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ABSTRACT

Limited information exists regarding complex interactions between biological invasions,
pollution, and climate change. Most studies indicate that pollution tends to favor invasive
species. Here, we provide evidence that arsenic (As) pollution may contribute to limit the
invasion of the exotic brine shrimp Artemia franciscana. We tested As toxicity in natural
populations of Artemia parthenogenetica (native) and A. franciscana from high and low As
contaminated environments in southern Spain, under current temperature conditions and as
per a future climate scenario (i.e., an increase of 4°C). Acute toxicity was estimated on the
basis of the median lethal concentration (at 24h), and chronic toxicity (at 26 days) was
evaluated by measuring Artemia survival and growth under sublethal exposures. At 25°C
native A. parthenogenetica from the highly polluted Odiel and Tinto estuary was much more
resistant to acute As stress (LCso-24h, 24.67 mg L'l) than A. franciscana (15.78 mg L'l) and
A. parthenogenetica populations from unpolluted sites (12.04 mg LY - suggesting that local
adaptation to polluted conditions may occur. At 29°C, resistance of A. parthenogenetica from
Odiel decreased significantly, and there were no statistical differences in sensitivity between
the three species/populations, suggesting that climate change may enhance the probability of
invasion. Resistance increased with developmental stage from nauplii to adults, and was
extremely high in cysts which still hatched at As concentrations of up to 6400mg L. Under
sublethal chronic exposure A. franciscana performed better (survival and growth) than A.
parthenogenetica, and both species experienced a faster growth when exposed, compared
with unexposed (control) individuals, probably due to the hormesis. We discuss the ecological

implications of our results.

Keywords: Brine shrimp, Artemia franciscana, invasive species, pollution, Arsenic, climate

change, temperature
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INTRODUCTION

A main challenge in Invasion Ecology is to understand the role of environmental stress in the
spread of invasive species (Alpert, Bone & Holzapfel, 2000). Most studies to date have fo-
cused on biotic factors such as natural enemies (Torchin & Mitchell 2004). Less information
exists on anthropogenic factors such as pollution and climate change. The study of interactive
effects of these stressors is essential if we are to understand and predict the response of organ-
isms and entire ecosystems to invasive species under present and future environmental condi-
tions. Experimental approaches are needed that address realistic ecological scenarios.
Organisms are usually exposed to relatively low levels of environmental contaminants so that
exposure may be chronic and enduring, but they may also be exposed to high-concentrations
for short episodes (when pollutant pulses are released into the environment). Therefore,
experiments should include both chronic and acute exposure to contaminants since this may
change the outcome of competition between native and invasive species. It is also crucial to
consider ongoing climate change. Many projections regarding future climate change suggest
that global average temperatures may increase by about 4°C in the present century; hence

studies that take account of temperature increase within this range are now needed.

Brine shrimps Artemia spp. (Crustacea, Branchiopoda) are keystone organisms in hypersaline
coastal and inland systems around the world. Their principal predators are the waterbirds that
are typically abundant in these systems (Sdnchez, Green & Castellanos, 2005, 2006; Varo et
al., 2011). On the Iberian Peninsula, and across the Mediterranean region, the native taxa are
the sexual species A. salina and a group of clonal populations classified as A. parthenogeneti-
ca. However, many populations of native Artemia in the Mediterranean region (and world-
wide) have been replaced in recent years by the highly invasive A. franciscana, which is
spread mainly through aquaculture (Amat et al., 2005; Muifioz et al., 2014). Different popula-
tions and species of Artemia differ in terms of their sensitivity to metals (i.e., cadmium; Sara-
bia et al., 2002; but see Leis et al., 2014) and other pollutants (i.e., organophosphate insecti-
cides; Varo et al., 1998). This is particularly relevant when native and invasive species com-
pete, since higher resistance would provide an ecological advantage. Variability in pollution
resistance may be related to differences in physiology and metabolism among species in rela-
tion to mechanisms for metal detoxification (Sarabia et al. 2002). However, variability may
also be related to specific environmental conditions and the nature of the pollutant mix expe-

