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Abstract. 1. The effects of host-plant resistance on the population dynamics of
the Diamondback moth, Plutella xylostella L., and its solitary parasitoid, Cotesia
plutellae (Kurdjumov), were studied in replicated time-series experiments.

2. Host-plant resistance did not affect the equilibrial abundance of the
Diamondback moth, but it affected the dynamics of Diamondback moth populations.

3. The mean population size of Diamondback moth showed no significant
difference between Brassica rapa (a susceptible host plant) and Brassica napus
(a partially resistant host plant) either in the presence or absence of the parasitoid.

4. Time-series analysis suggests that the dynamics of Diamondback moth on
B. rapa were underpinned by delayed density-dependent processes. In contrast, the
dynamics of the moth on B. napus were influenced by a direct density-dependent
process.

5. Although measures of short-term parasitism showed a significantly higher rate
of parasitism by C. plutellae on Diamondback moth feeding on B. napus compared
with B. rapa, this individual performance does not translate into differences in the
population dynamics. Analysis shows no significant difference in the persistence
time of the population-level interaction between the host and parasitoid on the
two different host plants.

Key words. Density dependence, Diamondback moth, host-plant resistance,
population dynamics, population persistence, time-series analysis.

Introduction

The importance of the role of multitrophic interactions and

the regulatory effects of bottom-up vs. top-down forces on

population abundance and distribution has been a contro-

versial theme in ecology (Power, 1992). Despite the general

acceptance of the influences of bottom-up and top-down

forces on herbivore populations (Hartvigsen et al., 1995;

Hunter et al., 1997; Gratton & Denno, 2003), these ecological

processes are often considered to be specific to particular

ecosystems (Power, 1992). For instance, top-down effects

are considered more influential in aquatic systems (Power

et al., 1996; Polis et al., 1998). In contrast, the bottom-up

effects of plants may be more effective in trophic interac-

tions in terrestrial systems (Stiling & Rossi, 1997; Ostfeld &

Keesing, 2000). For example, in a survey of the literature

published between 1970 and 1994, Harrison and Cappuccino

(1995) found that resources (bottom-up forces) were much

more common as a regulating factor than natural enemies in

a variety of different terrestrial systems.

The role of bottom-up effects and, in particular, food

limitation in regulating insect populations is of prime import-

ance (Bonsall & Eber, 2001; Umbanhowar & Hastings,

2002) as the population dynamics of both herbivore and

herbivore–natural enemy interactions may be influenced by

variation in host-plant characteristics (Hunter & Price, 1992;

Godfray, 1994). For instance, variation in host-plant quality
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may affect the body size of herbivorous insects, which, in

turn, can determine life-history parameters such as fecundity,

longevity, and survival, all directly relevant to population

dynamics (Bezemer & Jones, 1998; Bjorkman, 2000;

de Bruyn et al., 2002). Furthermore, the effects of resource

variation, which impacts on the behaviour or the physiology

of herbivores, may cascade up to the population dynamics of

higher trophic levels due to significant influences on the

fitness and performance (such as survival, development, size,

longevity, fecundity, and sex ratio) of natural enemies

(Moon et al., 2000; Sumerford et al., 2000; Teder & Tammaru,

2002).

It is now evident that both host-plant quality and quantity

govern the pattern of spatial and temporal heterogeneity

amongst herbivore populations (Hunter & Price, 1992).

Furthermore, variation in host-plant quality and quantity

can be influential in determining the core characteristics of

populations (such as density and distribution in space and

time) at higher trophic levels (Hunter & Price, 1992; Price &

Hunter, 1995); however, variation in host-plant characteristics

may have differential effects on a herbivore and its associated

natural enemies (Teder & Tammaru, 2002). Consequently,

understanding the relative contributions of bottom-up effects

on consumer and natural enemy trophic levels will provide a

more focused comprehension of multispecies insect population

dynamics (Ohgushi, 1995).

In the past decade, the effects of host-plant resistance on

higher trophic levels have received considerable attention

(e.g. Kareiva & Sahakian, 1990; Reed et al., 1992; Heinz &

Zalom, 1996; Farid et al., 1998a, b; Fuentes-Contreras &

Niemeyer, 1998; Kennedy, 2003). Here, however, the object-

ive is to explore the bottom-up effects of plant resistance

on the dynamics of populations at higher trophic levels. In

particular, the aim of this study is to test the effects of host-

plant resistance on the population dynamics of a herbivore

and its specialist parasitoid over several generations. Speci-

fically, interest lies in determining the possible regulatory

effect of different host-plant types on both the single-species

(herbivore) interaction and the predator–prey interaction.

