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Abstract Because exposure to toxicants not only results
in mortality but also in multiple sublethal effects, the use of
life-table data appears particularly suitable to assess global
effects on exposed populations. The present study uses a
life table response approach to assess population-level
effects of two insecticides used against mosquito larvae,
spinosad (8 pg/l) and Bacillus thuringiensis var. israelensis
(Bti, 0.5 pl/l), on two non target species, Daphnia pulex
and Daphnia magna (Crustacea: Cladocera), under labo-
ratory versus field microcosms conditions. Population
growth rates were inferred from life table data and Leslie
matrices under a model with resource limitation (ceiling).
These were further used to estimate population risks of
extinction under each tested condition, using stochastic
simulations. In laboratory conditions, analyses performed
for each species confirmed the significant negative effect of
spinosad on survival, mean time at death, and fecundity as
compared to controls and Bti-treated groups; for both
species, population growth rate 1 was lower under expo-
sure to spinosad. In field microcosms, 2 days after larvicide
application, differences in population growth rates were
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observed between spinosad exposure conditions, and con-
trol and Bti exposure conditions. Simulations performed on
spinosad-exposed organisms led to population extinction
(minimum abundance = 0, extinction risk = 1), and this
was extremely rapid (time to quasi-extinction = 4.1 one-
week long steps, i.e. one month). Finally, D. magna was
shown to be more sensitive than D. pulex to spinosad in the
laboratory, and the effects were also detectable through
field population demographic simulations.

Keywords Mosquito control - Biopesticides -
Laboratory - In situ microcosms -
Population extinction risk - Stochastic model

Introduction

Population-level ecotoxicology has gained much interest
during the past decade and its relevance for ecological risk
assessment is now well recognized and documented (e.g.,
Forbes 1999; Forbes et al. 2001; Kammenga and Las-
kowski 2000; Akgakaya et al. 2008). Assessment of toxi-
cant impact on populations 1is essential for the
understanding of ecological and evolutionary processes in
ecosystems. Applying the theories and methods of popu-
lation ecology to questions related to the viability of spe-
cies in ecosystems exposed to xenobiotics has proven to be
relevant in an ecotoxicological context, as reflected for
example by the Life Table Response Experiment approach
(Caswell 2001; Mauri et al. 2003; Bghn et al. 2010).

The effects of pesticides and other toxicants on organ-
isms are usually estimated using simplistic estimates such
as LDsq or LCsq (lethal dose or concentration for 50% of an
exposed group of individuals), based upon survivorship to
a range of concentrations over short periods of time (acute
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toxicity), and survival, growth rate, and individual repro-
ductive performance under chronic exposures to sublethal
concentrations (Forbes and Calow 1999). Acute toxicity
tests represent a straightforward approach to assess and
compare the toxicity of various compounds with regard to
their effect at the organismic level, in a given species, as
well as an affordable screening of several target and non-
target species for their sensitivity to a particular compound.
However, this approach has no concern on the outcome of
the individuals that survive exposure (Stark et al. 2007).
Chronic exposures can sometimes result in much higher
mortality levels in populations than predicted by acute,
short-term exposures, because lethal effects can be delayed
and because sublethal effects can occur that may affect
several population traits, most notably by decreasing
fecundity (Forbes and Calow 1999; Stark and Banks 2003).
On the other hand, inferences on population-level effects
based upon extrapolations from individual-level endpoints
may also be overprotective, for example when a strongly
impacted trait has little influence on population growth rate
(Forbes et al. 2001).

In the case of mosquito larvae control, insecticide dos-
ing is chosen in order to minimize impacts on non-target
organisms. However, aquatic invertebrates may be sub-
mitted to repeated exposures because of successive treat-
ments. Life-table data therefore appear particularly suited
to estimate sublethal effects on non-target organisms
chronically exposed to such compounds. Cladocerans and
other zooplankton groups are water column-dwelling
organisms that share the habitat and, at least in part, food
resources of mosquito larvae (Blaustein and Chase 2007).
They may thus be exposed to larvicides in treated areas,
and there is a need for methods that can be used for the
monitoring of impacts of mosquito control programmes on
these non-target organisms. Moreover, cladocerans such as
Daphnia species are important components of aquatic
foodwebs because they are primary consumers feeding on
algae and bacteria, and serve as food resource for other
aquatic organisms including fish and invertebrates.
Although Daphnia species are not threatened or endan-
gered, they are often used as indicator species of aquatic
ecosystem pollution. Furthermore, due to their extremely
high reproductive rates and short generation times, and to
the fact that they are easily reared in laboratory conditions,
waterfleas are commonly used as test models for ecotox-
icity testing.

The present study was undertaken to assess population-
level effects of two larvicides used for mosquito control,
spinosad and Bti (Bacillus thuringiensis var. israelensis),
on two non target species, Daphnia pulex and Daphnia
magna (Crustacea: Cladocera) under laboratory versus field
conditions. Comparison of these two situations aimed at
providing empirical arguments on the relevance of

