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Abstract

Exposure of nontarget populations to agricultural chemicals is an important
aspect of global change. We quantified the capacity of natural Daphnia magna
populations to locally adapt to insecticide exposure through a selection experi-
ment involving carbaryl exposure and a control. Carbaryl tolerance after selection
under carbaryl exposure did not increase significantly compared to the tolerance
of the original field populations. However, there was evolution of a decreased tol-
erance in the control experimental populations compared to the original field
populations. The magnitude of this decrease was positively correlated with land
use intensity in the neighbourhood of the ponds from which the original popula-
tions were sampled. The genetic change in carbaryl tolerance in the control rather
than in the carbaryl treatment suggests widespread selection for insecticide toler-
ance in the field associated with land use intensity and suggests that this evolution
comes at a cost. Our data suggest a strong impact of current agricultural land use
on nontarget natural Daphnia populations.

Introduction

Pesticides are widely used in agriculture to increase crop
yield (Waterfield and Ziberman 2012). Spray drift or run-
off of pesticides can affect natural, nontarget populations
inhabiting surface waters situated in the vicinity of the trea-
ted land area, impacting community structure and ecosys-
tem functioning (Parker et al. 1999). Several studies have
shown that exposure to toxic substances may induce
micro-evolutionary responses in natural populations, lead-
ing to genetic differences in the concentration—response
curve between exposed and nonexposed populations (e.g.
Raymond et al. 2001; Medina et al. 2007; Jansen et al.
2011). Genetic adaptation to pesticides may also come at a
cost, however, such as an increased susceptibility to para-
sites (Jansen et al. 2011) and loss of genetic diversity
(Coors et al. 2009).

The water flea Daphnia (Crustacea) belongs to the fresh-
water zooplankton and is a key model organism in ecology
and evolution (Lampert 2006; Decaestecker et al. 2007;

Van Doorslaer et al. 2009a; Colbourne et al. 2011; Jansen
et al. 2011; Miner et al. 2012) and in ecotoxicology (OECD
2004; Walker et al. 2006). Their cyclic parthenogenetic
reproduction allows the exposure of single genotypes to a
range of environmental conditions using clonal replicates,
to quantify genotype-dependent responses to environmen-
tal gradients. The short generation time allows monitoring
responses in experimental evolution trials (Van Doorslaer
et al. 2009b; Jansen et al. 2011), while the production of
dormant stages (ephippia, Hebert 1978) that accumulate in
dormant egg banks allows obtaining representative samples
of the gene pool of natural populations. Large-bodied
Daphnia species such as D. magna play a central role in the
food web of eutrophic ponds and shallow lakes. Such habi-
tats are often quite abundant in agriculture landscapes,
where exposure of Daphnia populations to pesticides
through drainage, spray drift or run-off may be common.
The aim of this study was to investigate whether natural
Daphnia magna populations inhabiting ponds in agricul-
tural landscapes possess evolutionary potential for
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adaptation to changes in the level of pesticide exposure,
using carbaryl as a model acetylcholinesterase-inhibiting
insecticide. To that end, we carried out a selection experi-
ment starting from standing genetic variation sampled by
hatching dormant eggs from the egg bank of seven natural
populations. After the selection experiment, we performed
acute toxicity tests to compare the carbaryl tolerance of the
experimental populations that had been exposed to high
concentration pulses of carbaryl, the experimental popula-
tions that had been exposed to control conditions, and the
original field populations. We tested two hypotheses. First,
we tested the hypothesis that natural populations of this
nontarget species harbour evolutionary potential to
respond to selection exerted by pulse exposure to carbaryl.
Second, we tested the hypothesis that the selection back-
ground of the natural populations (i.e. the selection condi-
tions in their original habitat) influences their response to
insecticide selection.

Materials and methods

Our overall research strategy involved a selection experi-
ment on carbaryl tolerance in outdoor containers followed
by an assessment of the genetic changes in tolerance to car-
baryl in laboratory short-term exposure experiments.

Daphnia populations

We exposed dormant eggs contained in the sediments of
seven ponds and small shallow lakes in Flanders known to
be inhabited by D. magna (Blankaart, Uitkerke, Moorsel,
OM 1, OM 2, Oud-Heverlee and Tersaart; see Coors et al.
2009) to favourable hatching stimuli (i.e. exposure to
‘spring conditions’: fresh noncontaminated dechlorated tap
water, long day photoperiod 16L/8D and 20°C, after stor-
age of the eggs for > 1 month at 4°C in the dark; see De
Meester and De Jager 1993), and randomly isolated 125
hatchlings from each population. Dormant eggs in
D. magna are produced sexually, so all hatchlings are
genetically unique. These hatchlings were cultured in isola-
tion to establish clonal lineages. The seven study popula-
tions here are a subset of the populations studied by Coors
et al. (2009) in their analysis of the association between
carbaryl tolerance of 10 D. magna populations and land
use intensity in the immediate neighbourhood of their
habitats.

