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Abstract

We investigated the effect on host–parasitoid dynamics of prolonged diapause, a feature of the life history of many animals living

in unpredictable environments, by modifying the classical May (J. Anim. Ecol. 47 (1978) 833) host–parasitoid model. We considered

three patterns of development of host and parasitoid: (a) prolonged parasitoid diapause controlled by host physiology, (b)

parasitoid interference in host development, preventing parasitized hosts from prolonging diapause, and (c) host diapause

independent of parasitoid attack. We found that single-year prolonged diapause shifted the boundaries of the May model towards a

slight increase in stability. Longer periods of diapause prolongation had a stronger influence, but this influence remained modest if

we considered realistic parameter values. In contrast to other recent studies, our results suggest that prolonged diapause does not

necessarily compensate for the destabilizing effects of time lags on the influence of parasitoids on population dynamics.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Diapause, the break in morphogenesis not directly
controlled by local environmental factors, is a life
history feature of many insects which need overcome
stressful periods (Tauber et al., 1986; Danks, 1987). For
many univoltine species living in seasonal environments,
diapause may simply involve the cessation of growth
during a given predictable season (winter, for instance).
Diapauses of this type are described as simple diapauses.
For many other species, inhabiting more unpredictable
environments, some of the population may extend
diapause for 1 year or more, resulting in prolonged,
extended or extra long diapause (Tauber et al., 1986;
Danks, 1987; Turgeon et al., 1994).

Prolonged diapause makes it possible for the emer-
gence of a given genotype to be spread out over time,
making it possible for some progeny to grow and
reproduce in potentially better conditions (bet-hedging,
Philippi and Seger, 1989; Hanski and Stahls, 1990;
Hopper, 1999; Menu et al., 2000). Unlike dormant
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seeds, which may remain in a quiescent state for many
years until appropriate conditions occur, most insect
populations displaying prolonged diapause emerge
within the first 2 or 3 years (Danks, 1987; Hanski,
1988). This difference is probably due to the metabolic
costs (Storey and Storey, 1986; Zhou et al., 1995;
Ishihara and Shmida, 1995; Han and Bauce, 1998; Irwin
and Lee, 2000; Ellers and van Alphen, 2002) and
mortality risks (Irwin and Lee, 2000) that diapause
entails.

The consequences of prolonged diapause for insect
population dynamics have been studied (Menu, 1993;
Menu et al., 2000). The key issue in these previous
studies was the relationship between prolonged diapause
and environmental stochasticity (Menu et al., 2000).
Efforts were therefore focused on the study of single
populations.

However, prolonged diapause may also have major
consequences for the dynamics of interacting popula-
tions (Hanski, 1988; Hanski and Stahls, 1990; Ringel
et al., 1998). Host–parasitoid systems are among the
most frequently studied examples of interactions be-
tween populations, partly because parasitoids are
important components of natural ecosystems, but also
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because they are frequently used in the biological
control of insect pests (Godfray, 1994). Many insect
pests, including those that eat the seeds and cones of
coniferous trees, display prolonged diapause (Annila,
1982; Turgeon et al., 1994).

Only one study has dealt with prolonged diapause in
a context of host–parasitoid interactions (Ringel et al.,
1998). It suggested that prolonged diapause strongly
increases the stability of the interaction. Ringel et al.
(1998) assumed that the probability of an individual
remaining in diapause is constant and therefore inde-
pendent of the time already spent in diapause. Thus,
total duration of diapause is geometrically distributed
for the population as a whole. Although there are
documented cases in which this assumption holds true,
the duration of prolonged diapause is less than two years
in most species (Danks, 1987; Ringel et al., 1998; Hanski,
1988; Menu et al., 2000). Ringel et al. (1998) made two
further major assumptions: (1) The host population
remaining in diapause is inaccessible to foraging para-
sitoids. Diapausing hosts may remain in a physical
refuge or the period of susceptibility to parasitism and
parasitoid activity may be temporally displaced.
Although there is some evidence that prolonged diapause
may be associated with a physical refuge for the host
(Price and Tripp, 1972) in specific cases, this has not been
shown to be common; (2) Parasitoid diapause was
assumed to be independent of host physiology. Para-
sitoids undergo diapause like any other insect (Tauber
et al., 1983, 1986), but host cues may play an important
role in diapause induction and development (Askew,
1971; Beckage, 1985; Lawrence, 1986). In many cases,
particularly for parasitoids of egg and early larval stages,
host physiology plays a central role in determining
parasitoid diapause (Tauber et al., 1986). However, in
other cases, hosts are rapidly consumed, rendering host
diapause irrelevant to the parasitoid. Indeed, the
relationships between host development, parasitoid
development and the timing of parasitoid attacks are
probably as diverse as parasitoid life history (see for
example Tauber et al., 1983; Beckage, 1985).

Parasitoid development generally follows one of two
patterns (Lawrence, 1986). Some parasitoids remain in
step with host development. They have no effect on host
physiology but are instead affected by host hormones.
Thus, when the host enters prolonged diapause, so does
the parasitoid. Parasitoids of this type are known as
‘conformers’ (for examples, see Beckage, 1985). Others
interrupt or interfere with host development, adapting
it to their own requirements, and are known as
‘regulators’ (Lawrence, 1986). Regulators prevent the
hosts they attack from entering prolonged diapause.
Only hosts that successfully escape parasitoid attacks
are able to extend their diapause.

