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A model host-parasitoid system of Ephestia kuehniella and Venturia canescens was
used to examine the influence of host and parasitoid density on host and parasitoid
life-history parameters via a two-way factorial experimental design (5 initial host
densities ×3 parasitoid densities). In the absence of parasitoids, E. kuehniella experienced scramble-type competition with reduced growth, diminished adult size and a
subsequent fecundity trade-off for mortality. The mortality that did occur was
confined to the late larval and pupal stages. In the presence of parasitoids attacking
the late larval stage, competition changed from scramble for food to contest for
enemy-free space, with hosts escaping parasitism being small with low fecundity and
reduced egg size, and with parasitoid adult size inversely dependent on host density.
Total insect emergence (host +parasitoid), a measure of the influence of host
resource competition on survivorship, exhibited a threshold effect as a function of
initial host density; the threshold value was increased to a higher initial host density
in the presence of parasitoids. Models of host self-limitation were fitted to the data,
with the generalized Beverton-Holt model that incorporates a threshold effect providing the best fit, and the Ricker model with no threshold providing a very poor fit to
the data.
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The history of the study of population regulation has
been characterized by a wide diversity of opinions
about its presence, causes and consequences (Nicholson
and Bailey 1935, Andrewartha and Birch 1954, Hanski
1990, Murdoch 1994, Turchin 1995, den Boer and
Reddingius 1996, Getz 1996). While it is certainly true
that density-independent mechanisms (primarily disturbance) can play a central role in the regulation of
populations (Turchin 1995, Ritchie 1996, Huffaker et
al. 1999), most of the focus of research on population
regulation has been to elucidate density-dependent
mechanisms operating on populations, internally (intraspecific competition) and/or externally (interspecific
competition, density-dependent predation and/or parasitism; den Boer 1990, Latto and Bernstein 1990, Hochberg 1991, Floyd et al. 1996, Lynch et al. 1998, Bonsall

et al. 1999, Huffaker et al. 1999). Since the world is
populated by organisms, but not overrun by them,
there must be mechanisms by which population growth
rates are positive when population densities are low,
and negative when they are high. The precise nature of
how this occurs has been the subject of much debate.
In the realm of biological control, understanding the
role of population regulation is of particular importance. In classical biological control introductions
(hereafter referred to simply as biological control), potential control agent(s) are introduced at low densities,
with the intention that they will establish (i.e. initially
experience positive population growth rates), control
the pest (i.e. cause the pest’s realized population growth
rate to become negative), and then settle into a stable
relationship with all populations persisting at very low
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densities. Much of the focus on why biological control
work has been on density-dependent processes induced
by the interaction between the pest and potential control agent populations (Hassell 1978, 2000, May et al.
1981, Barlow and Wratten 1996, Mills and Getz 1996,
Briggs et al. 1999, Takagi 1999, Bernstein 2000, Mills
2000).
Parasitoids are the most frequently used group of
control agents in biological control projects, due largely
to their high level of target-pest specificity (Greathead
and Greathead 1992, Mills 2000). For this reason, some
of the theory behind pest-parasitoid population dynamics is briefly considered here. Pest-parasitoid models
often omit explicit density dependence in the pest population, for the purpose of focusing on density-dependent regulatory mechanisms inherent in the
pest-parasitoid interaction (Briggs 1993, Getz and Mills
1996, Shea et al. 1996). It must be the case, however,
that such intraspecific-competitive processes occur, because, as pest densities increase towards some threshold
level, the rate of resource depletion becomes greater
than the rate of resource renewal. The critical questions
in this regard are: over what range of densities do such
processes occur, and how are they relevant to the
population dynamics of the pest-parasitoid interaction
(Barlow and Wratten 1996, Getz 1996, Mills and Getz
1996, Hochberg and Holt 1999). Recently, Mills (2000),
as part of a specification of minimum requirements for
host-parasitoid models, included self-limitation (density
dependence) for the host population as one of the
fundamental features of these models if they are to be
used for the purpose of examining biological control
scenarios.
There has been a great deal of debate in the host-parasitoid theoretical literature over the last 30 years about
the impact of variation in parasitoid density on hostparasitoid population dynamics (Barlow and Wratten
1996, Mills and Getz 1996, Briggs et al. 1999, Bernstein
2000, Hassell 2000). This work has led to the ‘‘CV 2 \
1’’ rule for the stability of the host-parasitoid interaction, where ‘‘CV’’ is the coefficient of variation of
searching parasitoids per discrete patch of hosts (Taylor
1993). As both Mills and Getz (1996) and Hassell
(2000) point out, however, the generality of this result
requires that the host population not experience selflimitation, and that the functional response of the
parasitoid be linear. As the generality of both these
assumptions is questionable (Barlow and Wratten 1996,
Getz 1996, Getz and Mills 1996, Mills and Getz 1996,
Lane et al. 1999), it thus becomes even more important
to understand at a mechanistic level how density dependence influences the dynamics of pest-parasitoid
populations.
The Mediterranean flour moth, Ephestia ( = Anagasta) kuehniella Zeller (Lepidoptera: Pyralidae) and its
solitary larval endoparasitoid, Venturia (=Nemeritis)
canescens Gravenhorst (Hymenoptera: Ichneumonidae)
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have proven to be a valuable model system for the
study of host-parasitoid interactions supported by a
substantial body of literature (Norris 1933, Ullyett
1945, Ullyett and van der Merwe 1947, Salt 1965, 1966,
Takahashi 1968, White and Huffaker 1969a, b, Hassell
1978). Recent ecological work has addressed a wide
variety of topics, from tests of ideal free distribution
theory (Tregenza et al. 1996), to the examination of
host suitability and the consequences of superparasitism
(Harvey 1996, Harvey and Vet 1997, Sait et al. 1997),
and the demonstration of apparent competition (Bonsall and Hassell 1998). In an effort to build further on
this tradition, this model system was used for two
experiments designed to determine the effects of variation in host and parasitoid density on both host and
parasitoid life-history parameters. In the first experiment, E. kuehniella was reared at five initial densities to
determine the effects of intraspecific competition on
host survival, growth and fecundity. In the second, the
same five initial host densities were exposed to two
different densities of V. canescens to determine the
effects of parasitoid density on host and parasitoid
survival and growth, and on host fecundity. The data
were then used to parameterize several different versions of the host self-limitation function (Getz 1996).

