Energy Accumulation and Starvation Tolerance of
the Embayment Copepod Acartia steueri Smirnov (Calanoida: Acartiidae)
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INTRODUCTION

Environmental factors in embayment areas change
abruptly due to irregular inflows of freshwater, tidal
movements, complex submarine topography, and
seasonal  changes.  Resultantly,  chlorophyll a
concentrations fluctuate widely, from 10 to 50 pg L-1 in
the inner part of San Francisco Bay, 3.0 to 47 ug L-1 in
Chesapeake Bay, and from 5.0 to 73 pg L-1 in

Narragansett Bay (Durbin & Durbin 1981, Cole et al. 1986,

Ray et al. 1989). Fluctuations in chlorophyll a
concentrations in the spring or autumn blooms are the
largest annual fluctuations. In Otsuchi Bay, Japan, diatom
blooms occur several times during the spring, and are
induced by local wind stress (Furuya et al. 1993). Blooms
with chlorophyll a concentrations of 10 to 15 pg L-1 last
from several days to 10 days, followed by a non-bloom
period of 1 to 2 pg L-1 that lasts several days to 3 weeks
and is accompanied by an increase in other organisms,
such as flagellates and ciliates (Tsuda et al. 1994).
Intensive grazing by copepods has also been observed just

after blooms. The feeding environment of copepods in
embayment areas has been thought to be diluted and
highly heterogeneous both temporally and spatially (e.g.,
Agboola et al. 2013). Copepods exposed to fluctuations in
chlorophyll a concentrations suffer from a food-limited
environment for a period of days to weeks (Niehoff &
Hirche 2000). Thus, the abrupt decreases in food
concentrations or starvation is one of the most probable
obstacles to the survival or reproduction of herbivorous
copepods. Copepods might have a mechanism of
physiological tolerance to starvation periods to maintain
their population embayments.

Energy flows obtained by feeding in adult female
copepods have been reported by Ikeda & Motoda (1978).
After feeding, adult females eliminate 30% of consumed
food as fecal pellets and assimilate 70% into their body,
of which 30% and 40% are distributed to metabolism and
egg production, respectively. It has been thought that the
rate of energy distribution in adult female copepods
changes depending on the food conditions. Under high



food availability, such as during a spring bloom, it is
assumed that adult females accumulate excess energy
above levels used in metabolism and egg production. On
the other hand, when there is little or no food, such as
during abrupt declines post-bloom, the rates of energy
distribution for assimilation, metabolism, and egg
production are thought to change. Therefore, two
hypotheses were developed as potential survival strategies
against starvation: (1) embayment copepods can
accumulate energy into their body under high food
conditions, and (2) they can change their energy
distributions to metabolism and reproduction under
starvation scenarios.

Genus Acartia, which is well studied because of its
promise in live feeds in marine larviculture, is adapted to
sudden unfavorable environmental conditions in the
embayment area (Hansen et al. 2016). An embayment
copepod Acartia steueri Smirnov 1936 has a wide
geographical distribution in the western Pacific from
South Kuril Bay in the Sea of Okhotsk to Kabira Bay in
the East China Sea (Kos 1958, Nishida 1985). This species
is one of the most dominant embayment copepods,
playing a key role as an essential food source for larvae of
commercially important fishes.

In this study, we firstly investigated the chemical
composition of A. steueri to elucidate the characteristics
of energy accumulation (Study 1). Secondly, we
investigated the rates of survival, respiration, and egg
production of A. steueri under starvation scenarios to
reveal physiological responses induced by food stress
(Study 2). Finally, we discussed the metabolic specificity
of A. steueri in embayment areas.

