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Native Artemia from Cabo de Gata (Spain) was extremely resistant to Hg
Native and invasive Artemia from Aveiro showed similar Hg tolerance
Hg may play a role limiting/delaying invasion in some native populations

All studied Artemia populations showed similar tolerance to Zn
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Abstract

In recent decades, brine shrimps of the genus Artemia has suffered a major biodiversity
loss in the Mediterranean region due to the introduction of the highly invasive A.
franciscana. Pollution has been proposed as an important factor limiting this global
invasion. Contrary to the general acceptation that pollution tends to favour invasive
species, it has been postulated that local adaptation of native Artemia to pollution may
prevent or delay colonization by the exotic species. To provide insight into this “pollution
resistance hypothesis”, we investigated the individual effect of acute toxicity of mercury
(Hg) and zinc (Zn) on the survival of six different native and invasive Artemia populations
from the Iberian Peninsula collected from areas with different levels of Hg- and Zn-
pollution. The Hg and Zn 24h-LC50 values for Artemia nauplii of the different
populations varied between 20 and 70 mg Hg L, and between 350 and 450 mg Zn L*,
respectively. Native Artemia from Cabo de Gata (SW Spain) showed significantly higher
survival at high Hg concentrations than other populations, which may be explained by the
longer history of Hg-pollution in that area from mining activities, compared to the other
sites. In contrast, differences between populations in response to high Zn levels were
weak, and inconsistent with the environmental differences in Zn concentrations.
Discussion of the results of this work was done in relation to the “pollution resistance
hypothesis” and conclude that Hg pollution may limit the invasion by A. franciscana in

some study sites for an uncertain length of time.

Key words: metal pollution; biological invasion; pollution resistance hypothesis;

Artemia franciscana; Artemia parthenogenetica
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1. Introduction

Biological invasions are a major threat to biodiversity and ecosystem functioning
worldwide (Simberloff et al., 2013). Therefore, it is crucial to understand the factors
affecting the invasibility of ecosystems (Ruiz et al., 2001) and the attributes allowing
native populations to survive invasions. Most studies up to now show that environmental
contamination enhance invasions (e.g., Piola and Johnston, 2009; Crooks et al., 2010).
However, most of these studies consider scenarios of recent environmental pollution or
emerging pollutants (e.g., Varo et al., 2015), and environments where invasive species
have succeeded (Soltysiak and Brej, 2014; Guarnieri et al., 2017); little is known about
how local adaptation of native species to pollution may limit the establishment of invasive
species. In areas with historic pollution (e.g., with prehistoric or ancient mining) native
communities have had time to adapt to the presence of pollutants by evolutionary
acquisition of chemical tolerance (e.g., Barata et al., 2002; Lopes et al., 2006; Ruggeri et
al., 2019), and therefore may be more resistant to the establishment of newly arriving

invasive species (Sanchez et al., 2016; Pais-Costa et al., 2019).

The brine shrimp Artemia (Branchiopoda, Anostraca), a key taxon in hypersaline
ecosystems, is an interesting model system to study interactions between contaminants
and invasions. This genus is suffering a major biodiversity decline worldwide (e.g., Amat
et al., 2007; Horvath et al., 2018) due to the introduction, since the 1950s, of the North
American Artemia franciscana for aquaculture purposes (Amat et al., 2005; Mufioz et al.,
2014). In Europe, A. franciscana was first detected in Portugal in the 1980s (Hontoria et
al., 1987) and a decade later in France (Thiery and Robert, 1992). Since then, it has
progressively invaded most hypersaline ecosystems of the Mediterranean basin, including
those of Spain and Italy (Amat et al., 2005, 2007; Horvath et al., 2018), North Africa

(Morocco, Tunisia) (Amat et al., 2005, 2007; Naceur et al., 2010), and has reached the
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Middle East (Iran, Egypt, Arab Emirates) (Hajirostamloo and Pourrabbi, 2011; Sheir et
al., 2018; Saji et al., 2019). It is also present in Australia, Brazil, India, China and Kenya
(Ruebhart etal.,, 2008; Camara, 2001;Zheng et al., 2004; Krishnakumar and
Munuswamy, 2014; Ogello et al., 2014). The establishment of the exotic species in the
Mediterranean region has led to a rapid local extinction of native A. salina and A.
parthenogenetica; currently these species are listed as Endangered and Vulnerable

respectively, in the Iberian Peninsula (IUCN red list; Garcia-de-Lomas et al., 2017).

In SW Europe, few populations of native Artemia persist and most of them are in highly
polluted areas. In Portugal, one of the last refuges of native A. parthenogenetica is the
saltpans complex of Ria de Aveiro (Portugal), highly polluted by mercury (Hg). However,
in the same saltpans complex there are A. franciscana populations and the reasons for the
resistance of the native species to the invasion are unknown. Rodrigues et al. (2012)
studied the physicochemical and biological parameters that may explain the distribution
of these native and invasive species but found that their environments were rather similar.
They then hypothesized (but did not demonstrate) that the presence of pollutants (as Hg)
may play a decisive role in the prevention of the invasion. Pinto et al. (2013, 2014)
subsequently studied the effects of water temperature, salinity, photoperiod and food
supply on the survival and reproduction of these native populations and concluded that
their persistence remained an unexplained phenomenon, pointing out again to the
potential role of a chemical barrier related to the pollution. This “pollution resistance
hypothesis” has been partially supported for contaminants other than Hg, for some
populations from the southern Iberian Peninsula (arsenic (As): Sanchez et al., 2016; zinc
(Zn): Pais-Costa et al., 2019). However, information is extremely limited and fragmented,

and more data are critical to understand the role of pollution in preventing or delaying the
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colonization of the last native Artemia populations by the exotic A. franciscana (Pinto et

al., 2014).

The aim of the present study was to provide insights into the pollution resistance
hypothesis (Rodrigues et al., 2012; Pinto et al., 2013, 2014; Sanchez et al., 2016) by which
high levels of pollution may be slowing down or even avoiding the invasion by A.
franciscana. For that, native and invasive populations of Artemia were exposed to acute
concentrations of Hg and Zn. Among the studied populations, native and invasive Artemia
populations collected from the same locations as in Rodrigues et al. (2012) were used to
evaluate if potential differences in environmental factors could explain the distribution
pattern of both Artemia species. This work hypothesis is that native Artemia from highly
Hg- and Zn-polluted areas would be locally adapted more resistant to the invasion than

populations from less polluted areas.

2. Material and Methods

2.1 Study sites

The selected Artemia populations were sampled in six different saltpans, located in the
Iberian Peninsula: Ria de Aveiro (Troncalhada and Tanoeira saltpans) and Rio Maior in

Portugal; and Odiel, Cadiz bay and Cabo de Gata in Spain (Figure 1).
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Figure 1: Location of the six populations (P1-P6) of Artemia selected for this study. Cysts
of A. parthenogenetica were collected from Aveiro (Troncalhada saltpan), Rio Maior,
Odiel and Cabo de Gata saltpans; and A. franciscana from Aveiro (Tanoeira saltpan) and
Cédiz saltpans. [source: Google Maps 2020].

