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Abstract—The effect of dissolved heavy metals (Cu, Cd and Co) on the early development of blue mussel
Mytilus edulis from the White Sea was studied in an acute 72-hour experiment, together with the effect of
combinations of abiotic environmental factors: temperature (8, 12, and 16°C) and water salinity (14, 19, and
24%o). Calculated generalized linear models (GLM) show a significant effect of the factors on the number of
D-veligers in all series of the experiment. The results provide evidence that the pairwise combination between
factors “concentration” and “salinity” is synergistic, while those between factor “temperature” and the above
two factors is antagonistic. Dose—effect relationships for copper and cobalt are described by log-logistic
curves with an upper limit, and that for cadmium series, by a Weibull curve with an upper limit.
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In the life cycles of hydrobionts, phases of embry-
onic and larval development are considered most vul-
nerable to toxic agents. Sensitivity to heavy metals
(HMs) in larvae, compared to adults, is higher by two
to three orders of magnitude [1]. This is why embryos
and larvae of aquatic animals are common objects for
toxicology assays [2—7], and larvae of Mitilus sp. among
them [4, 8—12].

Since Mpytilus species live in a wide range of tem-
peratures and salinity, a special issue are the possible
interactions between the toxicant and abiotic environ-
mental factors. However, only few studies evaluate the
combined effect of temperature, salinity, and toxic
agents [13, 14].

The purpose of this study was to assess the effect of
dissolved HM, temperature, and salinity on the early
development of Mytilus edulis (Linnaeus, 1758) in an
acute experiment.

MATERIAL AND METHODS

The early development of M. edulis mussels (the
first 72 hours after fertilization) was proposed as a test
system, with the number of larvae reaching the D-veli-
ger stage (Figs. 1a, 1b) as the impact criterion.

Adult mussels were collected near the White Sea
Biological Station, Moscow State University
(66°34' N, 33°08" E). Spawning was stimulated by
injecting 1 mL of 0.5 M KCl solution into the mantle
cavity of each mussel. Eggs and sperm were mixed in
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fresh sea water (FSW) filtered through a 40-um mem-
brane at 10—12°C. The embryos were transferred to
test plates only after fertilization was successful.

The effect of different concentrations of dissolved
HM (Cuv?*" — 3, 10, 20 ug/L; Co** — 10, 30, 100 ug/L;
Cd** — 100, 200, 400 pg/L) was evaluated at different
temperatures (8, 12 and 16°C) and three variants of
salinity: 24%o—the normal White Sea water (100%),
19%o after its slight desalinization (80%), and 14 %o
after strong desalinization (60%). Salinity was mea-
sured with a TMC V2 refractometer. To prepare HM
test solutions, the following salts were used: CuCl, -
2H,0, CoCl, - 6H,0, and CdCl,. HM solutions addi-
tion and changes in salinity had no significant effect
on water pH, which remained within the range of 7.8—
8.1 units throughout the experiment.

The experiment was performed in 12-well culture
plates. One well was taken as an accounting unit a repli-
cate. Each well contained 4 mL of a test solution in which
the offspring from one pair of mussels was placed. The
density of embryos did not exceed 200 ind./mL. Samples
for analysis (500 uL) were taken after 48 and 72 hours
and fixed with formalin. All tests were conducted in
three replicates.

The samples were examined and processed using
an Axioplan 2 Imaging microscope with an AxioCam
HRm digital camera (Zeiss). Statistical analysis was
performed in R [15] with additional program packages
MASS ver. 7.3-47 [16], drc ver. 3.0-1 [17], margins ver.
0.3.0 [18], and ggplot2 ver. 2.2.1 [19].
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Fig. 1. Different types of larvae observed in experiments with the dissolved HM impact on the early development of Myfilus edulis:
(a) trochophore larva, (b) D-veliger, (¢, d) abnormal shell larvae at (c¢) 12 and (d) 16°C.

To analyze the results, generalized linear models
(GLM) were calculated for experimental groups with
different exposure times. The number of D-veligers
was taken as response variable; salinity, HM concen-
tration, and temperature, as predictors; and the total
number of larvae in a sample, as statistical weights.

