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Abstract

Field populations of daphnids historically-stressed by metal contamination may show increased resistance to those

contaminants. This study was undertaken aiming to confirm/infirm three main hypotheses: (1) field populations living

in historically-impacted environments are more tolerant to metal stress than populations from reference sites; (2) resis-

tance differences are genetically-determined, i.e., differences persist after controlling for environmental and maternal

effects, by acclimating cloned lineages to similar conditions; and (3) resistance to stress in field populations living in

historically-impacted environments is due to the disappearance of sensitive individuals rather than the appearance of

highly resistant ones, i.e., the shift in the central tendency of resistance is linked to a decrease in the range of population

resistance and not to an increased upper limit of the population resistance. Three populations of the cladoceran Cer-

iodaphnia pulchella Sars in Southern Portugal were sampled; one of which has been historically-stressed by acid mine

drainage (AMD) from an abandoned cupric-pyrite mine and two from reference sites within the same watershed. To

assess if resistance differences were genetically-determined, the three populations were acclimated for at least five gen-

erations under the same controlled conditions. Assays with AMD contaminated water samples were performed with

both non-acclimated and acclimated individuals from all studied populations. Reproduction results in sub-lethal assays

revealed significant differences between the reference and stressed populations. Significant differences in resistance to

lethal levels of toxicity were observed for both non-acclimated and acclimated populations, individuals from population

I being more resistant than those from reference populations. The existence of genetically-determined sensitivity differ-

ences was attested by the presence of significant differences in resistance to lethal levels of toxicity in acclimated indi-

viduals from reference and stressed populations. Results from cumulative mortality assays revealed that sensitive

individuals were most probably present in the original population, but no conclusion could be draw about the presence

of extreme resistant individuals in the historically-stressed population. Finally, it was shown that responses among pop-

ulations converged from high to low levels of contamination.
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1. Introduction

The toxicity of heavy metals to aquatic organisms is

well documented in terms of both lethal (Mance, 1987;

Wiederholm and Dave, 1989; Gerhardt, 1995; Jak

et al., 1996; Villaescusa et al., 1997) and sub-lethal effects

(Mance, 1987; Hickey, 1989; Gerhardt, 1995; Miliou

et al., 1998). Heavy metals can stress organisms by dif-

ferent mechanisms affecting the cell membrane (e.g.,

ion transport mechanisms), the DNA (e.g., inhibiting

the transcription process), by causing oxidative damage

(Stohs and Bagchi, 1995), and by causing damage to the

nervous system and to the function of enzymes (De-

pledge et al., 1994; Gerhardt, 1995). Several metal deto-

xification mechanisms are found in individuals, for

example, the production of metallothioneins, which cap-

tures and retain metal ions (Hamer, 1986; Roesijadi,

1992) and the accumulation and retention (e.g., by min-

eralisation) of heavy metals in specific regions and

organs (Borgmann et al., 1993; Cope et al., 1994;

Lucan-Bouché et al., 1999; Munger et al., 1999). The

diversity in these physiological responses allows a popu-

lation living in an impacted environment, i.e., under a

strong selection pressure, to acquire resistance to metals

(Brown, 1978; Klerks and Weis, 1987; Bodar et al., 1990;

Posthuma et al., 1992; Stuhlbacher and Maltby, 1992;

Donker et al., 1993; Shirley and Sibly, 1999).

Tolerance to heavy metals can be acquired either by envi-

ronmentally-induced physiological alterations, including

those due to stress-induced gene expression (Stuhlbacher

and Maltby, 1992; Stuhlbacher et al., 1993; Maltby and

Crane, 1994; Lam, 1996, 1999) or by quantitative and/or

qualitative changes in gene frequencies (Klerks and

Weis, 1987; Gill et al., 1989; Posthuma et al., 1992;

Lam, 1999). Some complications may arise when trying

to differentiate these hypotheses. For example, tech-

niques that control for environmental influence involve

screening tolerance after acclimation to controlled

conditions (Maltby et al., 1987; Lam, 1999). One of

the major problems is to which extent maternal influence

persist in the F1, F2 and, even later generations. This

problem can be diminished by culturing animals under

laboratory conditions and screen tolerance to stress in

F1 or later generation progeny.

