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Abstract 

Qualitative understanding of the dynamics of epizootics of the nuclear polyhedrosis virus 
of gypsy moth has become complete enough to justify attempts to quantitatively predict the 
timing and intensity of epizootics within a season. In earlier work (Dwyer and Elkinton, 
1993), we compared the predictions of a simple differential equation model derived from 
Anderson and May (1981) to time series of virus mortality in each of eight gypsy moth pop- 
ulations (Woods and Elkinton, 1987). The model’s predictions were very accurate for high 
density populations, but seriously under-estimated virus mortality in low density populations. 
Here we compare the predictions of the simple model to those of the gypsy moth life system 
model (GMLSM, Sheehan, 1985; Colbert and Racin, 1991), a highly complex computer 
simulation of gypsy moth population dynamics and forest stand growth that incorporates 
much of the existing knowledge of the many factors influencing gypsy moth populations. In 
particular we looked at two different versions of the GMLSM that incorporate two different 
models of virus transmission. One was identical to that of the simple model (Anderson and 
May, 1981; Dwyer and Elkinton, 1993), in which the rate of transmission was a constant (the 
transmission coefficient) times the product of the densities of healthy larvae and the den- 
sities infectious virus particles on foliage. The other approach, developed by Valentine and 
Podgwaite (1982) was a detailed model of production and consumption of infective particles 
on foliage. The model took account of age-related changes in the amount of foliage con- 
sumed and the variation in susceptibility of larvae to virus (L&). The Anderson and May 
version of the GMLSM performed about as well as the simple differential equation model, 
but only for values of the transmission coefficient about 250 times higher that those we 
had determined experimentally (Dwyer and Elkinton, 1993). The Valentine and Podgwaite 
(1982) version of the GMLSM gave a much better fit, but only for values of LD~o that were 
100 times higher than those determined experimentally. Future research will focus on eifforts 
to refine our understanding of virus transmission in order to explain and reduce the discsep- 
ancies between model predictions and observed mortality from virus in fieldpopulations 
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I. Introduction 

The past few decades have seen the development of a great diversity of models of 
host-pathogen interactions. These models range from simple differential equations 
with very few variables to highly complex computer simulations with hundreds of 
variables. In fact, few models occupy the middle ground in this range of complexity; 
most are either very simple or very complex. We have recently constructed a 
simple differential equation model for the dynamics of the nuclear polyhedrosis 
virus (NPV) of gypsy moth, Lymantria dispar (Dwyer and Elkinton, 1993). Here, 
we compare the predictions of the simple model to those of the gypsy moth life 
system model (GMLSM), a complex computer simulation that attempts to simulate 
all aspects of gypsy moth population dynamics (Sheehan, 1985; Colbert and Racin, 
1991). We examined two methods of simulating virus transmission in this model. 
One was identical to that of the simple model (Anderson and May, 1981). The other 
was a more complex method based on increase in the amount of foliage consumled 
and decreases in susceptibility of larvae to virus (increasing Z&o) as larvae grow. 
We compare the ability of each version of the model to predict, after the fact, time 
series of NPV prevalence in eight popu1ation.s in the field (Woods and Elkinton, 
1987). 

2. Gypsy moth and nuclear polyhedrosis virus 

The gypsy moth is a major defoliator of hardwood forest trees in many parts 
of the world. In North America it was introduced near Boston, Massachusetts 
from Europe in 1868 and has been gradually spreading west and south ever since. 
At irregular intervals gypsy moth populations erupt into outbreaks and cause 
widespread defoliation. Such high density populations of gypsy moth are often 
decimated by an epizootic of gypsy moth nuclear polyhedrosis virus (NPV). 

The gypsy moth is univoltine and overwinters in the egg stage. Larvae emerge 
from eggs coincident with bud-break in the spring and mature through five or ,six 
larval instars over a period of about 8 weeks. Adults emerge in mid-summer after a 
brief pupal stage. Females oviposit eggs in a single egg mass, typically on the trun.ks 
of trees. Females are flightless; dispersal depends on the ballooning behavior of first 
instars. Mortality from NPV typically occurs only during the larval stage (Murray et 
al., 1991). 