extrapolations from individual endpoints measured in lab-
oratory conditions to field-relevant population-level effects
in ecological risk assessment (Forbes et al. 2001). In order
to reach more generic conclusions (or to limit idiosyncratic
effects), two species were used, D. pulex and D. magna,
which were also chosen because they both naturally occur
in biotopes where mosquito larvae develop and where
larvicides are applied. Bacillus thuringiensis (Bt) is a rod-
shaped, positive Gram, endospore-forming aerobic bacte-
rium. Its insecticidal activity is due to crystal (Cry) proteins
associated with sporulation. The crystal proteins need the
alkaline pH of insect midgut to be activated into toxins that
bind to specific receptors of the epithelial cell wall, causing
membrane perforations of the gut, leaking of gut internal
fluids, and eventually death (Whalon and Wingerd 2003).
The serovar Bacillus thuringiensis israelensis (Bti) is well-
known for its selectivity to Nematocera dipterans, and it is
widely used for mosquito control all over the world
(Boisvert and Lacoursiere 2004). Laboratory tests and field
studies have shown that Bfi may be considered as safe to
the environment due to its selectivity (Mulla et al. 1982;
Barnes and Chapman 1998; Boisvert and Lacoursiere
2004). However, larvae of some species of non-target
Nematocera (Chironomidae) have been shown to be sus-
ceptible to Bti (Kondo et al. 1992; Rey et al. 1998), and
results of in situ studies on the impact of Bti-containing
larvicides on non-target organisms remain controversial
(Hershey et al. 1995, 1998; Liber et al. 1998; Niemi et al.
1999; Vinnersten et al. 2009). Spinosad is a new biological
insecticide that is currently evaluated as a candidate lar-
vicide for mosquito control. It is a mixture of spinosyns A
and D known as fermentation products of a soil bacterium
(Saccharopolyspora spinosa, Actinomycetes; Crouse et al.
2001). Spinosad acts as a contact and stomach poison
(Salgado 1998). It persistently stimulates the insect central
nervous system by interacting with nicotinic acetylcholine
receptors through a mechanism distinct from those of other
nicotinic agonists (Watson 2001). Spinosad is considered
as a selective insecticide for insect pest species (Miles and
Dutton 2000), but it may be toxic to non-target species
(Nasreen et al. 2000; Tillman and Mulrooney 2000; Con-
soli et al. 2001), especially the zooplanktonic crustaceans
D. pulex (Stark and Vargas 2003; Duchet et al. 2008) and
D. magna (Duchet et al. 2010).

Demographic parameters were estimated in D. pulex and
D. magna exposed to spinosad and Bti, in laboratory and
field microcosms. Population growth rates were inferred
from life table data and Leslie matrices under a model with
resource limitation (ceiling). These were further used to
estimate population risks of extinction under each tested
condition, using stochastic simulations (RAMAS, Akga-
kaya 2005). Outcomes of the demographic analysis are
discussed in terms of relevance of extrapoling complex
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field population effects from laboratory-assessed endpoints
for two larvicides which bear different modes of action.

Materials and methods
Larvicides

Bacillus thuringiensis var. israelensis (Bti) was applied as
the flowable formulation VectoBac® 12AS (1.2% Al i.e.
1200 ITU/mg; CAS #68038-71-1) produced by Valent
Biosciences (Libertyville, IL, USA). Spinosad was applied
as Conserve® 120SC (11.6% Al factor A CAS #131929-
60-7 and factor D CAS #131929-63-0; DowAgroSciences
LLC, Indianapolis, IN, USA). Nominal larvicide concen-
trations were prepared from serial dilutions in water of
freshly prepared stock solutions (800 pg/l for spinosad;
50 pl/1 for Bti).

Laboratory tests

Laboratory experiments were carried out using the 4th to
6th brood offspring of D. pulex and D. magna collected in
the field and maintained under laboratory conditions for
one year prior to testing. Each species was reared in 20 1
glass aquaria filled with dechlorinated, charcoal-filtered tap
water at 20 £ 1°C in a light:dark regimen of 16:8, with
light intensity of ~15pEm 2s~' (Organisation for
Economic Cooperation and Development 1998). They
were fed three times a week with a suspension (equivalent
to ~0.1 mg carbon. Daphnia™" day™'; Organisation for
Economic Cooperation and Development 1998) of green
microalgae (Desmodesmus subspicatus for D. pulex and
Chlorella vulgaris for D. magna) batch-cultured according
to AFNOR T90-304 (AFNOR 1980).

Tests were performed in 125 ml polystyrene beakers
containing 100 ml of exposure medium (1 ml of stock
solution was added to 99 ml of demineralised water con-
taining green microalgae suspension). One nominal con-
centration was tested for each compound: 0.50 pl/l Bti
(maximum rate registered for aerial treatments; ACTA
2009) and 8 pg/l spinosad, which corresponds to the lowest
concentration allowing D. pulex population recovery after
the first week of exposure under field microcosm condi-
tions (Duchet et al. 2008). Pulse exposure to each com-
pound was performed in 5 replicates, and 5 beakers
remained as untreated controls. Neonates (<24 h old) of D.
pulex (20 per beaker) or D. magna (15 per beaker) were
introduced into each beaker at the beginning of the test
(Sanchez et al. 2000). The duration of the test was 14 days
for both species (time necessary to observe at least 3
broods in our systems). Every 2 days, immobile adults and
newborns were counted and removed to measure survival
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and reproduction. For adult body length measurements,
surviving individuals were collected separately with a
pipette and transferred to a polystyrene cup where they
were briefly deposited into a drop of the exposure medium
and photographed using a binocular dissecting microscope
fitted with a digital camera (S40 PowerShot, Canon Inc.,
Tokyo, Japan). Body length, from the eye to base of the tail
spine (Boronat and Miracle 1997), was measured on the
pictures using an image analysis software (Ellix® software,
Microvision Instruments, Evry, France). Test organisms
were then transferred to newly-made medium every other
day, using stock solutions of the toxicants prepared at the
beginning of the experiment, and fed with green
microalgae.

Field studies

The field studies were carried out in 2005 and 2006, using
enclosure-type microcosms, as described in Duchet et al.
(2008, 2010). Cube-shaped plexiglas enclosures (50 x
50 x 50 cm) were placed in shallow temporary oligohaline
marshes in Camargue (Bouches-du-Rhone, France) and in
Morbihan (Brittany, France), in order to isolate fractions of
natural populations of D. magna and D. pulex, respectively.
The treatments were performed on August 10, 2005 in
Camargue and on May 30, 2006 in Morbihan. Each larvi-
cide was diluted in tap water before spraying at the water
surface using a portable spraying apparatus, as previously
described (Duchet et al. 2008, 2010). In order to carry out
the experimentation in a realistic way, Bfi was applied at
0.16 and 0.50 pl/1, and spinosad was applied at 8, 17 and
33 pg/l. These concentrations encompassed to the recom-
mended rates for field applications (ACTA 2009). Only the
results obtained for the concentrations of 0.50 pl/l Bti and
8 ng/l spinosad were used in the present study (same con-
centrations as those used in laboratory experiments). Each
treatment was applied to 5 microcosms (replicates), and
5 microcosms remained as untreated controls.