In this work, we explore, from a theoretical point of
view, the effect of prolonged diapause on the stability of
host–parasitoid systems, using realistic host–parasitoid
physiological relationships, diapause spans and para-
meter values. We considered three contrasting situa-
tions. Our analysis of these situations showed that
prolonged diapause moderately increases population
stability. We also found that some of the ecological
details of the interaction, such as the duration, in years,
of prolonged diapause and the proportion of animals in
such state, affect the stability of host–parasitoid
systems.
2. Models for host–parasitoid relationships with

prolonged diapause

For the most part, we consider here the simplest
condition of extended diapause: diapausing insects
delaying their development for 1 extra year. This pattern
has been observed for almost half the insect species that
undergo prolonged diapause (Hanski, 1988). However,
later in the paper, we relax this assumption, and
consider an additional year of extended host diapause
(thus accounting for an additional 20% of known cases)
and speculate on the possible effects of a longer
diapause.

In our models, we consider three different cases,
taking into account some of the most important
biological aspects of host–parasitoid interactions in
which prolonged diapause occurs. Firstly, we consider
systems in which the parasitoids are physiological
‘‘conformers,’’ this is that the populations display
phenological synchronicity and all hosts are susceptible
to parasitoid attack. Secondly, we model systems in
which the parasitoids are physiological ‘‘regulators’’. In
this case, the parasitoids can potentially attack all hosts,
but do not undergo prolonged diapause themselves.
Finally, we develop a third model, in which prolonged
host diapause occurs at some stage before parasitoid
attack. Diapause does not constitute a refuge from
parasitoid attack in any of these models. Detailed
descriptions of prolonged parasitoid diapause, the
interaction between host diapause and parasitoid
phenology and parasitoid attack are scarce (but see
Beckage, 1985; Hanski, 1988).

We first assessed the stability of the models close to
equilibrium densities. This was done by a combination
of analytical and numerical techniques (see Appendix
A). These results were complemented with simulations
of the dynamics of the various systems.

2.1. Modeling framework

Our modeling framework was based on the classical
Nicholson and Bailey (1935) model, as modified by May
(1978) to take into account the possible aggregation
of parasitoid attacks. The Nicholson-Bailey model
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considers discrete generations and calculates the number
of hosts and parasitoids at generation t (Nt and Pt;
respectively) from their numbers in the previous
generation (t � 1), host reproduction rate (l) and the
fraction of hosts escaping parasitism (f ðPtÞ). Nt is best
considered as the number of host larvae susceptible to
parasitoid attack and Pt as the number of adult
parasitoids searching for hosts. The model is

Nt ¼ lNt�1f ðPt�1Þ;
Pt ¼ cNt�1ð1 � f ðPt�1ÞÞ; ð1Þ

where c is the adult parasitoid yield from each
parasitized host. As we modeled solitary parasitoids
and as a means of simplifying calculations, we con-
sidered c to be equal to unity.

Nicholson and Bailey (1935) assumed that the
occurrence of parasitoid attacks is random, following
a Poisson distribution. This model is unstable, leading to
expanding oscillations. May (1978) assumed instead that
various processes may lead to the aggregation of
parasitoid attacks, and adopted a negative binomial
distribution to model this process. Specifically, f ðPtÞ
takes the form

f ðPtÞ ¼ ð1 þ aPt=kÞ�k; ð2Þ

where a is the ‘‘searching efficiency’’ of parasitoids,
also known as the ‘‘area of discovery’’ (Nicholson
and Bailey, 1935) and k reflects the degree of para-
sitoid attack aggregation. Aggregation increases with
decreasing k: For high values (k-N), the distribution
of attacks tends towards the original Poisson distribu-
tion assumed by Nicholson and Bailey (1935).
May’s (1978) model gives a locally stable equilibrium
when ko1:

We considered three models, defined according to the
timing of parasitoid attacks—before or after the hosts
enter prolonged diapause—and whether these attacks
interrupt host development or conform to the extended
diapause pattern.

2.2. ‘‘Conformer’’ parasitoids

In this model, we consider systems in which the
prolonged host and parasitoid diapause are synchronic.
For instance, host diapause occurs at an early stage (e.g.
larvae) and parasitoid attack is limited to some stage
before the host diapause occurs (e.g. eggs). Parasitoids
(koinobionts) also enter prolonged diapause, conform-
ing to host physiology. The conformer parasitoid
model is:

Nt ¼ ð1 � aÞlNt�1f ðPt�1Þ þ aslNt�2f ðPt�2Þ;
Pt ¼ ð1 � aÞNt�1½1 � f ðPt�1Þ� þ asNt�2½1 � f ðPt�2Þ�:

ð3Þ
For both hosts and parasitoids, most of the indivi-
duals emerging from diapause at generation t originate
from eggs laid at generation t21. The rest originate
from eggs laid in the previous generation (t22), with
prolonged diapause occurring at the larval stage. The
first term on the right-hand side (r.h.s.) of both
equations corresponds to individuals that did not
undergo prolonged diapause (proportion 1 � a). The
second term corresponds to individuals that emerged
after 2 years in diapause (proportion a), with a survival
rate of s (see also Ringel et al., 1998). As this model
assumes that parasitoids physiologically adjust to host
development, we considered both species to be affected
by the same parameters concerning prolonged diapause
(a and s).