Materials and methods
Rearing and experimental protocols
E. kuehniella and V. canescens were obtained from
colonies maintained by the insectary and quarantine
facility at the University of California, Berkeley. The E.
kuehniella colony was mass-reared in plastic trays
(47.0×36.8×3.8 cm) on a diet of semolina. E. kuehniella passes through five larval instars (Harvey and Vet
1997). The V. canescens colony was reared on 3rd –5th
instar E. kuehniella larvae in clear plastic boxes (17.8 ×
12.7× 6.7 cm). E. kuehniella and V. canescens used in
experiments were maintained at 27.3 90.1°C (mean9
SE), 72.5 9 12.5% RH (mean 9 range), and L14:D10.
Naı̈ve V. canescens, with no access to hosts, were
provided with honey prior to exposure to hosts, and
females of ages 1 –3 days were used in experiments.
Experiments were conducted in 0.47 l unwaxed paper
containers with clear plastic lids (obtained from AC
Paper and Supply Co., Berkeley, CA), to which 5.00 9
0.04 g semolina (mean 9range) was added. A set of 32
containers was used for each of five initial densities of
E. kuehniella eggs (IHD initial host density): 10, 45,
80, 115 or 150 eggs, as determined by direct count
(IHD 10 only), or by weight (the appropriate range of
IHDs for these experimental conditions was determined
through pilot studies). Mean 9 SE egg weight was
26.19 0.5 mg for both the E. kuehniella-only experiment (n=75) and the E. kuehniella+ V. canescens ex579

periment (n =20; all weights reported in this study were
obtained using a Mettler Toledo UMT2 microbalance).
Egg hatch failure of E. kuehniella (i.e. density-independent egg mortality) was assessed by placing 100 eggs
into each of eight 0.47 l unwaxed paper containers with
clear plastic lids. All hatching larvae were counted. For
purposes of data analysis and presentation all hatching
was assumed to have occurred on day three after egg
laying. It is possible that some small but significant
proportion of eggs in this assessment failed to hatch
due to desiccation (no evidence of cannibalism in
newly-hatched larvae was observed), but newly-hatched
larvae proved impossible to locate when eggs were
placed in diet.
In the first experiment (parasitoids absent), populations were monitored in one of two ways. For juvenile
stages, containers were destructively harvested as the
experiment progressed, at the peaks of the mid-larval,
late-larval and pupal stages (these peaks varied with
initial host density and were determined through pilot
studies). A single destructive harvest involved opening a
random selection of 8 containers of each initial host
density. All E. kuehniella larvae and/or pupae were
removed, counted and then weighed to obtain a mean
fresh weight for each container. A further 8 containers
of each initial host density were used to monitor adult
E. kuehniella, which were collected on a daily basis
from the day of first emergence until emergence ceased.
To assess host fecundity, 8 mating pairs from each
initial host density (one pair per container) were removed from the containers whilst in copula and kept in
150×25 mm glass tubes capped with window screen
mesh until both members of the pair died. The tubes
were inverted and placed in small cups containing a
thin layer of very fine-ground pastry flour, to cue
female moths not to lay eggs elsewhere in the test tube.
Single mating pairs were used, as Daumal and Boinel
(1994) have shown that there is no effect of adult moth
density on egg laying in E. kuehniella when an oviposition site is available for each female. Eggs from these
mated pairs were collected daily via sifting the pastry
flour, and the total fecundity and mean fresh egg weight
was measured for each female moth. Hatching success
of host eggs resulting from experimentally-obtained
mated host pairs was not assessed. Additionally, twenty
adults from each initial host density were fresh weighed
(2 or 3 adults taken at random from each container;
small per-container sample sizes were used due to low
emergence rates in some treatments). Data from this
experiment were used to examine host survivorship and
growth in the absence of parasitoids, as well as to
parameterize several different versions of the host selflimitation function.
In the second experiment, one or three female V.
canescens were exposed to E. kuehniella at the peak of
the late-larval stage (n=8 for each initial-host-density ×parasitoid-density combination.) Parasitoids were
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not given honey subsequent to host exposure, and
typically lived for 4 –6 days total after emergence (host
exposure to parasitoids was thus 1 – 3 days). Adult E.
kuehniella counts, fresh weights, emergence times,
mated pairs and eggs were collected as in the first
experiment. In addition, adult V. canescens were collected on a daily basis, counted, and fresh weighed as
outlined above for E. kuehniella. The fecundity of parasitoids resulting from experimental treatments was not
assessed (but see Harvey et al. 2001 for data on V.
canescens fecundity with a different host). In some
cases, host and/or parasitoid mortality prevented collection of complete replicates for some experimental combinations; these are noted in the results. Data from this
experiment were used in conjunction with the data from
the first experiment to examine the effects of variation
in initial host density and parasitoid density on hostparasitoid life history parameters.

Statistical analysis
All data were initially subjected to two-way analysis of
variance (ANOVA; Underwood 1997), to examine the
effects of initial host density and host stage or parasitoid density on the response variable, using specific
transformations (given with results) where necessary.
The data were subsequently subjected to linear regression and/or multiple comparison, as appropriate. Analysis and presentation of emergence time data was
performed on the median value for each container.
Unless otherwise noted, significance was determined at
the a= 0.05 level, and means are accompanied by
9 standard error of the mean.
Where ANOVA indicated a significant interaction
effect, P-values for the main effects are not presented,
and linear regressions on initial host density were applied separately for each of the parasitoid treatments
(Sokal and Rohlf 1981). In some cases where ANOVA
did not indicate a significant interaction, linear regression, while not necessary to explain main effects, was
computed for the purpose of plotting graphical linear
fits in figures. Linear regressions were computed using
the residual sum-of-squares minimization approach for
more than one value of y per value of x, the linear
model being tested against the deviations from regression with no mean square pooling (Sokal and Rohlf
1981, SPlus4 1997). Where regression was not significant, the mean value of the data was plotted. When the
slope of a linear regression was significantly different
from zero, but there were also significant deviations
from the regression, the linear model represents a significant linear trend, but some caution is noted in that
these are not strictly linear relationships. Correlations
were computed using Pearson’s product-moment correlation (Sokal and Rohlf 1981, SPlus4 1997).
OIKOS 101:3 (2003)

Where linear regression did not provide a significant
model of the data, simultaneous mean difference 99%
confidence intervals were computed via simulation (Edwards and Berry 1987, SPlus4 1997). Multiple comparisons were used both vertically, between treatments at a
given host stage or initial host density; and horizontally, between host stages or initial host densities for a
given treatment.

Fitting models to the data
Data from the first experiment were used to parameterize the host self-limitation or density-dependence function, g(N), which models the per capita population
growth rate of the host in the absence of the parasitoid.
In the equation for population growth Nt + 1 =Ntg(Nt ),
(where Nt is the density of the population at time t), it
is possible to decompose the function g(N) into components for survivorship and fecundity, so that g(N) =
s(N)b(N), where s and b are respectively the
density-dependent survival and birth rates in the absence of parasitoids. This then allows models of g(N) to
be fitted to data which are the product of survivorship
and fecundity. For each initial host density in the first
experiment, the product of the mean survivorship and
mean fecundity (n=8) was used as a single data point
for the purpose of model fitting; this data set thus
contained five data points corresponding to each of the
five initial host densities. Asymmetric confidence intervals (CI) for these data points were computed via the
delta-method (Schervish 1997, T. Strounkov, pers.
comm.):
CIvxvy =[vxvy exp(−r), vxvy exp(r)],
r=z|log(vxvy),
|log(vxvy) =

'  
1
|x
nx −1 vx

2

+

 n

|y
1
ny −1 vy

2

(1)

where vx and vy are the means, |x and |y the standard
deviations and nx and ny the sample sizes of the survivorship and fecundity distributions; r is the confidence radius; z is the critical value of Student’s
t-distribution with infinite degrees of freedom and the
desired h-level; and |log(vxvy) is the standard error of
the log of the product of the two means.
Gauss-Newton non-linear regression (residual sumof-squares minimization; SPlus4 1997) was used to fit
four models of g(N) to the per capita E. kuehniella
population growth rate data (the linear, Ricker, generalized Ricker and generalized Beverton and Holt models; see Getz 1996 for details). The goodness-of-fit
criterion for each of the four models was a modification
of the method described by Hilborn and Mangel (1997,
eq. 5.11). This method makes use of the formula
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SSQadj = SSQres/(n− 2m), where SSQres is the residual
sum-of-squares of the regression, n is the number of
data points, and m is the number of parameters in the
model. Smaller SSQadj indicates a better fit of the model
to the data. Because SSQadj is intended only as a
relative measure of the goodness-of-fit of these models
(no P-values were calculated for these regression coefficients), m was modified to be the number of parameters
in the fitted model less two (since n= 5). Thus, for the
linear and Ricker models, m =0; for the generalized
Ricker and generalized Beverton and Holt models,
m=1.
As an additional goodness-of-fit criterion for the four
models, 5000 data sets of n=5 were generated via
bootstrapping from the original data, using the same
product-of-means method described above (Davison
and Hinkley 1997, Hilborn and Mangel 1997). Again,
for comparison purposes only, SSQadj were calculated
for each of the models for each of these 5000 data sets,
and the proportion of data sets for which each model
provided the best fit (i.e. smallest SSQadj) was assessed
(after Hilborn and Mangel 1997, Ch. 6).