Daphnids were sampled using home-made PVC tube
samplers (70 cm length, 6 cm inner diameter) equipped
with a 2 x 4 mm mesh screen-covered one-way valve at
the bottom (Roucaute and Quemeneur 2007). Water col-
umn samples were collected from twenty regularly spaced
locations within each enclosure. The resulting composite
sample (mean volume = 88.68 £ 2.23 ml, n = 360,
depending on the water level in the microcosm) was fil-
tered through 30-pm mesh nylon net. The retained daph-
nids were transferred to a 500 ml plastic vial and preserved
using neutral aqueous formaldehyde/sucrose (4%, v/v;
40 g/1) containing 250 pg/l Bengal pink dye. All sampled
daphnids were identified using a taxonomic key (Amoros
1984). They were counted using a stereomicroscope (Stemi
SV 6, Zeiss, Thornwood, NY, USA), and their body length
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was measured from the eye to base of the tail spine (Bor-
onat and Miracle 1997). At each sampling date, water
quality parameters (temperature, dissolved oxygen, salin-
ity, pH, water level, suspended matter (SM) and chloro-
phyll a) were measured as previously described (Duchet
et al. 2008, 2010).

Population model

Estimated demographic parameters were [,, the proportion
of females surviving at age x (the start of the age interval
[x; x 4+ 1]) and m,, the average number of female offspring
produced per female by age x (Caswell 2001). Vital rates [,
and m, were used to build a Leslie matrix under each
treatment (Bti, spinosad, control), with seven age-classes
(2-day length each; Table 1) using PopTools (Hood 2006).
For each treatment, fecundity of age-class i (F;) was cal-
culated under the hypothesis of post-breeding census (Ca-
swell 2001) as P; x m; (with P; = (I;;1)/l;). Leslie matrices
were used to calculate the population intrinsic growth rate
A and stable age structure. Under laboratory conditions, I,
and m, were calculated from a horizontal life table, i.e. a
single cohort was followed through the time span of
interest. The net reproductive rate (R,) was also calculated,
as X Im,. In field microcosms, as several cohorts were
sampled on each sampling date, a time-specific life-table,
also called vertical or current, was used. It is based on the
fate of a virtual cohort found by determining the age
structure, at one instant in time, of a sample of individuals
from a population. This population is assumed to be sta-
tionary with considerable overlapping of generations, i.e. a
multi-stage population (Southwood and Henderson 2000).

Thus, the method must be used on population samples of
large size, under the assumption that sampling is random
across age-classes. As age determination is a prerequisite
for time-specific life-tables, an age-body length relation-
ship, as estimated under laboratory conditions (Table 1),
was used. Field population matrices were based on age-
specific survival (P;) as estimated from these vertical life-
tables. Since fecundity data could not be obtained in the
field, age-class fecundity of the Leslie matrices was esti-
mated from the formula P; x my;, using laboratory m; val-
ues. Vertical life-tables were elaborated separately for two
sampling dates, before (d0) and 2 days after treatment (d2).

Population models were developed using RAMAS-GIS
(Akgakaya 2005). Density-dependence was accounted for
by using a ceiling model (resource limitation), setting the
carrying capacity to K = 500,000 individuals. Population
growth was projected starting with 700 water fleas dis-
tributed at equilibrium (stable age vector). Following Stark
(2008), population recovery was also determined, by
comparing the time needed for Bti- or spinosad-exposed
populations to reach K, relative to the control population.

Estimates of the extinction risks and associated param-
eters were based on simulations started with 700 initial
fleas distributed at equilibrium. The method is based on
stochastically simulated population growth, through the
sampling of P; and Fj-values within a normal distribution,
of which parameters are mean and SD calculated among
replicates of a given treatment. Terminal extinction risks
were estimated as the probability that at least one popu-
lation crashes by the end of the simulation duration.
Expected minimum abundance, the smallest population
size attained during the run, and time to quasi-extinction,

Table 1 Body length—age classes relationships observed under laboratory conditions of exposure to Bti and spinosad, and used to establish the

time-specific life-tables in D. pulex and D. magna

Species Body length (mm) Class Age range
Control Bti Spinosad

Daphnia pulex <0.96 <0.88 <0.94 Age classl 0-2 day old
[0.96; 1.19 [ [0.88; 1.18 [ [0.94; 1.26 [ Age class 2 24 day old
[1.19; 1.56 [ [1.18; 1.49 [ [1.26; 1.37 [ Age class 3 4-6 day old
[1.56; 1.75 [ [1.49; 1.77 [ [1.37; 1.62 [ Age class 4 6-8 day old
[1.75; 1.83 [ [1.77; 1.85 [ [1.62; 1.90 [ Age class 5 8-10 day old
[1.83; 1.93 [ [1.85; 1.95 [ [1.90; 1.93 [ Age class 6 10-12 day old
>1.93 >1.95 >1.93 Age class 7 12-14 day old

Daphnia magna < 1.22 < 1.10 < 1.20 Age classl 0-2 day old
[1.22; 1.79[ [1.10; 1.83[ [1.20; 1.93[ Age class 2 2-4 day old
[1.79; 2.25[ [1.83; 2.37[ [1.93; 2.30[ Age class 3 4-6 day old
[2.25; 2.35[ [2.37; 2.43] [2.30; 2.52[ Age class 4 6-8 day old
[2.35; 2.51] [2.43; 2.56] [2.52; 2.61 Age class 5 8-10 day old
[2.51; 2.56] [2.56; 2.59 [2.61; 2.68[ Age class 6 10-12 day old
>2.56 >2.59 >2.68 Age class 7 12-14 day old
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the number of steps needed to reach extinction in 50% of
the simulated replicates were also provided. Ten thousand
populations were simulated using the same parameter
distribution (mean and SD), and their trajectories were
followed for 45-52 steps (weeks) depending on the popu-
lation.

