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a b s t r a c t
Using copepod nauplii as live feed in aquaculture hatcheries could solve high mortality rates of ﬁrstfeeding ﬁsh larvae due to malnutrition. However, implementing the use of copepod nauplii on an intensive
production scale requires a stable production at preferably high densities, which is problematic for
calanoid copepod species like Acartia tonsa. In the present study, we evaluated the response of copepods
experiencing stress under high-density conditions by assessing the acute stress level of A. tonsa. Control
density was at 100 ind. L−1 while the treatments were increased stepwise up to 10,000 ind. L−1 . Three
biological/physiological end-points were studied: swimming behavior, respiration rate and expression
level of stress-related genes.
None of the elevated densities caused any signiﬁcant change in swimming behavior, respiration rate
or gene expression level. This study suggests that adults of A. tonsa do not exhibit any measurable acute
stress response when exposed to high culture densities for 12 h.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
One major challenge in ﬁsh production is the high mortality
rates of ﬁrst-feeding ﬁsh larvae caused by malnutrition (reviewed
in Hamre et al., 2013). Feeding copepod nauplii to ﬁsh larvae have
shown to decrease the effect of malnutrition by improving survival,
ﬁtness, growth and skin pigmentation compared to traditional live
feed like brine shrimps and rotifers (e.g. Øie et al., 2015). These
beneﬁts have resulted in a growing interest in implementing copepods as live feed on an intensive scale (Abate et al., 2015; Payne and
Rippingale, 2001). In order to support the production of ﬁsh larvae,
a stable copepod production at preferable high densities is required.
For instance, a prototype of an intensive recirculation aquaculture system for production of Acartia tonsa is currently present at
Roskilde University (Denmark) (described in Abate et al., 2015).
Similar cultivation systems are available for other calanoid copepod species (e.g. Carotenuto et al., 2012). High copepod densities
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are, however, considered a challenge when implementing copepods as a live feed on an intensive scale (Ajiboye et al., 2011; Drillet
et al., 2011).
High copepod densities can result in different types of stressors
including limited food resources, oxygen depletion, accumulation
of metabolic products and the physical interaction with other individuals (Jepsen et al., 2015; Ozaki et al., 2010; Støttrup and Norsker,
1997). The negative effect of the individual and multiple stressors
in high-density conditions can explain why copepods are difﬁcult
to raise in dense cultures (e.g. Støttrup and McEvoy 2003; Jepsen
et al., 2007). How these stressors are inter-related and how they
affect each other is not well understood. Nevertheless, an optimal
density at which a copepod population has its optimal “output”
has been demonstrated as proposed and modeled by Drillet and
Lombard (2013) and Drillet et al. (2014a,b).
Culture densities ranging from 50 to 600 mature A. tonsa L−1
have been reported without having any general negative effects
on the copepods (Jepsen et al., 2007; Ogle, 1979; Peck and Holste,
2006; Støttrup et al., 1986). For adult densities ranging from
100–250 ind. L−1 , A. tonsa have been reported to have an optimal
egg production of 25–39 eggs female−1 day−1 (e.g. Franco et al.,
2017). High-density studies of adult A. tonsa up to 6000 ind. L−1
have been reported with negative responses on adult survival,
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fecundity and developmental time as well as cannibalism of eggs
and nauplii (e.g. Drillet et al., 2014a,b; Franco et al., 2017). Despite
of copepods potential economic value in aquaculture industries,
knowledge about their biology and physiology in relation to high
densities is, however, limited (Abate et al., 2015; Drillet et al., 2011).
So far, the mechanisms underlying the difﬁculties of rearing high-density copepod cultures are still unknown. In the
present study, we are challenging the perception of adult copepods being stressed at high-density conditions up to 10,000 ind. L−1
by examining three physiological end-points: swimming behavior, respiration rate and gene expression analysis of stress-related
genes (ferritin, hsp70, hsp90).
We want to examine the following:
• If high-density conditions up to 10,000 ind. L−1 are stressful for
individuals of A. tonsa, will we ﬁnd a change in swimming behavior compared to lower densities (100 ind. L−1 )?
• Will there be changes in respiration rates over densities indicating a stress response?
• Will three chosen transcriptional stress biomarkers (ferritin,
hsp70, hsp90) exhibit changes in gene expression between high –
and low-density conditions?
2. Materials and methods
2.1. Copepod cultures
The culture strain of A. tonsa originated from Øresund (N
56◦ /E 12◦ ; Denmark) where the animals were collected by the
National Institute of Aquatic Resources, Danish Technical University (Denmark) in 1981 (identity code: DFH.AT1) (Støttrup et al.,
1986). The strain has been cultivated for 36 years under constant salinity, temperature and light conditions (0.2 m ﬁltered
seawater, salinity 30–32 psu, 17 ◦ C, oxygen >60%, dim light). The
copepods have been kept at the same conditions for 25 years
in 60 L polyethene tanks at Roskilde University (Denmark) and
fed the mono-algae, Rhodomonas salina, in excess (>800 g C L−1 ;
Berggreen et al., 1988). R. salina was cultivated in 2 L roundbottom ﬂasks diluted daily with Guillard’s (F/2) medium (Guillard
and Ryther, 1962). Algae-cultivation took place under a stable
temperature (17 ◦ C) with constant CO2 supply and light (PAR
∼80 E m−2 s−1 ).
For the three experiments conducted, a mixture of CIVCV copepodites and mature individuals of A. tonsa, measured
under a dissection microscope (Olympus SZ 40, Olympus opticals (Europa) GmBH, Hamburg, Germany) at 40× magniﬁcation
(prosome length: 780 ± 70 m/675 ± 85 m, n = 250, female:male
ratio: ∼1:1, referred to as adults) from 24 to 26 days old stocks
(grown from cold-stored eggs), were being used. The stock densities ranged from ∼ 500–1000 ind. L−1 . The density of 100 adults
L−1 was used to represent very low-density conditions, while 5000
and 10,000 ind L−1 represented high culture densities. In addition to
these densities, we included densities of 1250 ind L−1 for the swimming behavior and 500, 1250 and 2500 adults L−1 in the respiration
experiment to ensure that, despite technical limitations, we could
monitor response for lower densities. Incubation periods of 1 h, 8 h
and 12 h were applied for all three experiments.
2.2. Swimming behavior
Besides densities of 100, 5000 and 10,000 ind. L−1 an additional
density of 1250 ind. L−1 were used as a low-density treatment. In
preliminary studies (not shown here), we found that 100 ind. L−1
in some cases is difﬁcult to record since there are not enough animals for capture. To avoid this, we chose 1250 ind. L−1 as the lowest

