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1. INTRODUCTION

During the late 1940s, immediately after World War II, the lush green forests of the
Engadine Valley, high in the Swiss Alps, turned an ugly red-brown in the midst of the
tourist season. This was due to a spectacular outbreak of the larch budmoth, Zeiraphera
diniana Guenée (Lepidoptera: Tortricidae). Preparing for a revival of the tourist industry,
and having the new insecticide DDT at hand, it seemed only appropriate that the tourist
office urge the forest service to control the pest. This was the beginning of what was to
become a 34-year study of the population dynamics of the larch budmoth (Fig. 1).

Zeiraphera diniana is known for its periodic devastation of the subalpine larch—
cembran pine forests (Larici pinetum cembrae*') of the European Alps. The wasteful
feeding and subsequent drying of needles, as well as the masses of frass and webbing,
change the green forests in midsummer into a dirty red-brown, as if a crown fire had
scorched them. This spectacular sight, and the regular reappearance of the phenomenon,
has for centuries attracted the attention of laymen and foresters alike.

Larch budmoth outbreaks have occurred at regular 9-year intervals in the Alps as far

FIGURE 1. Locations of sites at which research on the larch budmoth has been conducted between 1949 and
1986 in the European Alps: large black locations, main study areas >2000 ha; black dots, local sites ~100 ha;
open triangles, life-table studies; open circles, light trap or pheromone trap census sites; black squares, major
cities. Approximate locations of regions mentioned in Fig. 2: a, = Piemonte; b, Hautes Alpes; c, Vispertiler; d,
Goms; e, Oberengadin; f, Tirol; g, Trentino; h, Kérnten; i, Salzburg.
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back as recorded history, growth ring reductions with a 9-year frequency having been
observed in fossil larch dating from Roman times and in the beams of fifteenth century
farm houses. The first written account, in 1815, attributed the outbreak to spiders that
covered the larch trees with their silvery webbing.33 Since then periodic outbreaks have
been reported in various parts of the Alps (Fig. 2). Although such historical records can
never provide a completely accurate picture, they do illustrate the remarkably constant
frequency of defoliation damage in time and space. The best-recorded sequence of out-
breaks is from the Engadine valley in southeastern Switzerland, where foresters have
observed and documented 16 outbreaks since 1855. Here, the heaviest defoliation occurs
at altitudes of 1600-2100 m, lasts 2.93 = 0.21 (standard error) years, and recurs at
intervals of 8.47 £ 0.27 years. In other parts of the Alps, the outbreaks are less regular.
Nevertheless, when considering the entire alpine arch, trends in the spatial sequence of
outbreaks can be recognized??: For example, defoliation occurred first in the eastern parts
of the Alps during the 1850s and 1860s; in the western parts during the 1940s, 1950s, and
1960s; and simultaneously in both east and west and last in the central Alps in all other
instances. At lower altitudes of 1200-1600 m, defoliation occurs only half as often, and
therefore rather irregularly, and also appears 1—4 years later than in the subalpine zone.

The species was once considered the most dangerous pest of larch forests,?® but the
results of our more recent research, as presented in this chapter, led us to develop a quite
different appreciation of the larch budmoth problem.

2. BIOLOGY AND ECOLOGICAL RELATIONSHIPS

The larch budmoth was first described in 1845 as Sphaleroptera diniana Gueriee
from specimens collected from larch trees in the French Alps and 1 year later as Grapho-
lita pinicolana Zeller, from Scots pine in the Baltic and as Poecilochroma occultana
Douglas from fir-trees (?) in England. These have since been synonymized and, after
being included in several tortricid genera such as Steganoptycha, Enarmonia, Semasia,
and Eucosma, the species was finally placed in the holarctic genus Zeiraphera.?2-3° The
species has several ecological equivalents throughout the holarctic region, being described
as Z. diniana var. desertana in Siberia, Zeiraphera lariciana in Japan,>> and Zeiraphera
improbana in North America.%? With the exception of Z. lariciana, however, no detailed
differentiation on taxonomic grounds has yet been provided.