The frequency of parasitoid-host encounters is
determined by f ðPtÞ; as in Eq. (2). As a first approxima-
tion, we considered only density-independent mortality
factors that affect healthy and parasitized hosts similarly
(but see Bernstein, 1986; Bernstein et al., 2002). As in
previous models, we assume that survival through
extended diapause is density-independent, for both
hosts and parasitoids (Ringel et al., 1998). This frame-
work does not imply that prolonged diapause provides
the hosts with a refuge from parasitism and assumes that
all adults will emerge 1 or 2 years after oviposition. The
frequency of prolonged diapause is not simulated as
following a particular distribution.

Fig. 1a (dotted line) shows the dynamics of this model
as a function of the degree of parasitoid attack
aggregation (k) and the fraction remaining in diapause
(a) for a given set of parameter values. Intermediate
proportions of individuals entering extended diapause
result in a slight increase in stability and, as expected,
very low and very high proportions tend to collapse the
model to the stability conditions derived by May (1978).
When a ¼ 0; all individuals emerge in the first year and
the term corresponding to the fraction of individuals in
prolonged diapause, disappears (see Eq. (3)). When a ¼
1; all hosts and parasitoids undergo prolonged diapause
and again, the system coincides with May (1978) model.
The only difference is that each generation now takes
2 years.

2.3. ‘‘Regulator’’ parasitoids

In this model, we considered systems in which the
parasitoids are physiological ‘‘regulators’’ (Lawrence,
1986). In such systems, host diapause may occur at a
larval stage, for example, and parasitoid attack is
limited to some stage before the initiation of host
diapause (e.g. eggs). In contrast with the first model, the
parasitoids do not undergo prolonged diapause and kill
the attacked hosts before they are able to complete
diapause (i.e., idiobionts).
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Fig. 1. Stability boundaries for three host–parasitoid models with

prolonged diapause, in terms of a; the proportion of individuals in the

population undergoing prolonged diapause and k; the coefficient

defining the aggregation of parasitoid attacks. The life cycles

considered are: (a) parasitoids conforming to host physiology, with

both species undergoing diapause (Eqs. (4) and (B.1), see main text);

(b) parasitoids regulating host physiology, with only hosts undergoing

diapause (Eqs. (5) and (B.2)) and (c) host diapause independent of

parasitoid attack (Eqs. (6) and (B.3)).The dotted line represents the

case for a single-year prolonged diapause, whereas the various

unbroken curves correspond to extension of the diapause for a second

year, b (values are shown above the lines). The systems are stable

below the curves. The area below the line at k ¼ 1 corresponds to the

stability boundaries for the May (1978) model, the equivalent model

without prolonged diapause. Other values: s ¼ 0:8; a ¼ 0:008 and l ¼
2: Black squares with the legend u (for unstable), s (for stable) and sdp

(stable through prolonged diapause) indicate the parameter values

with which the simulations in a stochastic environment were performed

(see Table 1).
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The equations for the model are:

Nt ¼ ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k

þ aslNt�2ð1 þ aPt�2=kÞ�k;

Pt ¼ Nt�1f1 � ð1 þ aPt�1=kÞ�kg: ð4Þ

Note that the host equation for this model is the same
as that in Eq. (3). The difference between the two models
lies in the parasitoid equation, which takes into account
only those hosts attacked during the previous generation.

Fig. 1b (dotted line) shows the stability boundaries for
the regulator parasitoid model (Eq. (4)) for a given set
of parameter values. Local stability is slightly higher
than that for the May (1978) model, only for inter-
mediate values of the fraction of the host population in
prolonged diapause.

The asymmetry observed in Fig. 1b results from
differences in survival between hosts that prolong
diapause and those that do not. It should be borne in
mind that hosts undergoing diapause for longer periods
of time are subject to an additional risk of death not
mediated by the parasitoid (represented by the survival
rate, s).

Fig. 1b shows the stability boundaries for a high host
survival rate (s ¼ 0:8). The decrease in stability ob-
served for extremely high fractions of hosts prolonging
diapause (high a) was also observed in conditions in
which the survival rate was low. In such cases, the host
population suffers the burden of the additional mortal-
ity and the proportion of hosts prolonging diapause
contributing to the overall population is small; the
effects of prolonged diapause therefore become negli-
gible. Conversely, if both survival rate and a are high,
most hosts prolong their diapause (and survive
diapause). In this case, most hosts will reproduce 2
years after hatching (at a ¼ 1 the host life cycle will
always take two years). The parasitoid generation span
is assumed to be 1 year. In these conditions, every 2
years, parasitoids will encounter too few hosts to
reproduce. Consequently, in the next generation, hosts
escape parasitoid attack and the host population grows
exponentially. However, we did not consider the more
complex situation in which two asynchronous cohorts of
hosts are attacked by a univoltine parasitoid. This
model gives results very different to those obtained with
the conformer parasitoid model. In the latter case, the
parasitoids closely follow their host population and are
‘‘carried over’’ by the attacked hosts undergoing
prolonged diapause, as the two populations are tightly
synchronized. Both populations are also equally affected
by mortality during diapause.