Results
Effect of initial host density on age-specific host
survivorship and growth in the absence of
parasitoids
Egg hatch-success of E. kuehniella was 0.85 9 0.09,
independent of initial host density (Fig. 1A, Hatch). A
pronounced effect of initial host density on host development rate required destructive sampling of higher
initial host densities at increasingly later dates after
experiment initiation in order to obtain samples from
the appropriate juvenile stages (Fig. 1). A significant
interaction was found between initial host density and
host stage in their effects on host survivorship in the
absence of parasitoids (Fig. 1A; ANOVA, F16, 175 =
14.19, P B 0.001; survivorship data were arcsin transformed). A multiple comparison test (approximated
critical point 3.78) indicated no difference in survivorship at the mid-larval stage, and that survivorship in all
of the treatments except for IHD 10 was the same at
the late-larval and pupal stages. Only at the adult stage
was survivorship significantly less in the IHD 80, 115
and 150 treatments than in the IHD 10 and 45
treatments.
There was also a significant interaction between initial host density and host stage in their effects on host
weight in the absence of parasitoids (Fig. 1B; ANOVA,
F12, 140 = 7.32, P B0.001; weights for the egg stage were
not included in this analysis). A multiple comparison
test (approximated critical point 3.72) indicated no
difference between the IHD 10 and IHD 45 treatments
at any host stage, nor between the IHD 115 and IHD
581

Fig. 1. Effects of initial host
density and host age
(parasitoids absent) on: A –
host survivorship (the data
point for Hatch, Host Age 3
days, applies to all five
IHDs); B – host weight (the
Host Age 0 datum is the
mean egg weight, 26.1 90.5
mg).

150 treatments, except at the late-larval stage. This test
further indicated that the IHD 80 treatment is intermediate between these two extremes, grouping with the
IHD 115 treatment at the mid-larval stage, with the
IHD 45 treatment at the late-larval stage, with the IHD
115 treatment at the pupal stage, and with the IHD 45
treatment at the adult stage.
In the absence of parasitoids, increasing initial host
density beyond a threshold for resource competition
(IHD 45) resulted in decreasing host weight and reduced survivorship. The influence of competition on
growth in E. kuehniella started early in the life cycle, as
there was already a significant effect by the mid-larval
stage, but did not translate into severe mortality until
582

the pupal stage, when undernourished individuals died
prior to emerging as adults.

Effect of initial host density and parasitoid
density on host life-history parameters
Median host maturation time (time from start of experiment to adult emergence) was strongly non-linearly
influenced by initial host density, and by parasitoid
density; there was, however, no interaction effect (Fig.
2A; ANOVA: initial host density, F4, 86 = 103.2, P B
0.001; parasitoid density, F2, 86 = 7.1, P =0.001; interaction, F6, 86 = 2.1, P= 0.062; interaction and error df
OIKOS 101:3 (2003)

Fig. 2. Effects of initial
host density and
parasitoid density on host:
A – median maturation
time; B – adult weight
(1-parasitoid treatment
line is the data mean; no
line was fitted to the
3-parasitoid data due to
insufficient degrees of
freedom for regression
analysis); C – fecundity
( lifetime per capita eggs
laid; 1- and 3-parasitoid
treatment lines are the
data means); D – egg
weight (all lines are data
means).

were reduced due to inadequate host emergence from
the 10× 3 treatment, and reduced sample size for the
10× 1 treatment [n=3], the 45 ×3 treatment [n= 5]
and the 80×3 treatment [n=6]). At densities beyond a
threshold of IHD 45, an increase in initial host density
resulted in increased host maturation time, an effect
that plateaued at the highest initial host density. A
multiple comparison test does not support a downturn
in host maturation time with initial host density increasing from 115 to 150 for any parasitoid density
(approximated critical point 3.58). In spite of a significant effect of parasitoid density indicated by the
ANOVA, and the suggestion from Fig. 2A that the
presence of parasitoids may depress the development
time of unattacked hosts with increasing initial host
density, a multiple comparison test revealed no significant differences between the 0-, 1- and 3-parasitoid
density treatments (approximated critical point 3.46).
This is not particularly surprising, because parasitism
took place late in host larval development, after the
majority of competition for resources had occurred.
There were significant effects of initial host density
and parasitoid density on host adult weight; the interaction was not significant (Fig. 2B; ANOVA: initial host
density, F4, 77 =27.8, P B0.001; parasitoid density, F2,
77 =7.82, PB0.001; interaction, F4, 77 =1.96, P=
0.109; interaction and error df were reduced due to
inadequate host emergence in the 10 ×1, 10×3, 45×3
and 80×3 treatments). Increasing host density resulted
in decreased adult weight in the absence of parasitoids
(linear regression, F1, 3 =62.0, P =0.004, error df =
35). The presence of one parasitoid served to reduce
adult weight for hosts surviving parasitism evenly
OIKOS 101:3 (2003)

across host densities (linear regression, F1, 2 = 5.41,
P = 0.15, error df =28). Low host emergence from the
3-parasitoid containers precluded linear analysis of the
influence of initial host density, but multiple comparison revealed no significant differences between the 1and 3-parasitoid treatments at IHDs 115 and 150 (approximated critical point 3.34). This suggests that only
the smallest hosts escaped parasitism to produce adults
in each of the initial host density treatments.
Host fecundity was significantly affected by the interaction between initial host density and parasitoid density, in a manner similar to that seen for host adult
weight (Fig. 2C; ANOVA, F5, 77 = 3.94, P= 0.003;
fecundity data were square-root transformed; interaction and error df were reduced due to inadequate host
emergence from the 10 × 1, 10×3, and 45 × 3 treatments, and reduced sample size for the 80 × 3 treatment
[n= 4] and the 80 × 1, 115×1 and 115 ×3 treatments
[n= 7]). Egg production was highly correlated with host
adult weight for all treatments for which data were
available (n=11, t9 = 6.69, PB 0.001, r= 0.91). In the
absence of parasitoids, increasing initial host density led
to a linear decrease in egg production by surviving host
females (linear regression, F1, 3 = 310.2, PB 0.001, error df =35). In the presence of parasitoids there was no
significant influence of initial host density on the fecundity of surviving females (linear regression, 1-parasitoid
treatment: F1, 2 = 2.37, P= 0.26, error df =26; 3-parasitoid treatment: F1, 1 = 5.5, P =0.26, error df = 16),
and no difference in the level of fecundity reduction
between the 1- and 3-parasitoid treatments except at
IHD 150 (multiple comparison, approximated critical
point 3.43). It is important to recognize that any con583