possible density at which we could get sufﬁcient recordings of the
animals for analysis. After being transferred gently with a 400 m
mesh to triplicate 250 mL tissue-culture ﬂasks, the copepods were
left to rest in complete darkness for 15 min in order to calm the
convective water movement. Each replicate was recorded at 25 fps
by a monochrome USB3 digital camera (model DMK23UM021; The
Imaging Source Europe GmbH, Bremen, Germany) after 1 h, 8 h and
12 h. The camera was mounted with a 105 mm Nikkon lens in a
setup described in Hansen et al. (2010b). In brief, light was provided
by an infrared diode collimated by a Fresnel lens directing the light
beams directly into the camera, which gave very high contrast and
allowed optimal apparatus setting of the lens. With this setup, the
entire depth of the tissue ﬂask was visible. The videos were stored
directly on a PC as Quicktime movies, which subsequently were
analyzed using the motion analysis software Labtrack 4TM (BioRAS,
Kvistgaard, Denmark).
The motion analysis extracted the calibrated vertical and horizontal positions of the copepods from the Quicktime movie while
keeping track of the time of multiple copepods simultaneously.
The motion analyses were conducted at time steps corresponding
roughly to the time step where the copepod had moved at least one
body length in the Quicktime movie.
The digitalized motility patterns were subsequently analyzed
for the characteristic motility descriptors following Visser and
Kiørboe (2006). An idealized swim path is shown on Fig. 1A. Visser
and Kiørboe (2006) suggested that the net displacement l traveled
by a copepod can be described by the diffusive random walk model
of Taylor (1921).