Statistical analysis

Normality of data was tested using the Shapiro-Wilks test.
Whenever possible, linear models and ANOVA (ANalysis
Of VAriance) were applied, and when significant, followed
by a post hoc test (Tukey, o = 0.05). Variance homoge-
neity among groups was checked using Bartlett’s test.
When data transformation failed, the influence of larvicide
treatment on demographic parameters was tested using a
Kruskal-Wallis (KW) test for each date, followed by the
appropriate post hoc test: Least Significant Difference
(LSD) test (Sprent et al. 1992) or R commands nparcomp
and pgirmess. For analyses performed date by date, a
Bonferroni correction was applied. All tests were per-
formed using R for Windows Version 2.9.0 (R Develop-
ment Core Team 2009). Significance was accepted at
o = 0.05 for all tests.

Survival data under laboratory conditions were analysed
using a survival model with censoring (all individuals were
not followed until death) using a Weibull distribution for
the error term, which allows non-constant hazard (function
survfit in R). This analysis allowed inferring the age at
death, even though all individuals were not surveyed until
death (lab experiments lasted 14 days). The effect of
treatment on survival functions and mean age at death was
tested using survreg procedure in R, and a post hoc mul-
tiple comparison test (Tukey, & = 0.05). Model testing was
performed using a deviance analysis (likelihood ratio test
and y* distribution). Replicates were nested within treat-
ments. Details on the method are given in Crawley (2007).

Results
Laboratory tests

From the 6th post-contamination day to the end of the
experiment, D. pulex exposed to spinosad survived sig-
nificantly less than those exposed to Bfi and to control
conditions (KW test followed with post hoc LSD:
p < 0.01, Fig. 1a). Survival of spinosad-exposed D. pulex
dramatically decreased during the first week and was as
low as 60% at the end of experiment, whereas mortality
in the Bti treatment stayed close to that of controls and
was only 20% at the end of the experiment (Fig. la).
In D. magna, spinosad also caused significantly higher
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Fig. 1 Female survival (L,) as a function of age-class (x) of D. pulex
(a) and D. magna (b), under laboratory exposure to Bti at 0.5 pl/l,
spinosad at 8 pg/l, and control conditions. Significant difference from
the control (KW test followed by LSD test): * p < 0.05; ** p < 0.01.
Numbers at the right of the curves indicate mean age at death, as
estimated from survival analysis (see text)

mortality than Bti or control conditions, after 6 days of
exposure (KW and post hoc LSD: p < 0.01, Fig. 1b).
However, survival curves differed between the two species,
with a sharper decline within the first week than during the
next one in D. pulex. The opposite was observed in
D. magna, which also showed lower survival at the end of
experiment (40%, Fig. 1b). For each species, survival
analyses confirmed the significant negative effect of
spinosad on survival and mean time at death, as compared
to controls and Bti-treated groups (deviance analysis and
Tukey’s post hoc test on survreg analysis, p < 0.001 in
both species). Replicates did not differ significantly within
treatments (p = 0.999 in D. pulex and p > 0.999 in
D. magna). When analysed together, species did not differ
significantly in their response to the treatments (species
effect: p = 0.472, species by treatment interaction:



Comparison of laboratory and field microcosm exposure conditions

1229

p = 0.152). Estimated mean age at death was strongly
reduced by spinosad exposure in both species (Fig. 1).

In both species, fecundity was also reduced in individuals
exposed to spinosad, as compared to the other conditions.
However, this was significant only on day 8 in D. pulex, and
from day 8 to day 10 in D. magna (Fig. 2). Moreover, in
D. pulex, the offspring of spinosad-exposed individuals was
produced with a slight delay, which was significantly over-
compensated after 10 days of exposure (see maxima on
fecundity curves, Fig. 2a). Comparatively, D. magna
exposed to spinosad showed a much more delayed fecun-
dity, which started to be expressed after 8 days only and
never reached the maximum values observed under Bti and
control conditions during the course of the experiment.
Finally, it is also noteworthy that Bti-exposed daphnids
exhibited slightly higher fecundity than control individuals

a Daphnia pulex
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(@) 0-2 2-4 4-6 6-8 8-10  10-12 12-14

Age-class (days)
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Offspring per surviving female (11,)

12-14
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Fig. 2 Number of offspring per surviving female (M,) as a function
of age-class (x) of D. pulex (a) and D. magna (b), under laboratory
exposure to Bti at 0.5 pl/l, spinosad at 8 pg/l, and control conditions.
Significant difference from control (KW test followed by LSD test):
* p <0.05; ** p < 0.01; *** p < 0.001. Mean values and standard-
deviation of Ry, the net reproductive rate (XL,M,), are presented in
boxes

in both species, although this was significant only in one case
(D. magna, day 6, Fig. 2b). The net reproductive rate Ry was
affected by the treatment (ANOV A on Boxcox transformed
data, p < 0.001), with significantly lower values in spino-
sad-treated individuals (Tukey’s post hoc comparison),
whatever the species. Species also significantly differed in
their reproductive rate (p = 0.001), but this difference was
mainly expressed under spinosad exposure, where D. magna
prove to be significantly more affected than D. pulex
(treatment by species interaction, p < 0.001 and Tukey’s
post hoc comparison).

In both species, population growth rate 1 was signifi-
cantly lower under exposure to spinosad as compared to
other conditions (KW and LSD post hoc test: p = 0.009
and p = 0.002 for D. pulex and D. magna, respectively;
Fig. 3). However in D. pulex, /-values were greater than 1,
whatever the treatment, which means positive population
growth, whereas in D. magna, exposure to spinosad was
responsible for an increased variance among replicates and
a mean switch from positive growth (Bfi and control con-
ditions) to population decline (1 < 1). Furthermore, in this
species, Bti-exposed individuals led to a higher population
growth rate than did their control counterparts, although
this difference was not significant.

