


decades of data need to be collected before patterns

emerge. The development of data-parameterized and well-

tested mathematical models allows us to ask how manage-

ment strategies may affect the long-term dynamics of a

system (e.g. decades into the future), identify potential

risks or reveal unforeseen consequences before they occur.

Invertebrate pests, such as forest- and crop-defoliating

insects, are regularly the focus of control efforts whose

long-term effects may be unknown. Without management

intervention, these populations often undergo dramatic

multi-year oscillations in the form of boom and bust cycles

(Anderson & May 1980; Bjørnstad, Robinet & Liebhold

2010). During the boom phase, widespread defoliation

occurs, which causes substantial economic damage (Lieb-

hold et al. 2000). Peak populations rapidly decline from

outbreak levels due to increased mortality caused by

pathogens or parasitoids (Liebhold & Kamata 2000). In an

attempt to hasten these declines, there has been a great

deal of effort and expense devoted to controlling popula-

tion numbers when they reach the outbreak phase of the

cycle (Podgwaite et al. 1984, 1992; Scriber 2001; Moreau

et al. 2005; Maclauchlan et al. 2009). However, given that

these fluctuations in population size occur approximately

once a decade, the long-term multi-decadal effects of man-

agement strategies for these systems are not well known.

Using a mechanistic model for the invasive gypsy moth

Lymantria dispar that has been rigorously tested (Dwyer

et al. 2000; Dwyer, Dushoff & Yee 2004; Elderd, Dushoff

& Dwyer 2008; Reilly & Hajek 2008; Bjørnstad, Robinet &

Liebhold 2010), we show that the use of biocontrol efforts

to manage these pests can sometimes have unexpected and

undesirable outcomes. In fact, ill-informed biocontrol use

could actually sustain long-term outbreaks. This can have

important ecological and economic consequences for east-

ern deciduous forest stands where this invasive pest occurs

(Doane & McManus 1981). While we examine these issues

with the gypsy moth in mind, the results can be widely

applied given the increased use of anthropogenic inputs for

controlling and managing numerous populations.

Materials and methods





Independent of whether NPV or Bt is sprayed, a land manager

needs to define a strategy for when to spray. The strategy would

most likely be based on three different factors: the amount of the

biocontrol agent to apply; the size of the population threshold

required to trigger a spraying event; and the timing of the appli-

cation within the season. For our models, spray application is

implemented in a generation in which NT exceeds a population

threshold NH of a continually rising population (i.e. NT > NT�1).

This would be indicative of a population that is increasing in

number towards potential outbreak levels. Thus, if Gypchek is

selected as the biocontrol agent, the pathogen in the system is

increased by PG. If Bt is selected, the number of susceptibles S

declines by the fraction fB.

Using the rescaled equations for both within-season (eqns 1–3)

and between-season (eqns 4–6) dynamics, we examined how Gyp-

chek and Bt application affected the long-term dynamics of the

system. Throughout the simulations, we used the field-derived

parameter values from Dwyer, Dushoff & Yee (2004) (k =



permanently (Figs 2a,b vs. 3a,b). In the presence of

stochasticity, effective control can only be achieved with

frequent and continued spray applications year after year

(Fig. 3a,b). Even then, the population does not settle

down on the low-level equilibrium but instead displays

cyclic behaviour around the equilibrium value. Stochastic

trajectories can also still be held in the vicinity of the

unstable equilibrium (Fig. 3c,d). The frequency of spray-



The addition of Bt to the system allows for similar

dynamics but over different regions of parameter space.

However, unlike Gypchek, the spray threshold has little







of gypsy moths in the system. It is also still possible to

send the system to the low-density equilibrium, which is

maintained by the generalist predator (Dwyer, Dushoff &

Yee 2004). However, holding it at this level will require

frequent biocontrol applications. From a biocontrol per-

spective, too much stochasticity hampers the ability of

any management effort to quickly control the system.

For the two-patch spatial model, the danger of the



Robinet & Liebhold 2010). However, as is true of all

models, there are limitations based on the data available

and the level of model complexity. For instance, the num-

ber of times that a biocontrol agent needs to be applied

to the system changes based on the level of environmental

stochasticity in the system (see Fig. S5, Supporting Infor-

mation). Thus, proper quantification of stochasticity

would allow us to more accurately pinpoint how often

certain management outcomes could be met. Additionally,

while the model does reasonably well at reproducing time

series associated with natural population dynamics (Fig. 1

and Table 1), what about populations that have been

sprayed with biocontrol? Currently, there is some evidence

that spraying Gypchek has resulted in altering the cyclic

dynamics of gypsy moth populations in central Michigan

(G. Dwyer, pers. comm.). Comprehensive data sets col-

lected from these and other populations would allow for a

direct test of the biocontrol version of the model.