clusions about the effects of parasitoid density on host
adult weight and/or fecundity in this study are somewhat tentative, because the combination of high parasitoid density and low host density resulted in almost
complete suppression of the host and an absence of
data for these treatment combinations.
E. kuehniella egg weight was significantly influenced
by the interaction between initial host density and
parasitoid density (Fig. 2D; ANOVA, F7, 98 = 7.52,
PB 0.001; error df were reduced due to inadequate host
emergence from the 10 ×1 treatment). Linear regression, on the other hand, did not reveal a significant
linear relationship between host egg weight and initial
host density for any parasitoid density (linear regression, 0-parasitoid treatment: F1, 3 =2.39, P =0.220,
deviations F3, 35 =9.38, P B0.001; 1-parasitoid treatment, F1, 3 =1.91, P =0.261, error df =35; 3-parasitoid
treatment, F1, 2 =0.20, P=0.698, deviations F2, 28 =
10.42, PB 0.001). Host egg weight at IHD 10 in the
absence of parasitoids was significantly greater than at
higher initial host densities (multiple comparison, approximated critical point 3.61). Host egg weight was
also significantly depressed to an equal extent in the 1and 3-parasitoid treatments (multiple comparison, approximated critical point 3.45). This suggests an effect
similar to that observed for host adult weight and
fecundity. In the presence of parasitoids, smaller larvae
avoid parasitism and survive to adulthood, resulting in
smaller adults with smaller eggs.

Effect of initial host density and parasitoid
density on parasitoid life-history parameters
ANOVA indicated significant effects of initial host and
parasitoid density on median parasitoid maturation
time (defined as the time from parasitoid introduction
into the containers to adult emergence), and no significant interaction (Fig. 3A; ANOVA: initial host density,
F4, 67 =8.70, P B0.001; parasitoid density, F1, 67 =
16.32, P B0.001; interaction, F4, 67 =2.34, P =0.064;
error df were reduced due to reduced sample size [n= 7]
in the 10 ×1, 45 × 1 and 115 ×1 treatments). Regression analyses, however, indicate that parasitoid maturation time is not linearly related to initial host density at
either parasitoid density (linear regression, 1-parasitoid
treatment: F1, 3 =2.69, P =0.20, error df =32; 3-parasitoid treatment: F1, 3 =4.08, P =0.14, error df =35).
Multiple comparison tests indicate that only the 10 × 3
treatment is different from any of the others (between
parasitoid densities approximated critical point 3.21;
between initial host densities approximated critical
point 3.61). Thus, no significant effect of initial host or
parasitoid density on parasitoid maturation time appears to exist.
ANOVA indicated a strong effect of initial host
density on parasitoid adult weight, no effect of para584

Fig. 3. Effects of initial host density and parasitoid density on
parasitoid: A – median maturation time (from initial parasitoid introduction into containers; both lines are the data
means); B – adult weight.

sitoid density, and no significant interaction (Fig. 3B;
ANOVA: initial host density, F4, 70 = 22.4, PB0.001;
parasitoid density, F1, 70 = 3.13, P =0.081; interaction,
F4, 70 = 1.04, P=0.391). For both parasitoid densities a
significant linear decrease in parasitoid adult weight
occurred with increasing initial host density (linear
regression, 1-parasitoid treatment: F1, 3 = 13.78, P =
0.034, error df =35; 3-parasitoid treatment: F1, 3 =
38.8, P= 0.008, error df = 35). A multiple comparison
test between parasitoid densities at each initial host
density indicated no differences (approximated critical
point 3.20). In addition, parasitoid adult weight was
highly correlated with host adult weight in the absence
of parasitoids (n= 10, t8 = 4.892, P =0.001, r=0.87).
Thus, no effect of parasitoid density on parasitoid adult
weight was detected, but interestingly, in contrast to
host adult weight in the presence of parasitoids (Fig.
2B), parasitoid adult weight decreased with initial host
density, suggesting that parasitized hosts may have
reduced competitive ability relative to unparasitized
hosts.
OIKOS 101:3 (2003)

Fig. 4. A: Effects of initial host density and parasitoid density
on total adult emergence (host + parasitoid). B: Host population growth rate (initial host density × survivorship × fecundity) as a function of initial host density.

Form of host intraspecific competition
The influence of resource competition on the survivorship of both parasitized and unparasitized hosts
was determined from total insect emergence (host +
parasitoid). A significant interaction effect of initial
host density and parasitoid density on total insect
emergence was evident (Fig. 4A; ANOVA, F8, 105 =
6.96, PB 0.001; emergence data were square-root
transformed). In the absence of parasitoids, a saturat-

ing effect of initial host density on host emergence
was detected, such that adult emergence increased
from the IHD 10 treatment to the IHD 45 treatment
and remained constant as initial host density increased thereafter (multiple comparison, approximated
critical point 3.67). In the presence of 1 or 3 parasitoids, total emergence increased from IHD 10 to
IHD 80, representing an increase in the density
threshold for survivorship, suggesting that parasitized
hosts have a lower demand on resources than unparasitized hosts. In addition, total emergence in the presence of parasitoids declined rather than saturated
above IHD 80 (Fig. 4A).
Although the presence of parasitoids had no effect
on total insect emergence in the IHD 10 treatment,
there were significant effects at other initial host densities (Table 1). At lower initial host densities parasitism resulted in a replacement of hosts by
parasitoids, but at the same time there was a trend
toward reduced total emergence as parasitoid density
increased (significant at IHD 45; Table 1). Over-stinging by parasitoids at low initial host densities may
have resulted in some additional mortality of parasitized hosts. In contrast, at higher initial host densities an equivalent level of additional mortality was
evident at both parasitoid densities (Table 1), suggesting that survivorship of parasitized hosts relative to
healthy hosts was compromised under conditions of
intense competition, either through reduced competitive ability relative to unparasitized hosts or via
greater susceptibility to cannibalism.
The influence of resource competition on host population growth rate was determined by combining
data for host survivorship and fecundity (Fig. 4B). In
the absence of parasitoids the host’s population
growth rate rose sharply as initial host density increased from 10 to 45, and thereafter dropped, clearly
illustrating a density threshold for intraspecific competition in E. kuehniella. In the presence of parasitoids this effect was completely removed – host
recruitment into the next generation was independent
of initial host density and relatively uninfluenced by
parasitoid density, maintaining approximately the
level of recruitment of the IHD 150 treatment in the
absence of parasitoids.