22  t −  1 − e−t/
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(1)

Eq. (1) estimates the characteristic parameters of random walk
behavior. The random walk model describes a particle (here a
copepod) as moving in an initially ballistic path at the velocity v
over time t. As the copepod shift directions over time, the motility
becomes more convoluted and diffusive (Fig. 1A).  is equal to the
time point where the motility changes from ballistic to diffusive
and displays similar characteristics as the tumble frequency.
The net displacement l (cm) for each time step was determined
as the root mean squared (RMS) for each time step for all individuals
recorded for each video recording. In an observational system with
two dimensions (horizontal and vertical planes), diffusion rate (D)
is given by Eq. (2) (Berg, 1983):
D=

2 

(2)

2

Thus Eq. (2) can be substituted into Eq. (1):



l=





4D t −  1 − e−t/



(3)

We then ﬁtted the net displacement by time to Eq. (3) for each
treatment (See example in Fig. 1B) by non-linear regression (SAS
9.4 TM NLIN library), to estimate D (diffusion rate) and  (tumbling frequency, s−1 ) of the densities of 100, 1250, 5000 and 10,000
copepods L−1 .
2.3. Respiration
Individuals of A. tonsa were initially incubated at densities
100, 5000 and 10,000 ind. L−1 , but since the average O2 decline at
the lowest density of 100 ind. L−1 was not statistically signiﬁcant
(t = −2.47, df = 5, p > 0.05), we repeated the setup with additional
densities of 500, 1250, and 2500 ind. L−1 to ensure that signiﬁcant O2 declines could also be measured at low-density conditions.
The copepods were kept in 25 mL gas-tight glass bottles containing seawater (0.2 m ﬁltered, 30–32 psu, air-equilibrated). Five
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Fig. 1. Panel A shows the conceptual swimming path of Acartia tonsa. The animal is initially moving ballistically in a straight path (left hand side of ﬁgure). As time passes
(marked by arrow shaped x-axis), the behavior changes from ballistic to diffusive. The dotted vertical line denote the time (1/), where the A. tonsa jumps, and the swimming
) is
path becomes convoluted, and the motility changes to diffusive (right hand side of the dotted line on Fig. 1A). Panel B show an example of a treatment where l (
calculated and ﬁtted to Eq. (3) (full black curve line). The small insert shows where the statistical software (SAS 9.4) estimated the transition from ballistic to diffusive.