Selection factor carbaryl

The pesticide carbaryl (1-naphthyl methylcarbamate, CAS 63-
25-2, purity 99.8%, Sigma-Aldrich, Germany) belongs to the
group of carbamates, which together with the organophos-
phorous insecticides act as acetylcholinesterase inhibitors.
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Carbaryl prevents the breakdown of the chemical messen-
ger acetylcholine between the synapses in the nervous sys-
tem. This results in an overload of acetylcholine in the
synaptic cleft leading to overstimulation of the postsynaptic
receptors. The receptors are then no longer able to contract
or relax in response to a synaptic stimulus (Walker et al.
2006). Since 2007, carbaryl has no marketing authorisation
as agricultural insecticide in Belgium anymore, but already
sold products may still be used and the VMM (Vlaamse
Milieu Maatschappij) still reports carbaryl concentrations
in the field (Vlaamse Milieu Maatschappij 2010).

Experimental evolution trials

Using the hatchlings obtained from the sampled dormant
egg bank of each of the seven natural populations, we car-
ried out a selection experiment in outdoor containers. We
applied two treatments: a carbaryl exposure treatment and
an ethanol control treatment, with two replicate containers
for every population x treatment combination, giving 28
experimental units. We used 28, 225 L containers filled
with 180 L of dechlorinated tap water and covered by mos-
quito netting to keep away predatory midge larvae. Two
weeks before the inoculation of the D. magna juveniles, we
added an inoculum of 6 x 10° cells of the unicellular green
alga Scenedesmus obliquus to each container (i.e. 3.3 x 10’
cells mL™"). The growth of these algae during the 2 weeks
before inoculation of the Daphnia provided sufficient food
for rapid population growth of the Daphnia upon their
inoculation. The alga community was not replenished dur-
ing the experiment and was self-maintained.

In each container, we inoculated clonal descendants of
the 125 genetically unique hatchlings of a given D. magna
population. The inoculate used can be considered a repre-
sentative sample of the standing genetic variation present
in the natural population at the start of a growing season,
when populations in nature hatch from their dormant egg
banks. Each container received one individual (< 5 days
old) from each of 125 clones derived from a single popula-
tion, resulting in a start density of 0.70 individuals per litre;
the inoculated individuals were first-generation and sec-
ond-clutch offspring of the animals that hatched from the
dormant egg bank. For each population, all containers
(two replicates x two treatments) received the same, stan-
dardized set of unique clones. Carbaryl exposure was
achieved by exposing the populations to three pulses of car-
baryl (nominal concentration of 32 ug L™') that were
given at an interval of 14 days to mimic spray season, start-
ing 2 weeks after stocking the containers with D. magna
juveniles. Exposure to 32 ug L™' can be considered a
strong selection pressure, as the EC5, value for carbaryl for
those populations has been estimated to be around
8 ug L™ for juveniles (Coors et al. 2009). At the same time
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as the carbaryl pulses, ethanol pulses were given in the con-
trol treatments, exposing the animals to the same concen-
tration of ethanol used as carrier solvent as in the carbaryl
exposure treatment (1 mL ethanol (pure, 99%) per pulse
and per container i.e. 0.004 mL L™").

The container selection experiment ran in total for
80 days, with 55 days after the first pulse of carbaryl, repre-
senting approximately 5-8 generations; 27 days after the
last pulse was given, the selection experiment ended.

Clones used for the acute toxicity tests

At the end of the selection experiment, we randomly iso-
lated 10 individuals from each population x treatment
combination (i.e. pooled over both replicate containers) to
start clonal lineages in the laboratory. Random extinction
of clones after isolation reduced the number of available
lineages to 3—6 per population x treatment combination
(see Table S1). These losses of clones were caused by the
prolonged period (approx. 82 generations) of culture under
suboptimal stock conditions following isolation of the lin-
eages. During this period, the cultures were only fed twice a
week. Extinction of clones was random, that is independent
of population of origin nor selection history (verified by
one-way ANOvA on number of clones that survived: popula-
tion: F = 0.547, df = 6, 14 and P = 0.77; selection history:
F=1.98,df = 2,18 and P = 0.17).