MATERIALS AND METHODS

Study 1. Characteristics of energy accumulation of
Acartia steueri

Chemical composition of A. steueri

To investigate the function of energy accumulation, we
measured prosome lengths and dry weights of Acartia
steueri under three different conditions: in situ, high-food
concentrations, and starvation. Sampling was conducted
at a fixed station of Manazuru Port (St. A; 35°09'49"N,
139°10'33"E, maximum depth: about 6 m) located on the
northwestern coast of Sagami Bay, Japan from May to
July 2017, and April, July, and November 2018. Plankton
samples were collected by gently towing a plankton net
obliquely from 5 m depth to the surface. Live adult female
A. steueri were randomly sorted from the plankton
samples under a dissecting microscope. Adult females
were firstly incubated at high-food (2.0 pgC mL*;
Berggreen et al. 1988) concentrations for 5 days.
Subsequently, they were exposed to two food conditions
for 10 days each: high-food concentrations and starvation
(<0.22 pm filtered sea water). The diatom Thalassiosira
weissflogii (64.4 pgC cell’) was used for dietary algae. At
the end of the experiments, the dry weight, carbon weight,
nitrogen weight, elemental composition, and the amounts
of free amino acids, proteins, lipids, and carbohydrates
were measured. The weight of A. steueri dried at 60°C for
24 h as conventional drying protocol was out of a length-
weight relationship of marine planktonic copepods (Fig.
1). To clarify the diremption of the dry weight of A. steueri,

weights dried at 80°C, 100°C and 120°C for 12 h and 24
h, respectively were measured after dried at 60°C for 24 h.
Stable nitrogen isotopic composition of 4. steueri

Fifty adult females collected on October 2014 were
sorted and incubated under high-food concentrations for
10 days in 500 mL beakers with <0.22 um filtered sea
water. Fatty acids, amino acids, and stable nitrogen
isotopic composition were measured to construct the
energy flow of amino acids and fatty acids in 4. steueri
under high-food conditions.

Study 2. Physiological responses of A. steueri fto
starvation
Respiration rate during starvation

Sampling was conducted at Manazuru Port following
the protocols of Study 1 in June, July 2016, and July 2017.
Adult females were first exposed to high-food (2.0 ngC
mL!; Berggreen et al. 1988) concentration for 5 days and
then transferred to two food conditions for 10 days: high-
food concentration and starvation (<0.22 pum filtered sea
water). Two to three individuals were placed into a gas-
tight experimental bottle (3 mL) filled with filtered sea
water. Four gas-tight glass bottles were situated in a water
bath placed in an incubator to maintain constant
temperature. Respiration rates under each condition were
measured by a fiber-optic oxygen meter at 20°C for 12-18
h under dark conditions.
Survival rate, egg production rate, and fecal pellet
production rate during starvation

Sampling was conducted at Manazuru Port following
the protocols of Study 1 in April 2014. Incubation
experiments were conducted to examine the production
rates of eggs and fecal pellets. Four experimental
conditions were designed with two different high-food
concentration periods followed by two low-food
concentration periods. Adult females were first exposed to
high-food conditions (2.0 pgC mL'; Berggreen et al.
1988) for 2 or 5 days and then transferred to two different
low food concentrations: an extremely low food
concentration (0.09 pgC mL") and filtered seawater
without food. The low-food condition was set as the
concentration required for survival (Berggreen et al. 1988).
Ten adult females were reared for each condition. The
adult females were kept individually in an incubation
chamber with a 180 um sieve 1 cm above the bottom,
which was immersed in a 200 mL beaker containing ca
150 mL near-ambient temperature and natural light cycles.
The number of surviving females, eggs, and fecal pellets
were counted every 24 hours.

RESULTS AND DISCUSSION

Study 1. Characteristics of energy accumulation of A.
steueri

Measurements of dry weights compared to prosome
length of Acartia steueri raised under high-food
conditions for 15 days were much higher than those of
other Acartia copepods. Average dry weight values of 4.
steueri were more than three times higher than those of the
other Acartia copepods. Although length-weight
relationships of embayment, neritic and oceanic marine
planktonic copepods are represented by a regression line
(Fig. 1), A. steueri study was beyond this relationship
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Fig. 1 Log-transformed dry weight and log—transformed
prosome length relationship for neritic and oceanic copepods
(modified from Hirahara & Toda 2018). Open and closed
circles represent neritic and oceanic copepods, respectively.
Diamond symbol represents in situ Acartia steueri in May to
July 2017. Triangle symbol represents 4. steueri in May to July
2017 raised under starvation. Square symbol represents A.
steueri in May to July 2017 raised under high food condition.

because of their heavy dry weight. The weights dried at all
higher temperatures (80°C, 100°C and 120°C for 12 h and
24 h) decreased notably compared with those using
conventional drying conditions at 60°C for 24 h. It is
possible that water content such as bound water covering
the surface of protein molecules was contained in the body
of A. steueri dried at 60°C for 24 h. Dry weights even
under the higher-temperature conditions were much
higher than those of other neritic copepods. Oil droplets
such as the oil sac well-known to overwintering oceanic
copepods were observed in the body cavity of A. steueri
exposed to high food concentrations for 10 days, whereas
no oil droplet was found when raised under starvation
conditions for 10 days.

