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resumo

Daphnia, stress antropogénico, adaptacao, aclimatagéo, tolerancia a poluicéao,
metais, cobre, zinco, custos associados a tolerancia, parametros individuais e
populacionais, variabilidade genética

No presente trabalho o cladécero Daphnia longispina foi utilizado como
organismo modelo para a avaliagdo dos efeitos ecolégicos da adaptacédo a
ambientes contaminados por metais. Foram amostradas popula¢gfes naturais
de D. longispina num local sujeito a contaminacdo por metais e num local
proximo, de referéncia, ambos localizados no sistema aquatico na area
envolvente a mina abandonada de Sao Domingos. Varias linhagens clonais de
ambas as populacdes foram mantidas em laboratério, sob condicbes
controladas, para a execucdo dos testes. Um dos testes realizados permitiu
estudar e quantificar as diferencas na tolerancia letal entre as linhagens
clonadas de ambas as populacdes e também avaliar os custos associados.
Utilizando vinte linhagens clonais de D. longispina das duas populacfes
verificou-se que apenas clones sensiveis ao cobre estavam presentes na
populacdo de referéncia e clones resistentes ao cobre estavam presentes na
populagdo do local contaminado. Os custos associados a tolerancia foram
ilustrados pela determinacdo de taxas alimentares mais baixas para a
populacao tolerante quando comparadas com as da populacédo de referéncia.
Outro dos testes realizados permitiu comparar as respostas de clones de
populacdes de ambos os locais — contaminado e referéncia — a exposi¢do a
concentracbes sub-letais do metal cobre. A tolerdncia evidenciada
anteriormente ao nivel letal foi confirmada ao nivel sub-letal, com o clone
proveniente da populacdo do local contaminado evidenciando uma maior
tolerancia ao cobre quando comparado com os restantes clones, para todos os
parametros analisados (taxas alimentares, consumo de oxigénio, crescimento
e reproducdo). Os efeitos da aclimatagdo ao cobre ao longo de varias
geracdes foram também avaliados num clone de D. longispina. Os resultados
evidenciaram a existéncia de uma adaptacao fisiolégica ao cobre ao longo das
varias geragdes que, no entanto, apenas aumentou marginalmente a tolerancia
a niveis de cobre letais. Para além disso, observou-se também uma grande
variagdo nas respostas do clone de D. longispina estudado, ndo s6 entre
concentracbes de cobre mas também entre geracSes. Os resultados obtidos
nos varios estudos realizados com linhagens clonais de ambas as populacdes
de D. longispina reforcam a importancia de integrar a tematica do
desenvolvimento de tolerancia a poluicdo aquando da avaliacdo dos riscos
ambientais e ecolégicos de compostos quimicos, como 0s metais, no meio
ambiente.
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In the present study the cladoceran Daphnia longispina was used as a model
organism to test the ecological side effects of adaptation to metal contaminated
environments. D. longispina natural populations were sampled from a metal
contaminated reservoir and from a nearby clean water reservoir, both
belonging to the aquatic system surrounding the abandoned S&o Domingos
cupric mine. Clonal lineages were established and maintained in the laboratory
by means of asexual reproduction and were used for tests. The comparison of
broad sense heritabilities and genetic correlations using up to twenty distinct
clonal D. longispina lineages randomly obtained from the metal contaminated
reservoir and the reference reservoir showed that only sensitive and resistant
lineages to Cu were present in the reference and contaminated site,
respectively. For Zn, however, both populations had a similar distribution
pattern of sensitivities. Fitness costs of tolerance were illustrated by lower
feeding rates of the tolerant population compared to the reference one. Another
study assessing life-history responses to sublethal copper contamination in four
D. longispina clones, two from a reference site and the other two from a
historically copper-exposed site showed that tolerance manifested by D.
longispina clones at lethal copper levels was also evident at sublethal
concentrations, with the tolerant clone from impacted population showing
higher tolerance to copper for all the parameters (feeding, oxygen
consumption, growth and reproduction) compared to the rest of clones. The
multigenerational effects of acclimation to copper were also evaluated by
exposing a single clone of D. longispina originated from the reference
population to copper over three consecutive generations. Results from the
evaluation of its life-history performance illustrate that physiological adaptation
to copper across several generations only increased marginally acute tolerance
to copper. Besides that, a high variation in life-history traits was observed not
only between copper treatments, but also among generations. For instance,
generation had a significantly influence on the observed pattern of age at first
reproduction and interact with copper in the observed variation of time and
clutch size at first reproduction. Overall, the importance of studying long-term
adaptation to metals in natural populations is highlighted in this study as the
acquisition of genetically inherited tolerance could have associated ecological
costs. The obtained results reinforce the need to integrate these issues when
assessing risks posed by chemicals to the environment.
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%@\%@\ 7%@\ Chapter

General Introduction and Conceptual Framework of the Study

1.1. Preamble

In the last few decades the scientific community amgulatory agencies have
become increasingly aware of the long-term impaxdtsan ever increasing human
population and its activities on climate, sustailigbof ecosystems and biodiversity
(Figure 1.1). These concerns have been amplifiesllbgessive reports on the depletion
of the ozone layer, global climatic change, watet aoil resources contamination and
extinction of species. Regarding biodiversity,ntaintenance is important for multiple
reasons, including the formation of soils, the piitbn of food, the purification of
water, the breakdown or decomposition of waste yty] the maintenance of the
composition of gases in the atmosphere and othgortant functions that contribute to
the fundamental stability of ecosystems (Spray llie&Glothlin, 2003; Vituoselet al,
1997). Recently the problem of biodiversity lossngd special attention (Downes,
1995; Spray and McGlothlin, 2003; Vituosek al, 1997). The Convention on
Biodiversity was one of the international agreeraent sustainable development at the
Earth Summit, UN Conference on Environment and [g@raent, Rio de Janeiro June
1992. It was signed by over 170 countries and & wplemented at the end of 1993
(Downes, 1995). In the Rio Convention, biodiversitgs defined as “the variability
among living organisms from all sources includiegéstrial, marine and other aquatic
ecosystems and the ecological complexes in whiel &ne part; this includes diversity

within species, between species and of ecosystébwines, 1995). So, three levels of
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biological variability are associated with the défon of biodiversity, the genetic

variation within species, species richness andystess’.

Figure 1.1. A conceptual model illustrating both direct and indirect effects of human activities’ on the sustainability of

ecosystems (Adapted from: Vitousek et al., 1997).
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All the aforementioned levels are being threatebgchuman activities, in particular
chemical contamination (Bickmagt al, 2000; Downes, 1995; Spray and McGlothlin,
2003; Van Straalen, 1999). Disruption of equilibmiat any of these levels has a direct
relation to the decline of diversity, subsequentastement of vulnerability to
environmental stress and extinction of species.

Most of the biodiversity debate that followed tk®nvention centered on
ecosystems and species whereas genetic variathitityiot receive a similar attention
(Bickmanet al, 2000; Van Straalen, 1999; Van Straalen and Timmaes, 2002). In
fact, genetic variability in natural populationsshideen studied in other contexts like
evolutionary and conservation biology but in theldiof ecotoxicology there are only
few studies that have addressed the effects of ichémmontamination on population
genetics (Bickmaret al, 2000; Hoffmann and Parsons, 1991; Medihal, 2007; Van
Straalen and Timmermans, 2002). The emphasis ofoxacological research has
remained on the species level and genetic varifigsbeen studied mostly because it is
a factor introducing variability on test resultsa(il et al, 1991; Barata and Baird,
1999). Standardization of species and test comditese key factors in ecotoxicology as
opposed to the variability evoked by the biodivigrsiiscussion (Van Straalen, 1999).
Only recently have ecotoxicologists started to esglthe ecological consequences of
genetic changes due to chemical pollution and Iltecep in the Ecological Risk
Assessment (Andersoet al. 1994; Belfiore and Anderson, 1998; Evendsen and
Depledge, 1997; Fox, 1995; Medietal, 2007; Van Straalen, 1999).

It was shown that heterogeneous environments vimglchemical stresses exert
strong evolutionary pressures (Fox, 1995; HansehJahnson, 1999). Besides acting
as selective or evolutionary forces, chemicals e#so act as agents capable of
disrupting chemically mediated communication arfdrimation exchange essential for
effective behaviour, reproduction, development ammntenance (Fox, 1995; Hansen
and Johnson, 1999). This work is a contributiorthi® increase of knowledge in the
ecological consequences of adaptation to contaednanvironments. Although
survival of organisms in this type of environmergsgenerally viewed as a positive
ecological event, changes in genetic diversityrat/aegative effects of adaptation can
pose an effective threat to the communities angystems.
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1.2. Responses of populations to stressful environmental conditions

Microevolution is the term generally used to referchanges that take place
within species and populations within the lifespdm human being. Microevolutionary
changes can occur within introduced species to Inewaronments, in native species
interacting with alien species or in species irteng with stressful environmental
conditions (Ashleyet al, 2003; Hoffmann and Parsons, 1991).

Stressful environmental conditions are those fimtt organisms responses,
related to fitness. Stressful responses are inflerby the organism’s molecular and
cellular makeup and by its physiological conditi@ontributing to the structures and
processes characteristic of populations, communitied ecosystems (Forbes and
Depledge, 1996; Hoffmann and Parsons, 1991; Koetth Bayne, 1989; Sibly and
Calow, 1989). All definitions of stress in an evadmary context emphasize the
reduction in fitness due to detrimental effects samvival and reproduction thereby
endangering the existence of organisms and popuokati According to Bijlsma and
Loeschcke (2005), abiotic and biotic factors arspomsible for the causation of
stressful environmental conditions. Abiotic factorgiclude fluctuations in
environmental variables such as temperature, fooldcaemical components (naturally
occurring or man-made). Biotic factors include ceitppn, predation, parasitism and
illnesses. Both abiotic and biotic stresses cannalgpendently but in most cases there
Is interaction since organisms that have suboptsttaks due to abiotic factors are more
susceptible to predators, competitors or paraaitdsthe same for the other way around.
So, stresses may have abiotic and biotic componeviigh in turn may be acute,
chronic and/or seasonal and can affect organisntseatommunity, population and/or
individual level (Bijlsma and Loeschcke, 2005; Pas 1996; Scott, 1995).
Understanding the nature, interactions and conseggeof these types of stresses from
an ecological and evolutionary point of view iseaxtremely importance as the growing
human population causes major changes in the katicabiotic environment (Bijlsma
and Loeschcke, 2005).
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One example of a stress is chemical pollutioniragigrom human activities.
Anthropogenic chemicals can act as selective agaltdésing gene frequencies, thus
causing genetic divergence among and within pojumatand imposing directional
selection (Hoffmann and Parsons, 1991; Lagisz aam&kdwki, 2008). This process is
called microevolution due to pollution (Klerks ah@vinton, 1989; Medineet al,
2007). Several works have highlighted the signifcea of the evolutionary
consequences of population exposure to toxicardsa(Bet al, 2002; Depledge, 1994;
Morgan et al, 2007). Populations can exhibit different levels responses when
challenged by a chemical stressor: i) They do rmspond because they include
organisms either resistant to the stressor or expas very brief or minimal; i) They
avoid stress due to the migration of individuaig; Alternatively, populations can be
sensitive to pollution when exposure is too stroggpulting in either local extinction or
adaptation. The former can occur either accommogatie stress by behavioral or
physiological adaptation or by selecting genotypéhin the population resulting in
progressive elimination of sensitive individualsdaa shift in the population genetic
structure (Fox, 1995; Hoffmann and Hercus, 2000).

Adaptation corresponds to a process of changas wrganism to conform better
to (new) environmental conditions, whereby the argm (or group of organisms)
acquires characteristics (morphological, physialabor behavioural) that improve its
survival and reproductive success in the particugarvironment (Bijlsma and
Loeschcke, 2005; Hoffman and Parsons, 1991; St@®5). Those changes can occur
phenotypically (phenotypic adaptation) or genelycal(genotypic adaptation).
Phenotypic adaptation corresponds to changes watgenotype. In this case adaptation
is the result of “phenotypic plasticity”, the cagalp of an organism to express different
phenotypes depending on the biotic or abiotic emvitent (Agrawal, 2001; Hoffman
and Parsons, 1991). An example of this type of tadi@m is the development of
morphological changes iDaphniain response to the presence of predators (Agrawal,
2001; Boersmaet al, 1998; Tollrian and Dodson, 1999). Genetic adapia
corresponds to changes in the allele frequenciesaigenetic drift or mutation and of
the genetic material by amplification, alteratioh its expression or by structural
changes (Scott, 1995). It is an evolutionary medmanwhich acts over several

generations, by which genotypes with better camsig or plastic responses toward



Chapter 1

adverse environmental conditions have a higheresgnand hence increase their
abundance in the population. To distinguish gersd@ptation from both physiological
acclimation and maternal effects requires establisthat the characteristics involved
in the divergence between populations are herithbl@ parents to offspring across
generations (Klerks and Levinton, 1989; Lagisz &adkowki, 2008). All adaptation
processes are important from an evolutionary pafiview since even the occurrence of
physiological plasticity is genetically based. Tessible occurrence of evolutionary
adaptation depends on the standing genetic variatithin populations (Bijlsma and
Loeschcke, 2005). In fact, adaptation is the slowkesm of response to an
environmental stress, mainly because there is aftgufficient variability for adaptive
changes to occur and, when there is enough gewatiability, it may not be used
(Hoffman and Hercus, 2000). The extent to whichaaigms can adapt can be limited
not only by the availability of heritable variatioput also by trade-offs between
environments or traits (Hoffmaret al, 1995).

1.3. The central role of genetic diversity

Genetic diversity of populations allows their addipin to unpredictable
environments and, by this way, is the basis for dtability of any ecosystem (Fox,
1995; Parsons, 2005). To maintain genetic divergitis necessary to ensure the
protection of both individuals (genetic variatioahd processes of sex (mixis) and
reproduction (Fox, 1995). Belfiore and Anderson98Qdefine genetic variation as the
level of genetic polymorphism (“variability”) andheé patterns of genotype frequencies
that result from natural population processes amdural spatial and temporal
fluctuations in environmental conditions. Naturahgtic variation is distinguished, by
the same authors, from genetic change, definedgasficant alterations to genetic
patterns due to the acute or chronic impositiommthropogenic or exogenous forces.
With the aim of simplification, hereinafter thenegenetic variation will be used, either
for natural genetic variation or for contaminantiiced genetic variation (according to

Evendsen and Depledge, 1997). Heritable differemet®een individuals are due to
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differences in their DNA. These differences areewftexpressed at the molecular,
biochemical, physiological, morphological and lifestory levels and so genetic
variation can be studied at these levels as welh(8traalen and Timmermans, 2002).

According to Van Straalen and Timmermans (200&d are four different ways
in which pollutants can affect genetic variatioetral and selectable genetic markers):
by increasing mutation rates; by directional sétecbn tolerant genotypes; by causing
bottleneck events; or by altering immigration (Figd.2). Selectable genetic markers
are considered those traits that pose a fithnesandalge or disadvantage in an
environment where a specific toxicant is preseathSmarkers are directly responsive
to the selective regime of the toxicant. Obviougaregles are traits that are closely
related to the mode of action of the toxicant,mptotective biochemical mechanisms,
such as cholinesterases, cytochrome P450s andlattataieins. Neutral markers are
all the traits that are indifferent to the selectipressure of a specific chemical.
Mutation and factors related to population sizenggee drift, gene flow) will affect both
neutral and selectable markers whereas selectit/h ady on selectable markers.
Neutral markers may still respond to selectiorhdyt are linked to selectable markers
(Van Straalen, 1999; Van Straalen and TimmermadG2 2

A reduction in the overall genetic variation ofpapulation can occur through
genetic drift and bottleneck events (which in tumcrease inbreeding) after drastic
reduction in population size and/or through diadl selection (changes in the genetic
composition of the population towards a higher miederance) (Bickhanet al.,2000).
As an example, Ward and Robinson (2005) found ¢laaimium selection caused a
significant reduction of the genetic diversity of@nbination of 8 laboratory cultures of
Daphnia magnaand an increase in average cadmium tolerance 5®no 200pg L™
Alternatively, an increase in the population’s geneariation can occur either by
mutation, immigration and/or variable selection I{Bee and Anderson, 1998; Van

Straalen, 1999; Van Straalen and Timmermans, 2002).
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Mutation | Disruptive and
Immigration ' variable selection
GENETIC VARIATION
NEUTRAL LIFE-HISTORY OR
MARKERS [ | SELECTABLEMARKERS
°
Genetic Drift, 1 Directional and
including Boltieneck | stabilizingselection

Figure 1.2. A conceptual framework for the effects of pollutants on genetic variation in natural populations. On both
neutral and selectable markers, factors operate in a way that may increase (+) or decrease (-) genetic variation

(Adapted from: Van Straalen and Timmermans, 2002).

Not always pollutants are responsible for changegenetic variation in the impacted
populations. For instance, Marties al. (2009) found no reduction in genetic diversity
in Daphnia longispingpopulations from a metal historically impactecesiAs pointed
out by Brendonck and De Meester (2003), immigratioom nearby reference
populations and/or the diversity in the subjacepliigpial gene bank can be high
enough for the recovery of the diversity. Actuallg, Daphnia and other cyclical
parthenogenic species, the ephippial egg-bankasnthin genetic diversity reservoir
and can maintain the genetic diversity of a popaadver a broad range of conditions,
buffering the effects of seasonal, environmentamgetition or contaminant-induced
local extinction of genotypes (Brendonck and De $fee 2003). Other factors can be
at the basis of unchanged genetic diversity. Fstaimce, selection can occur at a limited
number of genes and the reduction of the diveisithese genes can be not enough for
a reduction in overall diversity (Couswghal, 2001).

Changes in genetic variation may be related witanges in the number and

frequency of alleles, thus with the level of heygosity (Fox, 1995). Heterozygosity
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levels in natural populations tend to be positivadyrelated with fitness, especially for
enzymeloci influencing metabolism and contributing to the amoof energy available
for development and growth (Fox, 1995; Parsons5208n example of this correlation
is given by Koehn and Bayne (1989) that found tieterozygote mussels had lower
energy requirements than homozygote ones, appatsethuse of greater efficiency in
protein synthesis, which is energetically costtyfdct heterozygotes tend to have lower
energy requirements than homozygotes (especiatlgruextreme conditions) and thus
they should have the potential to develop and dpre under a wider range of
environmental conditions (Fox, 1995; Kashinal, 2007; Parsons, 2005). Given the
great variety of chemicals introduced into the smwinent, the risk of genetic erosion —
the loss of genetic variation in a population doedirectional selection, drift or
inbreeding — is seen as a real risk, even withcthrapensatory mechanisms such as
increased mutation rates (Van Straalen, 1999)dtftian to the general loss of genetic
diversity, chemical stress can elicit other chanigethe population, changes that are
correlated with resistance through pleiotropy onejie linkage. The degree to which
selection processes lead to negative-side effscthawever, unclear (Van Straalen,
1999).

1.4. Ecological consequences of genetic change. Costs of adaptation

Animals exposed to chemical stressors must mobiteénsive and repair
processes if they are to survive. These procesgsesnergy-demanding and can have
negative fitness consequences (Morgdnal, 2007). Theories on adaptive change
predict that the development of resistance to cbanstress usually involves a cost;
resistant genotypes would be at disadvantage iralisence of stress, being selected
against (Harpert al, 1997; Van Straalen and Hoffmann, 2000). Two hypsés
describe how a cost of metal resistance might bafested: (a) the trade-off hypothesis
— adaptive stress-responsive traits at the expehsesource expenditures on growth
and reproduction reduces individual fitness in ulyed environments; and (b) the

metal requirement hypothesis — resistance basddssnefficient metal bioavailability
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can evoke micronutrient deficiency syndromes irriaat-poor polluted environments
(Harperet al, 1997; Klerks and Levinton, 1993; Van Straalen &adfmann, 2000).

Several studies have shown that fithess costesa$tant genotypes are usually
associated with altered physiological processeisethable resistant individuals to cope
with toxic stress rather than due to increasinggnedemands of detoxification. Thus
the classical idea of trade-offs based on eneilggation is not well supported (Shirley
and Sibly, 1999; Sibly and Calow, 1989; Van Straaded Timmermans, 2002); trade-
offs associated with resistance are more often tdueegative pleiotropy or genetic
linkage (Van Straalen and Hoffmann, 2000; Van $raand Timmermans, 2002). The
existence of costs associated with adaptation totfmm becomes important as these
could affect the performance of the adapted pojuladuring the polluting event or
could be observed as between-environment genatle-offs in unpolluted or recovered
sites (i.e. cleaned). These costs will eventualignge the physiology of organisms,
thus the way how populations exploit their ecolaginiches and participate in the
overall ecosystem functioning (Medima al., 2007). As an example, Semlitseh al
(2000) were able to demonstrate that there wadnask trade-off associated with
chemical tolerance in gray tree fragyla versicolo) tadpoles. Tadpole survival, in the
absence of a chemical stressor, was negativelyelabed with tolerance to the
insecticide carbaryl. More complex scenarios ineaicosystem degradation leading to
reductions in carrying capacity, thus resultingsmaller populations (Matsoet al.,
2006). For some populations, however, the cosblefdance is negligible. Barat al
(2002) studying up to 80 clones from different plagions showed that resistance to
cadmium was not costly in terms of fitness. Potubabitats may comprise a spatially
heterogeneous mosaic of contaminated and uncordéaditerritories favouring highly
plastic genotypes rather than adapted resistardtgeses. Plastic genotypes rather than
highly tolerant ones to a specific environment nbayfavoured in habitats where the
intensity of stress is temporally variable (Morgaral, 2007).

A general feature of stressed systems is the aseren energy expenditure —
energy balance shifts from maintenance and proalutti repair and recovery (Parsons,
2005). Fitness is defined as the distance of angivelividual’s thermodynamic
parameters from its optimal value and can be asdeasthe organismic level for a

range of traits (fecundity, survival, longevity)rganisms tend to become increasingly
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adapted to the resource status of their habitats the correspondingly energetic
efficiency of organisms in their habitats transtateto an increase of fitness. In this
way, a measure of fitness in a stressed worldesggrefficiency (Parsons, 1996, 2005).

In a highly heterozygous population, there arelyike be certain genotypes that
are more sensitive than others. This is espedally if the population is heterozygous
at loci that are both critical to fithess and sp$idde to toxicant-induced structural
alterations (Andersomet al, 1994; Belfiore and Anderson, 1998; Van Straaled a
Timmermans, 2002). Exposure of a population toengbal stress may lead to genetic
selection of segments of the population capabktrets avoidance, stress detoxification
or repair or compensation for injury. As selectianessure increases through repeated
exposure, an increasing proportion of the poputatisay become resistant to the
chemical. The speed at which this process occypertks upon the chemical and its
distribution, the genetic makeup of organisms ane éxtent to which the entire
population is exposed to the selection pressurg, (F895). The result is a reduction in
the total genetic variation within the population @ shift in genotypic frequencies
(Andersonet al, 1994; Belfiore and Anderson, 1998; Van Straaled aimmermans,
2002). In addition to the general loss of genetidability, there may also be changes
correlated with resistance through pleiotropy onajie linkage (Van Straalen and
Timmermans, 2002).

The general loss of genetic variability can lead(t) inbreeding depression — a
large population is reduced to a small size antviddals are forced to mate with close
relatives and often experience reduced fecunddpiiity of offspring; (ii) loss of
evolutionary adaptability to novel environmentatesses due to reduced genetic
variation in a small population; and (iii) loss dketerozygosity (Evendsen and
Depledge, 1997; Fox, 1995; Van Straalen and Timraean2002). If in a resistant but
genetically homozygous population individuals wdértain resistant genotypes have
inferior growth rates or fecundity, or increasedrtality rates, then this contaminant-
induced-selection may create a population with emsed survival potential, hence
susceptible to extinction (Fox, 1995). Besidesdbelogical impacts, pollutant-induced
selection of resistant genotypes has also ecotimgmal implications as the levels of
phenotypic heterogeneity in natural populations @ften absent from populations of

organisms of the laboratory. So, the risk of ovémesing or underestimating the
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susceptibility of the organisms exposed to the d¢bainunder study is high (Evendsen
and Depledge, 1997).

1.5. Adaptation to metals in organisms

Pollution of aquatic and terrestrial systems wntletals is a problem affecting
many areas worldwide. Metals are non degradabletpals and tend to accumulate in
water sediments and soil where they can persismiany years. Metal pollution has
been responsible for the extinction of several igseavhereas others became adapted,
surviving and reproducing in those metal pollutedienments (Groenendijkt al,
2002; Postmaet al, 1995). Metal contamination represents a strond atable
directional selection pressure making metal adeptabften a very quick process
(Posthuma and Van Straalen, 1993; Posthatma, 1993). The actual level of metal
adaptation is the residual effect of the dynamiteraction between the selective
pressure of metal pollution and gene flow. Foransg, if directional selection pressure
in the metal-polluted zone is heavy the adapteduladipn may be genetically
differentiated from a population of non-adapted -specifics even if there is no
geographical barrier preventing gene-flow betwebent (Morganet al, 2007).
Alternatively, the adapted population may be geady and phenotypically
heterogeneous containing both tolerant and relgtisensitive genotypes if the
selection pressure in the metal-polluted zone W do moderate. The latter scenario,
providing evidence of genetic erosion, was obserdvgd opeset al. (2004) in field
populations ofDaphnia longispinawhere an impacted population did not contain the
most copper-sensitive lineages but the refereneae did contain the most copper-
tolerant lineages. Regarding gene flow, it candsponsible for creating unpredictable
levels of adaptation. It can reduce the speed aptation to metals by the introduction
of non-adapted organisms or, instead, it can iserdhe speed of adaptation by the
introduction of essential new genes for the in@eafktolerance (Groenendigt al,
2002). The presence of a population of reproducidgziduals of a given species at a

chronically polluted metal site does not justifye timmediate inference that it is
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adapted. Lagiset al. (2005), for example, were unable to find any dédfeces in metal
uptake and excretion rates, or in respiratory rates1-generation carabid beetles
(Pterostichus oblongopunctajubred from parents originating from clean and rreta
contaminated sites, respectively. One of the pts®kplanations is the fact that its
individual members possess enough phenotypic pigsto enable them to make the
necessary biochemical or physiological adjustmeittsin their individual life-histories
to ensure survival at least until the successfuhmetion of a minimum of one
reproductive cycle. Alternatively, the populatiaving at the chronically polluted metal
site may be sustained by continuous recruitmenepfoductively active, honadapted,
individuals from the adjacent “non-impacted” sumdings. Immigration of non-
tolerant midges from sites located upstream, cauméh site differences in metal
distribution, has been offered as an explanatiorditierential life-history patterns of
chironomid populations living at cadmium-contamethsites (Postmat al, 1995b).
The occurrence of gene flow was also the justifocagiven in the work of Bengtsson
et. al.(1992) for earthworm colonization of a copper-ptal site.