rienced by differing populations (i.e., to local adaptation).
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86
87 It has been suggested that local adaptation to contaminated conditions by native Artemia from
88 Ria de Aveiro, may explain the persistence of the only remaining native population in
89  Portugal (Rodrigues et al., 2012; Pinto, Bio & Hontoria, 2013). However this hypothesis has
90 never been tested either for Artemia or any other biological invasion. Most studies in Invasion
91  Ecology focus on the mechanisms allowing an invasive species to dominate a native commu-
92  nity but much less attention has been devoted to the study of factors allowing native popula-
93  tions to survive invasions. In this study we test the hypothesis that the native Artemia
94  population in the highly contaminated Odiel and Tinto estuary (Huelva, Spain) persists due to
95 local adaptation against pollution. The Odiel and Tinto estuary is one of the most polluted
96 estuarine systems in Western Europe (Grande, Borrego & Morales, 1999). Both rivers, which
97  drain the Iberian Pyritic Belt, have been contaminated by heavy metals and metalloids for
98  over 4,500 years due to mining activities (Leblanc et al., 2000). Although there is no longer
99 active mining, massive amounts of mining waste generated over centuries of exploitation re-
100  main in-situ and continue to pollute these rivers (Younger, 1997). The estuary is also contam-
101  inated by discharges from an industrial complex near the city of Huelva (Grande, Borrego &
102 Morales, 1999; Saez et al. 1999; Olias et al. 2004, Sarmiento et al., 2009). Among met-
103  als/metalloids, inorganic As is one of the most dangerous in the Odiel and Tinto estuary
104  (Sarmiento et al., 2009). Other wetlands in Spain which host Artemia have much lower levels
105  of pollutants when compared with Odiel. For example, the wetlands of Cadiz Bay (where A.
106  franciscana has completely replaced native populations), and the Cabo de Gata saltpan in
107  Almeria (where a native A. parthenogenetica population still persists). These sites provide an
108 interesting natural laboratory within which to compare As toxicity in native and invasive Ar-
109  temia, and, to relate this with environmental conditions and pollution loads within these habi-
110 tats (i.e., to consider local adaptation).
111
112 The aim here is to investigate the response of native and invasive Artemia to pollution (As)
113 and climate change (increase of 4°C temperature). We performed acute As toxicity tests in
114  native A. parthenogenetica from the highly contaminated Odiel and Tinto estuary, in A.
115  franciscana from the La Tapa saltpans (Puerto de Santa Marfa, Cadiz Bay) and in A.
116  parthenogenetica from the Cabo de Gata saltpans (in Almeria) under two temperature
117  conditions (25 and 29°C). We assessed the sensitivity of different life cycle stages (nauplii,
118  juvenile, adults and cysts) which may vary in their response to toxicants (Green, Williams &

119  Pascoe, 1986; Mohammed, Halfhide & Elias-samlalsingh, 2009). An assessment of the ability
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120  of cysts to hatch in polluted conditions is of considerable interest given the ability of birds to
121 disperse viable cysts (Sdnchez et al., 2012). Finally we measured mortality and growth rate in

122 A. parthenogenetica from Odiel and A. franciscana under chronic exposure conditions.

123 We hypothesize that 1) A. parthenogenetica from Odiel is locally adapted to high pollution
124  and thus more resistant to acute As toxicity than native and invasive populations from less
125  polluted areas; 2) acute toxicity to As depends on developmental stage - with nauplii being the
126  most sensitive and cysts the most resistant; 3) A. parthenogenetica from Odiel will also per-
127  form better (in terms of mortality and growth rate) in comparison to A. franciscana under
128  chronic exposure conditions; 4) an increase in temperature of 4°C will increase As toxicity in
129  all Artemia populations.

130

131

132 MATERIAL AND METHODS

133  Cyst sampling and processing

134  Brine shrimp cysts of native Artemia parthenogenetica from the highly contaminated Odiel
135  estuary (SW Spain, 37°1529"N, 6°5825"W), together with Artemia franciscana and A.
136  parthenogenetica from less contaminated areas (Puerto de Santa Maria (Cadiz bay,
137 36°35.799'N, 6°12.597'W) and Gabo de Gata (Almeria, 36°47°N, 2°14’W), respectively; see
138  Figure 1) were harvested in January 2014 from the shores of several evaporation ponds of
139 low-medium salinity (90-150 g I'"). Cysts were transported to the laboratory and sieved
140  through 500, 300, and 100 um sieves (cyst size is normally ~250 um). Retained cysts were
141  cleaned by differential flotation in freshwater and saturated brine (after Sorgeloos et al., 1977;
142 Amat, 1985). Cysts were then dried at 45 °C for 24h and stored at 5°C until use in

143 experiments.