Lipid and protein content of A. steueri under high-food
conditions was significantly higher than under starvation
(Fig. 2. Student’s #-test, p<0.05). The ratio of free amino
acids to total amino acids (the total value of protein and
free amino acids) in A. steueri under either condition was
36-48% and was higher than that in other zooplankton
species. Phytoplankton have been reported to have high
contents of free amino acids (e.g., Fyhn et al. 1993).
Redundant free amino acids are often used as an energy
source and in the biosynthesis of lipids (Muto et al. 2002).
Ikeda (1974) and Mayzaud (1976) reported that Acartia
copepods utilized free amino acids, which consist mainly
of nitrogen, as an energy source under the latter period of
starvation. Therefore, free amino acids were considered to
be a major component for metabolism for 4. steueri.

Energy flow of an amino acid was obtained from the
results of amino acids and stable nitrogen isotopic
compositions. Excretion and assimilation consumed 11%
and 89% of all amino acids, respectively. Of the 89%
assimilated, 68%, 4%, and 17% was used for metabolism,
egg production and body accumulation as amino acids
pool, respectively. On the other hand, it was clarified by
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Fig. 2 Biochemical compositions (lipid, protein, free amino
acids, and carbohydrate) of Acartia steueri under in situ, high
food condition and starvation.

the fatty acid compositions of fecal pellets and eggs that
171% and 178% of fatty acids in food were used for
excretion and egg production, respectively. The total
amount of fatty acids used in egg and fecal pellet
production exceeded fatty acid uptake by adult females. It
is known that surplus amino acids are converted to fatty
acids under saturated food conditions (Kimura & Negoro
2002). The present study suggests that A. steueri
continually converts free amino acids to fatty acids for
metabolism and egg production under adequate food
conditions.

As for the results of elemental composition,
phosphorus (P), sulfur (S), zinc (Zn) and bromine (Br) in
A. steueri raised under high-food concentration were
about twice as high as those found in situ in A. steueri. It
is suggested that A. steueri accumulates composite high-
density substances such as lipoproteins consisting of free
amino acids, proteins and phospholipids, which explains
the high dry weights reported.

Energy reserves play an important role in the life
history of many copepods, providing energy for
reproduction, metabolism under food scarcity, and
ontogeny (Lee et al. 2006). Oceanic copepods accumulate
large lipid stores to survive long starvation periods (Tsuda
et al. 2001, Lee et al. 2006), whereas neritic copepods
store little or no lipids and withstand only short periods of
starvation (e.g., Mayzaud 1976, Lee et al. 2006). In this
study, it was confirmed that A4. steueri is able to
accumulate energy into its body rapidly for a short period
as shown by accumulated amino acids and the
biosynthesis of fatty acids. 4. steueri may utilize amino
acids to maintain their metabolism during late-stage
starvation after initially utilizing fatty acids at the
beginning of starvation.

Study 2. Physiological responses of A. steueri to
starvation

The respiration rate of A. steueri which were raised at
high-food concentrations was 2.32 +0.59 nmol O h™! ind.-
!. On the other hand, rates of 4. steueri raised at starvation
were 1.48 +0.31 nmol O, h™! ind."". The respiration rate of



A. steueri raised at high-food concentrations was about

two times higher than that of 4. steueri raised at starvation.

These results suggest that 4. steueri regulates metabolism
when the food concentration is low, explaining how A.
steueri can accumulate energy rapidly.

In the incubation experiment, 4. steueri survived for
18 and 15 days under starvation, respectively. Individuals
were able to maintain metabolic rates even under an
environment in which the food concentration largely
varies for a certain period without being negatively
affected by the shortage of food. 4. steueri continued to
produce eggs for 14 days under starvation scenarios. The
period of exposure to high-food concentrations at the
beginning of the experiment influenced cumulative egg
production under starvation conditions. The cumulative
egg production by the females raised under high-food
period for 5 days was not different between the following
low food period and the starvation period on account of
adequate energy accumulation. On the other hand, the
cumulative egg production by females raised under the
high-food period for 2 days showed differences between
the following low food period and the starvation period on
account of the inadequate energy accumulation.