Ria de Aveiro is recognized as one of the most Hg-contaminated aquatic systems in
Europe (Pereira et al., 1998). The Hg contamination of this lagoon derived from
discharges of a chloralkali plant (active from 1950s to 1994) located in Estarreja near
Aveiro (Pereira et al., 1998). Troncalhada saltpan (N, Portugal; 40°38'41.52"N;
8°39'45.81"W), where native A. parthenogenetica still persists, (Pinto et al., 2013, 2014),
due to its location (Figure 1), is one of the first areas to receive the contaminated effluents
from the Ria (Rodrigues et al., 2012). On the other hand, Tanoeira saltpan (N, Portugal,
40°39'0.70"N, 8°40'46.95"W), already invaded by A. franciscana (Pinto et al., 2013,
2014), is located much farther away from the main channels of the Ria, thus receiving
lower levels of contamination compared to Troncalhada. Ria de Aveiro also presents high
concentrations of Zn (Martins et al., 2015; Cachada et al., 2019), which may be related to
the Pb-Zn-(Cu-Ag) hydrothermal veins deposits in Portugal, known and exploited since
the 19th century (Guimaraes dos Santos, 1948).

7
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The Rio Maior saltpans (NW, Portugal, 39°21'49.90"N, 8°56' 38.93”"W), the other area
where native A. parthenogenetica persist in Portugal, are considered a low polluted
system due to its inner/inland location and the fact that the brine supply comes from a
long and deep streak of rock salt located in Serra de Aires e Candeeiros Natural park
(Calado and Brand&o, 2009). However, Rio Maior presents high concentrations of Zn
naturally present in the soil and subsoil of the area (Duarte, 1979) or perhaps due to nearby

coal mining (Suérez-Ruiz et al., 2006).

The Odiel and Tinto estuary (SW, Spain, 37°1529"N, 6°5825"W), where native A.
parthenogenetica cysts were collected, is considered one of the most polluted estuarine
systems in the world, due to high concentrations of As, cadmium (Cd), copper (Cu), lead
(Pb), antimonium (Sb) and Zn (Nelson and Lamothe, 1993; Ruiz, 2001). The pollution in
this area derives from drainage from abandoned mines and from industrial discharges
(Nelson and Lamothe, 1993; Ruiz, 2001). Although, this system presents very high
concentration of Zn, it has low concentrations of Hg (Rosado et al., 2015; Elbaz-Poulichet

et al., 2001; Bermejo et al., 2003).

The Puerto de Santa Maria saltpans (S, Spain, 36°35.799'N, 6°12.597'W), where A.
franciscana cysts were collected, are in Cadiz Bay (Spain), within the Gulf of Cadiz. The
amount of highly toxic heavy metals discharged by the Odiel and Tinto Rivers produce a
plume of contaminants in the Gulf of Cadiz (Palanques et al., 1995; Hanebuth et al., 2108)
reaching the Strait of Gibraltar (Elbaz-Poulichet et al., 2001, Periafiez, 2009; Pérez-L6pez
et al., 2011). Thus, this area has high levels of some contaminants such as As (Sufier et
al., 1999) but moderate concentrations of Zn and low concentrations of Hg (Hanebuth et

al., 2018; Morillo et al., 2007; Carrasco et al., 2003).
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Cabo de Gata, where one of the last native A. parthenogenetica still persist in Spain, is
located at southern of Cabo de Gata-Nijar Natural Park and southwest of Cartagena-Cabo
de Gata metallogenic belt, an historical mining area exploited in the 19th century for Hg
extraction (Viladevall et al., 1999). The area presents high levels of Hg (Navarro et al.,
2006, 2009; Bori et al., 2016; Ramos-Miras et al., 2019) and moderate concentrations of

Zn (Bori et al., 2016; Navarro et al., 2006, 2009; Flores and Rubio, 2010).

Based on the study site description the level of resistance to metals for the different
Artemia populations should follow the descending order of Cabo de Gata > Troncalhada
(Aveiro) > Tanoeira (Aveiro) > Odiel > Cadiz > Rio Maior for Hg exposure; and Odiel >
Troncalhada (Aveiro) > Tanoeira (Aveiro) > Cadiz > Cabo de Gata > Rio Maior for Zn

exposure.

2.2 Cyst sampling

Cysts from six Artemia populations were collected in 2014 from the shores of evaporation
ponds of low-medium salinity (90-150 g L™). The selected six populations were sampled
in the above sites located in the Iberian Peninsula (Figure 1). The Junta de Andalucia and
Camara Municipal de Aveiro provided permission to sample. Cysts were transported to
the laboratory and sieved through 500, 300, and 100 mm sieves (cyst size is normally
~250 mm). Retained cysts were cleaned by differential flotation in freshwater and
saturated brine (after Sorgeloos et al., 1977; Amat, 1985). Cysts were then dried at 45 °C

for 24 h and stored at 5 °C until use in experiments.

2.3 Hatching of cysts

Before the toxicity tests, cysts were hatched in artificial seawater prepared with 35 g L™

of sea salt (Tropic Marin - Wartenberg, Germany), under a photoperiod of continuous
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illumination and aeration, at 28 + 1°C. After hatching, the nauplii were immediately
separated from their shells and transferred to clean media with continuous air supply
25+1°C, where they were kept for subsequent acute toxicity experiments. For every
population studied, the toxicity tests were performed with nauplii at an age when at least
90% of the population was of instar Il (the most sensitive stage of the Artemia life cycle;

Leis et al., 2014), as checked by observation under a stereomicroscope.

2.4 Acute toxicity test

The endpoint relative mortality nauplii (24-h median lethal concentration [LC50]) was
used to quantify the toxicity independently for Hg and Zn in the six Artemia populations.
A stock solution of mercury chloride (HgCI2 (99.9% purity) from Sigma-Aldrich
(Germany)) and of zinc sulphate heptahydrate (ZnSO4*7H20 (Merck Millipore)) (40 g
Hg Lt and 100 g Zn L7, respectively) was prepared in milliQ water for the LC50
experiment. Experimental solutions were prepared from this stock by diluting with
artificial seawater to obtain the desired concentrations. Preliminary range-finding tests
were conducted to determine the concentration ranges to be used in definitive tests
(ASTM, 2014). Based on that preliminary tests, the ranges used for the definitive tests
for Hg were 0-40 mg Hg L™ for A. parthenogenetica from Odiel and A. franciscana from
Cadiz, 0-50 mg Hg L* for A. parthenogenetica from Rio Maior, 0-80 mg Hg L* for A.
parthenogenetica and A. franciscana from Aveiro, and 0-200 mg Hg L for A.
parthenogenetica from Cabo de Gata; and for Zn 0-1150 mg Zn L for all populations
except, for A. parthenogenetica from Odiel for which 0-1100 mg Zn L™ was used. Details
of the eight nominal concentrations use for each population are given in Table S1 of the
supplementary material. Nauplii were divided into the control and the different
treatments. Three replicates per concentration were tested in groups of 15 animals per

well of 24-well microplates (volume of 1 ml per well). Plates were covered during the

10
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assays to prevent evaporation and accidental contaminations. Bioassays were conducted
for 24 h in a temperature-controlled room (25 + 1°C), in dark conditions. After 24 h of
incubation, nauplii mortality was checked under a stereomicroscope. Lack of movement
for 10 seconds was the criterion for animal death determination. The percentage mortality

in the controls did not exceed 10%.

