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Abstract

:

The sea urchins Paracentrotus lividus and Arbacia lixula have a key role in benthic dynamics and they are often used to assess the toxicity of environmental contaminants. The aim of this research was to investigate the influence of salinity on copper toxicity on P. lividus and A. lixula embryos, evaluating the impact of future ocean salinity variations and estimating an optimum range for embryos. For this purpose, sea urchin embryos were exposed to different copper concentrations under varying salinity regimes, estimating the toxic effects with the percentage of abnormal embryos and the Integrative Toxicity Index (ITI). Results revealed acceptable levels of anomalies in a salinity range of 33–36‰ for A. lixula and 33–39‰ for P. lividus. The effect concentrations (EC50) of copper reveals increasing toxicity at increasing salinity for both sea urchin species, but between 33–36‰ (A. lixula) and 36–39‰ (P. lividus) the toxicity appear inversely related with salinity. This study illustrates the difficulty in relating a biological response to bioavailability, because the uptake and the sensitivity to copper across salinities is influenced by differences in osmoregulation, enhancing our knowledge about optimal salinity ranges and the potential impact of climate change on sea urchin embryo development.






Keywords:


Paracentrotus lividus; Arbacia lixula; copper; salinity; climate changes; trace metals; sea urchin; embryo development












1. Introduction


The purple sea urchin Paracentrotus lividus (Lamarck, 1816) is a widespread species in the Mediterranean Sea and in the north-eastern Atlantic [1], often used as a model organism in ecological and ecotoxicological studies [2]. Despite this echinoid sharing its habitat of shallow waters in rocky coastal areas with the black sea urchin Abracia lixula (Linnaeus, 1758), the ecological niche of the two species appears not to overlap because of different adaptations to physical stress and feeding preferences on hard substrate. P. lividus has been reported to feed mainly on erect algae, seagrass, and particulate matter, while A. lixula has been described as a grazer of encrusting coralline algae and possibly sessile invertebrates [2,3]. In addition, the gap between the test plates could be seen as a discriminant feature which reflects the different microhabitat distribution of the two species: in A. lixula, this gap has dimensional characteristics which make them particularly well fitted to bear the hydrodynamic physical stress on its apical region (vertical or subvertical rocky substrates), whereas in P. lividus, this gap is narrow, in response to the ecological strategy to live in tight cavities in rocks and on horizontal or gently inclined substrates [4].



In the Mediterranean Sea, these two species live in coastal areas where environmental conditions could vary rapidly and dramatically. Changes in salinity, for example, could occur naturally in shallow waters, as a result of river discharge or evaporation when the air temperature is high [5,6,7,8]. In addition, over the next century, the interaction between large-scale changes in ocean circulation and an altered freshwater cycle due to anthropogenic climate change is going to increase the salinity in the Atlantic Ocean and the Mediterranean Sea, with shifts in physiological and biological capabilities to cope with stress in marine species [9]. Indeed, the projected rise in seawater temperature will affect rainfall patterns, ice melting and evaporation [8,10]. Echinoderms are generally affected by changes in salinity, with important disruption of fertilization success [11,12], survival [13,14] and embryonic/larval development [8,15,16]. Results from previous studies demonstrated that in echinoderms, embryological development and following larval transformations are more sensitive stages to salinity changes than subsequent adulthood. Concerning specifically P. lividus embryological development, the optimal salinity range for Mediterranean populations varies between 33 and 35‰ [17,18,19,20], while for the Atlantic population it adjusts between 28 and 34‰ [12,21,22,23]. To the best of our knowledge, there are only two studies which assess the effects of salinity on A. lixula development, with tolerance ranges of 29–39‰ for the south Atlantic Ocean [24] and 29–35.5‰ for the North-Eastern Atlantic [12]. Nevertheless, the tolerance to salinity appears strongly related to the area of origin of the adults, with a natural variability between different locations [25].



In addition to their ecological importance in rocky-bottom ecosystems, embryos of these two species, and in particular P. lividus, are commonly used in marine toxicity tests due to their sensitivity to a wide range of environmental pollutants [26,27,28,29,30]. Among the environmental pollutants, trace metals are the category mainly affected by chemical speciation in the seawater and show a decrease of free cations activity at increasing salinity due to chloro-complexation [31,32]. Considering copper toxicity, several studies have demonstrated that Cu effects tend to be reduced at increasing salinities in different species of fish and invertebrates [33], although some contrasting results are present [34]. In recent decades, different anthropogenic activities, such as mining and smelting, municipal wastes, agricultural, industrial emissions and aquaculture plants, resulted in an increase in environmental Cu concentration [35].