144

145  Artemia hatching and culture

146 Cysts were incubated in hatching tanks (Hobby) with artificial sea water (Instant Ocean Sea
147  Salts, 35 g L") and maintained at 25 and 29°C for subsequent acute toxicity experiments in
148  climatic chambers. In order to obtain a homogenous population of the instar II and III nauplii
149  (as recommended by the standardized ARC-test; Artemia Reference Center, the State Univer-

150  sity of Ghent in Belgium, Sorgeloos et al., 1978), hatched larvae were harvested after 48

Peer] PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1568v1 | CC-BY 4.0 Open Access | rec: 17 Nov 2015, publ: 17 Nov 2015




151  hours. One portion of the population was used immediately for acute toxicity tests; the other
152  portion was placed in 1 L precipitation tanks at the respective hatching temperature, with a
153  12:12 photoperiod and gentle aeration for subsequent experiments with juveniles and adults.
154  Salinity was gradually increased (over 3 days) up to 90 g L. Nauplii were fed with lyophi-
155  lized green algae Tetraselmis chuii (EasyAlgae®, Spain) solution (algae concentration 0.2 mg
156  mL"). The water was replaced every two days in order to minimize infection by fungus and
157  bacteria.

158

159  Short-term acute toxicity of As (LCsy-24h)

160  Relative mortality of nauplii (median lethal concentration [LCs-24h]), was used to quantify
161  the toxicity to As in the three study populations at two temperatures (25°C - corresponding
162  with the mean annual temperature in saltpans from south Spain (Sanchez, Green & Castella-
163  nos, 2006); and 29°C - to simulate a 4°C warming climate change scenario (IPCC 2013)). In
164  addition LCsp-24h was calculated for juvenile A. parthenogenetica at 25°C, juvenile A. fran-
165 ciscana at 29°C and adult A. franciscana at 25°C (these developmental stag-
166  es/species/temperatures were chosen on the basis of individual availability — certain options
167  could not be tested due to high mortality experienced in cultures).

168

169  Arsenic, as reagent-grade sodium arsenate, NaAsO, (CAS No. 10048-95-0) was used for
170  preparation of a stock solution. The stock solution was kept at ambient temperature and pre-
171  pared every week for the LCsy experiments. Dosing solutions were prepared from the stock
172 solution by mixing different proportions of stock solution and saltwater (Instant Ocean pre-
173 pared with milliQ) to obtain the desired concentrations based on preliminary tests (Table 1).
174  Final test concentrations were prepared with 35 g L' salinity for nauplii, and 90 g L™ for ju-
175  veniles and adults (according to the optimal salinity conditions for the respective stages). So-
176  lutions were prepared 24 h prior to use in an experiment, in order to assure an acceptable level
177  of oxygen.

178

179  Acute toxicity tests were conducted on instar II and III nauplii in two climatic chambers (at
180  25°C and 29°C) with a 12:12 light:dark cycle. Several ranges of As were used to determine
181  the LCs¢ values for the different populations and temperature conditions (Table 1). Multiwell
182  plates were used for nauplii (2.5 ml) and juveniles (5 ml). For adults, 10 ml sample tubes were

183  used. Nauplii and juveniles were transferred to the multiwell plates with a Pasteur pipette,
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184  which carried over less than 0.05ml of saltwater. For each concentration, including the control
185  (artificial sea water at 35 or 90 g L' salinity, depending on the developmental stage, without
186  addition of As), three to six replicates were used (each replicate being composed of 10-12
187  individuals). After 24 hours, the number of dead individuals was recorded. Individuals were
188  considered dead if no movement of the appendages was observed within 10 seconds. For all
189  experiments, preliminary tests were performed in order to adjust the concentrations of As for
190 the final LCsg calculations. Immediately before and after the experiment, the oxygen concen-
191 tration of the different test solutions, including the control, were measured and no substantial
192  variation was observed (mean + SE: 1.6 £ 0.001 mg L', 1.7 £ 0.01; respectively). Mortality in
193  control groups without As was no greater than 10 %, if present.

194

195 In addition, an acute experiment with cysts of A. franciscana and A. parthenogenetica from
196  Odiel was performed. Cysts were placed in 0.05 L of artificial saltwater (35 g L") and stored
197  in climatic chambers at 25°C or 29°C. After 5 hours, hydrated cysts were selected for the test.
198  Arsenic concentrations ranged from O to 6400 mg L' 4 replicates per concentration, with 30
199 £ 5 cysts per replicate). Cysts were placed in multiwell plates filled with 5 ml As solution.