2.5 Statistical analysis

Relative mortality of nauplii was used to quantify the toxicity to Hg and Zn in the six
study populations. The test validation criterion was a percentage mortality in controls of
less than 10%. The median acute lethal concentration (24h-LC50) and its 95% confidence
limits were calculated and compared between the different Artemia populations, using
Trimmed Spearman-Karber (TSK) analysis for lethal tests (Hamilton et al, 1977). Higher
LC50 (lethal concentration causing the death of 50% of the group of test animals) values
are less toxic because greater concentrations are required to produce 50% mortality in
exposed animals. Statistical differences among LC50 values were based on non-
overlapping confidence limits (CL) (APHA, 1995). Generalized Linear Models (GLMz)
with binomial distribution and logit link function were used to test the effect of
populations and replicates as fixed factors, and concentrations as covariates, and the
population x concentration interaction on mortality (dependent variable, with a fixed
number of 15 individuals per replicate). A backward stepwise procedure was used to
select the final models, excluding predictor variables (except replicate) when they had
non-significant effects, except for predictors implicated in a significant interaction. For
significant effects, marginal mean pairwise tests were conducted for multiple
comparisons. Results were considered significant when p<0.05. Analyses were

performed in SPSS (IBM SPSS Statistics for Windows, Version 23).

11
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3. Results

3.1 Acute test — Hg

The values of 24h-LC50 for nauplii from the different Artemia population tested were
between 18 and 70 mg Hg L. The sensitivity to Hg varied in the following direction: A.
franciscana-Cédiz = A. parthenogenetica-Odiel > A. parthenogenetica-Rio Maior = A.
franciscana-Aveiro = A. parthenogenetica-Aveiro > A. parthenogenetica-Cabo de Gata
(Figure 2). The LC50 values for Hg indicate that the invasive A. franciscana from Céadiz
(18.44 mg Hg L) together with the native A. parthenogenetica from Odiel (19.90 mg Hg
L) were the most sensitive populations, whereas native A. parthenogenetica from Cabo

de Gata (70.54 mg Hg L) was the most tolerant one.

Based on non-overlapping 95% Confidence Limits (CL), Hg acute exposure showed a
significant effect on the percentage of mortality in different Artemia populations. The
24h-L.C50 was significantly higher for A. parthenogenetica from Cabo de Gata, a Hg-
polluted site, almost four-fold higher compared to the Artemia populations from other
sites — Aveiro: Hg-polluted; Rio Maior, Odiel and Cadiz: comparatively much less Hg-
polluted. On the other hand, A. franciscana from Cadiz and A. parthenogenetica from
Odiel presented a significantly higher percentage of mortality compared to the A.

parthenogenetica from Rio Maior (Figure 2).

12
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Figure 2. Values of Hg concentrations that were lethal for 50% of individuals over 24-h
(LC50) recorded for the six Artemia populations (P1-P6) tested, with 95% confidence
intervals. Native A. parthenogenetica (Ap) from Aveiro (Av), Rio Maior (RM), Odiel
(Od) and Cabo de Gata (CG), and invasive A. franciscana (Af) from Aveiro and Cadiz
(Cd). Different letters indicate significant differences among Artemia populations.

GLMz analysis showed that there were no differences among replicates but that the
interaction between Hg concentration and population was highly significant (Table 1;
Figure 3), i.e. that the relationship between Hg concentration and the probability of

Artemia survival varied among populations.

Table 1. Generalized linear model (GLMz) on nauplii mortality of the six Artemia
populations (P1-P6) under different mercury (Hg) concentrations within 24h, using a
Binomial error distribution and logit link. Native A. parthenogenetica (Ap) from Aveiro
(Av), Rio Maior (RM), Odiel (Od) and Cabo de Gata (CG), and invasive A. franciscana
(Af) from Aveiro and Cadiz (Cd). Estimates for “Af-CG” and replicate “3” are not
included as they were aliased, but they are effectively zero.

Wald Chi-

Effect Level of effect Estimates SE df Square Sig.

Intercept -2.406 0283 1 546.725 0.000
P1-Ap Av -0.764 0.416
P2-Af Av -0.582 0.406

Population P3-Ap RM -0.423 0.408 5 5.033 0.412
P4-Ap Od -0.107 0.395
P5-Af Cd -0.499 0.376

Concentration 0.075 0.007 1 573.128 0.000
P1-Ap Av*Concentration 0.046 0.014 5 158.187 0.000

13
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Figure 3. Relationship between the predicted mortality at different mercury (Hg)
concentrations for the six studied populations (P1-P6). Native A. parthenogenetica (Ap)
from Aveiro (Av), Rio Maior (RM), Odiel (Od) and Cabo de Gata (CG), and invasive A.
franciscana (Af) from Aveiro and Cadiz (Cd). Lines show locally estimated scatterplot
smoothing (LOESS) for each population.

3.2 Acute test — Zn

The values of 24h-LC50 for nauplii from the different Artemia populations ranged from
354 and 458 mg Zn L. The sensitivity to Zn varied among the different populations
tested: A. parthenogenetica-Odiel > A. parthenogenetica-Aveiro, A. parthenogenetica-
Rio Maior, A. franciscana-Aveiro; and sensitivity of A. parthenogenetica-Cabo de Gata

= A. franciscana Cd > A. parthenogenetica-Aveiro = A. parthenogenetica-Rio Maior =

14
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A. franciscana-Aveiro (Figure 4). The LC50 values for Zn indicate that A.
parthenogenetica from Odiel (354.51 mg Zn L) was the most sensitive population, and
A. parthenogenetica from Aveiro, A. franciscana from Aveiro and A. parthenogenetica

from Rio Maior were the most tolerant (458.06, 436.86, 445.33 mg Zn L™; Figure 4).

Based on non-overlapping 95% CL, Zn exposure showed a significant effect on the
percentage of mortality in the different Artemia populations tested. After 24 h of Zn
exposure, A. parthenogenetica from Odiel, a highly Zn-polluted site, showed significantly
higher percentage of mortality compared with A. parthenogenetica and A. franciscana

from Aveiro, and A. parthenogenetica from Rio Maior, less Zn-polluted sites (Figure 4).
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Figure 4. Values of Zn concentrations that were lethal for 50% of individuals over 24-h
(LC50) for six Artemia populations (P1-P6), with 95% confidence intervals. Native A.
parthenogenetica (Ap) from Aveiro (Av), Rio Maior (RM), Odiel (Od) and Cabo de Gata
(CG), and invasive A. franciscana (Af) from Aveiro and Cadiz (Cd). Different letters
indicate significant differences among Artemia populations.
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GLMz analysis showed no differences among replicates and no significant interaction
between Zn concentration and population. However, there was a significant main effect
of population, and a positive significant effect of Zn concentration on mortality (Table 2;
Figure 5), indicating that independently of Zn concentration there are significant
differences on survival between some of the populations. In this sense, pairwise
comparisons (Table 3) showed higher mortality of A. franciscana from Cadiz compared
to A. parthenogenetica from Rio Maior and both of A. parthenogenetica and A.
franciscana from Aveiro, and higher mortality of A. parthenogenetica from Odiel

compared to A. parthenogenetica from Rio Maior.

Table 2. Generalized linear model (GLMz) on nauplii mortality of the six Artemia
population (P1-P6) under different zinc (Zn) concentrations within 24h, using a Binomial
error distribution and logit link. Native A. parthenogenetica (Ap) from Aveiro (Av), Rio
Maior (RM), Odiel (Od) and Cabo de Gata (CG), and invasive A. franciscana (Af) from
Aveiro and Céadiz (Cd). Estimates for “P6-Ap_CG” and replicate “3” are not included as

they were aliased, but they are effectively zero.
Wald Chi-

Effect Level of effect Estimates SE df S Sig.
quare

Intercept -2.655 0.190 1 527.618 0.000
P1-Ap Av -0.270 0.197
P2-Af Av -0.309 0.197

Population P3-Ap RM -0.367 0.197 5 16.318 0.006
P4-Ap Od 0.071 0.197
P5-Af Cd 0.271 0.197

Concentration 0.006 0.0002 1 713.316 0.000
. 1 0.048 0.139

Replicate 5 0.212 0.139 2 2558 0.278
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Figure 5. Predicted mortality at different zinc (Zn) concentrations for the six studied
populations (P1-P6) of Artemia. Native A. parthenogenetica (Ap) from Aveiro (Av), Rio
Maior (RM), Odiel (Od) and Cabo de Gata (CG), and invasive A. franciscana (Af) from
Aveiro and Cadiz (Cd). Lines show locally estimated scatterplot smoothing (LOESS) for
each area.