After introducing the system and methods used to inves-

tigate the population dynamics of a tritrophic interaction, it

is shown that host-plant type does not affect the equilibrial

abundance of an insect herbivore but does impact on the

population dynamics of the herbivore. However, in the

presence of a natural enemy, the underlying host-plant

type has little impact on the persistence time of the whole

system. The study concludes by discussing the possible

ecological processes and mechanisms leading to these simi-

larities and differences.

Materials and methods

To explore the impact of host-plant type on the dynamics of

an insect herbivore–parasitoid interaction, a tritrophic

laboratory system was developed. In particular, the system

was composed of two host plants, Brassica rapa and B. napus,

Diamondback moth, Plutella xylostella L. (Lepidoptera:

Yponomeutidae), and its larval solitary parasitoid, Cotesia

plutellae (Kurdjumov) (Hymenoptera: Braconidae). This

system was chosen for a number of reasons. First, it is has

been shown that B. rapa (Plant Introduction 469895) and

B. napus (Plant Introduction470055) (NorthCentralRegional

Plant Introduction Station, Ames, Iowa) are susceptible and

partially resistant to attack by P. xylostella (Ramachandran

et al., 1998). Second, there is considerable information

available on the biology of Diamondback moth and Cotesia

plutellae (Talekar & Shelton, 1993; Kawaguchi & Tanaka,

1999; Shi et al., 2002). Finally, P. xylostella is a worldwide

pest species of crucifers (Sivapragasam et al., 1997) and

understanding its population dynamics is central to develop-

ing an integrated management strategy for its control (Wright

& Verkerk, 1995; Verkerk & Wright, 1996a; Schuler et al.,

2003).

Plant–insect rearing protocols

Brassica rapa and B. napus were grown organically under

greenhouse conditions (25� 5 �C; L:D 16:8 h). Diamond-

back moth (originally from the Philippines) and Cotesia

plutellae were both obtained from Rothamsted Research

(Harpenden, Herts, U.K.). Cultures of P. xylostella were

maintained on 3–4-week-old Brassica pekinensis cv. Tip

Top (Chiltern Seeds, Ulverston, U.K.) in ventilated Perspex

oviposition cages (35� 35� 35 cm). Similarly, the cultures

of C. plutellae, in turn, were maintained on P. xylostella

larvae in ventilated Perspex oviposition cages

(45� 45� 45 cm). Both cultures were reared in a

standard constant environment (25� 2 �C; 70� 5% RH;

L:D 16:8 h).

Levels of parasitism

To test the hypothesis that parasitism by C. plutellae

differs between Diamondback moth on partially resistant

and susceptible host plants, P. xylostella larvae reared on

the different host plants were exposed to attack by the

parasitoid. In particular, Diamondback moth larvae were

reared on 6-week-old host plants, B. rapa and B. napus, until

the second instar. Ten 2-day-old second instar larvae were

then transferred into a plastic Petri dish (5 cm in diameter)

and a single, mated 2-day-old female wasp (reared from

Diamondback moth feeding on B. pekinensis) was released

into the dish. For each larval type (reared on partially

resistant or susceptible host plants) two exposure treat-

ments were undertaken: 1 h exposure to parasitism and 2 h

exposure to parasitism. The exposure of the larvae to the

parasitoid was performed in absence of the host plant to

minimise any olfactory effects of the host plants on the

parasitoid. All P. xylostella larvae were then reared on the

leaves of the appropriate host plant until either the moths

pupated or a parasitoid cocoon formed. Each treatment was

replicated 10 times.
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Population dynamics

To explore the hypothesis that differences in plant

resistance affect the population dynamics of P. xylostella a

long-term resource-limited population dynamic experiment

was established using the two different host plants

(B. rapa and B. napus) in the presence or absence of

C. plutellae. The treatments were replicated four times in a

randomised block design, and maintained under constant

environmental conditions (28� 2 �C; 70� 10% RH; L:D

16:8 h). To start the experiment, one 5-week-old plant, six

pairs (male and female) of newly emerged P. xylostella

adults, and aqueous honey solution (35%) were placed in

each cage (55� 28� 45 cm). A new plant of the same

age was put in the cages every 4 days. Each plant was kept

in the cage for 12 days (equal to the developmental period

of P. xylostella and C. plutellae from adult to adult). This

resource renewal regime ensured that there was a low prob-

ability of removing part of the population during plant

replacement. The adult food supply (honey solution) was

replaced every 48 h. After 5 weeks, when a population of

P. xylostella with overlapping generations (all stages

present) had established, two 2-day-old mated female

C. plutellae were introduced to each cage (in parasitoid-

present treatments only).