Table 1. Simultaneous mean difference 99% confidence intervals† for total insect emergence vs V. canescens density at each
initial E. kuehniella density.
V. canescens densities

0 vs 1
0 vs 3
1 vs 3

Initial E. Kuehniella density
10

45

80

115

150

−0.83, 1.16
−0.54, 1.45
−0.68, 1.29

−0.41, 1.58
0.08, 2.07*
−0.51, 1.48

−1.68, 0.31
−1.93, 0.06
−1.25, 0.74

0.19, 2.18*
0.31, 2.30*
−0.88, 1.11

0.39, 2.38*
0.37, 2.36*
−1.01, 0.98

† Approximated critical point 3.49. Absolute differences significantly different from zero are indicated in bold and by an asterisk
(*).
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Table 2. Linear and three non-linear models of the host per capita population growth rate function g(N), the fitted values of
each model’s parameters to the original dataset, the adjusted residual sums-of-squares describing each model’s relative fit to the
original dataset, and the proportion of bootstraped datasets for which each model provides the best relative fit to each
bootstrapped dataset (linear model provided for comparison purposes).
Model

Form of g(N)

m

b

r = ln(l)

l

K†

g

SSQadj

Proportion
of Best Fits

Linear
Ricker
Generalized Ricker
Generalized
Beverton-Holt

m N+b
exp[r(1−N/K)]
exp{r[1−(N/K)g]}
l/[1+(N/K)g]

−2.22
–
–
–

299.9
–
–
–

–
5.95
5.73
5.72‡

–
383.0‡
308.3‡
303.7

–
317.7
145.8
56.42

–
–
2.28
3.69

1285.5
725.6
124.9
12.2

0.000
0.004
0.085
0.911

† In the Ricker and generalized Ricker models, K \0 is the carrying capacity, the value of N for which g(N)= 1. In the
generalized Beverton-Holt model, K\ 0 is the value of N for which g(N) =l/2. See Getz (1996) for details.
‡ exp(r) or ln(u) of the corresponding estimated parameter value (u or r), as appropriate; provided for comparison purposes.

Fitting host self-limitation models to experimental
data
Non-linear regression analyses of four different models
of g(N), the density-dependent per capita population
growth rate of the host in the absence of parasitoids,
were conducted against data for host survivorship and
fecundity in the absence of parasitoids. These analyses
indicate that the best fit to the data is provided by the
generalized Beverton and Holt model (Table 2; Fig. 5).
This result further demonstrates the presence of a density threshold in E. kuehniella intraspecific competition,
such that below this threshold there is little or no effect
of density on survivorship or fecundity. The fact that
the Ricker function occasionally provides the best fit to
bootstrapped data sets is due to this model being the
best fit to extreme ‘‘outlier’’ data sets generated by the
bootstrap process. It is worth noting that the values
obtained by regression for r, the host’s intrinsic rate of
increase, are in reasonable agreement among the three
non-linear models (Table 2), although r for the Ricker
model is somewhat larger than for the others. Similarly,
the values obtained by regression for k, the threshold or

Fig. 5. Comparison of linear and three non-linear regression
models of host per capita population growth rate (survivorship ×fecundity) as a function of initial host density. Error
bars represent 95% confidence intervals for the regression data
set (i.e. a =0.05, so that z= 1.96 in eq. (1)).
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abruptness parameter, are in reasonable agreement for
both the generalized Ricker and generalized Beverton
and Holt models.

Discussion
Effect of competition and parasitism on host
performance
In the absence of parasitoids, an increase in initial host
density led to a reduction in host growth and development rate, resulting in increased mortality in the pupal
stage and reduced adult weight and fecundity (which
were highly correlated). Thus, a notable delay is evident
between the timing of competition for limiting resources (which occurs during the larval stages), and its
consequences for the dynamics of E. kuehniella populations (i.e. mortality during the pupal stage and reduced
fecundity). This combination of factors has determining
consequences for the host’s per capita population
growth rate (Fig. 5) – a threshold effect exists such that
below an initial host density of approximately 25 eggs/5
g semolina little to no effect of density on per capita
population growth occurs, while above the threshold a
significant reduction in population growth is evident,
approaching a lower asymptote beyond 100 eggs/5 g
semolina.
As found in the current study, Bernstein et al. (2002)
have also recently demonstrated that a threshold effect
in the per capita population growth rate of E. kuehniella occurs due to the combined influences of competition on growth (reproduction) and survivorship.
Similar consequences of density (e.g. crowding, resource limitation) on individual life-history parameters
for E. kuehniella (e.g. growth and maturation rates,
survivorship and fecundity) have been found by other
workers (Norris 1933, Ullyett 1945, Ullyett and van der
Merwe 1947, Daumal and Boinel 1994, Anderson and
Löfqvist 1996). For example, Norris (1933) found similar levels of egg mortality and that fecundity was
reduced rather than mortality increased under conditions of moderate larval competition. Ullyett (1945)
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also found that E. kuehniella fecundity decreased
sharply once host density reached a value approximately equivalent to IHD 45 in this study, and Ullyett
and van der Merwe (1947) found a precipitous increase
in larval and pupal mortality once food availability fell
below 0.1 g diet per larva. Similarly, a threshold model
has been found to provide the best fit for population
growth rates of a wide variety of insect species under
both laboratory and field conditions, including E. kuehniella (Bellows 1981).
In the presence of parasitoids, although host maturation time was not significantly altered, host adult
weight and fecundity were consistently reduced, independent of initial host density, to levels equivalent to
those of hosts reared at higher initial host densities in
the absence of parasitoids (Fig. 2B and 2C). Egg size in
the presence of parasitoids was also consistently reduced (Fig. 2D). These effects could conceivably occur
for at least two separate reasons, operating either singly
or in conjunction. First, the suggestion (not supported
statistically) that the presence of parasitoids can depress
the development time of unattacked hosts (Fig. 2A)
may indicate that only the smaller host larvae that
matured earlier than larger individuals escaped parasitism. Small individuals may escape due to the parasitoids’ inability to successfully parasitize small hosts,
and/or because parasitoids preferentially attack larger
hosts (Sait et al. 1997). Alternatively, some host species
have the potential to survive parasitism by V. canescens
via encapsulation (Salt 1975), but parasitism survivors
can incur fitness costs resulting, for example, from
reduced competitive ability (Harvey et al. 1996). Various Drosophila studies indicate that host-fitness consequences are associated with the encapsulation of
parasitoid eggs, namely reduced competitive ability,
growth and fecundity (Fellowes and Godfray 2000).
Although Salt (1964, 1965) has shown that E. kuehniella
never encapsulates the eggs or young larvae of V.
canescens, more recent evidence suggests that parasitized 5th instar E. kuehniella may encapsulate up to
15% of V. canescens eggs or larvae (J. Harvey, pers.
comm.). Thus either or both mechanisms may have
been operating in the current E. kuehniella– V. canescens system.
With the addition of parasitoids, the density
threshold for survivorship of hosts plus parasitoids
increased from IHD 45 to IHD 80 (Fig. 4A) indicating
that parasitized host larvae have lower demands for
resources than unattacked larvae (Harvey 1996). At
initial host densities above this threshold, survivorship
to adulthood decreased as a consequence of increasingly intense intraspecific competition. This may reflect
that parasitized larvae are poor competitors in relation
to unattacked hosts, and as a consequence are often
unable to support complete parasitoid development to
adulthood. In addition, the present study revealed that
cannibalism was common in E. kuehniella, and was
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most prevalent in the late larval stage, when resources
were exhausted (pers. obs.). Chapman et al. (1999)
found that cannibalism in Spodoptera frugiperda (Lepidoptera: Noctuidae) conferred a fitness benefit only
under conditions of low food availability. Furthermore,
parasitized larvae may also be more susceptible to
cannibalism than unattacked larvae, increasing the rate
of cannibalism for the experiment with parasitoids
present as resource competition becomes more intense.
Reed et al. (1996) found that Plodia interpunctella
(Lepidoptera: Pyralidae) parasitized by V. canescens
were more likely to be cannibalized in individual encounters between parasitized and unattacked larvae.