After the selection experiment, we obtained three sets of
clonal cultures for each of the seven sampled natural popu-
lations: (i) a set of genotypes directly hatched from the dor-
mant egg banks (called original populations; they are a
subset of the lineages that were used to inoculate the con-
tainers) and never exposed to selection in the containers,
(ii) a set of genotypes obtained from the control treatment
in the container experiment (control populations), and
(iii) a set of genotypes obtained from the outdoor contain-
ers exposed to carbaryl (carbaryl-selected population). Of
the 102 lineages tested for their sensitivity to carbaryl, the
33 clonal lineages directly hatched from the original popu-
lations are genetically unique as they were hatched from
dormant eggs, which are the result of sexual recombina-
tion. The remaining 69 clonal lineages were isolated from
populations that were reproducing parthenogenetically, so
that in principle several isolates may belong to the same
clone; of these, 34 were screened for their variation at seven
polymorphic microsatellite markers (Jansen et al. 2011)
and proved to be unique clones. Unfortunately, the
remaining 35 clones could not be genotyped because they
were accidently lost before we could genotype them using
microsatellites. The fact that all 34 genotyped clones proved
genetically unique, however, suggests that the likelihood
that our results would be influenced by different isolates
belonging to the same genotype is small.
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Acute toxicity tests

We carried out standard acute toxicity tests for a total of
102 clonal lineages (n = 4-6 lineages per population, for
two populations # = 3; Table S1) based on the OECD 202
guideline acute Daphnia test (Organisation for Economic
Co-Operation and Development, OECD 2004).

For two generations prior to the start of the experiment,
all isolates were grown under standardized conditions in
terms of density and medium to minimize maternal effects.
For each clonal lineage, four to six cultures were main-
tained to generate enough juveniles for the toxicity experi-
ments. In each culture, ten individuals are raised as a
cohort in 500-mL jars filled with Aachener Daphnien med-
ium (ADaM, Klittgen et al. 1994) in a climate-controlled
room with a constant temperature (20 = 1°C) and a fixed
day/night regime (16 h light/8 h dark), and daily fed
1 x 10° cells mL ™" of the unicellular green alga Scenedes-
mus obliquus until maturation, after which food levels were
doubled.

For the acute toxicity tests, we exposed second or third
clutch neonates < 24 h old to eight different carbaryl con-
centrations ranging from 4 to 25.1 ug L™ (spacing factor
of 1.3 between concentrations) and an ethanol control.

The analysis of the actual concentrations of carbaryl in
test solutions was carried out according to the method
described by Cerbin et al. (2010). Briefly, water samples for
chemical analyses of carbaryl were preserved with formic
acid until analysis. A LC-MS/MS [4000QTrap (Applied
Biosystems, Gent, Belgium) operated with electrospray ion-
ization in the positive ion mode (ESI)] was used for the
determination of the actual concentrations of the pesticide.
The separation was done on a C18 column [Pathfinder
(Shimadzu, Duisburg, Germany): 4.6 x 50 mm, silica 300,
particle size 3.5 um], using a mobile phase consisting of
methanol and water, both with 5 mm of NH,Ac. The tran-
sitions 202—145 and 202— 127 were monitored.

For each clonal lineage and test concentration, four
cohorts of five neonates randomly collected from the juve-
niles produced in the 500-mL cultures were inoculated in
5 mL ADaM in a 30-mL glass jar. All juveniles were first
pooled after which we randomly picked out five individuals
for each exposure unit (see guideline OECD 202: OECD
2004). Stock solutions of carbaryl were prepared at eight
concentrations in ethanol and stored at —20°C.

Given the size of the experiment, with parallel full scale
standardized acute toxicity tests on 102 clonal lineages,
tests were split over 86 different days. The order in which
clonal lineages were tested was randomized across popula-
tions. We minimized the time between inoculating the
experimental animals and the carbaryl pulse and ensured
that all animals tested on 1 day were exposed to their test
concentration at the same moment. Each test included a
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solvent control with 0.005% ethanol, the same ethanol con-
centration as in all carbaryl test solutions. At the start of
the experiment, we also included a blank control contain-
ing only ADaM, but as there was no difference (between 0
and 10%) in mortality in both controls (blank and ethanol
control), blank controls were not included in further expo-
sure assays. In case there was more than 10% mortality in
the control treatment, we decided to remove that specific
test from the analysis according the OECD guideline 202.
Experimental animals were not fed during the acute toxic-
ity test and tested in a dark/light cycle (16 h light/8 h
dark). After 48 h, all individuals were scored for immobil-
ity. On each test day, four different variables were mea-
sured in the exposure medium: pH, conductivity
(uS ecm™), oxygen level and temperature (°C) (Table S2).

Statistical analysis

Concentration—response curves and response to selection
Generalized linear modelling (GLiM) was applied to ana-
lyse acute toxicity response data (proportion immobilized
daphnids after 48 h exposure versus log;o-transformed car-
baryl concentrations) and to estimate the median effect
concentration (ECsy) for each population x treatment
combination. We used GLiM with a probit link and
assumed binomial error distribution as recommended by
McCullagh and Nelder (1989) in the statistical software R
(R Development Core Team, 2007). To account for extra-
binomial variation (i.e. overdispersion expressed as the
residual deviance being more than 1.5 greater than the
degrees of freedom of the residual deviance), we used as
model family ‘quasibinomial’ and replaced »* tests by
F-tests as recommended by Crawley (2007). The results of
the quasibinomial model differ from the binomial model
only with regard to the standard errors of the parameter
estimates, with the quasibinomial model yielding larger
and therefore more conservative confidence intervals for
point estimates such as the ECso. The 95% confidence
intervals of the ECs, were calculated from the variances
and covariances of the model parameters using Fieller’s
theorem as outlined by Kerr and Meador (1996) and
Wheeler et al. (2006).