2.1. Life Cycle

Unless explicitly specified, the following description applies to the univoltine larch
budmoth living in its optimal habitat at 1700—2000 m (Fig. 3). Moth flight occurs from
July to October, with adults living for more than 30 days and egg laying lasting around 20
days. Females lay 20—180 eggs, with a maximum of 350, depending on the nutritional
status of the larval food supply. Eggs are deposited by means of a protractile ovipositor
underneath the lichen Parmelia exasperatula, which covers 3-year-old and older larch

branches at altitudes above 700 m. Eggs may also be laid between cone scales or beneath
bark scales.
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Eggs overwinter as diapausing embryos in the late gastrula stage, their supercooling
point during this state being —51.3°C.12? Diapause enables the species to synchronize egg
development with the phenology of the host plant at altitudes of 500-2200 m. This
flexibility is crucial because the coincidence of first instar larval emergence and the
sprouting of the larch foliage is essential for the establishment of the population. Depend-
ing on weather, altitude, and exposure, the emergence period may take up to 4 weeks
during May and June but may also vary by more than a month from one year to the next.

Optimal first-instar survival occurs when needles are 6—18 mm long. Once estab-
lished, the first and second instars feed within the needle cluster, at the base of the
needles, where they are protected from environmental hazards. During the fourth instar,
they construct a characteristic needle case and in the fifth they live within webbing along
the branch axis. The last larval instar exists for 10—14 days and is the longest and most
destructive stage. On maturing, the fifth instar becomes negatively phototactic, leaves the
larch tree in full sunshine, and immediately moves into the litter, where it constructs a
pupation chamber at the base of the litter horizon. There it pupates, remaining in this stage
for 25-36 days.>®

Moths emerge early in the morning, with the males some days before the females.
Flight activity starts at dusk, when temperatures are above 7°C, and lasts until midnight.
Late in the season, however, when nights become too cold, flight activity shifts to
midday. The female budmoth produces a powerful sex attractant.??

2.2. Relationship with the Host Plant

Each new generation of a univoltine herbivore has to cope with a food supply that
may vary both quantitatively and qualitatively. The coincidence of first-instar larval
emergence with the sprouting of larch foliage is crucial for the establishment of the new
generation. This quantitative aspect, in itself rather variable due to site and weather
factors, can be drastically modified by variability in food quality.

In the deciduous genus Larix, needle growth occurs before shoot elongation. There-
fore, the chemical and morphological constitution of the new needles is strongly depen-
dent on nutrient reserves stored during the previous fall and on the prevalent growth
conditions, i.e., temperature and moisture in spring. The deciduous growth rhythm of
larch probably evolved in regions in which late frosts frequently destroyed the new
needles.32 In response, the plant has evolved the capacity to flush a new set of needles
during the same season. However, the second set of needles is unable to mature properly
and 1s susceptible to early killing by fall frosts before the nutrients can be resorbed. The
following spring, the needles of these trees, short of starch and nitrogen, grow more
slowly and do not reach normal lengths.

This growth process can be modified to some extent by the prevailing weather
conditions. Warm temperatures immediately after snow melt induce rapid needle growth,
so that full-grown needles may measure more than 30 mm. Needle growth under these
conditions is sigmoid and results in soft, lush needles. Conversely, needle growth during
cold springs is slow and linear,!® with mature needles being stiff and short (<20 mm).
During the course of needle growth, the raw fiber content increases from about 8%
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needle-fresh-weight to 16%, while the raw protein content falls from about 6% to
4% .28-64 These values characterize the intrinsic variability of host traits to which budmoth
populations are exposed, i.e., the constitutive defense capacities.>’

Larch trees that have been defoliated to more than 50% refoliate in a similar manner
to trees that have suffered from frost. Such trees are also depleted of nutrient reserves in
the spring following defoliation and therefore grow short needles (<20 mm) with a raw
fiber content of about 18%22 (see Fig. 3). It may then take 2—7 years for the larch needles
to recover their average quality.46 Although the physiological processes are the same as
those following frost damage, this change in foliage quality is induced by insect feed-
ing.>% As we shall see, this induced change in food quality has important effects on the
dynamics of Z. diniana populations.