Effect of competition on parasitoid life-history
parameters
Little to no effect of either host or parasitoid density on
parasitoid maturation time was evident, and no effect
of parasitoid density on parasitoid adult weight was
observed. Parasitoid adult weight, however, was
strongly influenced by initial host density, and was
strongly correlated with host adult weight in the absence of parasitoids. Similar effects of initial host density on parasitoid size, egg load and adult survival time
were found by Bernstein et al. (2002) for the same
system. Harvey et al. (1995) also found that 5th instar
larvae of P. interpunctella reared at high density produced smaller V. canescens adults, and Harvey and
Thompson (1995) showed that the number of ovulated
eggs in V. canescens was positively correlated with adult
wasp size, with consequent implications for the fecundity of parasitoids in this study.
Essentially no effect of parasitoid competition on
parasitoid life history parameters was evident in this
system. Trudeau and Gordon (1989) showed that V.
canescens reared on Cadra cautella (Lepidoptera:
Phycitidae) has a fecundity of over 250, and that the
daily rate of host attack was on the order of 16 – 22.
Furthermore, Harvey et al. (2001) showed that V.
canescens reared on P. interpunctella has a fecundity of
over 400, and convincingly demonstrate that fecundity
measurements based on oviduct dissections (the method
used by Trudeau and Gordon 1989) underestimate
actual progeny production in V. canescens. Thus, for
purely numerical reasons, it is highly likely that superparasitism took place in all parasitoid treatments,
though this was not measured directly. On the other
hand, Harvey et al. (1993) found that superparasitism
by V. canescens resulted in increased parasitoid development time, and also resulted in smaller parasitoids
emerging from later-instar P. interpunctella larvae. No
evidence of either of these effects was detected in this
study, indicating either that superparasitism did not
occur, or that it does not have the same effect in this
system, with E. kuehniella being a larger host.
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Host intraspecific competition: scramble vs contest
E. kuehniella life-history exhibits little mortality early in
the life cycle, and trades off growth (weight) versus
mortality in response to crowding. Thus, a separation
occurs in the host’s life-cycle between the timing of the
action of density dependence and the effects of density
dependence. Determining the form of competition
(scramble or contest; Nicholson 1954, Hassell 1975,
Łomnicki 1988, Toquenaga and Fujii 1991, Parker
2000) is often based on examining plots of the number
of individuals surviving to reproduction, or to the next
generation, as a function of the number of individuals
in the current generation (Łomnicki 1988, Toquenaga
and Fujii 1991, Reeve et al. 1998); or, more generally,
by examining the population density before and after
the mortality effects of density-dependent competition
(i.e. k-factor analysis; Hassell 1975). A significant problem with this approach, however, is that scramble competition may be mistaken for contest, if the nature of
the resource and the competitive mechanisms in question are not fully understood, or if the population
densities over which competition is examined are sufficiently small to avoid demonstrating scramble
competition.
Consider, for example, survivorship alone (Fig. 4A).
In the absence of parasitoids, the number of host adults
emerging as a function of initial host density remains
constant for IHDs above 45, the threshold for resource
limitation. This would seem to indicate that host adult
emergence becomes independent of initial host density,
and that competition is of contest type (Łomnicki 1988,
Parker 2000). At densities above those used in this
study, Bernstein et al. (2002) found adult emergence to
decline, suggesting scramble competition. Furthermore,
plotting Nt + 1 vs Nt for this system (Fig. 4B) leads to
the conclusion that competition in the absence of parasitoids is of the scramble form, as this plot takes into
account not only survivorship but also loss of fecundity
due to reduced growth. In this study, E. kuehniella
completely exhausted its resource (semolina) at higher
initial host densities (pers. obs.). The importance of
whether the resource was ‘‘shareable’’ or ‘‘unshareable’’
(Nicholson 1954, Parker 2000) cannot be overemphasized. ‘‘Gains to competitors in contests are all or
nothing (individuals are either ‘winners’ or ‘losers’),
whereas in scrambles, all individuals achieve some
gains, if sometimes less than enough to survive and/or
reproduce’’ (Parker 2000).
The presence of parasitoids causes host recruitment
into the next generation to be independent of initial
host density (Fig. 4B), and the form of host intraspecific competition to shift from scramble to contest
(Łomnicki 1988). In this system parasitism functions as
a selective force (Tuda and Iwasa 1998), changing the
competitive regime for hosts from one in which scramble competition for food is most successful, to one in
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which contest competition for enemy-free space becomes more successful. This effect does not result from
parasitoids reducing host densities below the threshold
for scramble competition (Holt and Lawton 1993),
since the effects of parasitism do not occur until late in
the window of competition for food resources. Scramble competition still occurs prior to the action of parasitoids in the host’s life-cycle, but, in the presence of
parasitoids, contest competition occurs later in the
host’s life-cycle, and dominates the overall competitive
regime (see Reeve et al. 1998 for a system in which
scramble dominates contest competition).

Host intraspecific competition: modeling the data
Although the effect of initial host density on fecundity
provides much of the density-dependent reduction in
per capita population growth rate, the non-linearity of
the mortality response to initial host density contributes
to the reverse sigmoid shape of the survivorship × fecundity data set used for non-linear regression (Fig. 5).
Models of density dependence incorporating sigmoid
thresholds provide the best explanation of the data, as
was also found by Bernstein et al. (2002) using a
different model goodness-of-fit criterion for the same
host-parasitoid system. Of the four models considered
here, the generalized Beverton and Holt provided the
best fit to this data set. The Ricker model, with fewer
free parameters, provided a poor fit to the data.
Clearly, representing density dependence in this population with a model for which no threshold is present
(e.g. the Ricker model) would be inappropriate. A
threshold effect has been shown for a variety of insect
populations (Bellows 1981), and has been reasonably
argued on both theoretical (Getz 1996) and empirical
grounds (Hassell 1975).
The inadequacy of the Ricker model as a description
of density dependence in this population is noteworthy
for two reasons. Due to its simplicity it has been widely
used in host-parasitoid models (Barlow and Wratten
1996, Mills and Getz 1996, Mills 2001), yet it exhibits
the phenomenologically unrealistic property that the
effect (i.e. the strength) of density dependence is greatest at low densities (Getz 1996; but see Jarosik and
Dixon 1999). Thus we recommend use of the generalized Beverton and Holt model to capture the essence of
host self-limitation in host-parasitoid models.