Research by Woods and Elkinton (1987) has elucidated the process of horizon-tal 
transmission and epizootic development of NPV in gypsy moth populations, building 
upon the earlier work of Doane (1970, 1975, 1976). Woods and Elkinton (1987) 
quantified mortality from NPV and other causes from several high and low density 
populations of gypsy moth on Cape Cod, Massachusetts over several years. In 
populations of both high and low density, mortality from NPV followed a bimodal 
temporal pattern (Fig. 1). There was a first wave of mortality among first to third 
instars followed by a period of reduced mortality, and then a second wave when 
the majority of the larvae were in the fifth and sixth instars. The highest rates 
of mortality from NPV usually occurred during the second wave. The bimodal 
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Fig. 1. Mortality from NPV among ca. 100 gypsy m’oth larvae [m] collected each week from eight 
different populations on Cape Cod 1983-1985 by Woods and Elkinton (1987) and (solid line) that 
predicted by the simple differential equation model of Dwyer and Elkinton (1993). 

temporal pattern (Fig. 1). There was a first wave of mortality among first to .third 
instars followed by a period of reduced mortality, and then a second wave when 
the majority of the larvae were in the fifth and sixth instars. The highest rates 
of mortality from NPV usually occurred during the second wave. The bim.odal 
pattern of mortality was matched by similar patterns both of NPV contamination of 
foliage, as demonstrated with a bioa:ssay procedure, and by the patterns of mortality 
among gypsy moth larvae reared in the laboratory from NPV contaminated eggs. 
Among larvae reared in groups of 10, there was a pronounced second wave of 
mortality among late instars. Among larvae reared individually, however, there was 
no NPV mortality among late instars. These results support the hypothesis that early 
instar mortality contaminates the fo:liage with NPV and provides the source of viral 
inoculum for late instar infections (Deane, 1970, 1975, 1976). 

Other studies have investigated the process by which NPV is transmitted between 
generations of gypsy moth. It appears that several mechanisms may exist. First, 
Shapiro and Robertson (1987) presented evidence for vertical or maternal trans- 
mission of NPV in gypsy moth. They fed NPV to gypsy moth larvae and observed 
virus particles, or polyhedral inclusion bodies (PI%), in the host tissues of the 
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Doane (1969) reported that nearly all of the mortality of larvae reared from field 
collected egg masses could be eliminated by surface disinfection, suggesting that, if 
vertical transmission occurs at all, it is due to surface contamination of the eggs. 
Murray and Elkinton (1989, 1990) confirmed that gypsy moth egg masses acquire 
the NPV primarily from the surface on which the eggs are deposited rather than 
from the female parent. The bulk of the existing evidence thus suggests that vertical 
transmission, if it exists, occurs largely by way of surface contamination (transovum 
transmission) as opposed to within the egg (transovarial transmission). Other stud- 
ies have shown that gypsy moth neonates can obtain lethal doses of NPV by walking 
over contaminated bark or other substrates (Weseloh and Andreadis, 1986; Woods 
et al., 1989). 

This brief literature review demonstrates that we now have a fairly extensive 
understanding about how NPV is transmitted in gypsy moth popuIations, and have 
identified some of the most important factors that influence levels of NPV mortality. 
Our next step is to see whether our qualitative understanding of the dynamics of 
gypsy moth NPV can be translated into quantitative predictions of levels of NPV 
mortality. Our thesis is that mathematical modelling is the most obvious tool for 
testing the adequacy of our knowledge. Specifically, by comparing model predictions 
with existing data from the field, like that from Woods and Elkinton (1987), we can 
test our understanding of NPV dynamics. Here we compare the predictions of two 
such models. 

3. Methods 

In Dwyer and Elkinton (1993) we presented the following model for the 
dynamics of insect pathogens within a season. 

dS 
-= 
dt 

-vPS 

d/ 
-& = UPS - uP(t - t)S(t - z) 

dP 
- = Au(t - t)S(t - t) - pP 
dt (3) 

where S is the density of susceptible hosts, I is the density of infected hosts, P is the 
density of the pathogen in the environment, u is the transmission constant, r is the 
time between infection and death of the host, 1’~ is the number of pathogen particles 
produced by an infected larva, p is the decay rate of the pathogen, and t is time. 