In the literature, different studies focused on Cu toxicity on embryos of A. lixula [36] and P. lividus [37,38,39,40,41], describing copper-induced malformations and developmental delay. Other papers describe the effects of salinity on A. lixula [12,24] and P. lividus well [12,17,18,19,20,21,22,23]. Reading these studies, it is interesting to note that the influences of salinity and copper on sea urchin embryo development are always treated separately.



This study moves to investigate, for the first time, the interaction between Cu and salinity in P. lividus and A. lixula embryos, starting from salinity ranges and Cu concentrations used by other authors, in order to implement and integrate the results of past studies. In particular, the aim of this study was to analyze the influence of salinity on copper toxicity on P. lividus and A. lixula embryos, to understand the impact of future changes in ocean salinity on sea urchin populations and to establish the optimum range for embryo bioassays. To achieve these goals, sea urchin embryos were exposed to different copper concentrations under varying salinity regimes; this approach showed developmental anomalies in a dose-dependent manner in agreement with the literature data [41]. Morphological data were reported with the standard criteria of normal embryos (%) and weighting the severity of developmental anomalies, using the Integrative Toxicity Index (ITI) which allows for a better categorization and classification of the potential teratogenic effects of pollutants [28].




2. Materials and Methods


2.1. Test Solutions


A stock solution of 45‰ salinity was prepared to reach the predetermined salinity by adding hypersaline brine (HSB), obtained by concentrating natural seawater by evaporation to 0.22 µm filtered seawater (FSW), collected offshore in an area far from evident sources of pollutants, already characterized and used in previous studies [28]. Water solutions at different salinities (27, 30, 33, 36, 39, 42, 45‰) were prepared by adding an appropriate volume of Milli-Q® (Millipore Co., Bedford, MA, USA) water to the stock solution. The desired salinity was confirmed with the detection using a salinity probe (Hanna HI98319).



Copper was used as reference toxicant in the embryo-development test with sea urchins. A solution of copper nitrate (Cu(NO3)2 H2O) 10 mg/L was prepared in bi-distilled water (BDW) by a stock solution of 1000 g/L (Sigma Aldrichl, St. Louis, MO, USA). For sea urchin embryo incubation, further dilutions in filtered seawater (FSW) were prepared to obtain the nominal concentrations of 10, 15, 20, 25 µg/L Cu for A. lixula and 10, 20, 25, 30, 35, 40 µg/L for P. lividus. The exposure concentrations were differentiated between the two sea urchin species on the basis of the literature ranges [28,41,42] and after preliminary experiments, with the aim of validating these values.




2.2. Chemical Analysis of Test Solutions


Fresh standard solutions of Cu were prepared before the analysis and were used in bioassays. Three replicates were carried out for each Cu concentration and were analyzed by a graphite furnace atomic absorption spectrophotometer (AAS-GF, Varian Spectra AA-220 Z), following the procedures reported in EPA 7010, to compare the nominal Cu concentration with the obtained solutions. No matrix modifiers were employed. The determination was carried out using a calibration curve between 10 and 100 µg/L. Standard solutions from Sigma Aldrich were analyzed to guarantee quality control, and the percentage of recovery was always between −10% and +10%.




2.3. Sea Urchin Collection and Bioassays


Adult sea urchins of P. lividus and A. lixula were collected from October 2018 to February 2019 in an intertidal rocky site along the southern coast of Livorno, Italy (43°25.6020 N–10° 23.7800 E) and immediately transported in an insulated box to the laboratory. Bioassays were conducted as described by Morroni et al. (2018) [29]. Briefly, sea urchins were induced to spawn by injecting 1 mL of 0.5 M KCl solution (Carlo Erba, Milan, Italy) into the coelom, through the peribuccal membrane. Sperm was collected dry from at least three males using a Pasteur pipette, pooled, and stored at 4 °C until use. For each tested salinity, oocytes obtained from at least three females were shed into 100 mL beaker previously filled with 0.22 µm filtered seawater (FSW) at requested salinity. As per internal Quality Assurance in our laboratory, eggs were examined under an Olympus GX53 inverted microscope (Tokyo, Japan) before conducting the experiments to determine their maturity, and were then pooled into a 500 mL beaker. The final concentration of 1000 eggs/mL was prepared by counting 100 μL subsamples with an inverted microscope at 4× objectives.