Genetic adaptation is usually demonstrated by ewmg the response of lab-
reared F1 generations of the assumed adapted fardnee populations. Development
of tolerance to metals through (genetic) adaptdtias been documented for a diversity
of taxa, from bacterial assemblages (Lehmaial, 1999) to plants (Harpet al, 1997;
Jiménez-Ambrizet al, 2007; Schat and Vooijs, 1997) and from terrels@i@mals
(Donker and Bogert, 1991; Posthuetaal, 1992; Posthumat al, 1993; Timmermans
et al, 2005) to aquatic ones (Lopes al, 2004; Martinez and Levinton, 1996; Vidal
and Horne, 2003; Wallacst al, 1998; Ward and Robinson, 2005). Posthuma and Van
Straalen (1993), Klerks and Weis (1987) and Medhaal. (2006) have provided
reviews about terrestrial and aquatic studies,aesgely, of tolerance to heavy metals
in invertebrate species. A summary of the studiddighed since these reviews is listed
in Table 1.1.

13
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Table 1.1. Invertebrate species exhibiting genetically based heavy metal tolerance in laboratory-reared
offspring from field populations
Group Species Metal Evidence Reference

Sustained growth of F1 under high Donker and Bogert (1991)
Cd Cd exposure; decreased growth in
) the absence of Cd
Porcellio : — .

Isopoda scaber Altered life histories, sustained Donker et al. (1993)
growth under Cu/Zn exposure, early Donker et al. (1996)
reproduction at a smaller size,
elevated Zn excretion

Cu, Zn

Cd, Co, Sustained growth of F1 population Klerks and Levinton (1989)

Ni exposed to polluted sediment Martinez and Levinton (1996)
Limnodrilus Enhanced ability of population froma  Wallace et al. (1998)
hoffmeisterii cd long-term polluted site to sequester
Oligochaeta Cd in insoluble intracellular, metal-

rich, granules

Increased survival in the presence of  Vidal and Horne (2003)
Tubifex tubifex Hg high Hg concentrations relative to
reference population

Growth and reproduction of F1 Tranvik et al. (1993)

lsotomg Cu,Zn  populations from contaminated sites
notabilis
less affected by metals
Collembola Sustained growth and survival in F1  Posthuma et al. (1992)
Orchesella cd population exposed to Cd, elevated Posthuma et al. (1993)
cincta Cd excretion through intestinal Timmermans et al. (2005)
exfoliation Roeloffs et al. (2009)
Biomphalaria Cd tolerance is reflected as a costto  Salice and Roesijadi (2002)
Gastropoda Cd o .
glabrata parasite infection
Drosophila Duplication of Mtn gene confers Maroni et al. (1987)
Cu, Cd . )
melanogaster resistance Maroni et al. (1995)
Diptera Altered life histories, increased Cd Postma et al. (1995a)
Chironomus cd excretion, sustained growth under Cd  Postma et al. (1996)
riparius exposure, Zn deficiency of F1 Groenendijk et al. (1999)
populations from impacted site Groenendijk et al. (2002)
. Increased survival in the presence of  Lopes et al. (2004)
Daphnia . . .
L Cu high Cu concentrations relative to
longispina .
reference population
Cladocera , , :
. Selection for Cd resistance resulted Ward and Robinson (2005)
Daphnia . - .
Cd in a modification of the genetic
magna

struture of the population

Increased growth in the presence of  Piola and Johnston (2006)
high Cu concentrations and

Bryozoa Bugula neritina Cu  decreased growth in the absence of
Cu, relative to reference population
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Tolerance of organisms to metals can be mediateeitbgr physiological mechanisms
of decreased response (target insensitivity tadkeant) or mechanisms of decreased
exposure (avoidance, reduced uptake, reduced bodtal nburdens, increased
sequestration in non-bioreactive states) (Belfemmd Anderson, 1998; Klerks and Weis
1987; Morganret al, 2007, Posthuma and Van Straalen, 1993; TayldrFeyereisen,
1996). The mechanism of reducing body metal burdlemsigh up-regulating excretory
mechanisms is well-known in invertebrates (Callaghad Denny, 2002; Groenendijk
et al, 1999; Morganet al, 2007; Posthumat al, 1992). As an example, in the
springtail Orchesella cinctahe excretion of metals through exfoliation of tmédgut
epithelium at every moult is an important componehtcadmium tolerance and
adaptation (Posthunet al, 1993). However, increased sequestration in norebctive
states may be the most common strategy (Morgaal, 2007). The distribution of
metals over the various intracellular binding sitesdetermined: (1) by the metal
affinity of the ligands; (2) by the number of bindisites; and (3) by the presence of
competing metals (Posthuma and Van Straalen, 1883nbrane-enclosed granules are
one of the components capable of metal sequestrdties known that worms of the
oligochaetd_.imnodrilus hoffmeisteroriginated from a long-term polluted site sequeste
cadmium in insoluble intracellular, metal-rich, gutes (Wallaceet al., 1998); in
contrast, worms from a clean reference site appe@araletoxify cadmium mainly by
inducing metallothioneins. According to the study Gain et al. (2006), the
sequestration of cadmium in the caddisfyydropsyche californicaoccurs by
metallothionein- like proteins in metal-exposediwdlials compared with con-specifics
from a clean site. The role of granules cannot &easated from the function of
metallothioneins-like proteins. Metallothionein® amall proteins that aid in the metal
homeostasis and detoxification. In addition theytdbute to control of the cellular
redox status (Viarenget al, 2000). The diversity of metallothioneins systems
invertebrates is considerable, as is their metati§pity. Often several isoforms are
present which differ in their binding affinity t@mium or copper and some of them are
specifically induced only by cadmium, not by copperinc. Within the genuBaphnia

a study from Shawet al. (2007) revealed three metallothioneins gend3aphnia pulex
while a toxicogenomics study identified two mettdilioneins inDaphnia magnaboth

inducible by cadmium and copper but not by zincy(Ronet al., 2007).
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1.5.1. The case of essential metals. Copper and Zinc

Essential metals are those required at structumdl catalytic sites in proteins
(e.g., iron, zinc, copper). Essential metals aréntaresting subject of research as they
are needed for normal metabolic function and, bseaaof that, organisms have
specialized cellular uptake carriers. For eachreésdanetal, species have an optimal
concentration range termed OCEE (“Optimal Concéniia Range for Essential
Elements”). The OCEE is determined by the natui@\milable concentration of the
essential metal in the species’ natural habitat #wedspecies’ homeostatic capacity,
which allows it to regulate the internal metal cemttation (Muysseret al, 2002).
Although required for life, essential metals canttwec if intracellular concentrations
exceed the organism’s requirements and its detaiin capability (Correiat al,
2002).

Copper is the most commonly used metal for indalgburposes. Because of the
widespread use of copper, various sources includidgstrial and domestic wastes,
agricultural practices, copper mine drainage, cojpased pesticides and antifouling
paints have contributed to a progressive increasepper concentrations in aquatic and
terrestrial environments (Akhtat al, 2005; Perales-Veget al, 2007; Suedeét al,
1996). In organisms, copper is a micronutrient e$slefor respiration, growth and
development (Longt al, 2004). The Cliand CG* oxidation states permit this metal to
participate in a variety of electron-transfer reaws, especially associated with
oxidative enzymes and energy capture. Examplesmber proteins are haemocyanin,
superoxide dismutase and cytochrome oxidase (De @&ihd Williams, 1993; Linder,
1991). However, copper ions can interact with oxyged thus create highly destructive
reactive oxygen species (ROS), such as superofd§ énd hydroxyl radical (OH),
that damage biological macromolecules, includirggins, lipids and DNA.

Besides the production of ROS, copper may exsrttakicity by binding to
various biological molecules, which impedes theindtions, through a mechanism
described by the biotic ligand model. Known ligarids copper include ion pumps,
photosystem II, and gill membrane proteins (Aklgtal, 2005; Correiaet al, 2002).

In aquatic systems copper bioavailability and sptemn are dependent on the type and
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concentration of organic and inorganic ligands @nésthe pH, hardness and dissolved
organic carbon. In this way, numerous species qpepo (free cupric ion, copper
hydroxides, carbonate complexes, organic complexasd others) coexist
simultaneously in the same system. Additionallg $ensitivity of indigenous species,
organism age, temperature, alkalinity, and dissbls@ncentrations each contributes to
the site-specific influences on copper toxicityatpuatic organisms (Longt al, 2004;
Meador, 1991; Suedel al, 1996).

Zinc, along with copper, is extremely used in homactivities. Waste
incineration, smelting, fossil fuel consumptionmant production and transportation-
related activities constitute possible sourceshi metal to both terrestrial and aquatic
environments. In organisms, zinc is a micronutrieguired as a cofactor for many
enzymes such as Cu,Zn-superoxide dismutase, carlamhiydrase, carboxypeptidase
and several hydrogenases (Caffrey and Keating, ;19fik et al, 1998; Vesela and
Vijverberg, 2007). Zinc is also used in the bodyaasatalyst in metal biomolecules
bound to amino acid side chains to form tetrahednat metalloproteins and metal
enzymes so it develops an important role in théilstation of membranes and
ribosomes (Malilet al, 1998; Muyssen and Janssen, 2002, 2005).

1.6. An introduction to the studied model system

The freshwater area surrounding Sdo Domingos mia® selected as a model

system for the development of this PhD study.

1.6.1. General characteristics of S&o Domingos Mine

S&o Domingos (37° 38’ 00” N to 37° 40’ 30” N a7 19’ 05 W to 7° 20’ 05”
W) is a cupriferous pyrite mine located near tHeage with the same name, 17 km NE
from the town of Mértola within Baixo Alentejo prioxee, south of Portugal. Part of its
area is integrated in the Guadiana Valley Natuask Pwhich is classified as a protected

reserve since 1995 and nowadays covers a surfageanofy 80,000 ha (ICBN, 2008)
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(Figure 1.3). With respect of geology, the areiadtuded in the Iberian Pyrite Belt, one
of the most important metallogenetic provinces dssive sulphides of the world
(Barriga and Carvalho, 1983; Matos and Martins,600

The modern exploitation in S&o Domingos mine sthitethe XIX century, with
the extraction of Cu, Zn and Pb from the massiuphsde deposits. Pyrite (FeS2) was
the sulphide mineral dominant, with chalcopyriteif@S2), sphalerite (ZnS) and galena
(PbS) being the most common accompanying sulphiesirez-Valeroet al, 2007;
Pérez-Lopezt al, 2008; Saert al, 1999). Associated with the mining works several
facilities were built including water reservoirgngentation tanks, a sulphur factory, a
system of channels and ponds for acid water evéiporand a railway and harbour for
ore transportation. The mine exploitation ended 966 leaving a legacy of attendant
spoil tips, including waste rock piles, mine tagighand an unprotected open pit, which
is flooded since then (De Vot al, 2005; Matos and Martins, 2006; Quengalal,
2002 (Figure 1.4).Because iron sulphide, always as pyrite, was armuitious
component of all massive sulphide deposits, anéuse such pyrite was usually not
recovered during mineral processing, this sulphigaerally comprises the most
environmentally-significant constituent of wastek@iles (Matos and Martins, 2006;
Pérez-Lopezt al, 2008; Quentagt al, 2002). The mine tailings and sulphide-bearing
waste rock piles left untreated are sources of renmental pollution, mostly by
oxidation of pyrite and other sulphide mineralsainveathering environment, which
gives rise to acidic waters that increase the niglnf base metals sulphides, namely
Fe, Cu, Zn and Pb. These waters enriched withhatdp metals and metalloids are
known collectively as acid mine drainage (AMD) (Atez-Valercet al, 2007; Barriga
and Carvalho, 1983; Costa and Duarte, 2005; Gadenrad, 2006). The potential
pollution and contamination dynamics of the wastmgs are continuous and the AMD
Is produced during the whole year. In warm periqust of the AMD-pollutants is
retained by precipitation of evaporitic salts tlaa¢ further re-dissolved in the rainy
periods (Alvarez-Valeret al, 2007; Costa and Duarte, 2005; Pérez-Ldges., 2008).
The AMD is responsible for contamination of surrdimy freshwater system,
groundwater resources and soils. Besides AMD dssper other environmental
problems are associated with mining activity, sashair dispersion of waste material

and landscape disruption.
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1.6.2. Sdo0 Domingos aquatic system characterization

Sao Domingos mine is located in the hydrographgirbaf Guadiana River, the
4™ |argest river basin in the Iberian Peninsula, witiotal surface of 66800 Kn11580
Km? (17%) of which are in Portuguese territory. Thémele in the river basin is
considered to be semiarid mesothermic (accordindpeoThornthwaite classification),
characterised by hot dry summers and temperateaamg winters. The annual average
air temperature is 17 °C, reaching its maximum &alR6°C) in July and August.
Annual precipitation is 560 mm with the highesterat November and the lowest in
July. Average wind velocity is below 10 km/h. Anhaaerage humidity is about 65%
and water deficit is reported from May to Octoleeperiod during which water level in
small rivers and streams is reduced almost ungitess (MAOT, 2000).

In S&o Domingos the drainage of the mining areanscalong several kilometres

until the Mosteirdo stream, a Changa River tributar
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Figure 1.3. Geographic situation of Sdo Domingos mine (Alemt&jortugal) (source:

maps.google.com). A detailed map of the study sreaesented in Figure 1.4.
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The Chanca River has its headwaters in the Aradémantains in Spain. The river
flows for 96 km, until its confluence with Guadiafaver in Pomardo (Figure 1.3).
Upstream the confluence, a large dam was builOBb1creating a new reservoir — the
Chanca Reservoir — with a maximum volume of*@19® m®, a maximum waters depth
of 63 m and a surface area of 190° m?. This reservoir is used to supply water for
municipal and agriculture uses (Quen#l al, 2002). The Changa reservoir is a
dynamic system and fluctuations in terms of metaitents depend on both AMD flow
and composition, which in turn are dependent owiptaetry (Alvarez-Valeroet al,
2007; De Bisthovemt al, 2004). In fact the raining events influence tretewr level in
the channels and reservoirs along the excavatddyvwahere the acid drainage flows
down towards the Mosteirdo stream. Before entdritgthe Chanca river reservoir the
mine effluent is slightly diluted with water comirfgom the Mosteirdo stream. The
resulting reduction in acidity causes the precijmtaof metals, originating yellow to
reddishbrown contaminated sediments. These sodcatiehre precipitates” consist of
Fe-phases precipitated from the Fe dissolved in AWD coming from pyrite oxidation
in the mine sites (Espaf@ al, 2005; Fukushet al, 2003). Most of these precipitates
are unstable and can be either transported asidltownstream during high flow
conditions or, on the other hand, can be transfdrtnenore stable mineral forms, and
originate cemented and more permanent chemicahseads (Espafieat al, 2005).

Contamination of Mosteirdo and Chanca surface nwated sediments by metals
(especially As, Cd, Cu, Mn, Ni, Pb, Co, and Zngeecumented in early investigations
conducted in the area (Canteiro, 1994; De Bisthaateal, 2004; Lopest al, 1999;
MAOQOT, 2001; Moreira-Santost al, 2004; Pereirat al, 2000). Besides metals no other
significant contamination sources are known (egsticides, industrial discharges or
urban runoffs) in the Chanca reservoir, as aguceltis scarce and rudimentary,
industrial activity is inexistent, and the demodrapdensity of the area is among the
lowest in Europe (MAOT, 2001; Pereieal, 1999; Pereirat al, 2004).
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Legend: @ Sao Domingos vilage; @ Mine pit @ Tapada Grande reservoir; @ Tapada

Pequena reservoir, © Tailings and treatment ponds; ® Acid mine drainage-water mixing
zone; @ River Chancareservoir; ® Santanade Cambasvilage

Figure 1.4. Detailed map of the study area (source: maps.google.com).
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Tapada Grande is a freshwater shallow reservoirishalso included in the Sao
Domingos aquatic system, along with the Tapada &egueservoir. Both lakes were
built by the mine company to provide water to mgniactivities. Nowadays, Tapada
Grande is highly demanded for recreational acésiso its waters are monitored by the
government and sampling is made every month tofywéhie quality according to
specific legislation (50 article of DL n° 236/98) (Pereirat al, 2000; MAOT, 2001;
Quentalet al, 2002). In a study for the implementation of Wdtesmmework Directive,
Tapada Grande was pre-classified as a “referesegvar” based on water quality data
and information regarding pressures (Ferrataal, 2009). Figure 1.4 shows the
detailed location of the study area, which incluttestwo sampling cladoceran sites —
Tapada Grande and Chanca reservoirs — and thedraimage basin.

For this study, Tapada Grande reservoir was chasdhe reference site and the
Chanca reservoir was selected as the metal impadtdAdditional points along the
mine drainage basin were also sampled for charaatem of season fluctuations in the
Sao Domingos mine effluent. Chanca reservoir islider the study of adaptations
occurring in cladoceran field populations exposedistorical metal stress due to the
fact that the source of contamination is identifeet! isolated and a reference site free

of metal mining pollution, like Tapada Grande rgsér, is present in its surroundings.

1.7.An introduction to the studied model organism

The model organism chosen for the developmenhefwork was a cladoceran
species from th®aphnia longispinaspecies complex. Cladocerans (“water fleas”) are
small-sized crustaceans belonging to the class dBrapoda. They are primarily-
freshwater organisms occurring more abundantly oth temporary and permanent
stagnant waters where they represent an importampanent of the microcrustacean
zooplankton (Benzie, 2005; Ebert, 2005; Fat@l, 2008; Schwenkt al, 1998). Most
of the species live as filter-feeders and occupyhie way a central role in the food
chain, feeding on algae and detritus and beingiin tonsumed by planktivorous fish
and invertebrate predators (Tessatral, 2000). The trunk and appendages of most
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cladocerans are enclosed in a bivalved carapadenrarles are uniramous whereas
antennae are biramous, natatory, with 2—4 segnpertdranch. Four to six pairs of
trunk limbs are either mostly similar in shape oodified individually for various
functions (Forréet al, 2008). Some cladocerans reproduce by obligatbgargenesis
but most of species reproduce by cyclical parthenegis and populations are mostly
dominated by females. Sexual dimorphism is normadlther distinct, with males
distinguished from females mainly by their smaieze, larger antennules and modified
post-abdomen (Ebert, 2005).

Within the cladoceran®aphnia is possibly one of the most studied taxa
(Korovchinsky, 1997). This genus is well distribditen temperate regions (Benzie,
2005) and is included in the Daphniidae family,hivitthe order Anomopoda (Benzie,
2005; Ebert, 2005). During the last decades thmigédnas been studied not only for its
key role as a primary consumer in the food chainfre§hwater ponds and lakes
(Boersmaet al, 1996; Carpenter and Kitchell, 1996; Kasprealal, 1999; Sterneet
al., 1993) but also for its physiology (Campbetlal, 2004; Glover and Wood, 2005),
behavior (e.g., vertical migration) (De Meester949Loose and Dawidowicz, 1994;
Ringelberg, 1999), phenotypic plasticity (e.g.cloynorphosis and predator-induced
defense) (Hanazatet al, 2001; Laforsch and Tollrian, 2004; Parejko andd€mn,
1991; Stabellet al, 2003), host—parasite interactions (Ebert, 1998) ageing
(Dudycha, 2003)Daphniais an important model organism for ecology, evohary
biology (De Meester, 1996; Dudycha and Tessier918fairstonet al, 1999; Lynch,
1983), ecotoxicology (Bairdt al, 1991; Barat&t al, 2006; Kluttgeret al, 1996) and,
more recently, for genomics (Watanaiel, 2007).

Daphnia possess several attributes that make them val@abieodel organisms
such as its short generation time, easy handlingthie laboratory and cyclic
parthenogenetic reproduction. Generation times \mafveen one to two weeks in
culture at 20°C (USEPA, 2002), which rivals thatnodst other model eukaryotes and
makes it possible to track response throughout trebgeny (Ebert, 2005). They have
a suitable size for laboratory manipulation anddftiag. They are easily maintained in
culture, in relatively simple defined media (Elerdid Bias, 1990; USEPA, 2002) and
fed simple diets that include usually controlledn@entrations of algae. Another

practical attribute that make some of thaphnia species good model systems for
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experimental investigation is the cyclic parthenoge reproduction (De Meester,
1997; Ebert, 2005).

Cyclic parthenogenetic reproduction correspondbeaalternation of asexual and
sexual reproduction and is schematically represente Figure 1.5. During the
parthenogenetic (asexual) cycle, each female pesdac clutch of parthenogenetic
diploid eggs after every adult molt that developedily into female daphnids. The
environment determines sex Paphnia and the transition to sexual reproduction is
initiated when parthenogenetic females begin todpce broods of diploid males.
Females then switch from parthenogenetic to serggl production. In fact, sexual
reproduction can be triggered by a complex seti@fdand abiotic stimuli, such as an
increase in competition, a reduction in food avality or changes in temperature and
day length (Benziest al, 2005; Eberiet al, 2005). The sexual cycle initiates when
females produce two haploid resting eggs. Restgggproduction follows the asexual
production of diploid males, which are needed tiliee the haploid eggs. The brood
chamber is modified to form a protective shell e #phippium. Following mating and
fertilisation of meiotically produced eggs, theye arleased into the ephippium, a
protective structure modified from the carapaceapausing eggs can survive freezing
and desiccation and hatch only when favourablerenmiental conditions return. They
function both as a dispersal as well as a dormiéevhistory stage deposited in the
sediments of many freshwater bodies (Bemtial, 2005; Eberet al, 2005; Weideet
al., 1997).

In natural systems cyclic parthenogenesis can teadwide scope of population
structures, ranging from almost monoclonal to geaBy highly diverse ones. In
addition, sexual reproduction in aquatic cyclic tbanogens is associated with the
production of dormant stages, which both enhanceenpal gene flow among
populations as well as impact local evolutionatgsahrough the formation of dormant
egg banks (De Meester, 1996, 1997; Ebert, 200%I3d¢het al, 2009).
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Figure 1.5. Life cycle of a cyclic parthenogenetic Daphnia (Adapted from: Mort et al., 1991).

In recent years an increasing number of reseagdiees recognised the advantages

offered by the cyclic parthenogenetic reproductainDaphnia for the study of the

interplay between genetic polymorphism and phenotpiasticity in determining the

variability in ecologically relevant traits obsedvs natural populations, and a series of

advances in ecological genetic studies in this gdms been promoted (De Meester,

1997; Ebert, 2005; Forrét al, 2008). Within- and between-clone comparisons can

demonstrate genetic variation for various trait¢himi and between populations, thus

helping to reconstruct the evolutionary history afpopulation. Examples of traits

include age and size at maturity, size at birthnggreaction norms for life history

traits, vertical migration, phototactic behavioishf escape behavior, production of

defense spines and helmets, resistance againsitparammune response, competitive

ability, growth and feeding rate.

26



Chapter 1

Daphnia longispina(O. F. Mdller, 1776) is a smaDaphnia species with a
maximum body size of 2.5 mm. longispinais distributed in Europe, Asia and Africa,
where it can be found in temperate freshwater lsogiieeh as small lakes, ponds, slow
flowing waters and sometimes in deep lakes (Ber2065). Its body is transparent (in
larger lakes) or yellowish (in small ponds), ofterth bright blue or red oil globules
(Scourfield and Harding, 1966) (Figure 1.6).

This species presents a strong seasonal and géagrariation in morphology,
including form and length of spina, carapax anddh&l@ape (Benzie, 2005). The high
morphological variation and interspecific hybridiea within D. longispinaspecies
complex D. longispina D. hyaling D. galeata D. cucullataand D. roseg has long
been a cause of confusion in the species delimeéBeessleret al, 1999; Schwenlet
al., 1998; Skaget al, 2008). In fact, the namB. longispinainitially included a wide
range of genetically distinctive forms. Now onlyf@f these forms are recognised as

having specific status (Benzie, 2005).

@ Daphnia fongispina adultfemale: with three eggsin the brood chamber

@ D. longispina adult female camying a resting egg The ephippium is not yet fully developed
as its wall is sfill fransparent and the two eggs are visble. These eggs are haploid and
require fertilisation.

Figure 1.6. Daphnia longispina adult female.
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In Portugal, species belonging to tBe longispina complex (parental species and
interspecific hybrids) are well represented in Bked reservoirs from north to south of
Portuguese territory (Abranteg al 2006; Castro, 2007; Geraldes e Boavida, 2004).
The actual taxonomic position B longispinain Portugal is unclear due to pronounced
phenotypic plasticity and hybridisation between cége In early investigations
conducted in the are®. longispinawas identified as one of the zooplanktonic species
present in Tapada Grande and Changa reservoirsg aleith the cladoceran
Ceriodaphnia pulchellaand the copepo&opidodiaptomus numidicud.opeset al,
1999; Pereiraet al, 2000). The clones sampled in the present studg &ealysed by
ITS-RFLP techniques (Billionest al, 2004) confirming that thed®. longispinaclones
were in factD. galeatax longispira interspecific hybrids.

1.8. Research objectives and thesis outline

The research presented in this thesis aims to weptbe understanding of
ecological side effects of long-term adaptationntetals in natural populations of a
cladoceran speciesBaphnia longispina To address this aim, four separate chapters,
following the general introduction, are organizextifsing on different issues. An
overview of the different chapters and their contemiven below:

In Chapter 2, a seasonal characterization ofidhe $ites was done along with the
chemical and ecotoxicological characterization atew and sediment. The toxicity of
field water and sediment using the cladocebarmagnaand the midgeChironomus
riparius was determined, as well as the abiotic parameterslated with toxicity.

In Chapter 3 the genetic consequences of adapt&tiacopper and zinc were
assessed comparing two populationDaphnia longispinaone located in the water
reservoir contaminated by the acid mine drainagkth@ other located in a nearby clean
water reservoir (both sites characterized in Chagje Genetic analysis included
changes in tolerance, genetic variation in toleeard fithess related traits and genetic

by environmental trade-offs (costs of tolerance).
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In Chapter 4 an exhaustive life-table responsgysivas conducted on two clones
per population (a sensitive and tolerant one) terdane how adaptation affected the
life history strategies oBb. longispina

The effects of copper across generations were shefied in one of the copper
sensitive clones to assess possible variationshén tblerance to copper with a
continuous exposure to the stressor (Chapter 5).