200  After three days, the number of hatched nauplii was recorded.

201  Chronic sublethal toxicity of As

202  This experiment was conducted to explore the response of native (A. parthenogenetica from
203 the Odiel estuary) and invasive Artemia to long-term sublethal exposure to As. The
204  concentration of 0.3 mg L' As was selected as a compromise based on preliminary analysis
205  of water from Odiel (0.14 £ 0.16 mg L'n= 4) and LCs tests (7.2 mg L was the first tested
206  As concentration in which mortality (17.02%) was observed). Fully hatched nauplii of both
207  species were placed at 25 and 29°C (12:12 photoperiod) - half of them exposed to As and half
208  not (a control). Salinity was gradually increased from 35 to 90 g L over the 10 day period
209  after hatching; 48 specimens per species/temperature/treatment (control vs As) were randomly
210  selected and individualised for a 25 day experiment. Food (lyophilized Tetraselmis chuii at a
211 concentration of 0.20g L") was provided every 2 days at the same time that water was
212 changed. Size and mortality were registered every 5 days.

213

214  Statistical analysis
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215  The median acute lethal concentration (LCsy) and its 95% confidence limits were calculated
216  and compared between different populations, temperatures and developmental stages, using
217  Trimmed Spearman-Karber (TSK) analysis for lethal tests (Hamilton et al., 1977). The crite-
218 rion of ‘‘non-overlapping 95% confidence limits’” (CL) was used to determine significant
219  differences between LCsy values (lethal concentration necessary to cause 50% mortality;
220 APHA, 1995). GLM analyses were used to model % hatching in the acute experiment with
221 temperature (25 or 29 °C), population (AP from Odiel and AF) and As concentration (7-11
222 levels) as categorical variables. Two way interactions between the three categorical variables
223 were also included in the model. Statistica 12 software for Windows was used for all statisti-

224 cal analyses.

225  RESULTS
226

227  Short-term acute toxicity of As (LCs)

228  The LCsgresults for the three different Arfemia populations at two temperatures are shown in
229  Figure 2. LCsg at 25°C was highest for A. parthenogenetica from the polluted area (24.67 mg
230 L) followed by A. franciscana (15.78 mg L) and A. parthenogenetica from the unpolluted
231 area (12.04 mg L™). There were strong statistically significant differences in As toxicity
232 between A. parthenogenetica from the polluted area and the two other populations; however,
233 differences between A. parthenogenetica from the uncontaminated area and A. franciscana
234  were only marginally significant (Figure 2). Accordingly % mortality at the different As
235  concentrations was generally higher in A. parthenogenetica from Cabo de Gata, followed by

236  A. franciscana and A. parthenogenetica from Odiel (Figure 3).
237

238  The effect of a 4°C temperature increase on As toxicity differed between populations. While
239  the LCs for A. parthenogenetica from Odiel decreased significantly at 29°C, the LCsq for A.
240  parthenogenetica from the uncontaminated area increased slightly, but had no effect in the
241 case of A. franciscana. Overall, differences between populations at 29°C were not statistically

242 significant (Figure 2).

243 On the other hand, the LCs, for A. parthenogenetica from Odiel and A. franciscana increased

244  with developmental stage (Figure 4). LCsy was significantly higher in juveniles compared
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245  with nauplii for A. parthenogenetica at 25°C (Figure 4a) and A. franciscana at 29°C (Figure
246 4b), as well as in adults compared with nauplii for A. franciscana at 25°C (Figure 4c).

247  However, the salinity used for each development stage varied (see discussion).

248  Acute toxicity test on cysts

249  GLM results regarding hatching success (% hatching) are summarized in Table 2.
250  Temperature and Artemia population had a significant effect on hatching success, with more
251  hatching at 25°C and higher success rates for A. franciscana compared with A.
252 parthenogenetica. However, As concentration had no effect, with hatching occurring even at

253 the highest As concentration of 6400 mg L™

254  Long-term toxicity of As

255  Survival. The cumulative survival of A. parthenogenetica from Odiel and A. franciscana are
256  shown in Figure 5a and b, respectively. According to a Cox regression, there were significant
257  effects due to species, treatment and temperature (Table 3). Survival was higher in A.
258  franciscana compared with A. parthenogenetica, and an experimental temperature of 29°C
259  was associated with higher survival when compared with 25°C (Figure 5). Arsenic exposure

260  significantly reduced survival in both Artemia species compared with controls (Table 3).

261 Growth rate. The results of a repeated-measures ANOVA showed significant effects due to
262  Artemia species, As treatment and temperature on growth rate (Table 4). Individuals grew
263  faster when exposed to As than in controls. Growth rate was also higher in A. franciscana

264  when compared with A. parthenogenetica.