The trophic interactions between the host plant and

P. xylostella, and tritrophic interactions between the host

plant, P. xylostella and C. plutellae were monitored by weekly

census counts of live adults, and the data used as a measure of

abundance for the population dynamics. The experiment was

run until 14 generations of P. xylostella were completed.

Statistical analyses

Differences in the levels of parasitism between the two

host-plant types were analysed using standard logistic

regression techniques (Crawley, 2002). The population

dynamic experiments were analysed using a series of

descriptive and detailed statistical techniques (Royama,

1992; Chatfield, 1996). Autocorrelation (ACF) and partial

autocorrelation (PACF) functions were examined to iden-

tify potential patterns (trends, persistent effects of preceding

densities, or random shocks) present in the time-series

data (Tabachnick & Fidell, 2001). Moreover, the PACF

values also indicate the time lags at which negative feedback

may be operating (the order of density dependence). The

significance of lagged densities in the ACFs and PACFs

were tested with Bartlett’s band (� 2/
p

n), where n is the

length of time series (Royama, 1992; Chatfield, 1996;

Crawley, 2002). To explore the role of density dependence

on the interactions, the net reproductive rate of the

Diamondback moth population was calculated as

Rt¼ ln(Ntþ 1/Nt), where Nt and Ntþ 1 are population

abundance at time t and tþ 1, respectively. Density

dependence processes were then detected by testing the

relationship between Rt and (the natural log-transformed)

population abundance at times t, t� 1, and t� 2. The

most parsimonious linear autoregressive model was

obtained by initially fitting the maximal model [Rt �
ln(Nt)þ ln(Nt� 1)þ ln(Nt� 2)] and then removing non-

significant terms through model simplification (Ylioja

et al., 1999; Crawley, 2002). All statistical analyses were

completed in S-Plus 6.1 (Insightful Corp., Seattle).

Results

Levels of parasitism

There was a significantly different rate of parasitism

(Fig. 1) by C. plutellae on P. xylostella reared on the two

host plants (1-h exposure: z-value ¼ �6.187, d.f.¼ 18,

P< 0.001; 2-h exposure: z-value ¼ �3.505, d.f.¼ 17,

P< 0.001). The proportion of hosts on B. napus attacked

by C. plutellae was significantly greater than for Diamond-

back moth reared on B. rapa (0.875 vs. 0.320 under 1-h

exposure and 0.960 vs. 0.712 under 2-h exposure).

Population dynamics: the effects of host-plant resistance on

the population dynamics of Diamondback moth

Descriptive analysis. In absence of the parasitoid, all four

replicates of Diamondback moth on both host plants per-

sisted throughout the 24 weeks of the experiment (Fig. 2). In

general the pattern of fluctuations exhibited neither a

noticeable trend, nor systematic changes with time. This

indicates that the populations are statistically stationary

and therefore possibly regulated around an equilibrial

level. The mean number of Diamondback moth adults per

week per cage on B. rapa varied from 92.4 to 122.8, and

between 94.4 and 143.3 for Diamondback moth on B. napus

(Table 1). Comparison of the two overall mean abundances
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Fig. 1. Parasitism rate of Diamondback moth by Cotesia plutellae

on Brassica rapa and B. napus (logistic analysis of deviance). ***

represents a significance level of P< 0.001.
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for P. xylostella on B. rapa and B. napus showed no signifi-

cant difference (t6¼ 1.44, P¼ 0.2042).

The time series also show no evidence for any regular

fluctuations or cycles. Examination of the autocorrelation

functions (Fig. 2) supported this idea that there were no

periodic forcings or components in the population behav-

iour of P. xylostella on either of the two host-plant types. As

the autocorrelation functions rapidly dampen out (Fig. 2)

and the effect of long time lags have little influence on

changes in current population size, these correlation
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Fig. 2. Representative time series (of total live adults) for Diamondback moth populations on Brassica rapa (a, b), and Diamondback moth

populations on Brassica napus (c, d).

Table 1. Summary statistics of Diamondback moth populations on Brassica rapa and B. napus in absence of the parasitoid over the 24-week

period of the experiment.