Two embayment copepods, Paracalanus parvus and
A. tonsa raised under adequate food conditions ceased egg
production on day 3 and days 1-4 after exposure to
starvation, respectively. All females of P. parvus and A.
tonsa lived for 7 and 5-10 days during starvation,
respectively (Checkley 1980, Finiguerra et al. 2013).
Because the individuals of these species survived several
days into starvation, they might have an ability to
accumulate energy under adequate food conditions and
utilize it for metabolism under starvation without
immediately exhausting the stored energy. The remaining
energy within their bodies was used only for metabolism
to survive (Finiguerra et al. 2013). On the other hand, the
oceanic copepods Neocalanus plumchrus and N.
flemingeri can live for more than 1 year under starvation
conditions. They conduct both metabolism and egg
production for approximately 2 months in the deeper sea
layers without feeding (Tsuda et al. 2001). The neritic
copepods Calanus finmarchicus and Pseudocalanus
newmani can live for more than 20 days under starvation
(e.g., Tsuda 1994). C. finmarchicus females that had been
fed, ceased egg production at the start of starvation but
resumed egg production after 3 days and continued to
produce after this point (Runge 1984). Because oceanic
and neritic copepods have more storage lipids for energy
than the embayment copepods, both can live and continue
to produce eggs for a longer period than embayment
copepods (Lee et al. 2006).

A. steueri showed a remarkable tolerance to the abrupt
decrease in food concentrations and starvation compared
to the other embayment species. The biological responses
of A. steueri under decrease in food or starvation were
different from those of other embayment copepods, such
as P. parvus and A. tonsa. A. steueri continued to produce
eggs for more than 14 days during the starvation period
and survived for more than 18 days. 4. steueri individuals
raised under high-food concentrations for 5 days produced
more eggs than those raised under high-food
concentrations for 2 days even after exposure to low food

concentrations or starvation. 4. steueri produced more
than 50 eggs under starvation conditions. With the
exception of A. steueri, other Acartia copepods had
carbon weights from egg production (40.9+7.00 ngC egg"
I: Kigrboe et al. 1985) under starvation that exceeds the
carbon weight of the female body, suggesting that the
carbon budget under starvation scenarios might not be
balanced. On the other hand, carbon weights of egg
production for 4. steueri under starvation was about 20%
of the carbon weight of the female body thanks to their
rapid energy accumulation abilities. The reason why the
rapid energy accumulation is because A. sfeueri can
accumulate free amino acids at a high rate for a short
period of high-food concentration and the free amino
acids convert to the fatty acids.

It is thought that A. steueri can accumulate energy
rapidly during short periods of sporadic, high food
availability in the environment. These energy reserves can
then be utilized for metabolism and egg production during
subsequent periods of low food availabilities until they
encounter favorable food conditions again. Thus, these
survival strategies and reproductive responses to abrupt
changes in food concentrations might support populations
of A. steueri in the embayment area.

SUMMARY

In Study 1, the presence of the extraordinarily heavy
embayment copepod Acartia steueri in Sagami Bay, Japan
was revealed. A. steueri can accumulate free amino acids,
which can be converted to fatty acids under high-food
conditions. In Study 2, respiration rates of 4. steueri under
not only the high-food but also starvation conditions were
relatively low compared to the other temperate copepods,
and A. steueri was shown to regulate its metabolism under
starvation. Individuals survived for 18 days and continued
to produce eggs for 14 days under starvation conditions.
This species also showed a remarkable starvation
tolerance to abrupt decreases in food concentrations and
starvation. Rapid energy accumulation during high food
periods thanks to low metabolic rates contributed to egg
and fecal pellet production under insufficient food
conditions. In the field, 4. steueri accumulates energy,
including free amino acids and fatty acids, into their
bodies during short-term, sporadic high food conditions;
then, they are able to endure low food conditions by using
the stored energy until they encounter favorable food
conditions again. Thus, adaptability to abrupt changes in
food concentrations or starvation might support the
population of A. steueri in the embayment area.
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