Extinction rates were not calculated under laboratory
conditions, since no extinction occurred during the course
of simulations (52 time steps, 10,000 replications). Using
demographic stochasticity, the expected minimum abun-
dances under control, Bti and spinosad treatment condi-
tions, were 185.8, 186.8, and 164.9 individuals, respectively
in D. pulex and 171.9, 194.2 and 118.4 individuals
respectively in D. magna. Given that simulations were
based upon the use of among-replicate variance in age-class
survival, no variance could be obtained within treatments
for these expected minimum numbers, thus precluding any
statistical comparison.

Comparing the time needed to reach the carrying
capacity (ceiling value, K = 500,000 individuals) among
treatments showed that exposure to spinosad led to a delay
of 2 weeks in D. pulex (13 versus 11 weeks under Bti and
control treatments). In D. magna, this delay was much
more important, with 38 weeks versus 12 and 10 weeks
under Bti and control treatments, respectively (Fig. 4).

Field studies

Daphnia pulex—Before treatment (d0), no significant dif-
ference was observed in survival (/) among pre-assigned
treatments (KW, p > 0.05). Two days after treatment (d2),
the only significant difference was observed between /4 g
(p = 0.021) in spinosad and control enclosures but this
difference was no more significant after Bonferroni cor-
rection (Fig. 5a, b).
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Fig. 3 Mean population intrinsic growth rate (1) of D. pulex (a) and
D. magna (b) exposed to larvicides (Bti 0.5 pg/l, hatched bars, and
spinosad 8 pg/l, grey bars), as compared to untreated controls (white
bars), under laboratory and field conditions. Error bars indicate
standard errors to the mean (n = 5). Statistically significant difference
from the control: nonparametric multiple comparison test following
KW test. * 0.05 > p > 0.01; ** 0.01 > p > 0.001

Globally, population growth rates 4 at dO and d2 were
similar (no significant difference), and <1 for the three
treatments (control, Bti, spinosad; Fig. 3a) indicating that
the populations were decreasing or remained stable.
Expected minimum abundances were 93.5, 4.1 and 526.3
individuals, for the control, Bfi and spinosad treatments,
respectively, at dO, and 3.7, 673.4 and 15.8, respectively, at
d2 (Table 2). Extinction risks increased from d0 to d2
under control and spinosad exposure conditions (13.6—
51.3% and 0-64%, respectively), whereas Bti-exposed
populations showed an opposite pattern (67.5-0%). When
calculable and reached, time to quasi-extinction was sim-
ilar among populations, irrespective of time or treatment
(44-52 weeks).
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Fig. 4 Population projections of D. pulex (a) and D. magna (b) with
ceiling density dependence (K = 500000) applied on Leslie matrices,
after laboratory exposure to Bti at 0.5 pl/l and spinosad at 8 pg/l, and
control conditions

Daphnia magna—before treatment (d0), [, curves dif-
fered between replicates assigned to Bti and spinosad
treatments on one side, and those alloted to controls on the
other side, for the three oldest age-classes (Fig. 5c).
However, KW p-values were marginal (0.038, 0.045 and
0.045, respectively) and the post hoc test could not locate
the difference in two of the tests. After Bonferroni cor-
rection, these differences were no more significant. On the
contrary, 2 days after treatment (d2), survival curves dif-
fered significantly among microcosms from /s_g to the final
age-class, even after Bonferroni corrections (Fig. 5d). Post
hoc multiple comparisons following KW tests, showed that
survival to age-class 6-8 days was lower under spinosad
than under Bfi exposure (p = 0.007) and that all sub-
sequent /,-values were significantly lower under spinosad
than under Bti and control conditions, which on their side
were similar (Ig_jo: p = 0.008, l;o_12: p = 0.009, [j,,:
p = 0.008).

Before treatment, no significant difference in population
growth rate was observed between treatments (KW,
p = 0.068) and A-values were all above 1 (Fig. 3b). At d2,
significant differences were observed between population
growth rates, and spinosad-exposed populations were
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Fig. 5 Female survival (L,) over age-class (x) under control condi-
tions and after exposure of D. pulex and D. magna to Bti at 0.5 pl/l
and spinosad at 8 pg/l in field microcosms, before treatment (d0) and

Table 2 Demographic statistics and extinction parameters (extinction
risk and time to quasi-extinction) obtained in D. pulex and D. magna
under field conditions of exposure to Bti and spinosad, as based on

b 1-0
0.8

Daphnia pulex d2

0.6
0.4
0.2

0.0 T T T T T |
02 24 46 6-8 8-10 10-12 >12
Age-class (days)

Daphnia magna d2
0.81

0.6
0.41
0.2

0.0 . — T S
02 24 46 6-8 810 10-12 >1
Age-class (days)

2 days after treatment (d2). Significant difference from control
(KW test followed by LSD test): * p < 0.05; ** p < 0.01

10,000 simulated populations trajectories along 52 steps of population
growth (one step = 7 days), using RAMAS-GIS software

Species Time Treatment Expected minimum number Extinction risk Time to quasi extinction (weeks)
Mean 95% CI
Daphnia pulex do Control 93.5 0.1363 [0.1274; 0.1452] na
Bti 4.1 0.6753 [0.6664; 0.6842] 44.7
Spinosad 526.3 0.0001 [0.0000; 0.0090] na
d2 Control 3.7 0.5131 [0.5042; 0.5220] 51.6
Bti 673.4 0.0000 - -
Spinosad 15.8 0.6405 [0.6316; 0.6494] 43.9
Daphnia magna do Control 945.9 0.0000 - -
Bti 875.7 0.0000 - na
Spinosad 1075.6 0.0000 - na
d2 Control 402.7 0.0074 [0.0000; 0.0163] na
Bti 811.5 0.0000 - =
Spinosad 0.0 1.0000 [0.9911; 1.0000] 4.1

