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Summary

1. Propagule pressure, i.e. the number of individuals introduced, is thought to be a major
predictor of the establishment success of introduced populations in the field. Its influence in
laboratory experimental systems has however been questioned. In fact, other factors involved
in long-term population persistence, like habitat size, were usually found to explain most of
the dynamics of experimental populations.

2. To better understand the respective influence of short- and long-term factors and their
potential interaction on extinction dynamics in experimental systems, we investigated the
influence of propagule pressure, habitat size and genetic background on the early dynamics of
laboratory-based populations of a hymenopteran parasitoid.

3. The amount of demographic variance differed between establishment and persistence phase
and was influenced by habitat size and genetic background (geographic strain), but indepen-
dent of propagule pressure. In contrast, the probability of extinction within five generations
depended on the genetic background and on the interaction between propagule pressure and
habitat size. Vulnerability to extinction in small size habitats was increased when populations
were founded with a small number of individuals, but this effect was delayed until the third
to fifth generations.

4. These results indicate that demographic stochasticity is influential during population estab-
lishment, but is not affected by the genetic variability of propagules. On the other hand,
extinction might be influenced by a genetic Allee effect triggered by the combination of low
propagule pressure and genetic drift. Finally, we documented consistent differences between
genetic backgrounds in both deterministic and stochastic population dynamics patterns, with
major consequences on extinction risk and ultimately population establishment.

Key-words: adaptation, extinction debt, inbreeding depression, inoculum size, negative den-
sity dependence, propagule size, Theta-Ricker model, Trichogramma

Introduction

The majority of introduced populations go extinct within a
few generations and never become established (Williamson
1996; Seddon, Armstrong & Maloney 2007; Simberloff
2009). Rates of establishment range from 10% for invasive
weeds (Williamson 1996; Booth, Murphy & Swanton 2003)
up to 30% in conservation programs (Griffith ez al. 1989;
Wolf et al. 1996; Noél et al. 2011) and classical biological
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control operations (Hall & Ehler 1979; Stiling 1990). How-
ever, these average rates hide a strong heterogeneity
between introduction events, and it appears difficult to
identify a minimum set of robust predictors that would be
highly predictive of establishment and invasion success
(Kolar & Lodge 2001; Facon et al. 2006, Hayes & Barry
2008). Nevertheless, unsuitable environmental conditions
(abiotic conditions, competing species, predation and dis-
eases, absence of preys or mutualists) are likely to be
responsible for many early extinctions in the context of
accidental releases (Crawley 1987; Lodge 1993). In con-
trast, in the case of planned introductions, the environment
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is carefully selected to maximize establishment success, yet
their failure rate remains high, because of the influence of
intrinsic genetic and demographic characteristics of the
introduced populations.

Both experimental and correlative evidence highlight
the importance of propagule pressure in determining
establishment success in nature (Kolar & Lodge 2001;
Lockwood, Cassey & Blackburn 2005; Simberloff 2009).
Propagule pressure refers to the total number of individu-
als introduced in a given area, which combines the num-
ber of introduction events (propagule number) and the
number of individuals for each introduction event (propa-
gule size or inoculum size, Drake, Baggenstos & Lodge
2005). When a single introduction is considered, there is
consistent evidence for a positive correlation between
propagule size and establishment probability (e.g. Mem-
mott, Fowler & Hill 1998; Grevstad 1999; Berggren 2001;
Forsyth & Duncan 2001; Ahlroth et al. 2003; Memmott
et al. 2005). Detrimental demographic or genetic pro-
cesses like demographic stochasticity, Allee effects,
inbreeding depression and lower adaptive potential
increase the vulnerability to extinction of initially small
populations (Shaffer 1987; Lande 1988; Reed 2005; Willi,
Van Buskirk & Hoffmann 2006; Fauvergue et al. 2012).
In addition, propagule number is also likely to increase
establishment success by decreasing stochasticity in space
or time, and/or through more complex dynamic processes
at the scale of metapopulations. The rescue effect, with
repeated immigration events increasing the persistence
probability of a population, is one such process (Brown
& Kodric-Brown 1977; Hanski 1998).

In contrast with field studies of introduced populations,
the analysis of extinctions in laboratory-based experimen-
tal systems indicate that habitat capacity and dynamic
regime are consistent predictors of extinction probability
(Philippi et al. 1987, Forney & Gilpin 1989; Belovsky
et al. 1999; Desharnais et al. 2006), while the influence of
propagule pressure is less strongly supported (Burkey
1997; Belovsky et al. 1999; Griffen & Drake 2008; but see
Drake, Baggenstos & Lodge 2005). Several phenomena
can explain the discrepancy between natural and experi-
mental populations. First, experimental microcosms can
produce abnormally high densities and therefore prevent
most common types of Allee effects such as mate finding
failure. Moreover, the spatial or temporal homogeneity in
laboratory experiments tends to minimize inter-individual
variance in reproductive success, i.e. demographic stochas-
ticity. Finally, conditions in controlled microcosms are
usually optimal (absence of predation, high quantity/qual-
ity of resources), so that the relative importance of detri-
mental demographic processes is likely to be attenuated.

