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Abstract: The use of marine invertebrates in ecotoxicology is important for an integrated approach
which takes into consideration physiological responses and chemical levels in environmental matrices.
Standard protocols have been developed and organisms belonging to different trophic levels are
needed as model organisms to evaluate toxicant bioavailability and assess their impact on marine
biota. The calanoid copepod Acartia tonsa is commonly used in ecotoxicology due to its widespread
distribution and well-studied biology. However, different strains coming from various geographical
areas are available, and possible variations in physiological characteristics raise concerns about the
comparability of ecotoxicological results. This study compares the life cycle assessment and sensitivity
of Adriatic and Baltic strains of A. tonsa exposed to nickel (Ni2+) in standardized acute and semi-
chronic tests. Life cycle assessments revealed differences in egg production, egg-hatching success, and
naupliar viability between the strains. The acute toxicity test demonstrated the significantly higher
sensitivity of Adriatic strain nauplii to Ni2+ compared to the Baltic strain, whereas the semi-chronic
test showed no significant difference in sensitivity between the strains. These findings suggest that
while strain-specific differences exist in different geographical populations, responses to toxicants
are not significantly different. Particularly, the semi-chronic assessments with both A. tonsa strains
emphasized the robustness of this species as a model organism in ecotoxicology.

Keywords: aquatic toxicology; life cycle assessment; reference toxicant; hatching success; acute test;
semi-chronic test; bioassay

1. Introduction

The use of marine invertebrates as model organisms in ecotoxicology and the ap-
plication of an integrated approach, which takes into consideration both physiological
responses and chemical levels in the environment, have become routinary activities to
monitor marine environment. These approaches are considered valid methods to better
evaluate the bioavailability of toxicants and their potential threats to marine organisms [1]
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and are included in the Italian legislation [2] to regulate the management of polluted matri-
ces in order to protect marine environments. Moreover, an integrated approach can also be
a valuable tool for the management of protected marine sites to characterize the overall
ecological status of these areas and improve conservation strategies in highly anthropized
environmental contexts. The choice of the better organism to be used in ecotoxicology de-
pends mainly on the relevance of the trophic level to be studied, the matrices to be assessed
(sediment or water), and also the availability of organisms [3]. Most of the species used as
models can be reared, purchased, or collected directly from the environment. Finding a
good model organism in ecotoxicology and a common method for assessing environmental
risk are mandatory to compare results in different geographical areas and at different
times, so in recent years, standard protocols have been proposed for species belonging
to various trophic levels (e.g., bacteria [4], microalgae [5,6], mollusks [7,8]; rotifers [9];
echinoderms [10]). All of these protocols consider many different physiological end points,
depending on the species and duration of the exposure. Among marine crustaceans, the
marine planktonic calanoid copepod Acartia tonsa (Dana, 1849) is a cosmopolitan, euryther-
mal, and euryhaline marine zooplanktonic organism common in subtropical and temperate
latitudes and abundant in coastal and estuarine waters [11,12]. This is a well-known model
species, with its biology and ecology having been studied since the 1980s [13,14]. Moreover,
this planktonic organism is distributed worldwide in marine and estuarine environments,
being the most abundant species in the Atlantic and Pacific American coasts [15,16]. In
the Mediterranean and Baltic seas, A. tonsa was introduced by ship ballast waters in the
1980s [17,18] and has adapted well, since then, to euryhaline conditions, surviving sudden
changes in salinities [19].

For these reasons, A. tonsa is widely used in ecotoxicology; bioassay protocols consider
different end points, such as mortality, development, or fecundity in different life stages
(eggs, nauplii, adults) after 48 h short-term exposure (acute test) [20,21] after 5–6 days in a
larval development assay [22], after 7 days in a semi-chronic test [23], and after 4 days in a
long-term incubation test [24]. Therefore, several studies in which A. tonsa has been used
for the assessment of the quality of marine–brackish sediments [24,25] and for the toxicity
of emerging contaminants [26–28] have been published.

Commonly, Acartia tonsa copepods are collected directly in the natural environment,
reared in laboratory conditions, or purchased. However, different places of origin of A. tonsa
(i.e., Adriatic, Baltic or Atlantic strains) may result in different physiological characteristics
which can compromise the interpretation of the ecotoxicological results. For example, it
has been demonstrated that Adriatic and Baltic strains of Acartia spp. showed different egg
survival rates after storage at low temperatures [14]. The hypothesis that the geographical
origin of the strain/population selected for ecotoxicological tests may influence the results
is realistic, with the risk of under- or over-estimating the ecological risk assessment.