As the accuracy of the estimate of the ECs, is greater
when replicate observations are combined in one analysis
(OECD 2004), we fitted one concentration—response curve
for each population x treatment combination (original,
control and carbaryl-selected for each of the seven popula-
tions) using the results of all replicate trials with the differ-
ent clones of this population. A backward elimination
process (Crawley 2007) was applied to analyse the influence
of origin of the populations (factor ‘population’) and car-
baryl exposure during the selection experiment (factor
‘selection history’) with regard to the toxicity of carbaryl

Evolution of insecticide tolerance

on the clonal lineages. Starting with the most complex
model explaining the proportion of dead daphnids (y~ car-
baryl x population X selection history, i.e. taking all pos-
sible interactions into account), the term that caused the
least reduction in deviance was deleted in each step. This
stepwise reduction process was applied until the least com-
plex model was identified that significantly reduced devi-
ance in comparison with the next more complex model.
Following the analysis on all populations, we contrasted
selection histories to analyse specifically the influence of
differential selection due to carbaryl exposure within the
experiment (by comparing ‘control’ and ‘carbaryl-selected’
populations) of the overall selection experienced by the
carbaryl-selected populations (by comparing only ‘original’
and ‘carbaryl-selected’ populations) and of the ‘back-
ground’ selection caused by the containers (by including
only ‘original’ and ‘control’ populations). In addition to
this GLIM analysis, we also carried out a general linear
model (aNova) on the ECsq values calculated from concen-
tration—response curves estimated for each clonal isolate of
the different treatments and populations separately, with
population and selection history as independent variables
(see Table S3; run using Statistica v12, Statsoft 2014: http://
www.statsoft.com). This aNova approach uses the ECs val-
ues estimated for each clone separately, and while it incor-
porates variation among clones for this variable, it has the
disadvantage compared to the GLiM analysis that the single
clonal ECs values are less informative than considering the
whole concentration—response curve per population
because they only represent one point estimate of the
response and are calculated from a smaller data base (i.e.
on the four replicate cohorts of five individuals tested per
clone and concentration).

Relationship with land use

To test for the hypothesis that the response to selection is
dependent on the selection background of the study popu-
lations, that is the degree to which they are impacted by
intensive agriculture, we quantified the relationship
between the relative change in carbaryl tolerance during the
selection experiment and the land use intensity in the
immediate vicinity of the habitats the populations were
derived from. The relative change in carbaryl tolerance dur-
ing the selection experiment was described by the log, of
the ratio of the ECso of each container population (‘con-
trol’ or ‘carbaryl-selected’) over the ECsq in the respective
original population [log, (ECs, treatment/ECs, original)].
This was calculated for both control and carbaryl-selected
populations separately. A value above 0 indicates an
increase in tolerance in comparison with the original popu-
lation and a value below 0 a loss in tolerance, respectively.
Using this ratio of ECs, values, the change in carbaryl toler-
ance was analysed by Spearman rank correlation for its
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association with land use intensity in the vicinity of the
pond of origin of the populations. In earlier work, we doc-
umented that carbaryl tolerance of Daphnia populations
tends to increase with increasing intensity of land use in
the immediate vicinity of their habitat (Coors et al. 2009).
The seven ponds from which the experimental populations
were selected were ranked for land use intensity (1 = lowest
and 7 = highest land use intensity) based on the visual
screening of the percentage of crop (corn and cereals), pas-
ture and garden area in a radius of 50 m around the pond,
and using the percentage of cropland as the main criterion
(as described in Coors et al. 2009; see Table S4). This
assessment was based on earlier work that established that
water quality in farmland ponds is largely determined by
land use nearby (< 200 m) the ponds (Declerck et al.
2006).