CI Confidence interval, na not attained during the course of simulation

significantly affected relatively to the controls, which
exhibited growth rates similar to those observed under Bfi-
exposure (KW test, p = 0.003, post hoc comparison).
Expected minimum abundances were similar, and ranged
from 800 to 1,000 individuals. After treatment, Bti-exposed
replicates remained stable (minimum abundance = 811.5).
Population dynamics parameters of the controls led to a
minimum abundance which was halved as compared to

pre-treatment conditions, and some extinction rate could be
calculated (0.007), although its confidence interval showed
that it did not differ from zero (Table 2). In contrast,
simulations performed on spinosad-exposed replicates led
to population extinction (minimum abundance = 0,
extinction risk = 1), and this was extremely rapid (time to
quasi-extinction = 4.1 one-week long steps, i.e. one
month).
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Discussion

The present study confirmed the negative impact of
spinosad on daphnid populations whereas Bti had little or
no effect on demographic toxicological endpoints. How-
ever, effects were differentially expressed according to the
species and environmental conditions. Bti and spinosad are
known to have limited persistence in water, both compound
undergoing photolysis and adsorption to particulate mate-
rial or sediment within a few days following application
(Yousten et al. 1992; Cleveland et al. 2002; Hajaij et al.
2005; Ping et al. 2005; Duchet et al. 2010). Species sen-
sitivity and exposure scenario (laboratory versus field
conditions) therefore appear as the main factors that
determine population responsiveness.

Differences in species sensitivity to spinosad and Bti
in laboratory conditions

Daphnid populations exposed to 8 pg/l spinosad were
significantly impaired in many respects, although this
concentration corresponds to D. magna chronic NOEC
(WHO 2007) and to an acute LC;; in D. pulex (Stark
2008). Survival was unequivocally decreased in both spe-
cies under laboratory conditions, and was as low as 50% on
average after 2 weeks of exposure (60% and 40% in D.
pulex and D. magna, respectively). Survival analysis
showed that the effects of species and species by treatment
interaction were not significant, meaning that D. pulex and
D. magna responded very similarly in terms of survival,
under laboratory standard conditions. Although individuals
were not monitored until death, the use of a survival model
with censoring allowed estimation of the mean age at death
under the different treatments. As compared to control
conditions, the estimated mean age at death was more
strongly reduced by spinosad in D. magna (from 40 to
14 days) than in D. pulex (from 41 to 19 days), although
this interspecific difference was not significant.

In D. pulex, I, under spinosad exposure was higher than
previously observed (0.40 for the age-range 14 days; Stark
2008), and this probably results from experimental differ-
ences. First, exposure was repeated every other day with
freshly made solutions in Stark’s study, whereas in the
present one, the medium renewal was based on a stock
solution prepared only once, i.e., at the beginning of the
experiment. In addition, different commercial preparations,
that may contain different types and amounts of impurities,
were used (Success® in Stark’s study; Conserve® in the
present investigation). Results of both experiments are also
expected to differ depending on spinosad solubility and
persistence in water. Indeed, half-life for the sum of
spinosyns A and D is estimated at 1-2 days (Saunders and
Bret 1997; Cleveland et al. 2002) in water. Second,
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individuals were kept isolated in Stark’s study, while
grouped by 20 in the present one. Finally, there may also be
some fitness differences among the strains used in the two
studies. The dataset analysed by Stark (2008) stemmed
from a previous study (Walthall and Stark 1999) that used
test organisms from a laboratory culture, whereas our
dataset was obtained with test organisms collected in the
field and maintained in laboratory conditions (Duchet et al.
2008, 2010). Barata et al. (2000) showed that tolerance of
field populations was strongly influenced by genetic factors
and could modify the responses to toxicants in comparison
with laboratory strains.

Fecundity was also affected by the treatments, both in
terms of delay and total offspring, on the timescale of the
laboratory experiment. For this trait, D. magna was found
to be much more sensitive to spinosad than D. pulex
(Fig. 2), in which fecundity was delayed for 2 days, and
followed with a compensatory effect after 10 days. This
particular sublethal effect observed in D. pulex adults may
indirectly result from negative density-dependence, which
strength might have been reduced, due to mortality, and
triggering a higher reproductive investment by surviving
individuals. In addition, a hormetic effect (higher repro-
ductive investment) cannot be ruled out as it has been
documented widely in pharmacological and toxicological
studies (Stebbing 1982). For example, higher numbers of
nauplii per copepod female at low lindane concentrations
as compared to controls, were observed by Brown et al.
(2003).

In both species, the net reproductive rate R, (number of
offspring by which a newborn individual will be replaced
by the end of its life; Caswell 2001) was significantly
reduced under spinosad exposure, and the effect was sig-
nificantly stronger in D. magna than in D. pulex. Compared
to the study of Stark and Vargas (2003), Ry values esti-
mated in D. pulex were generally lower, but they were
found to be less reduced between control conditions and
exposure to 8 pg/l spinosad (13-9 offspring in the present
study, against 260-50, as estimated from Fig. 1 in Stark
and Vargas’work). Once again, such discrepancies are
probably related to differences in experimental conditions.
In particular, individual density may have played a role, if
the expression of fecundity is density-dependent. The
amount of food provided also differed between the two
studies. Alternatively, some fitness differences or con-
trasted levels of genetic variability among the strains used
in the two studies may also affect Ry. From a population
dynamics point of view, comparing the two studies on
D. pulex suggests that highly growing populations are more
severely impacted by spinosad, at the tested concentration
of 8 pg/l. Such an observation points to the need for
experiments designed to include interactions between tox-
icants and other ecologically and demographically relevant
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factors, such as density, amount of resources, competition,
predation, etc. (Liess 2002; Rohr et al. 2004; Bghn et al.
2010). Population structure and density at the time of
toxicant exposure may also affect the outcome, as shown in
D. pulex (Pieters and Liess 2006; Stark and Banken 1999;
Hanazato and Hirokawa 2004) and other organisms (Forbes
et al. 2003; Kramarz et al. 2005).

