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Combined effects of chemical and temperature stress
on Chironomus riparius populations with differing genetic

variability
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Exposure to pollutants under multiple environmental stressors (e.g., climate change and global warming) and the genetic diversity
of populations are suspected to have serious impacts on populations and ecosystems but have only rarely been analysed. In the
present study, we investigated the effects of the biocide tributyltin (TBT) within a temperature gradient (17, 20 and 23°C) on life
history parameters of a genetically diverse (GEN+) and a highly inbred population (GEN—) of the midge Chironomus riparius.
While endpoints, mortality and reproduction parameters were considered, the population growth rate as an integrative endpoint was
determined. We found severe effects for GEN—, indicating that populations with lower genetic diversity are more endangered by
combined stressors such as increasing temperature and chemical pollution compared to genetically diverse populations.
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extinction risk.
Introduction

Biodiversity affects all terrestrial, marine and freshwater
organisms: microbes, plants and animals ranging from the
gene pool of species (genetic diversity), to the number of
species within an ecosystem (species diversity) and the num-
ber of ecosystem types (ecosystem diversity). Habitat de-
struction, excessive use by wildlife and human encroach-
ment such as the introduction of chemical, biological (e.g.,
alien species) and physical stressors (e.g. global warming)
are identified as key factors for loss of biodiversity. Re-
cently, 19 scientists emphasized in Nature that the biodi-
versity decreases rapidly and “that there is clear scientific
evidence that we are on the verge of a major biodiversity
crisis” 1

Although man-made chemicals are evaluated accord-
ing to their (eco)-toxicological effects under the new Eu-
ropean Union legislation (REACH), these studies do not
provide any information about their effects on the gene
pool of pollutant-exposed populations. In this context,
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laboratory experiments with the organotin compound, trib-
utyltin (TBT) and the midge Chironomus riparius have
shown that the exposure to environmentally relevant con-
centrations of TBT results in a decrease of genetic vari-
ability across several generations in exposed populations
compared to a control population.”

Consequences of the emission of greenhouse gases, cli-
mate change and global warming represent further stres-
sors affecting the occurrence of species and hence, lead to
a reduction of biodiversity. The IPCC (International Panel
of Climate Change) draft report Climate Change 20075
points out that approximately 20-30% of plant and ani-
mal species will be at higher risk of extinction if increases
in global average temperatures exceed 1.5-2.5°C. Different
scenarios predicted a rise of the average global tempera-
tures by 2.0-4.5°C by the year 2100 with the most probable
increase reaching approximately 3°C. However, effects of
global warming merit discussion on a smaller scale since
they can differ between ecosystems and regions. According
to a recent projection of the Max Planck Institute for Mete-
orology (Hamburg, Germany), the average temperature in
Germany will likely increase around 2.75-3°C in the north
and up to 3.75°C in the south. This will be accompanied by
a 30% increase of the annual winter precipitation within the
next 30 years. Temperature affects not only toxicokinetics!!
but also metabolism and physiological statel® of poikilo-
thermic animals.
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In the present study, the combined effects of chemical
(TBT) and temperature stress (the selected temperature
range from 17 to 23°C representing the European isotherms
and corresponding to recent projections on temperature in-
creases due to global warming) on life-cycle traits of Chi-
ronomus riparius were assessed. The experiment was addi-
tionally designed to investigate if genetically impoverished
populations are more sensitive to temperature stress than
genetic diverse populations. In particular, we focused on
three main questions:

(1) Can we observe an increased response in life-cycle pa-
rameters of C. riparius when both stressors act simul-
taneously?

(i1) Which stressor is mainly responsible for the observed
effects?

(iii) Is a genetically impoverished population more sensi-
tive in the presence of sychronously acting stressors
compared to a genetically diverse population?

Materials and methods

Test organism

The midge Chironomus riparius (Insecta, Chironomidae) is
the test organism in this study. Briefly, the Chironomidae
represent the largest family within the order Diptera. It
possesses the richest species group of the invertebrates in
freshwater environments!”! with approximately 1000 differ-
ent taxa in Central Europe. C. riparius is widely distributed
in small streams, ditches, ponds and puddles throughout
the holarctic. In organically polluted and muddy habitats,
the species may reach high densities and it plays a key role
in freshwater ecosystems for nutrient cycling and energy
flux.l”l Moreover, C. riparius is an important food source
for predatory fish and insect species.”:8] As detritus feed-
ers living in the upper sediment layers, chironomids have
instant contact to sediment-associated toxicants, such as
heavy-metals, PCBs or organotin components.