In dense populations, food waste also becomes an important factor. The late fourth-
and fifth-instar larvae, living in loose webbing along the branch axis, interfere with each
other during their feeding activities. The result is that many needles are only nibbled or
partly consumed. In the dry alpine climate, such needles are lost as a nutritional resource
within a day. This wasteful feeding is the cause of the ugly red-brown larch forests seen at
the height of the outbreak. As a consequence of this destructive feeding, large larvae leave
the defoliated trees in search of better food and often feed indiscriminantly on cembran
pines, spruces, and firs in the understory. These larvae are robust enough to consume even
the perennial needles on these hosts.

In contrast to larch trees, which refoliate within 3—4 weeks, young evergreens
stripped of more than 70% of their needles generally die. Larches that have lost more than
50% of their needle biomass sprout quickly and uniformly. If by chance rain is lacking
during this crucial refoliation period in July and August, larch trees can also die. Howev-
er, mortality rarely exceeds 1% of the standing volume in any one outbreak.2®

2.3. Ecotypes

The original descriptions of Z. diniana under three different names are symptomatic
of its present status, for even today we are not sure of whether we are dealing with several
ecotypes, several host races of one species, or separate species. In most populations, two
sympatric color morphs can be distinguished in the fifth instar.3! A dark morph that lives
on larch is called the larch form, and an orange-yellow morph on cembran pine is called
the cembran pine form. It has recently been established that these color traits are related to
other morphological and ecological characteristics. For instance, the black larch form has
a much faster postdiapause development than the cembran pine form, a trait that ensures
synchronization of larval emergence with the sprouting of their respective host plants.
Rapid development of the larch form usually results in larger adults but also leads to lower
fitness on suboptimal foods. Thus, the larch form fails to survive on cembran pine, even
when synchronized with foliage flushing, whereas the light cembran pine form thrives on
larch but does not reach the size of the larch form. Intermediate color morphs are also
found, and these have intermediate postdiapause developmental rates and are superior to
the larch form in surviving on suboptimal foliage.3” Finally, the two forms differ in their
sexual communication.?3-4°
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By crossing the two color morphs, it was found that the F, offspring exhibit the full
range of intermediate colors. But even more importantly, the ecological traits are also
transferred in a more or less correlated manner.

2.4. Relationship with Natural Enemies

A granulosis virus disease and a diverse parasitoid fauna lead to considerable mor-
tality among larch budmoth larvae, particularly during the peak and subsequent crash of
the population. Following a widespread virus epizootic at the end of the 1954-1957
outbreak, this pathogen was considered of great importance.®® Subsequently, however,
widespread virus epizootics have not been observed, yet the amplitude and period of the
later cycles have not differed from the earlier one.

A total of 90 obligate primary and 13 obligate secondary parasitoids have been reared
from the larch budmoth.38 They attack all life stages except the adult. The most important
parasitoids are the ichneumonid Phytodietus griseanae Kerrich and three eulophids, Sym-
piesis punctifrons Thomson, Dicladocerus westwoodii Westwood, and Elachertus argissa
Walker. During the course of a budmoth cycle, a sequence of parasitoid species dominates
and this leads to a predictable pattern of mortality. Apparent mortality amounts to about
10% in the population growth phase, rises to 10-20% at population peak, and reaches 70—
80% during the collapse. However, the subsequent extremely low density of the budmoth
brings about a dissociation between specific parasitoids and their host. Several studies on

the most frequent parasitoid species demonstrate that they are regulated by the density of
the budmoth and not vice versa.39-2

