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7.1 Introduction

The population dynamics of the larch budmoth (LBM), Zeiraphera diniana,
in the Swiss Alps are perhaps the best example of periodic oscillations in
ecology (figure 7.1). These oscillations are characterized by a remarkably
regular periodicity, and by an enormous range of densities experienced during
a typical cycle (about 100,000-fold difference between peak and trough num-
bers). Furthermore, nonlinear time series analysis of LBM data (e.g., Turchin
1990, Turchin and Taylor 1992) indicates that LBM oscillations are definitely
generated by a second-order dynamical process (in other words, there is a
strong delayed density dependence—see also chapter 1). Analysis of time
series data on LBM dynamics from five valleys in the Alps suggests that
around 90% of variance in R, is explained by the phenomenological time
series model employing lagged LBM densities, R, =f (N,_1, N,_3) (Turchin
2002).

As discussed in the influential review by Baltensweiler and Fischlin (1988)
about a decade ago, ecological theory suggests a number of candidate
mechanisms that can produce the type of dynamics observed in the LBM
(see also chapter 1). Baltensweiler and Fischlin concluded that changes in
food quality induced by previous budmoth feeding was the most plausible
explanation for the population cycles. During the last decade, the issue of
larch budmoth oscillations was periodically revisited by various population
ecologists looking for general insights about insect population cycles (e.g.,
Royama 1977, Bowers et al. 1993, Ginzburg and Taneyhill 1994, Den Boer
and Reddingius 1996, Hunter and Dwyer 1998, Berryman 1999). These
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Figure 7.1 Population oscillations of the larch budmoth at Sils (Upper Engadine
Valley, Switzerland). Moth density is the number of larvae per kilogram of larch
branches (data from Baltensweiler 1993b).

authors generally concurred with the view that budmoth cycles are driven by
the interaction with food quality. A recent reanalysis of the rich data set on
budmoth population ecology collected by Swiss researchers over a period of
several decades, however, suggested that the role of parasitism is under-
appreciated (Turchin et al. 2002).

7.2 General Overview of Hypotheses for LBM Cycles

Before focusing on the roles of food quality and parasitism in LBM
dynamics, we briefly review the status of other hypotheses that were discussed
in the literature on LBM cycles. First, the natural history of the LBM-larch
system is such that food quantity is an unlikely factor to explain LBM oscilla-
tions. Mortality of the host trees due to defoliation is less than 1%
(Baltensweiler and Fischlin 1988). Although the length of needles is reduced
after a severe defoliation, the total amount of needle biomass is decreased
only about two-fold. It is difficult to imagine how such small variations in
food availability could drive a second-order population cycle in which the
ratio of peak/trough densities is around 100,000. However, food quantity
should act as a strong first-order mechanism regulating LBM density, since
most LBM outbreaks are accompanied by widespread defoliation of host
trees (Baltensweiler and Fischlin 1988), leading to mass starvation of larvae
during peak years.

Maternal effects constitute a theoretically plausible intrinsic mechanism of
second-order oscillations (Ginzburg and Taneyhill 1994). However, there is
no evidence that this mechanism operates in the LBM. Even the proponents
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of the maternal effect hypothesis admit that their model is not applicable to
the LBM (Ginzburg and Taneyhill 1994).

Theory suggests that the interaction between pathogens and their hosts can
exhibit oscillatory dynamics (e.g., Anderson and May 1980). In 1957, after
the first cycle that was studied intensively, it seemed obvious to everybody
that a granulosis virus disease played a critical role in suppressing the out-
break (Baltensweiler and Fischlin 1988). Unfortunately, the incidence of virus
decreased during the next outbreak, and then disappeared completely. As a
result, the pathogen hypothesis fell out of vogue, at least among field workers.
Despite this, Anderson and May (1980) used LBM as their prime example of
how an epidemiological model may explain population cycles in a forest
insect.

There are two larch budmoth host races with distinct differences in color
and ecological traits—a dark morph that feeds primarily on deciduous larch,
and a light morph that feeds primarily on evergreens (Pinus cembra and Picea
abies). The frequency of the dark morph tends to increase during outbreaks
and decrease during declines (Baltensweiler 1993a, fig. 1). Baltensweiler (1977,
1993a) proposed the following explanation for this pattern: During popula-
tion increases, the dark morphs become more abundant because they have
faster development and higher survival than the light morphs. During popu-
lation collapses, the dark morphs decrease faster than the light morphs,
because they rely primarily on larch for food, and the quality of larch foliage
is reduced by defoliation. Once the effects of defoliation on host quality
dissipate, dark morphs begin increasing faster than light ones, and the cycle
repeats itself.