Table 3. Pairwise comparisons of nauplii mortality among populations (P1-P6) after
acute exposure to zinc (Zn). Native A. parthenogenetica (Ap) from Aveiro (Av), Rio
Maior (RM), Odiel (Od) and Cabo de Gata (CG), and invasive A. franciscana (Af) from
Aveiro and Cadiz (Cd).

Comparison SE Sig.
P1-Ap Av vs. P2-Af Av 0.049 0.844
P1-Ap Av vs. P3-Ap RM 0.049 0.623
P1-Ap Av vs. P4-Ap Od 0.047 0.081
P1-Ap Av << P5-Af Cd 0.046 0.006
P1-Ap Av vs. P6-Ap CG 0.047 0.168
P2-Af Av vs. P3-Ap RM 0.049 0.768
P2-Af Av vs. P4-Ap Od 0.047 0.052
P2-Af Av << P5-Af Cd 0.046 0.003
P2-Af Av vs. P6- Ap CG 0.048 0.115
P3-Ap RM << P4-Ap Od 0.047 0.025
P3-Ap RM << P5- Af Cd 0.046 0.001
P3-Ap RM vs. P6-Ap CG 0.048 0.061
P4-Ap Od vs. P5- Af Cd 0.044 0.306
P4-Ap Od vs. P6-Ap CG 0.046 0.718
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P5-Af Cd vs. P6-Ap CG 0.045 0.168

4. Discussion

The present work hypothesized that native Artemia from highly Hg-polluted areas and
highly Zn-polluted areas would be locally adapted and consequently be more resistant to
the invasion than native populations from less polluted areas (pollution resistance
hypothesis) (Rodrigues et al, 2012). Based on this hypothesis it was expected that native
Artemia from Cabo de Gata and Troncalhada (Aveiro) — two of the most Hg-polluted
areas — would present the highest resistance to Hg, and native Artemia from Odiel, — the

most Zn-polluted area — would present the highest resistance to Zn.

4.1 Effect of Hg on the survival of Artemia

The results from the acute toxicity tests showed that, of the six brine shrimp populations,
native A. parthenogenetica from Cabo the Gata was the most tolerant species to Hg,
whereas the native A. parthenogenetica from Odiel and the invasive A. franciscana from
Cadiz were the most sensitive populations. Our results suggest that A. parthenogenetica
from Cabo de Gata is locally adapted to withstand high levels of Hg pollution, which may
explain the persistence of this relict native population in south Spain, where most A.
parthenogenetica and A. salina populations have been replaced by the exotic species.
Cabo de Gata is in the Cartagena-Cabo de Gata volcanic belt and contains high levels of
metals including Hg (Navarro et al., 2006, 2009). This area has been exploited for mining
since ancient times, more than 2,000 years ago (Ruano et al., 2000). In particular, Hg was
extracted from the Valle del Azogue Hg mines from 1873 to 1890. Gold exploitation in

the Cartagena-Cabo de Gata volcanic belt (Ruano et al., 2000) has also contributed for
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Hg contamination in the area, as Hg is commonly used for gold extraction (Esdaile and
Chalker, 2018). Waste produced by mine activity poses a threat to the surrounding areas
even after the mines are closed (Dudka and Adriano, 1997). Mercury-rich mine tailings
are prone to erosion (Henriques and Fernandes, 1991) and may be dispersed by
atmospheric emissions, mechanical dispersion, or leachates from waste deposits (Navarro
et al., 2006, 2009). On the other hand, despite Odiel and Cadiz are considered
contaminated systems (especially Odiel, with high levels of As), both have very low
concentrations of Hg (Elbaz-Poulichet et al., 2001; Bermejo et al., 2003). This could
explain the high sensitivity to Hg of these Artemia populations. The LC50 values of A.
parthenogenetica from Odiel were close to those reported by Leis et al. (2014) for A.
parthenogenetica collected from a non-contaminated site in Italy (19.9 mg Hg L™ and

17.9 mg Hg L%, respectively).

Artemia populations from Aveiro (A. parthenogenetica from Troncalhada saltpan and A.
franciscana from Tanoeira saltpan) and Rio Maior (A. parthenogenetica) showed
intermediate resistance to Hg acute exposure compared to the Artemia populations
mentioned above. Unlike Cabo de Gata, Ria the Aveiro is considered a recent highly Hg-
contaminated system, caused by 44 years (1950s until 1994) of discharges from a
chloralkali plant (Pereira et al., 1998). In the case of Rio Maior, it is considered non-
polluted system (Calado and Branddo, 2009). These two systems are the last refugia of
native Artemia in Portugal. Ria de Aveiro saltpan complex currently harbours both native
and invasive Artemia species (Pinto et al., 2013, 2014). Rodrigues et al. (2012) and Pinto
et al. (2013, 2014) tried to explain the persistence of native Artemia in Troncalhada based
on differences related to environmental factors between both saltpans and to the
physiological response for each species under a variety of environmental conditions. They

concluded that native strain’s survival remained an unexplained phenomenon, pointing
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out to the potential role of other unstudied local factors, as a chemical barrier related to
the pollution, as the main driver, mainly based on the different location of these saltpans
within Aveiro complex. The results of the present work do not support this hypothesis for
Hg, as native and invasive Artemia from Rio Aveiro showed similar sensitivity to this
pollutant. However, this similar sensitivity detected in the present study could be related
to the fact that the invasive strain from Ria de Aveiro is the only population of A.
franciscana in the Mediterranean more closely related genetically to the population from
Great Salt Lake (Utah, USA) (Muifioz et al., 2014), a system which also has a recent
history of Hg contamination (Naftz et al., 2008). The persistence of this native A.
parthenogenetica population could be related to other contaminants present in Ria de
Aveiro as other metals (Martins et al., 2015; Cachada et al., 2019), persistent organic
pollutants (Ribeiro et al., 2016; Rocha and Palma, 2019) and/or sewage contaminants

(Rada et al., 2016; Rocha et al., 2016).

Both A. parthenogenetica and A. franciscana from Aveiro showed sensitivity to Hg
comparable with A. parthenogenetica from Rio Maior (24.7 mg Hg L™). This is surprising
since Rio Maior has no known relevant chemical contamination (Calado and Brandéo,
2009). The LC50 values of A. parthenogenetica from Rio Maior, are significantly higher
than those observed by Leis et al. (2014) for A. parthenogenetica collected from a non-
contaminated area in Italy (24.7 mg Hg L™ and 17.9 mg Hg L™, respectively), suggesting
that the population from Rio Maior may be naturally more resistant to Hg. Pinto et al.
(2013, 2014) suggested that A. parthenogenetica from Rio Maior is a very well adapted
population to its specific biotope characteristics, which, together with its inland
localisation (far from the main bird migration routes and fish farming), may favours the

resistance to the invasion. However, they didn’t identified factors involved in the

20



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

persistence and remained on the idea that a chemical barrier related to heavy metals or

pesticides may be preventing the invasion.