265  Final size. Results of GLM analyses on final size are shown in Table 5. There were signifi-
266  cant effects due to Artemia species (A. franciscana = 7.07 £ 0.10 mm, A. parthenogenetica =
267  6.89 = 0.0lmm, mean + SE), temperature (25°C = 6.28 + 0.14 mm, 29°C = 7.27 + 0.07 mm)

268  and treatment (control = 6.78 £ 0.09 mm, treatment = 7.27 £ 0.10 mm).

269

270  DISCUSSION

271

272 Response of Artemia to acute As stress and its ecological implications

273

274  Disturbance has been widely recognized as a major determinant in the establishment of non-
275  indigenous species (D’Antonio, 2000; Piola & Johnston, 2008). Pollution, in particular with
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276  heavy metals, is one of the most important anthropogenic disturbances in coastal ecosystems
277  worldwide (Scanes, 1996; Hall, Scott & Killen, 1998; Sarmiento et al., 2009). However the
278  specific role of pollution in facilitating or preventing invasion has been largely overlooked.
279  Results of the few studies that have addressed how invasive species respond to pollution con-
280  clude that it favors them. Most of these studies have been conducted with copper, but few
281 information exist on other metals/metalloids, such as

282  arsenic. For example Piola & Johston (2006) showed that non-indigenous species have a
283  greater tolerance to copper pollution when compared to closely related native species. The
284  same authors (2008) studied the effect of heavy metal pollution on the diversity of marine
285  hard-substrate assemblages and showed that increasing pollution exposure decreased native
286  species diversity by between 33% and 50% while no effect was detected for non-indigenous
287  species, suggesting that the latter are more tolerant to metal pollution relative to their native
288  counterpart. Similar results were found by Crooks, Chang & Ruiz (2011) studying marine
289 invertebrates in San Francisco Bay; they found that copper exposure significantly decreased
290 native species richness but didn’t affect exotic richness. However, information is still scarce
291  and probably biased because most studies focus on successful invasions and very few on sys-
292  tems which have resisted the establishment of an invasive species (Rodrigues et al., 2012).

293

294  We found that native A. parthenogenetica from Odiel was more tolerant to As than an inva-
295  sive A. francisana population and an A. parthenogenetica population from a relatively unpol-
296  luted area at 25°C. Our results suggest that A. parthenogenetica from Odiel is locally adapted
297  to withstand high pollution levels. In turn, this supports the hypothesis of Rodrigues et al.
298  (2012) that some populations of native Artemia may persist because they are adapted to pollu-
299  tion that may limit the invasion of A. franciscana. Rodrigues et al. (2012) referred to high
300 mercury pollution in the Ria de Aveiro in Portugal. This holds the last known population of A.
301  parthenogenetica in that country, wherein all other saltworks have been invaded by A. fran-
302 ciscana (Amat et al., 2005, 2007).

303

304  Our study represents the first to test this local adaptation hypothesis in Artemia and the first
305 to evaluate the response of Artemia to acute As exposure. Most studies in invasion ecology
306  focus on the mechanisms by which an invasive species comes to dominate a native communi-
307 ty. Much less attention has been paid to the factors that allow native populations to survive an
308 invasion (Rodrigues et al., 2012). The A. parthenogenetica population from Odiel is sur-

309 rounded by sites already invaded by A. franciscana (including Isla Cristina 30 km away and
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310 Cadiz Bay at 90 km). This suggests that pollution may indeed help explain why the native
311  species has so far persisted.

312

313 Migratory waterbirds (such as shorebirds and flamingos) are highly effective at dispersing
314  cysts of both native and invasive Artemia between different localities (Sanchez et al. 2007,
315  Muiioz et al. 2014). The persistence of A. parthenogenetica in the much less polluted Cabo de
316  Gata (Almeria) may be related to a dispersal limitation, i.e., it is outside the main shorebird
317  migratory flyway (East Atlantic Flyway, Green et al., 2005) and is over 200 km away from
318 the nearest A. franciscana population. However, the ongoing survival of remaining native
319  Artemia populations in the Mediterranean region is also linked to an absence of aquaculture in
320 surrounding wetlands. This has prevented the large scale introduction of A. franciscana as fish
321 food (Amat et al., 2005).