2.5. Flight Behavior and Dispersal

During studies in a 150-year-old larch stand located within a deciduous forest near
Lenzburg, Switzerland, a surprising second moth flight was detected about 1 month after
all local flights had ceased.*® Since large masses of budmoths had been observed on many
earlier occasions on glaciers, passes, and mountain tops,4? the most plausible explanation
was that the moths had emigrated en masse from areas in defoliated subalpine larch—
cembran pine forests. To test this hypothesis, an extensive network of light and phe-
romone traps was installed on both sides of the Swiss Alps (see Fig. 1). Flight and
oviposition behavior were also studied in relation to abiotic factors and defoliation inten-
sity in the Engadine Valley.?>-7!

Regular diurnal breezes, characteristic of mountainous areas, induce moths to fly, by
positive anemotactic stimuli, against the downslope and downvalley breezes toward tim-
berline and, given certain weather conditions, even beyond this to the mountain ridges and
passes. At these sites, conditions are optimal for airborne insects to be taken up by the
gradient winds that can carry them for long distances. Thus, we recognize both local and
long-range dispersal patterns. Local upwind dispersal occurs constantly throughout the
flight period whenever temperatures exceed 7°C, while weather conditions favoring long-
range dispersal are characterized by indifferent barometric pressure over central Europe
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‘with airmasses above 10°C at 2500 m.2! Thus, dispersal on a local scale probably
contributes to the regularity of the population cycle, while long-range dispersal, because
of its stochastic nature, may be conducive to the conspicuous time sequence of defoliation
throughout the Alps. In 1979, for example, masses of moths from the French Alps
swamped the southern slope of the Alps and led to defoliation in the following years as far
east as the Carinthian Alps in Austria, a distance of approximately 600 km.!”

In later experiments, we released marked moths in defoliated areas and undamaged
forests. The results showed that moths were attracted to green undamaged trees”! and flew
greater distances in defoliated forests. Caged females were found to lay 12.5 = 8.2 eggs in
defoliated stands, as compared with 116 = 19.1 in green stands.

3. PATTERNS OF NUMERICAL BEHAVIOR

In order to discuss changes in animal numbers, we use the following terms:5°
Oscillation describes numerical changes occurring within a generation; fluctuation de-
scribes numerical variations during the course of many generations in sequence. Thus, in
its optimum area, the larch budmoth exhibits a regular cyclic fluctuation; i.e., regular
cycles of abundance and sparsity follow each other 1mmedlate1y without extended periods
of low numbers in between (Fig. 4).

3.1. Oscillation

Although only incomplete life tables have been constructed for budmoth populations
in the optimum area, they change dramatically between the growth and decline phases of
the cycle. In the growth phase, mortality to the different life stages rarely exceeds 20—
30% and total generation mortality is approximately 90%. This low mortality, together
with high fecundity, gives rise to a 10-fold increase from one generation to the next. In the
decline phase, total mortality rises to 99.98%, egg mortality doubles, small larval instars
suffer high mortality, larval parasitism increases 10-fold, and fecundity decreases by a
factor of 10.16

3.2. Fluctuation

When the forest service of the Canton of Grisons was asked to control the larch
budmoth in 1948, it was faced with the problem of predicting when and where defoliation
would reach damaging levels. The obvious answer was to design a census method to
provide information on the spatial pattern of population fluctuations in successive genera-
tions over the 6200 ha of larch—cembran pine forests of the Engadine Valley.>* This task
was facilitated by the forest inventory system, which records the numbers and sizes of
trees by species for each stand. Individual larch trees were used as the sample unit, more
than 400 of them being selected in a stratified random manner each year. Sample trees are
stratified in relationship to topographical features (altitude, exposure) and are weighted
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according to host-tree density per unit area.® The sample, 1 kg of twigs and foliage, is
extracted from three branches cut at three levels within the crown. This annual census
provides an average density estimate for the larval population and can be converted to an
absolute population estimate for the entire Engadine Valley.4-!!