Finally, in Chapter 6, the implications of this kedor understanding the effects
of long-term exposure to metals on field cladocegpapulations are discussed while

some possible directions for future research ae iaferred.
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Chapter 2

The Sao Domingos mine aquatic system — a metal-polluted
heterogeneous environment

Abstract

The aquatic system surrounding Sdo Domingos mnudyding the Chanca Reservoir,
has been exposed to acid mine drainage (AMD) irlabedecades. This study aims to
evaluate metal exposure levels in both water amlilvgnts and its toxicity to the
cladocerarDaphnia magnaand the midgeChironomus ripariusIn order to evaluate
seasonal fluctuations in the water/sediment cheyniahd toxicity, sampling was
performed in two distinct periods — September 20@presenting the dry period) and
March 2007 (representing the wet period). Sevetiostawere selected for this study:
five impacted sites along the mine pollution gratliand two reference sites. The
results confirmed the seasonal contamination oh bervironmental compartments
(water and sediments) by metals, including copmer Znc, and the presence of high
concentrations of sulphates in the water-columoaBsays showed that water samples
significantly affected th®. magnasurvival which could be associated with high lsvel
of dissolved metals and low pH values. Whole-sedintests performed iD. magna
andC. ripariuswere acute toxic in September whereas sub-leffeadte were observed
in March. Results obtained illustrate seasonaledifices in metal contamination and
allowed characterizing optimal cladoceran samptiagods and one of the studied sites,

located in the Chanca Reservoir, as a metal pdllaéterogeneous environment.
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Chapter 2

2.1. Introduction

S&o Domingos mine (Southern Portugal) is one efrttany massive sulphide
deposits of the Iberian Pyrite Belt (De Vetsal, 2005; Quentaét al, 2002). The mine
is closed at present, but the sulphide-bearing evastk piles and metal enriched
tailings are important sources of chemical contatnom to the environment, being able
to affect extensively mined areas (De Veisal, 2005; Matos and Martins, 2006;
Quentalet al, 2002; Reimann and Caritat, 1998). The occurrerideese mine waste
materials (in general, fragmented and finely-groumaterials) enhances and promotes
the development of a number of chemical reactions weathering environment, such
as oxidation of pyrite (iron sulphide) and othelplide minerals. This complex process
involves chemical, biological and electrochemi&alations and the rate at which occurs
depend on several factors such as pH, morphologyyofe, presence or absence of
bacteria and/or clay minerals and hydrology (Evémngel998; Reimann and Caritat,
1998). The oxidation of pyrite and sulphide mineral the presence of oxygen and
water produces acid waters characterized by lowvphies (1.5 to 3.5) and large
concentrations of sulphate (usually higher than!3)gnd dissolved metals (e.g. iron,
copper, zinc, lead) and metalloids, being the iand their concentrations variable
depending on the composition of the minerals lated (Alvarez-Valereet al, 2007;
Costa and Duarte, 2005; Evangelou, 1998). Thoskveaiers are collectively known as
acid mine drainage (AMD) (Alvarez-Valeret al, 2007; Costa and Duarte, 2005;
Evangelou, 1998; Silveet al, 2005). AMD has been recognized as a major
environmental pollution problem over the past thideeades (Silvat al, 2005) and is
considered the main pollution source of naturalena@iurses in mining environments of
the Iberian Pyrite Belt (Alvarez-Valeret al, 2007). In the particular case of S&o
Domingos mine, AMD is continuously produced durihg entire year but the AMD
contamination potential of the surrounding aquatlystem depends on its flow and

composition, which in turn are dependent on plusom (Alvarez-Valercet al, 2007;
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Janssens de Bisthovenal, 2004). During warm periods, one part of the Aiatals

is retained in surface sediments after precipitatiout in rainy periods the retained
metals are resuspended and re-dissolved becomiagdiiable (Alvarez-Valeret al,
2007; Pérez-Lopeet al, 2008). Those rainy periods increase the floM D towards
nearby fluvial courses, such as the Mosteirdo straad its affluent Changa River,
causing its partial pollution (Alvarez-Valegt al, 2007). The potential for AMD to
contaminate surface waters, ground waters andnstseaiments is influenced not only
by hydrologic and climate conditions but also bg 8tream chemistry, especially pH
and dissolved organic carbon (DOC) concentratiogd@ et al, 1999; Alvarez-Valero
et al, 2007). Decreased pH, increased concentratiortissblved metals and a high
amount of metal precipitation caused by AMD runoifo aquatic systems can have
severe detrimental effects on aquatic ecosysteris asi the loss of sensitive species,
reductions in abundance and diversity of aquatimroanities and loss of ecosystem
integrity, through effects on growth, reproductiangd behavior of individual organisms
(Clements, 1994; Gray, 1998; Hazetnal, 2002; Starnes and Gasper 1995). Studies of
effects of acid mine drainage on plankton (Leviegsl, 2005; Monteircet al, 1995;
Oliveira, 1985), benthic macroinvertebrates (Chestyal, 2001; Clements, 1994;
Clements and Kiffney 1995; Gray, 1998; Nelson amdirfe, 1996; Winterbourn and
McDiffet, 1996) and fish (Gray, 1998; Rutherforddamellow, 1994) generally
revealed reduced diversity and abundance in imgamteas. Despite the large number
of field studies of AMD impacts on biota, only festudies have assessed toxicity of
acid mine drainage water column and/or sedimenitsyavd (1996) observed chronic
water column toxicity to the cladocerdderiodaphnia dubiawith acidic samples
collected from an actively mined area, and Soucek alleagues (2000) found water
and sediment samples collected from an AMD impautatérshed to be acutely toxic
to Daphnia magnaPereira and coworkers (2000), working on the saq&tic system
focused here, assessed the toxicity of both S&oifymws mine effluent and Chanca
Reservoir water samples usibg magnaand C. dubiain water-column and sediment
laboratory bioassays. In these studies, however, ttixicity of AMD and metal
contaminated sediment were only partially asses8eel.objectives of the present study
were: (1) to perform the overall chemical charaz&tion of both water and sediment

along seven defined points in the aquatic systemosgnding S&o Domingos mine; (2)
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to evaluate the toxicity of AMD water and sedimasing the cladocerad. magnaand
the midge Chironomus riparius (3) to determine which abiotic parameters were
correlated with toxicity; (4) to assess seasonattfiations (dry period versus wet
period) in the water/sediment chemistry and toyxicithe above mentioned tasks were
in part aimed to characterize the station seletdedtladoceran sampling as a metal

polluted heterogeneous environment.

2.2.Material and Methods

2.2.1. Study area and sampling stations

The cupriferous pyrite mine of S&o Domingos (38°@” N to 37° 40’ 30" N
and 7° 19’ 05 W to 7° 20’ 05” W) is located 17 ik from the town of Mértola within
Baixo Alentejo province, south of Portugal. Sevetations in the aquatic system
surrounding S. Domingos mine were selected for gtugly: five impacted sites (A, C,
D, DJ and E) and two reference sites (DM and Fuifg 2.1 shows a scheme with the
relative location of the studied sampling statiogations A (37°39'54.3"W; 7°
30'10.6”N) and C (37°38'34.2”"W, 7°30'49.9”N) wer located in the mine drainage
basin before confluence with the Mosteirdo tribytavhich was used as settlement
ponds when the mine was still active; station D°887."W; 7°30’57.7”N) was
situated at the confluence of the mine drainagé wié Mosteir&o tributary; station DJ
(37°37'57.7"W; 7°30'59.7”N) was located downstreathe confluence of Mosteirdo
stream with the mine effluent; station E (37°3780V; 7°30’51.5”N) was located in
the River Chanca reservoir; station DM (37°37'58\4’ 7° 31'12.4”N) was a point
located in the Mosteirdo tributary upstream its fleeance with the mine effluent;
station F (37° 40’ 31" N, 7° 30'42” W), located an independent semiartificial lagoon
(Tapada Grande) with no history of contaminationnbgtals and far away from the
effluent discharge. The semiarid mesothermic clentdtaracteristic of the region can be
divided in two distinct periods, a wet period fréwovember to March and a dry period
from April to October (Abrewet al, 2008). In this study, in order to assess tenipora
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variations, the samples were collected in two wigstiperiods — September 2006
(representing the dry period) and March 2007 (rsgaméng the wet period).

Tapada Grande

Site A

Mosteirio

: 1
: 1
N1 . 1
1 Lagoon i
i
I
1
' (@) :
Tt : Site F 5. D!_J!Itill:.go.ﬁ' 1
Guadiana i mine pit :
1
! |
AAAAAAAAA : Acidemine |
i drainage :
i
' i
: i
1
' i
! |

Chanca
Reservoir

Figure 2.1. Schematic map of the study area with the sampling stations.

For a detailed climatic characterization of theimagbetween sampling events, rainfall

data between July 2006 and July 2007 are showigind-2.2.
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Mean rainfall (o)
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Figure 2.2. Rainfall data (mm) recorded in Guadiana basin area (meteorological station of Serpa) during the study
periods. O: sampling events (Source: INAG, 2007).

2.2.2. Collection of water and sediment samples

Water samples were collected for environmentabipaters analyses and for
bioassays, according to USEPA guidelines (USEPA220Subsurface water samples
were collected by hand submerging precleaned pdbykethylene bottles approximately
10-15 cm beneath the water surface. Simultanedosgample collection, parameters
such as water temperature, conductivity, pH, asdaived oxygen were determinied
situ by using portable water testing meters from WTWT@W Weilheim, Germany).
Water samples were kept refrigerated during itsspart to the laboratory.

Surface sediments were collected according to WSHE&commendations
(USEPA, 2001) for both environmental parameterslyaea and bioassays. In each
station sediment was collected to polyethylene Hems the top 5 cm with a plastic
scoop. Sediment redox potential measurements warfermedin situ with a WTW
330i pH-meter (WTW, Weilheim, Germany) equippedhwét redox electrode Mettler
Toledo Pt 4808-S7 (Mettler-Toledo, Columbus, ORIGA). Sediment samples were
kept refrigerated during its transport to the |abory.

2.2.3. Analytical methods

52



Chapter 2

On arrival to the laboratory, water samples farassays were filtered through a
60 um mesh size net, following the recommendations 8EBA guidelines for assays
with cladocerans (USEPA, 2002), and stored at 4%1 the assays were performed
(maximum storage time: one week). Alkalinity andrdmess were measured
immediately by titration in non-filtered water saleg as described in APHA (1995).
Water samples for chemical analysis were filtetedugh acetate cellulose filters (0.45
um porosity) for nutrient analysis and through preigt nitrocellulose filters (0.4pm
porosity) for both metal analysis (dissolved andipalate fractions) and determination
of suspended particulate matter (SPM). Filtratestigulate fractions) were dried at
<50°C until constant weight, weighted and storeddrk. Dissolved fractions for metal
analysis were acidified with nitric acid to pH anoutwo to reduce adsorption
phenomena and stored in polyethylene bottles. rEilteere treated in Teflon lined
digestion bombs, with a mixture of nitric and flicoacids (6:3 by vol., AA-grade) and
digestion was performed in a microwave oven. Theaiabd residues were diluted to 25
ml with high purity water (MilliQ, Millipore) and sed to determine metal amounts in
the particulate fraction. Metal analyses in botésdlved and particulate fractions were
performed with Inductively Coupled Plasma Mass 8petetry (ICP-MS) (APHA,
1995). Nutrient analyzes — ammonia-nitrogen ¢NNJ, nitrate nitrogen (N@N), nitrite
nitrogen (NQ-N), sulphates (S£) and reactive phosphorus (F®— were performed
by spectrophotometric methods using a DR/2000 Blert&pectrophotometer from
Hach (Hach, Loveland, Colorado, USA).

In the laboratory, sediment samples were homogdrasd visually checked for
visible indigenous fauna and large debris (leaws,), which were removed with
forceps. Sediments for bioassays were stored aim®@ dark for a maximum period
of two weeks. Sediments for chemical analysis veérelried for 3 days and oven dried
at 50°C for 1 day. Organic matter content was eg#eoth as weight loss on ignition
(LOI) after 4 h at 500 °C (Williams, 1985). Aftenet drying step, sediments were
disaggregated and dry sieved using au68sieve and analysed for metals. Samples of
0.5 grams were treated in Teflon lined digestiombs, with a mixture of nitric and
fluoric acids (6:3 by vol., AA-grade) and digestias performed in a microwave oven.
The obtained residues were diluted to 25 ml wigghfpurity water (MilliQ, Millipore)
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and used to determine metal amounts in the sedifnaation <63um by ICP-MS
(APHA, 1995).

Concentrations of metals in dissolved and pawieufractions were expressed in
mg " and pg I, respectively. Concentrations of the metals inirsedts were
calculated on a dry weight basis and expressedyaégn Each sample was analysed at
least in duplicate. The obtained detection limisdnalysed samples were: silver (Ag):
0.02; aluminium (Al): 1; arsenic (As): 0.2; cadmiy@d): 0.01; chromium (Cr): 0.1;
copper (Cu): 0.5; iron (Fe): 20; manganese (Mn)niskel (Ni): 0.5; lead (Pb): 0.1;
selenium (Se): 0.1; silicon (Si): 50; tin (Sn):zinc (Zn): 5, all inug I"* corresponding
to ug of metal per g of sediment. Analytical accura@svdetermined by using blanks
and certified reference material (CRM) of the Community Bureau Rdference
(European Union, Brussels, Belgium). Recoverieseweithin 10% of thecertified

values.
2.2.4. Test organisms

Experiments were carried out with two organismshe planktonic water flea
Daphnia magnaStraus (Cladocera, Crustacea) and the benthi@ada@hironomus

riparius Meigen (Chironomidae, Diptera).
2.2.4.1. Daphnia magna

Monoclonal cultures oD. magna(clone FsensuBaird et al 1991) had been
successfully maintained in laboratory conditionsrfwre than 4 years under controlled
conditions of temperature (20+£1°C) and photope(ib@l h light - 8 h dark). Cultures
were maintained in 1 | glass beakers with 800 mlabbratory artificial water. This
artificial water consisted in ASTM hard water (ASTRD02) enriched with a standard
organic extract Marinure 25 (Glenside, Stirling, UBaird et al, 1989) and added to
the culture medium at a concentration of 6 thl This standard organic additive is
added to the culture medium to provide essentiakagrlements to daphnids. Culture
medium was renewed three times a week and daphnile daily fed with
Pseudokirchneriella subcapita@orshikov) Hindak at a concentration of 3%1cells
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mi™t. About 25 daphnids per beaker were kept and nesrfabm the fifth or sixth

broods were used to replace the old cultures.
2.2.4.2. Chironomus riparius

C. riparius larvae had been successfully maintained in laboyatonditions for
more than five years at controlled conditions ofperature (20+2°C) and photoperiod
(16 h light - 8 h dark). Organisms were rearednneaclosed transparent acrylic unit
(dimensions 120x60x40 cm) containing all the strrtet necessary to complete the
whole life cycle of the chironomids. At the staftaonew culture approximately 100
newborn larvae were transferred to plastic beakgys20 cm) containing a 2 cm layer
sediment and ASTM water in a proportion of sedinveatter of 1:4. A natural sediment
from the unpolluted Bestanca River (Douro, Portugmbhshed several times with
distilled water and sized by a mesh of 1 mm wagl usecultures. A suspension of
ground TetraMin® (Tetrawerke, Germany) (0.5 mg éavday’) was added as the
food source and each beaker was gently aeratedr Afite week the beakers were
renewed and 60 larvae were then introduced in baelker with fresh medium, sand
and food until emergence occurred. Adults were dada sucrose solution in paper,
placed inside the culture unit. Freshly laid eggsses were transferred onto glass
crystallization dishes with ASTM water and the nieovn larvae were then used to start

a new culture approximately 2-3 days after egg diipo.
2.2.5. Bioassays
2.2.5.1. Acute (48-hour) test with Daphnia magna

The 48-hour acute (immobilizatiotgst withD. magnafollowed the procedures
established in ASTM (2002). Tests were initiatedhwieonates (<24 h-old) released
from the 3" to 5" brood females coming from the bulk group cultuesstatic design
was employed, using 20 daphnids (randomly dividatb ifour groups of five
organisms) per control (ASTM water) and per effu&STM water dilution (%). Test
vessels (four per treatment) consisted of glaskdyeacontaining 100ml of test water.

55



Chapter 2

Tests were run under the same temperature andgaraid regimes as described for
rearing procedures. A total of seven test conceatrarwere tested: 0% (only ASTM —
control), 6.25%, 12.5%, 25%, 50%, 75% and 100%y(site water).

2.2.5.2. Whole sediment toxicity test with Daphnia magna

The 7-day whole sediment test wifh. magna followed the procedures
established in ASTM (2000). Tests were initiatedhws-day old organisms. A semi-
static design was employed, with the medium besmewed every day. Test vessels
consisted of 50 ml glass beakers containing 20frSIM plus 5 g of sediment. Ten
replicates (1 daphnid/replicate) were performed peatment (sediment). A control
treatment with ASTM and reference laboratory sedinfsediment used in chironomid
laboratory cultures) was also included. Tests wareunder the same temperature and
photoperiod regimes as described for rearing puresd Dead organisms and the
number of produced neonates (fertility) were maweidoevery day. At the end of the
test, organisms were measured (from the top ohdael to the base of the tail spine) in
a microscope MS5 (Leica Microsystems, Houston, USitgd with a calibrated eye-
piece micrometer (accuracy of 0.01 mm). Temperataonductivity and pH were
determined in test vessels at the beginning atiteagnd of tests. Dissolved oxygen was

also measured at the same time in order to ftdfdt criteria.

2.2.5.3. Whole-sediment toxicity test with Chironomus riparius

The 10-d whole sediment test withriparius with the renewal of the overlying
water followed the general procedures dictated ISTM (2000). Test vessels (ten
replicates per treatment) consisted of 250 ml dgbeskers containing 150 ml of ASTM
water and 80 g of sediment. A control treatment d@se with the sediment used in
chironomid laboratory cultures. Eight first-instéarvae per replicate were used.
Medium renewal was done every two days taking @i lof the volume without
disturbing the sediment. Tetramin (from TetraWerakds the sole source of food
added; the ration was set at 0.2 mg per larvaedpgrin order to provide enough
nutrition for the midges. At Day 10 the remainirgviae were collected for body length
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measures in a stereomicroscope MS5 (Leica MicresystHouston, USA) fitted with a
calibrated eye-piece micrometer. Growth (body Ienghcrease) of larvae was
calculated by subtracting the average initial lan@ibtained from a pool of 30 larvae)
from each individual final length. After measurensnlarvae were transferred
individually to pre-weighted foil cups, dried at°@for 48 hours and weightexh a
microbalance (Mettler UMT2). Biomass was quantifiad dry weight per larvae.
Temperature, conductivity and pH were determinetks vessels at the beginning and
at the end of tests. Dissolved oxygen was also mnedsat the same time in order to

fulfill test criteria.

2.2.6. Data analysis

Pearson’s correlation was used to determinedioaktiips between physical-
chemical variables. Concentrations of metals ifiaser water were compared with the
maximum admissible values (MAV) defined by the Bguese legislation for surface
waters (MA, 1998) and also with the USEPA critdda protection of aquatic life and
human health (WQGV — water quality guideline valldSEPA, 2006). Since no
Portuguese legislation exists regarding sedimanmicentrations of metals in sediment
were compared with the sediment quality guidelinkigs (SQGV) fixed by Canadian
Council of Ministers of the Environment (CCME) toopect benthic-dwelling species
(CCME, 2001) and with Consensus-Based Probablet@encentrations (Consensus-
Based PEC) defined by the Contaminated Sedimend®ig Team (CSST, 2003). The
number of immobilized daphnids from each acute imiEation test was plotted
against the test concentrations, and a 48-& ln@h a 95% confidence interval (Cl) was
calculated by the standard probit procedure (Fin8y1). Fisher's exact test was used
to determine the sites where survival @f magnain the whole-sediment tests was
significantly reduced. One-way analyses of variafddOVA) were conducted to test
for existence of significant differences in fettifgrowth responses @. magnaor C.
riparius. Whenever null hypothesis was rejected, post hattiple comparison test
(Tukey’s test) were used to determine which groofpmdividuals differed from each
other (Zar, 1996). Whenever heteroscedasticity onnormality of data was
pronounced, a nonparametric analysis of variance emaployed (Kruskal-Wallis test),
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followed by nonparametric multiple comparison tegti(Zar, 1996). To make two-
sample comparisons, the Student’s t test and thparametric Mann-Whitney's U-test
were used. All statistical analyses were performéth the SigmaStat statistical
software (SPSS, 1995).

2.3. Results

2.3.1. Physical and chemical characterization

The physicochemical properties of water and serfsediments from S&o
Domingos sampling sites are presented in Tablesa@dl2.2. With the exception of
station DM (pH 6.6-8.1) and F (pH 7.4-8.3), watkzmn all sites were acidic, with pH
values ranging from 2.7 to 5.2 (Table 2.1). Theyattues remained relatively constant
between seasons, the main differences being regfister station E, with a pH variation
of 2. Conductivity values were always higher in t8egber than in March for all study
sites and all sites presented high conductivitpiesl(above 100QS cni'), with the
exception of stations DM and F. Dissolved oxygencemtrations were high (above 8.5
mg ) in all sampled waters in both sampling eventkafihity values were generally
low to moderate (<100 mg'). Hardness ranged from 89.7 to 119 ritgfdr stations
DM and F. Hardness values were not obtained foAM® impacted stations (A, C, D,
DJ, E) due to interference in the titration meth@dganic matter in sediments was in
general low for all sampled stations (< 3 %). Witle exception of station F, all sites

had sediment redox potentials between 375 and 575 m
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Table 2.1. Physicochemical water (pH, conductivity, dissolved oxygen, temperature) and sediment
(redox potential and organic matter) parameters for the sampling sites.

S September March
pH C DO T Eh oM pH C DO T Eh oM
27 3200 89 272 508 29 29 2490 93 198 470 27
C 27 3250 87 239 450 24 28 1424 85 200 480 29
28 4620 95 273 500 23 29 1273 96 207 450 21
DJ 29 3180 93 241 575 29 3.1 1080 98 18.0 490 27
E 31 2480 87 235 515 24 52 1027 95 184 485 20
DM 66 980 89 247 464 20 8.1 468 91 173 378 24
F 74 309 86 238 20 2.2 8.3 2199 96 165 30 24

Abbreviations: C —conductivity (uS ecm-!); DO - dissolved oxygen (mg I'"); T — Temperature (°C); Er- redox potential
(mV); OM - organic matter (%)

Nutrients in water samples showed their highektesmin September, especially
for sulphate ions (Table 2.2). In most samplesi@idt (reference) presented the lowest
nutrient concentrations in both sampling monthsthwitrates being an exception.
Although nitrates were usually higher in stationvBlues were below environmental
benchmarks (MA, 1998). The highest sulphate comatohs were found in stations A
and C (between 666.7 and 3616.7 rify whereas the lowest ones were found in
stations F and DM (between 0.30 and 290.7 Mg Values for suspended particulate
matter (SPM) in surface waters are also presentd@ble 2.2. Values of SPM changed
between seasons, with the highest and the lowdstés®eing registered in the station
D, 15.3 mg T (September) and 0.28 mig (March), respectively.

Trace metal concentrations on surface waters a&uiments are shown in
Figures 2.3 and 2.4 (and in Appendix.1, Appenden® Appendix.3). In general, the
highest dissolved metal concentrations in the watampartment were recorded in
September (Figure 2.3). The exception was obseiwelbad (Figure 2.3), which was
present in higher concentrations in March. DM anddfe the stations presenting the
lowest metal concentrations in both seasons, wheke& and D were the ones with the
highest metal levels.
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Table 2.2. Average nutrient concentrations and respective standard deviations (in brackets) for the
sampling sites (mg I', n=3). Suspended particulate matter (mg I') is also represented.

Nutrients A C D DJ E DM F

sepember 015 027 077 046 049 024 001
NHs-N (0.026) (0.086) (0.069) (0.010) (0.060) (0.017) (0.009)
March 0.90 0.50 0.46 0.38 0.17 0.01 0.13
(0.065) (0.046) (0.080) (0.021) (0.037) (0.009) (0.010)

September 0.28 0.12 0.44 0.54 0.23 0.88 0.66
NOs-N (0.031) (0.033) (0.090) (0.079) (0.016) (0.015) (0.011)
I 032 033 029 025 022 08 071
(0.015) (0.012) (0.015) (0.014) (0.044) (0.067) (0.067)

September 0.03 043 0.36 0.30 0.25 0.15 0.08
NO,-N (0.022) (0.049) (0.023) (0.021) (0.083) (0.069) (0.050)
March 0.08 0.13 0.02 0.02 0.02 0.06 0.04
(0.007) (0.024) (0.002) (0.011) (0.002) (0.016) (0.002)

sepember 028 034 023 018 014 042 001

PO (0.014) (0.02) (0.037) (0.010) (0.03) (0.040) (0.00)
4 March 0.01 0.02 0.02 0.02 0.01 0.01 0.01
(0.008) (0.012) (0.008) (0.012) (0.0) (0.00) (0.006)

Sepember 27333 36167 6160 12633 11413 2907 310

SO (837.7) (76.4) (169.7) (155.0) (6.6) (44.1) (6.6)
4 March 1766.7  666.7 591.7  583.3 425.0 0.30 25.7
(146.5) (28.9) (52.0) (80.4) (0.00) (0.6) (3.5)

September 1.65 3.14 195.3 0.52 1.20 2.19 1.62

SPM
March 0.37 6.23 0.28 2.92 1.18 0.42 8.72

Abbreviations: NHs-N — ammonia-nitrogen; NOs-N — nitrate nitrogen; NO2-N — nitrite nitrogen; SOs% — sulphate; PO43
— reactive phosphorus; SPM - suspended particulate matter

Surface waters were in general highly contaminatetd arsenic (As) and sulphide-
related metals namely copper (Cu), cadmium (Cadhg £Zn), lead (Pb), and iron (Fe)
(Figure 2.3). Cu, Zn and Fe were the metals showiadiigher levels: 11 mg (station

A, September), 60 mg'l(station D, September) and 88 my(ktation C, September)
respectively. Station DJ and E, in the Mosteiraeash and Chanca Reservoir
respectively, presented concentrations of Cu, Zah, &hd Fe (dissolved fraction) far
above the regulatory values defined by the Portsgdegislation for surface waters
(MAV — “maximum admissible value; MA, 1998) in boteasons. Moreover, the
dissolved concentrations of Cu, Zn, Cd and Fe elsteeded the USEPA criteria for
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protection of aquatic life and human health (WQGWater quality guideline value;
USEPA, 2006).

Stream sediments (fraction < @&) were seriously contaminated with As and
sulphide-related metals (Cu, Pb, Zn, Cd, Fe) (Fegad). Although concentrations in
sediments were less variable between seasons wdmapaced with metal levels in
surface waters, some degree of variation was foArmgkenic and lead were the metals
found in sediments in higher concentrations (5744Kg” of As in station DJ and 7322
mg Kg* of Pb in station C, both in September). All statiolexcept F) presented
concentrations of metals Cu and Zn in sedimentyalioe SQGV defined by CCME
for the protection of aquatic life (CCME, 2001).