replicate bottles were prepared for each animal density and for
control incubations without animals. The bottles were mounted on
a plankton wheel that was submerged in a temperature-controlled
water bath (17 ± 0.5 ◦ C) and rotated at 10 rpm. Oxygen concentration was monitored every 60–120 min using O2 -sensitive planar
optodes (SensorSpot, Pyroscience, Germany) glued to the inside
of the bottles and interrogated with an optical O2 meter (FireSting, Pyroscience, Germany). Before and after the experiment, each
SensorSpot was individually calibrated in seawater (30–32 psu,
temperature 17 ◦ C) at O2 concentrations corresponding to 100
and 0% air saturation (i.e., 251.5 and 0 mol O2 L−1 ). Individualspeciﬁc respiration rates were calculated from the linear decrease
in O2 concentration during the ﬁrst 6–8.5 h of the experimental
incubation, corrected for the minute changes in O2 concentration
observed in the control bottles. Biomass-speciﬁc respiration rates
were calculated from individual-speciﬁc respiration rates by using
the relationship between prosome length L (m) and organic carbon content B (ng C) in A. tonsa determined by Berggreen et al.
(1988): B = 1.11 × 10−5 L2.92 .
2.4. Gene expression
Quadruplicate ﬂasks with densities of 100, 5000 and
10,000 ind. L−1 were prepared for each of the following periods: 1, 8 and 12 h of incubation. From each incubation ﬂask, 25
®
copepods were transferred to 1 mL RNAlater (Sigma–Aldrich,
USA). This resulted in 4 biological replicates for each treatment
and incubation period, consisting each of 25 animals. The samples
were stored at −80 ◦ C until RNA extraction.
RNA extraction was performed with the RNeasy Mini kit (Qiagen, Germany). The frozen samples were thawed on ice and
®
excess RNAlater (Sigma–Aldrich, USA) was removed. The animals
were homogenized using a disposable micro-pestle in lysis-buffer
from the RNeasy Mini kit (Qiagen, Germany). The following RNA
extraction and puriﬁcation were performed according to the manufacturer’s protocol. The RNA samples were treated with DNAse I
(Fermentas, USA) to remove genomic DNA.
RNA concentrations and purity were measured using a NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scientiﬁc Inc.,
USA). RNA integrity was checked, on a denaturing 1% agarose gel
stained with ethidium bromide. An aliquot of 100 ng of total RNA

from each sample was reverse transcribed to complementary ﬁrst®
strand DNA (cDNA) with TaqMan Reverse Transcription Reagents
kit (Applied Biosystems, USA) using oligo(dT)16 . The reverse transcription polymerase chain reactions (PCR) were performed as
described in the manufacturer’s protocol.
Real-time quantitative PCR was done in 12.5 L reactions
®
with 6.25 L Brilliant II Master Mix (Sigma-Aldrich, USA), 0.5 L
1.0 mM forward primer, 0.5 L 1.0 mM reverse primer, 2.75 L
of RNase/DNase free water and 2.25 L of the ﬁrst strand cDNA
template. Primers for ferritin, hsp70 and ˇ-actin were used as
described in Nilsson et al. (2013) and primers for hsp90 and efa1˛ as described in Petkeviciute et al. (2015). The reactions were
run on Stratagene Mx3005P (AH Diagnostics, Aarhus V, Denmark)
real-time thermal 40 cycler as follows: 95 ◦ C/15 min, 40 cycles
[95 ◦ C/30 s], 60 ◦ C/30 s. Each of the biological replicates was run as
technical triplicates during the analysis. PCR ampliﬁcation efﬁciencies were 95–97%.
Gene expression levels were normalized by using ˇ-actin as reference gene and the 2−Ct method to estimate relative mRNA
levels (Livak and Schmittgen, 2001). Two reference genes, ˇ-actin,
and EFA-1a, were initially used but only ␤-actin exhibited stable
expression during the course of the experiment and was therefore
chosen for normalization.

2.5. Statistical analysis
The estimated diffusion rates and tumbling frequencies were
compared by density by an unbalanced ANOVA using a GLM model
(SASTM software GLM library), to determine whether diffusion rate
or tumbling frequency were signiﬁcantly different between density
and time. We used density (treatment) and time as class variable in
the statistical model. Time was used as a class variable in the model
because we have no reason to hypothesize any linear response
in the tested variable to time. The triplicate observations on the
100 ind. L−1 were pooled due to very few observations at the low
concentration. To that end, we were unable to record any animals
in the 100 ind. L−1 treatments. We did not do any time step recordings at 1250 ind. L−1 . We used an unbalanced ANOVA, to circumvent
the different number of replicates and missing time steps among
treatments. The ANOVA was followed by a pairwise post hoc test
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Fig. 2. The characteristic swimming path parameters by the calanoid copepod Acartia tonsa (tumbling frequency,  and the diffusion rate, D) derived by equation 3 after
one-hour incubation for the four treatments. Error bars are the standard deviation and statistical difference is marked by an asterisk (*).