The acquisition of resistance to toxicants may lead to

a decrease in the genetic diversity of the population (Van

Straaalen and Timmermans, 2002). Actually, there is

some support for the genetic erosion hypothesis, more

specifically at the molecular basis. Krane et al. (1999)

analysed RAP DNA polymerase chain reaction-gener-

ated DNA from eight different population of Orconectes
rusticus and found that changes in genetic diversity was

significantly correlated with the extent to which the pop-

ulation had been exposed to contaminants. Also, Mur-

doch and Hebert (1994) observed that diversity of

mitochondrial DNA of brown bullhead fish was lower

in populations from contaminated rivers relatively to

populations from relative pristine sites.

To study the resistance of field populations under

exposure to long-term metal stress, three field popula-

tions of the lake-dwelling cladocerans Ceriodaphnia pul-

chella Sars were selected to carry out this study.

Daphnids are particularly suitable to investigate geneti-

cally-determined resistance to contamination since they

exhibit facultative asexual reproduction by ameiotic par-

thenogenesis. Furthermore, data acquisition on cladoc-

erans� resistance is particularly relevant since these

individuals are widely used, as standard test species (par-

ticularly, Daphnia magna and Ceriodaphnia dubia) in

hazard assessment studies. Surprisingly, scarce informa-

tion related to resistance acquisition by field population

of Cladocera is available from published literature (revi-

sion made by Reznick and Ghalambor, 2001).

In this study, two experimental approaches were

undertaken aiming to test three questions: (1) are field

populations living in historically-impacted environments

more tolerant to metal stress than populations from ref-

erence sites? (Experiment 1); (2) are these differences

genetically-determined, i.e., do differences persist after

controlling environmental and maternal effects, by accli-

mating individual lineages to similar conditions for sev-

eral generations? (Experiment 2); (3) is the resistance to

metal stress observed in field populations living in his-

torically-impacted habitats due to the disappearance of

sensitive individuals or to the appearance of highly resis-

tant individuals, i.e., is the shift in the central tendency

of resistance linked to a decrease in the population resis-

tance range of responses rather than to an increased

upper limit of the population resistance? (Experiment

2). To investigate metal resistance in this species, field

populations were sampled in a well studied, isolated

aquatic system impacted by acid mine drainage

(AMD), where other industrial, agricultural or urban

runoff sources are absent.
2. Materials and methods

2.1. Study site

An aquatic system impacted with AMD, from an

abandoned cupric-pyrite mine (active from 1859 to



Fig. 1. Map of the aquatic system of Chança Reservoir (SE

Portugal) where populations of Ceriodaphnia pulchella were

sampled (lakes R and RR, and site I), and where water samples

(V1 to V3 and T1) were collected.

Table 1

Alkalinity (mg CaCO3/l) and concentrations (mg/l) of metals

(total recoverable) from previously collected water samples,

with close conductivity values (lS/cm) of those water samples
used in this study

V1–V3 T1

Conductivity 332–280 202

Previous conductivity 312 271

Previous alkalinity 6.5 27.0

Al 11.3 <0.1

As <0.005 <0.005

Cd 0.0286 0.00082

Cr <0.015 <0.015

Cu 1.7 0.027

Fe 1.64 0.129

Mn 3.07 0.081

Ni 68.0 <0.03

Pb 4.60 0.640

Hg <0.0002 <0.0002

Co 90.0 <0.03

Zn 12.10 0.288
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1966), was selected for the development of this study

(Fig. 1). The oxidation of the pyrite environment pro-

duces an effluent with high concentrations of heavy met-

als and very low pH (Kelly, 1988; Sengupta, 1993). The

ongoing oxidation of abandoned mine tailings continu-

ously leads to the production of a very acid effluent,

highly contaminated with heavy metals (Fe, Al, Zn,

Cu, Mn, Co, Ni, Cd, Pb, Cr, As; in decreasing order,

Lopes et al., 1999a; Pereira et al., 2000) (Table 1), which

is discharged without a treatment into the Chança Res-

ervoir located in the Guadiana River Basin (SE Portu-

gal). The pH of this reservoir is close to neutrality

since the low pH of the effluent is neutralised by dilu-

tion. For the water samples used in bioassays (V1–V3

and T1), data on 12 metals, measured by atomic absor-

bance spectroscopy, from previously collected samples

with almost matching conductivity values are presented

in Table 1. Further metal analyses were considered

unnecessary since no concentration-effect relationships

were intended to be established, but solely the compari-

son of relative sensitivities between populations.