Diamondback moth on B. rapa Diamondback moth on B. napus

Replicate �a sb CVc �a sb CVc

I 92.4 69.6 0.75 142.3 139.1 0.98

II 122.8 127.2 1.04 143.3 129.3 0.90

III 93.0 122.4 1.32 94.4 76.7 0.81

IV 121.0 140.3 1.16 131.2 105.1 0.80

Overall 107.3 117.0 1.09 127.8 115.0 0.90

aMean number of live adults per cage per week.
bStandard deviation.
cCoefficient of variation (s/�).
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statistics also indicate that the dynamics of P. xylostella are

potentially driven by density-dependent processes.

To examine the variability in the population dynamics,

comparisons within and between time-series treatments

were made using coefficients of variation (as the variances

were not constant and increased with the mean). Among

time series of the same treatment, Diamondback moth

populations feeding on B. rapa showed more variability

[coefficient of variation (CV) between 0.75 and 1.32] com-

pared to those on B. napus (CV from 0.80 to 0.98).

Similarly, this result was consistent when overall variability

between plant treatments was compared, indicating greater

variability for Diamondback moth populations developing

on B. rapa than on B. napus (1.09 vs. 0.90).

Density dependence analysis. The PACF correlograms

showed differences between P. xylostella populations on

the two host plants. For Diamondback moth populations

on B. rapa, the PACFs exhibited significant correlations at

lag one, two, or both, suggesting the dynamics are under-

pinned by a first- or second-order density dependent model.

Whereas the PACFs for Diamondback moth on B. napus

revealed that only one of the four replicates had a signifi-

cant correlation at lag three.

To explore these descriptive patterns, autoregressive models

of the net reproductive rate vs. lagged population densities

were used. These models showed that the population dynamics

of Diamondback moth on B. rapa were underpinned by

delayed density dependence [ln(Nt)¼ 2.43þ 0.66 ln(Nt� 1)�
0.25 ln(Nt� 2)] (Fig. 3a). In contrast, direct density-dependent

processes [ln(Nt)¼ 3.23þ 0.27 ln(Nt� 1)] determined the

dynamics of Diamondback moth on B. napus (Fig. 3b).

Population dynamics: the effects of host-plant resistance on

the population dynamics of Diamondback moth–C. plutellae

None of the replicates of the P. xylostella–C. plutellae

interaction on the two host plants persisted for longer

than 16 weeks (Fig. 4). In general, C. plutellae drove

P. xylostella to extinction within five to nine generations

after its introduction; however, in one population on

B. rapa, Diamondback moth escaped extinction while

C. plutellae was itself driven to extinction (Fig. 4b). Com-

parisons of the persistence time of the P. xylostella–C. plu-

tellae interaction on the two different plants showed no

significant difference (t6¼ 0.3884, P¼ 0.7126).

In the presence of C. plutellae, the mean number of

Diamondback moth adults per week per cage on B. rapa

varied between 74.3 and 111.4, and from 70.7 to 133.0 for

Diamondback moth on B. napus (Table 2). However, com-

parison between the overall mean of P. xylostella popula-

tion size on the different host-plant types showed no

significant difference (t6¼ 0.066, P¼ 0.95). Furthermore,

comparison between the overall means of the treatments

with and without parasitoids on the same plant (Tables 1

and 2) did not show any significant difference (P. xylostella

on B. rapa: t6¼ 0.7634, P¼ 0.4742; P. xylostella on B. napus:

t6¼ 1.542, P¼ 0. 1768). When overall variability was

compared, in the presence of C. plutellae, Diamondback

moth populations feeding on the two host plants showed no

difference (Table 2). However, as might be expected, the pre-

sence of the parasitoid increased the variability of Diamond-

back moth abundance on both host plants in comparison

with the parasitoid-free treatments (Tables 1 and 2). In sum,

in the presence of the parasitoid, P. xylostella populations on

the two host plants revealed no difference in population size,

variability, or persistence time.
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Fig. 3. Phase plots of net reproductive rate, Rt¼ ln(Ntþ 1/Nt), of

Diamondback moth populations on Brassica rapa (a) and Diamond-

back moth populations on Brassica napus (b), plotted against

natural log transformed population abundance (Nt and Nt� 1). The

best linear autoregressive models were a second-order model [Rt ¼
�0.2492 (0.1003) ln(Nt � 1) � 0.3415 (0.1013) ln(Nt) þ 2.4309

(0.4072), r2¼ 0.29] for Diamondback moth populations on B. rapa,

and a first-order model [Rt ¼ �0.73177 (0.09813) ln(Nt)þ 3.22687

(0.44271), r2 ¼ 0.37] for Diamondback moth populations on

B. napus. The numbers in parentheses represent the standard errors.
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Discussion

Here, using a series of replicated population dynamic and

single cohort experiments it has been shown that differences

in individual performance do not necessarily translate into

differences in the population dynamics. Despite clear evidence

of host plant-mediated effects on the short-term rates of para-

sitism (functional response) by C. plutellae on P. xylostella,

underlying plant resistance or type had no effect on longer

time scales and on the persistence time of the trophic interac-

tion between the moth and the parasitoid. In a similar way,

even though host-plant resistance did not affect the equilibrial

abundance of Diamondback moth, it clearly had a principal

role in governing the different observed population dynamics.