This contrasted environmental conditions between labo-
ratory and natural populations also affect the relative
durations of the two consecutive phases of the introduc-
tion process: the ‘establishment phase’, occurring
immediately after introduction and the ‘persistence phase’,

occurring once the carrying capacity is reached (Drake,
Shapiro & Griffen 2011). In natural populations, the
establishment phase can last very long as a result of low
initial population growth rate (Caley, Groves & Barker
2008). In experimental populations, initial population
growth rate is close to maximal (Griffen & Drake 2008),
so that the establishment phase is usually very short com-
pared with the persistence phase, and most extinctions
occur during the latter. Thus, natural environments are
more prone to unveil extinction causes pertaining to the
establishment phase, which are related to propagule char-
acteristics. In contrast, factors influencing the persistence
phase, as determined by habitat properties, should be
more easily detected in controlled environments. As a
consequence, studying populations’ extinction in natural
or controlled environments can be biased towards propa-
gule or habitat related factors respectively (Drake,
Shapiro & Griffen 2011).

To better understand the interplay between factors
driving extinction dynamics during the establishment and
the persistence phase, we investigated the determinants
of establishment success in laboratory populations of a
hymenopteran parasitoid during the very first generation
after introduction. Experimental populations of the para-
sitoid were initiated with different numbers of mated
females (propagule pressure) with two levels of host
availability (habitat size). This design allowed us to
investigate the expected differential influence of both fac-
tors on the ‘establishment’ and ‘persistence’ phases as
well as possible interactions. This experiment was repli-
cated for three different geographic strains to estimate
the influence of genetic background on the relationship
between propagule pressure, habitat size and extinction
dynamics. Levels of genetic load (i.e. decrease in fitness
in highly homozygous individuals) in the three strains
were compared in parallel.

Two main population dynamics’ features, demographic
stochasticity and extinction probability in the first genera-
tion, were more precisely investigated with regard to theo-
retical expectations. We analysed whether the amount of
individual demographic variance was higher during the
establishment or the persistence phase, and whether it was
influenced by propagule pressure or habitat size. Then, we
analysed the respective influence of propagule pressure
and habitat size on extinction probability. A significant
effect of propagule pressure on extinction probability
would imply that the extinction risk is driven mostly by
the dynamics of the establishment phase. Alternatively, a
significant effect of habitat size would imply that extinc-
tion risk is rather determined by the persistence phase.
Interestingly, a significant interaction between propagule
pressure and habitat size on either demographic stochas-
ticity or extinction probability would indicate that popula-
tion dynamics during the two phases are inter-dependent,
i.e. that equilibrium dynamics are influenced by initial
conditions.
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Materials and Methods

STUDY SYSTEM

We used the wasp Trichogramma chilonis (Hymenoptera: Tricho-
grammatidae) as a model species. Trichogramma are minute soli-
tary parasitoids of Lepidopteran eggs widely used as biological
control agent against noxious species (Smith 1996). The wide-
spread species 7. chilonis is more specifically used against the
sugar cane spotted borer Chilo sacchariphagus (Tabone et al.
2010).

Three dioecious strains of 7. chilonis were used for this experi-
ment. Sexual reproduction in the Hymenoptera is characterized
by arrhenotokous haplodiploidy, that is, fertilized eggs develop
into diploid females and unfertilized eggs into haploid males
(Quicke 1997; Heimpel & de Boer 2008). As a consequence,
mated females have a direct control over the sex of their progeny
by choosing whether they fertilize each egg or not, and highly
skewed sex-ratios can sometimes be observed (Hamilton 1967,
Godfray 1990). In Trichogramma species, sex-ratios are often
biased towards females, except in the presence of superparasitism
where sex-ratios tend to be skewed towards males as a result of
better larval survival of males (Bonnet 2010).

The three strains were founded from individuals caught in the
field in Taiwan (in 1987), Reunion Island (in the Indian ocean, in
1998) and Vietnam (in 2000, Benvenuto ez al. 2012). The strains
were then maintained in laboratory conditions on the factitious
host Ephestia kuehniella (flour moth). Recent studies based on
molecular and phenotypic characteristics have evidenced that
these three strains were significantly differentiated (Benvenuto
et al. 2012) although no morphological differences can be
observed (B. Pintureau, pers. comm.). Sequences of the cyto-
chrome ¢ oxidase subunit I for the three strains obtained with the
primers LCO1490 and HCO2198 (Cheyppe-Buchmann et al.
2011) are available on GenBank (Reunion: JQ598733-JQ598741;
Taiwan: JQ598722-JQ598728; Vietnam: JQ598709-JQ598711).