322

323  Recent studies have compared the sensitivity of native and invasive species to different con-
324  taminants; Leis et al. (2014) examined the toxicity of Hg, Cd and Cr to native A. parthenoge-
325  netica from Italy and A. franciscana, and didn’t find differences between populations. Varé et
326  al (2015) showed that A. franciscana 1s less affected (in terms of survival and fecundity) by
327  exposure to the pesticide chlorpyrifos than A. parthenogenetica (diploid). However, to fully
328 test the resistance hypothesis it is necessary to compare populations naturally exposed to dif-
329  ferent degrees of pollution.One important difference between our system and previously stud-
330 ied sites is acclimation time — i.e., the period over which species have been exposed to pollu-
331  tion. All previous studies generally consider scenarios involving recent environmental pollu-
332  tion or emerging pollutants (for example Varo et al., 2015). Pollution tends to have occurred
333  since the middle of the last century, and in any case, no more than for 200 years (i.e., since the
334  start of the Industrial Revolution). A substantially different scenario (never fully considered,
335  but, rather common) may exist when native communities have been exposed to pollutants for
336  millennia (i.e., in areas with prehistoric mining activities) - as is the case in the Odiel and Tin-
337  to rivers basins (Nocete, 2006). Under these circumstances we may expect native communi-
338 ties to be highly adapted and therefore more resistant to the establishment of newly arriving
339  non indigenous species.

340

341

342 Sensitivity of different Artemia developmental stages to As

343
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344  We found that cysts of both A. parthenogenetica and A. franciscana were extremely resistant
345  to As. This is likely due to the highly impermeable chorion that acts as a barrier against toxi-
346  cants (as demonstrated by Var6 et al. (2006) with organophosphate pesticides). Similarly,
347  Sarabia et al. (2003) found no effect of Cd on hatching success of Artemia. However, other
348  authors have reported a strong effect regarding Cd, Zn and Cu (Bagshaw et al., 1986; MacRae
349 & Pandey, 1991; Rafiee et al., 1986). It has been suggested that differences in hatching suc-
350 cess of cysts may also be related to differences in cyst structure, metabolism and physiology
351 among species (Var6 et al., 2006). In addition to these factors, the previous environmental
352  conditions (i.e., levels of pollution) experienced by the species/strain could also play a deci-
353  sive role. On the basis of LCsy values here, we found nauplii to be the most sensitive devel-
354  opmental stage, followed by juveniles and adults. This may be explained by the ratio between
355  gut volume and body mass (Navarro, Ireland & Tytler, 1993), since the gut is highly permea-
356  ble compared with the external cuticule (Croghan, 1958), with ion exchange in nauplii occur-
357  ring three times faster than in adults (Thuet, Motais & Maetzet, 1988).

358

359  The effect of an increase in temperature

360

361  The sensitivity of A. parthenogenetica from Odiel to As increased significantly as we moved
362  from 25 to 29°C. The lower temperature currently represents the mean temperature in the field
363  for the Odiel population (Varo et al., 2011). Temperature increases have often been found to
364  increase contaminant toxicity (Cairns, Heath & Parker, 1975; Bat et al., 2000), and, decrease
365  dissolved oxygen, especially at high salinities. Temperature increases within typical ranges in
366  biological systems may have little effect on metal speciation (Bervoets & Blust 1999; Hassler,
367  Slaveykova & Wilkinson, 2004), but may influence toxicity through physiological mecha-
368 nisms. This is particularly true in ectotherms (Sokolova & Lannig, 2008 for review), since
369 their body temperature depends on that of the environment. Hence, changes in external tem-
370  perature cause changes in metabolic rates (Hochachka & Somero, 2002) and consequently
371  metal uptake (Sokolova & Lannig, 2008 and references therein). The permeability of diffu-
372 sion membranes in Artemia spp. are also known to increase with temperature (Navarro, Ire-
373  land & Tytler, 1993).

374

375  The response to temperature of A. parthenogenetica from Cabo de Gata was substantially
376  different - with a slight (but significant) decrease in As sensitivity at higher temperatures. This

377  1is not the first study to find that different populations of the same Artemia species respond
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378  differently to abiotic conditions such as temperature (Browne & Wanigasekera, 2000). De-
379  creasing toxicity with increasing temperature has also been described for some organic pollu-
380 tants such as DDT (Cairns, Heath & Parker, 1975), but it is not common in metals/metalloids.
381  The differences between A. parthenogenetica from Odiel and Cabo de Gata may perhaps be
382 related to a trade-off between pollution resistance and the ability to cope with another envi-
383  ronmental stressor (temperature) in the Odiel population. Pollution resistance has been found
384  to trade-off against fitness traits such as growth and fecundity in many different organisms
385  (see below). Toxicity was not affected by temperature in the case of A. franciscana, which is
386  in agreement with the higher temperature tolerance of this invasive species (Browne & Wan-
387 igasekera, 2000; Zerebecki & Sorte, 2011). Such a response, in which pollutants have con-
388  stant toxicity irrespective of temperature, is rarely found in aquatic ectotherms; but, this was
389  also the case in Daphnia pulex exposed to Cu (Boeckman & Bidwell, 2006). Overall, the dif-
390 ferent responses to temperature among populations/species observed in this study resulted in
391 no significant differences in As toxicity at 29°C. Therefore, global warming may be expected
392  to favour the invasion of A. franciscana in highly contaminated areas such as Odiel.