Correlation analysis between abiotic parameterspf€ and concentrations of
some metals in both dissolved and sediment phasesaled several significanp €
0.05) relationships (Table 2.3). Water column pHswsignificantly negatively
correlated with conductivity, dissolved Fe and #ith absolute correlation values
0.80. Although no significant, negative correlatomnere also found between pH and
dissolved Cu in both seasons. Conductivity was isogmtly (p<0.05) positively
correlated with dissolved Fe, Al, Mn, Cu and Zn.skediments, Fe was significantly

(P<0.05) positively correlated with Cu and Zn.
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Figure 2.3. Average concentrations (mg I'') £ SD (standard deviation) of dissolved metals (copper,
cadmium, zinc, lead, iron and arsenic) in surface water across sampling sites in Sdo Domingos’ aquatic
surrounding system MAV — maximum admissible value (mg I') in surface waters according to the
Portuguese legislation; WQGV - water quality guideline value (mg I") fixed by USEPA for protection of
aquatic life and human health. No USEPA guideline is available for iron.
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Figure 2.4. Average concentrations (mg Kg-! dry weight) £ SD (standard deviation) of metals (copper,
cadmium, zinc, lead, iron and arsenic) in sediments across sampling sites in Sdo Domingos’ aquatic
surrounding system. PEC - consensus-based probable concentration (mg Kg-1 dry weight) according to
CSST; SQGV - sediment quality guideline value (mg Kg-' dry weight) according to CCME. Note: no
guidelines are available for iron.
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Table 2.3. Pearson correlation coefficients for water chemistry data from seven sampling stations. Data for
both sampling events are shown. Significant correlations (p < 0.05) are shown in boldface. Note that a
negative sign before a correlation value indicates a negative correlation, while no sign indicates a positive
correlation. (n=7)

SEPTEMBER

EC Fes Al Mng Cus Zng Fess Alss  Mnsg  Cuss  Znsg

pH -091 -0.80 0.73 0.73 0.73 -0.59 -0.60 0.092 0.63 -0.54 -0.33
EC U 0.88 0.94 0.87 0.59 0.85 0.48 -0.16 -0.55 0.41 0.28
Fed U [l 0.79 0.64 0.73 0.71 0.76 057 -058 0.72 0.53
Algi O O O 0.91 0.4 0.92 0.22 018 054 0.16 0.06
Mngi U [l [l [l 0.25 0.92 0.13 0.073 051 0.02 -0.06
Cus O U U U 0 0.15 0.167 057 053 073 055
ZNi U U U U U U 021 0.09 043 0.0 001

Fesd O O O O O O O 055 032 098 0.80
Alsg 0 O U U U U U 038 062 043
Mnsgg [0 0 0 U U U U 0 026 023

Cuw O O O O O O 0 O O O 086

MARCH
C Fegi Algi Mng  Cug  Zngi Fess  Alsg Mnsg Cusg  Znsg

pH 082 -0.91 -0.71 -0.78 074 <095 -0.92 -0.16 0.77 -0.74 -0.72
EC

H 096 098 099 0.98 0.72 0.86 0.34 061 044 0.81
Fes O O 092 094 093 077 08 o6 o1t 0%  om
Algi O O O 099 1.00 059 0.75 0.28 058 0.37 075
Mngi l ] ] ] 1.00 0.68 0.82 0.30 -0.64 0.43 0.77
Cudi | [l [l [l 0 0.62 0.78 0.28 -0.60 0.40 0.76
Zngi O O O O O O 0.89 022 -0.78 0.66 065
Fesd O ] O ] ] ] ] 052 061 0.68 0.84
Alsg Il U U U U U U U 0.19 018 060
Mng [ U U U U U U ] 0 043 0.25

Clw O O O O O O O O Qg 0O  os

Abbreviations: C- Conductivity; Mg — dissolved metal; Mss —metal levels in sediment
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2.3.2. Water-column bioassays

Water samples collected in September and Marah tie stations A, C, D, DJ
and E affected significantly the survival Bf magna killing all test organisms within
48-hours (Table 2.4). Lgs ranged from 3.70% (&l 1.65 — 7.75%) (Station C -
September) to 38.8% (&1 28.7 — 50.5%) (Station E — March). Water sampias the

remaining two sites were not acutely toxixomagna

Table 2.4. Percent survival of D. magna at the end of the 48-h exposure (in the treatment corresponding
to 100% test water) and 48-h LCs values (%) + 95% confidence intervals (Cl).

Site Survival (%) 48-h LCs0 (%) Survival (%) 48-h LCs0 (%)
September September March March
A 0 4.38 (1.47-6.70) 0 20.3 (17.0-26.4)
C 0 3.70 (1.65-7.75) 0 10.1 (5.80-14.4)
D 0 7.87 (3.08-11.9) 0 7.97 (1.80-11.0)
DJ 0 4.40 (0.86-7.4) 0 4.40 (0.87-6.28)
E 0 10.8 (7.92-14.2) 0 38.8 (28.7-50.5)
DM 100 100% survival 100 100% survival
F 100 100% survival 100 100% survival

By comparing the 48-h L{gvalues, the waters from stations A, C and E cadlégh
September were more toxic than those of March. Wditem stations D and DJ in both
sampling periods had the same toxicity (i.e. simigh LGvalues).

2.3.3. Sediment bioassays

2.3.3.1. Daphnia magna bioassay
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Percent survival oD. magnain the different sediment samples along with the
values of physical-chemical parameters at the dnd-aday whole-sediment tests is
presented in Table 2.5. With the exception of sedits from reference (F) and control
(CTR) sites all sediment samples exhibited markieginges in conductivity and pH
values compared to initial values. Fisher's exest tevealed significant acute toxicity
in the sediment bioassay of stations A, C, D, DA &in September, where no
surviving organisms were registered at the endh@fioassay. In March, Fisher's exact
test revealed significant lethal toxicity only aatoons A, C and DJ. Differences in
survival between seasons were found in sedimeats fites A, D and E, with 60%,
90% and 70% of survival, respectively, in Marchsuer total mortality for the same
sediment samples in September. pH and copper werewater parameters that
significantly correlated with sedimem. magnasurvival in September and March,
respectively (correlations of 0.90, 0.89, respa&tyivp < 0.05;n = 7). Significant
differences in fertility between sediment samplesravalso recorded in September
(ANOVA: F;, 28= 277.3;p < 0.001) and in March (ANOVAEs 47= 145.0;p < 0.001)
(Figure 2.5). In both sampling periods the numidexggs produced by daphnia females
exposed to contaminated sediment was always losn those of lab control and
reference site. Regarding body length, significhifferences were also found between
sediment samples in September (ANOVR¢ 3 = 30.75;p < 0.001) and March
(Kruskal-Wallis: H = 30.29;n = 49; p < 0.001). No significant differences in body
length were found between daphnids from DM anddinsent samples (Tukey tesp
> 0.05) in September whereas in the test with Maedtiments, daphnids from sediment
samples A, D, E and DM were smaller than contral eeference daphnids (Dunn’s
method: P < 0.05). Comparisons between sampling periodsté8dper and March)
revealed significant differences in fertility fotaion DM (t test:it (16) = 5.55;p <
0.001) whereas no differences were found for egt:t (18) = - 0.760p = 0.457) nor
control (t testt (18) = -0.962p = 0.349). Regarding daphnids’ length at the entksif
no differences were found between seasons (Septivtareh) at sediments from sites
DM, F and control (t test (18) = -0.273;p = 0.788; Mann-Whitney U testl= 26.0
n=10p =0.074; t testt (18) = -0.681p = 0.504, respectively).
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Table 2.5. Daphnia magna survival at the end of 7-day whole-sediment tests. Temperature (T), pH and
conductivity (C) measures (mean + SD) at the end of the test (7" day) are also presented. Values in
boldface indicate a significant reduction in survival (Fisher exact test).

(Range of physical-chemical parameters measured in the beginning of tests: T 19.7-20.0 °C; pH 6.0 -8.1;
EC 519 - 625 uS cm).

September 2006 March 2007
e STT M gsemy S (T TR PR
A ! (10?57) (0.3636) (12%527) A e (10?2% (0?633) ?11;65;
el 0 o) @y @ & O |\l gw| oo
D 0 oy ap D D m oo | om
D0 og o e P O @l on | @
2 0 lmp @y @ B P |gnl ow | g
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Figure 2.5. Total number of neonates (£SD) and final D. magna body length (mm) at the end of a chronic
7-d whole-sediment laboratory test with D. magna, conducted in September (A) and March (B). Bars that
do not share a letter are significantly different at p < 0.05. Bars between panels (site comparisons) that
share an asterisk (*) are significantly different at p < 0.05.

2.3.3.2. Chironomus riparius bioassay

Mean survival ofC. riparius in the different sediment samples along with the
values of physical-chemical parameters at the dnti0aday whole-sediment tests is
presented in Table 2.6.With the exception of DMemence (treatment with sediment
from station F) and control (CTR - treatment widbdratory control sediment), all
sediment samples exhibited marked changes in pbesatompared to the range of
values at the beginning of tests. More than 90%uo¥ival was obtained in sediments

from sites DM, F and Ctr with sediments from bo#asons and in sediment E from
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March. Total mortality in sediments from Septembad March was found in site A
(Table 2.6).

Table 2.6. Chironomus riparius mean survival (£SD) at the end of 10-day whole-sediment tests.
Temperature (T), pH and conductivity (C) measures (mean + SD) at the end of the test (10t day) are also
shown. Survival means followed by the same letter in boldface are not significantly different (o = 0.05).
(Range of physical-chemical parameters measured in the beginning of tests: T 19.7-21.0 °C; pH 7.6-8.0;
EC. 514-612 uScm’)

September 2006 March 2007
site Survival T C : Survival 0 C
e co) PP psemy St Ty TCO O PH g
A 02 198 35 1023 A 0a 19.9 35 860.2
0) (02)  (0.003) (38.5) 0) 02)  (0.02) (23.6)
c 0d 197 32 1105 c 382 202 37 590.1
0) (0.1)  (0.004) (14.7) 745 (02 (001 (12.9)
5 0a 196 34 945.0 5 41 20.1 49 580.1
0) (0.1)  (0.007) (23.6) 769 (02 (02 (17.9)
S 164 198 45 701.6 S 252 20.6 47 600.8
(375 (01 (0.006) (22.3) 745 02 (01) (41.0)
. 55D 19.9 58 578.0 . 100P 205 6.0 567.5
(595 (01 (003 (29.4) 0) (03)  (0.03) (14.6)
o 1006 198 7.9 598.0 o ogb 19.9 7.9 565.0
0) (0.1)  (0.002) (7.51) wen (03 001 (2.70)
. 100 198 79 597.0 . 100b 19.8 7.8 550.5
0) 0.1)  (0.01) (6.49) 0) (03)  (0.01) (8.50)
. 100 199 80 601.7 o 9620 202 7.9 569.0
0) (02)  (0.004) (1.34) e (02 (001 (7.90)

Significant differences in survival between sitesravrecorded in September (Kruskal-
Wallis: H= 77.04;p < 0.001) and in March (Kruskal-Walli$¢i = 70.13;p < 0.001). In

September survival in site E was significantly lowrean in reference sediments (Tukey
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test:p < 0.05). In March no significant differences imaual were found between both
sediments (Tukey tesp > 0.05). Comparisons between sampling periodstésdper
and March) revealed significant differences in swalvfor sediments collected in sites
E, C and D (t tests and Mann-Whitney U tgsk 0.05), with 100%, 38% and 41%
survival in March, respectively, versus 55% surli{g) and total mortality (C, D) in
September. There were significant differences englowth (body length increase) of
C. riparius larvae between sediments from Septembgr.¢,= 563.0;p < 0.001) and
March H = 225.5;n = 374; p < 0.001) (Figure 2.6). With exception of reference
sediments (F) and those of DM site, all the othessdiffer significantly in theC.
riparius growth in September (Tukey tegt:<0.05) and in March (Dunn’s methog:
<0.05). There were also significant differencesha biomass (body dry weight) of
chironomid larvae across sediment samples in Sdygerl = 129.6;n = 296 p <
0.001) and MarchH=193.1;n = 374; p < 0.001). Control (Ctr) and reference (F)
sediments did not differ significantly in larvaeobiass in September and March
(Dunn’s test:p <0.05). Comparisons between sampling periods (Sdmeand March)
revealed significant differences in body length aondy weight for sediments from sites
DJ, E, DM and F (t testg:< 0.05).

Significant correlationsp) were found between chironomid survival and the
abiotic parameters pHp (= 0.996;p < 0.001;n = 7), Pb in sedimenip(= - 0.819;p <
0.05;n=7) and As in sedimenp(= - 0.760;p < 0.05;n = 7) in September. In March,
chironomid survival correlated significantly withdgr = +0.898;p = 0.006;n = 7), Zn
in sediment@ = - 0.755;p < 0.05;n = 7) and Fe in sedimenp €& - 0.760;p < 0.05;n =
7). Regarding body length and body dry weight, vagie positively correlated with pH
in September (body lengtp:= +0.985;p <0.05;n = 4; body dry weightp = +0.987;n
= 4;p <0.05) and in March (body length:= +0.912;n = 6; p <0.05; body dry weight:
p =+0.923;n = 4;p = 0.009).
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Figure 2.6. Body length increase (+SE) and body dry weight (+SE) at the end of a chronic 10-d whole-
sediment laboratory test with Chironomus riparius, conducted in September (A) and March (B). Bars that
do not share a letter are significantly different at p < 0.05. Bars between panels (site comparisons) that
share an asterisk (*) are significantly different at p < 0.05.

2.4. Discussion

2.4.1. Chemical characterization of water and sediments

Stations located upstream the confluence with Bid&s tributary (A and C), the
one at the confluence (D) and the other downstrésemconfluence in the Mosteirdo
stream (DJ) were the most impacted sites, preggetite lowest values of pH and the
highest values of conductivity, sulphate ions ars$alved metals. Site E showed an
intermediate degree of contamination whereas DMFRamere stations with the lowest
levels of conductivity, sulphate ions and dissolveetals and with pH close to
neutrality. The characteristics of stations A, C,abd DJ are consistent with those
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expected in mining areas impacted with highly psraaste deposits and tailings, such
as Sao Domingos mine. In fact, continuous oxidatissolution of pyrite and other
sulphide minerals in a weathering environment pceduan acid mine drainage rich in
hydrogen ions, sulphate ions and dissolved meBiga( et al, 2006; Costa and
Duarte, 2005; De Vost al, 2005; Reimann and Caritat, 1998). The oxidatibmost
sulphides can follow several routes depending otofa such as the pH, availability of
potential oxidants (e.g. ferric ion) and occurreéeacidophilic microorganisms, the
latter contributing to a great increase in the @itacid generation (Costa and Duarte,
2005). The type of metals occurring in the acidrdige is dependent on the nature of
sulphide minerals (Bryant al, 2006; Costa and Duarte, 2005). Iron, copper and
and, to a lesser extent, cadmium, lead and arsemie the metals found in highest
quantities dissolved in the water column, whicraisommon feature of mine waters
draining massive sulphide deposits (Espefial, 2005). Aluminum and manganese
were also elements found in high quantities indissolved fraction. The geochemical
study of Bryanet al. (2006) have also identified copper, zinc and iemnthe most
readily mobilized metals in Sdo Domingos mine waslde higher conductivity levels
and dissolved metals recorded in September as cechpa March were related with
the lack of precipitation during the summer perilodfact, when the flow increases due
to precipitation events generally a decrease inceotnation of dissolved metals is
observed due to the dilution effect of the lessceotrated surface runoff (Langmuir,
1997). The exception was observed for lead, whiak present in higher concentrations
in March. The same behaviour for lead was foundChpovas and co-workers (2005)
who observed lead concentration to be increasetd water flow during floods,
contrary to other elements. The negative correfatiwith pH observed for iron, zinc
and copper are caused by their good solubilitpatpH environments (Gerharelt al.,
2004; Stumm and Morgan, 1981). In fact, lower pHuga increase the competition
between metal and hydrogen ions for binding sited may also dissolve metal-
carbonate complexes, releasing free metal ions tiowater column (Stumm and
Morgan, 1981). Conductivity was significantly pogy correlated with dissolved iron,
aluminium, manganese, copper and zinc, which wasea®d since conductivity is

directly related with the concentration of ionswiution.
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Concentrations of metals in sediments were detexchin the fraction below 63
um since this appears to be the most useful fradiiwncontaminant assessments,
helping to minimize the *“dilution” effect of largeparticles with low element
concentrations (Burton, 1991). In fact, this franticonsists of finely grained minerals
like quartz, carbonates, feldspars, clays and acgaatter, which are often coated with
iron and manganese (hydro)-oxides. The resultirggieg, due to its chemical nature
and high surface area, serves as an active sorgt®ifor metals (Burton, 1991; Yet
al., 2001). Again, stations A, C, D and DJ were thestrimpacted sites in terms of
sediment contamination, with arsenic being the pttar, with its highest level in
station E (September sampling). Station E and Diew&d an intermediate level of
sediment contamination whereas F showed the lowestal concentrations in
sediments. In general, sediments were highly comizbed with arsenic and lead and, in
a lesser degree, with copper, zinc, cadmium and. i@oncentration of iron in
sediments was significantly positively correlatedthwboth copper and zinc in
sediments. These significant correlatiopsvélues> 0.80) can be related with the
presence of iron-oxides which are controlling sorpbf metals, in this case copper and
zinc (Burton, 1991; Ywet al, 2001). Although concentrations in sediments wess
variable between seasons when compared with metalsl in surface waters, some
degree of variation was found. The metal bindingadyics in sediments is dependent
on several factors, such as pH, redox potentapt®n/desorption potential, presence
of manganese and iron oxides and others, along tivtdynamics of the system (e.g.
flow-induced resuspension) (Burton, 1991). In fabhfyse iron-oxides and other iron-
phases in sediments are unstable precipitateshwhit be either transported as colloids
downstream during high flow conditions or, on thibes hand, can be transformed to
more stable mineral forms (Espadtaal, 2005).

In the Sdo Domingos aquatic surrounding systenth) lspatial and temporal
heterogeneity of metal pollution occurred. Thisehegjeneity was expected mainly due
to the dynamics of the system, highly dependentcbmatic conditions. Other
hydrological and chemical assessments conductdgtiarea have also revealed that the
referred ecosystem is affected by episodic distwwbavents (flash floods) of dramatic
extent additionally to both metal and pH stressrf@elt et al, 2004; Janssens de
Bisthovenet al, 2005).
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The use of environmental quality guidelines féaibs site-specific evaluation as
well as the comparison with other metal-contamithateeas (Bircet al, 2003). By the
parameters analysed station F confirmed to be @eptable reference station as
concentrations of nutrients and dissolved metalseweithin the accepted levels of
quality for surface waters (MA, 1998). The only egtions were related with arsenic
and lead concentrations in sediments, which wegéts} above the SQGVs defined by
CCME for the protection of aquatic life (CCME, 2Q0$&tation DM, in turn, showed
some degree of concern relative to the concentrmtid sulphate ions (290.7 mig land
dissolved manganese (1.0 mid) lin September, which were above the Portuguese
maximum admissible value of 250 mg for sulphate ions and the Portuguese
maximum recommended value (0.05 mg) Ifor manganese, respectively. Data
concerning metals in sediments for DM station weage critical, with concentrations
of copper, cadmium, zinc, lead and arsenic faidgwe the guideline values (USEPA,
2000).

2.4.2. Toxicity of waters

In general, significant acute toxicity . magnawas found for all tested waters
(with the exception of stations DM and F). Thisthigxicity was associated with high
levels of dissolved metals and low pH values. lade®pper, cadmium, lead, iron and
zinc, were found in concentrations far above theewauality guideline values
established for protection of aquatic life and haorhaalth (USEPA, 2006). Barata and
colleagues (1999) reviewing existing information asute responses ob. magnato
metals reported 48 h-lg values ranking from 0.002 to 0.05 miyfor cadmium and
from 0.01 to almost 0.1 mg*Ifor copper. In this study, the lowest concentratid
dissolved copper found (considering stations ADCDJ and E) was 2.10 mg (station
E, September), which is much higher than any of48én LGy values found in the
review of Barateet al. (1999). Regarding dissolved cadmium, the higheiesfound
(0.18 mg 1) was above the highest 48 h-d¢Gralue reported for cadmium (Baraga
al., 1999). Dissolved zinc was found in the studigglssn concentrations between 4.18
and 60 mgt, which were above the 48 h-L& values for zinc found in the literature,
usually between 1 and 3 m§ (Barataet al, 1998; Diamantin@t al, 2001; Erten-Unal

74



Chapter 2

et al, 1998). For sites A, C and E the 4¢.€in March were higher than the ones found
in September, which can be related with a decreasissolved metal concentrations.
Although a similar decrease in the concentratiohsdissolved metals have been
observed in sites D and DJ (between sampling p&xiddSses determined for both
September and March were similar. This can bebattible to several factors. First,
toxicity of metals to freshwater organisms has b&lgmwn to be dependent on the free
metal ion species, which vary dramatically withdreess and dissolved organic carbon
concentration, which control metal bioavailabili(ip)e Schamphelaere and Janssen,
2002; Di Toroet al, 2001). Second, along with the combined effeéteazh metal
there’s a need to take into account the complesitycid mine drainage itself. The
chemical and biochemical complexities involved whemanisms are exposed to
mixtures of metals along with synergistic and otleé#ects derived from chemical
interactions makes the interpretation of toxiciffeets a hard task. In addition to high
dissolved metal concentrations, iron precipitatcmuld have also contributed to the
high toxicity of waters observed. Iron precipitatitok place due to the rise in pH in
sediment samples with different proportions of te@aters and ASTM water (mainly
25%, 50% and 75% treatments). In fact, it was oteskin the bottom of test beakers
from these sediment samples a visible orange ptat@pndicating precipitation of iron
hydroxides. The precipitation of these iron hydd®d can have detrimental effects on
organisms, such as disruption of intestine memlissadlegging of the digestive tract,
and coating of gill surfaces (Gerhardt, 1993). ®&uand co-workers (2000) studying
the toxicity of iron precipitates in the laboratdoy5-day oldD. magna found that with
pure ferric hydroxide precipitate as bottom substrall of the test organisms died
within 48-hours. Contamination of surface waters swdocumented in early
investigations conducted in the area (Lopesal, 1999; Pereirat al, 1999; Pereirat
al., 2000) and in all the toxic potential of acid @&t toD. magnaand C. dubiawas

confirmed.

2.4.3. Toxicity of sediments

In general, all tested sediments (with the exoepaf the ones from stations DM

and F) elicited detrimental effects to bdh magnaandC. riparius In September, all
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individuals exposed to sediments collected at skte€, D, DJ and E in the whole-
sediment test witlbaphnia magnavere dead at the second day. This could be mainly
due to pH values in the overlying water, sincegmificantly positive correlation was
found between pH and survival &. magnafor September tests. Regarding March
sediments, a significantly negative correlation viegnd between copper levels in
sediments and survival dd. magna Both dissolved and sediment-bound fractions
could have affected daphnids. In fact, daphnids maraffected directly by metals in
sediments since those organisms behave as nomgelepifaunal zooplankton, being
frequently observed on the sediment surface andhism way, are easily exposed
through ingestion to particulate-bound contamingA&STM, 2000). Fertility was more
sensitive to sediment contamination than growthdybtength). In fact, significant
differences in fertility were found in March for glanids exposed to sediments DM and
E, whereas body length was not significantly dédfeér between sediment samples.
Differences in fertility were found for DM and E tiaeeen stations in both sampling
events, which could be attributable to differencesetal composition of both water-
column and sediment and differences in metal bitewéty in both compartments.
Regarding the value of using zooplankton speciesevtaluate sediment toxicity
potential, Stemmer and coworkers (1990) argued ttigit routes of exposure do not
reproduce those of benthic invertebrates, whicheapmsed to greater sediment surface
area and interstitial water. However, comparisaists of species sensitivity in whole
sediment tests have shown daphnids sensitivityetcsimilar (Sasson-Brickson and
Burton, 1991) or to be even higher than some besihecies (Giesgt al, 1990).

The toxicity of metal contaminated sedimentCtoriparius larvae was reflected
by the significantly reduced survival, larval greménd biomass that occurred in the
impacted stations, compared to the reference ddigsificant correlations occurred
between chironomid survival and metal concentrationrsediments, which is indicative
that survival was related with metals’ contaminatio sediments. In whole-sediment
tests withC. riparius all individuals from sediments from sites A, Gldh were dead at
the end of the test in September. This was dueaternpH values, and lead and arsenic
concentrations in sediments, since significantetations between pH and chironomid
survival (positive correlation) and between leagiarc concentrations and chironomid

survival (negative correlations) were found for teepber tests. In fact, lead and arsenic
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were the metals found in higher concentrationsapt&nber sediments, with sediment
levels of lead and arsenic being far above theawss-based PECs according to CSST
and the SQGVs according to CCME. Survival in Marth,turn, was significantly
correlated with pH (positive correlation) and witinc and iron levels in sediments
(negative correlations) and only in sediment A withhal mortality occurred. These
results are indicative thaC. riparius survival was highly affected by metal
concentrations in sediments. The high sensitivity G riparius larvae to metal
contamination in the sediment was expected sina®rabmids are benthic (bottom-
dwelling) organisms and functionally are collectatherers, feeding on detritus from
sediments (Vos, 2001). Significant reductions mda growth and biomass were found
for most impacted stations, compared to the reteraite (F). BottC. riparius growth
and biomass were significantly positively corretatgith pH in the overlying water.
The metal binding dynamics in sediments is dependerseveral factors, such as pH,
redox potential, sorption/desorption potential,sprece of manganese and iron oxides
and others, along with the dynamics of the systerg. (flow-induced resuspension)
(Burton, 1991). The increase of pH in the wateuowot could have contributed for the
precipitation of metals (exchanged from and onte $kediment after the addition of
ASTM medium to the contaminated sediments) in tiéase of sediments (e.g. in the
form of metal-carbonate complexes), reducing thmoavailability. Differences in
toxicity could have also been related with differes in the organic matter content of
sediments, but in general organic matter conterg i@ and similar among sites.
Overall results from toxicity tests allowed thedlimination between stations in terms
of toxicity to bothD. magnaandC. riparius

2.4.4. Station E as a heterogeneous environment

Station E was the chosen station for collectinglongispina individuals for
tolerance development studies to metals copperzard(following chapters) and this
seasonal study have illustrated the temporal hgéerity of this site in terms of
physical-chemical characteristics. From Septembeviarch, differences in water and
sediment chemistry were clear. An increase in pbhawith decreases in conductivity,
nitrites, sulphates, phosphates and dissolved sngtaj. cadmium, iron, zinc) occurred
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from September to March. In tH2. magnaacute tests with water, an increase in the
LCso from September to March revealed a decrease itothie conditions in March.
Regarding whole-sediment tesf3. (magnaand C. riparius exposures) total mortality
was observed in September whereas in March thempiesarvival was not significantly

different from reference, although the fertilitydagrowth have been affected.