Understanding this relationship between performance

and dynamics is paramount in disentangling the effects of

top-down and bottom-up effects. For instance, from a series

of short-term experiments, Ramachandran et al. (1998)

have shown that survival of Diamondback moth larvae on

B. rapa was three times greater than that for Diamondback
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Table 2. Summary statistics of Diamondback moth populations on Brassica rapa and B. napus in presence of the parasitoid over the period of

the experiment.

Diamondback moth on B. rapa Diamondback moth on B. napus

Replicate �a sb CVc �a sb CVc

I 95.4 127.2 1.33 70.7 109.5 1.55

II 111.0 151.8 1.37 113.7 130.0 1.14

III 111.4 136.9 1.23 79.2 93.4 1.18

IV 74.3 101.3 1.36 133.0 163.3 1.23

Overall 100.4 132.2 1.32 96.9 124.6 1.29

aMean number of live adults per cage per week.
bStandard deviation.
cCoefficient of variation (s/�).

290 Javad Karimzadeh, Michael B. Bonsall and Denis J. Wright

# 2004 The Royal Entomological Society, Ecological Entomology, 29, 285–293



moth larvae on B. napus (50% vs. 17%). In comparison, the

results of the work presented here show no difference in

mean number of Diamondback moth on the two host plants

at the population level. These contrasting results highlight

that marked differences in individual performance do not

necessarily translated directly into differences in the popu-

lation dynamics. It has been well documented that feeding

preference decisions by first-instar P. xylostella larvae is the

principal mechanism of host-plant resistance (Eigenbrode &

Shelton, 1990; Verkerk & Wright, 1996b; Eigenbrode &

Pillai, 1998). Therefore, it is hypothesised that increased

survival of Diamondback moth larvae on susceptible host

plants will result in an increase in population size of com-

peting larvae. In the absence of resource limitation this

would lead to higher adult populations; however, the pre-

sent study was run under resource-limited conditions in

which high larval competition for food can result in reduced

survival to adults. This clearly has implications for the

population dynamics through the manifestation of

density-dependent processes.

Here, the results from the time series showed that the

dynamics of P. xylostella were principally influenced by

density-dependent processes. Furthermore, the Diamond-

back moth populations on the two different host plants

exhibited different dynamics due to different density-

dependent effects. Diamondback moth populations on

B. napus were affected by direct density-dependent

processes and instantaneously responded to changes in

their density [Ntþ 1¼ f(Nt)]. In contrast, the dynamics of

Diamondback moth populations on B. rapa were deter-

mined by a delayed density-dependent process and there

was a time lag in the response of Diamondback

moth populations on B. rapa to its own density

[Ntþ 1¼ f(Nt, Nt� 1)]. Intraspecific competition between

moth larvae, which is likely to be more intense for moth

populations feeding on B. rapa compared with those on

B. napus, has a strong negative feedback on population

growth rate, which can result in delayed density depen-

dence. However, this negative feedback may not only be

due to competition for food (limited resources) but also due

to physical contact between individuals in high-density

interactions (Møller, 1988).

As mentioned, delayed density dependence introduces

time lags into the response of population change to popula-

tion abundance. These effects can give rise to fluctuations in

the herbivore populations leading to cycles or chaotic popu-

lation dynamic behaviour. One of the principal ways that

time lags can be generated and lead to oscillatory popula-

tion dynamics is through maternal effects (Ginzburg &

Taneyhill, 1994; Dwyer, 1995). Indeed, population quality

can influence population size through maternal effects

either directly in the current generation or in a delayed

way in subsequent generations (Prout & McChesney,

1985; Rossiter, 1995). It is entirely plausible that host-

plant quality can affect P. xylostella through such delayed,

maternal effects (Behmer & Grebenok, 1998; Sayyed &

Wright, 2001); this effect is likely to be sufficient to influence

the population dynamics such that offspring performance

(survival and fecundity) is influenced by the bottom-up

effects of the host plant and remains an area for future work.