Regression analysis and calculation of ECs, values
were performed using the drc package. The choice of the
model was made based on the lowest values of Bayesian
and Akiake information criteria (BIC and AIC).

RESULTS AND DISCUSSION

The development of embryos to the D-veliger stage
was observed only at a temperature above 12°C and
salinity above 14%o. The rate of development at 8°C
decreased dramatically, and in some larvae the shell
did not appear even after 72 hours. Likewise, only a
small proportion of larvae developing at 14%o salinity
had a shell. Therefore, only two temperatures (12 and
16°C) and salinity values (19 and 24%o) were used for
GLM modeling. The results are shown in Table 1.

Analysis of the models showed that factors of expo-
sure time, temperature, and salinity had a statistically sig-
nificant positive influence on the number of D-veligers,
while the factor of HM concentration had a significant
negative influence (Fig. 2). The marginal effect of
salinity had the lowest value among all factors with a
positive influence on M. edulis early development.
Larvae that developed at the low decreased salinity
(19%0) could be divided into two types: typical D-veli-
gers and veligers with an abnormal shell structure. The
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latter had smaller size and distinctive shape with an
asymmetric shell (Figs. 1c, 1d). Such larvae were found
both in control and in samples treated with HMs after
48 hours but proved to be absent after 72 hours.

Therefore, it appears that abnormal shell larvae
appeared primarily in response to a relatively small
decrease in salinity, which only slightly slowed down
the initial stages of early development. As a result, under-
developed veligers appeared on the second day, but sub-
sequently they developed into typical D-veligers.

The observed negative influence of decreased
salinity is in agreement with data obtained by other
authors. The decrease to 65% of the initial values
(from 35 to 25%o0) affects the development of M. fros-
sulus and M. galloprovincialis mussels, with the pro-
portion of D-veligers decreasing from 81.80% in the
control to 36.15% [12, 14]. The development of larvae
with an abnormal shell is also described in some
papers [1, 14, 20], but their forms observed in this
study had a different structure, which also proved to
vary depending on temperature during the develop-
ment (Figs. Ic, 1d).

Further salinity decrease to 14%o resulted in a sig-
nificant suppression of M. edulis early development.
This is in line with the fact that species of the genus
Mpytilus are almost absent in water bodies with salini-
ties below 15%o, such as Azov and Caspian seas. A
comprehensive molecular genetic analysis of Mytilus
species populations in the Baltic and North seas has
shown that the most desalinizated areas of the Baltic
Sea are inhabited with M. trossulus rather than by
M. edulis, as was considered previously [21, 22].
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Table 1. Results of modeling the effects of test factors on the

SAIDOV, KOSEVICH

early development of Mytilus edulis

Factors Coeff. SD Z-test Pr(>[))
48 hours
Exposure time cmn 1.6665 0.0539 30.9290 2.00E-16
Salinity cmn 0.4001 0.0708 5.6550 1.56E-08
Temperature cmn 0.4747 0.0704 6.7440 1.54E-11
HM concertation Cd —0.0044 0.0002 —17.4980 2.00E-16
Co —0.0175 0.0010 —16.7510 2.00E-16
Cu —0.1342 0.0053 —25.4880 2.00E-16
Salinity + temperature cmn —0.2453 0.0731 —3.3580 7.86E-04
HM concentration + salinity | Cd —0.0003 0.0003 —1.0990 2.72E-01
Co —0.0016 0.0012 —1.3900 1.65E-01
Cu 0.0017 0.0064 0.2680 7.88E-01
HM concentration + tem- Cd 0.0013 0.0003 4.4990 6.83E-06
perature Co 0.0025 0.0012 2.1450 3.20E-02
Cu 0.0218 0.0064 3.4170 6.32E-04
72 hours
Exposure time cmn 2.2322 0.0609 36.6690 2.00E-16
Salinity cmn 0.4057 0.0800 5.0730 3.92E-07
Temperature cmn 0.3643 0.0772 4.7160 2.40E-06
HM concentration Cd —0.0018 0.0003 —6.1510 7.69E-10
Co —0.0114 0.0012 —9.7840 2.00E-16
Cu —0.1183 0.0050 —23.6670 2.00E-16
Salinity + temperature cmn —0.3181 0.0791 —4.0230 5.76E-05
HM concentration + salinity | Cd —0.0001 0.0003 —0.3840 7.01E-01
Co —0.0052 0.0014 —3.8320 1.27E-04
Cu 0.0049 0.0059 0.8290 4.07E-01
HM concentration + tem- Cd —0.0019 0.0003 —5.6450 1.66E-08
perature Co —0.0009 0.0014 —0.6600 5.09E-01
Cu —0.0086 0.0059 —1.4510 1.47E-01