4.2 Effect of Zn on the survival of Artemia

The 24-h LC50 results for nauplii showed that A. parthenogenetica from Odiel population
appears to be the most sensitive to Zn among the six populations tested. However,
although the LC50 value was lower than those for the Portuguese populations, it showed
no differences with the Spanish populations. This results contrast, in part, with the fact
that, according to the literature, the Odiel estuary presents the highest Zn concentrations
among the study sites analysed, thus it was expected that this population would present
the highest tolerance to this metal. Zn concentrations in the Odiel estuary are very high,
with means around 2,000-2,800 mg Zn Kg? in sediments (Rosado et al., 2015), much
higher than Zn concentrations for the other study sites, where Zn concentrations ranged
from 100-400 mg Zn Kg* (i.e., Aveiro: 400 mg Zn Kg, Cachada et al., 2019; Martins et
al., 2015; Cadiz: 100-200 mg Zn Kg, Hanebuth et al., 2018; Cabo de Gata: 240-430 mg
Zn Kg?, Navarro et al., 2009; Flores and Rubio, 2010). Furthermore, Zn concentrations
reported in Odiel estuary (e.g., Rosado et al., 2015) are just below the concentrations of
3000 mg Zn Kg?, suggested by the Spanish Center for Studies and Experimentation of
Public Works (CEDEX, 1994) as corresponding to action level 2 (limit or intervention
level) for dredged materials, from which sediments must be isolated into containers or

into a contained area.

The absence of a clear separation of the Artemia populations regarding Zn sensitivity
suggests, therefore, that Zn contaminated systems would not potentially limit the A.

franciscana invasion. Overall, in this work, the 24h- LC50 values ranged between 354-
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458 mg Zn Lt and similar values were reported by Jiménez et al. (2006; ~300 mg Zn L-
1y and Damasceno et al. (2017; 401 mg Zn L) for commercial A. franciscana. On the
other hand, the LC50 values are half of those found by Kokkali et al. (2011; 1,000 mg Zn
L1) for A. salina. This high tolerance shown by Artemia to Zn acute exposure might be
explained because Zn is an essential metal necessary for normal physiological and
biochemical process of organisms, unlike Hg which has no biological function (Clarkson
and Magos, 2006), its deficiency results in severe health consequences, being acute Zn
toxicity rare, and only reported at very high concentrations (Frassinetti et al., 2006; Valko

et al., 2005).

The GLMz showed significant differences on mortality between some of the populations,
which do not seem to be explained by those Zn concentrations used, suggesting intrinsic
differences on mortality among populations, or the influence of other factors. Our results
contrast with a recent study by Pais-Costa et al. (2019) who provided evidence of local
adaptation of native species to Zn pollution based on life history and physiological data
under realistic chronic Zn exposure conditions (0.2 mg Zn L). These findings highlight
the importance of testing both chronic and acute exposure to the same contaminant and

to different contaminants for more conclusive results.

5. Conclusion

Artemia is suffering a dramatic biodiversity loss at global scale due to the invasion of A.
franciscana, so the conservation and characterization of last refuge of native Artemia have
been pointed out as a priority (Pinto et al., 2014). Recent studies examining different
abiotic factors highlight the necessity to study the potential role of contaminants
(Rodrigues et al., 2012, Pinto et al., 2013, 2014). The results of the present study showed

that A. parthenogenetica from Cabo de Gata are extremely resistant to Hg pollution, and
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it may explain its resistance to the invasion by the exotic A. franciscana. However, no
support was found to the “pollution resistance hypothesis” for the native population from
Ria de Aveiro, which showed similar tolerance to Hg than A. franciscana population from
the same area. Regarding Zn, differences between populations in response to high levels
were weak, and inconsistent with the environmental differences in Zn concentrations.
However, previous studies have shown that chronic exposure to Zn may limit the invasion
of A. franciscana due to physiological resistance (Pais-Costa et al., 2019). Future studies
should test i) the effects of other contaminants in native and invasive Artemia populations,
ii) the effects of a mixture of different pollutants to provide a more realistic ecological
context, and iii) expose populations to chronic effects, which are the most common type
of contaminant impact found in the environment. Management efforts should focus in
these relict native populations to preserve the remaining Artemia biodiversity and limit

the probability of A. franciscana introduction.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was funded by the Spanish Ministry of Economy and Competitiveness research
project CGL2013-47674-P. Financial support was also provided by the Portuguese
‘Fundacdo para a Ciéncia e a Tecnologia’® (FCT) through MARE
(UID/MAR/04292/2019), from the programs POPH (Portuguese Operational Human
Potential Program) and QREN (Portuguese National Strategic Reference Framework)

23



450

451

452

453

454

455

456

457
458

459
460
461
462

463
464

465
466
467

468
469
470

471
472
473
474

475
476
477

478
479
480

481
482

(FSE and national funds of MEC), through the PhD grant of A.J.P.C.
(SFRH/BD/108224/2015). M.M.H. is funded by Junta de Comunidades de Castilla-La
Mancha and the European Regional Development Fund (SBPLY/17/180501/000514).
M.1.S. was supported by a Ramon y Cajal postdoctoral contract from the Spanish Ministry

of Science and Innovation (MICINN).

References

Amat, F., 1985. Utilization de Artemia en acuicultura. Informes técnicos del Instituto de
Investigaciones Pesqueras 128— 129, 1-59.

Amat, F., Hontoria, F., Ruiz, O., Green, A.J., Sanchez, M.1., Figuerola, J., Hortas, F.,
2005. The American brine shrimp Artemia franciscana as an exotic invasive species
in the  Western Mediterranean. Biological Invasions  7,37-47.
https://doi.org/10.1007/s10530-004-9634-9.

Amat, F., Hontoria, F., Navarro, J.C., Vieira, N., Mura, G., 2007. Biodiversity loss in the
genus Artemia in the western Mediterranean region. Limnetica 26, 387— 404.

APHA, 1995. Standard methods for examination of water and wastewater. 19th edition.
American Public Health Association. Washington, D.C.: American Water Works
Association and Water Environment Federation, 8—1-8-25.

ASTM, 2014. Standard Guide for Conducting Acute Toxicity Tests on Test Materials
with Fishes, Macroinvertebrates, and Amphibians, Designation: E729-96,
Philadelphia.

Barata, C., Baird, D.J., Mitchell, S.E., Soares, A.M.V.M., 2002. Among- and within-
population variability in tolerance to cadmium stress in natural populations of
Daphnia magna: implications for ecological risk assessment. Environmental
toxicology and Chemestry 21, 1058-1064. https://doi.org/10.1002/etc.5620210523.

Bermejo, J.C.S., Beltran, R., Ariza, J.L.G, 2003. Spatial variations of heavy metals
contamination in sediments from Odiel River (Southwest Spain). Environment
International 29, 69-77. http://dx.doi.org/10.1016/S0160-4120(02)00147-2.

Bori J., Valles B., Navarro A., Riva M.C. 2016. Geochemistry and environmental threats
of soils surrounding an abandoned mercury mine. Environmental Science and
Pollution Research 23, 12941-12953. https://doi.org/10.1007/s11356-016-6463-1.

Calado, C., Brandao, J.M., 2009. Salinas interiores de Portugal: o caso das marinhas de
Rio Maior. Geonovas, 22, 45-54.

24



483
484
485
486

487
488
489

490
491
492
493

494
495
496

497
498
499

500
501
502

503
504
505
506

507

508
509
510

511
512
513
514
515

516
517
518

519
520
521

Cachada, A., Pato, P., Silva, E.F., Patinha, C., Carreira, R.S., Pardal, M., Duarte, A.C.,
2019. Spatial distribution of organic and inorganic contaminants in Ria de Aveiro
Lagoon: A fundamental baseline dataset. Data in Brief 25, 104285.
https://doi.org/10.1016/j.dib.2019.104285.