Two midge-populations of different genetic diversity
were used for the present study. One population became
genetically impoverished due to isolated laboratory breed-
ing conditions (GEN—-). The second population was es-
tablished in 2004 with egg ropes of 11 different laboratory
stocks from seven countries (Bulgaria, Germany, France,
Finland, Great Britain, the Netherlands and the USA). To
allow for random allelic distribution at the beginning of
the experiment for GEN+, the study started with the F,-
generation after the cross-breeding. Genetic variety was de-
termined using a microsatellite analysis approach®!, which
measured individual length differences of highly variable
satellite DNA-fragments. In total, 36 individuals of each
population and temperature were checked. The cultures of
the two genetically different populations were maintained
in a climate room with a constant temperature of 20 £+ 1°C,
70% relative humidity and a light:dark rhythm of 16:8h.
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Experimental procedures

Static life-cycle experiments were conducted following the
OECD Guideline 218!'% in 600 mL glass beakers contain-
ing 100 g quartz sand (grain size 0.1-0.4 mm) and 400
mL reconstituted water (pH-value 7.9-8.4; conductivity
540 1S/cm ') The beakers were covered with gauze and
aerated. The experiment was distributed to 3 climate cham-
bers (Sorvall Heraeus, Kendro Laboratory Products, UC
600), adjusted to 17, 20 and 23°C. In each climate cham-
ber seven control replicates and an equal number of TBT
contaminated sediments were placed. To compensate possi-
ble temperature differences inside the climate chamber, the
position of the beakers was randomized daily. At the begin-
ning of the experiment, the sediment of the TBT treatments
was contaminated with 195 ug TBT/kg sediment dw, cor-
responding to a heavy metal (as Sn) concentration of 80 ug
Sn/kg sediment dw.[1?)

Due to low water solubility, TBT was solved in ethanol
before the compound was spiked on the sediment. Ethanol
was also applied on the solvent control sediment (30 mL
per beaker). The solvent control at this point is referred to
as control because the solvent was completely evaporated
overnight and, therefore, no effect on the mortality and re-
production of the midges could be expected.!'?! Test beakers
were gently aerated (40 A, Die Pumpe, Holm, Germany).
Three days before the start of the experiment, freshly laid
(< 24 h) egg ropes were taken from the corresponding cul-
tures and transferred into 24-microwell plates for hatching
(2 mL reconstituted water per cavity). Newly hatched lar-
vae from different egg ropes were combined to randomly
selected 20 first instar larvae per beaker. The aeration was
stopped for 24 h in order to enable the larvae to dig into
the sediment. Larvae were fed with a ground TetraMin®
suspension (Tetra GmbH, Melle, Germany) according to
OECD guideline 218.11"]

As endpoints, mortality, mean emergence time (EmTsg)
of females, number of eggs per clutch, number of fertile
clutches per female, male dry body weight as well as the sex
ratio were considered. Successfully emerged midges were
collected with an exhauster and transferred into a breeding
container, which consisted of a glass aquarium (30 x 20
x 20 cm) closed with a stainless steel gauze (mesh size 0.5
mm). Each breeding container included a plastic dish (11.5
x 11.5 x 5.5 cm), filled with 400 mL of reconstituted water
for oviposition. All breeding containers were maintained
at a constant temperature of 20°C. The egg ropes were re-
moved daily out of the breeding container and the number
of eggs was counted.['¥ Subsequently, each egg mass was
placed in a tube of a 24-microwell plate. After 3 days the
hatchability of larvae was determined.

Based on the laboratory life history data (larval mortal-
ity, sex ratio, number of eggs per egg mass, mean emer-
gence time (EmTso) of females and the number of fertile
egg masses per female), the population growth rate (PGR)
was calculated according to Forbes and Cold!'# and Sibley
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et al.l’] The PGR allows the integration of effects on differ-
ent life-cycle traits on the population level. At the end of the
experiment, dead males were collected and dried at 34°C
for 3 days. The dry body weight of each animal was deter-
mined to the nearest g using a sensitive laboratory balance
(Sartorius 4401, Germany). Females were not considered
because of the high variability of their body weight, which
depended on whether they had deposited egg masses or not.