As we discussed in Dwyer and Elkinton (1993), our opinion is that biologists 
have historically avoided this type of model for two main reasons. The first is that 
the model includes only the bare minimum of what biologists believe can affect the 
dynamics of NPVs. For example, horizontal disease transmission in the model is a 
function only of density; in reality, a variety of factors have been shown to influence 
horizontal disease transmission, including host stage (Thompson and Scott, 1979; 
Kaupp, 1983; Watanabe, 1987; Teakle and Byrne, 1989; Dwyer, 1991; Hochberg, 
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1991), and chemical constituents of foliage consumed by the insects (Keating and 
Yendol, 1987; Keating et al., 1988). Having been trained to think that more detailed 
biological knowledge leads to better understanding, many biologists have been 
drawn instead to complex computer simulations that include a wealth of biological 
detail (Sheehan, 1985; Onstad and Carruthers, 1990). 

A second problem has been the difficulty of estimating parameters that cannot be 
derived easily from observations of individual host insects. Eqs. l-3 are essentially 
Anderson and May’s (1980, 1981) model with the addition of a fixed time-delay 
between infection and death. The introduction of a time delay allows us to easily 
estimate the disease incubation time (t) and the number of pathogen particles per 
infected host (A). Although the transmission parameter u remains problematic, in 
Dwyer and Elkinton (1993) we presented a protocol for estimating this parameter. 
The protocol essentially consists of fitting the model to data from small-scale 
transmission experiments. The experiments involve rearing infected and uninfected 
larvae in mesh bags on red oak foliage, and recording the fraction of the initially 
uninfected larvae that become infectsed. 

The Gypsy Moth Life System model (GrMLSM) was originally developed by 
McNamee et al. (unpublished) and Sheehan (1985) and modified into its current 
form by Colbert and others (Colbert and R.acin, 1991). The model simulates the 
growth and development of gypsy moth in a forest stand and includes the action 
of the many predators, parasitoids and disease agents that attack gypsy moth at 
varying times in its life cycle, as well as daily fluctuations in weather. The forest 
stand component of the model simulates the growth of trees and the impact of 
gypsy moth defoliation on each of the user-specified tree species in the forest stand. 
The basic time step of the model can be set by the user for a fixed number of 
days or degree days. The model summarizes mortality at the end of each season 
and can be used to investigate the dynamics of gypsy moth and forest growth oser 
many successive years. To compare the model to Eqs. l-3, here we focus on the 
within-season dynamics of NPV. 

The pathogen portion of the life system model was modified from a mlodel 
developed by Valentine (Valentine and Podgwaite, 1982). The pathogen submladel 
simulates the movement of PIBs between various strata within the stand (the over- 
story, the understory and the litter). Some of the virus inclusion bodies produced 
by larvae that die on foliage are washed onto the other stand strata. The PIBs that 
wash onto the bole contaminate the egg masses and determine the level of in.fection 
among neonates the following year, The variable incubation time of virus within 
hosts is simulated with a Weibull function. 

Within-generation transmission in. the Valentine model is determined by estinnat- 
ing the probability of a larva consuming a lethal dose at each iteration of the model. 
The probability is estimated from the density of PIBs, the amount of foliage ‘con- 
sumed, a clumping factor and known values for L&O for each instar as determined 
in laboratory experiments (Podgwaite, unpublished). These experiments involved 
feeding known doses of virus on leaf discs to larvae of different instars. 

We developed a second version of the pathogen submodel for the GMLSM, that 

was intermediate between our simple model and the original Valentine submodel. In 
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this version transmission rates were calculated as in our simple model (u x density 
of uninfected larvae x density of PIBs) based on (Anderson and May, 1981). %o 
estimate the discrete-time transmission coefficient for this version of the GMLSM, 
we followed Dwyer and Elkinton (1993) by fitting a simplified version of the model 
to the experimental data on larvae reared in bags on foliage Dwyer and Elkinton 
(1993). The resulting value of u (1.89 x 1O--‘2 m2/day) is close to (1.45 x lo-r2 
m2/day) for the continuous-time simple model. 