Once sperm motility had been checked, 10 µL of sperm was gently diluted in 500 mL eggs suspension (1000 eggs/mL). A few minutes after fertilization, an aliquot of embryos was observed to verify the success of fertilization (formation of the fertilization envelope > 95%) [41].



After fertilization, for each tested salinity and sea urchin species, 1 mL of embryo suspension (1000 embryos) was exposed to untreated negative controls (0.22 µm FSW) and positive controls with exposure to copper nitrate (reference toxicant) at the following Cu nominal concentrations: 10, 20, 25, 30, 35, 40 µg/L. Working solution were obtained by diluting a stock solution of 1 g/L of Cu(NO3)2*3H2O (Sigma Aldrich, St. Louis, MO, USA). Six replicates were prepared for each concentration using sterile capped polystyrene microplates. Embryos were incubated in a dark room at 18 °C for 72 h; at the end of incubation, samples were fixed with 1% Lugol solution, and observed with transmitted light microscopy. Morphological anomalies were monitored counting 100 embryos per replica under a light inverted microscope (Leica DMI 3000B, Milan, Italy). The acceptability of the results was fixed at a percentage of normal plutei ≥80% in the negative control test [35].




2.4. Toxicity Criteria


The toxicity of Cu at different salinities was estimated by calculating the percentage of abnormal embryos at the pluteus stage (72 h of development), according to the standard criteria and the Integrative Toxicity Index (ITI) [28,43]. The standard criteria calculate the percentage of normal and abnormal embryos without considering different typologies of malformations or the phase in which they appear. Conversely, all the ITI methodologies count the frequency of delayed and/or abnormal embryonic morphologies and quantitatively rank the severity of the effects. Embryos were classified as normal if they satisfied the morphological criteria as follows: (i) suitable schedule in reaching the developmental endpoint (pluteus at 72 h); (ii) correct skeleton development and patterning; (iii) right ectoderm, mesoderm, and endoderm germ layer differentiation; (iv) conform left/right or dorso/ventral axis symmetry. On the other hand, embryos displaying impairment of the axis symmetry, as well as germ layer defects, were marked as abnormal [28]. In this study, ITI 4.0 [43] was applied and validated for the first time for A. lixula embryos also.



In particular, ITI 4.0 classifies embryos on a toxicity scale from 0 (absence of toxicity) to 5 (maximum toxicity). The lowest level (0) assigned to each ITI was associated with a “no effect” or light delay in development, including normal plutei and early plutei. A score of 1 was associated with the pluteus and early pluteus stage displaying malformations, a score of 2 was associated with the stage of the prism, and a score of 3 with the prism displaying malformations. The highest levels of toxicity (4 and 5) were associated with the delayed and/or malformed embryos at the gastrula stage, and with the delayed and/or malformed embryos from fertilized egg to the blastula stage [43].



The ITIs applied in this study are calculated as follows:


ITI = ∑ni = 1 (Si × Fi)/100,








where Si is the score associated with each abnormal embryonic morphology and Fi is the frequency observed for that abnormality expressed as a percentage (n = 6).




2.5. Data Analysis


The median Effective Concentration (EC50) inducing abnormal larvae was considered to evaluate toxic effects of Cu. The EC values with 95% confidence limits were estimated using the MOSAIC web-interface for statistical analyses in ecotoxicology [44]. The calculations within MOSAIC are based on the R package ‘morse’ [45].



Embryo development anomalies related to the Cu-exposure at different salinities was examined using two-way ANOVA (copper concentration, salinity) after checking the normality and homoscedasticity of data, the former using a Shapiro–Wilk test and the latter being tested through a Cochran’s C-test [46]. Significant differences between the percentage of abnormal larvae in FSW (control) and in the reference substance solutions were determined by Dunnett’s test for multiple comparison [26,47]. Two levels of significance were established: p < 0.05 and p < 0.01. Significance was established at 95% (p < 0.05). The statistical tests were performed using GMAV 5.0 software (University of Sydney, Australia) and PAST statistical software [48].





3. Results


Copper concentrations, measured in each test solution, differed by 3–7.8% from the nominal concentrations.



ANOVA results showed significant effects on embryo development related to the factor salinity, copper nitrate concentration and their interaction (Table 1); post hoc pairwise comparison indicated significant differences between salinity at all copper concentrations (p < 0.01).