393

394  Long-term sublethal exposure to As

395

396  The results of long-term (sublethal) exposure showed that A. franciscana performs better
397  (higher survival and growth) than A. parthenogenetica under chronic stress. This is not
398  surprising as several studies using sexual and asexual Artemia populations from the Old
399  World show that the competitive ability of A. franciscana is higher than that of A. salina and
400  parthenogenetic strains (Browne, 1980; Browne & Halanych, 1989; Amat et al., 2007).
401  Similar results demonstrating a low impact due to chronic As stress (0.24 mg L™, equivalent
402  to that of our study) were also obtained by Brix, Cardwell & Adams (2003) with A.
403  franciscana from the native area in Great Salt Lake (Utah, U.S.A). The introduced A.
404  franciscana we studied is closely related to the Great Salt Lake population, owing to the trade
405 in cysts from that lake for aquaculture (Mufioz et al., 2014). Thus, resistance to chronic As
406  stress was probably selected for long before their introduction from North America. A similar
407  scenario has been suggested previously for other invasive species - such as highly Cu-resistant
408 introduced populations of the bryozoan Bugula neritina, which originate from polluted ports

409  and harbours (Piola & Johnston, 2006).

410
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411  We also demonstrated faster growth in individuals exposed to As than in controls. This may
412 be related to hormesis, i.e., the stimulatory effect caused by low levels of toxic agents
413 (Stebbing, 1982). Growth stimulatory responses to low doses of various chemicals was first
414  observed in yeast (Schulz, 1888 ‘Arndt-Schulz law’) and this has been demonstrated for a
415  wide range of organisms (including bacteria, protozoan, plants, algae, invertebrates and verte-
416  brates), endpoints (including growth, reproduction, behaviour, survival, physiology), and tox-
417  icants (metals, pesticides, effluents, etc.) (reviewed in Calabrese & Baldwin, 2003). Arsenate
418  is also a chemical analogue of phosphate (Tawfik & Viola, 2011), so at low doses, physiolog-
419  ical processes involving phosphate may “inadvertently” utilise arsenate.

420

421  The As concentration used in our experiments was similar to that recorded in water from the
422  Odiel (maximum of 0.23 mg L") in order to make our results as relevant as possible to real
423  field conditions. However, the bioavailability of this metalloid is expected to be significantly
424 higher in natural conditions for several reasons: 1) The concentration of As in the sediments
425  of the Odiel study area is often high (maximum of 123 mg L") and Artemia are known to feed
426  on detritus (Sanchez et al., 2013) which is likely to be polluted. 2) In the experiment we used
427  commercial lyophilized algae which were not a source of As, while in natural conditions Ar-
428  temia feed on phytoplankton which is able to accumulate high quantities of certain metals. 3)
429  QOdiel has extremely high concentrations of phosphates (Sanchez et al. unpublished data) and
430  phosphorous is known to increase the bioavailability of As (Bolan et al. 2013). Further exper-
431  iments under conditions that better reflect all potential As sources that exist in the field will be
432  important in order to further assess the potential of A. franciscana to invade hypersaline com-
433 plexes within the Odiel and Tinto river estuary.

434

435  Conclusion

436

437  This study is the first to investigate the “pollution resistance hypothesis” (Rodrigues et al.,
438  2012) and the effect of acute As exposure in Artemia. Moreover, although several studies
439  have focused on the impact of some metals on Artemia, very few have compared toxicity
440  between native and invasive species nor considered realistic scenarios regarding climate
441  change. We found evidence that A. parthenogenetica from Odiel is locally adapted to elevated
442  pollution. Our results also suggest that climate change would increase the susceptibility of

443  pollution-resistant A. parthenogenetica populations to invasion by A. franciscana. This study
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444  highlights the importance of simultaneously considering the effect of different stressors so
445  that future risks to organisms and ecosystems can be better understood. It also illustrates the
446  value of focusing on systems that are resisting invasions, and not just those which have