The aim of this study was to compare the ecotoxicological responses of two strains
of Acartia tonsa, Adriatic and Baltic, exposed to the same reference toxicant. Both strains,
widely used in standardized acute and semi-chronic bioassays, were exposed to the same
reference toxicant, nickel chloride (NiCl2), following the standard procedures reported in
the UNICHIM [21,23] protocol. The end point of naupliar immobilization or mortality,
recorded after 48 h and 7 days exposure, in acute and semi-chronic tests, respectively, was
considered. Moreover, both Adriatic and Baltic A. tonsa life traits, reared with the same
laboratory protocols, were followed and compared. Life cycle, daily adult survival, egg
production (fecundity), percentage of egg-hatching success, and naupliar viability were
recorded. The final aim was to ascertain the comparability of the ecotoxicological responses
of A. tonsa strains coming from different geographical areas.

2. Materials and Methods
2.1. Chemicals

Nickel chloride hexahydrate NiCl2 × 6H2O (Carlo Erba Reagents, Milan, Italy) was
used as a reference toxicant for the ecotoxicological tests. A concentration of 1000 mg of
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Ni L−1 was diluted in distilled water (DW) to obtain an effective dissolved Ni2+ concentra-
tion of 10.0 ± 0.9 mg L−1, analyzed with ICP OES 720 (Agilent Technologies, Santa Clara,
CA, USA) [29].

2.2. Copepod Culture

The Mediterranean strain of the calanoid copepod Acartia tonsa was originally collected
in the northern Adriatic Sea (referred to as the Adriatic strain) and reared in a laboratory
(ISPRA, Italy) for several generations. The Baltic strain was purchased from Guernsey Sea
Farms (Guernsey, UK) and reared in a laboratory for several generations. Copepod cultures
were reared as reported by Zhang et al. [30], in 20 L propylene tanks containing 0.22 µm of
filtered seawater (FSW) (Millipore 90 mm holder YY3009000 Merk Life Science Srl, Milan,
Italy) at 30 Practical Salinity Units (PSU). Natural seawater collected from an unpolluted
site along the Tyrrhenian coast was filtered with a 0.22 µm mesh net filter, and the salinity
was adjusted with distilled MilliQ water (BdW) at 30 PSU.

Copepods were fed twice a week with a mixed algal diet of Isochrys galbana, Rhodomonas
baltica, and Rhinomonas reticulata in the exponential-growth phase and cultured in f/2
medium without silicates at the final concentration of 1500 µg C L−1. Both A. tonsa and the
monoalgal cultures were maintained in a thermostatic chamber at 20 ± 1 ◦C and a 14:10 h
L:D photoperiod.

2.3. Life Cycle Assessment

To analyze the life cycle, adults of the A. tonsa Adriatic and Baltic strains were col-
lected from the main cultures and incubated in 800 mL beakers containing FSW and
3000 µg carbon L−1 of I. galbana and R. reticulata at the density of maximum 1 ind. mL−1 [30].
After 24 h, almost 2000 eggs were collected from the bottom of the beaker, counted un-
der a stereomicroscope (Leica Microsystems S9i, Milan, Italy), and transferred in new
800 mL beakers containing 500 mL of FSW. Early naupliar stages (F1) were supplied with
750 µg carbon L−1 of I. galbana and 750 µg carbon L−1 of R. reticulata every 48 h. In the
copepodite stages (CI), a monoalgal diet of R. reticulata was supplied at 1500 µg carbon L−1

every 48 h. When F1 reached the adult stage and few eggs were counted on the bottom of
the beaker, 4 males and 4 females were sorted and isolated pairwise in 4 crystallizers filled
with 50 mL of FSW and R. reticulata at 1500 µg carbon L−1 for the first 15 days, which was
doubled after 16 days up to the end of the experiment. Couples were transferred to a new
crystallizer with FSW and R. reticulata every 24 h and observed under a stereomicroscope
to control viability. Females and males that died in the first 20 days of the experiment were
replaced with adults coming from the main F1 culture from which they had been isolated.
In this case, the replacement adults were the same age as the dead ones (Figure 1).

The main F1 culture was maintained in an 800 mL FSW beaker in the same condition
as the isolated couples, and every 48 h, the eggs were removed to avoid the mixing of
different generations.