It is also to be noted that, as compared to control con-
ditions, R, increased under Bti exposure in both species,
although the difference was significant in D. magna only
(Fig. 2). A similar effect on R, was previously observed in
D. pulex exposed to low concentrations of the synthetic
insecticide diazinon, which was however much more toxic
at higher concentrations (Stark and Vargas 2003). The
possibility that Bfi has a hormetic effect should be inves-
tigated more thoroughly before concluding on the effect of
this product in daphnids. According to previous studies, Bti
is highly selective for Nematocera (Diptera) like Culicidae,
Simuliidae and Chironomidae (Boisvert and Boisvert
2000), whereas other aquatic organisms such as molluscs,
crustaceans, other insects, fish and amphibians are not
sensitive to this insecticide. Ali (1981) and Miura et al.
(1981) showed that Ephemeroptera, Amphipoda, Cladocera
and Copepoda were not affected by Bti. Therefore, it was
not surprising to find no negative impact of this larvicide
on both daphnid species, as shown by the population tra-
jectories estimated under laboratory conditions (Fig. 4). In
contrast, vital rates were reduced in D. magna fed with
Bt-transgenic maize (expressing CrylAb Br-toxin; Bghn
et al. 2008, 2010). However, toxins from Bt-transgenic
maize are different from Bti toxins since they are produced
by Bacillus thuringiensis kurstaki (Btk) (Gill et al. 1992).
Although Bfi had a positive effect on fecundity in
D. magna, this did not lead to significantly higher popula-
tion growth rate, as compared to the control. Such a result
was consistent with elasticity analyses of the Leslie matri-
ces (data not shown), which show that the main impact on 4
resulted from changes in the two-first age-classes survival,
and that changes in F; had much less effect, regardless of the
treatment. This is consistent with previous results on short-
lived, high-fecundity invertebrates (Forbes et al. 2001),
such as springtails (Widarto et al. 2007) or freshwater snails
(Jensen et al. 2001; Coutellec et al. 2008).

Projection matrices revealed a more negative impact of
spinosad on D. magna (4 =0.9) than on D. pulex
(4 = 1.64), relatively to their respective controls (1.736
and 1.837). However, in both cases, 4 values were signif-
icantly smaller than under control conditions. Similarly,
time to recovery was also differentially increased among
species, with a much longer time in D. magna (28 weeks)
than in D. pulex (2 weeks). Compared to Stark’s study
(2008), the present results reveal better recovery perfor-
mances in D. pulex (2 weeks against 11 weeks in the

former), but this comparison is probably hazardous and
useless, because of strong differences in life tables (age-
class lengths), carrying capacity and population dynamics,
in addition to differential exposure conditions. Neverthe-
less, from our study, the index of recovery (Stark 2008)
appears as highly relevant in summarizing demographic
effects on positively growing populations, such as those
usually studied under laboratory conditions.

As a general feature, ignoring the sign of the effect,
sensitivity to the two studied larvicides appeared higher in
D. magna than in D. pulex. This result does not confirm the
observed similar sensitivity of both species to many syn-
thetic chemicals (immobilization test, 30 reference chem-
icals, Canton and Adema 1978; LCs, and reproduction test,
15 compounds, Lilius et al. 1995). The present observation
may be used as an argument in favour of toxicity tests
performed on several species, if these are taken as repre-
sentatives of a whole taxonomic group.

Laboratory versus field conditions

Some discrepancies in the effects of the two larvicides
were detected between laboratory and field microcosms.
This result was not surprising, since population dynamics
modelling was based on life history traits, which expres-
sion is known to be highly environment-dependent in many
organisms (see Stearns 1992; Begon et al. 2006).

Laboratory conditions could be considered as very
favourable to daphnid population growth, at least on a short
time-scale, because all 1 values were well above 1, except
in the case of D. magna exposed to spinosad. Even in this
situation where 4 mean value was 0.9 (which means pop-
ulation decline), some replicates performed better, as
reflected by the very high variance observed among them
(SD = 0.58) for this parameter. Consistently, the Leslie
matrix based on mean [, and m, values had a A-value of
1.19, and thus expressed positive growth (Fig. 3b, spinosad
trajectory). It may therefore be suggested that laboratory
conditions allowed the estimation of spinosad and Bfi
effects in the absence of other environmental stressors
acting in the short term, with the exception of density
effects, such as those discussed above (although other
uncontrolled factors may still have been effective but
undetected on the traits studied).

On the contrary, field conditions include many uncon-
trolled interactions between the tested larvicides and
environmental parameters. Although this specificity entails
difficulties to interpret observations, field studies are the
conditions allowing ecologically realistic effects to be
estimated. Therefore, such studies are highly desired, while
laboratory studies should be considered as complementary,
and used to help explain the patterns observed in natura. In
this study, one might have expected stronger effects to be
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emphasized in the field, due to the potentially large amount
of interacting factors (e.g., Duchet et al. 2010; Kim et al.
2010).

Field survival curves were estimated from an age-size
relationship established under laboratory conditions. As a
consequence, age-class survival may have been either
overestimated (if field growth is slower, leading to indi-
viduals artificially staying too long in a given class) or
underestimated (if field growth is faster, leading to indi-
viduals artificially leaving an age-class too rapidly). Esti-
mation of age-class fecundity under field conditions is very
difficult and prone to error, due to micro-environmental
variations and caging potential effects. We avoided such a
drawback by using estimates based on homogeneous con-
ditions. As a consequence, the present results on field
populations have to be interpreted as reflecting an inter-
mediate condition between laboratory beakers and true
natural  populations:  laboratory-based  relationships
between some demographic key-parameters, and temporal
sampling of field individuals. As a general rule, survival
curves substantially differed between laboratory and field,
and this was revealed through a higher mortality in juvenile
and pre-adult age-classes (compare curves on Figs. 1, 5). It
might be suggested that laboratory conditions favour
juvenile survival beyond natural limits. This was also
observed in other invertebrates (e.g., Coutellec et al. 2008).
Nevertheless, laboratory and field results were consistent,
in terms of effects of spinosad on estimated population
fate. The decrease in D. pulex population growth observed
in the laboratory was not significant in the field, as a result
of increased variance in field replicates exposed to spino-
sad. It might then be advocated to increase the number of
replicates from lab to field. It may also result partly from
the fact that D. pulex was found less sensitive than its
counterpart to spinosad. It might then be suggested that
recovery to spinosad exposure is more likely in D. pulex
than in D. magna, relying on a fecundity rebound in sur-
vivors, which can act very quickly.