Results

Concentration—response curves and response to selection

The concentration-response curves of acute exposure to
carbaryl for the original field populations and for the
experimental populations that were (‘carbaryl-selected’) or
were not (‘control’) exposed to carbaryl in our selection
experiment are shown in Fig. 1 (i.e. carbaryl-selected and
control experimental populations of each of the seven ori-
ginal field populations; see also Table S1 for summary sta-
tistics). There is a significant main effect of acute carbaryl
concentration, population and selection history as well as a
carbaryl x population and a population x selection his-
tory interaction effect on mortality in the overall analysis
(Table 1A). Carbaryl concentration is also significant in
each of the three comparisons tested (control versus origi-
nal; carbaryl-selected versus original; carbaryl-selected ver-
sus control; Table 1B). The population from which the
dormant egg bank was derived also significantly shaped the
response to carbaryl in all three comparisons (Table 1B),
illustrating that the populations indeed differ in their con-
centration—response curves. Selection history (original —
control — carbaryl-selected) had a significant effect on the
response to carbaryl in the comparison of the control treat-
ment with the original population as well as in the compar-
ison of the control with the carbaryl-selected populations,
but not in the comparison of the carbaryl-selected with the
original populations (Table 1B). Control populations
showed less carbaryl tolerance compared to carbaryl-
selected populations and compared to the original popula-
tions (Fig. 1). There is a significant interaction effect
between population and selection history in the compari-
son between carbaryl-selected and control populations
(Table 1B). This implies that the populations reacted dif-
ferently to the selection pressures imposed during the selec-
tion experiment. This is clearly illustrated in Fig. 2D,
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which shows that while most populations have a higher tol-
erance to carbaryl in the carbaryl-selected compared to the
control selection treatment, one population (OM 1) had
lower tolerance in the carbaryl-selected than in the control
population. The anova on the ECs, values calculated from
concentration—response curves estimated for each clonal
isolate of the different treatments and populations sepa-
rately, yielded results in line with the GLiM analysis, with
significant main effects of population (reflecting genetic
differences among the populations) and selection history
(reflecting evolutionary potential). This analysis did not
reveal, however, a population x selection history interac-
tion effect (see Table S3).

Relationship with land use

Similar to the results presented by Coors et al. (2009), the
Spearman rank correlation between land use intensity and
carbaryl tolerance (represented by the EC5) in the original
populations shows a marginally nonsignificant positive
association (r = 0.739; P = 0.058; Fig. 2A). There is a sig-
nificant negative correlation between the degree to which
populations became less tolerant to carbaryl in the control
treatment compared to the original populations and land
use intensity in the vicinity of the ponds from which the
original populations were obtained (r = —0.93; P < 0.01;
Fig. 2B). There is no association between ECs, ratio of car-
baryl-selected over original populations and land use inten-
sity in the vicinity of the ponds (r = 0.21; P = 0.66;
Fig. 2C). There is a tendency for a positive correlation
(r = 0.71, marginally nonsignificant: P = 0.08) between the
difference in carbaryl tolerance between the carbaryl-
selected and the control treatment populations and land
use intensity (Fig. 2D).

Discussion

Overall, our results show that natural populations of the
water flea D. magna isolated from a gradient in land use
intensity differ in their sensitivity to the pesticide carbaryl
(cf. significant effect of population in Table 1), show evolu-
tionary potential to respond to changes in carbaryl expo-
sure (cf. significant effect of selection history in Table 1,
our first hypothesis) and differ in the magnitude of this
evolutionary potential (cf. significant effect of popula-
tion x selection history in Table 1, our second hypothesis
2, Fig. 2).

Evolutionary potential for carbaryl tolerance

The overall GLiM analysis indicates significant main effects
of carbaryl, population and selection history as well as
significant population x selection history and
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Figure 1 Concentration-response curves for carbaryl for the study populations as sampled from the dormant egg banks (original field populations,
full line and circles), the control populations (control condition in experimental evolution trial; dashed line and squares) and the carbaryl-selected pop-
ulations (from the experimental evolution trial; dotted line and stars) for each of seven natural Daphnia magna populations isolated from Flemish
farmland ponds situated in areas that differ in land use intensity. The figures of the different populations are ranked based on land use intensity in
the neighbourhood of the pond (OM2: low land use — Moorsel: high land use; see Table S4).
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Table 1. Overview of the remaining GLIM models following the step-
wise backward elimination process of nonsignificant terms (« = 0.05)
testing for the effect of carbaryl, population, selection history and their
interactions on mortality of D. magna in standardized acute toxicity
experiments. (A) Results of general model analysing the data of all pop-
ulation x selection treatments; (B) Results of targeted comparisons
between selection histories: control versus original, carbaryl-selected
versus original, and carbaryl-selected versus control. The two popula-
tions obtained in the selection experiment (control and carbaryl-
selected population) were compared with each other, and each of them
was also compared with the original population in a paired analysis.
‘Carbaryl’ refers to different carbaryl concentration levels in the acute
toxicity tests, ‘population’ refers to the pond of origin of the popula-
tions, and ‘selection history’ refers to the selection history of the popu-
lations (original = prior to selection experiment; control = experimental
selection in the absence of carbaryl; carbaryl-selected = experimental
selection in the presence of carbaryl).