Table 1
Fit parameters of equation 3 for calculating the net displacement, l (cm): l =






4D t −  1 − e−t/



whereas D, is the diffusion rate (cm2 s.−1 ), t is the time (s)

and  is tumbling frequency (s−1 ). Data are ﬁt values ± standard deviations obtained
by the non-linear ﬁtting of equation 3 for each of the three replicates for each density
and incubation time. Note that due to the low number of observations in the 100
Acartia tonsa copepods L−1 , the standard deviation has been replaced by standard
errors derived from the non-linear ﬁt (marked by an *).
Copepods L−1

time (h)

D (cm2 s−1 )

 (s)

100
100
1250
5000
5000
5000
10000
10000
10000

1
8
1
1
8
12
1
8
12

0.140 ± 0.035*
0.049 ± 0.002
0.044 ± 0.023
0.022 ± 0.001
0.017 ± 0.001
0.027 ± 0.001
0.110 ± 0.155
0.024 ± 0.002
0.019 ± 0.005

8.43 ± 2.95*
5.19 ± 0.42
2.09 ± 1.11
2.28 ± 1.82
1.76 ± 1.44
1.95 ± 0.61
2.25 ± 3.10
1.36 ± 0.24
0.73 ± 0.45

(Tukey’s test) to identify statistical differences among concentrations.
A one-way ANOVA was used to test for signiﬁcant differences in
respiration among the densities.
Since the number of biological replicates (N = 4) was limited in
the gene expression analysis, the distribution of the data could not
be estimated. Furthermore, low replicate numbers usually result
in that the variance among groups that are not well represented.
Therefore a multiple t-test without assuming equal standard deviation was used to determine if treatments were signiﬁcantly
different with Holm-Šidák step down comparisons (alpha of 5%)
(Ludbrook, 1998).
3. Results
3.1. Swimming behavior
Table 1 represents the parameters of equation 3 containing
the densities (100, 1250, 5000 and 10,000 ind. L−1 ), the incubation
times (1, 8 and 12 h), the estimated diffusion rates, D, and tumbling

frequencies, . The diffusion rate is in general terms the volume
that the copepods “explore” per second. The apparent decrease in
diffusion rate with increasing densities means that the copepods
appear to cover a smaller volume of water. The tumbling frequency
(.) also appears to decrease over time, meaning that the copepods
jump more over time at all densities. The ANOVA followed by the
Tukey test showed that the diffusion rate and the tumbling frequency of 100 copepods L−1 were signiﬁcantly different (p < 0.05)
than for the densities of 1250, 5000 and 10,000 copepods L−1 after
one hour (Fig. 1B, Table 1 and Fig. 2). The three other treatments,
excluding the 100 copepods L−1 , of 1200, 5000 and 10,000 copepods
L−1 , however, showed no statistical signiﬁcant difference in diffusion rate over time (mean ± SD: 0.038 cm2 s−1 ± 0.027 cm2 s−1 ) or
in tumbling frequency (mean ± SD: 1.78 s−1 ± 1.25 s−1 , Table 1).

3.2. Respiration
Biomass-speciﬁc respiration rates (nmol O2 mol C−1 h−1 )
versus densities (500, 1250, 2500, 5000 and 10,000 ind. L−1 ) are
shown in Fig. 3. The average respiration rate appears to slightly
increase with increasing copepod density, which is then followed
by a slight decrease at even higher densities. One-way ANOVA
revealed, however, that the respiration rate did not vary signiﬁcantly with copepod density (df = 4.20; F = 1.066; p = 0.40).