Designations: Coeff., coefficient of factor; cmn, common to all metals; SD, standard deviation; boldface indicates statistically signifi-
cant effect on the number of D-veligers, plus marked pairwise combinations.

The value of the marginal effect of temperature is
higher than that of salinity (Fig. 2), indicating that
increase in temperature has stronger influence on the
number of D-veligers. However, the number of veli-
gers with an abnormal shell observed at 12°C signifi-
cally decreased to a minimum at 16°C and 19%eo salin-
ity (Fig. 3). Probably, raising the temperature to 16°C
accelerated the development of larvae, thereby com-
pensating for the slowdown of development low
salinity.

According to the results of modeling, only “HM
concentration” factor had a significant negative effect
on the total number of D-veligers. The adverse effect
of HMs decreased in the series Cu > Co > Cd (Fig. 2),
confirming the initial data on the relative toxicity of
thee dissolved metals [4, 7].
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The change in the duration of the experiment (fac-
tor “exposure time”) had a positive influence on the
number of D-veligers: the free term of the model
increased as the experiment was prolonged from 48 to
72 hours. The marginal effect of this factor has the
highest value, which is the evidence of the strong
impact of this factor on the current assay (Fig. 2).

Pairwise combinations. We will firstly describe the
dynamics of temperature, HM concentration, and
salinity impact.

Although the coefficient of HM concentration
decreased on day 3 (Table 1), no significant change in
the marginal effects of HMs was revealed. It is possible
that this change was so slight that its significance could
not be confirmed at a given dataset. The value of the
marginal effect of salinity remained unchanged during
the experiment the experiment, whereas the same

No.1 2019
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Fig. 2. Marginal effects of model factors on the total num-
ber of D-veligers. Error bars show 1.96 standard deviations
(here and in Figs. 4—6).
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Fig. 3. Boxplot diagram of the numbers of D-veligers (D-
type) and larvae with abnormal shell (Sub-D) in 48-hour
experiments at 12 and 16°C and 19%o salinity. Data shown
are median values (thick horizontal line), interquartile ranges
(boxes), total ranges (whiskers), and outliers (dots).
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Fig. 4. Marginal effects of temperature and salinity: (a) dynamics of values for the model as a whole; dynamics of marginal effect
values of (b) salinity and (c) temperature without (/) and with (2) dissolved HMs influence.

value for temperature decreased almost to zero (Fig. 4a).
Notably, the marginal effects of the temperature and
salinity in the control group (no HMs) and the exper-
imental group treated with HMs showed different
dynamics (Figs. 4b, 4c).

The values of the effects of salinity in the control and
experimental groups on day 2 similar and retained their
effect on day 3, with a common dynamics (Figs. 4a, 4b),
while the marginal values of temperature differed sig-
nificantly. On day 3, however, the effect of tempera-
ture remained significant in the experimental group
but lost statistical significance in the control group
(Fig. 4c). It appears that the additional stress factor
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(increased HM concentration) enhanced the relative
effect of temperature by day 2 but abolished it by day 3.

Combination of “temperature + salinity” remained
significant throughout the experiment. Each of the fac-
tors had a positive effect, especially on day 2, but their
combined positive effect dropped down when the values
for both factors increased. As it appears from Fig. 5, the
positive effect of salinity decreased at higher tempera-
ture, and vice versa.

Combination of “HM concentration + salinity”
had a statistically significant level only for cobalt after
treatment for 72 hours, but its effect was very weak. A
shift in the coefficient of HM concentration toward

2019
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Fig. 6. Marginal effects of (a) cobalt concentration at different salinities and (b) copper concentration at different temperatures.

lower values is statistically significant and indicates
that the overall negative effect of HM concentration
increases upon change in salinity. It is noteworthy that
the maximum effect of HM concentration was
observed at normal salinity (Fig. 6a).