Statistical analyses

Statistical analyses were performed with the software pro-
gram GraphPad Prism®, Version 5.00 (GraphPad Software
Inc., San Diego, CA, USA). All data were tested for nor-
mality by the Kolmogorov—Smirnov test. Data sets were
checked for significant differences using one-way analysis
of variances (ANOVA) followed by Tukey’s post hoc test in
case of normally distributed data. Otherwise, the Kruskal—
Wallis test followed by Dunn’s post hoc test was applied.
Differences in the number of clutches (total/fertile) and
in the sex ratio (expressed as female fraction) were tested
with Fisher’s exact test. For the fertile clutches per female,
no statistical test was possible because only one breeding
container was used per treatment.

The number of eggs per egg mass was determined accord-
ing to Vogt et al.l'l Based on the time and the number of
emerged females, the EmTs, was calculated. PGR was cal-
culated according to a simplified Euler-Lotka calculation
based on: mortality rate, mean emergence time of females,
female fraction, number of eggs per egg-mass and num-
ber of fertile egg-masses per female (for details see Vogt
et al.l'?). The population size after 30 days was estimated
using the experimentally determined PGR of each treat-
ment group. As in the experiment, the modeling of each
group also started with 140 larvae per treatment.

For calculating the EmTs it was necessary to transform
the data. The natural logarithm of time (in days) was taken
and the number of emerged midges was cumulated and
normalised to percentages for each replicate. The normal-
isation was performed to correct for non-substance me-
diated differences in emerged midges between replicates
within a treatment. Thereafter, non-linear regression was
performed using the logistic curve containing the EmTs
as a parameter. Significant effects of the combined stres-
sors, temperature and genetic diversity were checked using
two-way ANOVA. The significance level was set at P< 0.05
and is indicated in the graphs by asterisks (* P< 0.05, ** P<
0.01, *** P< 0.001).

Results and discussion

Genetic diversity of the populations

As shown in Table 1, the two Chironomus riparius pop-
ulations exhibit clear differences in heterozygosity. As a
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Table 1. Observed heterozygosity levels of the Chironomus ripar-
ius populations GEN+ and GEN— (Nowak et al.l7}).

GEN+
0.509

GEN-

Heterozygosity 0.263

result of inbreeding in the laboratory, the genetically im-
poverished population (GEN—) attains a value of 0.263,
whereas the GEN+ population shows a heterozygosity level
of 0.509. Thus, nearly 50% of the individuals exhibit two
different alleles for the examined loci, in contrast to GEN—
with only 26% of the midges being heterozygous. The loss
of genetic variation is associated with inbreeding which has
often been reported in agricultural stock-breeding as well
as in captive-breeding programs for species conservation
purposes.'® The measured heterozygosity of the labora-
tory stock of GEN+ and of field populations are in the
same range. Nowak et al.ll”7l determined a heterozygosity
0f 0.596 in a C. riparius field population taken from a small
ditch close to Weinheim (Germany).

Mortality and mean emergence time (EmTs)

Effects of the biocide TBT on chironomids at sub-
lethal, environmentally relevant concentrations have al-
ready been described at an exposure temperature of 20°C
before.l!> 1819 We could confirm these findings in our study.
Figure 1A shows the mortality of the GEN+ population at
the three test temperatures. At 17°C, we observed a moder-
ate increase of mortality in the TBT-treatment compared to
the corresponding control for which the percentage of dead
animals was in the same range at 20°C with 12.1 (control)
and 11.4% (TBT). At 23°C, the mortality of control indi-
viduals was significantly higher than in the biocide exposed
population (one-way ANOVA with Tukey’s post hoc test,
P < 0.05).

In the genetically impoverished population GEN—, the
mortality of the TBT-treated population was higher at
the lowest temperature compared to the control (Fig-
ure 1B). At 20°C the mortality of the control and the
TBT group occurred at the same level (18.3 and 19.3%).
At 23°C in both treatments, a clear and significant in-
crease (one-way ANOVA with Tukey’s post test) in mor-
tality was found (38.6 and 45.7%, respectively). There was
no significant difference in mortality between the con-
trol and the TBT-exposed population at 23°C. An in-
creasing mortality at higher temperatures is already de-
scribed for the genus Chironomus by Frouz et al.’% and
Stevens.’!l In our study, these findings were corroborated
for GEN—. Overall, the results are in good agreement with
former studies in our group. For example, Nowak et al.l*’]
found that genetically impoverished C. riparius popula-
tions react more sensitively to the heavy metal cadmium
compared to populations possessing higher levels of ge-
netic variation. This observation is also confirmed by a
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Fig. 1. Chironomus riparius — mortality (A and B) and EmTs, of females (C and D) of the GEN+ and GEN— population at different
temperatures (mean = SEM, one-way-ANOVA with Tukey’s post hoc test, * P < 0.05, ** P < 0.01, *** P <0.001,n =7).

meta-analysis of 34 data sets on various animal and plant
species.?’]