Residual  Residual
df  df deviance F P
(A)
All clonal lineages
NULL 775 15634.1
Carbaryl 1 774 4976.3 1612.0 <0.0001
Population 6 768 4467.8 12.8 <0.0001
Selection 2 766 43455 9.2 0.0001
history
Carbaryl x 6 760 4242 .4 2.6 0.017
Population
Population x 12 748 3985.4 3.2 <0.0001
selection history
(B)
Control population versus original population
NULL 494 10017.6
Carbaryl 1 493 2916.8 970.3 <0.001
Population 6 487 2616.3 6.8  <0.001

Selection history 1 486 2541.4 10.2 <0.01
Carbaryl-selected versus original population

NULL 530 10646.9
Carbaryl 1 529 3509 990.5 <0.001
Population 6 523 2931.5 13.5  <0.001
Carbaryl-selected versus control population
NULL 525 10556.8
Carbaryl 1 524 3470.2 1173.4  <0.001
Population 6 518 3181.4 8 <0.001
Selection history 1 517 3069.6 18.54 <0.001
Carbaryl x 6 511 2958.5 3.1 <0.01
Population
Population x 6 505 2742.6 6 <0.001
selection
history

carbaryl x selection history interaction effects (Table 1A).
The significant effect of carbaryl indicates that carbaryl
exposure impacted mortality, while the carbaryl x popula-
tion interaction effect reflects that the slope of the concen-
tration—response curves differs among populations. The
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significant effect of selection history reveals that the selec-
tion experiment impacted carbaryl tolerance of the result-
ing populations, while the selection history x population
interaction effect shows that this effect is dependent on the
population. In all three targeted contrasts (Table 1B)
between different selection histories, carbaryl and popula-
tion significantly affected mortality. The comparison
between the carbaryl-selected and the control populations
directly tests for differential evolution in our containers
due to carbaryl exposure. In this comparison, the popula-
tion x selection history interaction is significant, implying
that the difference in response to the imposed selection
regimes depends on the population of origin. While most
populations had a higher ECsy value in the carbaryl-
selected than in the control populations, one population
(OM 1) showed a lower ECs, value in the carbaryl-selected
than in the control population. Overall, our findings that
natural populations can genetically differ in tolerance to
pollutants and can show evolutionary potential to adapt to
pollutants is in line with the results of several earlier studies
that used pesticides (e.g. Tanaka and Tatsuta 2013) or
other pollutants (e.g. Muyssen et al. 2005; Agra et al.
2010), and involved Daphnia or other organisms (Carriere
et al. 1994; Goussen et al. 2013) as model systems.

Relaxation versus enhancement of tolerance

The comparison of carbaryl tolerance between the control
and the original populations showed a reduction in carba-
ryl tolerance in the control populations. Carbaryl tolerance
thus rapidly (within 5-8 generations) decreases in the
absence of carbaryl. It is indeed striking that the genetically
determined reduction in carbaryl tolerance following a
release in exposure to carbaryl was stronger than the genet-
ically determined increase in carbaryl tolerance when
exposed to pulses of a high concentration of the pesticide
in the selection experiment. Selection history (i.e. treatment
during the selection experiment) had a highly significant
effect on carbaryl tolerance in the control treatment of our
selection experiment, whereas exposure to carbaryl pulses
did not result in an overall increase in carbaryl tolerance,
even though the concentrations we applied in our selection
experiment were quite high. We exposed our experimental
populations to three pulses of 32 ug carbaryl L', while
the ECs, value in the original populations for neonate sur-
vival when exposed to carbaryl has been estimated to be
between 6 and 13 ug L™' (present study, Coors et al.
2009). While such high exposure levels in the carbaryl
treatment must have strongly impacted mortality in juve-
niles, the populations persisted. The absence of an evolu-
tionary response upon exposure to the standardized and
high concentration carbaryl pulses during the selection
experiment may either reflect that there is no evolutionary
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Figure 2 Spearman rank correlations between land use intensity (determined following Coors et al. 2009) and (A) absolute value of the ECsg
(ug L") for carbaryl of the original populations, (B, C) the change in ECsq during the selection experiment [log, (ECsq treatment/ECsg original)], and
(D) the change in carbaryl tolerance between the control and the carbaryl-selected populations [log, (ECsq carbaryl-selected/ECsq control)]. Panel B
shows that the loss in carbaryl tolerance in control populations compared to the original populations increases with land use intensity around the
pond [log, (ECsq control/ECsg original)]; this correlation is significant. Panel C shows the change in carbaryl tolerance in carbaryl-selected populations
compared to the original populations in relation to land use intensity around the pond [log, (ECsq carbaryl-selected/ECsq original)]; this correlation is
not significant. Panel D shows the change in carbaryl tolerance between the control and the carbaryl-selected populations in relation to land use
intensity [log, (ECsq carbaryl-selected/ECsq control)]; this relationship is marginally nonsignificant.

potential to further increase tolerance compared to that in
the original populations or that the selection pressure we
imposed was not significantly different from that experi-
enced in the ponds of origin.