For this experiment, temperature and light conditions were set
on a cycle of 16 h daylight (25 °C)/8 h dark (20 °C) with con-
stant 70% humidity. Under these conditions, generation time was
9 days for the Taiwan strain, 10 days for the Reunion strain and
12 days for the Vietnam strain.

EXPERIMENT 1. EFFECT OF GENETIC BACKGROUND,
PROPAGULE PRESSURE AND HABITAT SIZE ON
POPULATION DYNAMICS

To study the influence of genetic background, propagule pressure,
habitat size and their interaction on population dynamics, we set
up a 3 x 5 x 2 factorial design (30 combinations). The three fac-
tors were the geographic strain (Reunion, Taiwan or Vietnam),
the number of founding females (1, 2, 5, 10 or 20 mated females)
and the level of host availability (low, 2 host patches; high, 10
host patches). In what follows, differences in host availability are
referred to as differences in habitat size (i.e. biological habitat),
while the abiotic environment such as the volume of each experi-
mental unit is constant across treatments. Each combination of
strain, propagule pressure and habitat size was replicated four
times, except for the treatment level with 20 founding females,
which was replicated only twice because of the limited number of
individuals available for this experiment. In total, 108 popula-
tions were studied.
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Each experimental population unit was contained in a plastic
tube (diameter 50 mm, length 100 mm). Food for adults was pro-
vided ad libitum as drops of honey placed on the tube walls.
Hosts were provided as 3 mm-diameter patches of E. kuehniella
eggs stuck on paper strips (either 2 or 10 egg patches on a
10 x 50 mm paper strip; average number of eggs on a patch and
95% confidence interval: 45-8 [44-5-47-1], n = 65). The variation
in the number of eggs across patches can be considered as a
source of environmental stochasticity. However, as the range of
these variations was very small (around 2%) and they were ran-
domly distributed among experimental treatments, it is unlikely
to have had any strong influence on population dynamics.

Host patches were exposed 48 h to parasitoids and then put
aside until parasitoid emergence. Population size at the next gen-
eration was estimated by counting the total number of parasitized
eggs before emergence. Parasitized eggs turn black when the par-
asitoid reaches the nymphal stage, i.e. after intra-host larval mor-
tality has eventually occurred, so the number of black eggs
directly reflects adult population size at emergence. At the begin-
ning of emergence, fresh host patches were introduced in the
tubes and similarly exposed during 48 h to obtain the next para-
sitoid generation.

These experimental populations are thus based on a host-para-
sitoid system where only parasitoid population size varies
between generations following density-dependent dynamics, while
host population size remains constant. Parasitoid population
dynamics were recorded during the first five generations after
introduction between March and May 2011. Because generation
times were different for the three geographic strains, experimental
populations were founded on different days during the first
2 weeks of March. Therefore, population dynamics were not
exactly synchronized across strains, so that repeatable patterns of
dynamics across strains did not reflect higher level variations
from a shared environment.

ANALYSIS OF DEMOGRAPHIC STOCHASTICITY

The analysis of demographic stochasticity was based on varia-
tions in population size. Because extinction events were analysed
separately (see next section), we analysed variations in population
size during five generations, or until the last generation before
extinction. To ensure statistical independence, all replicates were
divided into two different subsets, one being used for the model
fitting and parameter estimation and the other to estimate inde-
pendently the level of demographic stochasticity and to test
hypotheses about the determinants of demographic stochasticity.

For each strain and each level of habitat size, we compared the
fit of six alternative population dynamics models that describe
the relationship between population size and per capita growth
rate (Table 1) using the subset of data for model fitting. Model
parameters were estimated using nonlinear least squares regres-
sion (procedure ‘nlminb’ in the R statistical package) and model
fits were compared with lowest AIC criterion (Table S1).

The amount of demographic stochasticity is classically mea-
sured as the variance in the number of descendants of an individ-
uval of a population, what is called demographic variance.
Following Drake (2005), we estimated this variance by comparing
the best-fitting model to the subset of data used for model test-
ing. For each experimental population 7 and at each generation ¢,
we computed 6?,, the squared residual between the observed per

capita growth rate % and the per capita growth rate
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Table 1. Models of population dynamics tested to describe experimental variations in population size

Model Recurrence equation

Parameters

Processes described

Geometric N1 = N, -exp(r)

Ricker (Ricker 1954) Nijt =N, -exp(r(1 - %))

Theta-Ricker (Gilpin N1 = N, -exp (r(l — (%)0))
& Ayala 1973)

Classical Allee effect
(Lewis & Kareiva 1993)

Niwt = Ni-exp(r(1 =5 (5 —4))

Allee-Ricker (Avilés 1999)