Camara, M.R., 2001. Dispersal of Artemia franciscana Kellogg (Crustacea; Anostraca)
populations in the coastal saltworks of Rio Grande do Norte, northeastern Brazil.
Hydrobiologia 466, 145-148. https://doi.org/10.1023/A:1014575001333.

Carrasco, M., Lopez-Ramirez, J.A., Benavente, J., LOpez-Aguayo, F., Sales, D., 2003.
Assessment of urban and industrial contamination levels in the bay of Cédiz, SW
Spain. Marine Pollution Bulletin, 46, 335-345. https://doi.org/10.1016/S0025-
326X(02)00420-4.

CEDEX, 1994. Recomendaciones para la gestion de los materiales de dragado en los
puertos espafioles (RMDM), Ministerio de Obras Publicas, Transportes y Medio
Ambiente. Madrid, Spain, 1-45.

Clarkson, T.W., Magos, L. 2006 The toxicology of mercury and its chemical
compounds.  Critical Reviews in Toxicology 36(8), pp. 609-662.
https://doi.org/10.1080/10408440600845619.

Crooks, J.A., Chang, A.L., Ruiz, G.M., 2010. Aquatic pollution increases the relative
success of invasive species. Biological Invasions 13, 165-176.
https://link.springer.com/article/10.1007%2Fs10530-010-9799-3.

Damasceno, E.P., Figuerédo, L.P., Pimentel, M.F., Loureiro, S., Costa-Lotufo, L.V.,
2017. Prediction of toxicity of zinc and nickel mixtures to Artemia sp. at various
salinities: From additivity to antagonism. Ecotoxicology and Environmental Safety
142, 322-329. https://doi.org/10.1016/j.ecoenv.2017.04.020.

Duarte, F., 1979. Historia de Rio Maior, Rio Maior, Ribatejo llustrado.

Dudka, S., Adriano, D.C., 1997. Environmental impacts of metal ore mining and
processing: a review. Journal of Environmental Quality 26, 590-602.
https://doi.org/10.2134/jeq1997.00472425002600030003x.

Elbaz-Poulichet, F., Braungardt, C., Achterberg, E., Morley, N., Cossa, D., Beckers, J.M.,
Nomérange, P., Cruzado, A., Leblanc, M., 2001. Metal biogeochemistry in the
Tinto—Odiel rivers (Southern Spain) and in the Gulf of Cadiz: a synthesis of the
results of TOROS project. Continental Shelf Research 21, 1961-73.
https://doi.org/10.1016/S0278-4343(01)00037-1.

Esdaile, L.J., Chalker, J.M., 2018. The mercury problem in artisanal and small-scale gold
mining. Chemistry a European Journal 24, 6905-6916.
https://doi.org/10.1002/chem.201704840.

Flores, A.N., Rubio, L.M.D., 2010. Arsenic and metal mobility from Au mine tailings in

Rodalquilar. Environmental Earth Sciences 60, 121-138.
https://doi.org/10.1007/s12665-009-0174-6.

25



522
523
524
525
526

527
528
529
530
531

532
533
534

535
536

537
538

539
540
541

542
543
544
545
546

547
548
549
550

551
552
553
554

555
556
557
558

559
560
561

Frassinetti, S., Bronzetti, G.L., Caltavuturo, L., Cini, M., Della Croce, C., 2006. The role
of zinc in life: a review. Journal of Environmental Pathology and Toxicology and
oncology: official organ of the International Society for Environmental Toxicology
and Cancer 25, 597-610.
https://doi.org/10.1615/jenvironpatholtoxicoloncol.v25.i3.40.

Garcia-de-Lomas, J., Sala, J., Barrios, V., Prunier, F., Camacho, A., Machado, M.,
Alonso, M., Korn, M., Boix, D., Hortas, F., Garcia, C.M., Serrano, L., Mufoz, G.,
2017. How threatened are large branchiopods (Crustacea, Branchiopoda) in the
Iberian Peninsula? Hydrobiologia 801 (1), 99-116. https://doi.org/10.1007/s10750-
017-3322-0.

Guarnieri, G., Fraschetti, S., Bogi, C., Galil, B.S., 2017. A hazardous place to live: spatial
and temporal patterns of species introduction in a hot spot of biological invasions.
Biological Invasions 19, 2277-2290. https://doi.org/10.1007/s10530-017-1441-1.

Guimarées dos Santos, J.L., 1948. Principaux gisements de minerais de plomb et de zinc
du Portugal. Estudos, Notas e Trabalhos 4, 1-13.

Hajirostamloo, M., Pourrabbi, R., 2011. Genetic differentiation of Artemia franciscana
in a new environment (Iran). World Journal of Zoology 6: 16-21.

Hamilton, M.A., Russo, R.L., Thurston, R.V., 1977. Trimmed spearman—karber method
for estimating median lethal concentrations. Environmental Science & Technology
11, 714-719. https://doi.org/10.1021/es60130a004.

Hanebuth, T.J.J., King, M.L., Mendes, 1., Lebreiro, S., Lobo, F.J., Oberle, F.K., Anton,
L., Ferreira, P.A., Reguera, M.1., 2018. Hazard potential of widespread but hidden
historic offshore heavy metal (Pb, Zn) contamination (Gulf of Cadiz, Spain). The
Science of the Total Environment 637-638 (2018), 561-576.
https://doi.org/10.1016/j.scitotenv.2018.04.352.

Henriques, F.S., Fernandes, J.C., 1991. Metal uptake and distribution in rush (Juncus
conglomeratus L.) plants growing in pyrites mine tailings at Lousal, Portugal.
Science of the Total Environment 102, 253-260. https://doi.org/10.1016/0048-
9697(91)90319-A.

Hontoria, F., Navarro, J.C., Varo, |., Gonzalbo, A., Amat, F., Vieira, N., 1987. Ensayo de
caracterizacion de cepas autdctonas de Artemia de Portugal. In: Seminario sobre
Aquacultura. Publicaciones del Instituto de Ciencias Biomédicas (Porto, Portugal),

pp 10.

Horvéth, Z., Lejeusne, C., Amat, F., Sanchez-Matamoros, J., Vad, C.F., Green, A.J.,
2018. Eastern spread of the invasive Artemia franciscana in the Mediterranean Basin,
with the first record from the Balkan Peninsula. Hydrobiologia 822, 229-235.
https://doi. org/10.1007/s10750-018-3683-z.

Jiménez, J.G., Gelabert, R., Brito, R., 2006. Efectos toxicos del niquel y el zinc en

Artemia franciscana (Crustacea: Branchiopoda: Anostraca). Universidad y Ciencia
22, 65-74.

26



562
563
564

565
566
567

568
569
570
571

572
573
574

575
576
577
578
579

580
581
582

583
584
585
586

587
588
589
590
591

592
593
594
595

596
597
598
599

600
601
602

Krishnakumar, V., Munuswamy, N., 2014. Occurrence of morphotypes in the invader
species, Artemia franciscana Kellogg, 1906 (Crustacea: Anostraca) from Covelong
salt works, South India. International Journal of Advanced Research 2, 1157-1167.

Kokkali, V., Katramados, 1., Newman, J.D., 2011. Monitoring the effect of metal ions on
the mobility of Artemia salina Nauplii. Biosensors 1, 36-45. http://dx.doi.org/10.
3390/bins1020036.