The results presented here show that host-plant resistance

can affect the rate of parasitism of P. xylostella by C. plu-

tellae. However, in the long-term tritrophic population

study, moth population size, variability, and the persistence

time of the interaction were not influenced by host-plant

type. These results again highlight that the results of indi-

vidual performance may be totally different from those

observed at the population level. Here, it has been shown

that the lack of persistence of the interaction between

P. xylostella and C. plutellae was principally due to the

extinction of Diamondback moth (seven cases). The time

to extinction was not determined by host-plant type (as

host-only interactions persisted) but was due to the dynam-

ical interaction between the insect herbivore and its para-

sitoid. The observed diverging oscillations between a host

and its parasitoid are a consequence of overexploitation of

the moth by C. plutellae, leading to the rapid extinction of

the interaction (Nicholson & Bailey, 1935). Given that the

host-only populations are regulated, the limited persistence

of the P. xylostella–C. plutellae interaction suggests that the

lack of available (temporal or spatial) refuges from a

randomly foraging natural enemy is the principal mechan-

ism that underpins the observed host–parasitoid dynamics.

In summary, it has been demonstrated that known indi-

vidual performance on different host-plant types does not

necessarily affect equilibrial population abundances but can

affect the mechanisms by which populations are regulated.

In tritrophic interactions, differences in host-plant type

might be overwhelmed by the response of the natural

enemy. Understanding the role of these bottom-up and

top-down forces on the dynamics and persistence of

P. xylostella remains a central focus for developing inte-

grated control strategies for this pest species.

Acknowledgements

J. Karimzadeh was sponsored by the Agricultural

Research,Education, andExtensionOrganisation (AREEO)

of Iran. M. B. Bonsall is a Royal Society University

Research Fellow.

References

Behmer, S.T. & Grebenok, R.J. (1998) Impact of dietary sterols on

life-history traits of a caterpillar. Physiological Entomology, 23,

165–175.

Bezemer, T.M. & Jones, T.H. (1998) Plant–insect herbivore

interactions in elevated atmospheric CO2: quantitative analyses

and guild effects. Oikos, 82, 212–222.

Bjorkman, C. (2000) Interactive effects of host resistance and

drought stress on the performance of a gall-making aphid living

on Norway spruce. Oecologia, 123, 223–231.

Performance and dynamics in a plant–herbivore–parasitoid interaction 291

# 2004 The Royal Entomological Society, Ecological Entomology, 29, 285–293



Bonsall, M.B. & Eber, S. (2001) The role of age-structure on the

persistence and the dynamics of insect herbivore–parasitoid

interactions. Oikos, 93, 59–68.

de Bruyn, L., Scheirs, J. & Verhagen, R. (2002) Nutrient stress,

host plant quality, and herbivore performance of a leaf-mining

fly on grass. Oecologia, 130, 594–599.

Chatfield, C. (1996) The Analysis of Time Series: an Introduction.

Chapman & Hall, London, U.K.

Crawley, M.J. (2002) Statistical Computing: an Introduction to Data

Analysis Using S-Plus. John Wiley & Sons, Chichester, U.K.

Dwyer, G. (1995) Simple models and complex interactions. Population

Dynamics: New Approaches and Synthesis (ed. by N. Cappuccino

and P. W. Price), pp. 209–227. Academic Press, San Diego.

Eigenbrode, S.D. & Pillai, S.K. (1998) Neonate Plutella xylostella

responses to surface wax components of a resistant cabbage

(Brassica oleracea). Journal of Chemical Ecology, 24, 1611–1627.

Eigenbrode, S.D. & Shelton, A.M. (1990) Behaviour of neonate

diamondback moth larvae (Lepidoptera: Plutellidae) on glossy-

leafed resistant Brassica oleracea. Environmental Entomology,

19, 1566–1571.

Farid, A., Johnson, J.B., Shafii, B. & Quisenberry, S.S. (1998a)

Tritrophic studies of Russian wheat aphid, a parasitoid, and

resistant and susceptible wheat over three parasitoid genera-

tions. Biological Control, 12, 1–6.

Farid, A., Quisenberry, S.S., Johnson, J.B. & Shafii, B. (1998b)

Impact of wheat resistance on Russian wheat aphid and a

parasitoid. Journal of Economic Entomology, 91, 334–339.