For each couple of A. tonsa, the following aspects were evaluated:

Daily egg production per female (EPR) (eggs female−1 day−1);

Percentage of egg-hatching success (EHS) calculated 48 h after egg laying, as follows:

Egg-hatching success = [(N◦ hatched eggs)/(N◦ hatched eggs + N◦ unhatched eggs)] × 100

Percentage of naupliar viability (NV) calculated as follows:

Naupliar viability = 1 − [(N◦ death nauplii)/(N◦ hatched eggs)] × 100

The following flow-chart in Figure 1 synthetizes the method used:



Water 2024, 16, 1171 4 of 14

Water 2024, 16, x FOR PEER REVIEW  4  of  15 
 

 

The following flow-chart in Figure 1 synthetizes the method used: 

 

Figure 1. Acartia tonsa culture method. Flow chart synthetized the method used to collect eggs and 

adults  fro  the  analysis  of  egg production  rate  (EPR),  egg  hatching  success  (EHS)  and  naupliar 

viability (NV) during the life cycle assessment of both A. tonsa Adriatic and Baltic strains. Females 

and males that died  in the first 20 days of the experiment in the crystallizers were replaced with 

adults coming from the main F1 culture from which they had been isolated. 

2.4. Ecotoxicological Tests 

For ecotoxicological tests, mature A. tonsa adult copepods of both Adriatic and Baltic 

strains were sorted from the main culture by filtration through a 300 µm mesh net filter, 

incubated at a density ≤ 40  ind. L−1  in 800 mL beakers and fed daily with a mixture of 

exponentially growing algae R. reticulata and R. baltica, at a concentration >500 µg carbon 

L−1. After 18–24 h, eggs at the bottom of the beaker were collected with a 50 µm mesh net 

filter,  gently  rinsed with  FSW,  and manually  sorted  using  a  Leica  stereomicroscope 

(Milan, Italy). For the ecotoxicological test, the eggs were collected during the first 15 days 

since the adult stages appeared and stored at 4 °C for a maximum of one month before 

being used [29]. 

The acute test was performed according to the methods reported by Gorbi et al. [31], 

with some modifications. Briefly, a total of 10 eggs were sorted from the main culture and 

singularly  incubated  in 2.5 mL well plates containing FSW  (negative control) or NiCl2 

solutions (positive controls) at the final concentrations of 0.4, 0.2, 0.1, and 0.05 mg Ni2+ L−1. 

The plates, performed in triplicate, were maintained for 48 h in a thermostatic chamber at 

20 ± 1 °C and a 14:10 L:D photoperiod. The end point considered was the immobilization 

or mortality of  the nauplii after 48 h of  incubation. Egg-hatching success and naupliar 

immobilization or mortality were  evaluated  after  48 h of  exposure under  an  inverted 

microscope (Nikon TMS). Nauplii were considered immobilized or dead if, after 15 s of 

observation and physical stimulation, they did not actively swim. 

The percentage of naupliar immobilization/mortality (NI) was calculated as follows: 

NI (%) = [IN/(HE)] × 100 

where IN represents the number of immobilized or dead nauplii and HE represents the 

number of non-hatched eggs. 

The test was considered acceptable if the negative control had egg-hatching success 

≥80% and naupliar immobilization or mortality ≤20%, and if EC50 in the positive control 

was  0.24  ±  0.12 mg Ni2+ L−1  after  48 h of  exposure  [21,31]. EC50 was  calculated using 

PROBIT Analysis version 1.5 [21]. 

A  semi-chronic  7-day  test with A.  tonsa was performed  according  to  the method 

reported by Gorbi et al. [31]. Briefly, groups of three eggs were transferred in each camera 

test consisting of a 100 mL glass beaker equipped with a 20 µm mesh filter tube and filled 

with 25 mL of test solution. Three replicates for each experimental group, consisting of 

three camera tests, were performed and placed in a climate-controlled room at 20 ± 1 °C. 