Lastly, we have chosen a relatively simple non-spatial

and spatial version of a long-term dynamic model that

does not directly take into account other factors that may

be important for determining gypsy moth cycles such as

forest composition (Bjørnstad, Robinet & Liebhold 2010;

Elderd et al. 2013), dispersal (Abbott & Dwyer 2008) and

host evolution (Elderd, Dushoff & Dwyer 2008). The

model also does not include the effects of the recently

established fungal pathogen Entomophaga maimaiga.

However, E. maimaiga does not affect the gypsy moth’s

cycles since mortality attributed to the fungus is density

independent (Liebhold et al. 2013) and including

E. maimaiga should not affect our conclusions. In general,

the above represent future research avenues that could

improve our analysis. However, to paraphrase the statisti-

cian George Box (Box & Draper 1987), all models are

wrong, but some are useful. The usefulness of the current

model is that it shows the real possibility that managers

could help maintain gypsy moth populations at much

higher levels than desired.

From a management perspective, a key for implement-

ing an effective control strategy is to determine the thresh-

old population at which to spray along with the amount

to spray. For the gypsy moth, egg mass counts (a com-

mon and fairly low-effort method of surveying gypsy

moth populations) roughly correspond to population size

(Talerico 1981). When egg mass count data are collected

on a yearly basis, land managers can infer whether popu-

lations are rising or falling. The same logic can be applied

when using other metrics of population size. For instance,

data from pheromone traps could be used in place of egg

mass counts. By monitoring populations and shrewdly

using biocontrol agents, a desirable management outcome

can be achieved – low pest population levels with rela-

tively low input of biocontrol. Paired with any control

programme should be an effort to monitor future popula-

tion levels as far forward as possible. Combining this

information with spray frequencies and amounts will pro-

duce valuable insight into the potential for various system
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Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Data S1. Model formulation, sensitivity analysis, stability analy-

sis, and an examination of chaotic dynamics.

Table S1. Parameter values used in the simulations for the rescaled

delay-differential eqns S9–S19.

Fig. S1. Effects of changes in fecundity k, coefficient of variation
V1/2, overwintering viability of cadavers produced in the current

generation / and the viability of pathogen produced in previous

generations ξ on the mean period between cycles.

Fig. S2. Effects of changes in fecundity k, coefficient of variation
V1/2, overwintering viability of cadavers produced in the current

generation / and the viability of pathogen produced in previous

generations ξ on the magnitude of the changes in population size

from the trough to the peak of single cycle.

Fig. S3. Effects of constant addition of either Gypchek (A) or Bt

(B) on the greatest eigenvalue, a1, as the amount of pathogen, PG,

or fraction of individuals killed, fB, increases.

Fig. S4. Time series, in the left column, and phase portraits, in the

right column, of the deterministic model where Bt is sprayed.

Fig. S5. Summary plots of the stochastic model for a range of

Gypchek, PG, (row A) and Bt, fB, (row B) addition vs. threshold

spray values, NH, for biocontrol spray frequency.

Fig. S6. Effects of emigration rate between a Gypchek sprayed

(Patch 1) and unsprayed (Patch 2) patch on median population size

for each patch, amplitude of population swings for each patch, and

the correlation between patches for a stochastic version of the

spatial model.

Fig. S7. Effects of emigration rate between a Bt sprayed (Patch 1)

and unsprayed (Patch 2) patch on median population size for each

patch, amplitude of population swings for each patch, and the

correlation between patches for a deterministic version of the

spatial model.

Fig. S8. Effects of emigration rate between a Bt sprayed (Patch 1)

and unsprayed (Patch 2) patch on median population size for each

patch, amplitude of population swings for each patch, and the

correlation between patches for a stochastic version of the spatial

model.

Fig. S9. Effects of biocontrol input (PG or fB), threshold population

size at which the biocontrol agent is administered (NH), and

stochasticity (r) on the Global Lyapunov Exponents (GLEs) using

the burnout approximation (eqn 3).

Fig. S10. Plot of long-term dynamics of the basic model using the

delay-differential equations.

Fig. S11. Plots of cycle amplitude values from the deterministic