2.5. Conclusion

Acid mine drainage from Sao Domingos mine have beaunsing a highly
chemical impact in its surrounding aquatic systénifferences in water and sediment
chemistry for the impacted sites were found betwibendry (September) and the wet
(March) periods. This trend was also observed erahoratory toxicity tests done with
both water and sediment collected in the two d#fiférperiodsD. magnasurvival was
highly affected by the toxicity of the waters fraat the sites excepting reference and
the station in the Mosteirdo tributary, upstream pi-mixing zone; survival, fertility
and growth oD. magnaalong with survival and growth @&. riparius were negatively
influenced by metal contamination in the statioosated nearby the Sdo Domingos
mine. The obtained results illustrate the tempbedérogeneity of this aquatic system in
terms of contamination and help to characterize dfagion selected for cladoceran

sampling (Chapter 3 and Chapter 4) as a metaltedllneterogeneous environment.
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Appendix.1. Average concentrations of dissolved trace elements and respective standard deviations (in

brackets) for the sampling sites (mg I, n=3 determinations).

Metal A C D DJ E DM F
8.40 3.20 5.00 2.10 3.90x10°  2.90x103
Cu Sep  1100308)  oer)  (0315)  (0.0697)  (00160)  (8.0x109) (1.5%104)
o 8.07 3.14 255 2.37 2.11 252x105  1.30x103
(0079)  (00326)  (0.0212)  (0.0209)  (0.0196)  (4.0x109) (8.0x109)
220 32,0 12.0 0.039 0.024
70 Sep  TT00181) gy 60000548 ol 0161)  (0.36x109)  (0.62x109)
- 474 6.57 5.15 465 4418 o o
(00540)  (00471)  (0.0529)  (0.0461)  (0.0427) . .
0.160 4.60 0.290 0.010
As Sep bl. (0.00106)  (0.0420)  (0.0018)  (2.3%104) bl bl.
Mar 00107 00020 0.150 0.0449 0.0076  0.00107 0.0045
00010) (50105  (20x105)  (0.0022)  (15x104)  (1.0x109) (9.0x109)
Sep 0.024_ 0.097_ 0.189 0.179 0.058 bl bl
4 (B0x109)  (28x10%)  (43x104)  (29x104)  (5.0x104)
Mar 0.020 0.038 0.034 0.030 0.027 bl bl
(00023) (78104 (0.0011)  (0.0022)  (T.9x104) - =
Se 3.0x1073 0.420 0.044 0.011 0.049 6.1x1073 bl
Pb P 5ox109  (0.0025)  (18x104)  (9.0x10%)  (39x10%) (0.00) =
Var | 22x10° 054 0.180 0.160 0.139 2.0x10+ o
(20%109  (00058)  (00048)  (0.0018)  (8.9x104) (0.00) =
88.0 48.0 16.0
- Sep  860(1276)  oTi TBOO7M) oo e b.. b.l.
20.7 216 113 0.0362
Mar 40900898 o 290184 i o e b.l.
- 140 98.0 270 150 60.0 0.047 0.051
A P (2.818) (1.115) (1.039) (1.850) (0.868) (0.0010) (0.0038)
30.1 22,0 20,0 0.0113 2.15
Mar — 828(1.198) ooy  236(0189) 5 (0455)  (9.0x10%) (2.0x109)
7.70 19.0 9.90 1.0 6.0x10-3
Sep  8.10(0180) gy 220025) oo 0.118) (0.0072) (2.6x104)
Mn - 470 214 169 157 148 0.0103 "
(0.0457)  (00328)  (0.0341)  (0.0278)  (0.0237)  (8.0x109) =
Se 49.0 21.0 0.062 0.019 0.042 0.0061 3.70x104
P (1.424) (0.191) (0.601) 0.132) (0525) (0.0250) (7.2x109)
Si
8.05 8.12 7.7 7,50 0.892 142
Mar  338(0560)  ,cess)  (00740)  (00326) (00652  (0.0129) (0.02178)
Se 0.037 0.033 0.079 0.030 0.0078 0.0039 0.0036
P 4sx104  @oxi09  (50x104)  (20x104)  (5.0%10%)  (4.0x109) (3.0x109)
Cr
4
Mar 0.033 0.015 0.012 0.012 0.0083 6.2x10 6.7x10+ (0.00)

(34x104)  (14x104)  (13x104)  (9.0x10%)  (5.0x10%)  (5.0x109)
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Appendix.1. (cont.)

Metal A C D DJ E DM F
Se 0.210 0.150 0.570 0.290 0.140 0.0030 0.0022
Ni P (3.4x10%)  (1.2x10°)  (2.7x10°) (2.1x10%)  (1.0x10°)  (3.0x10°)  (7.0x10°)
| Mar 0.183 0.057 0.049 0.046 0.041 8.4x10*  5.5x10°
(2.0x10%)  (1.7x10°)  (7.7x10%) (8.7x10%)  (1.1x10%)  (7.0x10°)  (1.0x10°)

Se 0.010 0.0035 bl 0.0015 0.0014 0.0016 bl

Se P (1.2x10%  (3.9x10% o (6.5x10%)  (3.4x10%)  (1.5x10% o
Mar 0.012 0.0020 0.0019  0.0017  0.0016 3.8x10*  4.0x10*
(2.3x10%  (1.6x10%)  (6.0x10°) (1.2x10%)  (2.9x10%)  (6.0x10°)  (7.0x10°)
Se 0.008 0.0038 bl 0.0014 0.013 0.0060 0.0036
sn P (4.0x10°)  (9.0x10°) o (2.0x10°)  (7.0x10°)  (8.0x10°)  (9.0x10°)

Mar b.l b.l 0.0083 0.0044 bl 0.0010 bl

- - (1.7x10%  (1.0x10% o (7.0x10°) o

Sep b.l. b.l. b.l b.l b.l b.l. b.l

Ag Mar b.l. b.l. b.l b.l b.l b.l. b.l

Abbreviations: b.l. - below detection limit
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Appendix.2. Average trace elements concentrations in the particulate fraction for the sampling sites (ug I

1, n=6 determinations). Si, Ni, Se, Sn and Ag were below detection limits.

Metal A C D DJ E DM F
105 123 4.40 53 32
Cu Sep (0.49) (0.34) (0.21) ooe7) 28030 bl.
- 656 1050 379 3.89 N 15 N
(0.34) (0.56) (0.11) (0.06) - (0.08) -
Sep bl. 242 625 197 bl 3020179 bl
70 (1.91) (0.28)
142 42.1 118
Mar bl e | e bl bl bl
760 28182  16.1
. Sep bl B | o | bl bl bl
623 19185
Mar bl e bl bl bl bl
0.1 0.20 0.20
o Sep bl don | oo | oo bl bl bl
Mar bl 02 200y 019 b b bl
- (0.008) <0 (0.008) - - -
o Sep ((]'-288) 547?) 37030 29005 bl 188(173) %ﬂg)
0.9 147 0.67
Mar i 0s5 17080 15009 b 9.87 (0.73) e
o 138 381 46736 10566 1476 116 o
Fe P (16.87) (2165)  (49169)  (48.70) (8.78) (0.46) -
- N 189 26235 8571 1794 Ny o
- (1185  (311.80)  (48.79) (4.90) - -
1830 2316 2404 519 140.7 6735
Al Sep (16.05) (34.18) 305.6 (38.22) (11.73) (7.05) (92.0)
Var | 1450 986 579 2006 410 110.1 5735
(9.05) (14.12) : (18.72) (5.73) (2.05) (32.0)
5.90 7.80 187 149 2159 195.4
Sep (0.22) (0.35) (1.90) 061 82020 uey (16.92)
Mn
4.90 6.70 125 9.87 115.6 115.6
Mar (0.09) (0.56) (1.10) 031 28020 g5 (11.90)
0.70 0.60 0.90 050 040 1.0
c Sep (027) (0.067) (0.07) (0.03) 00y 050002 (0.02)
’
0.50 0.46 0.70 030 030
Mar (0.17) (0.050) (0.05) (0.01) ooy 020001 089 002)

Abbreviations: b.l. - below detection limit
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Appendix.3. Average sediment trace elements concentrations for the sampling sites (2 mg Kg; ® %, n=3
determinations).

Metal A C D DJ E DM F
Se 4234 926.7 192.0 233.3 160.0 177.2 16.37
Cu @ P (2.90) (8.07) (2.61) (2.90) (0.5) (1.31) (0.22)
396 706 206 1.2
Mar 332 (1.34) (189 217 (1.01) 29%) (125 93.6 (0.98) 034
Sep 189.6 282.4 141.3 154.2 109.0 216.1 72.60
704 (1.22) (1.80) (161) (067) (0.33) (1.87) (0.26)
169 166 122 128 341
Mar 204 (1.13) (1.34) 106 (1.20) e, (134 (14 (0.6
e 1651 3414 3999 5714 1050 185.5 46.8
Aga P (11.91 (25.49 (43.68) (31.57) (8.50) (0.76) (1.08)
S Mar 1800 1400 3650 598 1190 geq..0 321
(15.46) (13.90) (23.40) (10.40) (12.89) = (0.46)
0.25 0.86 0.75 0.63 0.25
cda Sep (0.01) (0.05) (0.01) (0.03) (0.01) 0.58 0.01) bl
0.25 1.17 0.56 0.39 0.31 0.06
Mar (1.01) (0.08) (0.02) (0.01) (0.01) 0.33 0,04 (0.00)
e 5565 7322 3309 3415 685 1440 187.2
Pp P (61.43) (74.68) (52.67) (46.90) (21.04) (32.23) (16.1)
3980 5280 2340 579 532
Mar (26.89 (43.86) (25.55) (10.41) (8.90) 268 (1265) 124 (1534
8.93 224 713 6.90 6.65 1.53
Fe b Sep (0.15) (0.34) (0.15) (0.11) (0.08) 4.43 (010) (0.02)
9.59 7.95 7.67 8.05 7.74 0.94
Mar (0.24) (0.09) (0.12) 0.15) (0.23) 3.72 (0.05) (0.08)
4.59 3.57 5.40 553 7.61 4.65
Alb Sep (0.09) (0.06) (0.13) (0.11) (0.12) 6.44 0.13) (0.05)
7.43 6.77 6.03 6.74 8.42 4.86
S (0.08) (0.14) (0.07) (0.17) 0.18) DL (0.10)
Se 42.48 5117 73.45 98.07 167.0 1847 241.6
P (0.33) (0.60) (0.98) (0.77) (0.66) (39.32) (1.29)
a
Mn Mar 58.7 107 84.2 203 205 1030 340
(0.43) (0.27) (0.32) (0.56) (0.76) (15.67) (1.43)
Se 20.55 9.06 25.93 19.81 26.40 28.75 4043
X P (0.27) (0.09) (0.43) (0.24) (0.26) (0.53) (0.41)
Si
231 15.5 246 8.27 20.2 35.6
Mar (0.11) (0.14) (0.23) (0.11) (0.27) 30.6 043) (0.22)
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Metal A C D DJ E DM F
e 59.75  43.04 61.18 61.40 7410 73.81 34.49
cré P (0.71) (0.48) (0.95) (0.31) (0.34) (0.83) (0.22)
r v A2 63.7 52.8 62.6 76.4 68.1 20.7
(1.01) (0.56) (0.33) (0.35) (0.44) (0.56) (0.12)
a2 8.37 818 1057 1124 21.80 3196 13.27
Ni 2 P (0.10) (0.06) (0.16) (0.10) (0.27) (0.33) (0.04)
| Mar 118 17.8 8.63 17.8 27.1 31.8 7.83
(0.23) (0.12) (0.09) (0.13) (0.17) (0.11) (0.09
a Sep b.l. b.l. b.l. b.l. b.l. b.l. b.l.
Se 21.1 0.98 7.48
Mar (0.21) (0.09) (0.08) b.l. b.l. b.l. b.l.
a2 79.66  380.2 1424 98.43 9357 2710 26.87
sn@ P (0.56) (2.83) (1.43) (1.43) (0.21) (0.69) (0.16)
343 1330 478
Mar o o0 1o, bl. bl. bl. bl.
X Sep bl b.l. b.l. bl. bl. bl. bl.
Ag 5.95 16.7 1.93 16.1
Mar 00 50 605 bl. bl. e b.l.

Abbreviations: b.l. - below detection limit
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Abstract

The present study was conducted to assess thremewidutionary aspects of
adaptation to pollution in ®aphnia longispinapopulation historically exposed to an
acid mine drainage from an abandoned pyrite mio#ufion mediated effects in acute
tolerance to copper (Cu) and zinc (Zn); pollutiorehated effects on genetic variability
of tolerant and physiological traits related todiss (feeding rates); and fitness costs of
tolerance measured as genetic trade-offs betwéenamae and feeding rates under none
and low levels of contamination. These objectivesenaddressed by comparing broad
sense heritabilities and genetic correlations usipgto 20 distinct clonal lineages
randomly obtained from two populations: one located water reservoir contaminated
by the acid mine drainage, and the other located mearby clean water reservoir.
Results showed that only sensitive and resistaigafies to Cu were present in the
reference and contaminated site, respectively.Zrohowever, both populations had a
similar distribution pattern of sensitivities. Haility values for tolerant and feeding
traits across metal exposure levels was simildroitihh populations being in most cases
greater than 50%. Fitness costs of tolerance Weistrated by lower feeding rates of
the tolerant population compared to the referemmand negative genetic correlations
between mean clonal feeding rates and median ctumaival time in control conditions
(no added Cu or Zn). The results obtained thus atiphe view that tolerance to

pollution is ecologically costly.
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3.1. Introduction

Long-term ecological consequences of genetic amndue to pollution,
microevolutionary, or genetic erosion effedsnsuMedina et. al. (2007) and Van
Straalen and Timmermans (2002) respectively, islyaronsidered into the ecological
risk assessment process despite the fact thatigeraetation is one of the pillars of
biodiversity and evolution (Baglegt al, 2002; Hoffmann and Parsons, 1997; Medina
et. al.,2007;Posthuma and Van Straalen, 1993n Straalen, 1999; Van Straalen and
Hoffmann, 2000; Van Straalen and Timmermans, 2002)ertheless, several studies
have demonstrated that pollutant-induced seleat@n alter the genetic integrity of a
population by replacing original genotypes with esththat are different, not only in
terms of tolerance to the pollutant at play, bwoalo other environmental variables
(Hoffmann and Parsons, 1997; Medetaal., 2007;Posthuma and Van Straalen, 1993;
Van Straalen and Hoffmann, 2000; Van Straalen anarErmans, 2002). Pollutant-
induced selection of resistant genotypes can hawg-term ecological impacts, such as
the reduction in the overall genetic variabilityhish in turn can lead to the loss of
heterozygosity and increased sensitivity to nowwirenmental stresses (Hoffmann and
Parsons, 1997; Mediret al.,2007;Posthuma and Van Straalen, 1998n Straalen and
Hoffmann, 2000; Van Straalen and Timmermans, 200\ertheless, there is little
empirical evidence supporting the general view fadé¢ction processes lead to negative
evolutionary side effects (Barat al, 2002; Medineet al., 2007; Van Straalen and
Hoffmann, 2000; Van Straalen and Timmermans, 20@). predicting that the
development of resistance to toxic stress involvest theories on adaptive change
imply that resistant genotypes should be at a saadge in the absence of stress
(Harperet al, 1997; Sibly and Calow, 1989). Several studiesydver, have shown that
fitness costs of resistant genotypes are often tduregative pleiotropy or genetic
linkage (Shirley and Sibly, 1999; Van Straalen addffmann, 2000). Thus, the
classical idea of trade-offs based on energy dilmeas not well supported (Sibly and
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Calow, 1989; Shirley and Sibly, 1999). Accordingan Straalen and Hoffman (2000),
the best evidence for fitness disadvantages ofaiote comes from pesticide resistance
that involves structural mutations with pleiotromtfects. In heavy metal studies on
invertebrates, similar effects were reported in geg] mites, and insects, and it was
hypothesized that fithess costs might be due teractions between selected metal
tolerance and metabolism of essential elementfadny the essential metal deficiency
hypothesis postulates that the cost will be matatebecause individuals, by means of
their tolerance mechanism, are less efficient atameptake or utilization, and the
essential metal deficiency will occur as a resulttlee low metal levels found in
nontoxic environments (Harpest al, 1997; Van Straalen and Hoffmann, 2000).
Nevertheless, there are many cases where suchhan&sot been reported, suggesting
that the relationship between resistance and 8Btrassts is difficult to determine.
Another problem in determining costs of tolerangda distinguish costs from other
causes that may also alter characteristics of pgipns in metal-polluted habitats
(Posthuma and Van Straalen, 19933phnia longispinaD.F. Muller field populations
located in the aquatic system surrounding the adyaedl cupric pyrite Sdo Domingos
Mine (South Portugal) offer an excellent systemstiady ecological costs and other
microevolutionary consequences of adaptation ttuppoh. This aquatic system include
sites unaffected and impacted by heavy metals @epal, 2004, 2005). Furthermore,
reported information also indicates that longispina populations affected by S&o
Domingos acid drainage are equally diverse geritiaad include more Cu-tolerant
genotypes to Cu than those from upstream refersiteg (Martinset al, 2007, 2009).
Nevertheless, other microevolutionary consequenteglaptation to pollution such as
alterations of genetic variability of tolerance ditdess related traits and the existence
of trade-offs between these traits across envirosnigave not been fully studied. The
present study addresses three microevolutionamcsspf adaptation to pollution: first,
whether pollution affects tolerance to Cu and Zecomd, whether pollution affects
genetic variability of tolerance and physiologiddahess traits; and third, whether
genetic trade-offs occur between tolerance andiplogscal fitness traits under low
levels of contamination. The physiological fithessamined in this study was the
feeding response @aphniafeeding rates are directly linked to resource &utijon for

somatic growth and reproduction (Barata and Ba2@)0). The first objective was
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addressed comparing the nature and genetic rangéecdnce to Cu and Zn of up to 20
clonal lineages randomly obtained from two popoladt one located in a water
reservoir contaminated by the acid mine drainagkth@ other located in a nearby clean
water reservoir. The second objective was assebgedletermining broad sense
heritabilities of the above-mentioned tolerancatdrand of the feeding responses.
Finally, objective three was achieved by studyirmgvihfeeding rates of sensitive and

tolerant clones vary across increasing levels oa@aiZn.

3.2. Material and Methods

3.2.1. Site description

In March and June 2004). longispinaindividuals were sampled from two
different and hydrologically disconnected resersdielonging to the aquatic system
surrounding the S&o Domingos mine in the southe&sPortugal, Alentejo: one
population was sampled in the Chanca River reservgipacted with acid mine
drainage (referred as impacted population, |); dredother population was sampled in
the Tapada Grande reservoir, a reference sitedddakm away from the contaminated
one (referred as reference population, R). Thisrusr has no history of contamination
by heavy metals being monitored by the governmaitti the objective to serve the
local water needs (Figure 3.1). For a detailed migtsan of sampling sites see Chapters
1 and 2Daphnia longispinandividuals were sampled in the field with the afda 250-
um mesh size plankton net and then transferred toc&pacity glass containers
containing local water. At each sampling site, pblductivity, dissolved oxygen, and
temperature were measured using a WTW Multi 340idhald meter (Weilheim,
Germany). Suspended solids were determined in dgbefilom 1-1 water samples
following American Society for Testing and Matesia(ASTM) standard methods
(ASTM, 1998). Concentrations of total recoverabletais (Al, As, Cd, Cr, Cu, Fe, Mn,
Ni, Pb, Co, and Zn) were determined from 100-mtifieid water samples from both

sampling sites by a Perkin-Elmer model Elan 60Gfuatively coupled plasma-mass
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spectrometer. Quality assurance was performed usatigration standards, certified
reference material IAEA/W-4 (Simulated Fresh Wateahd reagent blanks.
Additionally, Rhenium was used as an internal séathdo correct for any nonspectral
interferences. Detection limits were calculatedrfrblank measurements (n=5) these
values being 0.1 mg'lfor Cd, Co, Pb; 0.2 mg'lfor Cu, Ni; 1 mg for Al, As, Fe,
Mn; and 5 mg:f for zn.

__________________________

TapadaGrande
NT I
Lagoon
o
Risi 5. Domingos
Guadiana mine pit

Acidemine /
drainage (-

Mosteirio
stream

Chanca

Reservoir

Figure 3.1. Studied area showing the location of reference (R) and impacted (1) field sampling sites in Portugal.

3.2.2. Culture conditions
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Daphniapopulations were taken to the laboratory in léss1t24 h in local water
from their capture site. In the laboratory, adéinbles bearing eggs were isolated in
150-ml glass vials containing filtered local watacclimatized to laboratory conditions
and raised as individual clonal lineages. From eddhese populations (R and 1) 20 to
27 clonal lines where established in the laborasmy maintained (by means of asexual
reproduction) under controlled conditions of tenapere (2@1°C) and photoperiod
(16:8 h light:dark) for, at least 15 generation®mpto assays. Singl®. longispina
females were maintained in ASTM hard water (ASTM98) enriched with a standard
organic extract (Barata and Baird, 2000). Animalsravfed every other day with
Chlorella vulgarisBeijerinck (310° cells mi*). The culture medium was changed three

times a week and neonates were removed withind4king born.
3.2.3. Test chemicals

Stock solutions of Cu and Zn were prepared byragldinalytical reagent-grade
salts of copper chloride and zinc sulphate (G2ELO, ZnSQ.5H,0), respectively, to
nanopure water (Milli-Q; 18 MV cth resistivity). Copper chloride and zinc sulphate
reagents were supplied by Sigma-Aldrich. Nominakt teconcentrations were
subsequently prepared by adding aliquots of eactalnséock solution to the ASTM
hard water medium. For each experimental trial atidely coupled plasma-mass
spectrometer measured concentrations of Cu anch Xraier at the beginning and end

of tests were within 10% of nominal levels.
3.2.4. Tolerance to lethal levels of copper and zinc

Tolerance to Cu and Zn was assessed for each oithpopulations in at least 20
single clones randomly selected from each populatiboxicant responses were
determined from time to death tests (96-h duratioh)D. longispina individuals
exposed to a single concentration of Zn (1.5 Mahd to two concentrations of Cu (25
and 75pg.I") plus a control treatment. Two concentrationsGarwere used due to the
observed large differences in responses of thepwypulations (Figure 3.2). A total of

10 individuals (24-h old) per clone were exposedeémh metal concentration. The
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assays were performed by introducing two individual 50-ml glass containers
containing 20 ml of test solution, in a total obdireplicates per treatment and the
mortality was checked every 8 h during 4 d. The tesdium was renewed once in the
middle of the test to minimize changes of initizjpesure levels. Tests were run at

controlled conditions of temperature £A0C) and photoperiod (16:8 h light:dark).
3.2.5. Feeding tests

To test if tolerance was ecologically costly (eomimental trade-offs) the feeding
rate responses of at least 15 clones from eachlgtopuwere assayed. Feeding tests
were conducted using none and two concentratiossmfer (0.5 and fg I'*) and zinc
(0.1 and 1 mg¥). Due to the large number of treatments and ofsviditficulties in
maintaining all clonal lineages reproducing at faene time, each metal was assayed
separately in different trials with different clameThe assays were performed by
exposing a total of twenty five 4-day-old juvenil@s five replicates with 5 neonates
each) per concentration (for each metal and clonB)-ml glass vials containing 20 ml
of metal solution plu€. vulgarisat 3<10° cells mI*d™. Three blanks (vials with algae
but without organisms) were also included per imeait to assure that algal
concentration did not changed during the assayhdstart of the experiment, juveniles
were distributed randomly among the five replicabéseach feeding treatment and
allowed to feed for a period of 24 h. Juvenilesemeansferred immediately after their
third moult to avoid moulting during the experimeAissays were carried out in the
darkness (to minimize algal growth) at controllexhditions of temperature (20°C)
(Barata and Baird, 2000At the end of the test, individuals were removed algae
concentration was determined by spectrophotometrya( Jenway 6505 UV/Vis.
Spectrophotometer). Individual feeding rates (cafisnal’ h') were determined as the
change in cell density during 24 h and convertegréportional feeding rates relative to
control treatments following Barata and Baird pahges (Barata and Baird, 2000). Cell
density was estimated from absorbance measureraents= 440 nm using standard

calibration curves based on at least 20 data paisitis anr® > 0.98.

3.2.6. Data analysis
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3.2.6.1. Assessing differences in tolerance and feeding rates among populations

Among populations interclonal differences were tiet main focus of interest,
therefore replicated values of the clones wereaget and entered as the lowest level
of replication. Due to the presence of censored @abt all animals died during the
assays) in lethal tests performed with copper amc] survival responses of the studied
populations were compared by the Gehan-Wilcoxon (8ar, 1996). Feeding rate
responses of populations across Cu and Zn were ar@thpby two way ANOVA
analyses. Prior to analyses data was loge transfbtomm meet ANOVA assumptions of

normality and variance homocedasticity (Zar, 1996).

3.2.6.2. Assessing differences in tolerance and feeding rates among clones within

populations

Genetic variation of a trait among treatments (@mments) was compared using
broad sense heritabilities: H = VG/VT, where VG avidl are the genetic and total
variance of a trait. For each environment, the gen®G) and the environmental
components of the variance (VE) were estimatedgusia method of the moments with
appropriate accounting for unequal sample sizesngnaones (Lynch and Walsh,
1998). Construction of confidence intervals anddilgpsis testing was performed using
nonparametric random bootstrap resampling (100@kEnwith replacement of clones
for tolerance traits (Lynch and Walsh, 1998). H wassidered significantly different
from zero if the 5th percentile was >0. For feediates H values, and their associated
confidence intervals were determined using paramemme way ANOVA analyses
performed in log e transformed data (Lynch and Wal®98). The population mean of
H for a given treatment was considered significadtfferent from other if its 5% and
95% confidence intervals not overlap (i.e. equintl® a two-sided test at the 0.05

significance level).

3.2.6.3. Assessing fitness costs
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To assess properly trade-offs between toleraits taad feeding responses across
increasing metal levels two different analyses werdormed. Firstly, it was necessary
to show the existence of substantial genetic Vanabf feeding responses across the
studied metal exposure levels by performing witlgach population a two-way
ANOVA considering clone and metal exposure levedsrandom and fixed factors,
respectively. Secondly, genetic relationships betwlerance to copper and zinc were
determined from product-moment correlations amomgnat means considering:
median survival times of juveniles at 25, [#& I"* of copper and 1.5 mg'lof zinc and
mean feeding rates at 0, 0.5, 5 ffgfdr Cu, 0, 0.1, 1 mg for Zn . Prior to analyses
data were loge transformed. All analyses were pedd with the aid of SPSS
statistical package (SYSTAT, Chicago, IL, USA).

3.3. Results

3.3.1. Water physical-chemical characterization

Water physical-chemical parameters varied lardmdtween sites and sampling
months. On March, during the main rain season, watiected from the impacted site,
presented lower pH, higher conductivity and highestal levels than those at the
reference site (Table 3.1). Within the analysedatsetevels of Cu and Zn showed the
greatest differences, being from one to two ordémmagnitude greater at the impacted
location. During the drain season on June, both itheacted and reference site

presented similar values for most physicochemiaghimeters.
3.3.2. Population differences

Cumulative clonal survival curves are shown inufgy3.2. Gehan-Wilcoxon
survival tests denoted significant differencps.05,x%= 66.3) of populations across

Cu exposures (Figure 3.2A). Most individuals ofnde from the population | did not

die at 25ug I* of Cu, whereas those of reference population & dighin 96 h at this
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concentration. On the other hand, at|#bI* of Cu the median survival time of the
clones from the contaminated site was 52 hourdevettli individuals from the reference
population died during the first eight hours of test (< 8 hours). For Zn, despite that
survival tests also indicated greater survival lohes from the | populatiorp€0.05,
x%= 4.6), differences in tolerance between both patpurts (median survival time of 32

and 42.4 hours for R and I, respectively) were pssounced (Figure 3.2B).