The control group in FSW and dilutions of the reference toxicant (Ni2+) included aliquots 

of algal cultures in the exponential-growth phase at the final density of 5 × 104 cells mL−1 

of I. galbana and 0.365 × 104 cells mL−1 of R. baltica. Final concentrations of 0.1, 0.063, 0.040, 

Main culture (F1)      eggs     Adult couples        Life cycle assessment (EPR-

EHS-NV) 

                    replacement of dead adults in between 20 days 

 

Figure 1. Acartia tonsa culture method. Flow chart synthetized the method used to collect eggs and
adults for the analysis of egg production rate (EPR), egg hatching success (EHS) and naupliar viability
(NV) during the life cycle assessment of both A. tonsa Adriatic and Baltic strains. Females and males
that died in the first 20 days of the experiment in the crystallizers were replaced with adults coming
from the main F1 culture from which they had been isolated.

2.4. Ecotoxicological Tests

For ecotoxicological tests, mature A. tonsa adult copepods of both Adriatic and Baltic
strains were sorted from the main culture by filtration through a 300 µm mesh net filter,
incubated at a density ≤ 40 ind. L−1 in 800 mL beakers and fed daily with a mixture of expo-
nentially growing algae R. reticulata and R. baltica, at a concentration > 500 µg carbon L−1.
After 18–24 h, eggs at the bottom of the beaker were collected with a 50 µm mesh net filter,
gently rinsed with FSW, and manually sorted using a Leica stereomicroscope (Milan, Italy).
For the ecotoxicological test, the eggs were collected during the first 15 days since the adult
stages appeared and stored at 4 ◦C for a maximum of one month before being used [29].

The acute test was performed according to the methods reported by Gorbi et al. [31],
with some modifications. Briefly, a total of 10 eggs were sorted from the main culture and
singularly incubated in 2.5 mL well plates containing FSW (negative control) or NiCl2
solutions (positive controls) at the final concentrations of 0.4, 0.2, 0.1, and 0.05 mg Ni2+ L−1.
The plates, performed in triplicate, were maintained for 48 h in a thermostatic chamber at
20 ± 1 ◦C and a 14:10 L:D photoperiod. The end point considered was the immobilization
or mortality of the nauplii after 48 h of incubation. Egg-hatching success and naupliar
immobilization or mortality were evaluated after 48 h of exposure under an inverted
microscope (Nikon TMS). Nauplii were considered immobilized or dead if, after 15 s of
observation and physical stimulation, they did not actively swim.

The percentage of naupliar immobilization/mortality (NI) was calculated as follows:

NI (%) = [IN/(HE)] × 100

where IN represents the number of immobilized or dead nauplii and HE represents the
number of hatched eggs.

The test was considered acceptable if the negative control had egg-hatching success
≥80% and naupliar immobilization or mortality ≤ 20%, and if EC50 in the positive control
was 0.24 ± 0.12 mg Ni2+ L−1 after 48 h of exposure [21,31]. EC50 was calculated using
PROBIT Analysis version 1.5 [21].

A semi-chronic 7-day test with A. tonsa was performed according to the method
reported by Gorbi et al. [31]. Briefly, groups of three eggs were transferred in each camera
test consisting of a 100 mL glass beaker equipped with a 20 µm mesh filter tube and filled
with 25 mL of test solution. Three replicates for each experimental group, consisting of
three camera tests, were performed and placed in a climate-controlled room at 20 ± 1 ◦C.
The control group in FSW and dilutions of the reference toxicant (Ni2+) included aliquots
of algal cultures in the exponential-growth phase at the final density of 5 × 104 cells mL−1

of I. galbana and 0.365 × 104 cells mL−1 of R. baltica. Final concentrations of 0.1, 0.063, 0.040,
and 0.0025 mg Ni2+ L−1 were tested. The medium was renewed after 48 h and 5 days by
transferring the 20 µm mesh net filter into a new camera containing fresh medium prepared
as indicated above. At each renewal and after 7 days, the number of alive, dead, and
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immobilized nauplii in each camera test was recorded. Naupliar immobilization or death
(NI) is expressed as follows:

NI (%) = [NI/(TN)] × 100

where NI = naupliar immobilization, and TN = total nauplii.
The test was considered valid if egg-hatching success in the control was ≥80% and

naupliar immobilization was ≤30%.

2.5. Statistical Analyses

Control charts were prepared using EC50 values obtained by the relative test (acute
or semi-chronic) with the reference toxicant (Ni2+) by different laboratories with Adriatic
and Baltic strains. EC50 was calculated using Mosaic free loaded software (https://mosaic.
univ-lyon1.fr/ (accessed on 13 July 2023)). All results were plotted, and upper and lower
chart limits were calculated considering 2-fold standard deviation (2SD) ± mean EC50;
means were than compared with Student’s t-test and considered statistically different for
p < 0.05.