Allee- Theta-Ricker
(Avilés 1999; Courchamp,
Berec & Gascoigne 2008)

r exponential growth rate

r exponential growth rate
K carrying capacity

r exponential growth rate
K carrying capacity
0 coefficient of curvature
r exponential growth rate
K carrying capacity
A Allee threshold

r exponential growth rate
K carrying capacity
y cooperation parameter

r exponential growth rate
K carrying capacity
y cooperation parameter
0 coefficient of curvature

Unlimited growth of the population:
constant per capita growth rate

Negative density dependence: the
natural logarithm of the per capita
growth rate decreases linearly with
population size

Negative density-dependence: the natural
logarithm of the per capita growth rate
decreases nonlinearly with population size

Positive and negative density dependence:
the relationship between population size
and per capita growth rate is
hump-shaped. If A > 0, the Allee effect
is strong. If A < 0, the Allee effect is
weak.

Positive and negative density dependence:
the relationship between population size
and per capita growth rate is
hump-shaped. The Allee effect is always
strong.

Positive and negative density dependence:
the relationship between population size
and per capita growth rate is
hump-shaped. The Allee effect is
always strong.

predicted by the best fitting model initialized at the observed size
a1 (No.ti) =

of the population in generation #: al N Noti These residuals
are representative of population’s variance in the per capita
growth rate rather than demographic variance: they estimate the
variance of the mean of the per capita growth rate over the indi-
viduals of the population. Because the variance of the mean of a
random variable is equal to the variance of the random variable
divided by sample size, population’s variance in the per capita
growth rate is equal to demographic variance scaled by the size
of the population (May 1973; Lande, Engen & Saether 2003).
Thus, to remove this scaling effect, we multiplied each squared
residual &7, by the size of the population N,,; to obtain the
rescaled residuals 5,%, (Drake 2005).

In all combinations of geographic strain and habitat size, pop-
ulations reached carrying capacity within two generations after
introduction (Fig. S1). Therefore, we defined the establishment
phase as the first two generations, and the persistence phase as
the generations three to five. We analysed the influence of
dynamical phase, in interaction with geographic strain and either
propagule pressure or habitat size on the logarithm of the
rescaled residuals 5,2 The latter followed a Gaussian distribution
and was analysed with a linear model (procedure ‘Im’ in R). The
complete statistical model including all interactions was com-
pared with all sub-models using lowest AIC criterion to select the
optimal combination of explanatory variables (Table S2).

ANALYSIS OF EXTINCTION PROBABILITY

Extinction was considered as a binary variable describing the fate
of populations at the fifth generation (0: persisting population; 1:
extinct population), and was analysed with generalized linear
models. Deterministic population dynamics and random demo-
graphic stochasticity are both expected to influence strongly the

probability of population extinction. Therefore, we included pop-
ulations’ coefficient of variation as a synthetic covariate to
account for these effects.

In contrast with demographic stochasticity, which is an instan-
taneous process, extinction events resulting from demographic
processes related to establishment can occur at later generations.
Therefore, we could not analyse extinction events based on their
generation of occurrence. However, as we expected extinctions to
be influenced by propagule pressure during the establishment
phase and habitat size during the persistence phase, we used these
two variables as indicators of the different phases of extinction
dynamics. We thus tested for the effect of the interaction between
propagule pressure and habitat size (as well as geographic strain)
on extinction probability. We selected the best model among all
candidate models using lowest AIC criterion (Table S3).

EXPERIMENT 2. INBREEDING DEPRESSION

To test for the presence of different levels of inbreeding depres-
sion between strains, we founded experimental populations with
a single virgin female and either (i) one of her brothers or (ii) a
male selected at random from the same strain. Habitat size was
set as one host patch and population dynamics were followed
across three generations after introduction.

In this experiment, host eggs were sorted and isolated before
parasitoid emergence to control mating. To found each popula-
tion one female and one male were introduced simultaneously in
a tube. Therefore, individuals were more manipulated than in the
previous experiment, and females were not mated prior to popu-
lation foundation, which could affect the probability that they
successfully initiate a population. In particular, a female could
remain unmated if the male was rejected or died before mating
had occurred. In this case, the population would get extinct after
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one generation made of only male individuals. To account for
these random events, we set aside the populations where host was
parasitized (initial extinction) and those where females were not
mated (i.e. only males emerged from the first generation of para-
sitized hosts). We excluded such populations (unsuccessful foun-
dation). For the analysis of successfully founded populations, we
examined the following components of population dynamics: (i)
initial growth rate (population size at the first generation), which
reflects the maximum growth rate in a non-limiting environment;
(ii) probability of cumulative extinction at the third generation
(probability that a population became extinct at the second or
the third generation); (iii) population sex-ratio in all generations.
Probabilities and sex-ratio were modelled as binomial variables,
and population size as a Poisson variable. All variables were
analysed with generalized linear models. In all analyses, we tested
for the effect of cross (inbred or random), strain and their inter-
action on the response variables. Generation was added as a co-
variate in the analysis of sex-ratio. We selected the best model
among all candidate models using lowest AIC criterion.