2.4. Parasitoid phenology is independent of host diapause

In the third model, we consider systems in which
parasitoid phenology is totally independent of prolonged
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host diapause. An example would be a system in which
the hosts enter and leave diapause at a stage (e.g. larvae)
prior to that at which they are susceptible to parasitoid
attack (e.g. pupae or adults). In this case, parasitoids do
not enter prolonged diapause. This model therefore
differs from Eqs. (3) and (4) in that the searching
parasitoids of a given generation attack hosts of two
different generations. In contrast to what is found with
the regulator parasitoid model (Eq. (4), all surviving
hosts can be attacked as the ‘‘window’’ for parasitoid
attack occurs after host diapause.

The equations for this model are:

Nt ¼ fð1 � aÞlNt�1 þ salNt�2gfð1 þ aPt�1=kÞ�kg;
Pt ¼ fð1 � aÞNt�1 þ saNt�2gf1 � ð1 þ aPt�1=kÞ�kg: ð5Þ

The stability boundaries for this model are shown in
Fig. 1c (dotted line). The results of this model are similar
to those obtained with the regulator model: stability is
higher than that for the May model, with an increase
in a: Conversely, for extreme values (a40:96) of the
fraction of the population in prolonged diapause, the
system becomes locally unstable, even for ko1: Again,
dynamic behavior should not be the same for the
extreme values of a and (12a), due to differences in
survival.

2.5. Population persistence in stochastic environments

Previous studies have suggested that prolonged
diapause may make a major contribution to population
persistence in stochastic environments (Menu, 1993;
Menu et al., 2000). We checked whether this holds true
for host–parasitoid interactions modeled in terms of
difference equations by performing a series of simula-
tions in which we introduced continuous perturbations
into our models. We assumed one year of prolonged
diapause, intermediate a values, and a gamma distribu-
tion for the random variables net rate of increase (l) and
mortality rate of diapausing individuals (m; m ¼ 12s). In
our simulations, we fixed mean values of l and m and
expressed the extent of disturbance as a coefficient of
variation (CV), taking values from 0.1 to 0.5. Random
values were generated as x ¼ x�bða; 1Þ=a where x is a
random deviate, x� the chosen mean, and bða; 1Þ are
deviates of a standard gamma distribution of integer
order a with a ¼ 1=CV 2 (Press et al., 1992).

For each model and set of parameter values, we ran
1000 simulations, each covering 5000 generations, and
estimated the extinction frequency (proportion of runs
in which the system collapsed before the end of the
simulation) and the mean time to extinction. Simula-
tions were run for values of k giving stable (k ¼ 0:8) or
unstable (k ¼ 1:5) models or that gave systems in which
prolonged diapause was predicted to result in an
increase in stability (k ¼ 1:08). The parameter values
are shown in Fig. 1, as s, u and spd, according to their
effects on stability.

The consequence of random perturbations in both l
and m are shown in Table 1. For the three prolonged
diapause models, extinction probabilities and mean
times to extinction were similar. In general terms, the
three models behaved as predicted by their deterministic
counterparts. With parameter values for which the
deterministic models are stable (k ¼ 0:8 and k ¼ 1:08),
and for moderated coefficients of variation (CVo0:4),
with rare exceptions, the three models persisted for at
least 5000 generations. With k ¼ 1:08; all models were
more susceptible to perturbation and often led to
extinction if CV was greater than 0.4. For k ¼ 1:5; a
value for which all deterministic models are unstable,
none of the simulations persisted over 5000 generations.
These results suggest that, in a stochastic environment,
one year of prolonged diapause makes a limited
contribution to the persistence of host–parasitoid
systems.

2.6. The influence of 2 years of prolonged diapause

We modified our three models to incorporate a second
year of extended diapause. This involved adding extra
terms similar to those on the r.h.s. of Eqs. (3)–(5) and
an extra parameter, b; corresponding to the fraction of
diapausing individuals that remain in diapause for
an additional year (see Appendix B, Eqs. (B.1)–(B.3)).
Fig. 1 shows the stability boundaries for the three
models for different b values. The curve with b ¼ 0
corresponds the situation in which diapause is pro-
longed by only one year (i.e., Eqs. (3)–(5)).

For the three models and for intermediate a and b
values, an extra year of prolonged diapause extends the
stability boundaries. For instance, for the conformer
parasitoid model (Eq. (B.1)), for intermediate and
realistic a and b values (a ¼ b ¼ 0:4; see below), stability
boundaries are extended up to values of kE1:4: For
extreme a values, an additional year in prolonged
diapause affects neither stability nor the qualitative
behavior of the model.

The qualitative behavior of the regulator and
independent phenology models (Eq. (B.2) and (B.3),
respectively), for low and moderate a values, is similar
to that of the corresponding models with a single year of
prolonged diapause, with stability boundaries becoming
extended as b increases. For a ¼ b ¼ 0:4; the stability
boundaries reach kE2: However, due to the metabolic
costs and the risk of mortality associated with diapause,
these values are unlikely.