Baltensweiler (1993a) argued that this polymorphism plays a key role in
the LBM cycle. In particular, he suggested that it helps explain why low LBM
populations switch immediately from the decline to the increase phase.
However, as we shall see later, the abrupt switch from decline to increase is
not a pattern that needs a special explanation because it arises naturally in
several models considered later. Furthermore, the polymorphic fitness
hypothesis is not an elemental mechanism, because it invokes plant quality
as the primary factor causing population collapse (without prolonged
decrease in plant quality the population density of dark morphs would not
decrease, and no cycle would ensue). Thus, the polymorphic fitness hypoth-
esis is not an explanation of the primary question (why LBM populations
oscillate), but rather why morph frequencies change regularly during the
LBM cycle. It is a consequence not a cause of the cycle.

The food quality hypothesis is currently the dominant explanation of
LBM oscillations (Baltensweiler and Fischlin 1988). Larch trees suffering
greater than 50% defoliation lack nutrient resources to grow high-quality
needles during the following spring. Needles grown after the LBM peak are
short (< 20 mm, compared with a normal length of >30mm) and have a
high raw fiber content of about 18% (compared with the normal 12%),
while the raw protein content falls from 6% to 4%. Low quality of food
(as measured by high raw fiber, and indexed by low needle length) strongly
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depresses larval survival and female fecundity (Benz 1974, Omlin 1977).
Furthermore, poor needle quality persists for several years after an out-
break. This “quality transmission” effect imposes delayed density depen-
dence on LBM population growth rates, and can theoretically lead to
cycles, as shown by the model developed by Fischlin (1982; see also
Fischlin and Baltensweiler 1979).

General theory suggests that parasitoids may play an important role in
population dynamics of forest insects, and LBM parasitoids were intensively
studied from the beginning of the systematic research program (e.g.,
Baltensweiler 1958). Once the data on parasitism rates became available,
however, the initial enthusiasm for the parasitoid hypothesis waned.
Parasitism rates at the population peak are typically low, around 10-20%
(Baltensweiler and Fischlin 1988), suggesting that parasitoids play a minor
role in limiting LBM densities; that is, in preventing further LBM increases.
The parasitism rate reaches a high of around 90% during the collapse stage,
but this high is reached only during the second (or even third) year after the
peak. Accordingly, Delucchi (1982) concluded that control of LBM by para-
sitoids alone is not possible, and the current thinking is that parasites merely
track the larch budmoth population; that is, budmoth fluctuations regulate
the number of parasitoids and not vice versa. However, the observation that
parasitoids do not play an important role in stopping LBM increases does not
necessarily mean that they are a minor agent in LBM dynamics. This con-
clusion is erroneous because it confuses first- and second-order factors; that
is, a mechanism imposing an upper bound on LBM population density may
differ from one inducing oscillations.

In summary, there are two hypotheses about LBM cycles that require
further examination—the plant quality hypothesis and the parasitism hypoth-
esis. In the following sections we review the data, the models, and especially
the cross-connections between empirical and theoretical approaches relevant
to each of the hypotheses.

7.3 LBM-Plant Quality Interaction

Previous analyses of the interaction between plant quality and LBM
dynamics emphasized the raw fiber content of larch needles as the main
indicator of food quality (for example, the mode! of Fischlin was based on
this index). However, there is no time series data available for this index,
while we have an extensive data set for another index, the average needle
length. Before using these data, however, we first need to check on how well
needle length reflects the food quality from the point of view of LBM larvae.
We can answer this question with the bioassay data of Benz (1974, table 8).
Benz fed LBM larvae foliage from larch trees with known defoliation history,
and measured larval survival and pupal weight. Because female pupal weight
is linearly related to fecundity, we can translate the measured pupal weights
into expected fecundity using the relationship estimated by Benz (1974, fig. 2).
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Multiplying larval survival by the calculated fecundity we then obtain a mea-
sure related to the finite rate of population increase'A’ (the prime is to remind
us that this measure is not the true A because it does not include egg and adult
mortality). Plotting A’ against needle length index reveals a well-defined rela-
tionship between these two quantities, with a high coefficient of determina-
tion, r’ = .86 (fig. 7.2). Interestingly, the alternative index, raw fiber content,
explains a somewhat lower percentage of variance in A’ (r*'= .66; analysis
based on'the same Benz data). Thus, the somewhat surprising conclusion is
that neédle length appears to be a better index of food quality than raw fiber
content. Cléarly, food quality is a complex variable, whose effect on LBM
survival and fecundity is mediated by physical (e.g., toughness as measured by
raw fiber content) dnd nutritional (e.g., protein content) properties of needles,
as well as, perhaps, tree chemical defenses; for example, resin content (Benz
1974). However, the observation that the average length of needles'is an
accurate predictor of LBM rates of population change is encouraging.