In order to compare the predictions of both versions of the pathogen submodel in 
the GMLSM to our simple differential equation model, we simplified the GMLSM 
to focus on mortality from virus within a season. We eliminated the effect of 
variables that we believe are of secondary importance. PIBs produced from larvae 
that die of the virus remained on the substrate upon which the larvae died whereas 
in the original GMLSM some fraction of these PIBs are washed off the foliage onto 
the boles of trees and the forest floor. In each daily interval, the fraction of PIBs 
that decayed was set to a constant equal to 0.003 (Podgwaite et al., 1979) as in the 
simple model (Dwyer and Elkinton, 1993). We set all other sources of mortalifij of 
gypsy moths from parasitoids, predators and starvation to zero. The initial infection 
rate was a fixed value (equal to what we observed for the particular plot and year we 
were simulating), instead of being calculated from the density of PIBs produced the 
previous year. The effect of PIB clumping in the Valentine submodel was eliminated 
by setting the clumping parameter (k) to an asymptotically high value of 1000, which 
implied that the virus was evenly distributed over the foliage surface. We recognize 
that PIBs may indeed be clumped in natural populations, but we have no data on 
PIB clumping nor any obvious way of estimating k, even if we had the data. We 
eliminated a variable in the pathogen submodel that placed an arbitrary upper limit 
on the fraction of the population becoming infected in any time step. No data exist 
to support such an upper limit (below 1.0). We ran simulations with a 1 day basic 
time step for one year for stands comprised entirely of red oak, Quercus R.&M, using 
weather data for 1983, the first year of the study of Woods and Elkinton (1987). 

The principal differences between the simple model and both versions of the 
GMLSM were as foIIows. The density of PIBs in Dwyer and Elkinton (1993) is 
calculated as PIBs per m2 of leaf area based on the leaf area index, which was 
calculated for these sites by Liebhold et al. (1988) and which we assumed would 
remain constant through the season. In contrast, the GMLSM calculates leaf area 
by means of a complicated algorithm that takes account of on-going defoliation. 
Furthermore, the life system model embodies complicated rules of larval behavior, 
that determine what fraction of larvae die from NPV on foliage compared to other 
substrates. This fraction varies with population density. In addition, both larval 
growth and NPV development in the life system model are temperature dependent 
processes that are driven by weather conditions. Incubation time for the virus insi.de 
a larva increases with larval age, as indicated by studies of Shields (1984) instead of 
the fixed incubation time of two weeks used in Dwyer and Elkinton (1993). Finally 
the simulated eggs in the GMLSM hatch over a period of several days producing 
a distribution of age classes or cohorts that persist through the subsequent insta.rs. 
In contrast, all individuals in the simple model hatch simultaneously. As a result all 
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individuals initially infected with NPV die in the same week in the simple model; 
whereas such deaths are distributed over two or more weeks in the GMLSM. 

4. Results and discussion 

To test these models, we compared their predictions to data on the proportion 
of larvae dying each week from NPV during the larval stage from 8 populations 
on Cape Cod, Mass., as reported in Woods and Elkinton (1987). The initial rate of 
infection for these populations was determined by measuring the fraction of larvae 
reared from egg masses that die from NPV within a few days of hatch (Woods et 
al., 1991). The density of larvae was, estimatied from the number of egg masses per 
ha times the number of larvae emerging plcr mass. We have previously reported 
(Dwyer and Elkinton, 1993) the fit of the simple model to these data as illustrated 
in (Fig. 1). For two of the plots the fit is excellent, for three others the m.odel 
roughly reproduces the data and for the remaining three plots the model vastly 
underestimates the mortality during late imtars. These three plots had the lowest 
densities of gypsy moths among the eight plots that we fit, suggesting that our model 
may leave out an important component of NPV epizootiology at low density. 