3. Results
3.1. Life Cycle Assessment

The life cycle of both A. tonsa strains is schematized in Figure 2; in our laboratory
conditions, the eggs hatched within 48 h and naupliar stages lasted almost 7 days.
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Figure 2. Acartia tonsa life cycle timing. Schematic representation of the life cycle of A. tonsa Adriatic
and Baltic strains.

Mature males and females were observed after 12 ± 2 days from hatching when viable
eggs started to be produced. The lifespan of adults, daily egg production (fecundity),
egg-hatching success, and naupliar viability were followed until the death of the females
(Figure 3). The total lifespan of adults was variable, depending on the sex and the strain;
specifically, for the Adriatic strain, males had a higher mortality rate than females within
the first 26 days. They were replaced eight times, with alive males coming from the same F1
generation (Table 1); thereafter, males died after 29 and 27 days in couples 3 and 4 and after
32 days in couples 1 and 2 and were not replaced (Table 2). Five A. tonsa Adriatic strain
females were replaced in couples 3 and 4 during the first 18 days and were replaced with
the same F1 generation; thereafter, they died after 32 and 33 days, respectively, whereas
females 1 and 2 died after 35 days (Table 1).

https://mosaic.univ-lyon1.fr/
https://mosaic.univ-lyon1.fr/
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Figure 3. Fecundity, percentage of egg-hatching success, and naupliar viability of Acartia tonsa Adri-
atic (orange line) and Baltic strains (blue line) fed a monoalgal diet of Rhinomanas reticulata. (a) Mean
egg production per female, (b) percentage of egg-hatching success after 48 h, and (c) percentage of
naupliar viability calculated on the number of hatched eggs. Dotted lines are linear trends (Adriatic,
orange line; Baltic, blue line). Asterisks indicate significant differences (p < 0.05), and empty circles
and nv indicate lack of data (0 egg production) or data with zero variance (nv).
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Table 1. Acartia tonsa Adriatic and Baltic strains’ daily survival of males (M) and females (F) fed with
a monoalgal diet of Rhinomanas reticulata. Blue and red empty circles indicate dead males and females
replaced with live copepods coming from the same culture; blue and red full circles indicate dead
males and females, respectively, not replaced with live individuals.

Adriatic Strain Baltic Strain

Day
Couple 1 Couple 2 Couple 3 Couple 4

Day
Couple 1 Couple 2 Couple 3 Couple 4

M1 F1 M2 F2 M3 F3 M4 F4 M1 F1 M2 F2 M3 F3 M4 F4

1 1
2 2
3 3
4 4
5 # 5
6 6
7 # 7
8 # # 8
9 9
10 10 #
11 11
12 # # 12 # #
13 # # # 13
14 # 14
15 # 15
16 16
17 17
18 # # 18
19 19 # #
20 20
21 21
22 22 #
23 23 • •
24 24
25 25 •
26 26
27 # • 27
28 28
29 • 29 • •
30 30
31 31
32 • • • 32
33 • 33 •
34 34
35 • • 35

Table 2. Acartia tonsa Adriatic and Baltic strains. Mean and standard deviation (sd) of egg number
per female per day, percentage of egg-hatching success, and naupliar viability calculated over the
whole period of lifespan. Different letters indicate statistically significant differences (p < 0.05). Adult
survival refers to the longer survival time of females (F) and males (M).

Acartia tonsa
Mean Value Adriatic Strain Baltic Strain

Egg production female−1 day−1 10.4 ± 8.1 a 21.3 ± 7.8 b

% egg-hatching success 77.9 ± 13.1 a 39.5 ± 36.0 b

% naupliar viability 98.3 ± 3.1 a 92.2 ± 8.1 b

Adult survival (days) 35 (F) 32 (M) 33 (F) 29 (M)

Regarding the Baltic strain, four males and two females died within 22 days in two
couples and were replaced, whereas those who died after 23 days were not replaced
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considering the end of their life cycle (Table 1). The maximum survival recorded was 29
and 33 days for males and females, respectively (Table 2).

Daily fecundity (number of eggs per female), percentage of egg-hatching success, and
naupliar viability are shown in Figure 2.