Ordering of events in models of host-parasitoid
population dynamics
In the E. kuehniella–V. canescens system examined
here, the key mechanism of host self-limitation (reduced
growth) occurs in the host’s life-cycle prior to the
action of the parasitoid, though the effects (reduced
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fecundity) occur after parasitism. May et al. (1981)
emphasize the need for, and illustrate the dynamical
consequences of, stage and/or age structure and the
ordering of events in even simple host-parasitoid models. While some models of host-parasitoid dynamics
incorporate these features (Hochberg and Holt 1995,
1999, Tuda and Iwasa 1998, Hochberg and Ives 1999,
Kean and Barlow 2000, Mills 2001), the results of the
present study re-emphasize the need to account for any
specific biological features that may influence either the
generality or specificity of predictions made on the basis
of these models, particularly in the context of biological
control (after Hassell 1980). Certain advantages exist in
keeping these models simple. But when they are too
simple, they loose any relevance to real systems (natural, biological control or laboratory; Hochberg and
Holt 1999), and become mere exercises in analysis.
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Anderson, P. and Löfqvist, J. 1996. Asymmetric oviposition
behaviour and the influence of larval competition in the
two pyralid moths Ephestia kuehniella and Plodia interpunctella. – Oikos 76: 47 –56.
Andrewartha, H. G. and Birch, L. C. 1954. The distribution
and abundance of animals. – Univ. of Chicago Press.
Barlow, N. D. and Wratten, S. D. 1996. Ecology of predatorprey and parasitoid-host systems: progress since Nicholson.
– In: Floyd, R. B., Sheppard, A. W. and De Barro, P. J.
(eds), Frontiers of population ecology. CSIRO, pp. 217 –
243.
Bellows, T. S. 1981. The descriptive properties of some models
for density dependence. – J. Anim. Ecol. 50: 139 – 156.
Bernstein, C. 2000. Host-parasitoid models: the story of a
successful failure. – In: Hochberg, M. E. and Ives, A. R.
(eds), Parasitoid population biology. Princeton Univ.
Press, pp. 41 –57.
Bernstein, C., Heizmann, A. and Desouhant, E. 2002. Intraspecific competition between healthy and parasitised
hosts in a host-parasitoid system: consequences for life-history traits. – Ecol. Entomol. 27: 415 –423.
Bonsall, M. B. and Hassell, M. P. 1998. Population dynamics
of apparent competition in a host-parasitoid assemblage. –
J. Anim. Ecol. 67: 918 –929.
Bonsall, M. B., Godfray, H. C. J., Briggs, C. J. and Hassell,
M. P. 1999. Does host self-regulation increase the likelihood of insect-pathogen population cycles? – Am. Nat.
153: 228 – 235.
Briggs, C. J. 1993. Competition among parasitoid species on a
stage-structured host and its effect on host suppression. –
Am. Nat. 141: 372 –397.
OIKOS 101:3 (2003)

Briggs, C. J., Murdoch, W. W. and Nisbet, R. M. 1999.
Recent developments in theory for biological control of
insect pests by parasitoids. – In: Hawkins, B. A. and
Cornell, H. V. (eds), The theory of biological control.
Cambridge Univ. Press, pp. 22 – 42.
Chapman, J. W., Williams, T., Escribano, A. et al. 1999.
Fitness consequences of cannibalism in the fall armyworm,
Spodoptera frugiperda. – Behav. Ecol. 10: 298 – 303.
Daumal, J. and Boinel, H. 1994. Variability in fecundity and
plasticity of oviposition behavior in Anagasta kuehniella
(Lepidoptera: Pyralidae). – Ann. Entomol. Soc. Am. 87:
250 – 256.
Davison, A. C. and Hinkley, D. V. 1997. Bootstrap methods
and their application. – Cambridge Univ. Press.
den Boer, P. J. 1990. Reaction to J. Latto and C. Bernsteinregulation in natural insect populations: reality or illusion?
– Acta Oecol. 11: 131 – 133.
den Boer, P. J. and Reddingius, J. 1996. Regulation and
stabilization paradigms in population ecology. – Chapman
and Hall.
Edwards, D. and Berry, J. J. 1987. The efficiency of simulation-based multiple comparisons. – Biometrics 43: 913 –
928.
Fellowes, M. D. E. and Godfray, H. C. J. 2000. The evolutionary ecology of resistance to parasitoids by Drosophila. –
Heredity 84: 1 – 8.
Floyd, R. B., Sheppard, A. W. and De Barro, P. J. (eds). 1996.
Frontiers of population ecology. – CSIRO.
Getz, W. M. 1996. A hypothesis regarding the abruptness of
density dependence and the growth rate of populations. –
Ecology 77: 2014 – 2026.
Getz, W. M. and Mills, N. J. 1996. Host-parasitoid coexistence and egg-limited encounter rates. – Am. Nat. 148:
333 – 347.
Greathead, D. and Greathead, A. H. 1992. Biological control
of insect pests by parasitoids and predators: the BIOCAT
database. – Biocontrol News & Info 13: 61N – 68N.
Hanski, I. 1990. Density dependence, regulation and variability in animal populations. – Philos. Trans. R. Soc. Lond.
B 330: 141 – 150.
Harvey, J. A. 1996. Venturia canescens parasitizing Galleria
mellonella and Anagasta kuehniella: is the parasitoid a
conformer or regulator? – J. Ins. Physiol. 42: 1017 – 1025.
Harvey, J. A. and Thompson, D. J. 1995. Developmental
interactions between the solitary endoparasitoid Venturia
canescens (Hymenoptera: Ichneumonidae), and two of its
hosts, Plodia interpunctella and Corcyra cephalonica (Lepidoptera: Pyralidae). – Euro. J. Entomol. 92: 427 – 435.
Harvey, J. A. and Vet, L. E. M. 1997. Venturia canescens
parasitizing Galleria mellonella and Anagasta kuehniella:
differing suitability of two hosts with highly variable
growth potential. – Entomol. Exp. Appl. 84: 93 – 100.
Harvey, J. A., Harvey, I. F. and Thompson, D. J. 1993. The
effect of superparasitism on development of the solitary
parasitoid wasp, Venturia canescens (Hymenoptera: Ichneumonidae). – Ecol. Entomol. 18: 203 – 208.
Harvey, J. A., Harvey, I. F. and Thompson, D. J. 1995. The
effect of host nutrition on growth and development of the
parasitoid wasp Venturia canescens. – Entomol. Exp. Appl.
75: 213 – 220.
Harvey, J. A., Thompson, D. J. and Heyes, T. J. 1996.
Reciprocal influences and costs of parasitism on the development of Corcyra cephalonica and its endoparasitoid Venturia canescens. – Entomol. Exp. Appl. 81: 39 – 45.
Harvey, J. A., Harvey, I. F. and Thompson, D. J. 2001.
Lifetime reproductive success in the solitary endoparasitoid, Venturia canescens. – J. Insect Behav. 14: 573 – 593.
Hassell, M. P. 1975. Density dependence in single species
populations. – J. Anim. Ecol. 44: 283 – 295.
Hassell, M. P. 1978. The dynamics of arthropod predator-prey
systems. – Princeton Univ. Press.
Hassell, M. P. 1980. Foraging strategies, population models
and biological control: a case study. – J. Anim. Ecol. 49:
603 – 628.