We now consider the ‘results of the analysis of time series data on LBM
density and needle length during 1961-92 at Sils (Engadine Valley,
Switzerland) (see figure 7.3a). Turchin et al. (2002) employed nonlinear
regression to investigate the cross-effects of LBM density and needle length
on each other. Although we tried a variety of functional forms for the general
model R, =f(N,_;, Q,—;) (where R, =InN,/N,_, is the realized per-capita
rate of the budmoth population, and N, and Q, are LBM density and needle
length in year ), we could detect no strong effect of needle length (less than
one third of the variance explained).
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Figure 7.2 Effect of plant quality on the relative multiplication rate of the larch
budmoth, k (calculations based on data from Benz 1974, table 8). Plant quality
index is scaled by needle length: Q, = (needle length — 15mm)/15mm (this scales
the index to the range of approximately 0-1).
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Figure 7.3 Dynamics of LBM density and food quality: (a) observed and (b) pre-
dicted by the model.

By contrast, the dynamics of needle length are strongly related to LBM
density and the previous year’s index. The following simple model (which is a
discretization of Edelstein-Keshet and Rausher 1989; see Turchin 2002):

cN,_;

O =(-a)+aQ,_; +m

7.1)
explained around 75% of the variance in Q,. The effect of *““memory,” repre-
sented by the autoregressive parameter «, is highly significant, and by itself
explains about 47% of the variance.

The surprising result from these analyses is that an index of plant quality
explains a very low proportion of variance in the LBM rate of change. Such a
low level of predictability associated with plant quality contrasts unfavorably
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with the r? of around 90% suggested by phenomenological response-surface
models, or regression analyses utilizing parasitism data (see section 7.4).
While these regression analyses do not consitute a “proof”” that plant quality
is unimportant in LBM dynamics, they considerably weaken the case for it as
the primary factor responsible for LBM oscillations. However, in order to
pass the final verdict, we need to know whether a model based on the plant
quality hypothesis is capable of mimicking the observed LBM dynamics.

In constructing the equation for LBM dynamics, we used the data depicted
in figure 7.2. After trying several two-parameter relationships, we found that
a negative exponential function fits the data best (this is a purely phenomen-
ological approach, as we have no mechanistic basis for postulating a func-
tional form). Using log-transformed A’ (R’ = logA’) as the response variable,
the fitted curve was

R; = a[l —exp(Q,-19)], (7.2)

where a = 3.8 is the maximum rate of increase at the highest food quality, and
8 = 0.22 is the parameter determining how fast the rate of change approaches
its maximum. There are two things still missing from this model. First, it
assumes that there is no mortality in the adult and small larva stages. We
can remedy this by replacing the maximum rate a with the average per-capita
rate of population change observed when plant quality is at its highest. A
good choice for this parameter is Ry = 2.5, corresponding to about a 10-fold
increase in N, per year (because this is the average rate at which the LBM
density climbs out of the trough). Second, the model lacks a self-limitation
term due to larvae overeating their food supply and starving as a result. One
solution is to use the Ricker equation, which leads to the following model for
LBM dynamics:

N1 = Nyexp{Roll — exp(Q,/8)] — RoN,/K}. (1.3)

For the dynamics of needle length, Q,, we simply use the empirical equation
(7.1). The regression-based parameter estimates (mean + SE) are § =0.22 +
0.05, a=0.5+0.1,c=0.7%0.2, and d = 150 & 150. Additionally, we have
Ry =2.5+£0.2 and K = 500 £ 200.

Numerical exploration of dynamics for parameters in the ranges defined by
mean + SE indicated that this model is readily capable of generating popula-
tion trajectories resembling the data (figure 7.3b). Trajectories predicted by
the model match both the period and the amplitude of the observed LBM
oscillations. Additionally, the model mimics the quantitative pattern of the
quality index dynamics reasonably well, including the amplitude of variation
and the timing of declines and increases (compare with figure 7.3a). However,
the range of oscillations in Q, predicted by the model is somewhat lower than
that observed.