During the first week, egg production was similar in both A. tonsa Adriatic and Baltic
strains, with a mean of 21.63 ± 12.7 and 20.63 ± 10.14 eggs per female per day, respectively.
Thereafter, the production rapidly declined for the Adriatic strain (mean of 7.09 ± 6.32)
compared to the Baltic strain (21.53 ± 9.8), with a statistically significant difference after
17–19 and 24 days. Females did not produce eggs after 32 days up to their death (Figure 3a).
The egg production of the Baltic strain remained stable and increased after the second week,
declining after 32 days shortly before their death (Figure 3a). On average, the Baltic strain
produced twice as many eggs as the Adriatic strain, with an average of 21.3 eggs per female
per day (p < 0.05; n = 68) (Table 2).

The percentage of egg-hatching success was variable during the life cycle for both
strains; for the Adriatic one, the percentage ranged from 50 to 100%, with a mean of
77.9 ± 13.1% (Figure 3b, Table 2). In contrast, the percentage of egg-hatching success for
the A. tonsa Baltic strain declined with the age of the females soon after 10 days. After
19 days, the mean percentage of egg-hatching success was statistically lower than that of
the Adriatic strain and an average of 39.5% was calculated for the whole period, which was
also significantly different from the Adriatic strain (p < 0.05; n = 65) (Figure 3b, Table 2).

The percentage of naupliar viability remained almost constant during the entire life
span; however, differences were significant between the two strains, with a higher average
(98.3 ± 3.1%) recorded for the Adriatic strain than the Baltic strain (92.2 ± 8.1%) (Figure 3c,
Table 2).

3.2. Ecotoxicological Tests
3.2.1. Acute Test

Figure 4 shows Shewart-like control charts of EC50 depicting acute toxicity tests
(naupliar immobilization or mortality) with A. tonsa Adriatic (a) and Baltic (b) strains
exposed to the reference toxicant.
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Figure 4. Shewart-like control chart of EC50 of naupliar immobilization or mortality with NiCl2 in
acute test (48 h) with Acartia tonsa eggs. (a) Adriatic strain (modified by [32]); (b) Baltic strain. Green
dotted line: mean EC50 value; red lines: upper and lower limits (2 × standard deviation ± mean);
blue diamonds: single EC50 values. The x-axis represents different, independent tests.

Thirty-two bioassays were conducted with the Adriatic strain; data were partially
derived by Rotolo et al. [32], except for the first two (Figure 4a). Single EC50 values and the
mean EC50 of 0.144 mg Ni2+ L−1 exhibited homogeneous dispersion within the two limits
(2SD = ± 0.081 mg Ni2+ L−1), with two outliers (0.24 and 0.04 mg Ni2+ L−1). Regarding the
Baltic strain (Figure 4b), results from 36 independent tests are plotted, revealing a mean
EC50 of 0.241 mg Ni2+ L−1. The collected data were homogeneously dispersed within
the two limits (2SD = ± 0.114 mg Ni2+ L−1), with only one outlier (0.39 mg Ni2+ L−1)
(Figure 4b). The statistical comparison between EC50s in acute test exposure indicated
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significantly higher sensitivity to the reference toxicant for the Adriatic strain compared to
the Baltic strain (Figure 5).

Water 2024, 16, x FOR PEER REVIEW  9  of  15 
 

 

the two limits (2SD = ± 0.114 mg Ni2+ L−1), with only one outlier (0.39 mg Ni2+ L−1) (Figure 

4b). The statistical comparison between EC50s  in acute  test exposure  indicated signifi-

cantly higher sensitivity to the reference toxicant for the Adriatic strain compared to the 

Baltic strain (Figure 5). 

 

Figure 5. Effective concentration inducing 50% naupliar immobilization or mortality (EC50) in Acar‐

tia tonsa eggs exposed in acute test (48 h) (mean ± sd); Baltic (n = 36) and Adriatic (n = 32) strains. 

Different letters indicate statistically significant difference (Student’s t-test, p < 0.05). 

3.2.2. Semi-chronic Test 

Figure 6 shows Shewart-like control charts of EC50s calculated for semi-chronic ex-

posure tests of the A. tonsa Baltic and Adriatic strains to Ni2+ (a and b, respectively). 

 

Figure 6. Shewart-like control chart of EC50 of naupliar immobilization or mortality with NiCl2 in 

semi-chronic test (7 days) with Acartia tonsa eggs. (a) Adriatic strain; (b) Baltic strain. Green dotted 

line: mean EC50 value; red lines: upper and lower limits (2 × standard deviation ± mean); diamonds: 

single EC50 values. The x-axis represents different, independent tests. 