Fuentes-Contreras, E. & Niemeyer, H.M. (1998) DIMBOA gluco-

side, a wheat chemical defense, affects host acceptance and

suitability of Sitobion avenae to the cereal aphid parasitoid

Aphidius rhopalosiphi. Journal of Chemical Ecology, 24, 371–381.

Ginzburg, L.R. & Taneyhill, D.E. (1994) Population-cycles of

forest lepidoptera: a maternal effect hypothesis. Journal of

Animal Ecology, 63, 79–92.

Godfray, H.C.J. (1994) Parasitoids: Behavioural and Evolutionary

Ecology. Princeton University Press, Princeton, New Jersey.

Gratton, C. & Denno, R.F. (2003) Seasonal shift from bottom-up

to top-down impact in phytophagous insect populations.

Oecologia, 134, 487–495.

Harrison, S. & Cappuccino, N. (1995) Using density-manipulation

experiments to study population regulation. Population Dynam-

ics: New Approaches and Synthesis (ed. by N. Cappuccino and P.

W. Price), pp. 131–148. Academic Press, San Diego.

Hartvigsen, G., Wait, D.A. & Coleman, J.S. (1995) Tri-trophic

interactions influenced by resource availability: predator

effects on plant performance depend on plant resources. Oikos,

77, 463–468.

Heinz, K.M. & Zalom, F.G. (1996) Performance of the predator

Delphastus pusillus on Bemisia resistant and susceptible tomato

lines. Entomologia Experimentalis et Applicata, 81, 345–352.

Hunter, M.D. & Price, P.W. (1992) Playing chutes and ladders:

heterogeneity and the relative roles of bottom-up and top-down

forces in natural communities. Ecology, 73, 724–732.

Hunter, M.D., Varley, G.C. & Gradwell, G.R. (1997) Estimating

the relative roles of top-down and bottom-up forces on insect

herbivore populations: a classic study revisited. Proceedings of

the National Academy of Sciences of the United States of

America, 94, 9176–9181.

Kareiva, P. & Sahakian, R. (1990) Tritrophic effects of a simple

architectural mutation in pea-plants. Nature, 345, 433–434.

Kawaguchi, M. & Tanaka, T. (1999) Biological characteristics of a

larval endoparasitoid, Cotesia plutellae (Hymenoptera: Braco-

nidae): host stage preference, subsequent sex ratio of progeny,

and mate location of males. Applied Entomology and Zoology,

34, 213–221.

Kennedy, G.G. (2003) Tomato, pests, parasitoids, and predators:

tritrophic interactions involving the genus Lycopersicon. Annual

Review of Entomology, 48, 51–72.

Møller, J. (1988) Investigations on a laboratory culture of the

diamond-back moth Plutella maculipennis (Curt.) (Lep., Tinei-

dae). Journal of Applied Entomology, 105, 425–435.

Moon, D.C., Rossi, A.M. & Stiling, P. (2000) The effects of

abiotically induced changes in host plant quality (and morphol-

ogy) on a salt marsh planthopper and its parasitoid. Ecological

Entomology, 25, 325–331.

Nicholson, A.J. & Bailey, V.A. (1935) The balance of animal

populations. Part I. Proceedings of the Zoological Society of

London, 3, 551–598.

Ohgushi, T. (1995) Adaptive behavior produces stability in

herbivorous lady beetle populations. Population Dynamics:

New Approaches and Synthesis (ed. by N. Cappuccino and P.

W. Price), pp. 303–319. Academic Press, San Diego.

Ostfeld, R.S. & Keesing, F. (2000) Pulsed resources and commu-

nity dynamics of consumers in terrestrial ecosystems. Trends in

Ecology and Evolution, 15, 232–237.

Polis, G.A., Hurd, S.D., Jackson, C.T. & Sanchez-Pinero, F. (1998)

Multifactor population limitation: variable spatial and temporal

control of spiders on Gulf of California islands. Ecology, 79,

490–502.

Power, M.E. (1992) Top-down and bottom-up forces in food webs:

do plants have primacy? Ecology, 73, 733–746.

Power, M.E., Parker, M.S. & Wootton, J.T. (1996) Disturbance

and food chain length in rivers. Food Webs (ed. by G. A. Polis

and K. O. Winemiller), pp. 286–297. Chapman & Hall, New

York.

Price, P.W. & Hunter, M.D. (1995) Novelty and synthesis in the

development of population dynamics. Population Dynamics:

New Approaches and Synthesis (ed. by N. Cappuccino and P. W.

Price), pp. 389–412. Academic Press, San Diego.

Prout, T. & McChesney, F. (1985) Competition among immatures

affects their adult fertility: population dynamics. American

Naturalist, 126, 521–558.