In short, in Dwyer and Elkinton (1993), we presented a model of insect host- 
pathogen dynamics that includes only four parameters (not including initial condi- 
tions). Two of the model parameters can be estimated easily from observations on 
individual insects, and, as we show in the paper, the other two can be estima.ted 
from small-scale population-level experiments. Given the simplicity of the model, 
the fit between the model predictions and the field data is excellent. We thus have 
attempted to make parameter estimation easier, and to show that simple models 
can accurately reproduce the dynamics of disease in field populations. Our a.ttempt, 
however, has been only partially successful; the model does poorly at low densities. 
Ultimately, we hope to improve the fit betwe:en the model and the data by incorpo- 
rating aspects of gypsy moth biology that change between high and low density, and 
that affect NPV transmission, while maintaining the basic ‘parameter-sparseness’ of 
the model (van den Bosch et al., 1990). 

With the Anderson and May version of the GMLSM and a value of v = 
1.89 x 10-l’ m’/day, calculated from our experiments in bags on foliage, we found 
that negligible late-instar mortality occurred for the initial conditions of Woods 
and Elkinton’s (1987) plots. Next we tried several different values of u. We found 
that when v = 5.0 x 10-l’ m2/day, (approximately 250 times higher than that 
estimated from Dwyer and Elkinton’s 1993 d.ata), the resulting epizootics predicted 
(Fig. 2) were almost identical to thclse predilcted by the simple model (Fig. 1). The 
simulations accurately predicted the results for high density populations, but greatly 
underestimated the mortality observed in low density populations. 

Next we ran the GMLSM with the Valentine submodel using an L&O = 1.0 x 10’ 
PIBs per gram dry foliage biomass (Podgwaite, unpublished). The simulation 
predicted mortality from NPV that was far higher at all densities than that observed 
in Woods and Elkinton (1987). However, when the LD50 was arbitrarily increased to 
1.0 x lo7 PIBs per gram foliage dry weight, we obtained an excellent fit to the field 
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Fig. 2. Mortality from NPV gypsy moth larvae [m] collected weekly from eight populations on Cape 
Cod 1983-1985 by Woods and Elkinton (1987) and (solid line) that predicted by the gypsy moth 
life system model (GMLSM) with the Anderson and May version of the pathogen submodel and a 

transmission coefficient, v = 5.0 x 10-l’ mz/day. 

data (Fig. 3). In contrast, for any one set of parameter values, the simpler versions 
of the model never fit all of the plots equally well. This suggests that the Valentine 
version of the model captures some important aspect of virus transmission. In the 
Anderson and May model the rate of virus transmission is proportional to the 
product of density of healthy larvae and the density of PIBs, as indicated in the 
first term of Eq. 2. In the Valentine model this rate of change is proportional 
to WLGo)“IP + W/~Go?‘1 h w ere C is the concentration of PIBs, LCso is the 
concentration required to kill 50% of the larvae that encounter and ingest a patch 
of PIBs and b is the slope of the logistic dose response curve (set to 0.77 in the 
GMLSM) and is a measure of the inherent variation in susceptibility of gypsy moth 
to NPV If we compare plots 1 and 3 in 1983 (Fig. 1) the concentration of PIBs 
(initial density of larvae times the fraction infected) after the first wave of mortality 
is about 50 times higher in plot 1 than plot three, as is the simulated second wave 
with the Anderson and May model (Figs. 1 and 2). In the field data, the second 
wave of mortality is only 4-5 times higher in plot 1 than plot 3 in that year. In 
the Valentine model if the concentration (C/LC.jo) is increased by 50 fold from 
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Fig. 3. Mortality from NPV among gypsy mol:h larvae [II] collected weekly from eight populations on 
Cape Cod 1983-1985 by Woods and Elkinton (1987) and (solid line) that predicted by the GMLSM 

with the Valentine (Valentine and Podgwaite, 1982) version of the pathogen submodel and an L&O of 
1 x lo7 PIBs per gram foliage dry weight. 

0.1 to 5.0, (C/L&#/[1 + (c/LcsO)‘l] increases by a factor of 5.3. when b = 0.77. 
Incorporation of this term thus reduces the difference in virus mortality between 
plots of high and low density compared to the corresponding Anderson and May 
model. Although this functional form is intended as a mechanism for introducing 
variation in host resistance into the model, we are not clear that this interpretation 
is correct (C. Godfray, pers. commun., 1993). A broader interpretation is that 
the Valentine model introduces a term that makes transmission rates a non-linear 
function of the density of larvae and PIBs. While several previous researchers 
have explored the theoretical consequences o’f such non-linearities, Fig. 3 provides 
the first empirical justification for such a :model. The biological cause of ,this 
non-linearity remains to be determined. 