Rapid loss of tolerance to pollutants has been observed
before. For instance, Levinton et al. (2003) showed a
reduction in Cd resistance after 9-18 generations in the oli-
gochaete Limnodrilus hoffmeisteri upon restoration of a
heavily metal-polluted site. The rapid decrease in pollutant
tolerance in the absence of pollutant exposure is generally
viewed as an indication that the tolerance has a cost (Sibly
and Calow 1989; Van Straalen and Timmermans 2002;
Medina et al. 2007; Saro et al. 2012). A cost of tolerance
may be related to an increase in energy demand associated
with the mechanism to cope with the pollutant (Sibly and
Calow 1989; Agra et al. 2011). In earlier work using
controlled laboratory experiments, we have shown that

© 2015 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 8 (2015) 442-453

carbaryl tolerance has a cost in terms of disease develop-
ment upon exposure of the Daphnia to the endoparasitic
bacterium Pasteuria ramosa. While our results are very sug-
gestive of an overall cost of carbaryl tolerance acting across
populations, our data do not allow us to identify the mech-
anism of this cost.

Relationship with land use

Our observation that the tolerance to carbaryl of the origi-
nal populations tends to increase with land use intensity in
the immediate neighbourhood of the habitats they were
isolated from (marginally nonsignificant) is in line with
previous results obtained with a different set of clones from
the very same populations (Coors et al. 2009). As carbaryl
concentrations in the field are difficult to quantify, we used
land use intensity as a proxy of exposure. Even though the

449



Evolution of insecticide tolerance

amount of arable land is a crude measure for the use of
insecticides, our results combined with those of Coors et al.
(2009) are suggestive of a relationship. It could be that the
pattern reflects adaptation to the use of acetylcholinester-
ase-inhibiting insecticides as a class rather than just
carbaryl.

The reduction in carbaryl tolerance we observe in our
control treatment is significantly associated with land use
intensity around the habitats the populations were isolated
from. Overall, the patterns shown in Fig. 2B,D suggest that
populations exposed to intensive land use in the vicinity of
their habitat show the highest potential to exhibit an evolu-
tionary response to the experimental treatments. This is in
line with expectations, as populations that are more
strongly selected for carbaryl tolerance can be expected
to show the strongest response upon release from this
stressor.

Methodological considerations

While our study involved an analysis of concentration—
response curves of not less than 102 D. magna clones, the
concentration—response curves of each of the populations
are based on an analysis of only 3-6 randomly picked out
clones per original and experimental population. The
maximum of six clones was set for the sake of feasibility,
while the lower number in a number of populations
resulted from the fact that several clonal lineages were lost
during the relatively long period (> 82 generations) of
culture under stock conditions prior to the experiment.
While a selection of 3—6 clones is at the lower end to
obtain a precise estimate of the concentration-response
curve of a population, there are several arguments that
support the notion that our concentration—response
curves capture real patterns. First, our results relating
ECs, values of the original populations to land use inten-
sity are nearly identical to those obtained by Coors et al.
(2009) using a different set of clones and a slightly larger
set of populations (the seven populations studied here are
a subset of the ten populations studied by Coors et al.
2009). Secondly, in our analysis of the changes in carbaryl
tolerance between the control and original populations in
relation to land use, the significant and positive associa-
tion we observed is very unlikely to originate by chance
and reflects that the power of our analysis must have been
sufficient to capture the essence of interpopulational dif-
ferences. Indeed, the key conclusions of our study are
based on the general patterns across populations (stronger
response in the absence than in the presence of selection
by carbaryl, relationship with land use), where less precise
estimates of responses of specific populations result in
some noise but are not detrimental as long as the overall
patterns are strong. In these analyses across populations,
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our database indeed involves seven times 3—6 clones. In
brief, while we want to be careful in our interpretation of
the details of the concentration—response curves obtained
for each population separately, we feel confident in inter-
preting the patterns across populations, which was the key
aim and approach of this study.