3.1. Paracentrotus lividus


The effects of salinity on larval development of P. lividus are shown in further detail in Figure 1. In the range of salinities tested (27–45‰), an acceptable level of anomalies (abnormal embryos < 30%; ITI < 0.36) was observed at salinity ranging from 33 to 36‰. The lowest percentage of abnormal plutei (14.4%) occurred at a salinity of 36‰, corresponding to ITI values of 0.11. Correct larval development in P. lividus was achieved even at 39‰ (23% of abnormal larvae and 0.96 of ITI), although developmental endpoints differ significantly (p < 0.01) from the percentage obtained at 36‰. At a salinity of 27‰ and higher, of 42‰, larval growth was completely blocked at the early larval stage either in the negative (FSW) and positive (copper solution) control, with ITI values higher than 2 manly due to undeveloped and malformed embryos.



Similar to what was reported for A. lixula, the developmental anomalies of P. lividus in the negative control increased significantly in the range between 27 and 36‰ (p < 0.01). Abnormal embryos were observed, rising to 19% (ITI of 0.91) for a salinity of 36‰. The EC50 value obtained with copper ranged from 10.7 (8.3–12.9) µg/L to 28.8 (28.4–29.3) µg/L for a salinity of 33 and 36‰, respectively. At a salinity of 39‰, the percentage of well-developed plutei remained above 80%, with an EC50 value of 24.7 (23.6–25.7) µg/L for copper nitrate (Table 1).



Aberrations in P. lividus embryos increased significantly (Figure 1) up to 60% at 42‰; tests conducted with the reference toxicant showed a percentage of malformations in larvae exceeding 90% starting from the concentration of 25 µg/L with an EC50 value of 21.7 (19.3–23.8) µg/L.




3.2. Arbacia lixula


The effects of salinity on larval development of P. lividus are shown in further detail in Figure 1. In the range of salinities tested (27–45‰), an acceptable level of anomalies (abnormal embryos < 30%; ITI < 0.36) was observed at salinity ranging from 33 to 39‰. The lowest percentage of abnormal plutei for A. lixula (14.4%) occurred at the salinity of 36‰, corresponding to ITI values of 0.16. At salinity of 27‰ and higher of 42‰, larval growth was completely blocked at early larval stage, either in the negative (FSW) or positive control, with ITI values higher than 2, mainly due to undeveloped and malformed embryos.



Outcomes from A. lixula showed, in FSW, a high percentage (77%) of well-developed plutei even at 30‰, whereas at 33‰, the malformed plutei observed was lower than 30% (ITI of 0.24) Testing the effect of reference toxicant at this salinity, the percentage of malformed plutei was higher than 90%, starting from a copper concentration of 20 µg/L (ITI of 0.96). At 36‰, the percentage of malformed plutei in FSW decreases significantly (p < 0.01) compared to those observed at 30‰ and 33‰, although the sensitivity of sea urchin embryos versus copper remains similar to those obtained at lower salinities (15.5 µg/L, Figure 1).



With a further increase in salinity (39‰), the percentage of malformed plutei in FSW decreased significantly (p < 0.05) with respect to 36‰. At 39‰ the adverse effects on embryo development started from a concentration of 20 µg/L, with 87% of abnormal embryos (ITI of 0.33). The EC50 value for copper at 39‰ drops to 13.6 (13.3–13.9) µg/L (Table 2). Embryonic development of A. lixula was found to be strongly affected at 42‰; the percentage of well-developed plutei in the negative control fell below 50%. Tests carried out with reference toxicant showed a percentage of malformed larvae ranging between 89 and 100% for all tested concentrations of copper.





4. Discussion


Previous results have shown that larvae of many sea urchin species are stenohaline, and their survival and growth are significantly influenced by salinity changes [11,17,24,49,50]. Concerning the literature data, Bressan et al. (1995) [17] found that the optimal salinities range for P. lividus embryonic development was 34–35‰.



Those data were confirmed by Saco-Álvarez et al. (2010) [23], who reported an ideal range of salinities for P. lividus embryo development and early larval growth within 31‰ and 35‰, whereas Carballera et al. (2011) [12], studying the effect of salinities on fertilization and larval development on sea urchin collected in the Bay of Algeciras (Western Mediterranean Sea), recorded an optimal larval development (≥90%) for salinities ranging from 29 to 33‰.



Data were confirmed for the Atlantic specimen of P. lividus by Pétinay et al. (2009) [22], who established, for the execution of the embryo development test, a salinity ranging between 28 and 34‰. Our study confirms these values, as we obtained a correct embryonic development for P. lividus at salinities ranging from 33 to 36‰.