In summary, the model of LBM-plant quality interactions, with biologi-
cally plausible parameters, is capable of matching the empirically observed
quantitative patterns in the time series data. Does it mean that we have found
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the explanation for the LBM oscillations? Unfortunately, there remains one
serious problem, the lack of detectable effect of Q, on the LBM rate of
change; that is, no negative feedback between Q, and N,.

Furthermore, if we examine the last documented LBM outbreak (peak in
1989), we notice that the plant quality index hardly declined at all, with needle
lengths remaining at high levels through the whole period (figure 7.3a). As
discussed by Baltensweiler (1993b), a sequence of unusual weather in 1989-91
caused high egg mortality. As a result, the budmoth population never reached
the level at which widespread defoliation occurs (the 1989 peak density was
only 240 larvae per kilogram of larch branches, while previous peak densities
observed at Sils were 490, 590, 800, and 560 larvae/kg). Correspondingly,
light defoliation resulted in no decline in plant quality. Yet, the LBM popula-
tion collapsed during 1990-92. In other words, we have here a natural experi-

ment suggesting that a large decrease in plant quality is not necessary for
LBM cycles.

7.4 Parasitism Hypothesis

Our investigation of the parasitism hypothesis employs an approach similar
to that used in assessing the plant quality hypothesis. First, we subject time
series data to nonlinear regression analyses. Then, we develop an empirically
based model of LBM-parasitoid interaction that attempts to mimic the
observed dynamics.

The general model that we used (Turchin et al. 2002) was based on the
Nicholson-Bailey framework, to which we added a self-limitation term in the
host and a Beddington-type functional response (this general form of func-
tional response incorporates both the effects of handling time A and mutual
interference between parasitoids, parameterized by wasted time w). The equa-
tions were:

N1 = N,exp[Ry(1 = N,/K) —aP,/(1 + ahN, + awP,)], (7.4a)
P41 =N,S, where S§,=1-exp[—aP,/(]+ ahN,+ awP))). (7.4b)

The parasitoid density, P,, is not directly observed, and therefore, we need to
estimate it by multiplying the host density during the previous year by that
year’s parasitism rate: P, = N,_;S,_; (S, is the proportion of hosts parasitized
in year f). Note that our estimate of P, does not incorporate the (unknown)
overwintering mortality. Thus, P, is actually a relative index that is linearly
related to the true parasitoid density, but with an unknown proportionality
constant (this has no effect on the estimate of the proportion of variance
resolved by parasitism).

Results of nonlinear regression suggest that the parasitism rate is quite well
resolved by model (7.4). Thus, the simple three-parameter equation (7.4b)
resolves 71% of the variance in the parasitism rate. The coefficient of deter-
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mination for the LBM rate of change is even higher, with equation (7.4a)
resolving 88% of the variance. What is particularly impressive is that a very
simple three parameter model:

R, =In(N,/N,_) = Ry— aP,_, /(1 + awP,_,) (7.5)

manages to capture almost as high a proportion of variance, r* = .86.

To summarize, a simple, but theoretically sound, model based on the
parasitism hypothesis resolves close to 90% of the variation in the LBM
rate of change. The regression analysis suggests that model (7.4) can be
simplified by setting parameter h to 0, because this procedure does not
decrease the percentage of variance explained by the parasitism model.

The regression analysis also yields estimates of parameters a = 2.5 £ 1 and
w =0.17 £ 0.02 [means + SE estimated by fitting equation (7.5) to the data).
We have already estimated R, and K above (R;=2.540.2 and
K =250 £ 50). Simulating the model within these parameter ranges shows
that it produces high-amplitude oscillations for all reasonable values of para-
meters. For the median parameter values, however, the period is a bit short—
7 years compared with the observed 8-9-year period. It is necessary to reduce
w to 0.15in order to lengthen the period to 8 years, and to 0.13 (2 SE from the
point estimate and still within the realm of the possible) in order to lengthen
the period further to 9 years. The model output matches well other charac-
teristics of the data of that period, such as the amplitude and the cross-
correlation function between LBM density and the proportion parasitized.
In particular, the proportion parasitized peaks on average 2 years after the
LBM peak, similarly to the pattern observed in the data.