The 20°C experiment fulfilled the validity criteria for
mortality and emergence according to OECD guideline
218.°] The observed mortality in the control groups was
always below 30% and emergence occurred between day 12
and 23, independently of the level of heterozygosity. While
GEN+ demonstrated a low mortality of the control and
the TBT-treatments was observed at all temperatures and
survival was affected by the significant interaction between
TBT and exposure temperature (30.4% of variation within
the data, Table 2). The number of dead animals was higher
for GEN—, especially in the 23°C group, whereby 48.9% of
the total variation in the data can be explained by temper-
ature (Table 2, two-way ANOVA, P < 0.0001).

It is well known that temperature plays an important role
for growth and development of chironomids.>*2%] The
EmTsg of the females of both populations is shown in Fig-
ures 1C-D. The values decreased significantly with increas-
ing temperatures in both control and TBT-exposed groups.
At 17 and 20°C a delay of the emergence time of GEN—
compared to GEN+ can be shown. In contrast, at 23°C the
controls of GEN+ and GEN— developed comparably (16.7
and 16.8 days) and a TBT effect was observed within the
23°C group for GEN+ only. Other studies document the
decrease of the EmTs, with increasing temperatures!>®! and
explain this observation with increased food intakel*” and
increased metabolism.?®! In general, the emergence time is

strongly temperature-dependent. 79.0 and 88.5% of the to-
tal variation can be explained by temperature for GEN+
and GEN—, respectively (Table 2, two-way ANOVA, P <
0.0001).

Reproduction

The number of clutches (total and fertile) produced by
GEN+ exhibited a decreasing trend in both the con-
trol and the TBT treatment with increasing temperatures
(Table 3). The differences between the 20°C group and the
other temperature treatments as well as those between the
TBT treatments and the corresponding controls were not
statistically significant. The control groups of GEN— (Ta-
ble 3) also showed a reduced number of clutches with in-
creasing temperatures. In contrast to GEN+, we observed
a marked and statistically significant (Fisher’s exact test,
P < 0.05) decline of fertile clutches in the TBT treatment
at 23°C with only 40% of the clutches being fertile com-
pared to 80% in the associated control group. Moreover,
a significant decrease in number of clutches (total and fer-
tile) between the 20 and the 23°C TBT treatment was found
(Fisher’s exact test, P < 0.001).

The size of fertile clutches of GEN+ also showed a de-
creasing trend with increasing temperatures independently
from the TBT treatment. Almost all TBT groups of GEN+
and GEN-— have larger egg masses of fertile clutches
in comparison to the controls. However, no significant
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Table 2. Two-way ANOVA for six life history traits of the genetically variable (GEN+) and genetically impoverished (GEN—)
Chironomus riparius population with F-values (F) and significance levels ( P).

GEN+ GEN—
Trait Cause F P F P
Mortality TBT 0.21 0.7362 5.92 0.0292
Temperature 2.96 0.4554 48.9 < 0.0001
TBT x temperature 30.4 0.0011 3.89 0.1977
EmTs TBT 8.34 < 0.0001 0.79 0.1070
Temperature 79.0 < 0.0001 88.5 < 0.0001
TBT x temperature 0.69 0.3633 0.25 0.6537
Eggs per fertile clutch TBT 3.78 0.0086 0.15 0.5850
Temperature 3.61 0.0364 4.55 0.0123
TBT x temperature 0.61 0.5658 0.34 0.7131
Sex ratio TBT 0.01 0.9410 0.54 0.6179
Temperature 0.99 0.8239 11.06 0.0903
TBT x temperature 7.88 0.2247 10.97 0.0920
Male dry body weight TBT 0.08 0.43242 0.24 0.4153
Temperature 49.4 < 0.0001 17.4 < 0.0001
TBT x temperature 4.54 < 0.0001 0.34 0.6174
Population growth rate TBT 18.5 0.0026 6.22 0.0450
Temperature 14.9 0.0222 16.8 0.0065
TBT x temperature 3.12 0.4209 25.1 0.0008

EmTsy (mean emergence time), PGR (population growth rate).