3.3. Gene expression
Relative mRNA levels for copepod densities of 100, 5000 and
10,000 ind. L−1 at 1, 8 and 12 h of incubation are given in Fig. 4.
Comparison of the relative gene expression levels of ferritin, hsp70
and hsp90 between densities of 100 ind. L−1 did not vary over time
(Holm-Šidák method, p > 0.05). These densities represent low culture density and were therefore used as controls for statistical
comparisons. None of the higher densities exhibited any signiﬁcant changes in relative mRNA levels of ferritin, hsp70 or hsp90 for
any of the incubation times (Holm-Šidák method, p > 0.05, Fig. 4).
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Fig. 3. Biomass-speciﬁc respiration of the calanoid copepod Acartia tonsa plotted
against density (ind. L−1 ). There was no signiﬁcant change in respiration rate over
densities (one-way ANOVA, df = 4.20; F = 1.066; p = 0.40). Error bars represents standard deviation (n = 5).

4. Discussion
Calanoid copepods, including A. tonsa, are suspension feeders
and require large volumes of water. Maximum culture densities of
A. tonsa usually range from 100 to 2,000 ind. L−1 (Støttrup, 2006 and
references herin). Actual culture-wide densities can, however, be
difﬁcult to estimate and only few studies are available on A. tonsa
densities from eggs to adults (e.g. Franco et al., 2017).
We found that individuals of A. tonsa did not exhibit stress
response at the behavioral, respiratory or at gene expression level
in relation to high-density conditions (10,000 ind. L−1 ) during 12 h.
Furthermore, mortality at densities of up to 20,000 ind. L−1 has been
shown to be below 5% at incubation times of 48 h for the same
copepod stocks as used in the present study (personal communication, Mads Kærhus Olufsen, Roskilde University). This corresponds
to other studies with constant daily mortality rates of 5 − 9.75%
for densities up to 5000 ind. L−1 (Drillet et al., 2014b; Medina and
Barata, 2004; Støttrup et al., 1986). A recent study by Franco et al.
(2017), using the same strain of A. tonsa as in the present study, did
however observe a decrease in survival (2-fold) for densities above
1000 ind. L−1 .
The >30 year old copepod strain (Støttrup et al., 1986) is well
described in the literature. It is an advantage that the same culture baseline applies for many studies. Furthermore, copepods for
use as live feed in aquaculture hatcheries would probably end up
being cultivated for multiple generations. When starting copepod
cultures, high densities are obtained the ﬁrst few days followed by
a decline and stabilization at a lower level (Støttrup et al., 1986; and
references herein). So far, there are no clear answers on why A. tonsa
is difﬁcult to rear at high densities long-term. The present study
focused on acute stress responses up to 12 h as a result of highdensity conditions and did not investigate the long term responses.
Planktonic organisms cover a wider behavioral spectrum. A.
tonsa “drift” motionless while searching for food. The drifting is
frequently interrupted by swift darts-like motion, where the copepod reorients itself followed by resumed drifting (e.g. Tiselius
and Jonsson, 1990). This “run-tumble” behavior was mathematically described by following a non-linear diffusive function by
Visser and Kiørboe (2006). At a limited time scale, the drifting
motility of the copepod seems linear – and the distance moved
over time will increase linearly. This behavior is termed ballistic
swimming (Visser and Kiørboe, 2006). Over time, as the copepod
reorients itself (tumbles), the swimming path appears increasing more convoluted as the copepod change swimming direction.