7.5 Putting It All Together: A Parasitism-Quality Model

The preceding analyses of data and models suggest an interesting conclusion.
On the one hand, the model with plant quality as the only mechanism driving
second-order oscillation fails to match data patterns as well as the LBM-
parasitoid model. On the other hand, short-term experiments suggest that
there is a strong effect of changes in plant quality on LBM survival and
reproduction. This raises an important question: Should we be satisfied
with the parasitism-only explanation of the LBM dynamics, or do we instead
need a multifactorial model, combining plant quality and parasitism? One
way to address this issue is to investigate the dynamics predicted by the
multifactorial model, and contrast its ability to match empirical patterns
with the two simpler alternatives.

Combining the effects of plant quality and parasitism is quite straight-
forward, now that we have invested so much effort in building models
for each component separately. The equations of this parasitism—quality
model are:
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Qiv1=(1—a)+aQ,—cN,/(d+N), (7.6a)
Ny1 = N,exp{Ro[l — exp(Q,/8)] — RoN,/K —aP,/(1 +awP)}  (1.6b)
P,y =N,S,, where S,=1--exp[-aP,/(]l+ awP))]. (7.6¢)

Parameter estimates are the same as above. Simulating the model within these
parameter ranges, we find that the model does very well for parameters at
their median values (or very near to them). In particular, with slight modifi-
cations (specifically, Ry = 2.3, ¢ = 0.9, and d = 100; note that with each of
these modifications we are staying within 1 SE of the median estimates), the
model output matches the data patterns very well (figure 7.4). Quantitative
measures of the observed time series pattern (periodicity, amplitude, and
cross-correlations between LBM and parasitism or quality index) are also
closely matched by the model-generated trajectories.

7.6 Discussion

Our theoretical and empirical analyses suggest the following conclusions.
First, our reanalysis supports the previous efforts modeling the LBM-plant
food quality interaction. A simple model with biologically plausible para-
meters (in fact, estimates based on experimental data) predicts population
dynamics that are quite similar to the observed pattern (including matching
such quantitative characteristics of observed fluctuations as order, periodi-
city, and amplitude). However, the plant quality hypothesis has weaknesses:
Although the model predicts that there should be a strong feedback effect
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Figure 7.4 Dynamics of LBM density, food quality, and parasitism rate predicted
by the tritrophic model.
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from plant quality to the LBM rate of change, analysis of real data does not
reveal it. Additionally, lack of quality decline during the last recorded cyclic
collapse is hard to understand if plant quality is the main factor driving LBM
oscillations.

Second, a model based on the parasitism hypothesis with empirical esti-
mates of parameters is capable of mimicking the observed LBM dynamics. In
this it is similar to the plant quality hypothesis. Unlike the rival explanation,
however, the parasitism hypothesis is supported by regression analyses of the
feedback relationship from parasitism rates to the LBM rate of change.
However, to match the observed period, we have to ““stretch’ some parameter
values. Additionally, the experimentally observed effect of plant quality is
rather strong (at least 10-fold change in A as a function of quality). It is
generally a bad modeling approach to add a mechanism to the model simply
because “it is there.” Having such a strong numerical effect, however, makes
one wonder whether the explanation of LBM cycles should leave it out.

Finally, a tritrophic model combining both hypotheses does the best job at
matching the observed dynamics for biologically reasonable parameter
values. We have, thus, an interesting situation. On epistemological grounds,
the tritrophic hypothesis suffers because it is more complex than either of the
plant quality or parasitism hypotheses. However, while both simple hypoth-
eses can reproduce the fluctuation pattern of the primary data (LBM density),
they fail in some other ways, as discussed above. Therefore, given the present
state of knowledge, we conclude that the currently best-supported hypothesis
is that LBM cycles are driven by both parasitism and plant quality inter-
actions.

If this conclusion is correct, then parasitoids and plant quality act as a
dynamical complex. This means that if, for whatever reason, one factor fails to
cause a prolonged LBM density collapse after peak, then the other factor
ensures that the cycle will continue, as apparently happened in the early
1990s. Assuming that this example of multiple causation is not unique to
larch budmoth, it raises an important methodological issue. It is possible
that by experimentally manipulating each factor we may *“‘prove” that it is
not the “necessary condition” for sustained cycles, leading to an erroneous
rejection of both hypotheses. Only an experiment that manipulates both
factors together (ideally coupled with a modeling program) can, in principle,
resolve the question of what mechanisms drive population oscillations (see,
e.g., chapter 4).
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