hatching success rates of the resting eggs after one month of storage
were 85.3 ± 1.5% (−5 ◦C) and 85.0 ± 3.6% (−20 ◦C), with no significant difference between freezing
temperatures. However, significant differences emerged over time, with the mean hatching success
rate remaining at 85.0 ± 3.6% at −5 °C after three months, while it dropped sharply to 1.7 ± 2.1% at
−20 ◦C. For the non-freezing conditions, the hatching success at 10 ◦C increased gradually over the
one-month incubation period, ultimately reaching 71.0%. These findings demonstrate the remarkable
cold tolerance of E. pacifica but also indicate a limit to this tolerance at longer durations. These results
underscore the importance of considering the adoption of storage freezing for resting eggs to be used
for aquaculture and also suggest the possibility of the species better surviving the extreme weather
events in comparison with other species.

Keywords: aquaculture food; extreme weather events; Eurytemora pacifica; sediment core; resting eggs

1. Introduction

Climate change, which is caused by the release of large amounts of greenhouse gases
from human industrial activities, is expected to lead to a global average temperature
increase of 1.4 to 5.8 ◦C from 1990 to 2100 [1]. Recent studies, however, have reported the
sudden occurrence of cold waves in the Northern Hemisphere, and these extreme cold
weather events have been attributed to a decrease in Arctic Sea ice and atmospheric changes
brought about by climate change [2–4]. According to the IPCC Assessment Report (AR6),
climate change is projected to increase the frequency and intensity of extreme weather
events, such as heat waves, extreme cold minima, heavy rains, and droughts. In the face of
this rapid change, there has been a growing interest in extreme weather events [5].

Zooplankton, particularly calanoid copepods, are integral to marine ecosystems, serv-
ing as a crucial link in the transfer of energy from primary producers to higher trophic
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levels. Their role in the biological pump is pivotal for regulating atmospheric carbon
dioxide levels [6–9]. Copepoda species, with their short life cycles and sensitivity to en-
vironmental changes, are excellent indicators of marine and climatic fluctuations [10,11].
Their life histories, involving seasonal diapause to survive unfavorable conditions, are
ecologically significant [12–15]. The “egg bank” formed by resting eggs in bottom sedi-
ment plays a crucial role in the rapid recovery of copepod populations under favorable
conditions [15,16].

Climate change affects species distribution, as well as their life cycles, population
dynamics, and ecosystem functions [17–20]. This phenomenon is having severe impacts
on marine biota, such as reducing biological richness and posing an extinction threat not
seen in millions of years [21]. Moreover, although the effects of global warming on living
organisms have been widely studied [22–24], the impacts of extreme weather events, such
as extreme cold, have not been sufficiently explored. Temperature, salinity, light, and food
quality are known to influence the egg hatching success in Copepoda Calanoida [25–28],
yet the effects of low temperatures have not been sufficiently studied. In addition, eggs’
resistance to extreme conditions is basic for their use as food in aquaculture, because they
can be moved around the planet as market products and hatch nauplii when necessary (as
living food for fish juveniles) [29,30].

Eurytemora pacifica Sato, 1913 (Copepoda, Calanoida), is a species prevalent in es-
tuaries and coastal regions, including brackish and neritic areas in Korea. It is known
for its adaptability to varying environmental conditions [31–34]. In Gamak Bay, Korea,
E. pacifica dominates the zooplankton in winter, from February to April, disappearing
after late April, utilizing resting eggs as a survival strategy in seasonally changing coastal
environments [35,36]. This species is also unusually (for marine Calanoida) equipped with
egg sacs, a feature that seems to be correlated with the adaptation to internal and fresher
waters [37]. This reproductive strategy allows E. pacifica to withstand changes in unstable
coastal environments and greatly contributes to its predominance in certain marine con-
fined environments, like Gamak Bay in Korea [34]. The adaptation of such a copepod to
winter and/or extremely low temperatures, together with its abundance in coastal waters,
sees proposed it as an interesting source of living food for marine aquaculture purposes.

This study aims to examine the response of E. pacifica resting eggs to cold temperatures.
We investigate the effects of freezing for different durations (1, 3, 6, 9, and 12 months) at
two different temperatures (−5 and −20 ◦C) for a proposal of market importance, and the
effects of freezing conditions on the hatching rate of E. pacifica, to better understand its
adaptation to episodic cold waves in natural conditions.