Whether these effects account for all of the differences between the models we do 
not know. The complexity of the GMLSM is such that other factors in the model, that 
we do not now understand, may be imluencing these results. In the future we plan to 
check this conclusion by constructing a simple lmodel similar to Eqs. 1-3, but in which 
transmission is calculated by a method analogous to the Valentine submodel. 
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It is interesting to compare the results of our simulation models with the logistic 
regression models fitted to the same data by Woods et al. (1991). These authors 
showed that gypsy moth density predicted about 40% of the variance in late instar 
mortality of gypsy moths and that the addition of estimates of initial percent NPV 
infection added little to the predictive power of the model. Our models provide a 
mechanistic explanation of these findings, albeit an explanation already suggested 
by Woods et al. (1991). This explanation is that several of the plots in this study 
were in populations that had declined to low density from outbreak conditions the 
previous year due to an epizootic of NPV The egg masses in these populations were 
heavily contaminated with NPV and a large fraction of larvae died in early instars, 
yet densities were low so that the epizootic was not sustained among later instars. 
Such a phenomenon was noted in the earlier studies of gypsy moth NPV by Doane 
(1976) and is a well known property of Anderson and May (1980, 1981) models. 

A potentially important source of error in our simple differential equation model 
is in our estimation of A, the number of PIBs per infected cadaver. In estimating 
the transmission coefficient we used A = 4 x 10’ for first instars (Shapiro et al., 
1986). Other data suggest (Podgwaite, unpublished), that A is closer to 4 x 106, a 
value consistent with that calculated by the GMLSM which assumes that cadavers 
produce 1 x lo7 PIBs per gram dry weight (Shapiro et al., 1986). Using this adjusted 
value for A increases the estimated value of bl for the simple model to 1.45 x 10-i” 
m2/day, which is close to the value that gives a good fit in the GMLSM. 

The problem of parameter estimation is vastly greater for the GMLSM, withL its 
lmndreds of parameters, than for Eqs. l-3. Although ostensibly each parameter has 
been estimated, verifying the estimate and determining the effect of each parameter 
on model outcome are daunting tasks. In fact, for many parameter values, no data 
exist and supposedly ‘reasonable’ values have been selected. Nevertheless, the life 
system model allows for more straightforward incorporation of biological details, 
and clearly Eqs. 1-3 do not accurately reproduce the dynamics of gypsy moth NPV 
epizootics in the field. 

There are many variables in nature that may explain the discrepancy between 
the predictions of any of these models and the data of Woods and Elkinton (1987). 
Some of these variables are already embodied in the GMLSM; others have yet to be 
incorporated. For many variables, we have no good biological research upon which 
to base parameter values. These factors include PIB clumping, foliage chemistry 
effects @eating and Yendol, 1987; Keating et al., 1988) and changes in gypsy 
moth density caused by mortality factors other than NPV Further empirical and 
theoretical work will be required to elucidate the effects of these factors. 

With complex simulations like the GMLSM, it is always possible that the 
observed model behavior is influenced by artifactual effects caused by programming 
errors or inaccurate biological information. Detecting these errors can be very 
difficult. However, if the same behavior is observed in a simple model, it increases 
confidence that the complex model is behaving properly. Furthermore, comparison 
of the behavior of the simple and complex models helps elucidate which aspects 
of the complex model are critical to the behavior of the system. Likewise, the 
complex model can help pinpoint critical aspects of system biology that are needed 
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for further development in simple models. For example, we never would have 
realized that something was possibky wrong with our estimate of the number of 
PIBs produced by early instars (and hence u), if we had not been working with 
the GMLSM. Similarly, we might never have thought of the potentially important 
effects of variation in host susceptibility. In short, we believe our work illustrates the 
benefits of working simultaneously with complex and simple models. 
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