This aquatic system is highly suited for the study of

adaptations occurring in natural populations exposed

to historical chemical stress, for three reasons: (i) the

source of contamination is isolated and identified (pH
and, mainly, heavy metals); no agriculture or industrial

activities are present and there is no urban runoff; (ii)

reference sites free of metal mining contamination exist

close to the contaminated area; (iii) extensive data on

the biology, ecology and water chemistry of the system

are available (Pereira et al., 1995; Ribeiro et al., 1995;

Lopes et al., 1999a,b; Pereira et al., 1999, 2000; Castro

et al., 2003, 2004; Moreira-Santos et al., 2004a,b).

2.2. Assay organisms and culture conditions

Two reference populations (R and RR) and one his-

torically-stressed (I) population of Ceriodaphnia pulch-

ella Sars were collected from two lakes (R—pH 7.5,

189 lS/cm, DO 8.7 mg/l; and RR—pH 7.61, 193 lS/
cm, DO 9.3 mg/l) located upstream the contaminated

area, and one site located near the confluence of the

AMD effluent with the Chança Reservoir (I—pH 7.0,

231 lS/cm, DO 9.4 mg/l), respectively (Fig. 1).

The procedure to sample field populations was as de-

scribed by Lopes et al. (1999a). Individuals were brought

to the laboratory, and, using a dissection microscope, 15

egg-bearing females from each population were trans-

ferred to culture beakers filled with 50-lm filtered site

water. Randomly sampled juveniles born the next day

from those field-collected females were kept in 50-lm fil-

tered site water until used to perform toxicity assays, the

remaining juveniles were reared in the laboratory and

acclimated to controlled conditions (for at least five gen-

erations), which were as follows: 25 ± 1 �C with a

14:10 h L:D cycle in American Society for Testing and

Materials (ASTM) hardwater (ASTM, 2002), with

added vitamins and the organic additive Marinure 25

(Baird et al., 1989); animals were fed daily with the green



Table 2

Values of pH, conductivity (Cond., lS/cm), and dissolved

oxygen (DO, mg/l) measured in the water samples used in

toxicity assays

V1 V2 V3 T1

pH 3.5 3.8 6.0 7.5

Cond. 332 293 280 202

DO 9.7 8.6 9.4 10.2
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algae Pseudokirchneriella subcapitata (Koršhikov) Hin-

dak (formerly known as Selenastrum capricornutum

Printz) (3 · 105 cells/ml/d).

2.3. Toxicity assays

Lethal and sub-lethal toxicity assays were performed

with neonates from the three C. pulchella populations

under controlled conditions of temperature (25 ± 1 �C)
and photoperiod (14:10 h L:D cycle). Assays were con-

ducted with laboratory-acclimated neonates (6–24-h

old), from the third and fourth broods, and with

non-acclimated neonates (6–24-h old) from recently

field-collected egg-bearing females (USEPA, 1991). In

lethal assays no food was added, while in sub-lethal

assays individuals were fed daily with P. subcapitata

(3 · 105 cells/ml/day, which corresponds to 1.2 · 107

cells/individual), with water being renewed every other

day.

Conductivity (WTW, LF92, Weilheim, Germany),

pH (WTW, 537) and dissolved oxygen (DO) (WTW,

OXI 92) were monitored at each sampling site and at

the beginning and at the end of each assay.

Two experiments were carried out:

2.3.1. Experiment 1—Sensitivity of reference versus

stressed populations

This experiment investigated differences in sensitivity

to AMD contamination between the reference and the

historically-stressed populations. Lethal (survival

time—death within minutes to hours) and sub-lethal

(reproduction) toxicity assays were carried out with

non-acclimated neonates exposed to two Very Toxic

(samples V1 and V2) and to one Moderately Toxic

waters (sample T1). In survival time assays (neonates

from the populations R and I were exposed to water

samples V1 and V2), five individuals were introduced,

one by one, in 42-ml glass vessels filled with 15 ml of

water sample, with four replicates per treatment (20 indi-

viduals/treatment). Immobilisation (no movement after

gentle prodding) was checked every 3 min from 15 to

30 min, every 5 min from 30 to 120 min, every 15 min

from 2 to 6 h, every hour from 6 to 12 h (Lopes et al.,

1999b, 2000; Ribeiro et al., 2000). In reproduction as-

says (neonates from the populations R, RR and I were

exposed to the water sample T1), each individual was

introduced into 42-ml glass vessels filled with 40 ml of

water sample, with 12 replicates per treatment. Repro-

duction was assessed daily by counting released neo-

nates. Reproduction assays ended when all daphnids

released the fourth brood.