Our observation of an absence of a genetic increase in
carbaryl tolerance upon exposure to high doses of carbaryl
in our selection experiment is in contrast with previous
results, where we provided evidence for the evolution of
increased carbaryl tolerance in a standardized 21-day life
history test with acute exposure to carbaryl during the first
4 days (Jansen et al. 2011). There are two possible expla-
nations for this discrepancy. First, in our previous study
(Jansen et al. 2011), we quantified tolerance using a
pulsed exposure test during the first 4 days, while in the
present study we carried out static acute toxicity tests.
These two approaches can indeed give different outcomes
(Naddy and Klaine 2001; Angel et al. 2010). Second, the
study of Jansen et al. (2011) involved four rather than
seven populations and included one population that
showed a strong increased tolerance upon selection
(Knokke In). This latter population was not included in
the current study due to accidental loss of a number of
clones. While this discrepancy underscores that there
might be a capacity to evolve an increased tolerance to
carbaryl in some populations, the main results of our cur-
rent study remain unchanged, being that there is evolu-
tionary potential to respond to carbaryl selection, that the
reduction in carbaryl tolerance upon release from carbaryl
exposure is stronger than the increase in carbaryl tolerance
when the animals are exposed to carbaryl in the selection
experiment, and that the amplitude of this reduction is
related to land use intensity.

Consequences and perspectives

Our observation that the effect of a release from carbaryl
exposure under experimental conditions results in a
rapid, genetically determined loss of carbaryl tolerance
and that this release is associated with land use intensity,
has a number of implications and potential applications.
First, our results suggest that the intensive agriculture in
the Flemish landscape has exerted an important selection
pressure on nontarget taxa, resulting in changes in carba-
ryl tolerance compared to control conditions. While one
may conclude that the capacity to genetically adapt
allowed the studied Daphnia populations to cope with
the stress caused by intensive agriculture, there are two
aspects that need to be considered to put our results in
context. Obviously, we were only able to test Daphnia
populations that in one way or another have been able to
cope with the stress caused by agriculture in their natural
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environment. The populations that may have failed to do
so have gone extinct and are therefore absent from our
data set, as we only sampled habitats that harboured
active D. magna populations. Also, we only tested a sin-
gle nontarget species, and a relatively common one that
is typically associated with eutrophied waters. This spe-
cies may therefore be less sensitive to disturbance than
more specialized taxa. Our results suggest that even this
species is impacted in its evolutionary trajectory by the
intensive agriculture that prevails in the study region.

Second, our results also indicate that genetic adaptation
to pollution is ecologically costly, given the fast loss of car-
baryl tolerance upon release from the selection and earlier
measures of costs upon exposure to additional stressors
such as parasites (Jansen et al. 2011). The overall picture is
that the Daphnia populations, even though they are non-
target species for pesticide use, are exposed to continuous
selection pressure by pesticides in ponds in the vicinity of
crops.

Third, our observation that genetic adaptation to insecti-
cide presence is widespread and (partly) reversible, suggests
that one should be aware of the selection history of the
Daphnia clones used to carry out toxicity tests. Several
authors have already suggested to use a genetically diverse
battery of Daphnia clones to better capture the variation of
toxicological response (Barata and Soares 2002; Messiaen
et al. 2013). We suggest that one could also use the degree
of genetic adaptation to pollutants as a bio-assay to assess
past exposure to pesticides in natural populations. Moni-
toring pesticide concentrations in the field is often highly
laborious and costly because of the short temporal scales of
exposure and the rapid degradation of the residues (e.g. a
half-life of only a few days in the case of carbaryl). Often,
nontarget populations will only be briefly exposed to the
pesticide during or just following spraying, but concentra-
tions may be very high. If genetic adaptation to such pesti-
cide exposure is common, as suggested by this study as well
as by some other reports on genetic adaptation to pollution
stress that were published in the last decade (Hoffman and
Fisher 1994; Medina et al. 2007; Agra et al. 2011), the level
of genetic adaptation to pollution in natural populations
can be used to capture the degree of pollution at an inter-
mediate temporal scale and in an ecologically relevant way.
While such experiments would involve quite an invest-
ment, they might be the most direct way to assess effective
pollution exposure at the population level. Moreover,
methodological adjustments, such as directly determining
concentration—response curves on the population of hatch-
lings rather than on the resulting clonal lineages, can
reduce workload considerably. In developing such an
approach, however, it will be necessary to conduct further
studies to quantify the degree to which maternal effects and
bio-accumulation of pollutants influence the results

Evolution of insecticide tolerance

directly obtained from hatchlings of eggs derived from nat-
ure.
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Supporting Information

Additional Supporting Information may be found in the online version
of this article:

Table S1. Overview of the ECs, value (and 95% confidence interval)
with their model parameters (f, and B;) for each of the 21 experimental
populations: original, control and carbaryl-selected populations of each
of the seven original populations.
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Table S2. Overview of average values for four different ecological vari-
ables measured in the experimental jars in the acute carbaryl toxicity
experiment.

Table S3. Overview of an overarching analysis of variance (ANOVA) on
the ECs, values estimated from concentration-response curves for each
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clonal isolate of the different population x treatment combinations sep-
arately, with population and selection history as independent variables.

Table S4. Percentage of agricultural coverage in an area of 50 m sur-
rounding the pond for the seven ponds involved in the study: 1 — lowest
land use intensity, 7 — highest land use intensity.
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