2. Materials and Methods
2.1. Sediment Sampling

A piston core sampler (64 mm internal diameter, 50 cm length) was used to collect
five sediment samples from 5 randomly selected points in Gamak Bay, South Korea, on
5 August 2020 (Figure 1). In our study area, during the period of investigation, we recorded
a surface water temperature of 28.2 ◦C and a bottom layer temperature of 22.9 ◦C. The
salinity levels were 27.2‰ at the surface and 31.4‰ at the bottom. The average depth
of Gamak Bay is 10 m, and the sediments were identified as muddy [38]. The sediment
samples were placed in a dark-treated icebox and immediately transferred to the laboratory.
The first 3 cm of each sediment core was isolated and then stored in a 100 mL dilution tube.
The tubes were stored at −5 and −20 ◦C for 1, 3, 6, 9, and 12 months, with three replicates
(three tubes) per temperature. The tubes were covered with aluminum foil to block any
external light.
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Figure 1. Map of South Korea. The black square indicates the sampling location for the sediment
used in this study.

2.2. Isolation of Resting Eggs

The extraction of Eurytemora pacifica resting eggs from sediment samples followed
a meticulous process. Initially, each sediment sample, stored under varying freezing
conditions, was thawed and incubated at a constant temperature of 3 ◦C for 24 h to facilitate
ice melting and egg separation. After incubation, we utilized a refined sugar flotation
method adapted from Onbé [39]. This thawed sediment was passed through a 40 µm
mesh sieve, a deviation from Onbé’s original 100 µm mesh, to ensure finer separation. The
material retained on the sieve was carefully transferred into a 50 mL conical tube containing
a dense sugar solution (specific gravity: 1 g/mL). The mixture was then homogenized and
centrifuged at 3000 rpm for 5 min, resulting in a supernatant rich in copepod eggs. The
supernatant was promptly filtered through the same 40 µm mesh sieve to wash away sugar
residues and other fine particulates. The crucial step in our method involved the manual
sorting of E. pacifica eggs under a stereomicroscope (Nikon SMZ 1000; Nikon, Japan).
Eggs attributed to E. pacifica were individually identified based on distinct morphological
characteristics (Figure 2). Unlike other eggs that are typically spherical, E. pacifica eggs
are faceted with each facet surrounded by a crested chorion. These identified eggs were
selectively isolated using a precision transfer pipette.

The resting eggs of E. pacifica were observed under a stereomicroscope (Nikon SMZ
1000; Nikon, Japan) and transferred to another Petri dish containing filtered seawater using
a transfer pipette. Observations requiring a high degree of magnification were performed
using a light microscope (LM, Nikon eclipse E200, Nikon, Tokyo, Japan). The sizes of the
resting eggs of E. pacifica within the LM images were determined using the ImageJ v. 1.32
software. Through this rigorous and methodical approach, we ensured the isolation and
accurate identification of E. pacifica resting eggs.
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Figure 2. The various copepod eggs observed under a stereomicroscope. Numbers 1, 2, and 3 indicate
Eurytemora pacifica eggs. The remaining eggs are unidentified calanoid copepod eggs.

2.3. Egg Hatching Success Experiment

To monitor the egg hatching success, the resting eggs of E. pacifica, isolated by frozen
sediments and thawed at 3 ◦C, were incubated at 10 ◦C and salinity 32 in 6-well plates, with
each well containing 10 mL of filtered seawater and 20 eggs. Such conditions corresponded
to the natural winter conditions of Gamak Bay [28]. A total of 100 resting eggs (divided
into 5 different wells) were used for each test, and one test was conducted for each freeze
incubation time (1, 3, 6, 9, and 12 months). The same test number was set up for the
two freeze conditions (−5 and −20 ◦C), for a total of 1.000 eggs. The resting eggs were
monitored every 24 h for 30 days to check for hatching. The seawater in the multi-well
plate was changed once a day. Additionally, a control group (100 eggs), was set up with
eggs not previously frozen, reared at 10 ◦C and monitored daily for one month to assess the
hatching success over time. A certain number of nauplii (15 individuals) reached adulthood
and confirmed in all the cases their appurtenance to the species E. pacifica. Additionally,
24 nauplii and 32 copepodites were observed (they did not reach the adulthood). The
remaining 29 eggs did not hatch.