Contrary to what was reported in the literature for A. lixula [24,26], the outcome of our study highlighted a narrower range of salinities tolerance, ranging from 33 to 36‰. The stenohaline attitude of both sea urchins reported in our trials was confirmed by the sharp decrease in the percentage of well-developed embryos passing from 33 to 27‰ (30% and 23% for P. lividus and A. lixula, respectively).



Carballera et al. (2011) [26] observed, in both species, significantly lower (p < 0.05) percentage of normal embryos for salinities < 29‰, although the percentage of normal embryos observed at 25.5‰ was greater (>50%) than those obtained in our trials at 30‰. To explain this discrepancy, it is possible to hypothesize the presence of genetic differences linked to the spatial variability of populations within the Mediterranean basin, as already demonstrated, by the different sensitivity to heavy metals of P. lividus and A. lixula embryos obtained from specimens collected from geographically distant areas [41]. Analyzing the genetic sequences of the P. lividus population within the Mediterranean, Carreras et al. (2019) [51] highlighted differences in allele composition involved in processes related to temperature and salinity, revealing a progressive adaptation to salinity from west to east, and that the populations of western Mediterranean areas are differentiated from those in the eastern Mediterranean [51].



The effects of salinity on the larval development of sea urchin were reported for many species. In Evechinus chloroticus fertilization rate, development rate, gastrulation, and normal development were significantly affected by low salinity (29‰) compared to those obtained at 34, 35 and 37‰ [8]. Sarifudin et al. (2014; 2017) [52,53] found that Diadema setosum and Salmacis sphaeroides successfully grow and develop within the salinity range from 28 to 37‰ and from 25 to 35‰, respectively. A similar optimal range of salinity (28 to 34‰) was observed in Tripneustes gratilla by Shamim Parvez et al. (2018) [54], whereas Greenwood and Bennet (1981) [55], studying the effect of 45 temperature–salinity combinations on the fertilization success of the gametes of the sea urchin Parechinus angulosus, observed that temperature had the greatest effect on sperm, whereas low salinities relevantly affected the ova, but had little apparent effect on sperm. Even in Heliocidaris crassispina, low salinity and high temperature had interactive effects in reducing larval survivorship [16], whereas Metaxas (1998) [56] reported for Echinometra lucunter short-term (24 h) and long-term (over the entire developmental period) effects of salinity on larval survival and rate of development. In the short term, the majority of larvae could survive brief periods of reduced salinity, whereas for extended periods, low salinity had more adverse effects, causing 100% of mortality.



Concerning the sensitivity to copper, in the optimal range of salinities for the larval development (36–39‰), tests with P. lividus showed good repeatability, highlighting an EC50 value ranging from 24.7 (23.6–25.7) to 28.8 (28.4–29.3) µg/L. Data were consistent with the values reported in the literature for this specimen [25,36,37,57,58,59,60,61,62,63], whereas for A. lixula, an EC50 value of 15.5 (15.1–15.8) µg/L was observed at 36‰. The greater sensitivity of A. lixula reported in a previous study [41] was confirmed by our trials, although the EC50 values obtained this time for copper nitrate, both for P. lividus and A. lixula, were lower. To our knowledge, only one study has focused on the sensitivity of A. lixula to copper, obtaining an EC50 value ranging between 46.0 and 53.0 µg/L [51]. This discrepancy could refer both to the different chemical standard employed in the experiment, CuSO4*5H2O instead Cu(NO3)2*3H2O, or to genetic differences between the Atlantic and Mediterranean population of A. lixula, although the order of magnitude of these data was in good agreement to what was observed in our previous study [41].



It is interesting to notice that for P. lividus, the percentage of malformed plutei observed in the presence of the reference toxicant at a salinity of 39‰ was lower than those found at a salinity of 36‰. This trend was also observed in A. lixula, albeit with less intensity, at salinities of 36 and 33‰. The toxicity of some heavy metals depends on chemical speciation and is modified by the trace metal’s ability to complex with other ions and compounds [64,65,66]. It is well known that, for example, the toxicity of Cu2+ is moderated by organic and inorganic chelators, such as humic substances, naturally present in many aquatic systems [67,68,69,70]; these compounds have carboxylic and phenolic groups which can complex trace metals and lower their toxicity [71,72].



In general, the toxicity of trace metals to invertebrates has been found to be inversely related to salinity [33,73,74,75,76,77,78,79], probably related to the increased bioavailability of metal ions (toxic form) at low salinity [72].