589

Hassell, M. P. 2000. Host-parasitoid population dynamics. –
J. Anim. Ecol. 69: 543 –566.
Hilborn, R. and Mangel, M. 1997. The ecological detective:
confronting models with data. – Princeton Univ. Press.
Hochberg, M. E. 1991. Population dynamic consequences of
the interplay between parasitism and intraspecific competition for host-parasite systems. – Oikos 61: 297 – 306.
Hochberg, M. E. and Holt, R. D. 1995. Refuge evolution and
the population dynamics of coupled host-parasitoid associations. – Evol. Ecol. 9: 633 –661.
Hochberg, M. E. and Holt, R. D. 1999. The uniformity and
density of pest exploitation as guides to success in biological control. – In: Hawkins, B. A. and Cornell, H. V. (eds),
Theoretical approaches to biological control. Cambridge
Univ. Press, pp. 71 –88.
Hochberg, M. E. and Ives, A. R. 1999. Can natural enemies
enforce geographical range limits? – Ecography 22: 268 –
276.
Holt, R. D. and Lawton, J. H. 1993. Apparent competition
and enemy-free space in insect host-parasitoid communities. – Am. Nat. 142: 623 –645.
Huffaker, C. B., Berryman, A. and Turchin, P. 1999. Dynamics and regulation of insect populations. – In: Huffaker, C.
B. and Gutierrez, A. P. (eds), Ecological entomology.
Wiley, pp. 269 –312.
Jarosik, V. and Dixon, A. F. G. 1999. Population dynamics of
a tree-dwelling aphid: regulation and density-independent
processes. – J. Anim. Ecol. 68: 726 –732.
Kean, J. M. and Barlow, N. D. 2000. Can host-parasitoid
metapopulations explain successful biological control? –
Ecology 81: 2188 –2197.
Lane, S. D., Mills, N. J. and Getz, W. M. 1999. The effects of
parasitoid fecundity and host taxon on the biological control of insect pests: the relationship between theory and
data. – Ecol. Entomol. 24: 181 –190.
Latto, J. and Bernstein, C. 1990. Regulation in natural insect
populations: reality or illusion? – Acta Oecol. 11: 121 – 130.
Łomnicki, A. 1988. Population ecology of individuals. –
Princeton Univ. Press.
Lynch, L. D., Bowers, R. G., Begon, M. and Thompson, D. J.
1998. A dynamic refuge model and population regulation
by insect parasitoids. – J. Anim. Ecol. 67: 270 – 279.
May, R. M., Hassell, M. P., Anderson, R. M. and Tonkyn, D.
W. 1981. Density dependence in host-parasitoid models. –
J. Anim. Ecol. 50: 855 –865.
Mills, N. J. 2000. Biological control: the need for realistic
models and experimental approaches to parasitoid introductions. – In: Hochberg, M. E. and Ives, A. R. (eds),
Parasitoid population biology. Princeton Univ. Press, pp.
217 – 234.
Mills, N. J. 2001. Factors influencing top-down control of
insect pest populations in biological control systems. –
Basic Appl. Ecol. 2: 323 –332.
Mills, N. J. and Getz, W. M. 1996. Modelling the biological
control of insect pests: a review of host-parasitoid models.
– Ecol. Model. 92: 121 –143.
Murdoch, W. W. 1994. Population regulation in theory and
practice. – Ecology 75: 271 –287.
Nicholson, A. J. 1954. An outline of the dynamics of animal
populations. – Aus. J. Zool. 2: 9 –65.
Nicholson, A. J. and Bailey, V. A. 1935. The balance of
animal populations, Part 1. – Proc. Zool. Soc. Lond. 3:
551 – 598.
Norris, M. J. 1933. Contributions towards the study of insect
fertility. – II. Experiments on the factors influencing fertility in Ephestia kuhniella Z. (Lepidoptera, Phycitidae). –
Proc. Zool. Soc. Lond. 903 –934.
Parker, G. A. 2000. Scramble in behaviour and ecology. –
Philos. Trans. R. Soc. Lond. B 355: 1637 –1645.
Reed, D. J., Begon, M. and Thompson, D. J. 1996. Differential cannibalism and population dynamics in a host-parasitoid system. – Oecologia 105: 189 – 193.

590

Reeve, J. D., Rhodes, D. J. and Turchin, P. 1998. Scramble
competition in the southern pine beetle, Dendroctonus frontalis. – Ecol. Entomol. 23: 433 – 443.
Ritchie, M. E. 1996. Interaction of temperature and resources
in population dynamics: An experimental test of theory. –
In: Floyd, R. B., Sheppard, A. W. and De Barro, P. J.
(eds), Frontiers of population ecology. CSIRO, pp. 79 – 92.
Sait, S. M., Begon, M., Thompson, D. J. et al. 1997. Factors
affecting host selection in an insect host-parasitoid interaction. – Ecol. Entomol. 22: 225 – 230.
Salt, G. 1964. The ichneumonid parasite Nemeritis canescens
(Gravenhorst) in relation to the wax moth Galleria mellonella (L.). – Trans. R. Ent. Soc. Lond. 116: 1 – 14.
Salt, G. 1965. Experimental studies in insect parasitism. XII.
The haemocytic reaction of a caterpillar to eggs of its
habitual parasite. – Proc. R. Soc. Lond. B 162: 303 – 318.
Salt, G. 1966. Experimental studies in insect parasitism. XIV.
The haemocytic reaction of a caterpillar to larvae of its
habitual parasite. – Proc. R. Soc. Lond. B 165: 155 – 178.
Salt, G. 1975. The fate of an internal parasitoid, Nemeritis
canescens, in a variety of insects. – Proc. R. Soc. Lond. B
127: 141 – 161.
Schervish, M. J. 1997. Theory of statistics. – Springer-Verlag.
Shea, K., Nisbet, R. M., Murdoch, W. W. and Yoo, H. J. S.
1996. The effect of egg limitation on stability in insect
host-parasitoid population models. – J. Anim. Ecol. 65:
743 – 755.
Sokal, R. R. and Rohlf, F. J. 1981. Biometry, 2nd ed. –
Freeman.
S-Plus 4 (1997). – MathSoft, Inc.
Takagi, M. 1999. Perspective of practical biological control
and population theories. – Res. Popul. Ecol. 41: 121 – 126.
Takahashi, F. 1968. Functional response to host density in a
parasitic wasp, with reference to population regulation. –
Res. Popul. Ecol. 10: 54 – 68.
Taylor, A. D. 1993. Heterogeneity in host-parasitoid interactions: ‘aggregation of risk’ and the ‘CV2 \1 rule’. –
Trends Ecol. Evol. 8: 400 – 405.
Toquenaga, Y. and Fujii, K. 1991. Contest and scramble
competitions in two bruchid species, Callosobruchus analis
and C. phaseoli (Coleoptera: Bruchidae): II. Larval competition experiment. – Res. Popul. Ecol. 33: 129 – 139.
Tregenza, T., Thompson, D. J. and Parker, G. A. 1996.
Interference and the ideal free distribution: oviposition in a
parasitoid wasp. – Behav. Ecol. 7: 387 – 394.
Trudeau, D. and Gordon, D. M. 1989. Factors determining
the functional response of the parasitoid Venturia canescens. – Entomol. Exp. Appl. 50: 3 – 6.
Tuda, M. and Iwasa, Y. 1998. Evolution of contest competition and its effect on host-parasitoid dynamics. – Evol.
Ecol. 12: 855 – 870.
Turchin, P. 1995. Population regulation: old arguments and a
new synthesis. – In: Cappuccino, N. and Price, P. W. (eds),
Population dynamics: new approaches and synthesis. Academic Press, pp. 19 – 40.
Ullyett, G. C. 1945. Oviposition by Ephestia kuhniella Zell. –
J. Entomol. Soc. S. Afr. 8: 53 – 59.
Ullyett, G. C. and van der Merwe, J. S. 1947. Some factors
influencing population growth of Ephestia kuhniella Zell.
(Lep., Phycitid). – J. Entomol. Soc. S. Afr. 10: 46 – 63.
Underwood, A. J. 1997. Experiments in ecology. – Cambridge
Univ. Press.
White, E. G. and Huffaker, C. B. 1969a. Regulatory processes
and population cyclicity in laboratory populations of Anagasta kuehniella (Zeller) (Lepidoptera: Phycitidae). I. Competition for food and predation. – Res. Popul. Ecol. 11:
57 – 83.
White, E. G. and Huffaker, C. B. 1969b. Regulatory processes
and population cyclicity in laboratory populations of Anagasta kuehniella (Zeller) (Lepidoptera: Phycitidae). II. Parasitism, predation, competition and protective cover. –
Res. Popul. Ecol. 11: 150 – 185.

OIKOS 101:3 (2003)