For both strains, the single tests exhibited a well-dispersed pattern around their rela-

tive mean EC50, devoid of outliers, and no significant differences between the means of 

the Baltic (0.053 mg Ni2+ L−1) and Adriatic (0.061 mg Ni2+ L−1) strains were detected (Figure 

7). 

Figure 5. Effective concentration inducing 50% naupliar immobilization or mortality (EC50) in Acartia
tonsa eggs exposed in acute test (48 h) (mean ± sd); Baltic (n = 36) and Adriatic (n = 32) strains.
Different letters indicate statistically significant difference (Student’s t-test, p < 0.05).

3.2.2. Semi-Chronic Test

Figure 6 shows Shewart-like control charts of EC50s calculated for semi-chronic expo-
sure tests of the A. tonsa Baltic and Adriatic strains to Ni2+ (a and b, respectively).
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For both strains, the single tests exhibited a well-dispersed pattern around their
relative mean EC50, devoid of outliers, and no significant differences between the means
of the Baltic (0.053 mg Ni2+ L−1) and Adriatic (0.061 mg Ni2+ L−1) strains were detected
(Figure 7).
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4. Discussion

Acartia tonsa copepods from the Mediterranean and Baltic areas were cultured and
exposed to the same reference toxicant to test whether they responded differently to the
same culture conditions in terms of reproduction and productivity, survival, and life cycle,
and had different levels of sensitivity during ecotoxicological assays.

Differences in larval developmental time within one nominal copepod species have
been observed in natural populations, pointing out possible geographical origin effects on
life history traits [33]. Moreover, genetically distinct clades have been reported within the
nominal, cosmopolitan species Acartia tonsa [34–36]. Investigations of genetic differentiation
suggested that European populations of this species may have resulted from single or
multiple invasions of American strains [37]. Comparative studies on different strains of
A. tonsa have also been conducted in order to select the most suitable ones for aquaculture
purposes, investigating both genetic traits and physiological characteristics, such as the
biochemical composition of various life stages from four different strains. These studies
demonstrated genetic differentiation between strains, as indicated by differences in two
mitochondrial gene loci between three of the four strains and differences in mortality, egg
production, hatching success, and the biochemical composition of eggs and adults [37,38].

We did not analyze genetic differentiation between the strains, and our results showed
that life cycle and adult survival were comparable, despite the higher mortality rate ob-
served in the Adriatic strain compared to the Baltic one. In both cases, adults showed
a maximum survivability longer than 30 days, in accordance with the results obtained
from the Kattegat Øresund (Denmark) population by Kiørboe et al. [39] (35 ± 1.3 and
31 ± 1.2 day of life span for females and males, respectively).

The productivity, indicated by the number of eggs produced, showed differences
between the two strains starting from the second week of the culture. The low productivity
of the Adriatic strain derived mainly from the low egg production of couple 2 during the en-
tire monitoring period. However, the mean values calculated considering all couples were
comparable with those obtained with the same Mediterranean strain by Zhang et al. [30].
On average, the daily egg production of the Baltic strain increased soon after the specimens
reached the adult stage. In general, the maximum daily egg production in the first week
was between 24 and 40 eggs. It is interesting to note that an increase in egg production
was observed for all couples in the Baltic strain when the food supplied was doubled (after
day 16). In this second phase of the trial, daily egg production reached a maximum of
66 eggs. The effect due to the increase in food supply was more evident in the Adriatic
strain after 2 days, but the productivity recorded during the first week was not able to be
restored. This suggests that the decline in egg production was only partially due to the
amount of food supplied and was most likely caused by a physiological state, probably
more influenced by the age of the adults.

Despite the higher number of eggs produced by the Baltic strain compared to the
Adriatic strain, its quality in terms of percentage of hatching success was lower than that of
the Adriatic strain. This difference was much more evident after 10 days of culture. Before
that time, the percentage of successfully hatched eggs was comparable in both strains and
in the range of 79.83–93.96%, which was considered suitable for ecotoxicological assay
performances and in line or even higher than the values reported in the literature [38,40,41].
This result may have mainly depended on the physiological state of the females. Acartia
tonsa females tend to remove undesirable substances, such as oxidative stress products,
through eggs, with the consequence of a high content of oxidative products in the eggs
released by older females [40,42], which may have been reflected in the lower egg-hatching
success at the end of their life cycle.