2.3.2. Experiment 2—Environmental versus genetic

components of resistance

This experiment investigated if differences in resis-

tance to AMD contamination between reference and
historically-stressed populations were due to environ-

mental-induced physiological alterations or to local

adaptation, and/or if those differences were due to the

disappearance of most sensitive genotypes. Lethal

(cumulative mortality—death within hours to days—

with the Very Toxic water V3) assays were conducted

with acclimated neonates from the three populations.

In cumulative mortality assays, five individuals were

introduced simultaneously in 42-ml glass vessels filled

with 30 ml of water sample, with four replicates per

treatment. Immobilisation was checked every 24 h. An

assay ended when all the daphnids died or after 240 h

of exposure if at least one individual survived that long.

2.4. Data analysis

Survival time and reproduction data were analysed

with ANOVAs followed by post-hoc comparisons with

the Tukey HSD test, and with t-tests when comparing

only two samples (Zar, 1996). Survivorship curves with

censored data from cumulative mortality assays were

compared with the Gehan–Wilcoxon v2-test (Pyke and
Thompson, 1986). All these statistics, were performed

using the program Statistica for Windows 4.3 (StatSoft,

Aurora, CO, USA). The ET50 (median lethal time), with

the respective 95% CI and slopes, was computed using

PriProbit 1.63 (Sakuma, 1998; http://bru.gmprc.ksu.

edu/proj/priprobit/download.asp).
3. Results

Conductivity, pH and DO of water samples at the

time of collection are presented in Table 2. No signifi-

cant variations were observed in these parameters either

between collection of the water and its use in the assays.

Differences never exceeded 0.1 pH units, 3 lS/cm con-

ductivity or 0.2 mg/l DO in any experiment.

3.1. Experiment 1—Sensitivity of reference versus

stressed populations

In the first experiment, non-acclimated neonates,

from recently field-collected egg-bearing females, were

exposed to two Very Toxic (V1 and V2) and one

Moderately Toxic (T1) water samples, aiming to detect

http://bru.gmprc.ksu.edu/proj/priprobit/download.asp
http://bru.gmprc.ksu.edu/proj/priprobit/download.asp
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Fig. 2. Cumulative mortality assay with non-acclimated Cer-

iodaphnia pulchella neonates from the reference (closed circles)

and the historically-stressed (open triangles) populations

exposed to the water samples V1 and V2. Coefficients of

variation (%) are presented.
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Fig. 3. Reproduction assay (neonates/female) (average + SD)

with non-acclimated Ceriodaphnia pulchella neonates from

reference (R and RR) and historically-stressed (I) populations

exposed to the water sample T1. Coefficients of variation (%)

are presented.
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Fig. 4. Cumulative mortality assays with acclimated Cerio-

daphnia pulchella neonates from reference populations R

(closed circles) and RR (closed diamonds) and from the

historically-stressed population I (open triangles) exposed to

the water sample V3.
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differences, at lethal and sub-lethal levels, in sensitivity

between the reference and the historically-stressed local

populations. Lethal assays revealed that the population

I was significantly more resistant to AMD contamina-

tion than the population R, when exposed to water

samples V1 and V2 (t-tests: t38 = 3.48, p < 0.001 and

t38 = 4.67, p < 10�5, respectively for V1 and V2)

(Fig. 2). The ET50s (CI) for population I and R were

1.62 h (1.50–1.72) and 3.71 (3.42–4.02), when exposed

to water sample V1, and, 1.31 h (1.24–1.38) and 1.97 h

(1.83–2.12), when exposed to V2. The slope of the sur-

vival curves was smaller in population I than in popula-

tion R, both when exposed to V1 or V2 water samples

(b = 9.2, 5.29; b = 13.6, 5.38, respectively).

When exposed to the water sample V1, individuals

from population R started to die 0.30 h earlier than

those from the population I. During this 0.30-h period

population R presented already 15% mortality (Fig. 2).

Furthermore, 30% of population I was still alive when

the last individual from the population R died, and it

took 1.10 h for those 30% to perish (Fig. 2). Similar re-

sults were obtained with the sample V2: 40% of popula-

tion R died before any mortality in population I being

observed, which started to occur only 1.17 h later

(Fig. 2). Furthermore, by the time 100% of mortality

was observed in population R, population I still pre-

sented 55% of survivals and it resisted for an extra

4.60-h period (Fig. 2).

When exposed to the water sample T1, individuals

from the population I presented a significantly higher

reproductive output than populations R and RR

(1-way ANOVA: F2,33 = 4.68, p = 0.016) (Fig. 3).