Leis, M., Manfra, L., Taddia, L., Chicca, M., Trentini, P., Savorelli, F., 2014. A
comparative toxicity study between an autochthonous Artemia and a non native
invasive species. Ecotoxicology 23, 1143-1145. https://doi. org/10.1007/s10646-
014-1252-4.

Lopes, I., Baird, D.J., Ribeiro, R., 2006. Genetic adaptation to metal stress by natural
populations of Daphnia longispina. Ecotoxicology and Environmental Safety 63,
275-285. https://doi.org/10.1016/j.ecoenv.2004.12.015.

Martins, V.A., Silva, F., Lazaro, L.M.L., Frontalini, F., Clemente, .M., Miranda, P.,
Figueira, R., Sousa, S.H.M., Dias., J.M.A., 2015. Response of benthic foraminifera
to organic matter quantity and quality and bioavailable concentrations of metals in
Aveiro Lagoon (Portugal). PL0S ONE 10, e0118077.
https://doi.org/10.1371/journal.pone.0118077.

Morillo, J., Usero, J., Gracia, I., 2007. Potential mobility of metals in polluted coastal
sediments in two bays of Southern Spain. Journal of Coastal Research, 23, 352—-361.
https://doi.org/10.2112/04-0246.1.

Mufioz, J., Gomez, A., Figuerola, J., Amat, F., Rico, C., Green, A.J., 2014. Colonization
and dispersal patterns of the invasive American brine shrimp Artemia franciscana
(Branchiopoda: Anostraca) in the Mediterranean region. Hydrobiologia, 726, 25— 41.
https://doi.org/10.1007/s10750-013-1748-6.

Naceur, B.H., Jenhani, A.B.R., Romdhane, M.S., 2010. Biological characterization of the
new invasive brine shrimp Artemia franciscana in Tunisia: Sabkhet Halk EI- Menzel.
World Academy of Science, Engineering and Technology, International Journal of
Biological, Biomolecular, Agricultural, Food and Biotechnological Engineering 4,
107-113.

Naftz, D., Angeroth, C., Kenney, T., Waddell, B., Darnall, N., Silva, S., Perschon, C.,
Whitehead, J., 2008. Anthropogenic influences on the input and biogeochemical
cycling of nutrients and mercury in Great Salt Lake, Utah, USA. Applied
Geochemistry 23, 1731-1744. https://doi.org/10.1016/j.apgeochem.2008.03.002.

Navarro, A., Biester, H., Mendoza, J.L., Cardellach, E., 2006. Mercury speciation and
mobilization in contaminated soils of the Valle del Azogue Hg mine (SE, Spain).
Environmental Geology, 49, 1089-1101. https://doi.org/10.1007/s00254-005-0152-
6.

Navarro, A., Cardellach, E., Corbella, M., 2009. Mercury mobility in mine waste from

Hg-mining areas in Almeria, Andalusia (SE Spain). Journal of Geochem Exploration
101, 236-246. https://doi.org/10.1016/j.gexplo.2008.08.004.

27



603
604

605
606
607

608
609
610

611
612
613
614

615
616
617
618

619
620
621

622
623
624

625
626
627
628

629
630
631
632

633
634
635
636

637
638
639
640
641
642

Nelson, C.H., Lamothe, P.J., 1993. Heavy metal anomalies in the Tinto and Odiel River
and Estuary System, Spain. Estuaries, 16, 496-511. https://doi.org/10.2307/1352597.

Ogello, E.O., Nyonje, B.M., Ugent, G.V.S., 2014. Genetic differentiation of Artemia
franciscana (Kellogg, 1906) in Kenyan coastal saltworks. International Journal of
Advanced Research 2, 1154-1164.

Palanques, A., Diaz, J., Farran., M, 1995. Contamination of heavy metals in suspended
and surface sediment of the Gulf of Cadiz (Spain): the role of sources, currents
pathways and sinks. Oceanologica Acta 18, 469-477.

Pais-Costa, A.J., Vard, ., Martinez-Haro, M., Vinagre, P.A., Green, A.J., Hortas, F.,
Marques, J.C., Sanchez, M.l., 2019. Life history and physiological responses of
native and invasive brine shrimps exposed to zinc. Aquatic Toxicology 210, 148—
157. https://doi.org/10.1016/j.aquatox.2019.02.023.

Pereira, M.E., Duarte, A.C., Millward, G.E., Vale, C., Abreu, S.N., 1998. Tidal export of
particulate mercury from the most contaminated area of Aveiro’s Lagoon, Portugal.
Science of the Total Environment 213, 157-163. https://doi.org/10.1016/S0048-
9697(98)00087-4.

Periafiez, R., 2009. Environmental modelling in the Gulf of Cadiz: heavy metal
distributions in water and sediments. Science of the Total Environment 407, 3392—
3406. https://doi.org/10.1016/j.scitotenv.2009.01.023

Pinto, P.M., Amat, F., Almeida, V.D., Vieira, N., 2013. Review of the biogeography
Artemia Leach, 1819 (Crustacea: Anostraca) in Portugal. International Journal of
Artemia Biology 3, 51-56.

Pinto, P.M., Bio, A., Hontoria, F., Almeida, V., Vieira, N., 2014. Portuguese native
Artemia parthenogenetica and Artemia franciscana survival under different abiotic
conditions. Journal of Experimental Marine Biology and Ecology 440, 81-89.
https://doi.org/10.1016/j.jembe.2012.11.016.

Piola, R.F., Johnston, E.L., 2009. Comparing differential tolerance of native and non-
indigenous marine species to metal pollution using novel assay technigues.
Environmental Pollution 157, 2853-2864.
https://doi.org/10.1016/j.envpol.2009.04.007.

Rada, J.P.A., Duarte, A.C., Pato, P., Cachada, A., Carreira, R.S., 2016. Sewage
contamination of sediments from two Portuguese Atlantic coastal systems, revealed
by  fecal sterols. Marine Pollution Bulletin 103, 319-324.
https://doi.org/10.1016/j.marpolbul.2016.01.010.

Ramos-Miras, J.J., Sanchez-Muros, M.J., Morote, E., Torrijos, M., Gil, C., Zamani-
Ahmadmahmoodi, R., Martin, J.A.R., 2019. Potentially toxic elements in commonly
consumed fish species from the western Mediterranean Sea (Almeria Bay):
bioaccumulation in liver and muscle tissues in relation to biometric parameters.
Science of the Total Environment, 671, 280-287.
https://doi.org/10.1016/j.scitotenv.2019.03.359.

28



643
644
645
646

647
648
649
650

651
652
653

654
655
656
657

658
659
660
661

662
663
664
665

666
667
668
669

670
671
672
673

674
675
676

677
678
679
680

681
682
683

Ribeiro, C., Ribeiro, A.R., Tiritan, M.E., 2016. Occurrence of persistent organic
pollutants in sediments and biota from Portugal versus European incidence: a critical
overview. Journal of Environmental Science and Health Part B 51, 143-153.
https://doi.org/10.1080/03601234.2015.1108793.

Rocha, M.J., Cruzeiro, C., Reis, M., Pardal, M.A., Rocha, E., 2016. Pollution by
endocrine disruptors in a southwest European temperate coastal lagoon (Ria de
Aveiro, Portugal). Environmental Monitoring and Assessment 188, 101.
https://doi.org/10.1007/s10661-016-5114-9.

Rocha, A.C., Palma, C., 2019. Source identification of polycyclic aromatic hydrocarbons
in soil sediments: Application of different methods. Science of the Total
Environment 652, 1077-1089. https://doi.org/10.1016/j.scitotenv.2018.10.014.