Table 3.1. Water physical and chemical parameters measured in the field, at the reference (R) and
impacted sites (1), during collection of clones in March (Mar) and June (Jun) (* below detection limit)

Sites
Parameters R |
"""" Mar Jun Mar  Jun

pH 7.2 75 6.0 6.9

T 19.0 23.6 18.8 23.5
Cond 250 241 450 339
Oxygen 9.0 9.2 8.9 9.2
SS 2.0 6.4 14 1.2
Al 620 295 248 559
As <1* 14 <1* 53
Cd <0.1* <0.1* 29 <0.1*
Co 0.3 0.1 11.7 0.2
Cr 0.3 10.7 0.2 6.7
Cu 2.8 4.2 188.0 9.6
Fe 292 147 488 870
Mn 59.9 12.9 1771 15.5
Ni 3.0 1.1 57 1.1
Pb 0.6 63.2 74 48.6
n 515 529.1 <5* <5*

Abbreviations: Cond — conductivity (S cm'); oxygen — dissolved oxygen (mg I''); T — Temperature (°C); SS -
suspended solids (mg I'); Metals — concentrations in W I!; Al = aluminium; As = arsenic; Cd = cadmium; Co = cobalt;
Cr = chromium; Cu = copper; Fe = iron; Mn = manganese; Ni = nickel; Pb = lead; Zn = zinc.

Feeding rates of individuals from the impacted pajon were significantly <0.05)
and marginally (0.053<0.1) smaller than those of the reference one duttie first
(Cu) and second (Zn) experimental trial, with neitlCu nor Zn showing any effect on
the overall population performance (Figure 3.3 ApGpulation, Cu or Zn, Interaction

effects in Table 3.2). Nevertheless, within eachthef studied populations there was

102



Chapter 3

substantial §<0.05) genetic variability in feeding responseglohes within and across
Cu and Zn exposure levels (Figure 3.3 B, D, Tal?¢.3
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Figure 3.2. Lethal responses of reference (R) and impacted (I) D. longispina populations across 96-h
acute exposures to metals. These included: survivorship curves (expressed as probability values) at 25
and 75 pg.l'l of copper (A), and at 1.5 mg.l'1 of zinc (B). Toxicant concentrations are depicted after
population abbreviations. Different lowercase letters denote significant (p<0.05) differences following
Gehan-Wilcoxon tests.

Table 3.2. Analysis of variance results testing for Daphnia longispina population differences in feeding
responses across Cu and Zn exposure levels (*p< 0.05) 2

Source df F Source df F
Testing for population differences

Cu 2,84 0.2 Zn 2,69 24

Population 1,84 5.6* Population 1,69 3.1

Interaction 2,84 0.6 Interaction 2,69 0.1

2 When comparing populations, clonal means were used as the lowest level of replication and population
and metal levels as fixed factors. Only F ratios and degrees of freedom (df) are depicted. Differences in df
are due to missing values)
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Figure 3.3. Population (A,C) and interclonal (B,D) variation in feeding responses across Cu and Zn
exposure levels. Errors bars are standard errors. In graphs B,D each symbol corresponds to a single
clonal mean. For clarity, values from the impacted population (1) have been switched slightly to the right.
Axes are depicted in log e scale. | = impacted; R = reference.
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3.3.3. Genetic variability

A further characterization of genetic variabilityithin environments denoted
significant levels [§<0.05) of interclonal variation in feeding and sual responses in
all the studied treatments (Table 3.3). Intere$yifgpth populations had similar H
values for feeding and tolerant traits and behawvelegly, showing higher heritability
levels in feeding rates under Cu and Zn exposuiesive to controls (95% CI of H did

not overlap).

Table 3.3. Analysis of variance results testing for interclonal differences in feeding responses across Cu
and Zn exposure levels (*p < 0.05) 2

Source of F Source of F
Population - R

Cu 2,28 1.2 Zn 2,28 2.2
Clone 14, 28 9.7* Clone 14, 28 4.6*
Interaction 28, 235 2.7* Interaction 28,233 4.8
Population — |

Cu 2,28 0.24 Zn 2,28 14
Clone 14, 28 51* Clone 9,18 4.2*
Interaction 28,210 3.2 Interaction 18, 63 6.6*

a Clones and metal levels were included as random and fixed factors, respectively. Only F ratios and
degrees of freedom (df) are depicted. Differences in df are due to missing values.

3.3.4. Genetic correlations

Genetic relationships (product-moment correlajioasnong In transformed
tolerance traits (median survival time) and meadii®g rates in absence (control) and
in the presence of low to moderate levels of Cu Zndvaried between populations
(Figure 3.4).
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First, tolerance to Cu was significantly relatedhwihat of Zn only in the impacted
population (Figure 3.4A). Second, in both populagidolerances to Cu and Zn were
inversely related with feeding rates in controhtreents (in absence of metals, Figures
3.4B and E) and tended to decrease (being lesgivegavith increasing levels of
metals (Figures 3.4C, D, F, and G). It is importemtnote, however, that negative
genetic correlations in control treatments weresdant across experimental trials only
in the impacted (I) population (Figures 3.4B andM@reover, inverse correlations with

increasing metal levels were much more obviousénitnpacted population.

Table 3.4. Broad sense heritability values (H) and their 95% confidence intervals (Cl) of tolerance (time to
death) and feeding responses of clones within the studied treatments 2

Exposure

H 5% CI 95% Cl H 5% CI 95% Cl
levels

Experiments with Cu (g I'")

R Feeding I Feeding

Ctr 35 30 40.1 Ctr 43 31.3 54.6

0.5 74.2 69.6 78.8 0.5 63.9 59.6 68.1

5 69.4 66.7 72.2 5 73.6 69.3 77.8
Tolerance Tolerance

25 54.8 371 63.6 75 62.8 49.8 70.3

Experiments with Zn (mg )

R Feeding I Feeding

Ctr 34.5 29.5 39.4 Ctr 48.6 36.5 60.6

0.1 77.6 741 81.2 0.5 87.5 73.2 101.7

1 83.8 775 90.1 5 7.7 64.7 78.7
Tolerance Tolerance

1.5 63.1 354 73.3 1.5 58.2 36.9 68.5

a R and | correspond to the reference and impacted population; Ctr, control treatment. All H values
obtained for feeding and survival responses were significant (p<0.05, based on one-way analysis of
variance and inspection of 95% Cl, respectively).
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3.4. Discussion

Contamination of waterbodies by metals originafiagn the mining and smelting
of metal ores is a problem affecting many areaddwode and it has been responsible
for the elimination of several species, whereasmsthave shown their adaptive strength
by surviving and reproducing in those metal poliuemvironments (Groenendigt at,
2002).

Sé&o Domingos mine is an example of an abandonethgnsystem that has been
an ideal model for ecotoxicological studies (DetBisenet al, 2004; Gerhardét al,
2004; Pereiraet al, 1999) and for studies about adaptation occurimgnatural
populations exposed to historical chemical stréspéset al, 2004, 2005; Martingt
al., 2007, 2009). In the present study measured oongnt levels in water evidenced a
strong metallic pollution gradient from referencethe impacted site in March where
mostD. longispinaindividuals were collected. In June however, nliet@lontaminant
levels were only slightly higher at the impacteda@¢a River reservoir. These and
previous studies evidenced that the studied metatintaminants are heterogeneously
distributed both spatial and temporally within tbleanca River reservoir (Peregtal,
1995). Metallic levels are the highest nearby neffeient discharges or after rainfalls,
decreasing dramatically towards distant reachegimwithe reservoir or during dry
periods (i.e. June) when mine discharges are abdefrtunately, there is no reported
ecological data oD. longispinapopulation dynamics in Chancga reservoir but assgmi
that they occur along all reservoir reaches, atléam March to June, it is reasonable
to assume the they may be exposed to differentdenfemetallic pollution and hence
developed different degrees of tolerance to metpbilution.

The first purpose of the present study was toszsaed compare the genetic range
of tolerances to acute copper and zinc exposuregsvanD. longispina populations
differing in their habitats with respect to the Weanetal contamination history. The
higher tolerance of the population from the impdctte (I) to the tested metals

(compared to the reference R population) illusttatee occurrence of a change in the
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frequencies of clonal lineages in the metal expogegulation. Specifically, only
sensitive lineages to Cu were present in the neferepopulation, whereas in the
contaminated site, only copper tolerant individuaése present (Figure 3.2A). For Zn,
however, both populations had a similar distributjpattern of sensitivities (Figure
3.2B), but only in the impacted one tolerance towas genetically correlated with that
of Cu (Figure 3.4.A). These results were in conaeith those obtained years ago by
Lopeset al. (Lopeset al, 2004, 2005) who studying the response to coppérzinc of
other clones collected from the same sites alsorteipgreater tolerances to copper of
those from | population and a significant corr@atbetween tolerance to Cu and Zn.
Therefore differences in acute tolerance to Curaitto Zn between the two studied
populations are likely to be related to selectivespures experienced in its local habitat
leading to local adaptation (Fox, 1995; Medgtaal, 2007). Recently Martinst al
(Martins et al, 2007, 2009) using allozyme and amplified fragmdahgth
polymorphism (AFLP) analyses showed that diffeemnia resistance to copper of up to
20 clones or 360 females Df longispina obtained from the same populations studied
here, were unrelated with genetic differentiatidncording to Cousymrt al. (Cousynet
al., 2001) the previous results indicate that direwlselection for tolerance rather than
changes in genetic drift or gene flow may explai@ observed differences in tolerance.
Development of tolerance to metals through geredigptation has been documented
for a diversity of animalaxa In terrestrial organisms genetic adaptation leesldound
in isopods (Donkeet al, 1993) and springtails (Posthuretal, 1993). For aquatic
organisms, evidence of a genetic basis for tolerdncmetals have been reported in
chironomids (Groenendijet al, 2002; Postmat al, 1995), oligochaetes (Vidal and
Horne, 2003) and daphnids (Lopetsal, 2004, 2005; Ward and Robinson, 2005). In
contrast to many other environmental factors, medaltamination represents a strong
and stable directional selection pressure for metpbsed populations making the
metal adaptation often a very quick process expdcide determined, to a large extent,
by single major genes in contrast to adaptationatiniral stressors (Posthuma and Van
Straalen, 1993; Posthureaal, 1993).

Another purpose of this work was to assess miaiokonary detrimental
effects of adaptation such as decreased levelséty variability in fithess related

traits and ecological costs of tolerance (Medgtaal, 2007). Heritability results
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evidenced similar high levels of genetic variationtolerance to Cu and Zn in both
populations (H>50%) These findings imply that bdtie reference and impacted
populations may still show response to selectioronupmetal-pollution. When
considering physiological traits related with fise such as feeding rates, both
populations showed also substantial levels of genedriation in plasticity across
increasing Cu and Zn exposure levels, high hefitahevels and a significant increase
of genetic variation under Cu and Zn exposure. &mesults agree with previous work
performed withD. magnafield populations exposed to cadmium and withrésponse
of other organisms to stress, thus supporting téw that in many cases stress increase
rather than decrease the expression of genetiabibty (Hoffmann and Parsons, 1997,
Barataet al, 2002). Nevertheless, according to Hoffmann andgd?s (Hoffmann and
Parsons, 1997) there is a narrow range betweessserposure levels that affect
heritable variation and those that cause extinctiRasults for Zn corroborate the
previous argument since while 1 mg/l of Zn was dblenhance the genetic variability
of feeding responses in the studied populatiojusatl.5 mg/ Zn was lethal. Finally, the
results reported in Figures 3.3 and 3.4 provided lines of evidence for fithess cost:
lower feeding rates of the tolerant population carmed to the reference population and
negative genetic correlations between mean cloeedlihg rates and median clonal
survival time in control conditions (no added CuZm). Interestingly negative genetic
correlations were also observed in the referenpellption between tolerance to copper
and feeding rates, thus indicating the existenageattic trade-offs for adaptation to Cu
and Zn. These findings may prevent fixation of el genes and also explained the
observed high degree of genetic variability in tafee to the studied metals in both
populations (Hoffmann and Parsons, 1997; Posthatnal, 1993). Contrary to us
Lopeset al (Lopeset al, 2004) studying the same populations reported uhder
control conditions both populations grew and repoadl similarly. Nevertheless, it is
important to consider that the previous authorspamed individuals within populations
rather than clonal means, which may underestimbg dontribution of clones
maximizing interindividual variability (Baratet al, 2002). According to Van Straalen
and Hoffman (2000) and Harper al. (1997), there are two hypotheses to explain how a
cost of metal tolerance could be manifested. Onthestrade-off hypothesis, which

postulates that the tolerance mechanism may bensieein terms of energy and other

111



Chapter 3

resources; in this way, increased investment s tihlierance mechanism may initiate a
trade-off between the benefits of the adaptaticsh the costs arising from a decreased
expenditure in other processes, thereby reducidiyidual fitness in a non-adaptive
environment. Another explanation is related witle tmetal deficiency hypothesis,
which associates the tolerance mechanism with @reifficiency of metal uptake or
utilization, which in turn will reduce individuaithess in a clean environment by means
of an essential micronutrient deficiency. The @oraof the correlation values between
lethal tolerance and the feeding rates across nhetels showed that costs can be
associated with altered physiological processesdhable tolerant organisms to cope
with the presence of excess levels of Cu, whichrobmrates the metal essentiality
hypothesis. In the studieD. longispinapopulations, tolerances to Cu and Zn were
inversely related with feeding rates in absenceetials and tend to decrease (being less
negative), specially in the impacted populationthwncreasing levels of metals. Both
copper and zinc are vital metals for animals’ ndrdevelopment and reproduction (Da
Silva and Williams, 1991). Zn is incorporated in tei®thioneins and in other
metabolic compounds and it has the function of iktaiy biological molecules and
structures (Canli, 2005; Da Silva and Williams, 19®uyssen and Janssen, 2002). Cu
is incorporated in at least thirty different enzynéncluding those responsible for
oxygen binding and oxygen transport in crustace@@anli, 2005; Muyssen and
Janssen, 2002). The tested concentrations probabhg lower than the natural
bioavailable concentration range of such elementleir natural habitat, which in turn
may be closer to the tested ones. Another studgesiimg the existence of costs
associated with a micronutrient defficiency is thee of Postma and his co-workers
(Postmaet al., 1995). They showed that the reduced fitness itTmaamh-adapted
Chironomus ripariugpopulations reared in a clean environment wastaaa increased
dependency on high metal concentrations of thenéatemetal zinc. They provided
evidence that costs of tolerance resulted fronract®ns between zinc and cadmium
metabolism. In summary the results reported hedetbose from other studies (Lopes
et al, 2004, 2005; Nelsonet al, 2007, 2009) evidenced the following
microevolutionary effects of long term metallic jubion in D. longispinapopulations:
Adaptation to Cu and probably to other environmiefatetors associated to acid mine

drainage did not affect genetic differentiationitimer the expression of genetic variation
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in tolerant and fitness related traits but there waidence of enhanced fitness costs of
tolerance in the impacted population. Findings saslihe lack of fixation of tolerant
genotypes in the impacted population and the obkserrigh degree of genetic
variability within and across metal exposure levieisthe studied fitness related trait
(feeding rates) are in concern with previous rasafid life history and evolutionary
theories under stress (Hoffman and Parsons, 19@dirdet al, 2007; Van Straalen
and Timmermans, 2002). Finally the observed chamggenetic environmental trade-
offs across environments suggested pre-adaptatitolevant genotypes to live under
moderate levels of metallic pollution. To end, stimportant to pointed out that our
genetic variability estimates included both hetigabnd non heritable (i.e. maternal
effects) variation and hence do not provide infdroma about the extent to which
observed responses are inherited from parentsf$profg (Lynch and Walsh, 1998).
Nevertheless, during the main growing seaddaphnia species reproduce mainly
parthenogenetically producing genetically identiti$pring. Under this circumstances

selection will mainly act on interclonal variatifioynch, 1983).

3.5. Conclusion

In this study it was possible to show the microatiohary effects of long term
metallic pollution inD. longispinapopulations. One of the study’s outcomes was that
adaptation to copper and possibly to other enviemal factors did not affect genetic
differentiation, neither the expression of gengadation in tolerant and fitness related
traits. Besides that, there was evidence of enlthfitgess costs of tolerance in the
impacted population. These costs were illustratetbiver feeding rates of the tolerant
population compared to the reference one and neggenetic correlations between
mean clonal feeding rates and median clonal survivae in control conditions
Nevertheless, the observed changes in genetic cemeental trade-offs across
environments suggested pre-adaptation of toleranbtypes to live under moderate

levels of metallic pollution.
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Life-history responses to sublethal levels of copper using
Daphnia longispina clones

Abstract

The present work was conducted to assess liferfisgsponses to sublethal copper
contamination in fourDaphnia longispinaclones. Two of the clones came from a
reference site (R clones) and the other two fromsgorically copper-exposed site (|
clones). Feeding, oxygen consumption, growth angrodkictive responses were
compared. Results from feeding and respiration exyats showed that for most
clones feeding rates were significantly inhibitedirecreasing copper concentrations
whereas respiration rates remained relatively @mdieing inhibited only at exposure
copper levels close to lethality. The tolerant eldrom the impacted population instead
increased its feeding rates and oxygen consumptaies at the highest copper
concentrations tested. Regarding reproduction, ttlerant clone from impacted

population increased or maintained its fithess qguarhnce with increasing copper
concentrations at expenses of maturing earliereasing its daily reproduction rates
and being smaller (having lower somatic growth)e Tdther clones, irrespectively of
their overall sensitivity to copper and origin, sleml a similar response: copper
decreased their fitness delaying maturation andedsimg reproduction and somatic
growth. Overall, data showed that tolerance matatebyD. longispinaclones at lethal

copper levels was also evident at sublethal conaons, with the tolerant clone from
impacted population showing higher tolerance to peopfor all the parameters

compared to the rest of clones.
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4.1. Introduction

Research into biological stress responses andaaapto stress has becoming an
even more important and progressing field owing th® growing impact of
anthropogenic activities on natural environmentfigBa and Loeschcke, 2005; Forbes
and Depledge, 1996; Hoffmann and Parsons 1991t,3@85). Stressful environmental
conditions are those that lead to a sharp redudtiofitness of individuals which
potentially limit survival or reproduction signifiatly (Bijlsma and Loeschcke, 2005;
Evendsen and Depledge, 1997; Hoffmann and Herd@0))2 Organisms when faced
with a change in environmental conditions may nigrdbecome extinct or adapt
(Bijlsma and Loeschcke, 2005; Hoffmann and Her20€0). Adaptation is the process
of change in an organism to conform better to e environmental conditions. This
implies that the organism (or group of organismsjuires characteristics (involving
changes in morphology, physiology or behavior) timaprove their survival and
reproductive success in the particular environm@iisma and Loeschcke, 2005).
Changes can occur phenotypically (phenotypic adiapla— changes of phenotype
within a certain genotype according to prevailingvieonmental conditions or
genetically (genotypic adaptation), being, in ttése, the result of heritable changes in
genes due to the selection pressure exerted nthieonment (Bijlsma and Loeschcke,
2005; Evendsen and Depledge, 1997; Hoffmann ansbRarl991). The persistence of
a population in a stressful environment is assediatith natural selection acting at the
individual level, with stress being a selectivecmmresponsible for the evolutionary
changes occurring in that population. Nevertheldss ability of natural populations to
evolve is dependent on the existence of sufficggmtetic variation in order to adaptive
changes to occur (Ashleet al, 2003; Hoffmann and Parsons 1991). Metal
contamination is an example of a stress arising fnoman activities and often reduces
the fitness of organisms to such an extent thatispaliversity is strongly reduced and
the species which do survive have an increasedataie to the metals involved
(Donker et al, 1993; Hoffmann and Parsons 1991; Postetaal, 1995). The

adaptations allowing the survival of organisms tenatal or other toxicant can be

120



Chapter 4

classified as either mechanisms of decreased regpunthe metal (mechanisms of
target insensitivity to the toxicant) and mecharssvhdecreased exposure to the metal
namely mechanisms of avoidance, reduced uptakegased detoxification, increased
elimination and increased sequestration (Belfior@ Anderson, 1998; Klerks and Weis
1987; Posthuma and Van Straalen, 1993; Taylor akréisen, 1996). One of the
general features of metal stressed systems intnease in energy expenditure, since
energy balance can shift from maintenance and ptmduto repair and recovery
(Hoffmann and Parsons 1991; Parsons, 2005). Althaugtal stress may decrease
energetic efficiency (fitness), organisms tend &zdme increasingly adapted to the
resource status of their habitats by an increagiagérgetic efficiency (Parsons, 2005).
The evolutionary response — tolerance — is thetdaause of the improvements, and the
fitness is indirectly affected (Posthuma and Vama&@en, 1993). There are three
possible reasons for altered performance of fitrassracteristics and only one has
positive implications for populations, which is thselection for life-history
characteristics associated with an improved perdoice. In this way, reduced adult
survival and increased reproductive allocationxipeeted to induce earlier maturation
and increased reproduction. For metal-exposed ptipuok, life-history theory thus
predicts that the evolutionary response to chraxipgosure to metals will consist of
earlier maturation and an increased reproductiviertef The other two possible
outcomes for altered performance of fithess incluegative pleiotropic effects of genes
and genetic linkage disequilibrium, which usualyalve fitness cost of tolerance in
uncontaminated environments (Posthuma and Van I&a4993; Van Straalen and
Hoffmann, 2000; Van Straalen and Timmermans, 2002).

Copper is an essential metal to living organisimgart through its fundamental
role in electron transport, respiration, growth alevelopment (Atienzaet al, 2001;
Grosellet al, 2002; Longet al, 2004). Although its essentiality, copper it'soaicant
in aquatic systems when present in elevated coratents in the water so the emission
of this metal into the environment is currently endegulation (Grose#t al.,, 2002). In
aquatic systems copper bioavailability and spemiaire dependent on the type and
concentration of organic and inorganic ligands @nésthe pH, temperature, alkalinity
and hardness, which in turn influence the coppecity to aquatic organisms (Loref
al., 2004; Meador, 1991; Suedel and Rodgers, 1996jlitiddally, the sensitivity of
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each species, the age structure of its populat®nwall as its genetic variation
contributes to the specific influences on coppedicity to aquatic organisms. Some
works have shown the occurrence of adaptation pp@econtaminated environments
through the acquisition of a genetically-determinteterance (Barataet al, 2000;
Klerks and Weis 1987; Lopet al, 2004).

The specific objectives of this study are: to sethe most sensitive and the most
tolerant clones from twB. longispinapopulations proved to differ in lethal toleranoe t
the metal copper; and to determine if toleranceifested by those clones at lethal
copper levels was also evident at sublethal copeeels. The above mentioned
objectives were addressed by studying the sublétihedance to copper in two clonal
lineages from each population, chosen by their higt low tolerance to lethal levels of
copper. The comparison of feeding, oxygen conswnptreproduction and growth
allowed the assessment of sublethal tolerance pperoand the possible existence of
differences in the sublethal tolerance assessed.

4.2, Material and Methods

4.2.1. Study populations and culture conditions

Twenty clonal lineages dd. longispinawere selected for this study. These new
lineages were isolated again from two field popafe of D. longispinainhabiting a
reference site (site R: pH 7.4, conductivity 31® cm®, dissolved oxygen 9.5 mg)l
and an acid mine drainage historically impacteel @ite I: pH 6.3, conductivity 5505
cm?, dissolved oxygen 8.50 mg')l located at the aquatic system surrounding S.
Domingos mine in the southeast of Portugal, AlentEpr a detailed description of the
study site and sampling methodology see Chaptdih2.field campaign occurred in
March 2005. The twenty lineages were maintainedlaiporatory cultures under
controlled conditions of temperature (20£1 °C) ghdbtoperiod (16 light: 8 dark) for
more than 15 generations prior to bioassays. adtwere maintained in 1 liter glass
vials with 800 ml of ASTM hard water (ASTM, 2002)reched with a standard organic
extract Marinure 25 (Glenside, Stirling, UK) (Baiet al, 1989). Daphnids (30
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organisms per culture vial) were fed every othey déth the green alga€hlorella
vulgaris Beijerinck (3x106 cells mi*) and its culture medium was changed three times a
week. The born neonates in cultures were removédinv24 h of release. Neonates

from the fifth or sixth broods were used to repléeeold cultures.

4.2.2. Test chemical

A stock solution of copper was prepared by addinglytical reagent-grade salt
of copper chloride dihydrate (Cuc2H0) (supplied by Sigma-Aldrich, Germany) to
deionized water (Milli-Q, Bedford, MA, USA). Theastk solution was stored at 4 °C
protected from light during the experiments. Norhinast concentrations were
subsequently prepared by adding aliquots of eactalnséock solution to the ASTM
medium. Duplicate water samples were taken fromeatests and from reproduction
tests for copper analysis by inductively coupleaspta-mass spectrometry (ICP-MS). A
total of 44 exposures were analysed.

4.2.3. Preliminary assessment of acute toxicity

Acute toxicity was estimated to gauge the sensytiof D. longispinaclones to
the metal copper. Based on the 48-hyd@@alues, twd. longispinaclones with extreme
genotypes (on the basis of their relatively highosv acute tolerance to copper) will be
selected within each population to be used in #aselihg, respiration and reproduction
experiments. Selected clones from the referenceulptbpn will be designated
hereinafter as R-sen and R-tol, the sensitive bhaddlerant one respectively; the clones
from the population I (from the site impacted witletals) will be designated hereinafter
as I-sen and I-tol, the sensitive and the toleraspectively. Acute toxicity bioassays
were performed with neonates from tMo longispinapopulations under controlled
conditions of temperature (20+1°C) and photope(itgl light: 8 dark). Third to fifth
brood neonates (<24 h old) were used in the 48 k@afic immobilization tests, which
were performed in accordance with the OECD 202 gjund (OECD, 2004). Six
chemical concentrations plus a negative control TfdSonly) were used for the

experimental setup. The complete concentratioreseior copper treatments was 0,
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12.5, 25, 50, 100, 200 and 400 I™. A total of twenty-five individuals with less than
24 hour old were exposed per treatment and assenes performed by introducing five
individuals in 150 ml glass vials containing 100 ofiltest solution, in a total of five
replicates per treatment. The measured toxicolbgarapoint was mortality as
identified by immobility and was checked at 24 a&l hour of exposure. Duplicate
water samples (100 ml) were also included to meapitt, oxygen levels and metal
concentrations at the beginning and at the endhef tests. Dissolved oxygen
concentration was measured with a WTW 330 oxygenem@NTW, Weilheim,
Germany) and the pH with a WTW 330i pH meter (WTWilheim, Germany).