Table 3. Chironomus riparius produced clutches (total/fertile), eggs per fertile clutch (mean £ SD), fertile clutches per female, sex
ratio (female fraction) and male dry body weight (mean + SD, in mg) of the GEN+ and GEN— population (C — (solvent) control,

TBT - tributyltin).

Endpoint Treatment 17°C 20°C 23°C
GEN+
Number of clutches (total/fertile) C 44/32 44/28 28/18
TBT 45/30 31/17 33/14
Eggs/fertile clutch (mean + SD) C 489 (£ 90) 446 (£ 143) 411 (£ 80)
TBT S13 (x 115) 490 (£ 77) 481 (£ 139)
Fertile clutches per female C 0.604 0.509 0.367
TBT 0.556 0.334 0.286
Sex ratio (female fraction) C 0.414 0.462 0.495
TBT 0.495 0.421 0.419
Male dry body weight [mg] C 0.368 (£ 0.033) 0.365 (£ 0.033) 0.318 (£ 0.026)*
TBT 0.386 (£ 0.027) 0.379 (£ 0.034) 0.293 (£ 0.034)"
GEN-—
Number of clutches (total/fertile) C 40/34 33/23 25/20
TBT 38/32 43/38¢ 15/6¢
Eggs/fertile clutch (mean £+ SD) C 445 (£ 171) 424 (£ 134) 388 (+ 130)
TBT 480 (£ 128) 428 (£ 131) 383 (£ 69)
Fertile clutches per female C 0.462 0.489 0.645
TBT 0.681 0.603 0.240
Sex ratio (female fraction) C 0.520 0.439 0.388
TBT 0.452 0.578 0.379¢
Male dry body weight [mg] C 0.386 (& 0.051)/ 0.345 (£ 0.045) 0.315 (& 0.033)/
TBT 0.376 (£ 0.048) 0.332 (£ 0.024) 0.319 (£ 0.048)

Statistically significant to: ¢(control 20°C, P < 0.001); *(TBT 20°C, P < 0.001); ¢(corresponding control, P < 0.05, and 23°C TBT, P < 0.001);
4(corresponding control, P < 0.05); ¢(TBT 20°C, P < 0.05),/(control 20°C, P < 0.01).
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differences were found either between the controls and the
corresponding TBT treatments nor between the 17°C/23°C
group and the 20°C group. Péry and Garricl*/lobserved
a slight decrease of clutch sizes of C. riparius when the
midges were exposed to a temperature range between 15.0
and 26.7°C. This phenomenon was also found for other
chironomids.” Surprisingly, in the case of GEN— control,
the number of fertile clutches per female shows an increase
with increasing temperatures. However, no statistical test
was possible because only one breeding container was used
per treatment. As presented by two-way ANOVA, only 3.61
(GEN+) and 4.55% (GEN-) of the total variance within
the data could be explained by temperature (Table 2).

The sex ratio of GEN+ was not affected in the controls
nor in the TBT-treatments, while the genetically impov-
erished population GEN— showed a skewed sex ratio in
favour of males in the TBT/23°C group compared to the
TBT/20°C group (Fisher’s exact test, P < 0.05). A shift in
the sex ratio independent of the temperature is also doc-
umented for other arthropods. Voordouw and Anholt!*"!
investigated sex determination in the copepod species Tigri-
opus californicus at 15 and 22°C. They found that higher
temperature induces masculinization in this species. Two-
way ANOVA clarifies that sex ratio is most likely affected
by temperature in the GEN— population although, the F-
value is not significant (Table 2).

Dry body weight of males

The mean male dry weight varied between 0.386 (GEN+,
17°C, TBT) and 0.293 mg (GEN+, 23°C, TBT). With in-
creasing temperatures, male dry body weight decreased in
both the control and the chemical treatment (Table 3).
While the GEN+ population showed the strongest loss
(Kruskal-Wallis statistics with Dunn’s post hoc test) of av-
erage body weight between 20 and 23°C both in the control
(—=13.5%, P < 0.001) and in the TBT treatment (—23.7%,
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P <0.001), the decrease of male dry body weight of GEN—
was evenly distributed over the entire temperature range.
As already discussed, the animals developed faster with
increasing temperatures. During the shorter development
period the increase of food intake and metabolism may not
be sufficient to attain a comparable weight to midges be-
ing exposed to lower temperatures. The fact that shorter
larval development due to higher temperatures leads to
smaller imagines is in line with results from other stud-
ies on chironomids.?*-31-32 As shown in Table 2, only 0.08
(GEN+) and 0.24% (GEN-) of the total variability of the
data are induced by chemical exposure, while 49.4 (GEN+)
and 17.4% (GEN-—) are attributable to temperature (two-
way ANOVA).