Fig. 4. Real-time quantitative PCR analysis of hsp70, hsp90 and ferritin of the calanoid
copepod Acartia tonsa. Densities of 100 (control, light grey), 5000 (grey) and 10,000
(black) ind. L−1 were used to examine gene expression levels of ferritin (A), hsp70 (B)
and hsp90 (C). For each of the three densities, 4 biological replicates were collected
after 1, 8 and 12 h of incubation (3 densities, 3 incubation-periods, 4 replicates = 36
samples in total). Each replicate consisted of 25 copepods. For real-time quantitative
PCR, each biological replicate was performed with 3 technical replicates. Expression
levels were normalized by ˇ- actin. Error bars represent standard deviation (N = 4).
None of the genes exhibited statistically signiﬁcant changes in relative mRNA levels
(Holm-Šidák, p > 0.05).
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This swimming is termed diffusive (Berg and Brown, 1972). The
swimming behavior of copepods exposed to various types of environmental stress is not well studied, and there are to our knowledge
no reports in the literature on how the balance between ballistic
and diffuse swimming is affected by stress.
We examined whether or not adults of A. tonsa exhibited
changes in swimming behavior up to 10,000 ind. L−1 . We expected
that the copepods at higher densities would bump into each other
and thereby generate more convoluted swimming paths with
increased diffusion rate and tumbling frequency. We did, however,
not ﬁnd the expected changes in swimming behavior except for the
signiﬁcantly different 100 ind. L−1 treatment. Here, all the copepods
behaved within literature values from experiments conducted at
much lower copepod density in terms of diffusion rates D (0.038
versus 0.036) and tumbling frequencies  (1.78 versus 1.7) (Visser
and Kiørboe, 2006).
Respiration rate is an integrative indicator of the overall
metabolic activity, including motion, feeding and basal requirements (Kiørboe et al., 1985). Organisms have the ability to respond
to stress, by increasing their energy demand, which can be reﬂected
by an increased respiration rate. Since the high-densities we are
using are much higher than the previously described A. tonsa
densities (up to 6000 ind. L−1 ), we expected several fold higher respiration rates in comparison to the low-density conditions used in
the present study (e.g. Drillet et al., 2014b; Franco et al., 2017). However, biomass-speciﬁc respiration rates did not vary signiﬁcantly
with copepod density (Fig. 3).
The available studies regarding respiration rates in A. tonsa are
primarily focusing on simultaneous feeding, swimming, fecundity
and egg production aspects (e.g. Kiørboe, 2008; Kiørboe et al.,
1985). Studies exploring the effect of stress on respiration rates
of copepods are limited. Thor (2003) found that the respiration
rate of A. tonsa (females) were reduced ∼ 60% during starvation
stress (8.5 nmol O2 mol C −1 h −1 ,17 ◦ C) compared to non-starved
copepods (of 20.0 nmol O2 mol C −1 h −1 , 17 ◦ C). When food was
reintroduced, the respiration rate increased within 8 h by ∼40%
compared to non-starved animals (32 nmol O2 mol C −1 h −1 ,
17 ◦ C) (Thor, 2003). The marine isopod, Idotea balthica, responded
to an abrupt salinity decrease (30–10 psu) with an elevated respiration rate (∼40% increase) within the ﬁrst four hours after exposure.
The elevated rate was sustained for 20 h, where after it decreased
to the same level as prior the exposure after 30 h (Bulnheim, 1974).
Since different stressors were shown to result in changes in respiration for A. tonsa and other crustaceans, we expected that the
same would apply for density-related stress. Bulnheim (1974), and
others, have shown that changes in respiration by crustaceans will
occur within minutes to a few hours after stress exposure (e.g.
Schapker et al., 2002; Tedengren et al., 1988). This suggests that
the 12 h of incubation applied in the present study is considered
sufﬁcient to monitor changes in respiration.
Behavior and respiration are usually interrelated. If the behavior were changing toward more movements caused by high density,
this would result in increased activity level and thereby be reﬂected
in elevated respiration. Since there were no signiﬁcant changes in
either of the two physiological end-points, analysis of gene expression is a parameter that could give a more direct determination on
whether the animals experience stress or not. The expression of
stress related genes would change before the stress manifests as
end-points like survival, fecundity and growth rate.
Dynamic transcription of genes allows rapid adaptation to
external, environmental or physiological changes that affect the
organisms. Gene expression analysis of selected genes can be used
to monitor the physiological state under stressful conditions and
give an early detection of when a stressor is affecting the organism in a negative manner. Several studies, using transcriptional
biomarkers for stress, are available for copepods (reviewed in