Results

MODEL FITTING OF EXPERIMENTAL POPULATION
DYNAMICS

For all combinations of strain and habitat size, the Theta-
Ricker model was selected as the best-fitting model (Table
S1). This model assumes negative density dependence,
which suggests that population growth is limited by intra-
specific competition and that there is no Allee effect at
low density. Nevertheless, because the founding females
were collected already mated from rearing populations,
one could argue that the first generation reflected high-
density conditions and thus could not be used to detect a
potential Allee effect. Therefore, we re-analysed the fit of
population dynamics models when excluding the first gen-
eration, to check whether this partial data set provided
stronger support for the presence of an Allee effect. This
was not the case, as a simple Ricker model was selected
when excluding the first generation (Table S1), thus con-
firming our experimental populations were mainly
impacted by negative density dependence. Therefore, we
chose to keep the larger data set including the first gener-
ation for the analysis of demographic stochasticity.

DEMOGRAPHIC STOCHASTICITY

In our time series, the global pattern of population varia-
tion was well captured by deterministic dynamics (the
adequacy between Theta-Ricker model fits and experimen-
tal data, using data set for model testing, is presented on
Fig. 1), thus we considered that the residuals between the
predicted and observed per capita growth rate at each
generation were representative of stochastic variance. The
amount of variance in per capita growth rate is classically
predicted to correlate inversely with population size (May
1973; Desharnais et al. 2006). Once this classical scaling
effect was removed, the remaining, unexplained variation
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Fig. 1. Projection of the natural logarithm of the ratio of popu-
lation sizes between two consecutive generations in function of
population size. Under this transformation, simple negative den-
sity dependence (Ricker model) appears as a straight, decreasing
line, while nonlinear density dependence (Theta-Ricker model) is
either a decreasing concave function (0 > 1) or a decreasing con-
vex function (6 < 1). A Theta-Ricker model with 6 < 1 was fitted
for all combinations of strain and habitat size (model fit is drawn
in red). The scale of the left panel is represented by a dashed line
on the right panel to highlight the stronger density dependence
regulation exerted in the small habitats.

(i.e. the rescaled residuals 5,2) was assumed to reflect true
demographic stochasticity. We found that the rescaled
squared residuals depended on the dynamical phase
(F{ 24 =1777, P=3 x 1075): population trajectories
were less predictable during establishment than during
persistence phase (Fig. 2, left). In contrast, propagule
pressure had no influence on stochastic variations
(Fy 204 =117, P=0-28). In addition, the
squared residuals were higher in large than in small habi-
tats (Fy 204 = 20-19, P =1 x 107>, Fig. 2, middle). A pos-
sible explanation for this phenomenon is related to the
intensity of density-dependent regulation (Lande, Engen
& Saether 2003). In small habitats, the performance of
individuals is likely to be more strongly constrained by
resource competition, thus inter-individual variance in
reproductive success should be lower. Finally, the demo-
graphic variance also depended strongly on geographic
strain (F5 204 =795, P =4 x 10’4), the Reunion strain
displaying on average a much lower amount of demo-

rescaled

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 621-631



626 Elodie Vercken et al.

graphic stochasticity than the Taiwan and the Vietnam
strain (Fig. 2, right).

EXTINCTION PROBABILITY

On the one hand, we found that the extinction probability
differed  between  geographic  strains (x>, = 7-29,
P =26 x 107?). Populations of the Reunion strain went
extinct much less frequently (5% at the fifth generation)
than populations from Taiwan or Vietnam (40-60%)
(Fig. 4). This effect on extinction probability was indepen-
dent of the differences in demographic stochasticity
between strains, as these were encapsulated within the
populations’ coefficient of variation.

On the other hand, we observed a significant interaction
between propagule pressure and habitat size on extinction
probability (3°; = 8:034 P =4.6 x 107°). In small habi-
tats, the probability of extinction was much higher for
populations founded with a low number of females (5 or

8 8-
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o
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phase habitat size strain

Fig. 2. Mean rescaled squared residuals between predicted and
observed dynamics along the five generations: (left) during estab-
lishment or persistence phase; (middle) in small and large habi-
tats; and (right) in populations of the three geographic strains (R:
Reunion, T: Taiwan, V: Vietnam). Error bars are 95% confidence
intervals.

less, Fig. 3 left). In contrast, the number of founding
females had no influence on the probability of extinction
in large habitats (Fig. 3 right). Thus, the effect of propa-
gule pressure on establishment success was observed only
in populations with small habitat size. Furthermore, the
majority of extinctions occurred at the third generation or
later (test for different extinction probabilities in genera-
tions 1-2, i.e. establishment phase, vs. 3-5, persistence
phase: y? =4-64, P =003, Fig. 4). These extinctions
occurred after populations had reached carrying capacity
(Fig. S1), which reveals a delayed effect of initial propa-
gule pressure on extinction dynamics.