2.4. Statistical Analyses

The hatching success data were transformed using the arcsine transformation to im-
prove normality. Generalized linear models (GLMs) analyzed the effects of freezing storage
duration and temperature on hatching success. The deviance value (%D) indicated the
percentage of variability in the dependent variable explained by the independent variables.
For linear regression analysis, the relationship between freezing storage duration and
hatching success was examined by fitting a linear regression line to the arcsine-transformed
data. Normality was checked using the Shapiro–Wilk test, and homoscedasticity (constant
variance) was confirmed through visual inspection of residual plots. All statistical analyses
were performed using R (version 4.5) with relevant packages such as stats and ggplot2.
Data were presented as mean ± standard error (SE).
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3. Results

There was a significant difference in the hatching success of resting eggs of E. pacifica
depending on the length of the freezing storage period (Figure 3). The mean egg hatching
success (a total of 100 eggs per condition) after freezing was 85.3 ± 1.5% at −5 ◦C and
85.0 ± 3.6% at −20 ◦C after one month of storage, and there was no significant difference
between the two treatments. The mean hatching success after three months at −5 ◦C was
85.0 ± 3.6%, which was not significantly different from that observed after one month
of storage. After six months of storage, the hatching success of the eggs stored at −5 ◦C
decreased to 81.7 ± 2.1%, and further decreased to 29.3 ± 5.5% after 12 months. In contrast,
the hatching success of the eggs stored at −20 ◦C decreased abruptly to 1.7 ± 2.1% after
three months of storage. A trend of zero hatching success continued for −20 ◦C storage
conditions beyond the three-month period, characterizing also six, nine, and 12 months.
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Figure 3. Mean hatching success of resting eggs of Eurytemora pacifica stored at different temperatures
for varying durations.

The cumulative hatching success of resting eggs stored at 10 ◦C (control group) in-
creased rapidly over 7 days, reaching a final hatching success of 71.0% (Table 1; Figure 4).
Resting eggs stored at −5 °C began hatching on day 4 after one month of storage and
on day 12 after three months, ultimately achieving a hatching rate of approximately 85%.
However, after nine months, hatching was delayed, and after 12 months of storage, the
hatching rate declined to 29.3%. In contrast, resting eggs stored at −20 ◦C began hatching
on day 15 after one month of storage, reaching 85%. However, after 3 months, the hatching
rate plummeted to 1.7%, and no significant hatching occurred after six months of storage.

Table 1. Hatching success and development of resting eggs of Eurytemora pacifica at 10 ◦C (control
group). Results after 30 days of control.

Stage 10 ◦C (100 Eggs)

Nauplii 24
Copepodites 32

Adults 15
Non-hatched eggs 29
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Figure 4. Cumulative hatching success of Eurytemora pacifica resting eggs at various temperatures.

Generalized linear models (GLMs) showed that the effects of the length of the freezing
storage period, and its interaction with the storage temperature, on hatching success
were highly significant (p < 0.01). Linear regression analysis on arcsine-transformed data
demonstrated a significant negative linear relationship between freezing storage duration
and hatching success at both temperatures (Figure 5). The hatching success of the resting
eggs stored at −5 ◦C decreased with increasing storage duration (p < 0.01), starting from
the 6th month. Similarly, the hatching success of the resting eggs stored at −20 ◦C also
showed a negative linear relationship with storage duration (p < 0.01), in this case starting
from the 2nd month.
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Figure 5. Arcsine-transformed hatching success rate of Eurytemora pacifica resting eggs at different
durations of frozen storage. The hatching success rates were monitored at −5 ◦C (blue circles) and
−20 ◦C (green circles) over a period of 12 months. The shaded areas represent the 95% confidence
intervals for the linear regression lines.
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4. Discussion

Several studies have investigated the ability of copepod resting eggs to tolerate freezing
temperatures. Some authors [40,41] reported that resting eggs from Eurytemora affinis,
Acartia tonsa, Acartia clausi (later reclassified as Acartia teclae), and Centropages hamatus,
could not withstand freezing at −15 ◦C. However, other experiments have demonstrated
that the resting eggs of the freshwater copepod Diaptomus stagnalis can withstand freezing
temperatures as low as −25 ◦C and can also survive at low temperatures (3–5 ◦C) for
longer periods [40,42,43]. These findings suggest that the ability of copepod resting eggs
to tolerate freezing temperatures may vary depending on the species and the specific
environmental conditions.