Rodrigues, C.M., Bio, A.M., Amat, F.D., Monteiro, N.M., Vieira, N.M., 2012. Surviving
an invasion: Characterization of one of the last refugia for Artemia diploid
parthenogenetic strains. Wetlands 32, 1079-1090. https://doi.org/10.1007/s13157-
012-0338-0.

Rosado, D., Usero, J., Morillo, J., 2015. Application of a new integrated sediment quality
assessment method to Huelva estuary and its littoral of influence (Southwestern
Spain). Marine Pollution Bulletin 98, 106-114.
https://doi.org/10.1016/j.marpolbul.2015.07.008.

Ruano, S.M., Rosua, F.J.C., Hach-Ali P.F., 2000. Epithermal Cu—Au mineralization in
the Palai-Islica deposit, Almeria, southeastern Spain: fluid-inclusion evidence for
mixing of fluids as a guide to gold mineralization. The Canadian Mineralogist 38,
553-565.

Ruebhart, D., Cock, 1., Shaw, G., 2008. Invasive character of the brine shrimp Artemia
franciscana Kellogg 1906 (Branchiopoda: Anostraca) and its potential impact on
Australian inland hypersaline waters. Marine & Freshwater Research 59, 587-595.
https://doi.org/10.1071/MF07221.

Ruggeri, P., Du, X., Crawford, D.L., Oleksiak, M.F., 2019. Evolutionary Toxicogenomics
of the Striped Killifish (Fundulus majalis) in the New Bedford Harbor
(Massachusetts, USA). International Journal of Molecular Sciences 20, 1129.
https://doi.org/10.3390/ijms20051129.

Ruiz, F., 2001. Trace Metals in Estuarine Sediments from the Southwestern Spanish
Coast. Marine Pollution Bulletin 42, 482-490. https://doi.org/10.1016/S0025-
326X(00)00192-2.

Saji, A., Eimanifar, A., Soorae, P.S., Al Dhaheri, S., Li, W., Wang, P.-Z., Asem,A., 2019.
Phylogenetic analysis of exotic invasive species of brine shrimp Artemia Leach, 1819
(Branchiopoda, Anostraca) in Al Wathba Wetland Reserve (UAE; Abu Dhabi).
Crustacean 92, 495-503. https://doi.org/10.1163/15685403-00003884.

Sanchez, M.I., Petit, C., Martinez-Haro, M., Taggart, M.A., Green, A.J., 2016. May
arsenic pollution contribute to limiting Artemia franciscana invasion in southern
Spain? PeerJ 4, e1703. https://peerj.com/articles/1703/.

29



684
685
686
687

688
689

690
691
692
693

694
695
696
697

698
699
700
701

702
703
704
705

706
707
708

709
710
711

712
713
714
715

716
717
718

719
720
721
722

723

Simberloff, D., Martin, J., Genovesi, P., Maris, V., Wardle, D.A., Aronson, J.,
Courchamp, F., Galil, B., Pascal, M., Pys, P., 2013. Impacts of biological invasions:
what’s what and the way forward. Trends in ecology and evolution 28, 58—66.
https://doi.org/10.1016/j.tree.2012.07.013.

Sottysiak, J., and Brej, T., 2014. Invasion of Fallopia genus plants in urban environment.
Polish Journal of Environmental Studies 23, 449-458.

Sorgeloos, P., Bossuyt, E., Lavifia, E., Baeza-Mesa, M., Persoone, G., 1977.
Decapsulation of Artemia cysts: a simple technique for the improvement of the use
of  brine  shrimp in aquaculture. Aquaculture 12, 311-315.
https://doi.org/10.1016/0044-8486(77)90209-5.

Sheir, S.K., Galal-khallaf, A., Mohamed, A.H., Mohammed-geba, K., 2018.
Morphological and molecular clues for recording the first appearance of Artemia
franciscana  (Kellogg, 1906) in  Egypt. Heliyon 12, e01110.
https://doi.org/10.1016/j.heliyon.2018.e01110.

Suérez-Ruiz, 1., Flores, D., Marques, M.M., Martinez-Tarazona, M.R., Pis, J., Rubiera,
F., 2006. Geochemistry, mineralogy and technological properties of coals from Rio
Maior (Portugal) and Pefiarroya (Spain) basins. International Journal of Coal
Geology, 67, 171-190. https://doi.org/10.1016/j.coal.2005.11.004.

Surier, M.A., Devesa, V., Mufioz, O., Lopez, F, Montoro, R., Arias, A.M, Blasco, J., 1999.
Total and inorganic arsenic in the fauna of the Guadalquivir estuary: environmental
and human health implications. Science of The Total Environment 242, 261-270.
https://doi.org/10.1016/S0048-9697(99)00399-X.

Thiéry, A., Robert, F., 1992. Bisexual populations of the brine shrimp Artemia in Séte-
Villeroy and Villeneuve Saltworks (Languedoc, France). International Journal of Salt
Lake Research 1,47-63. https://doi.org/10.1007/BF02904951.

Valko, M., Morris, H., Cronin, M.T.D., 2005. Metals, toxicity and oxidative stress.
Current Medicinal Chemistry 12, 1161-1208.
https://doi.org/10.2174/0929867053764635

Varg, I., Redon, S., Garcia-Roger, E.M., Amat, F., Guinot, D., Serrano, R., Navarro, J.C.,
2015. Aguatic pollution may favour the success of the invasive species A.
franciscana. Aquatic Toxicology 161, 208-220.
https://doi.org/10.1016/j.aquatox.2015.02.008.

Viladevall, M., Font, X., Navarro, A., 1999. Geochemical mercury survey in the Azogue
Valley (Betic area, SE Spain). Journal of Geochemical Exploration 66, 27-35.
https://doi.org/10.1016/S0375-6742(99)00025-4.

Zheng, B., Sun, S., Ma, L., 2004. The occurrence of an exotic bisexual Artemia species,
Artemia franciscana, in two coastal salterns of Shandong Province, China. Journal
of Ocean University of China 3, 171-174. https://doi.org/10.1007/s11802-004-0030-

V.

30



724
725
726
727  Supplementary Material
728

729  Table S1: Mercury (Hg) and Zinc (Zn) concentrations (mg L) used in LC50 tests for
730  Ap (A. parthenogenetica) Af (A. franciscana), from Av (Aveiro, P1 and P2), RM (Rio
731 Maior, P3) Od (Odiel, P4), Cd (Cadiz, P5) and CG (Cabo de Gata, P6). Different letters
732 indicate significant differences among Artemia populations.

P1-ApAv P2AfAv P3-ApRM P4-ApOd P5-AfCd P6-Ap CG

Hg Zn Hg Zn Hg Zn Hg Zn Hg 2Zn Hg 2Zn

ol o/ o] o o0 0| o ol o/ ol o o0
10 100 10 100/ 6| 100 5| 50 5/ 100 25 100
20| 250 20| 250| 9| 250| 10| 200| 10| 250 | 50| 250

30| 400 30| 400 | 12| 400 | 15| 350 | 15| 400 | 75| 400

40| 550 | 40| 550 | 15| 550| 20| 500 20, 550 100 | 550
50| 700 50| 700 | 20| /00| 25| 650 | 25| 700 | 125| 700

60| 850 60| 850 | 30| 850 | 30| 800| 30| 850 | 150 | 850

70 | 1000 | 70 | 1000 | 40 | 1000 | 35| 950 | 35| 1000 | 175 | 1000
80 | 1150 | 80 | 1150 | 50 | 1150 | 40 | 1100 | 40 | 1150 | 200 | 1150
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