3.2. Experiment 2—Environmental versus genetic

components of resistance

In the second experiment, all three populations (R,

RR, and I) were fully acclimated to controlled condi-

tions and exposed to the water sample V3. This phase in-
tended to assess if differences in sensitivity between

populations were due to environmental-induced physio-

logical alterations or to local adaptation.

Individuals from the reference populations exposed

to water sample V3 showed significantly reduced

survival over those from the historically-stressed pop-

ulation (Gehan–Wilcoxon test: v22 ¼ 5.90, p = 0.05)

(Fig. 4). After 240 h of exposure mortalities of 100%,

83% and 67% were registered for the populations R,

RR and I, respectively. Furthermore, after 24 h of expo-

sure only 17% of mortality was observed in the popula-

tion I, while 100% and 75% were already attained by the

populations R and RR, respectively (Fig. 4).
4. Discussion

4.1. Sensitivity of reference versus stressed populations

The first question asked in this study was if there

were differences in sensitivity to AMD between reference

and historically-stressed populations. The results
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obtained in the first experiment, by exposing non-accli-

mated individuals to two Very Toxic (V1 and V2) and

one Moderately Toxic (T1) water samples, showed that

individuals from population I presented a higher toler-

ance than those from uncontaminated site populations,

both at lethal and sub-lethal levels of contamination

(Figs. 2 and 3). These results were expected, since similar

tolerance to metals has been reported in literature for a

wide range of organisms; bacteria (Bruins et al., 2000),

protists (Devars et al., 1998), plants (Macnair, 1997;

Monni et al., 2000), and animals (Klerks and Weis,

1987; Posthuma and van Straalen, 1993). Furthermore,

several authors have shown that tolerance to heavy met-

als can be induced in laboratory after a short pre-expo-

sure period to metals (Bodar et al., 1990; Münzinger,

1990; Stuhlbacher and Maltby, 1992; Stuhlbacher

et al., 1993). Reinecke et al. (1999) pre-exposed the

terrestrial oligochaete Eisenia fetida for more than ten

generations to sub-lethal concentrations of cadmium

sulphate, and found that pre-exposed individuals

were more tolerant to high cadmium concentrations

than unexposed ones. This higher tolerance, acquired

by the pre-exposed individuals, was due to environ-

mentinduced physiological alterations (e.g., through

the increased synthesis of binding proteins).

Results from the cumulative mortality assays with

populations R and I exposed to waters samples V1

(pH 3.5, 332 lS/cm) and V2 (pH 3.8, 293 lS/cm) indi-
cated that (Fig. 2): (i) the most sensitive individuals

(the first ones to die) were most probably only present

in the reference population, since 15% of individuals

died before any of the individuals from population I per-

ished, and (ii) the most tolerant individuals (the latter

ones to die) were most probably only present in the his-

torically-stressed population, since, when the last indi-

viduals from population R died, 30 (V1) and 55% (V2)

of individuals from the population I were still alive.

Since these individuals were neonates from recently

field-collected egg-bearing females, which had been

maintained in local water, differences in the extremes

of lethal tolerance could be exclusively due to previous

exposure of females from the population I (Klerks and

Weis, 1987; Lam, 1999).

The highest lethal tolerance to intense AMD contam-

ination by the stressed population was associated to a

higher sub-lethal tolerance to moderate AMD contami-

nation. After exposing individuals from the three popu-

lations to the water sample T1 (Fig. 3), the population I

showed a higher fitness (neonates/female) than the refer-

ence ones (R and RR).

4.2. Environmental versus genetic components of

resistance

Besides environmental-induced physiological altera-

tions (including those due to stress-induced gene expres-
sion), populations can evolve resistance by genetic

adaptation (Klerks and Weis, 1987; Lam, 1999). This

was the second goal of the present study: to assess

whether the higher resistance shown by the histori-

cally-stressed population (I) was genetically-determined.

The results obtained with acclimated individuals ex-

posed to the water sample V3 (pH 6.0, 280 lS/cm) sup-
ported this hypothesis (Fig. 4): since significant

differences (p = 0.05) between the historically-stressed

and reference populations, were still evident after con-

trolling for maternal and external environmental influ-

ences (Klerks and Weis, 1987; Lam, 1999). These

results indicate that probably a directional selection oc-

curred in population I, since a directional shift in sur-

vival curve took place towards an increase in survival

in heavy metal contaminated environments. Such genet-

ically-determined resistance acquisition was found for

other organisms and toxicants (Klerks and Weis, 1987;

Reznick and Ghalambor, 2001; Klerks, 2002). Posthuma

et al. (1993) observed that Collembola populations liv-

ing in heavy metal contaminated sites had an increased

excretion efficiency of metals than reference populations

and were more tolerant to this type of contamination.