4.2.4. Chronic toxicity experiments
4.2.4.1. Feeding tests

The assays were performed by exposing a total ehtyvfive four-day old
juveniles (in five replicates with 5 neonates eguér) concentration (for each metal and
clone) and eight copper concentrations were usddthd start of the experiment,
juveniles were distributed randomly among the fieglicates consisting in 150 ml glass
vials containing 100 ml of metal solution plGélorella vulgarisat 3x16 cells mi*d™.
Three blanks (vials with algae but without orgarssmvere also included per treatment
to assure that algal concentration did not chargy@thg the assay. Juveniles were
transferred immediately after their third moultaeoid moulting during the experiment
and were allowed to feed for a period of 24 hodyssays were carried out in the
darkness (to minimize algal growth) at controllenhditions of temperature (20+£1°C).
Duplicate water samples were also included to nregsid and oxygen concentration at
the beginning and at the end of the tests as destbove. At the end of the test
individuals were removed and algae concentrations wdetermined by
spectrophotometry (in a Jenway 6505 UV/Vis. spgttabometer). Individual feeding
rates (cells animdl h') were determined as the change in cell densitingu?4 h
according to the method given by Allet al. (1995) and converted to proportional

feeding rates relative to control treatments follmyvBarataet al (2000). Cell density
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was estimated from absorbance measuremernits 440 nm using standard calibration
curves based on at least 20 data points, wittf arD.98.

4.2.4.2. Respirometry tests

Five concentrations of copper (5, 10, 20, 40 andi®0") plus a control were
tested. The oxygen consumption experiments werdonpeed using standard
respirometry methods with 50-ml gastight syringearfiilton, USA). Three syringes
were used per treatment and were filled with 3@hthe appropriate test solutions and
with five four day-old juveniles ob. longispina the remaining air was expelled from
each syringe, which were left in the dark in a watath (20 °C) for 24 hrs. After the
first 2 hours of exposure, initial Lroncentrations were measured with Oxygen meter
(Model 782, with an oxygen electrode model 1302at8kelvin Instruments, Glasgow)
and after 24 hrs from the start of the test, thalfO, concentrations were measured in
the same way. The oxygen consumption was giverhbydifferences in the oxygen
content of water before ¥ 2h) and after (#a= 24h) the exposure period and the
respiration rate is expressed as and pgnD' consumed per organism per hour. In a
separated experiment three blank controls (syring#sno organisms) were tested for
every treatment to correct for the, @mbient depletions due to factors other than
organism’s respiration. The depletion in the oxygentent on these blank controls was
used as a correction factor for the appropriatatmments. For the respiratory
experiments daphnids (<12 hour-old) were isolated maintained in ASTM, witlC.

vulgarisand organic extract until they reached the foysda
4.2.4.3. Reproduction tests

Twenty replicates of one juvenile (<24 h) were @sexl to at least seven copper
concentrations, ranging from no copper additiom{as) to 240ug I'*. Each test vessel
contained 50 ml of test medium. Test solutions wereewed every other day afd
vulgariswas supplied every day in a concentration of 3xglls mI*. Age and clutch

size at first reproduction, reproduction ratesl{daffspring production per female) and
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the intrinsic rate of increase, quation 1) were recorded. The intrinsic ratenofease
was computed iteratively from the Lotka equation

>e "y mx =1 (equation 1)

x=0
wherely is the proportion of the females surviving to agelays) andnxis the number
of female juveniles produced per surviving fematéaeen the agesandx+1. The age
at birth was set to 0. The 95% confidence intervadse estimated by the Jackknife
method according to Meyest al. (1986). Size of experimental organisms was also
measured in the start (30 randomly selected neghatel at the end of the experimental
period (21 days) to assess effects on somatic rdBady length measurements were
performed using a stereomicroscope (MS5, Leica ddigstems, Houston, USA) fitted
with a calibrated eye-piece micrometer. Duplicatdenrw samples were also included to
measure pH, oxygen levels and metal concentratibtise beginning and at the end of
the tests.

4.2.5. Data analysis

The number of immobilized organisms from each edast was plotted against
the copper concentrations, and a 48-h,d@ith a 95% confidence interval (Cl) was
calculated by the standard probit procedure (Find8y1). Survival responses during
the 21-day exposures were compared by the GehareXdih x° test (Zar, 1996).
Somatic growth rate was calculated according tonByBurns, 1995) as (In BLIn
BLo)/At, where Blg and BL are body length of organisms at day 0 and day 21
respectively, and timeé\t = 21 day. Quantile plots and Shapiro-Wilk testd dot
denoted significantp<0.05) deviations from normality of measured dataio way
ANOVA using clone and Cu as fixed factors followey post hoc Tukey’s multiple
comparison tests testing for differences betwedierdnt clones and different copper
treatments relatively to control were performed. $ome variables variance
heteroscedasticity was corrected by square orréotstormation (Zar, 1996). Overall, a
difference in sublethal endpoints was reportedatsstically significant ap < 0.05.
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4.3. Results

4.3.1. Chemical analysis

Results showed that measured concentrations viarigeneral less than 5% from

the nominal concentrations. So, all calculationsenssed on nominal concentrations.
4.3.2. Acute toxicity

In the acute immobilization tests performed all @it dissolved oxygen values
were within the protocol requirements. The caladat G, values for the 48-h
exposure are showed in Table 4.1. Eight in theclenes tested from population R
showed Cu-L& values below 3@g I* whereas all clones from | population exhibited
Cu-LCsp values above 3fg I'Y. The highest L&, found in | population (358.4g ™)
was almost 4 times higher than the highestilalue found for the R population.
Clonal differences for acute responses in populatiovere high compared to those
reported for population R. For example, the 48-k& extreme genotypes were 38 to
358.4ug I'* for population | whereas the highest clonal défezes observed in the LCs
obtained for population R were 18 to 9d.I"*. Clones were categorized according to
the observed degree of lethal tolerance to copigemg the copper concentrations
tested, a category system with six categories nweeted: 48h-LGs between 0 to 12.49
ug I'* — “extremely sensitive™; 12.5 to 24;@ I'* — “very sensitive”; 25 to 49.9g I —
“sensitive”; 50 to 99.9ig I — “tolerant”; 100 to 199.9ig I'* — “very tolerant”; 200 to
400 pg I* — “extremely tolerant”. Two I-clones were charaized as extremely
tolerant, five as tolerant and three as sensikix® R-clones were characterized as very
sensitive, four as sensitive and one as tolerartoling to the obtained copper 4,
clones I3 (LGo = 38.0pug I™) and 110 (with LGy =358.4ug I') were selected as I-sen
and I-tol, the sensitive and the tolerant clonesnfipopulation |, respectively. Clones
R5 (LGso = 18.0pg ) and R10 (with LG =95.1ug I) were selected as R-sen and R-
tol, the sensitive and the tolerant clones fromupaion R, respectively.
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Table 4.1. Concentrations of copper (ug I'") impairing survival 50% on R and | D. longispina clones
(LCsos). LCsos are represented with the 95 % confidence interval (Cl) values inside brackets. (? = Values
could not be computed).

| clones Cu LCsp, 48n (ug I'") R clones Cu LCso, 48n (ug ")
11 318.6 (281.0-358.4) R1 23.2(14.9-25.1)
12 59.0 (50.3-70.5) R2 25.2 (15.7-42.9)
13 38.0 (33.2-43.4) R3 21.9 (19.2-24.6)
14 58.4 (50.8—-68.4) R4 23.7 (?-?)
15 80.7 (70.0-93.0) R5 18.0 (15.8-20.5)
16 75.1 (62.4-93.6) R6 40.4 (23.6-74.5)
17 38.3 (32.7-45.6) R7 26.1 (17.5-37.7)
18 48.5 (7-7) R8 25.8 (18.0-38.7)
19 58.1 (50.6-70.9) R9 20.04 (13.9-22.6)
110 358.4 (318.1-403.9) R10 95.1 (64.3-151.6)

4.3.3. Feeding tests

In the feeding experiments, observed mortality agays below 10% with the
exception of the feeding experiment treatment ofi@0" in which mortality was higher
than 50% for both R clones (R-sen and R-tol). Higbrtality at 80ug I prevented
feeding determination at this concentration. TworwaNOVA denoted significant
(p<0.05) clonal differences within (clone) and acr@ss (interaction) exposure levels
(Table 4.2). For the “I-tol” clone, post hoc muldpcomparison tests showed no
differences in feeding rates at higher exposurel¢euf copper whereas for the rest of
the clones significantly differences occurred, withcommon trend of significantly
lower feeding rates at higher exposure levels (feigul). Comparing feeding rates in
“I-clones”, “I-tol” clone showed always significdpthigher feeding rates than “I-sen”
clone, except for control conditiong & 0.05). The comparison of feeding rates
between R clones showed no significant differerioesall the Cu concentrations tested,
except the one of g I'*, where the sensitive clone (R-sen) showed sigmifig higher
feeding rate compared to the tolerant one (R-Tdie comparison of all clones showed
a particular pattern for “I-tol”. For instance,antrol conditions “I-tol” clone showed a
significantly lower feeding rate compared to thetref clones, whereas the opposite

occurred at 4Q,g I'* of Cu.
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Figure 4.1. Effects of copper and clone on feeding rates (mean + SE) of D. longispina clones from |
population (A) and from R population (B). Statistically differences between clones (within each Cu
concentration) are assigned in the graphs, using different letters (a, b, c, d). Asterisks denote Cu

treatments statistically different relatively to the control (within each clone) (Post-hoc tests: p < 0.05).

Table 4.2. Analysis of variance results testing for effects of clone and copper and their interaction in
Daphnia longispina feeding responses (ns — no significant; * - significant at p <0.05; ** - significant at p
<0.001).

Source df F p Significance
Feeding

Cu 7, 280 52  0.000 **
Clone 3,280 121 0.000 **
Interaction 13, 280 3.5 0.000 **
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4.3.4. Respirometry tests

In the respirometry experiments, observed moytats always below 10%
except for sensitive | and R clones, which was $48ccordingly, two way ANOVA
tests were restricted to 0-4@ I* of copper. Exposure to increasing concentratidns o
copper caused different response patterns in tefrogygen consumption (Figure 4.2,
Table 4.3)D. longispina“l-tol” clone showed an increase in oxygen constiampwhen
exposed to sublethal concentrations of copperohtrast, the other three studied clones
showed decreased oxygen consumption rates at #mege€u concentrations (Figure
4.2, Table 4.3).
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Figure 4.2. Effects of copper and clone on respiration rates (mean + SE) of D. longispina clones from |
population (A) and from R population (B). Statistically differences between clones (within each Cu
concentration) are assigned in the graphs, using different letters (a, b, ¢, d). Asterisks denote Cu

treatments statistically different relatively to the control (within each clone) (Post-hoc tests: p < 0.05).
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Comparing clones from each population, “I-tol” aboshowed also significantly higher
respiration rates compared to the “I-sen” clonel@t 20 and 4Qug I'* of copper.
Comparing R-clones, significant differences onlgwced at 1Qug I of copper, with

R-tol showing a significantly lower respirationeatompared to the R-sen clone.

Table 4.3. Analysis of variance results testing for effects of clone and copper and their interaction in D.
longispina respiration rate responses (ns: no significant; *: significant at p <0.05; **: significant at p <0.001)

Source df F p Significance
Respiration

Cu 4, 80 0.85 0.498 ns
Clone 3,80 329 0.000 **
Interaction 12, 80 2.7  0.004 ¥

4.3.5. Reproduction tests

In the 21-day reproduction tests survival was ificantly affected at 240 and 80
ug I of copper in clones “I-tol” and “I-sen”, “R-tol’ral “R-sen”, respectivelyp&0.05;
x3(3) > 25.0). Two-way ANOVAS showed effects of Cudasional differences in life-
history and fitness traits among clones within aotbss Cu concentrations (Table 4.4,
Figure 4.3). Copper and clone significantly affelctage and clutch size at first
reproduction, reproduction and growth rates andesponses (Table 4.4). Copper
affected differently the studied clones. Reprodictparameters (somatic growth,
reproductive rater) of “I-tol” clone were only impared at 160 and/240 ug I'* of Cu,
whereas for the “lI-sen” one, maturation was sigaifitlly delayed and somatic growth
was significantly reduced at 80y I* compared to control conditions. Regarding R
population, Cu significantly affected reproductiate andr in the sensitive clone (R-
sen) at the concentration ofu§ I* compared to control, whereas somatic growth was
significantly reduced at 2@Qg I* of Cu. In the “R-tol” clone, instead, Cu only
significantly affected somatic growth and reproituttate at 8Qug I”* of Cu, whereas
was significantly affected at 10g I* of Cu. Regarding clone effects, clones from
population | (“Itol” and “l-sen”) at control contibns (0 pg I'* of Cu) were
characterized by reproducing significantly earliban R ones producing smaller

clutches at first reproduction (significantly sneall for I-sen at p<0.05) and
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consequently having lower reproduction rates. Campatolerant clone versus
sensitive one (inside each population), tolerawinet mature earlier and increase
reproduction at higher copper concentrations, wdgere the sensitive clones Cu
increased maturation ages and decreased reproduBtidlones showed higher somatic
growth rates than | ones in the tested Cu condémmigawith the exception of 8@g I'*

of Cu, where I-tol showed a significantly highemsadic growth rate compared to
clones from reference site (R-tol and R-sen). Theva mentioned life-history traits
resolved in differing fitness responsesdf clones across Cu concentrations. Despite of
showing similarr values in control conditions (non significant diénces at Cu = 0),
they showed different responses to Cu. Femalelseoflttol” clone keep their similar
with increasing Cu concentration, whereas the rem@i clones decreased their

values.

Table 4.4. Analysis of variance results testing for effects of clone and copper and their interaction on the
different parameters analyzed (ns — no significant; * - significant at p <0.05; ** - significant at p <0.001)

Source df F p Significance
Age at first reproduction

Cu 5, 411 17.2 <0.001 **
Clone 3, 411 23.0 <0.001 **
Interaction 15, 411 3.84 <0.001 **
Clutch size at first reproduction

Cu 5, 411 1.82 0.107 ns
Clone 3, 411 9.23 <0.001 **
Interaction 15, 411 2.08 0.010 ¥
Reproduction rate

Cu 5, 411 8.57 <0.001 **
Clone 3, 411 6.25 <0.001 **
Interaction 15,411 9.09 <0.001 **
Intrinsic rate of increase (r)

Cu 5, 440 52.0 <0.001 **
Clone 3, 440 40.8 <0.001 **
Interaction 15,440  9.81 <0.001 **
Somatic Growth rate

Cu 5,379 7.47 0.001 ¥
Clone 3,379 8.00 0.002 *
Interaction 15,379 150 0.000 **
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Figure 4.3. Effects of copper and clone on age and clutch size at first reproduction (mean+SE) and on
reproduction rate (mean+SE) of D. longispina clones from | and from R populations. Statistically
differences between clones (within each Cu concentration) are assigned in the graphs, using different
letters (a, b, c, d). Asterisks denote Cu treatments statistically different relatively to the control (within each
clone) (p < 0.05).
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Figure 4.4. Effects of copper and clone on somatic growth rate (mean + SE) and on intrinsic rate of
increase (mean + SE) of D. longispina clones from | population and from R population. Statistically
differences between clones (within each Cu concentration) are assigned in the graphs, using different
letters (a, b, c, d, e) Asterisks denote Cu treatments statistically different relatively to the control (within
each clone) (p < 0.05).

4.4, Discussion

The first attempt of this study was to select deresiand tolerant clones from
two D. longispinapopulations. Results obtained in the 48-hour atesés illustrated
that | clones (from the field population historigaéxposed to metal contamination)
exhibited a higher tolerance to lethal levels giper relative to R clones. Five in a total

of ten clones tested from population R showed CygsMalues below 2hg I'* whereas
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seven out of ten | clones exhibited Cusk®alues above 5Qg I'*. As for chapter 3,
differences in lethal tolerance were evident inamigms acclimatized for more than 15
generations to laboratory conditions, which denaegenetic basis as differences
persisted after controlling for environmental andatemnal influences through
acclimatization (Barata and Baird 1998; Bossuyt dadssen, 2004; Klerks and Weis,
1987; Lopest al, 2004). Based on the system defined to categolres according to
the observed degree of lethal tolerance to comperemely tolerant clones were only
found in population | and very sensitive cloneseavabsent. These results illustrate the
directional selection imposed by metal exposureuph a shift in population genotype
frequencies (Klerks and Weis, 1987; Spurgeon angkio2000). Thus evolutionary
adaptation is most likely to be responsible for ¢t@nal variaton in response to copper
in the present study. Lopes and coworkers (2008 abserved the eradication Df
longispinasensitive lineages in a population from a metadanted site, but contrary to
the present study they found extremely tolerant\arg tolerant clones in the reference
D. longispinapopulation. Survival of a fraction of a populatidollowed repeated or
extreme exposure to a chemical stress (e.g. metahmination), may lead to the
genetic selection of segments of the populationalskp of stress avoidance, stress
detoxification or repair or compensation for injuwhereas the least fit organisms are
eliminated (Fox, 1995; Hoffman and Parsons 1994ffrhiian and Hercus, 2000;
Spurgeon and Hopkin 2000). In cyclical parthenogeneDaphnia species
microevolution of ecologically relevant traits ixpected to take place quickly
(Declercket al, 2001; Haap and Kohler, 2009; Weber and Declet®Ry) indicating a
strong potential to adapt to environmental polltdgBarateet al, 2002; Hairstoret al.,
1999).

The second purpose of this study was to deternfinelearance manifested by
clones at lethal copper levels was also evidenthatsublethal level and to assess
different life strategies in the clones. This assar was undertaken through the
comparison of feeding and respiration rates, repton and growth and values
between those tolerant and sensitive clones. Resetiorted showed a clear distinct
pattern of responses between the most tolerane (fdrtol”) and the rest of tested
clones and between | and R populations. Resulten ffeeding and respiration

experiments showed that for most clones but I-tw, deeding rates were significantly
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inhibited at increasing copper concentrations wdereespiration rates remained
relatively constant being inhibited only at exp@swopper levels close to lethality.
Clone I-tol instead increased its feeding rates argigjen consumption rates at the
highest copper concentrations tested. Probablydiffiesrent performance of I-tol clone
Is associated to enhancement of metabolic demamssoddetoxification processes (i.e.
metallothionein synthesis or other pathways). ti,faasal oxygen consumption rates in
clone I-tol were greater than in the rest of clofiégss latter finding also agrees with the
physiological cost theory of Sibly and Calow (19&®out the existence of individual
costs associated with altered physiological praxzesghich enable resistant organisms
to cope with the toxic stress. Accordingly to th@sghors detoxification mechanisms
may divert energy from other fitness traits, sushgeowth or reproduction (Sibly and
Calow, 1989). Indeed, the survival of an organisnadas stress conditions crucially
depends on its ability to balance energy demandeaedgy supply (Calow and Forbes,
1998; Sibly and Calow 1989). The minimum requiretnfem short-term survival is
provision of sufficient energy to cover basal manance needs such as maintenance of
cellular homeostasis and systemic functions, inolg@entilation and circulation. On a
long-term basis (especially on the time scale meguifor population survival),
additional energy is needed to cover other cosish sas reproduction, growth or
locomotion (to escape predators, to find food onate). Environmental stressors such
as toxic metals can shift this equilibrium, reswdtin energy deficits due to elevated
maintenance costs (e.g. for detoxification or redithe cellular damage) or direct
interference with energy conservation (e.g. mitoch@l function and/or cytosolic
ATP-producing pathways) (Calow and Forbes 1998lySihd Calow 1989). In either
of the cases, such shifts in the energy balanceleaalyto fithess costs and trade-offs at
the whole-organism and population levels. Otherdisa have theoretically and
experimentally analyzed the association of toleeaanud fithess cost due to an increased
energy demand in detoxification processes. In todysof Lukasik and Laskowski
(2007),a multi-generation exposure of the flour beellakolium confusumto copper
showed that animals bred for ca. 10-13 generaiiloropper-contaminated medium
had higher maintenance costs than their counterpantiginating from the
uncontaminated medium. The result from this stlldgtrates that significant change in

energy budgets may occur even after relatively tskelection in small laboratory
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cultures. In another studgherkasowet al. (2006) showed that both protein synthesis
rate and oxygen consumption required to cover ts¢scof protein synthesis increased

in eastern oysterE£fassostrea virginicaexposed to cadmium.

Regarding reproduction, tolerant clones maturetieeaat expenses of producing
smaller broods and having lower somatic growth sratban sensitive clones.
Interestingly under none or low copper exposurdh lpopulations showed equivalent
fitness ( values). The most significantly finding, howeves, the observed different
responses to Cu of the most tolerant clone reldtvine other ones. In particular, “I-
tol” clone increased or maintained its fithess @erfance with increasing copper
concentrations at expenses of maturing earliereasing its daily reproduction rates
and being smaller (having lower somatic growth)e Tdther clones, irrespectively of
their overall sensitivity to copper and origin, sleal a similar response: copper
decreased their fitness delaying maturation andedsimg reproduction and somatic
growth. These results agree with the observedhidesry performance of artificially
selected lines of the fruit flyDrosophilamelanogastgrexposed to cadmium (Shirley
and Sibly, 1999). These laboratory studies on thi¢ fly have demonstrated that flies
reared on a medium polluted by cadmium evolvedstasce to the metal and showed
higher survival and fecundity when exposed to guuted environment (Shirley and
Sibly, 1999). However, in the work of Shirley anthlI$ resistant lines paid a fitness
cost in unpolluted environments, with reduced felitynand weight relative to non-
resistant flies, which would likely translate taapid loss of the resistant genotype in
unpolluted environments. A similar resistance-esafitness costs have been observed
in annelid worms, with cadmium-resistant genotyplesm polluted sediments
displaying very slow somatic growth relative to wisr from cleaner sites (Levintaat
al., 2003). Whether or not tolerance to copper wastlgan fithess terms was not
evident in the present study. Clonal intrinsic ratgopulation growth rate responses,
considered to be a good estimate of fitness inlaberatory, did not differ in non
exposed treatments. Although in control treatmemastality did not occur, in real field
situations under fish or invertebrate predatiofiedénces in size at first and subsequent
clutches may have strong effects on survival. k@anele, under fish predation clones
reproducing earlier at smaller size should be festpwhereas the opposite trend will be
selected under invertebrate predation (Baeatal, 2002; Declerck and Weber, 2003;
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Taylor and Gabriel, 1992). In fact, according te thodel of Taylor and Gabriel (2002),
the optimalDaphnialife strategy (with maximal fitness) in the preserof a predator
invoking mortality of larger/older individuals isaracterized by a small adult body size
and a high allocation of energy to reproductionngosely, in the presence of a
predator selecting for small/lyoung prey, the mogetdict the highest fithess if
allocation to growth is high, resulting in a largdult body size. In this study clones
from population | and R will show greater fithesglar fish and invertebrate predation
under no copper, respectively. Unfortunately themh@ant predatory pressure under the
studied system is unknown, although fish (mainlgrayids) and probably invertebrates
are present in both locations (Godirdtaal, 1998; Ribeircet al, 2007).

Regarding behavioral and physiological traits, regsbresults evidenced a close
link between feeding and oxygen consumption rateklée-history responses. Clones
showing impaired or increasing feeding under cogp@osure also showed their fitness
impaired or increased. Results of respiration ratesless conclusive since for most
clones but the tolerant one, respiration rates weare constant being inhibited only at

exposure Cu levels close to lethality.

4.5. Conclusion

In this study it was possible to show that the talagn to the stressful
environment involved the acquisition of toleranc¢ only to lethal levels of copper but
also to sublethal levels. In fact, historical exyresto metal contamination conferred a
higher genetically determined tolerance to sublekinels of copper in the tolerant
clone. Reported results evidenced that the referligate increased its feeding rate in the
presence of copper and matured earlier at expesfspeoducing smaller broods and
having lower somatic growth rates. Changes inHistery traits in the tolerant clone
were not accompanied by the existence of fithesstscassociated under optimal
conditions (absence of copper). The present stunlyiged further evidence confirming
the importance of genotype by environment inteoadtiin the clonaD. longispina
response to sublethal levels of copper.
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Chapter 5

Influence of multigeneration acclimation to sublethal
concentrations of copper on tolerance in Daphnia longispina

Abstract

The present study was conducted to assess thesedfez multigenerational acclimation
to copper in aDapnhia longispinaclone. In the previous chapter it was reported tha
thoseD. longispinaclones historically exposed to copper that shoavadyher tolerance
matured earlier, had greater reproductive rates hamte higher fithess performance
when exposed to copper. The aim here was to testydiological adaptation to copper
across several generations may lead to the santemet To test this hypothesis a
single cone ofDaphnia longispinaoriginated from the reference population was
chronically exposed to copper over three conseeugenerations and its life-history
performance evaluated. Results illustrate that iphygical adaptation to copper across
several generations only increased marginally aimiéeance to copper. Besides that, a
high variation in life-history traits was observedt only between copper treatments,
but also among generations. For instance, genardad a significantly influence on
the observed pattern of age at first reproductimhiateract with copper in the observed
variation of time and clutch size at first reprotloic. These findings document the
limited significance of single generation survegsstandard ecotoxicological studies.
Besides that, as survival remained constant in stusly and the reproductive rates
increased, it can be hypothesized that adaptatocopper in the teste®aphnia
longispinaclone involve a trade-off between maturing earberexpenses of growth,

although this parameters has not been tested.
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5.1. Introduction

Exposure of organisms to sublethal concentratadmaetals in the environment
can lead to changes at all levels of biologicalaaigation, from biochemistry and
physiology of individual organisms to whole comnties’ structure and function
(McGeeret al, 2000; Posthuma and Van Straalen, 1993; Weal., 2001). Numerous
studies have documented negative effects of matalsother environmental pollutants
on life-history traits of ecotoxicological modelespes in the laboratory (Walket al.,
2001). Although laboratory bioassays provide a péweool for toxicity assessment,
they mostly consider proximate single-generatiofeat$ on life-history responses
towards chemical exposure (Vogt al, 2007). In contrast, natural populations are
chronically exposed to metals across multiple gati@mrs since metals persistent
pollutants (Paumest al, 2008). There are numerous factors that camenfie long-
term response to metal exposure in the field. Rajuls may adapt to metal-polluted
environments but at expenses of physiological aadetic costs that may lead to
extinction (Bickhamet al, 2000; Gilliset al, 2002; Shirley and Sibly, 1999; Van
Straalen and Timmermans, 2002; Vegal, 2007). Multigenerational studies, thus, can
provide valuable insight into the long-term respootorganisms to chemically induced
stressors (Janssext al 2000; Lagisz and Laskowski, 20082aumenet al, 2008;Van
Brummelenet al, 1996. In fact, multigeneration experiments allow tolexing long-
term effects such as the detrimental effects ofyka reproduction, of maternal
pollutants transmitted to the offspring or increasievels of DNA damage (Janssein
al. 2000; Lagisz and Laskowski, 2008; Paunetral, 2008; Van Brummeleet al,
1996). For these reasons, it is essential to irgast multigeneration metal exposures
responses. Tolerance of organisms to metals camdakated by either physiological
mechanisms of decreased response (target inséysitithe toxicant) or mechanisms

of decreased exposure (avoidance, reduced uptakeased detoxification, increased

148



Chapter 5

elimination and increased sequestration) (Belfiarel Anderson, 1998; Klerks and
Weis 1987; Posthuma and Van Straalen, 1993; Tamor Feyereisen, 1996). Metal
tolerance is well documented in many plant and ahiaxaand is thought to be among
the best observed examples of organismal evolatioratural and anthropogenic stress
(Posthuma and Van Straalen, 1993). In animal sperietal tolerance has been studied
mostly in aquatic and terrestrial invertebrates (ke et al, 1993;Groenendijket al,
2002; Leblanc, 1982; Lopest al, 2004). Multigeneration metal exposure can mimic
field situations thus providing more systematicuitssthan single generational studies
(Muyssen and Janssen, 2004The choice of test animals is an important fadm
successfully perform multigenerational studi®aphnia is small in size and has a
relatively short life cycle. The time required f4-h old daphnids to have their first
offspring is approximately 9 to 12 d. Hence, itais ideal candidate for those kind of
tests. There are several studies evaluating thiity»f metal compounds across
several generations @aphnia magnaincluding copper (Bossuyt and Janssen, 2003,
2004, 2005, cadmium (Bodaet al, 1990; Guan and Wang, 2008uyssen and Janssen,
2004; Ward and Robinson, 200%inc (Muyssen and Janssen, 2D0#ickel (MUnzinger,
1990; Paneet al, 2004), chromium (Munzinger and Monicelli, 199&)d mercury
(Tsui and Wang, 2005). A recent review from Tsuil &dang (Tsui and Wang, 2007)
addressing the development of tolerance to toxitalmen D. magnaemphasized that
multigeneration exposure of metals in other spe@ésaphnia should also be
evaluated. In fact, the use bf magnahas been criticized by some authors who argue
that this cladoceran has a limited geographicageaand low sensitivity to toxic
chemicals when compared to other cladoceran spedig®over, it was proved in the
work of Koivisto and coworkers (Koivistet al, 1992) that sensitivity to copper of
small cladoceran species was higher than th@t ehagna In another study, Shaw and
colleagues showed thBt magnaexhibited higher tolerance to both cadmium and zinc
toxicity than otherDaphnia species (Shawt al, 2006). Regarding the metal copper,
Bossuyt and Janssen (2004) reported over 12 fifiekeinces in tolerance across twenty
cladoceran species.