INBREEDING DEPRESSION

To understand better the differences in demographic sto-
chasticity and extinction patterns between strains, we
compared the impact of inbreeding on several components
of population dynamics for the three geographic strains.
The type of cross (inbred or random) had no influence on
any of the variables analysed, alone or in interaction with
geographic strain (all P > 0-25). Therefore, there is no sig-
nificant inbreeding depression in any of the strains, and
the different patterns in population dynamics between
strains reported above are independent of their genetic
load.

In this analysis, we found again significant differences
between geographic strains on almost all components of
population dynamics. First, the probability of initial
extinction (i.e. the probability that no egg was laid at the
first generation) was lower for the Taiwan strain than for
the other strains (x>, = 7-50, P = 0-025), while the proba-
bility of initial female mating was the same for all strains
(P = 0-14). Then, for populations that were successfully
founded, we observed a lower initial rate of increase for
the Reunion strain (x>, = 10-89, P=4 x 107%), and a
higher rate of extinction for the Vietnam strain
(6% = 2621, P =20 x 107°). Finally, the proportion of
males  increased  over (% = 2245,
P =214 x 107%, but was lower in the Reunion strain

generations
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the interaction between habitat size and
propagule pressure.
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Fig. 4. Cumulative probability of extinction along the five gener-
ations in small (dashed lines) and large habitats (full lines) for
the three geographic strains.

(x22 = 34.26, P =3-63 x 10_8). This analysis confirms
that the three geographic strains display consistent genetic
differences on several components of population dynam-
ics, but that these differences do not result from the
amount of genetic load accumulated by the strains.

Discussion

In the first generation after introduction, extinction in our
experimental populations depended on the combination of
propagule pressure and habitat size. In small habitats,
populations initiated with only a few females had a higher
probability of extinction, while no such relationship was
found in larger habitats. Demographic stochasticity can
be ruled out as a major mechanism for these early extinc-
tions, as the amount of stochastic population variation
over the five generations was independent of propagule
pressure. Rather, the effect of propagule pressure on
extinction probability appeared after several generations
and suggests the influence of a genetic factor. In addition,
as both demographic stochasticity and extinction risk var-
ied consistently between geographic strains, our results
reveal a potential interaction between the demographic
and genetic components of propagule pressure.

VARIATION IN DEMOGRAPHIC STOCHASTICITY
AMONG GENETIC STRAINS

Demographic stochasticity is often pictured as a purely
mechanistic process arising from limited numbers of indi-
viduals (integer arithmetic and sampling variance) and
with little influence of population ecology. However,
demographic stochasticity ultimately results from variance
in reproductive success between individuals, which can be
open to the influence of several environmental, demo-
graphic or genetic factors. For instance, we found that
per capita demographic variance (i.e. rescaled squared
residuals) was stronger in large habitats than in small
habitats, which may reflect different competition intensity.
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More interestingly, we found that variability in per cap-
ita reproduction was stronger during the establishment
phase than during the persistence phase. The ecological
conditions of the establishment phase, such as a novel
environment or a low population density, seem to have
amplified individual differences in performance. A possi-
ble explanation is that populations in the establishment
phase have experienced new selective pressures, under
which some individuals performed better than others as a
consequence of their genetic background. Such selective
sieve would have resulted in increased variance in repro-
ductive success between individuals, i.e. increased demo-
graphic stochasticity. This hypothesis is further supported
by the fact that we found that demographic variance also
differed between strains, with the Reunion strain being
less variable than the two other strains. Heterogeneity in
demographic variance among strains of a single species
has, as far as we know, never been described as such in
an experimental system, and could reflect interesting dif-
ferences in their adaptive history before introduction, in
the field or during mass-rearing. Indeed, if the genetic
variants present in the Reunion strain were on average
more adapted initially to the ecological conditions of the
establishment phase, individual reproductive success in
the first generation should have been less variable in this
strain. This is exactly what we found. Furthermore, popu-
lations from the Reunion strain also displayed the highest
establishment success, with little effect from initial
population size and habitat size, which could reflect
pre-adaptation of this strain to the environment of intro-
duction.