They suggested that this was related with a strong direc-

tional selection pressure, induced by cadmium, which

led to the selection of traits linked with tolerance. The

results obtained in this study do not allow concluding

for sure if the genetically-determined higher resistance

of the population I was due to the disappearance of sen-

sitive individuals or to the appearance of highly resistant

ones. Results obtained with non-acclimated individuals

exposed to the water samples V1 and V2 showed that

the most sensitive individuals were most probably absent

in population I, since individuals in population R started

to die much earlier. Furthermore, individuals from the

population I died much latter than the ones from popu-

lation R, suggesting that most tolerant individuals only

occurred in the historically-stressed population. When

exposed to the water sample V3 the most sensitive indi-

viduals were present in all the populations, since after

24 h of exposure mortality occurred in all populations.

On the contrary, the most tolerant individuals were only

present in the populations RR and I, corresponding to

the 17% and 23% of survivors, respectively (in popula-

tion R all individuals died). This difference between re-

sults obtained with non-acclimated (samples V1 and

V2) and acclimated individuals (V3) might indicate that

the higher resistance of non-acclimated individuals from

population I was due to both environmental and genet-

ical components, while after acclimation to controlled

conditions (the environment influence disappeared)

individuals from population I become less resistant,

and, thus the most sensitive among these individuals

died at the same time as the ones from the populations

R and RR. Furthermore, the frequency of the most sen-

sitive individuals was much lower in the historically-
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stressed population than in reference populations,

since most of the individuals from I died much latter

than most of those from the reference populations. No

conclusion could be drawn about the presence of

individuals with an extreme genetically-determined resis-

tance in the historically-stressed population. In addi-

tion, it was reported in literature (Forbes and

Depledge, 1996) that impacted populations exhibiting

higher EC50 and lower slopes of survival curves indi-

cates intermediate selection, since sensitive individuals

are still present in the population. This is in agreement

with the results obtained with acclimated organisms,

thus involving genetic differences, which suggests the

presence of sensitive individuals both in reference and

impacted populations.

In conclusion, a strong genetically-determined in-

crease in resistance in population I was demonstrated

in the present study, and was probably due to genetic

erosion: the loss of genetic variability through the disap-

pearance of sensitive individuals present in the original

founder population.

Although being beyond this study aims, results here

obtained also suggested that resistance differences be-

tween the reference and the stressed populations in-

creased with increasing toxicity, as indicated by

individuals exposed to the contaminated samples V1

and V2 (p < 0.001) and to T1 (p = 0.016). Furthermore,

a smaller difference was found in the assay with accli-

mated individuals exposed to the water sample V3 (null

hypothesis rejected at p = 0.05) than the difference found

with non-acclimated individuals exposed to samples V1

and V2 (p < 0.001). Therefore, at lethal levels of toxicity,

results here obtained suggest a convergence in resistance

responses between the reference and the stressed popula-

tions from high to low levels of contamination: V1 and

V2 to V3. Furthermore, a convergence is also present be-

tween lethal and sub-lethal levels of toxicity (V2 and V1

to T1, and V3 to T1). Although it is not common to find

works where responses to different lethal levels of toxic-

ity are compared, some authors compared responses at

different toxicity levels and found a convergence in re-

sponses from high to low levels of contamination. Bara-

ta et al. (2000) compared toxicity in resistant and

sensitive clones of D. magna exposed to lethal and sub-

lethal levels of cadmium, and found that genetic vari-

ance in resistance to cadmium converge from lethal to

sub-lethal responses and, also, from high to low levels

of sub-lethal effects. Furthermore, Leppänen et al.

(1998) compared survival and feeding activity (egestion

rates) between natural populations of the midge Chiron-

omus riparius Meigen originated from reference and

heavy metal impacted sites, and found that larvae from

contaminated sites exhibited a higher lethal resistance to

contaminated sediments than larvae from reference sites,

though differences were not found at sub-lethal levels of

contamination.
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R., 1999. Test chambers and test procedures for in situ

toxicity testing with zooplankton. Environ. Toxicol. Chem.

18, 1956–1964.

Pereira, A.M.M., Soares, A.M.V.M., Gonçalves, F., Ribeiro,
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