A key issue is the proportion of animals undergoing
successive years of prolonged diapause. Table 2 presents
the a and b values reported in previous studies for
various insect species (regardless of whether their
parasitoids have been identified). Although few data
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Table 2

Examples of the frequency of prolonged diapause (a and b values) in insects

Species a b Source

Curculio elephas (Curculionidae) 0.41 0.09 Menu (1993)

Gilpinia hercyniae (Diprionidae) 0.18 0.02 Danks (1987)

Rhagoletis mendax (Tephritidae) 0.20 0.2 Danks (1987)

Rhagoletis completa (Tephritidae) 0.34 0.23 Danks (1987)

Leptinotarsa decemlineata (Chrysomelidae) 0.019 0.003 Tauber and Tauber (2002)

Diabrotica virgifera (Chrysomelidae) 0.315 0.16 Levine et al. (1992)

Laspeyresia strobilella (Tortricidae) 0.17 0.05 Annila (1981)

Pegomya zonata (Anthomyiidae) 0.20 N/A Hanski and Stahls (1990)

Pegomya scapularis (Anthomyiidae) 0.16 N/A Hanski and Stahls (1990)

Hylemyia anthracina (Anthomyiidae) 0.41 0.34 Annila (1981)

Megastigmus spermotrophus (Torymidae) 0.07 0 Annila (1982)

Megastymus spermophilus (Torymidae) 0.19 N/A Roux et al. (1997)

Contarinia sorghicola (Cecidomiiydae) 0.26 0.1 Danks (1987)

Contarinia pisi (Cecidomyiidae) 0.9 0.025 Keller and Schweizer (1994)

Values were estimated from previously reported data on the proportions of the population emerging after prolonged diapause. In cases in which more

than one data set was available, we took mean values. N/A indicates data not measured or not available.

Table 1

The influence of prolonged diapause in a stochastic environment

k value C.V. Conformer Regulator Independent phenology

0.8 0.1 0 0 0

(s) 0.2 0 0 0

0.3 0 0 0

0.4 0 0 0

0.5 0.007(2703.83) 0.003 (1769.10) 0.017 (2947.44)

1.08 0.1 0 0 0

(sdp) 0.2 0 0 0

0.3 0 0 0

0.4 0.26 (2451.71) 0.004 (2515.33) 0.005 (2153.75)

0.5 0.95 (1338.98) 0.25 (1783.11) 0.38 (2698.07)

1.5 0.1 1 (289.59) 0.98 (1781.24) 0.98 (1722.53)

(u) 0.2 1 (236.58) 1 (882.38) 1 (751.02)

0.3 1 (203.96) 1 (593.08) 1 (524.11)

0.4 1 (171.96) 1 (353.08) 1 (295.79)

0.5 1 (136.44) 1 (251.23) 1 (228.79)

Frequency of population extinction for 3 models including a 1-year prolonged diapause (‘‘conformer’’ parasitoid, ‘‘regulator’’ parasitoid and

independent phenology, see main text) in stochastic environments, for three degrees of parasitoid attack aggregation (k). The numbers shown are the

proportions of replicates not surviving 5000 generations. The figures in brackets correspond to the mean time to extinction for those replicates in

which the system collapsed before the end of the simulation. In these simulations the rate of increase, l and the mortality rate m were taken as random

variables (with means %l ¼ 2 and %m ¼ 0:2 respectively). The coefficients of variation are shown in the table (C.V.). Other parameter values: a ¼ 0:25

and a ¼ 0:008: The values of k and a are also shown in Fig. 1 as u (for unstable), s (for stable) and sdp (for stable as a consequence of prolonged

diapause). See main text for further details.
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are available, it is clear that a and b rarely take values
higher than 0.4.
3. Discussion

Prolonged diapause, the condition in which a fraction
of the population extends diapause for supplementary
years, is common in many insect populations (see
Waldauber, 1978; Annila, 1981; Danks, 1987; Hanski,
1988; Menu and Debouzie, 1993, for examples), includ-
ing parasitoids (Annila, 1981; Danks, 1987; Hanski,
1988). For about half the insect species for which
prolonged diapause has been described (Hanski, 1988)
and in which diapause extends for a single year, the
effect of this prolongation of diapause is thought to be
limited: in our models, stability requires values of k close
to unity (the stability criterion for a model without
prolonged diapause). Including an additional year in
prolonged diapause, corresponding to approximately
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20% of known cases (Hanski, 1988), may extend the
stability boundaries up to k values approaching k ¼ 2;
for realistic parameter values. Models with geometri-
cally distributed diapause spans (Ringel et al., 1998 and
Appendix C (Section C.2) suggest that diapause spans
longer than 2 years would further extend the stability
boundaries.

Our results also show that certain ecological details of
the interaction—the number of years in diapause and
the proportion of animals undergoing diapause for
various lengths of time in particular—strongly influence
the stability of host–parasitoid systems. Our findings
also suggest that the timing of attacks, the time at which
hosts are killed and the physiological relationship
between the species involved may also affect the
dynamics of the system. Many pest insects and their
parasitoids undergo prolonged diapause (e.g. Annila,
1981; Brockerhoff and Kenis, 1996). The outcome of
programs for the biological control of pest insects may
therefore depend on this phenomenon.