However, other non-exclusive processes can also affect
the amount of inter-individual variance in reproductive
success and differ between populations or strains. For
instance, genetic heterogeneity is also expected to modify
the amount of inter-individual variance (Kendall & Fox
2002, 2003; Robert, Sarrazin & Couvet 2003; Vindenes,
Engen & Saether 2008). However, if genetic diversity
per se were responsible for the observed differences
between strains, these differences would be most apparent
in populations initiated by a large number of females,
where differences between strains in genetic diversity
would be maximized. Indeed, in large founding popula-
tions, a low genetic diversity is expected in populations
initiated from low diversity strains, while a high genetic
diversity is expected in populations from the more diverse
strains. In contrast, populations initiated with only one or
two females should behave more similarly as their level of
genetic diversity would be low as a result of the founder
effect whatever the diversity of the strain of origin. This is
not what we found, as the amount of demographic sto-
chasticity was not affected by the interaction between the
number of founding females and geographic strain. Alter-
natively, infection by bacterial endosymbionts is another
potential source of wvariance in reproductive success
among individuals. It has been demonstrated that hetero-
geneity in Wolbachia infection level associated with ran-
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dom maternal transmission can result in increased vari-
ance in incompatibility patterns (Guillemaud & Rousset
1997), and thus in reproductive success. Preliminary anal-
yses failed to detect Wolbachia in T. chilonis, yet other en-
dosymbionts like Spiroplasma, whose infection rate
appears heterogeneous within and between T. chilonis
strains (Al Khatib 2011), could be associated with the
same phenomenon (Watts ef al. 2009; Tabata et al. 2011).

Thus, while its underlying mechanism requires further
investigation, the detection of variable demographic sto-
chasticity between 7. chilonis strains provides evidence for
a complex relationship between population genetics, ecol-
ogy and dynamics. In our system, population growth of
the different strains is characterized by different values in
life-history parameters like intrinsic growth rate or host
saturation, which affects their deterministic dynamics pat-
tern. In addition, the stochastic component of their popu-
lation dynamics is also subject to genetic differences,
which might reflect differences in pre-adaptation of the
strains to their introduction environment. These two
effects combined should have major consequences on
extinction patterns and establishment success, and consti-
tute a promising avenue of research for the biology of
introduced populations.

EFFECT OF INITIAL POPULATION SIZE ON
EXTINCTION PROBABILITY

It has been suggested that most laboratory experiments
failed to detect an effect of initial population size on
extinction probability because initially small populations
achieved high population growth and quickly escaped
from the demographic window where demographic
stochasticity is a severe threat to population persistence
(Belovsky et al. 1999; Griffen & Drake 2008; Drake,
Shapiro & Griffen 2011). Therefore, for species like
Trichogramma with high intrinsic rate of increase in labo-
ratory microcosms, initial population size should influence
population extinction only during the very first generation
(Drake, Shapiro & Griffen 2011).

However, an apparent paradox of our results is that
initial population size affected extinctions that occurred
after several generations, when populations had reached
carrying capacity and the initial difference in population
size had been made up for. In addition, this effect of ini-
tial population size occurred only in small habitats and
for two of the three strains, suggesting both environmen-
tal and genetic influences. In our data, population vari-
ability, although a major predictor of extinction
probability, was independent of initial population size.
Thus, the effect of propagule pressure on extinction is not
mediated by demographic stochasticity. We also excluded
the hypothesis of strongly deleterious recessive alleles, as
populations had similar extinction dynamics, be they
founded by genetically related or unrelated individuals.

Two major, non-exclusive mechanisms could have gen-
erated such a delayed response in extinction dynamics.

First, deterministic population dynamics patterns in the
presence of strong density dependence can be considered.
In small habitats, intraspecific competition is much more
intense than in large habitats (Fig. 1), and competition
between females at a given generation impacts essentially
larval survival, i.e. population size at the next generation.
Such a negative feedback of the actual population onto
its offspring associated with strong regulation can give
rise to complex, divergent, population dynamics that are
highly sensitive to initial conditions (May 1974). In this
case, the conditions of high competition in the small habi-
tats could have substantially amplified the small differ-
ences in propagule pressure populations.
Furthermore, we found that the amount of stochastic
population variation was higher during the establishment
phase. The establishment phase is thus characterized by
relatively unstable, transitory dynamics, which could have
interacted with density-dependent regulation to result in
delayed extinction trajectories.

Alternatively, a genetic Allee effect expressed under
conditions of limited population growth in the Taiwan
and the Vietnam strains could also be implicated. In the
smallest habitats, genetic diversity is expected to decrease
quickly under the influence of genetic drift, which would
bring populations initiated with a small number of indi-
viduals to a very low level of genetic diversity. The varia-
tions in propagule pressure for populations in the small
habitat are thus likely to result in major differences in
effective population sizes within a few generations,
although the apparent population sizes might be similar
(Frankham, Ballou & Briscoe 2009). In this case, the pop-
ulations with the smallest effective population sizes would
be most sensitive to Allee effects (Courchamp, Berec &
Gascoigne 2008). This phenomenon could be described as
a particular case of genetic extinction debt, which occurs
whenever there is a delay between the appearance of a
factor leading to population extinction and the actual
extinction or decline of the population (Diamond 1972;
Tilman et al. 1994). Under this scenario, extinctions in
our experimental system would also illustrate another
classical concept of conservation biology: the extinction
vortex, where in our case the deleterious effects of a

across

demographic bottleneck and low genetic diversity would
be enhanced in a habitat where population growth is
strongly constrained. These interesting hypotheses high-
light the need for further studies to investigate the genetic
mechanisms driving differences in population dynamics
between different geographic strains in this species.