Population growth rate (PGR) A

Growth rates of each population are shown in Figure 2.
For the genetically diverse population GEN+, a growth
advantage is obvious in the control compared to the TBT-
treatment over the whole temperature range. While the
PGR of the control increased with increasing tempera-
tures moderately (A = 1.239, 1.245 and 1.275 d~'), the
PGR remain approximately on the same level for the TBT
treatments (Figure 2A). A hypothetical daily increase of
28-29% (A = 1.28 and 1.29 d~!) of untreated C. riparius
populations is already described for an ambient tempera-
ture of 21°C.3334 As demonstrated in Table 3, the tempera-
ture and the treatment were significantly responsible for the
variation within the data set (14.9 and 18.5%, respectively).

The control group of the genetically impoverished pop-
ulation GEN— revealed considerable smaller PGR com-
pared to GEN+ with exception of the 23°C control group
(Figure 2B). Here the PGR of both populations were nearly
the same (1.275 for GEN+ and 1.276 d=! for GEN-).
While exposure temperatures of 17 and 20°C caused no
effect in the TBT treatment compared to the respective

=z
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Fig. 2. Population growth rate [d~!] of the genetically variable GEN+ (A) and the impoverished Chironomus riparius population
GEN- (B) at different temperatures with and without TBT exposure. Significant differences were calculated using one-way-ANOVA
(Tukey’s post hoc test) comparing TBT treatment and corresponding control as well as 17 and 23°C with the standard temperature

20°C (mean + SEM, ** P < 0.01, *** P < 0.001,n=7).
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Fig. 3. Predicted number of individuals of different Chironomus riparius populations with and without TBT exposure within a
temperature gradient (17, 20 and 23°C). The number of individuals of the genetically variable population GEN+ (A) and the
genetically impoverished population GEN— (B) are represented for a 30-day experiment.

control, we observed a significant increase of PGR (one-
way ANOVA with Tukey’s post hoc test, P < 0.01) in the
23°C control compared to the 20°C control group. The
PGR of the TBT group decreases at 23°C significantly (A =
1.179) compared to the 23°C control (A = 1.276, one-way
ANOVA with Tukey’s post hoc test, P < 0.001). Overall,
the two-way ANOVA demonstrated a significant impact of
both TBT treatment and temperature, which are responsi-
ble for 6.22 and 16.8% of the observed data variation (Table
2). Moreover, the analysis indicates for GEN— a significant
(P < 0.001) interaction between both factors.

The ecological relevance of the PGR becomes partic-
ularly clear if the number of individuals in the different
treatment groups is calculated after 30 days (Figure 3).
With the exception of GEN— at 20°C, all TBT treated
groups produced at all temperatures fewer individuals than
the control, independent of the level of heterozygosity. At
an exposure temperature of 23°C, the TBT-treatment of
GEN- produces 90.6% fewer individuals than the control.
Although this exposed population produces still 1.4*10%
individuals within 30 days and is, thus, not acutely endan-
gered, an increased extinction risk is conceivable for this
r-strategists under the influence of additional stressors
prevalent in the natural environment.

Conclusion

We present the first study investigating the combined ef-
fects of temperature and chemical stress considering ge-
netic variability of an ecotoxicological model species under
standardized conditions. In a similar experiment, Airas et
al.1’ investigated the effects of multiple stressors (tempera-
ture, low oxygen concentration, chemicals) acting simulta-
neously on C. riparius. They found that individual stressors
had no effect. In combination, however, significant effects
were observed.

Our study demonstrates that a decrease in genetic vari-
ability has important consequences on the fitness of popu-
lations under the most moderate temperature stress. Over-
all, the decreased EmTsy of the GEN— TBT group at 23°C
(Figure 1D) is not able to compensate for the high mortal-
ity and the very low reproduction resulting in a dramatic
decrease of the PGR. However, the PGR was above 1.0 per
day indicating that the population still grows at optimal
laboratory conditions due to the high number of eggs per
clutch (Table 3). This result suggests that global tempera-
ture change could have serious effects on the distribution
and survival of locally distributed or rare species.
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