We considered three main relationships between the
host and parasitoid development. If hosts are not killed
during early development, parasitoids commonly adopt
the strategy of conforming to host physiology (Eqs. (3)
and (B.1)). This leads to developmental synchrony of the
two populations. Several examples in which such
synchrony is observed have been described in previous
studies by Annila (1981), Beckage (1985), Danks (1987),
Hanski (1988) and Brockerhoff and Kenis (1996).
Another example is the cynipid wasp Ibalia leucospoides,
a parasitoid of the woodwasp Sirex noctilio (J. Corley,
pers.obs.).

Alternatively, hosts may be killed by parasitoids at
early stages, before or during diapause. In such cases,
parasitoids may not display prolonged diapause. Persis-
tence in a state of prolonged diapause for additional
years is possible only for the fraction of hosts that have
escaped parasitism and so only hosts emerge after
prolonged diapause (Eqs. (4) and (B.2)). Such behavior
has been reported for many ichneumons (Askew, 1971).

Finally, we considered situations in which parasitoids
attack late larval instars, pupae or even adults, and in
which prolonged host diapause occurs at some stage
before parasitoid attack. In these cases, prolonged
diapause and parasitoid attack are totally independent
events (Eqs. (3) and (B.3)). Although we know of no
specific cases of such systems, they are very likely to
occur and are likely to be reported only rarely. The
results for our three models suggest that prolonged
diapause would have only a moderate influence on
stability. We did obtain stronger predicted effects on
stability, but only in what are probably unrealistic
conditions.

The stabilizing mechanism in our models is probably
similar to that found in metapopulation models. In these
models, there is asynchrony across subpopulations
linked by migration, caused by intrinsic patch dynamics.
The number of immigrants is independent of local
population density, whereas its relative contribution is
negatively related to local density (Murdoch et al.,
1992).

However, in the prolonged diapause models, the
number of individuals originating in different years and
contributing to the present population should be
correlated. This might account for the weaker stabilizing
effect of prolonged diapause than reported in studies of
metapopulation dynamics. However, time delays may
have complex effects on population dynamics (Crone,
1997).

Menu (Menu, 1993; Menu et al., 2000) showed that in
stochastic environments, prolonged diapause makes a
strong contribution to the persistence of single-popula-
tion models. Our work suggests that parasitoids would
strongly decrease this effect. This is an important issue
because few, if any, insect populations are likely to be
free from parasitoid attack and environmental pertur-
bations. As shown above, in a stochastic environment,
our models for one year of prolonged diapause are only
slightly more persistent than the equivalent host–
parasitoid model without prolonged diapause.

Ringel et al. (1998) recently incorporated prolonged
host and parasitoid diapause into a Nicholson-Bailey
framework and concluded that stability was greatly
increased by prolonged host diapause (stability bound-
aries include values up to k-N). Ringel et al. (1998)
assumed that diapause always constitutes a refuge from
parasitism. Their results are not surprising given the
well-known effect of refuges on the stability of
Nicholson-Bailey models (Hassell, 1978; Hochberg and
Holt, 1999; Hassell, 2000; Bernstein, 2000). The
stabilizing influence of refuges in host–parasitoid
systems including diapause is further illustrated in
Appendix C (Section C.1).

Diapause may be a physical refuge against parasitism,
as has been suggested for Neodiprion swainei, the Swaine
jack pine sawfly (Price and Tripp, 1972), but there is
little evidence to suggest that this is a common feature of
host–parasitoid systems including diapause.

One major assumption made by Ringel et al. (1998) is
that the duration of prolonged diapause is geometrically
distributed. This corresponds to the limiting case of the
models presented here in which, at least potentially,
insects can diapause for an indeterminate number of
years. This assumption, which reflects the biology of
some natural populations, implies that there is a chance
(albeit a very small chance) that a given individual will
remain in prolonged diapause for an unlimited number
of generations. As shown in Appendix C (Section C.2),
geometric distributions of diapause spans may strongly
stabilize host–parasitoid systems. However, for many
host–parasitoid systems such distributions are unrealis-
tic. Insects rarely prolong diapause for more than 2
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years (Hanski, 1988; Turgeon et al., 1994) and the
maximum duration of extended diapause for any
individual does not exceed a fixed number of genera-
tions. This is probably because the costs of prolonging
diapause for long periods are rarely compensated by the
advantages of emerging later (Kroon and Veenendaal,
1998; Menu et al., 2000).

Our models suggest that, in general terms, prolonged
host diapause makes much less of a contribution to the
stability of host–parasitoid interactions than suggested
by Ringel et al. (1998). There are even conditions in
which prolonged diapause would reduce stability. When
interpreting these conflicting results, it should be borne
in mind that host–parasitoid systems framed in terms of
difference equations are intrinsically unstable. The
instability of these systems stems from the one genera-
tion delay between changes in the host population and
changes in parasitoid attacks. The Ringel et al. (1998)
model includes two elements (refuges and the geometric
distribution of prolonged diapause spans), each of which
can stabilize host–parasitoid systems on their own (see
Appendix C) but that are unrealistic for many host–
parasitoid interactions.