It is interesting to note different strategies evolved between the strains; the Adriatic
strain seemed to respond to aging by reducing the energy involved in the production of
eggs, which in turn were of better quality (fewer eggs with a high hatching rate), while
the Baltic strain spared no energy to devote to laying eggs, which, however, were of poor
quality in terms of hatching success. Probably, in nature, the final effect considered as the
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recruitment rate of individuals to the population is the same, but in ecotoxicology, the
egg-hatching success is a parameter that must be taken into consideration for the validation
of the results. In fact, for the validation of the bioassays with A. tonsa, the egg-hatching
success in the controls should be ≥80% [21,31]. Considering that the differences between
the strains were observed in egg-hatching success rate, we suggest taking the physiological
characteristics of the strain used for culture maintenance and for setting up bioassays
into consideration.

Regarding the results of ecotoxicological tests, standardized tests with A. tonsa have
been included in the methods used to determine the quality and management of dredged
marine sediments [2]. The selection of species and bioassays to set up a battery of marine
model organisms follows specific criteria in order to represent different trophic levels, end
points, and matrices. Within these criteria, it is possible to choose alternative, different
model species for ecotoxicological bioassays. In fact, despite some differences in end points,
authors demonstrated that different species can be used interchangeably for an integrated
sediment quality assessment [43–45].

Our results of the acute exposure test with both A. tonsa strains showed EC50s in
the control chart close to the mean value, especially for those tests conducted in the
second half of the graph, indicating the quality and the robustness of the data during the
time. The preliminary results regarding EC50 for naupliar immobilization or mortality
in the semi-chronic test were also close to the mean value, suggesting the accuracy and
reproducibility of the data (Figures 4 and 6). However, the overall mean of EC50 in the
acute test for the Adriatic strain of A. tonsa was statistically lower by about half, compared
to the Baltic strain, indicating its high sensitivity. It is known that populations coming from
different zoogeographical regions can show physiological differences, for example, related
to tolerance to stressful conditions, such as low temperatures [13].

However, several studies indicated that different strains of aquatic species, such as
bacteria [46], microalgae [47], and invertebrates [48], can show different levels of sensitivity
to contaminants or stressors.

Among freshwater crustaceans, a greater number of comparative studies are avail-
able for Daphnia magna, a widely used organism in ecotoxicology which is prescribed
as a model by international regulations [49,50]. Barata et al. [51] recorded variations in
sensitivity when different laboratory clones or a wild population of D. magna were exposed
to toxic compounds.

Population-specific responses are also frequently reported in marine copepods exposed
to the same stressors [52,53]. Although environmental factors such as diet and culture
conditions remain the major cause of inter-laboratory variations [54], various genotypes
can respond differently to the same substances [55]. Picado et al. [56] suggested performing
an analysis on gene expression and genetic stability in order to obtain well-characterized
and stable standard clones to use on standard tests, reducing confounding factors among
laboratories. Gene expression analyses have been conducted on co-generic Acartia exposed
to the same toxicant [24], but, to our knowledge, a comparison between toxicological
responses of the same species coming from different geographical areas has never been
reported until now.

Overall, our data regarding the sensitivity of both A. tonsa strains to Ni exposure
in acute toxicity tests agree with those reported by Gorbi et al. [31], suggesting the inter-
changeability of both strains.

Similarly, our results regarding semi-chronic bioassays indicated a mean EC50 in
alignment with that reported by Gorbi et al. [31]. The number of semi-chronic assays
performed was limited to a few tests compared to the acute tests; however, the preliminary
results suggested that the pre-selection of different A. tonsa strains is not necessary for
this test.
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5. Conclusions

What emerged from this study was a difference in productivity and egg viability
between A. tonsa Adriatic and Baltic strains reared in the same laboratory conditions. It has
clarified the importance of detailed knowledge of the biology and strain specificity of model
organisms, in this case, the marine calanoid copepod, to prevent potential confounding
factors during ecotoxicological bioassays, which may invalidate tests or over-/under-
estimate the toxicity of chemicals and natural matrices. Shewart-like control charts have
proven to be a useful tool to evaluate the EC50 variability in long-term plotted data and
should be considered for all model species and strains to define the level of acceptability
and sensitivity in ecotoxicological tests according to the standard protocols.
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