Ramachandran, S., Buntin, G.D., All, J.N. & Raymer, P.L. (1998)

Diamondback moth (Lepidoptera: Plutellidae) resistance of

Brassica napus and B. oleracea lines with differing leaf

characteristics. Journal of Economic Entomology, 91, 987–992.

Reed, D.K., Kindler, S.D. & Springer, T.L. (1992) Interactions of

Russian wheat aphid, a hymenopterous parasitoid and resistant

and susceptible slender wheat grasses. Entomologia Experiment-

alis et Applicata, 64, 239–246.

Rossiter, M. (1995) Impact of life-history evolution on population

dynamics: predicting the presence of maternal effects. Population

Dynamics: New Approaches and Synthesis (ed. by N. Cappuccino

and P. W. Price), pp. 251–275. Academic Press, San Diego.

Royama, T. (1992) Analytical Population Dynamics. Chapman &

Hall, London.

Sayyed, A.H. & Wright, D.J. (2001) Cross-resistance and

inheritance of resistance to Bacillus thuringiensis toxin Cry1Ac

in diamondback moth (Plutella xylostella L.) from lowland

Malaysia. Pest Management Science, 57, 413–421.

Schuler, T.H., Potting, R.P.J., Denholm, I., Clark, S.J., Clark, A.J.,

Stewart, C.N. et al. (2003) Tritrophic choice experiments with Bt

plants, the diamondback moth (Plutella xylostella), and the

parasitoid Cotesia plutellae. Transgenic Research, 12, 351–361.

Shi, Z.H., Liu, S.S. & Li, Y.X. (2002) Cotesia plutellae parasitizing

Plutella xylostella: host-age dependent parasitism and its effect

292 Javad Karimzadeh, Michael B. Bonsall and Denis J. Wright

# 2004 The Royal Entomological Society, Ecological Entomology, 29, 285–293



on host development and food consumption. Biocontrol, 47,

499–511.

Sivapragasam, A., Loke, W.H., Hussan, A.K. & Lim, G.S. (1997)

The Management of Diamondback Moth and Other Crucifer

Pests. Proceedings of the 3rd International Workshop, Kuala

Lumpur, Malaysia, 29 October�1 November, 1996. MARDI,

Kuala Lumpur, Malaysia.

Stiling, P. & Rossi, A.M. (1997) Experimental manipulations of

top-down and bottom-up factors in a tri-trophic system.

Ecology, 78, 1602–1606.

Sumerford, D.V., Abrahamson, W.G. & Weis, A.E. (2000) The

effects of drought on the Solidago altissima–Eurosta solidaginis–

natural enemy complex: population dynamics, local extirpa-

tions, and measures of selection intensity on gall size. Oecologia,

122, 240–248.

Tabachnick, B.G. & Fidell, L.S. (2001) Using Multivariate

Statistics. Allyn & Bacon, Boston, Massachusetts.

Talekar, N.S. & Shelton, A.M. (1993) Biology, ecology, and

management of the diamondback moth. Annual Review of

Entomology, 38, 275–301.

Teder, T. & Tammaru, T. (2002) Cascading effects of variation in

plant vigour on the relative performance of insect herbivores and

their parasitoids. Ecological Entomology, 27, 94–104.

Umbanhowar, J. & Hastings, A. (2002) The impact of resource

limitation and the phenology of parasitoid attack on the

duration of insect herbivore outbreaks. Theoretical Population

Biology, 62, 259–269.

Verkerk, R.H.J. & Wright, D.J. (1996a) Multitrophic interactions

and management of the diamondback moth: a review. Bulletin of

Entomological Research, 86, 205–216.

Verkerk, R.H.J. & Wright, D.J. (1996b) Common cabbage

resistance mechanisms against the diamondback moth: still an

open book? Annals of Applied Biology, 128, 571–577.

Wright, D.J. & Verkerk, R.H.J. (1995) Integration of chemical and

biological control systems for arthropods: evaluation in a

multitrophic context. Pesticide Science, 44, 207–218.

Ylioja, T., Roininen, H., Ayres, M.P., Rousi, M. & Price, P.W.

(1999) Host-driven population dynamics in an herbivorous

insect. Proceedings of the National Academy of Sciences of the

United States of America, 96, 10735–10740.

Accepted 5 January 2004

Performance and dynamics in a plant–herbivore–parasitoid interaction 293

# 2004 The Royal Entomological Society, Ecological Entomology, 29, 285–293