In conclusion, this work shows that for most host–
parasitoid systems, prolonged diapause is likely to make
a modest (and much smaller than previously claimed)
contribution to the stability and persistence of coupled
host–parasitoid interactions. This is particularly true if
biologically realistic parameters are considered. Finally,
our results also suggest that some features of the life
history of the populations involved may have a crucial
influence on the dynamics of the systems (e.g. whether
diapause creates refuges from parasitism), whereas
others may have only a minor effect (similar predictions
are generated by all three models presented here).
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Appendix A. Stability analysis for the three host–

parasitoid models with a 1-year prolonged diapause

Analysis of the stability of the various models close to
equilibrium densities requires that the systems are fully
specified in terms of densities at times t and t21: For
this, we introduce two variables, Zt and Yt, correspond-
ing to the densities at time t of hosts and parasitoids,
respectively, that hatched at time t21: We define Zt ¼
Nt � 1 and Yt ¼ Pt21: The models take the following
forms:

Model 1

Nt ¼ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k

þ salZt�1ð1 þ aYt�1=kÞ�k;

Zt ¼ Nt�1;

Pt ¼ð1 � aÞNt�1f1 � ð1 þ aPt�1=kÞ�kg
þ saZt�1f1 � ð1 þ aYt�1=kÞ�kg;

Yt ¼ Pt�1;

Model 2

Nt ¼ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k

þ salZt�2ð1 þ aYt�1=kÞ�k;

Zt ¼ Nt�1;

Pt ¼ Nt�1f1 � ð1 þ aPt�1=kÞ�kg;

Yt ¼ Pt�1;

Model 3

Nt ¼ fð1 � aÞlNt�1 þ salZt�1gfð1 þ aPt�1=kÞ�kg;

Zt ¼ Nt�1;

Pt ¼ fð1 � aÞNt�1 þ saZt�1gf1 � ð1 þ aPt�1=kÞ�kg:
The equilibrium for each model is found by setting

N� ¼ Nt�1 ¼ Nt�2 and P� ¼ Pt�1 ¼ Pt�2;

where

H ¼ ½ð1 � aÞ þ sa�:
Thus, for Models 1 and 3,

P� ¼ ðrHÞ
1
k � 1

� �
k

ð1 � aÞ;

N� ¼ P� 1

H

1

1 � 1 þ aP�

k

� ��k
 !;

whereas, for Model 2

P� ¼ ðrHÞ
1
k � 1

� �
k

ð1 � aÞ;

N� ¼ P� 1

1 � 1 þ aP�

k

� ��k
 !:
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The corresponding Jacobian matrices (Ji) for each
model i are,
J1 ¼

1 þ apt�1

k

� ��k

ðrð1 � aÞ 1 þ apt�2

k

� ��k

rsa �aNt�1 1 þ apt�1

k

� ��1�k

ðrð1 � aÞ �aNt�2 1 þ apt�2

k

� ��1�k

rsa

1 0 0 0

1 � 1 þ apt�1

k

� ��k
� �

ð1 � aÞ 1 � 1 þ apt�2

k

� ��k
� �

sa aNt�1 1 þ apt�1

k

� ��1�k

ð1 � aÞ aNt�2 1 þ apt�2

k

� ��1�k

sa

0 0 1 0

0
BBBBBB@

1
CCCCCCA
;

J2 ¼

1 þ apt�1

k

� ��k

rð1 � aÞ 1 þ apt�2

k

� ��k

rsa �aNt�1 1 þ apt�1

k

� ��1�k

rð1 � aÞ �aNt�2 1 þ apt�2

k

� ��1�k

rsa

1 0 0 0

1 � 1 þ apt�1

k

� ��k

0 aNt�1 1 þ apt�1

k

� ��1�k

0

0 0 1 0

0
BBBBBB@

1
CCCCCCA
;

J3 ¼
1 þ apt�1

k

� ��k

rð1 � aÞ 1 þ apt�1

k

� ��k

rsa �aNt�2 1 þ apt�1

k

� ��1�k

rsa� aNt�1 1 þ apt�1

k

� ��1�k

rð1 � aÞ
1 0 0

1 � 1 þ apt�1

k

� ��k

ð1 � aÞ 1 � 1 þ apt�1

k

� ��k

sa aNt�2 1 þ apt�1

k

� ��1�k

sa� aNt�1 1 þ apt�1

k

� ��1�k

ð1 � aÞ

0
BBB@

1
CCCA:
Local stability is ensured only if all the eigenvalues of
the Jacobian matrix are less than 1 in absolute value.
For each model, as a function of the relevant
parameters, this condition was found numerically using
the symbolic-numerical package Mathematicar. Simu-
lations were also performed with a program written
in C.
Appendix B. The three models in which diapause

extended over 3 years

The models for the three different situations, with 2
years of prolonged diapause. Parameter b is the fraction
of the population staying in prolonged diapause for an
additional year. For the other parameters, see the main
text.
(a)
 ‘‘Conformer’’ parasitoids

Nt ¼ ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k

þ sð1 � bÞalNt�2ð1 þ aPt�2=kÞ�k

þ sbalNð1 þ aPt�3=kÞ�k;

Pt ¼ ð1 � aÞNt�1f1 � ð1 þ aPt�1=kÞ�kg
þ sð1 � bÞaNt�2f1 � ð1 þ aPt�2=kÞ�kg
þ sbaNt�3f1 � ð1 þ aPt�3=kÞ�kg: ðB:1Þ
(b)
 ‘‘Regulator’’ parasitoids