In the previous chapter it was reported that thbsdongispinaclones historically
exposed to copper that showed a higher tolerancwureth earlier, had greater

reproductive rates and hence higher fithess pednom when exposed to copper. The
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aim of the present study is to test if physiologi@daptation to copper across several
generations may lead to the same outcome. To hesthypothesis a single clone of
Daphnia longispinaoriginated from the reference population was ciually exposed

to copper over three consecutive generations andethistory performance evaluated.

5.2. Material and Methods

5.2.1. Culturing of D. longispina

The Daphnia longispinaR-sen clone was maintained in laboratory under
controlled conditions of temperature (20+1 °C) ghdtoperiod (16 light: 8 dark) for
more than 15 generations prior to bioassays. Thareuvas maintained in 1 liter glass
vials with 800 ml of ASTM hard water (ASTM, 2002)reched with a standard organic
extract Marinure 25 (Glenside, Stirling, UK) (Baiet al, 1989). Daphnids (30
organisms per culture vial) were fed every othey déth the green alga€hlorella
vulgaris Beijerinck (3x10 cells mi*) and its culture medium was changed three times a
week. Newborn neonates in cultures were removeldirw24 h of release. Neonates

from the fifth or sixth broods were used to repl#wold cultures.
5.2.2. Test chemical

A stock solution of copper was prepared by addinglytical reagent-grade salt
of copper chloride dihydrate (Cuc2H,0) (supplied by Sigma-Aldrich, Germany) to
deionized water (Milli-Q, Bedford, MA, USA). Stocgolution was stored at 4 °C
protected from light during the experiments. Norhitast concentrations were
subsequently prepared by adding aliquots of eactalnséock solution to the ASTM
medium. Copper test solutions were analyzed by dtinely coupled plasma-mass
spectrometry (ICP-MS).

5.2.3. Experimental design
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In the parental generationgjFeproduction test, 20 neonates (< 24 h old) per
copper concentration were individually transferfien the bulk culture to 60-ml glass
beakers containing 50 ml of the test medium. Fmgper concentrations (5, 10, 20, 40
and 80pug 1) plus a control treatment (ASTM only) were test@@. start another
experimental generation { 20 neonates (< 24 h old) from the third broodtluoe
parental generation {f-were collected from each exposure copper conaonr and
individually transferred to 60-mL beakers contagn0 ml of the same medium, plus
the control. Subsequently, these newborn daphrigs Were exposed to the same
copper concentrations as generation Fwo more experimental generations were
conducted with third brood newborns generatigiiFz experimental generation) angd F
(Fs experimental generation). Test solutions were rexkewvery other day an@.
vulgaris was supplied every day in a concentration of 30®xklls mi*. Tests were
checked daily for eventual mortality. Age and dugize at first reproduction and the
reproductive rate responses (offspring/female/dare recorded and used to determine

the per capita rate of population increagauéing the Euler- Lotka equation:

Zoe—l’)(l mezl

wherer stands for the per capita rate of population asee(day), x for the age class
(days), | for the probability of surviving to age x (0...npdanx for the fecundity at
agex. Uncertainties were estimated according to th&kiafe technique (Meyeet al
1986).

The experimental design is provided in Figure 5d assess tolerance to copper across
generations, acute experiments were conductednedimates from the fourth brood of
the first generation and third generation. Forgheihour (48-h) static immobilization
tests were performed in accordance with the OECD difideline (OECD, 2004). Six
copper concentrations (12.5, 25, 50, 100, 200 &ug ') plus an ASTM negative
control were used. Acute tests were performed adgplicated using 5 newborn <24
h neonates exposed to 100 ml of medium. The me&gorecological endpoint was

mortality as identified by immobility and was checdkat 24 and 48 hour of exposure.
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Dissolved oxygen and pH were monitored along thateaand chronic tests for
validation purposes (OECD 1998, 2004).

< 24h EXpOSUre
Draphnid neonates el Parental (21-days) 5 Fesults
original culture generation (Fgl i Eq
EXPOSUTE
Third offapring (21-days) | Results
generation (&) E,
EXPOSULE
Fourth offapring Third offspring | (21-days) A Eesults
acute test generation (Fa) Ea
EXPOSULE
Third offspring (21-days) 5 Eesults
generation (F3) F;

Fourth offspring
acute test

Figure 5.1. Experimental design of the multigenerational toxicity test.

5.2.4. Data analysis

Probit analysis (Finney, 1971) allowed the caldatatof the 48-hr LG
immobilisation values with the respective 95% cdefice limits, for both fand K
generation daphnids. For eaClaphnia population, a two-way analysis of variance
(two-way ANOVA) was used to assess the significamicthe effects of generation and
copper concentration, as well as their interactameach of the life-history endpoints
and on the population growth estimate (Zar, 199®pper and generation were set as

fixed and random factors. Prior to analyses datee Wwetransformed to meet ANOVA

152



Chapter 5

assumptions of normality and homocedasticity. Oag-wNOVAs, followed by post-
hoc multi-comparisons test, were carried out taeaehdifferences in copper treatments
relatively to the control within each generatiordda assess differences in generations
within each copper treatment (Zar 1996). A sigaifice level ¢) of 0.05 was used in all
the performed ANOVAs (Zar 1996). All analyses wpegformed using SPSS statistical
package (SYSTAT).

5.3. Results

Either the acute or the chronic tests fulfille@ tralidity criteria recommended in
the standardised protocols (OECD 1998, 2004). Dissooxygen and pH did not
change significantly during the assays or with itherease of copper concentrations
(min-max: 7.45-8.37 pH; 7.3-8.1 mg 0,).

Effects of copper on survival during the 21-dapa@sures for parental {fFand
the three subsequent generation®ofongispina(F;, F, and k) are showed in Figure
5.2. Survival was always equal or higher than 8@%llacopper exposures in all the
generations tested, being the 2§ I'* Cu exposure of the,Fgeneration the only
exception, with a 70% survival at the end of thedags.

Effects of copper and generation on age and clsizlé at first reproduction,
reproduction rates andare showed in Figure 5.3. Two-way ANOVAs showedagls
significant copper effects with either significaggneration or interaction effects on all
life history traits studied (Table 5.1). Age atsfirreproduction was the trait most
affected by exposure to consecutive generations @& organisms maturing earlier.
For instance, 1-way ANOVA showed significant difaces between generations, with
generation F3 showing a significantly lower agdirat reproduction comparing to FO,
F1 and F2 for the highest copper exposurep@0?) (Pos-hoc testg < 0.05). Clutch
size and reproduction rates, however, showed a cmrglex pattern without a clear
trend. According to two-way ANOVA results, geneoatididn't have a significant
effect in the clutch size and reproduction ratep(a 0.05), but showed interaction

effects modeling the way how copper influencedrédferred parameters.
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Figure 5.2. Effects of copper on survival during the 21-day tests (for the generations F0, F1, F2 and F3).
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Figure 5.3. Effects of copper on life history parameters (mean + SE) for the consecutive generations FO0,
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exposures (In reproductive rate, values for Cu treatments 5 and 10 are overlapped)
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Table 5.1. Effects of copper and generation on life history parameters age and clutch size at first
reproduction, reproduction rate and r

Source df F
Age at first reproduction
Generation 3,15 12.66*
Copper 5,15 10.13*
Interaction 15,433 1.102

Clutch size at first reproduction

Generation 3,15 2.804
Copper 5,15 6.511*
Interaction 15,433 2.801%

Reproduction rate

Generation 3,15 6.848
Copper 5,15 55.11*
Interaction 15,433 3.070%
r
Generation 3,15 39.17*
Copper 5,15 53.74*
Interaction 15,451 2.212*

The effect of copper on population growth ratesrel@eed with increasing generations.
In fact, for generation FO, copper at 2§ I'* have significantly reduced thevalue
compared to control (1-way ANOVA; Pos-hoc tgst; 0.05), whereas in generation F3,
a significantly reduction in thevalue compared to control occurred only at the ésgh
copper exposure (80g I1). Generation have also a significant effect in dhserved
populations growth rates. In fact, generation F@skd significantly higher population
growth rates compared to the other generations F&#Q,F2) at the highest copper
concentration tested (86g I'") (1-way ANOVA; Pos-hoc tesip < 0.05) whereas at
control conditions (Cu = Qg I'), population growth rate of F3 was not signifidgnt

different from FO or F1 population growth rates.

Acute tolerance of neonates from F3 were only nmalty greater than those of F1 as
shown by overlapping 95% CI of k53 (Table 5.2).
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Table 5.2. Acute (48-h LC50) toxicity with confidence interval of F1 and F3 generations of D. longispina as
a function of the copper concentration

copper concentration (ug I)

Generation
0 5 10 20 40 80
22.51 22.51 22.97 26.09 22.51 32.27
1 (9.70-2462)  (9.70-24.62)  (6.66-25.16)  (17.84-38.86)  (9.71-24.62)  (21.88-47.58)
; 22.07 26.09 28.63 30.26 35.34 47 .42

(10.44-24.18)  (17.84-38.86)  (23.67-34.45)  (25.25-36.20)  (29.40-42.98)  (28.96-78.72)

5.4. Discussion

This work tested the hypothesis that physiolog@etlimatization to copper
across generations may lead to greater tolerarctéigher fitness to the studied metal.
The copper concentrations used in this mutigeraraltilife-table experiment (from 5 to
80 pg ') encompassed a wide range of concentrations tjpiéeund in natural
freshwater systems, including polluted and unpetlutvaters (Bossuyt and Janssen,
2003; Bossuyt and Janssen 2004). Regarding thetefé the chosen copper range on
successivéd. longispinagenerations, no significant effects were obseedurvival,
which has remained relatively constant during tbegiterm copper exposure. In
contrast there were significant effects on reprtidncparameters, such as time and
clutch size at first reproduction and reproductrage. High variation in life-history
traits was observed not only between copper trestnéut also among generations
throughout the multigenerational study. For inséangeneration had a significantly
influence on the observed pattern of age at feptaduction and interact with copper in
the observed variation of time and clutch size it freproduction. These findings
document the limited significance of single generat surveys in standard
ecotoxicological studies. Although conditions w&ept constant throughout the study

and equal concentrations of copper were appliedlligenerations, a comparison of
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different generations (e.g.oFand E) leads to completely different conclusions
concerning the effects of the chosen copper coratart onD. longispinareproductive
parameters. There are two reasons why organismsienajop tolerance to metals. One
is that they may acclimate to the metal at somky stage in their life cycle (Klerks and
Weis, 1987; Posthuma and Van Straalen, 1993). Upmposure to sublethal
concentrations of the metal, physiological respsnsay arise that promote increased
tolerance compared to individuals that have notnbeeposed. As this response is
induced as a result of metal exposure, acclimdtesed tolerance is not passed on to an
organism’s offspring. Other alternative is the depeent of a genetically-based
tolerance, which means that adaptation to the poesef the metal occurs through the
action of natural selection on genetically basetividual variation in tolerance. This
selection for genetically tolerant organisms insesathe proportion of resistance alleles
in the population since the transfer of its tolemito the offspring occurs (Bodar al,
1990 Klerks and Weis, 1987; Posthuetaal, 1993). In this study, population growth
rates at all copper treatments investigated tendadcrease over time (more evident
from K, to Fs). This increase can most likely be explained byumiag earlier in the
respective groups. According to Shirley and Sidl999), adaptation to metals can
involve tradeoffs between maturing earlier at exgesnof survival, maturing earlier at
expenses of growing less and maturing earlier aerses of fecundity. As survival
remained constant it can be hypothesized that atiaptto copper inDaphnia
longispinainvolve a trade-off between maturing earlier ghenses of reproduction and
growth. As fecundity increased, it can be hypothegithat adaptation to copperDn
longispinatested in the study involved a trade-off betweertumng earlier at expenses
of growth, although this parameter was not measimrdtie study. A similar trade-off
was illustrated in the work of Shirley and Sibl\gB) whereDrosophila melanogaster
populations were maintained for 20 generations cadmium-polluted medium and a
between-environment trade-off was identified allogviD. melanogasterincreased
fitness in polluted environments but only at thetaaf reduced growth and reproduction
in unpolluted environments. Other multigeneratiolif@-table experiments for other
metals andaphniaspecies showed the occurrence of adaptation gththe trade-off
hypothesis was not revealed. Minzinger (1990) stlidine effect of nickel on seven

generations oD. magnaand found an adaptation toward nickel as thensitirate of
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population growthr) increased in the exposed generations. FurthernBuoearet al
(1990) found thaD. magnaexposed to sublethal cadmium concentrations becoare
resistant to the toxic effects of cadmium and tegrde to which exposed daphnids
developed resistance to cadmium remained simitahfee sucessive generations.

Results of the current study did agree with presistudies. In the present work
acclimatization to copper only increased marginatiyte tolerance to copper.

Effects of metal toxicity on invertebrates are pbex and vary markedly between
taxa. Whereas some species are able to develogre@edef tolerance to metals, through
physiological acclimation or genetic adaptationef@énts, 1999; Bossuyt and Janssen,
2003) other species are not. As an example, Clen{@809) found that the nymphs of
two mayflies specie®aetis tricaudatusand Rhithrogena hageniwhich had already
been exposed to chronic levels of cadmium, coppérzinc, survived better and were
less inclined to drift than nymphs that had notrbexposed previously to the pollutants.
Taxa can differ in sensitivity to metals depending &wit life history stage. As an
example, early instars of a chironomid midgj@ironomus tentan®lerated 12-27 times
higher concentrations of copper than late instevala (Gaus®t al,, 1985). Avoidance
behavior is another response to the presence aof twmpncentrations of metals. An
understanding of both the timing and the basisarsitaminant resistance is important
for the design and interpretation of toxicity se&liKnowledge of the temporal scale of
resistance could affect the design of a toxicist t®hereas information regarding the
ability of a species to adapt (acclimate) couldui@fce its suitability for a particular test
design (Vidal and Horne, 2003).

5.5. Conclusion

In this study it was possible to show the life-bigteffects of long-term acclimatization
to copper in &. longispinaclone. One of the study’s outcomes was that plygical

adaptation to copper across several generationg miwkeased marginally acute
tolerance to copper. Besides that, a high variatdife-history traits was observed not

only between copper treatments, but also amongrgemes. For instance, generation
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had a significantly influence on the observed pattaf age at first reproduction and
interact with copper in the observed variation ohet and clutch size at first
reproduction. These findings document the limiteghificance of single generation
surveys in standard ecotoxicological studies. Resilthe current study also agree with
previous studies such as the one from Shirley ahty $1999), which postulate that
adaptation to metals can involve tradeoffs betweeaturing earlier at expenses of
survival, maturing earlier at expenses of growiegsland maturing earlier at expenses
of fecundity. As survival remained constant in thlisdy and fecundity increased, it can
be hypothesized that adaptation to copper in tlsg¢edeDaphnia longispinaclone
involve a trade-off between maturing earlier atenges of growth.
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General Conclusions

Daphniaspecies play an important role in aquatic ecogystand due to their life-
cycle they offer unique possibilities for reseaarhevolutionary and ecological questions
(Hairstonet al, 1999; Dudycha and Tessier, 1999; Innes and &mgl 2000; Lynch,
1983). One of the studied issues during the laatsybas beeaphnia adaptation to
chemical pollution. In fact, pollutants represeriten a strong and stable directional
selection pressure that can make adaptation a quack process (Klerks and Levinton,
1989; Posthuma and Van Straalen, 1993; Postlairah, 1993; Theodorakis and Shugart,
1997). This is especially true for metals sinceytage non degradable pollutants and tend
to accumulate in water sediments and soil wheng th@ persist for many years. Several
works have highlighted the significance of micrdewionary processes in population
responses to toxicants as well as of the evolutjooansequences of population exposure
to toxicants (Baratat al. 2002; Depledge, 1994; Matsenal, 2006; Morgaret al, 2007,
Shugart and Theodorakis, 1996). In resume, rapietge changes or microevolutionary
processes associated to a genetically inheritegtase in tolerance can be triggered by
toxic substances like metals released to the emwiemt (Klerks and Levinton, 1989;
Medina et al, 2007; Theodorakis and Shugart, 1997). This Phi2lys enlarges the
examples of naturally occurring populations thavehaleveloped tolerance to metals
following long-term exposures (i.e. decades). lis ®hD study, a natural population of a
cladoceran speciesDaphnia longispina- was chosen from a relatively well-known metal
contaminated aquatic system, the freshwater systenounding S&do Domingos mine. In
Chapter 2 it has been shown that field populat@inBaphnia longispindocated in the
water reservoir contaminated by the acid mine dggnare continuously exposed to

seasonally varying concentrations of metals. Ingf#ra3 aDaphnia longispingopulation
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collected in this heterogeneous polluted reseratmng with another population from a
nearby non-contaminated reservoir was maintainedthie laboratory for several
generations and genetic consequences of adaptathmith copper and zinc were assessed.
A genetic analysis including changes in toleramgesetic variation in tolerant and fitness
related traits and genetic by environmental traffie {gosts of tolerance) was done. Results
showed that only resistant clonal lineages to copje present in the contaminated site.
This fact was also confirmed in Chapter 4 and aarehmplications at the population level
if the loss of sensitive species is translated iatdigher susceptibility to extinction
(Evendsen and Depledge, 1997; Fox, 1995). Thudp#seof sensitive species in resistant
populations can cause deleterious effects at oteeels of organization, such as
communities and ecosystems, affecting its procates rand functional properties (Kinzig
et al, 2002; Loreawet al.,, 2003; Medinat al, 2007). Also in Chapter 3 it was shown that
heritability values for tolerant and feeding traitere similar in both populations being in
most cases greater than 50% and fitness costdenamae were evidenced supporting the
view that tolerance to pollution is ecologicallystly. In fact the existence of costs
associated with adaptation to pollution becomesontamt as these could affect the
performance of the adapted population during tHeifiog event or could be observed as
between-environment genetic trade-offs in unpollute recovered sites (i.e. cleaned).
These costs will eventually change the physiologyomanisms, thus the way how
populations exploit their ecological niches andtipgrate in the overall ecosystem
functioning (Medinaet al, 2007). In resume, the acquisition of geneticafizerited
tolerance can have ecological costs derived fromege changes (i.e. loss of genetic
variability), negative pleiotropy with fitness ttaiand/or from physiological alterations
that enable resistant individuals to remain ataffected site. In Chapter 4 an exhaustive
life-table response study was conducted for fburdongispinaclones differing in their
tolerance to lethal levels of copper to determioe ladaptation to copper affected the life
history strategies. Feeding, oxygen consumptioowtr and reproductive responses were
compared. Results from feeding and respiration x@ats showed that for most clones
feeding rates were significantly inhibited at iras@ng copper concentrations whereas
respiration rates remained relatively constant dpaithibited only at exposure copper
levels close to lethality. The opposite occurred tloe tolerant clone from impacted

population which increased its feeding rates angjer consumption rates at the highest
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copper concentrations tested. Regarding reproductiolerant clone from impacted
population increased or maintained its fitness garnce with increasing copper
concentrations at expenses of maturing earliereasing its daily reproduction rates and
being smaller (having lower somatic growth). Thaeotclones, irrespectively of their
overall sensitivity to copper and origin, showesdimilar response: copper decreased their
fitness delaying maturation and decreasing reptoaluand somatic growth. Overall, data
showed that tolerance manifestedylongispinaclones at lethal copper levels was also
evident at sublethal concentrations, with toleidahe from impacted population showing
higher sublethal tolerance to copper for all theapeeters compared to the rest of clones.
Whether or not tolerance to copper was costlytitefis terms was not evident in the study
in Chapter 4. Population growth rate responsessidered to be a good estimate of fitness
in the laboratory, did not differ in non exposedatments. Effects of copper across
generations were then studied in Chapter 5 to agseEssible variations in the tolerance to
copper in aD. longispinaclone continuously exposed to copper. One of thapter's
outcomes was that physiological adaptation to co@meoss several generations only
increased marginally acute tolerance to copperdBsghat, a high variation in life-history
traits was observed not only between copper treasnéut also among generations. For
instance, generation had a significantly influeocethe observed pattern of age at first
reproduction and interact with copper in the obsdrvariation of time and clutch size at
first reproduction. These findings document theitkah significance of single generation
surveys in standard ecotoxicological studies. Refl the current study also agree with
previous studies such as the one from Shirley abty $1999), which postulate that
adaptation to metals can involve tradeoffs betwesaturing earlier at expenses of
survival, maturing earlier at expenses of growiegsland maturing earlier at expenses of
fecundity. As survival remained constant in thisdstand fecundity and r increased, it can
be hypothesized that adaptation to coppdd.ifongispinatested in the study involved a
trade-off between maturing earlier at expenseg@ivth, although this parameter was not
measured in the study.

Throughout this dissertation it was shown thadotzran populations inhabiting
metal polluted environments may persist as a caresesg of the genetic adaptation to the
metals involved. However, the acquisition of geraty inherited tolerance could have

associated ecological costs. These results remfiie need to integrate these issues when
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assessing risks posed by chemicals to the environm®everal studies have shown that
the safety margins currently applied in EnvironnaéRisk Assessment (ERA) procedures
may account for the genetic changes in toleranceergged by pollution-mediated
microevolutionary processes (Barataal, 2002; Jenseet al, 2001; Mazzeet al, 1998).
Barataet al (2002) experimental studies wibaphnia magnafor instance, showed that
the genetic range of tolerance traits to metals pesticides of up to 160 naturally
occurring D. magnagenotypes did not exceed one order of magnitudeveder, the
consideration of the ecological costs associatethége genetic changes is one of the
aspects that probably need to be incorporated&i®A procedures. In fact, the degree to
which genetic changes generated by selection pgesesould lead to negative ecological
costs is not well documented (Medieal, 2007) so there is a need for more studies that
can assess the existence of ecological costs atstevith adaptation but also studies that
can show changes in the ability of populationsdpecwith other environmental changes,
the risk of extinction or the accumulation of spor@ous deleterious mutations (genetic
load). Perspectives for future research are basethe need to detect and quantify
interactions between toxicants and evolutionarycesses and to incorporate these
interaction relationships in the framework of Egptal Risk Assessment. These research
goals can only be reached by an interdisciplingmyreach where methodologies specific
to the field of Ecotoxicology are combined with seocommitted to evolution, such as
population genetic models (Roelatal, 2006; Steinbergt al, 2008; Weltje, 2003; Xie
and Klerks 2002). Amplified fragment length polymbism technique (AFLP), together
with allozyme analysis, microsatellites, random Afication of polymorphic DNA
(RAPD), mitochondrial DNA sequencing, and singlecleotide polymorphism (SNP)
detection, are among the most recommended methgidsldor population genetics
analysis (Belfiore and Anderson, 2001; Bickhaimal, 2000) and can be used to study
selection and genetic adaptation of organisms ierak types of contaminant stress
(Theodorakis and Bickham, 2004). The recent adwantegenomic and molecular tools
such as DNA and RNA microarrays are now being usestudy issues of environmental
importance, with a strong focus on non-human ograsiexposed to chemical stressors
(Roelofs et al, 2009; Steinberget al, 2008). In addition the study of evolutionary
adaptations can be done in an integrative wayderoio test whether regulatory mutations

contribute to heritable changes in morphology, piggy and behavior. In a recent study
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of Roelofset al (2009) performed with soil arthropod populatidhsvas shown that
selection for altered transcriptional regulationnche a powerful mechanism for
microevolution to cadmium exposure. The applicatdrranscriptomics showed a strong
signature of stress-induced genome-wide pertunbabidb gene expression in reference
population, whereas the tolerant animals maintainednal gene expression upon Cd
exposure. In previous studies with the same populattolerance to cadmium was
correlated with heritable increase in metal exoregfficiency, less pronounced cadmium
(Cd)-induced growth reduction and overexpressionth®f metallothionein gene. The
integration of all these results confirmed the mmierolutionary processes occurring in soil
arthropod populations and suggests a major cotitvibof gene regulation to the evolution
of a stress-adapted phenotype.

To conclude, while it's necessary to improve thearstanding of ecological side effects
of long-term adaptation to metals in natural popare, future studies that incorporate
new genomic and molecular tools, new contaminasioenarios involving chemical and

natural stresses, preferably accounting for lomgrteffects, would be extremely valuable.
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