In this study, we investigated the impact of freezing for variable durations (1, 3, 6, 9,
and 12 months) at different temperatures (−5 and −20 ◦C) on the egg hatching success of
the copepod E. pacifica, one of the most abundant copepod species in Gamak Bay (South
Korea). Our findings demonstrated that one month of exposure to freezing conditions (−5
and −20 ◦C) does not compromise the hatching success of E. pacifica resting eggs, which was
very close to the hatching obtained from eggs maintained under environmental conditions
(the control group). More prolonged exposures to freezing temperatures significantly
reduced hatching success, and the longest exposure durations resulted in more severe
effects. Notably, the hatching success in the control group (10 ◦C) began earlier than in the
experimental groups stored at −5 ◦C and −20 ◦C. Despite this earlier onset, the control
group did not maintain the higher hatching rates observed in the frozen groups. Although
the initial hatching rates in the control group were comparable to those in the frozen
groups, they eventually plateaued and remained lower than the final hatching rates in
the experimental groups (Figure 4). These results suggest that freezing temperature may
have played a role in reducing microbial competition and thus contributed to the higher
hatching success observed in the frozen groups. After 12 months of freezing, the hatching
success of the eggs stored at −5 ◦C was still present, although it was reduced to 29.3%.
These findings are consistent with previous studies that demonstrated the negative impacts
of low temperatures on copepod eggs [44,45]. However, the underlying physiological or
biochemical changes responsible for the reduced hatching success, particularly at −20 ◦C,
were not fully explored in this study. Employing chemical and histological techniques
could help identify these changes, providing deeper insights into the mechanisms at play.
Nonetheless, we find these results highly encouraging, as they support our objective of
proposing E. pacifica resting eggs as a viable material for the production of live food (nauplii)
for juvenile fish in aquaculture.Storage at −5 ◦C is optimal for the conservation and delivery
of resting eggs around the geographic area requiring their use, and one–three months of
time without sensible losses, ensures also the coverage of long distances. The rearing
at −20 ◦C, on the contrary, is not convenient from the yield point of view, and also in
consideration of the higher energy cost of such a treatment.

Drillet et al. [46] showed that Acartia tonsa eggs stored at 2–3 ◦C for up to 12 months
maintained a high hatching success rate, though the success rate diminished with extended
storage periods. Similarly, Choi et al. [47] demonstrated that A. sinjiensis eggs stored at
4 ± 1 ◦C for up to 180 days had a hatching success rate greater than 40% after 90 days
under various salinity conditions, with the rate decreasing over longer storage periods.
Their research highlights the practical applications of optimizing cold storage conditions for
copepod eggs in aquaculture, emphasizing the importance of adjusting storage conditions
to maintain egg quality over time and avoid potential issues from using deteriorated eggs
as live feed [46,47]. Cold preservation of resting eggs does not damage their potential
hatching success and possibly helps their defense against microbes, making it a valuable
technique for the aquaculture market [43]. Therefore, our findings suggest that E. pacifica
resting eggs may be considered among the best options in the field of the management of
viable food for aquaculture, because the already-used rotifer resting eggs (Brachionus sp.)
and Anostraca cysts (Artemia sp.) ensure the availability of hatchling prey that are either
very small or very large, respectively, for fish fry.
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One limitation of our study is that E. pacifica is a species with egg sacs, which introduces
challenges in studying resting eggs independently. Typically, the mother carries the eggs in
sacs until they are ready to hatch or be released. This trait may influence their response to
environmental conditions differently compared to species without egg sacs. Additionally,
E. pacifica is known to occur in Gamak Bay during the winter and spring seasons, indicating
a certain degree of adaptability to colder temperatures. Brylinski et al. [32] noted that E.
pacifica females exhibit cyclomorphosis, producing both winged and wingless forms that
also differ in their ability to lay subitaneous and diapause eggs. This reproductive strategy
could affect their adaptability to varying environmental conditions. Furthermore, dormant
stages of many aquatic invertebrates, including copepods, have been shown to survive
extreme environmental conditions such as freezing and desiccation due to protective egg
envelopes and biochemical adaptations [48]. For example, the dormant stages of Artemia
can withstand temperatures as low as −196 ◦C [49]. Redden and Daborn [50] found that
some copepod species, such as Eurytemora herdmani, require passage through a predator’s
gut to enhance hatching success, suggesting that reproductive strategies involve behaviors
able to offer egg-carrying females to predators (fish) to significantly impact egg viability.
This highlights the necessity of addressing the unique reproductive traits of egg-carrying
species in future studies.