Nt ¼ ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k

þ sð1 � bÞalNt�2ð1 þ aPt�2=kÞ�k

þ sbalNt�2ð1 þ aPt�3=kÞ�k;

Pt ¼ Nt�1f1 � ð1 þ aPt�1=kÞ�kg: ðB:2Þ
(c)
 ‘‘Independent’’ parasitoid phenology

Nt ¼ fð1 � aÞlNt�1 þ sð1 � bÞalNt�2

þ sbalNt�3gfð1 þ aPt�1=kÞ�kg;

Pt ¼ faNt�1 þ sð1�ÞbaNt�2

þ sbaNt�3gf1 � ð1 þ aPt�1=kÞ�kg: ðB:3Þ
Appendix C. The stabilizing influence of refuges and the

geometric distribution of prolonged diapause spans

The aim of this appendix is to describe the influence of
refuges and a geometric distribution of prolonged
diapause spans on the stability of host–parasitoid
systems including prolonged diapause. For this, two
models, each including one of these processes, were
analyzed for local stability (as in Appendix A).
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Fig. 3. Stability boundaries for a ‘‘conformer’’ model with a geometric

distribution of diapause spans. Stability boundaries are drawn as a

function of a; the fraction of newly emerged individuals undergoing

prolonged diapause and k; the aggregation coefficient, for different

values of b; the fraction of individuals remaining in prolonged

diapause, in a given year. The system is stable for the values of k and a
below the curves corresponding to each b value. Other parameter

values are as in Fig. 1. The area below the line at k ¼ 1 corresponds to

the stability boundaries for the May (1978) model, the equivalent

model without prolonged diapause. The nearly vertical line for b ¼ 0:8

at high a values results from the combination of a large proportion of

the population undergoing prolonged diapause and low survival rates.

For slightly higher survival rates, this line disappears, and so, for b ¼
0:8 the model becomes stable for any high value of a:
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C.1. Prolonged diapause as a refuge from parasitism

In this model we consider a host–parasitoid system in
which a fraction of the host population undergoes 1 year
of prolonged diapause, and in which, as described in the
study by Ringel et al. (1998), individuals undergoing
prolonged diapause are fully protected from parasitism.

The equations for the model are:

Nt ¼ ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k þ salNt�2;

Pt ¼ ð1 � aÞNt�1f1 � ð1 þ aPt�1=kÞ�kg; ðC:1Þ

where parameters are defined as in the main text.
The stability boundaries of this model are presented

in Fig. 2 for two values of kðk ¼ 2; k ¼ NÞ; for which
the models including prolonged diapause (Eqs. (3)–(5),
(B.1), (B.2) and (B.3)) would be unstable. The stability
boundaries for k ¼ 2 are somewhat more extended than
those of the classical Hassell and May (1973) (model D)
refuge model, which does not include prolonged
diapause (for comparison, Fig. 2 presents the stability
boundaries of Eq. (C.1) as a function of the same
parameters as the Hassell and May (1973) (model). Note
that Hassell and May (1973) implicitly assumed that
s ¼ 1:

C.2. Geometrical distribution of diapause spans

In this section, we considered a ‘‘conformer’’ para-
sitoid model (see Eq. (3)) in which prolonged diapause
spans are geometrically distributed (as assumed by
Ringel et al., 1998) and in which diapause does not
constitute a refuge from parasitism. The equations for
the model are:
α 

λ 

1.5 2 2.5 3 3.5 4 4.5 5

0.2

0.4
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0.8

1

Fig. 2. Stability boundaries, for a model in which prolonged diapause

extends over a single year and provides a refuge from parasitism for

diapausing hosts. The stability boundaries for two values of k; the

coefficient controlling the aggregation of parasitoid attacks (k ¼ 2;

unbroken lower line and k ¼ N; dotted line), are shown in terms of a;
the proportion of individuals in the population undergoing prolonged

diapause and l the host reproduction rate. The model is stable for

combinations of parameter values between the upper curve and either

of the two lower curves, depending on the value of k:
Nt ¼ ð1 � aÞlNt�1ð1 þ aPt�1=kÞ�k þ sð1 � bÞlNDt�1;

NDt ¼ aNt�1ð1 þ aPt�1=kÞ�k þ sbNDt�1;

Pt ¼ ð1 � aÞNt�1f1 � ð1 þ aPt�1=kÞ�kg
þ sð1 � bÞPDt�1;

PDt ¼ aNt�1f1 � ð1 þ aPt�1=kÞ�kg þ sbPDt�1; ðC:2Þ

where b is the fraction of individuals remaining in
prolonged diapause for an additional year, and NDt and
PDt are the numbers of hosts and parasitoids, respec-
tively, in prolonged diapause at year t: Other parameters
are as in the main text.

Fig. 3 shows the stability boundaries of this model for
two values of k (k ¼ 2; k ¼ N). These results indicate
that a model in which diapause spans are geometrically
distributed is stable for a range of parameter values over
which models including prolonged diapauses of only
1 or 2 years (Eqs. (3) and (B.1), Fig 1a) would be unstable.
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