Daphnid survival was shown to be lower in the field than
in laboratory conditions. This could be easily explained by
differences in experimental conditions. Indeed, laboratory
experiments are under controlled conditions, chosen to be
close to optimal preferences of the organisms (optimal
temperature and light, non restricted food conditions, no
competition or predation) whereas the experiments in field
microcosms took place in shallow temporary oligohaline
marshes, i.e., a rather unfavourable environment for
daphnid populations, with lower concentrations of dis-
solved oxygen (1.87 £ 0.08 mg/l in Morbihan and
5.5 + 0.2 mg/l in Camargue at dO both, versus 8 mg/l in
laboratory conditions), higher salinity (0.4 4 0.00 g/l in
Morbihan and 3.2 + 0.01 g/l in Camargue at dO both,
versus 0 g/l in laboratory conditions), etc. For example, the
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peak of salinity (>4 g/l) observed during the 21-day
observation period in our field microcosm study in
Camargue (Duchet et al. 2010), may have been partly
responsible for the decrease of D. magna population den-
sity observed in all the enclosures (Fig. 6b). It was also
probably responsible for the absence of recovery in the
enclosures treated with spinosad, which caused a sharp
decrease of D. magna abundance within the first 2 days
following treatment (Fig. 6b), suggesting that it may be
difficult for a field population of daphnids to cope simul-
taneously with natural (water salinity and temperature) and
anthropogenic (larvicides) stressors.

Finally, predation and competition are not taken into
account in single species test in laboratory conditions,
unlike with field microcosms, and therefore, several indi-
rect effects may not be detectable under laboratory con-
ditions (Beketov and Liess 2005; Beketov and Liess 2006;
Coutellec et al. 2008). In our study in field microcosms in
Morbihan (Duchet et al. 2008), population of Chaoborus
sp. was larger in microcosms treated with Bfi than in
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Fig. 6 Change in mean values (+SE; n = 5) of D. pulex (a) and D.
magna (b) abundance (expressed as the number of individuals per
litre) in control microcosms, in microcosms treated with Bti at 0.5 pl/
I, and microcosms treated with spinosad at 8 pg/l. Significant
difference from control (Duncan’s post hoc test): * p < 0.05;
** p < 0.01; *** p < 0.001
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spinosad-treated microcosms and controls. These Diptera
larvae are huge zooplankton consumers (Liining-Krizan
1997). In addition, more Culex sp. larvae were observed in
microcosms treated with Bri at 0.50 pl/l than in the con-
trols. Mosquito larvae are filter feeders and thus can
compete with D. pulex for food, leading to decrease of the
daphnid population, sensible to food privation (Fig. 6a).
On the contrary, the lack of predation and competition in
spinosad-treated microcosms allowed the D. pulex popu-
lation to recover at the concentration of 8 pg/l (Fig. 6a;
Duchet et al. 2008). This points to the interest of ecological
relevance of outdoor meso/microcosm or field studies for
ecotoxicity testing.

Population extinction risks

Daphnia magna and D. pulex population growth under
laboratory conditions were exponential, which is clearly
unrealistic for natural populations. Nevertheless, applying
a carrying capacity to this model allowed estimating the
recovery time due to treatments (Stark 2008). This clearly
showed that spinosad increased the time needed to reach K,
especially in D. magna. Thus, elementary “population”
dynamics under laboratory conditions can be very infor-
mative, if restricted to a comparative interpretation
between treatments. As expected with such dynamics, no
extinction risk could be calculated using the time span of
simulations (around one year, beyond which other seasonal
processes are likely to be more effective on the population
dynamics).

Under field conditions, population growth rates were
estimated using vertical life-tables. [, values were averaged
over replicates, and m, values were taken from the labo-
ratory experiment. We hypothesize that, due to benign
laboratory conditions, the main consequence would be an
underestimation of population extinction risks. In both
species, minimum abundances expected after 52 steps
decreased from dO to d2, under control and spinosad con-
ditions. Simulations from Bfi exposed replicates led to a
notable population rebound after 52 weeks in D. pulex, or
no change in D. magna. Compared to the change of rep-
licate size during the 3 weeks following treatment (Fig. 6),
although not in contradiction and owing to the time dif-
ference, this result appears rather unrealistic, and may be
(as already said) a consequence of high fecundities esti-
mated in laboratory conditions.

In D. magna exposed to spinosad in the laboratory, in
accordance with the shift between positive growth and
population decline, estimated field population dynamics
showed that, under the hypothesis that conditions charac-
teristic of d2 are maintained, populations would go to
extinction. Extinction was estimated to occur rapidly in the
field, i.e. within 4 weeks (under “d2” conditions), which,

this time, is consistent with observations from dO to d21
(Fig. 6).

Conclusion

The present study allowed assessing population-level
effects of two larvicides used for mosquito control,
spinosad (Conserve® 120SC) and Bti (Vectobac® 12AS),
in two non target species, D. pulex and D. magna (Crus-
tacea: Cladocera) under two contrasted situations, labora-
tory versus field microcosms.

From the present results, it is concluded that population-
level inferences based on laboratory tests are protective, in
the sense that they allow effects to be detected, whereas
field population estimates have higher variability and
require more replicates to increase statistical power. The
comparison of D. pulex and D. magna populations illus-
trated well this pattern: D. magna was shown to be more
sensitive than D. pulex to spinosad in the laboratory, and
the effect was also detectable through field population
demographic simulations. Therefore, studies performed in
the field, although ecologically more relevant, are more
prone to experimental error, and likely to lead to a lack of
statistical significance simply as a result of the design,
instead of innocuousness of the tested chemical. It might
thus be recommended to combine laboratory and field
conditions in order to come closer to real effects.
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