Combination of “HM concentration + tempera-
ture” had a statistically significant level for all metals
on day 2 and demonstrated a positive effect: the coef-
ficient of HM concentration decreased upon rise in
temperature. The combined effect of these factors on
day 3 was significant only in the cadmium dilution
series, and the relation between them became inverse:
a rise in temperature enhanced the effect of HM con-
centration. When assessing the values of marginal
effects, significant differences were observed only for
copper: its effects at 12 and 16°C were statistically differ-
ent on day 2, but the difference disappeared at day 3
(Fig. 6b).
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Taking into account the positive influence of fac-
tors “temperature” and “exposure time” and also the
antagonism between factors “HM concentration” and
“temperature,” we can say that the trend of toxicity
increase along the exposure time increase observed
previously [4, 9] was not confirmed in the current
assay.

Regression analysis. We obtained ECs, for HMs
under conditions close to natural: 12°C and 24%o
salinity. According to the results of analysis, the dose—
effect relationships for the copper and cobalt series are
most adequately described by three-parameter log-
logistic curves with an upper limit (LL.3u), and that
for the cadmium series, by a three-parameter Weibull
curve with an upper limit (W.3u).

The EC5, values of copper calculated for the White
Sea mussel (17.35 + 0.74 pg/L) proved to be higher

No.1 2019
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than those obtained for M. edulis by other authors (4—
10.8 ug/L) [4, 9]. A decrease in ECy, at lower salinity
(19%o0) was observed only on day 2, in agreement with
observations of many authors that early developmental
stages in bivalves become more sensitive to toxic agents
when salinity decreases [1, 14]. Higher EC,, values in
M. edulis from the White Sea, compared to those from
water areas with oceanic salinity, may indicate that the
main factor is the short-term decrease in salinity
rather than the initial difference between conditions in
the habitats of these populations.

The effect of cobalt on embryonic development has
been studied in a relatively small number of aquatic
species [2, 6, 23, 24]. To our knowledge, we were the
first to perform experiments on its impact on the
embryonic and early postembryonic development of
bivalve mollusks. The ECs, values calculated in this
study (146.22 + 51.30 ug/L) are almost identical to
those for the sand dollar Dendraster excentricus (73—
147 pug/L) [2] and to ECs,/LCs, for asexual reproduc-
tion and survival of early life stages in the sea anemone
Aiptasia pulchella (85—154 ug/L) [24].

The ECs, values calculated for cadmium ions
(461.66 £ 160.00 pg/L) are similar to, or even lower
than, the values for other bivalve mollusks including
Mpytilus species [4, 8, 9]. Lower ECs,/LCs, values
among invertebrates have been obtained for asexual
reproduction and survival of early life stages in the sea
anemone A. pulchella (27—185 ug/L) [24] and crab
Cancer magister (247 ug/L) [4].

CONCLUSIONS

All factors included in this study were found to have
a statistically significant effect on the early develop-
ment of M. edulis, if the measure of the effect is the
change in the number of D-veligers on the second and
third days of experiment.

The combinations between these factors may be
synergistic (“HM concentration” and “salinity”) or
antagonistic (“HM concentration” and “tempera-
ture,” “temperature” and “salinity”). An interesting
fact is the difference of temperature effect dynamics
between the control and experimental groups (Fig. 6).

Based on the results of regression analysis, effective
concentrations were calculated for HMs included in

the study: ECsy(Cu?*) = 1735 = 0.74 ug/L;
ECy(Co?) = 146.22 + 51.30 pg/L; ECs(Cd2) =
461.66 + 160.00 pig/L.

Taking into account the positive influence of
increase in temperature, salinity, and duration of
experiment; ambiguous dynamics of the influence of
temperature; and antagonistic interaction of HM con-
centration and temperature, it may be concluded that
an acute experiment performed at normal salinity
(24%o0) and temperature of 12°C for 48 hours is opti-
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mal for biotesting in terms of method sensitivity and
assessment of effects.
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