In our study area of Gamak Bay, we found a significant abundance of eggs in the
sediment, indicating their origin from diverse calanoid copepods residing in the region.
Choi et al. [51] also suggested that Calanoida might contribute to the egg abundance in the
sediments, although they did not identify the eggs at the species level. Recent studies by
Moon et al. [34] and Moon and Oh [52] have identified the predominant Copepoda species
in the area, which include Paracalanus parvus, E. pacifica, Oithona similis, Acartia omorii, A.
erythraea, A. ohtsukai, A. sinjiensis, Centropages abdominalis, Pseudodiaptomus marinus, and
Calanus sinicus in Gamak Bay. Importantly, some of these species are known to produce
resting eggs [35,52–54]. While it is fairly straight forward to differentiate between E. pacifica
and Acartia species, the task of distinguishing between the eggs of the Acartia species present
in Gamak Bay, based purely on microscopic observations, proved to be quite challenging.
This difficulty is compounded by the fact that the external morphology of Calanoida eggs
can be influenced by environmental conditions [55], and each species can display more
than one type of egg surface [56,57]. In addition, Paracalanus parvus s. l. is recognized as
a consistently prevalent species throughout the year in Gamak Bay [52], and it might not
produce resting eggs, also because they are too fragile to withstand the abrasion caused by
sediment [58,59]. Furthermore, O. similis (Cyclopoida) is known to rest as juveniles, not
as eggs. Among the Gamak Bay species, P. marinus shares egg-carrying behavior with E.
pacifica, suggesting that both species might employ similar strategies for the survival of
their eggs. Considering these factors, while our study primarily focused on the resting eggs
of E. pacifica, it is important to acknowledge a limitation related to species identification
based solely on egg morphology. Although E. pacifica was identified through distinctive
morphological features, and all hatched individuals were confirmed as E. pacifica, it remains
possible that eggs from other species may not have hatched under our conditions. This
limitation highlights the need for more reliable methods, such as genetic analysis, to ensure
accurate species identification in future studies. Furthermore, our findings suggest that
future research should include multiple species to better understand the effects of freezing
on embryo development. Although E. pacifica does not thrive in glacial areas, examining
a broader range of species, including those with different reproductive strategies and
ecological niches, could provide more comprehensive insights into the effects of freezing
on copepod resting eggs and their possible use as a source of viable food in aquaculture.

Notably, some spiny patterns in copepod eggs have been reported to exhibit consider-
able variability within species, and even within individual clutches [60,61]. To confirm the
species of the eggs, we cultured them and observed them developing into E. pacifica adults
after approximately 30 days from the hatch. This method allowed us to accurately identify
the species and ensured the reliability of our observations. Although no zooplankton
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species with eggs morphologically similar to those of E. pacifica have been identified in
the local zooplankton community [34,35], there is a need for further research on other
species and their responses to extreme temperatures. The recognizability of resting eggs
in the sediments has a certain importance in the frame of viable food management for
aquacultural purposes, because the sediment could be a more abundant source of eggs than
single females with egg sacs. The next step could be the quantification of the cost–benefits
of a procedure of isolating from sediments, as opposed to the rearing of copepods to obtain
eggs directly from water tanks where they thrive.

5. Conclusions

This study provides information on the impacts of low temperatures on the hatching
success of E. pacifica and highlights the possible use of frozen resting eggs as a source of
nauplii in aquaculture. Prolonged exposure (more than six months at −5 ◦C, and more
than three months at −20 ◦C) to low temperatures negatively impacts hatching success,
and longer exposure durations or colder temperatures have more severe effects. The high
hatching rate (>80%) after one–three months of freezing, and the persistence of hatching
also after a long time at −5 ◦C, allow us to consider E. pacifica as one of the best candidates
to supply fresh and viable prey to juvenile aquaculture fish. This study also allowed us
to discover that the period of freezing of eggs even ameliorates the hatching success after
one month, probably due to the biocide effect of the freeze on the microbiota, diversely
trying to obtain energy from eggs. This study also raises important questions about the
adaptive capacity of copepods and the effectiveness of bet-hedging strategies under rapidly
changing climate conditions. Therefore, further research is needed to better understand
the mechanisms and limits of bet-hedging strategies in copepod populations, as well as to
develop effective conservation and management strategies for marine ecosystems in the
face of climate change.
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