In the blue crab Callinectes sapidus, the toxicity of copper is higher at a salinity of 2‰ (96 h-LC50 = 5.3 (3.50–8.05) µM Cu) than at 30‰ (96 h-LC50 = 53.0 (27.39–102.52) µM Cu) [76]. Similarly, the estuarine crabs Cancer irroratus and Carcinus maenus exposed to increasing copper concentrations showed a much more pronounced reduction in osmoregulation function at lower salinity [80]. Studies conducted on Crassostrea gigas, Crassostrea Virginica and Mytilus edulis showed an increase in copper toxicity at lower salinity which could not be accounted for by osmotic stress alone [73,81,82]. Additionally, Riba et al. (2004) [75] noted that the toxicity of the heavy metals measured in Ruditapes philippinarum exposed to sediments rich in Zn, Cd, Pb, and Cu increased at low values of pH (6.5) and salinity (10‰). Moreover, Moreira et al. (2018) [79] reported an inverse correlation between the increase of arsenic toxicity and the salinity reduction for Crassostrea angulata and Crassostrea gigas. Other studies conducted on the American lobster (Homarus americanus) exposed to 560 µg/L at 13 °C [83], the striped bass (Morone saxatilis) [84], the polychaete, Nereis diversicolor [85,86], the clam, Rangia cuneata [87], the pompano, Trachinotus carolinus [88] and the larval topsmelt, Atherinops affinis [89] converge to the same statement: the highest sensitivity occurs at the lowest salinity. Furthermore, not all marine species exhibit increased metal toxicity associated with decreased salinity. Deruytter et al. (2015) [90] reported that in marine mussel larvae (Mytilus galloprovincialis), an increase in Cu toxicity (modeled with dissolved Cu or Cu2+ activity) was observed with increasing salinity, suggesting a salinity-induced alteration in the physiology of the mussel larvae. Similar results have been reported for the marine gastropod Hydrobia ventrosa, which exhibited a greater reduction in growth in the presence of cadmium at a salinity of 33‰ than at a salinity of 13‰ (Forbes, 1991) [91].



The results of this study illustrate the difficulty in relating a biological response (e.g., growth or mortality) to bioavailability, because the uptake and the relative sensitivity to trace metal across salinities could be influenced by species-specific differences in osmoregulation [92,93]. To the best of our knowledge, this is the first publication assessing the influence of different salinities on copper toxicity for P. lividus and A. lixula. The correlation observed in literature studies between lower salinities and the higher toxicity of heavy metal seems to confirm the goodness of our results. Lastly, our study introduces new knowledge about the possible impact climate change has on sea urchins, and consequently on the whole trophic net.
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Figure 1. Effects of salinity on larval development at different Cu concentrations (SW indicates sea water without copper addition). Data are expressed as mean percentage of abnormal embryos (±standard error) ((A) Paracentrotus lividus, (B) Arbacia lixula) and as ITI ((C) Paracentrotus lividus, (D) Arbacia lixula). Note: The asterisk (*) indicates significant differences (p < 0.05) between the standard salinity of 36‰ and other salinities. 
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Table 1. Analysis of variance (two-way ANOVA) of embryo development in response to different salinities and copper concentrations. df: degrees of freedom, MS: mean squares, p: significance (p < 0.01).
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Paracentrotus lividus

	

	
Arbacia lixula




	
Source of Variation

	
df

	
MS

	
p

	
df

	
MS

	
p






	
Salinity

	
6

	
34957

	
0.001

	
6

	
17131

	
0.001




	
[Cu]

	
4

	
21670

	
0.001

	
4

	
31848

	
0.001




	
Salinity × Cu

	
20

	
1734.3

	
0.001

	
20

	
3303.4

	
0.001




	
Res

	
333

	
5.7033

	

	

	
333

	
67.257

	

	




	
Total

	
363

	

	

	

	
363

	

	

	











[image: Table] 





Table 2. Median effective concentration (EC50) of sea urchin embryos exposed to different salinities. Values are reported with respective 95% confidential limits; n.c. = not calculated.
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Salinity (‰)

	
EC50 (µg/L)




	

	
Paracentrotus lividus

	
Arbacia lixula






	
27

	
n.c.

	
n.c.




	
30

	
10.7 (8.3–12.9)

	
9.82 (9.31–10.3)




	
33

	
17.6 (16.3–18.9)

	
15.8 (15.6–16.1)




	
36

	
28.8 (28.4–29.3)

	
15.5 (15.1–15.8)




	
39

	
24.7 (23.6–25.7)

	
13.6 (13.3–13.9)




	
42

	
21.7 (19.3–23.8)

	
9.0 (8.6–9.3)
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