PERSPECTIVES FOR BIOLOGICAL CONTROL
INTRODUCTIONS

In the preliminary phases of biological control introduc-
tion programs, different species or geographic strains of
natural enemies are tested and compared in the laboratory
for several traits that are expected to affect introduction
success and control efficiency. Resistance to cold or lon-
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gevity under starvation can affect the survival of individu-
als during mass-rearing, storage and transportation, while
fecundity, development time, mating strategies or host
searching mechanisms would determine realized parasit-
ism rate in the field. In the case of classical biological con-
trol, establishment probability can also be maximized, for
instance by increasing propagule pressure (e.g. Hopper &
Roush 1993; Grevstad 1999; Memmott ef al. 2005). How-
ever, while evidence for positive effects of high propagule
pressure on demographic and environmental stochasticity
or Allee effects is starting to accumulate (e.g. Grevstad
1999;: Memmott et al. 2005; Grevstad, Coombs and
McEvoyin press.), the importance of genetic components
(genetic diversity, genetic load, abundance and diversity
of endosymbionts.) remains widely unknown (Fauvergue
et al. 2012). In an experimental introduction of the para-
sitoid Aphelinus asychis to control the Russian wheat
aphid Diuraphis noxia, Fauvergue & Hopper (2009) docu-
mented a persistent effect of the initial number of individ-
uals on population growth, although populations had
eventually reached the same size and all suffered from
severe negative density dependence. The authors suggested
that a genetic Allee effect could be responsible for their
observation. Our experimental results converge to the
same conclusion, and bring further support for the influ-
ence of genetic diversity on establishment success.

In addition to such effects related to genetic diversity
(i.e. ‘quantitative’ genetic effects), qualitative genetic
differences between individuals can also determine estab-
lishment rate, yet these have never been considered so far.
In our experiment, population variability was found to be
a major predictor of extinction, and differed significantly
between geographic strains. The Reunion strain was char-
acterized by a lower amount of demographic stochasticity
in population dynamics; it was also less prone to extinc-
tion and its establishment success was affected by neither
initial population size nor habitat size (Figs 3 and 4). This
strain was thus the most efficient for experimental intro-
duction, and was also the most resistant to demographic
factors affecting establishment success. Such genetically
based differences in establishment dynamics could not
only be detected and selected in preliminary tests, but the
performances of the best strain might even be improved
through a few steps of experimental selection, to optimize
further the introduction of biological control agents.

Conclusion

The analysis of the first generations after introduction
revealed a positive effect of the initial number of females
on population persistence in a laboratory experimental
system, which, although consistent with field introduction
results, was mostly noticeable in highly competitive habi-
tats. However, we observed a delay of three to five gener-
ations between introduction and population extinction,
which suggests the existence of a genetic Allee effect in
our system, alone or in combination with unstable
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dynamics related to strong competitive pressure. Genetic
effects also determined the intensity of stochastic compo-
nents in population dynamics, with major consequences
on population variability and persistence. These results
suggest that (1) to detect potential delayed effects, the
analysis of population establishment should consider
longer time-scales than the very first generations; (2) the
genetic characteristics of individuals or strains should be
carefully evaluated to investigate properly the interactions
between demography and genetics in introduced popula-
tions. Finally, our study demonstrates that the analysis of
experimental introductions can be used to investigate pre-
dictions from several conceptual frameworks, such as con-
servation biology, invasion biology or biological control,
and to unify the theory of small, introduced populations.
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Table S1. AIC scores for the six different population dynamics
models calculated on the subset of data for model fitting (NC :
the model did not converge). The Theta-Ricker model is selected
for all combinations of strain and habitat size (lowest AIC indi-
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cates better fit). The same analysis was done when excluding the
data for the first generation (scores in italics) : the Ricker model
is selected in this case, thus confirming the absence of a typical
pattern of Allee effect.

Table S2. Model selection for the analysis of demographic sto-
chasticity (AIC score). The selected model appears in bold (low-
est AIC scores indicates best fit).
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Table S3. Model selection for the analysis of extinction probabil-
ity (AIC score). The selected model appears in bold (lowest AIC
scores indicates best fit). Population’s coefficient of variation is
always included as a covariate.

Fig. S1. Variations in experimental population sizes for all com-
binations of strain, habitat size and propagule pressure.
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