Lauritano et al., 2012). Genes encoding for chaperone molecules
are usually up-regulated during stress conditions in order to preserve macromolecules in cells, and the gene expression patterns
of chaperone genes could provide valuable information on the
underlying mechanisms of copepod stress (reviewed in Lauritano
et al., 2012). The genes for heat shock proteins, hsp70 and hsp90,
are widely up-regulated in response to a wide range of stressors
and represent commonly used transcriptional stress biomarkers
in copepods (e.g. Petkeviciute et al., 2015 and references herein).
Ferritin is an iron-storage protein that protects macromolecules
from damage by reactive oxygen species (Arosio and Levi, 2002;
Hintze and Theil, 2006). Up-regulation of ferritin has been observed
in response to nickel exposure, xenobiotics, and the resting states
quiescence and diapause in copepods (Hansen et al., 2010a; Jiang
et al., 2013; Nilsson et al., 2013; Tarrant et al., 2008). If adult individuals of A. tonsa experienced high-density conditions as being
stressful, we expected a change in gene expression for the three
chosen transcriptional biomarkers.
Comparison of the relative gene expression levels of ferritin,
hsp70 and hsp90 between densities of 100 ind. L−1 did not vary over
time (Holm-Šidák step down comparisons, p > 0.05). These densities represent low culture density and were therefore used as
controls for statistical comparisons. None of the higher densities
exhibited any signiﬁcant changes in relative mRNA levels of ferritin, hsp70 or hsp90 for any of the incubation times (p > 0.05, Fig. 4).
Compared to the positive stress responses for A. tonsa described in
Petkeviciute et al. (2015) and Rahlff et al. (2017), with a fold increase
of 63.8 and 185 in hsp70 at heat shocks up to 30 ◦ C, the observed fold
changes in the present study (ranging from 0.028 to 3.074) cannot
be considered a true stress response. Changes in gene expression
of the heat shock proteins (hsp70 and hsp90) as well as ferritin have
been reported to happen within an hour to a few hours after exposure to different stressors (e.g. Duan et al., 2016; Petkeviciute et al.,
2015). The incubation of up to 12 h is therefore sufﬁcient to see a
response on gene expression level.
Treatments at densities of 10,000 ind. L−1 during up to 12 h
seems not to have a negative effect on adults of A. tonsa or induce
a stress response that can be detected by behavior, respiration
and gene expression. Long-term (>12 h) incubations at densities
up to 6000 ind. L−1 have been shown to affect egg production and
growth (Drillet et al., 2014b; Franco et al., 2017; Jepsen et al., 2007;
Medina and Barata, 2004). The difﬁculties in rearing A. tonsa at
high-densities might be caused by longer-term factors like oxygen
and food depletion as well as accumulation of metabolic products
(Jepsen et al., 2015; Ozaki et al., 2010; Støttrup and Norsker, 1997).
High densities have, furthermore, been reported to increase egg
cannibalism (Ban and Minoda 1994; Camus and Zeng 2009; Drillet
et al., 2014a,b). However, A. tonsa egg cannibalism has been shown
recently to be of minor importance when at high densities. In fact,
just a few eggs ingested per copepod every 24 h was demonstrated
when excess micro-algal food was present (personal communication, Minh Vu Thi Thuy, Roskilde University).
Other studies concerning the high-density effect on A. tonsa have
focus on end-points like mortality, growth-rate, and egg production (Drillet et al., 2014b; Franco et al., 2017; Jepsen et al., 2007;
Medina and Barata, 2004). The present study was planned to focus
on somewhat alternative end-points (behavior, respiration, geneexpression) to act as a relatively fast and comprehensive set of
parameters to discover the underlying causes for why A. tonsa is
difﬁcult to rear in high densities.

5. Conclusion
We found that adult individuals of the calanoid copepod, A.
tonsa, after >30 years in culture do not exhibit signs on any stress
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response at densities of up to 10,000 ind. L−1 when assessing swimming behavior, respiration rate, gene expression or mortality as
physiological end points within a 12 h time frame. Limitations in
copepod densities must be due to other parameters than acute
stress.
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