447  already been invaded.
448
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Fig. 1 Locations of the three study populations in southern Spain: APOD (A. parthenogeneti-
ca from Odiel, Huelva), APCG (A. parthenogenetica from Cabo de Gata, Almeria) and AF
(A. franciscana from Puerto de Santa Maria, Cadiz)
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727  Fig. 2 LCs values (mg L") and confidence intervals for nauplii A. parthenogenetica from the
728  contaminated Odiel (APOD), A. parthenogenetica from the uncontaminated Cabo de Gata
729  (APCG) and A. franciscana (AF) at 25 and 29°C
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745  Fig. 3 % mortality and linear regression at different As concentrations in nauplii of native A.
746  parthenogenetica from Odiel (APOD), A. parthenogenetica from Cabo de Gata (APCG) and
747  A. franciscana at 25°C.
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762 Fig. 4 LCs values (mg 1) and confidence intervals for AP from Odiel and AF of different
763  developmental stages and temperatures
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769  Fig. 5 Cumulative survival of A. parthenogenetica (A) and A. franciscana (B) exposed to ar-
770  senic and in control at 25 and 29°C. AP: A. parthenogenetica; AF: A. franciscana
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805  Table 1. As concentrations (mg l'l) used for the LCsq tests. OD = Odiel (AP), CG = Cabo de
806  Gata (AP), PS = Puerto de Santamaria (AF).

807
nauplii juvenile adults
25 29 25 29 25
APOD APCG AF APOD APCG AF AP AF
0.00 0.00 0.00 0.00 0.00 0 0 0.00 0.00
7.20 0.47 0.12 0.47 0.47 0.47 3.75 1.88 4.69
1440 094 0.23 0.94 0.94 0.94 7.5 3.75 9.38
21.60 1.88 0.47 1.88 1.88 1.88 15 7.50 18.75
28.80 3.75 0.94 3.75 3.75 3.75 30 15.00 37.50
36.00 7.50 1.88 7.50 7.50 7.50 60 30.00 75.00
4320 15.00 3.75 15.00 15.00 15.00 120 60.00 150.00
50.40 30.00 7.50 30.00 30.00 30.00 120.00 300.00
57.60 15.00 60.00 600.00
64.80 30.00 120.00
72.00
808
809
810
811
812
813
814
815
816
817
818
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820
821
822
823
824
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825  Table 2. Results of GLM analysis applied to the % of hatching cysts in relation with
826  temperature (25, 29°C), population (AP = A. parthenogenetica from Odiel; AF = A.
827  franciscana) and As concentration.

Level of . SE
Effects Effect Estimate df F p

Intercept 57,8003 1,341068
temperature 25 5,4380| 1,341068
population AP -12,4009| 1,339828
temperature*concentration 1 -0,0019( 0,000558
pop*concentration 1 0,0017| 0,000558
concentration -0,0009| 0,000558
temperature*pop 1 4,4175| 1,110254

1857,627|  0,000000
16,443  0,000082
85,667  0,000000
11,004/ 0,001149
9,569 0,002374
2,529 0,113915
15,831 0,000109

TG TG (NN U [NIU NN I Y
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848  Table 3. Results of Cox proportional hazard regression analysis on Artemia survival after As
849  exposure

Effects Level of Effect Estimate SE Chi-square P value

Species AF -0,105321 0,052711 3,9924| 0,045707
Treatment CONTROL -0,228578 0,053472 18,2735 0,000019
Temperature 25 0,803722 0,066298 146,9617] 0,000000
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873  Table 4. Results of repeated-measures ANOV A on growth rate for the long term toxicity test.

Level of
Effect Effect Parameters| SE F p

Intercept 4,209760/0,068020|3552,689 0,000000
Species AF| 0,340956/0,068020, 8,418 0,000022
Treatment CONTROL| -0,284280(0,068020, 10,232 0,000002
Temperature 25| 0,481823(0,068020[ 47,399 0,000000
species*treatment -0,161147|0,068020 9,216 0,000008
species*temperature 0,106952/0,068020 5,454 0,001172
treatment*temperature -0,214388|0,068020, 7,940 0,000042
species*treatment*temperature -0,202029|0,068020 9,942 0,000003
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895  Table 5. Results of GLM on final size of Artemia from the long-term toxicity experiment

Effect Level of effect Estimates SE df F p
Intercept 6,817502 0,074509 1 8372,187| 0,000000
species AF 0,141674 0,066386 1 4,554 0,033653
treatment CONTROL| -0,197046 0,067657| 1 8,482| 0,003858
temperature 25 -0,486999 0,073456 1 43,946 0,000000
Error 298
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