The population census was initiated in the Engadine Valley in 1949 and, with minor
modifications, continued until 1976.4-2-11 From 1977 to 1986 the census was continued
on a reduced scale,2° but from 1959 to 1980 it was extended to four additional outbreak
areas spread along the entire alpine arch from the Brianconnais to Salzburg. In addition,
20 sample plots containing 4-20 larch trees were selected systematically along an al-
titudinal profile from high-elevation areas, characterized by large-amplitude cyclic fluctu-
ations, to low-elevation stands within the deciduous forests of the colline region, where
populations fluctuate much less extremely.!©

This census for the high Alps is summarized in Fig. 4. Budmoth larval densities vary
with remarkable regularity and by more than 10,000-fold over four or five generations.
Altogether 13 complete cycles have been described, 11 of them causing general defolia-
tion throughout the area, while only one cycle caused no visible damage (Valle Aurina,
1967-1977).%4 By superimposing the density curve of the Engadin on the defoliation
records (Fig. 2), it is easy to visualize how populations have fluctuated in this subalpine
region for more than 100 years.

At altitudes of 1200-1600 m, populations only occasionally reach densities that
cause defoliation, and at altitudes below 1000 m they never do. However, it is interesting
to note that these lower populations also exhibit cyclical fluctuations, albeit with a much
smaller amplitude, which reach their peaks 1-3 years later than do subalpine popula-
tions. !0 Still farther away, along the Rhine River between the Lake of Constance and
Basel, the budmoth fluctuates irregularly and, in small larch stands within the deciduous
forest, it may become locally extinct.

4. HYPOTHESES FOR THE CAUSES OF OBSERVED POPULATION
DYNAMICS

The question of central importance is: What causes larch budmoth populations to
cycle so regularly and with such little variation in amplitude and periodicity? Many
hypotheses have been erected to explain this rather common phenomenon in animal
populations, including weather or sun-spot activity; interactions with parasites, predators,
pathogens, and host plants; genetic factors; and finally mass dispersal. The more plausible
of these hypotheses are discussed below:

4.1. The Food Quality Hypothesis

Changes in food quality are considered an important factor in regulating larch bud-
moth populations. The raw-fiber content of needles increases considerably during an
outbreak and has a strong negative effect on larval survival and female fecundity.?8.46.63
In addition, increases in raw-fiber content can be induced by budmoth feeding in the
previous generation, and it then takes several years for these changes to relax.?%4> On
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theoretical grounds alone, this delayed negative feedback mechanism could be sufficient
to generate regular population cycles.?8-43

This hypothesis was tested by constructing a detailed mathematical model of the
larch—larch budmoth system (Fig. 5).43 Simulations of budmoth population dynamics
resulting from this model closely mimic the real population cycles (Fig. 6). In addition, a
priori model predictions of larch needle raw-fiber content correspond closely to later
experimental data.46 These results led us to believe that food quality change induced by
previous budmoth feeding is the most plausible explanation for the 9-year population
cycle.

4.2. The Self-Regulation Hypothesis

The self-regulation hypothesis proposes that cycles can be induced in populations
consisting of several genotypes correlated with ecologically different phenotypes, if
mechanisms for density-dependent selection are present.34-5¢ The data on larch budmoth
ecotypes are consistent with such a hypothesis. Not only have color morphs been ob-
served,13715,35737 put their proportions are correlated with the population cycles.!* How-
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FIGURE 5. Structure of the larch—larch budmoth relationship. The depicted functional dependencies are based
on observed and quantified correlations. (From 43).
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FIGURE 6. Simulated population fluctuations of the larch budmoth in the Upper Engadine Valley. The model is
based on the larch—larch budmoth relationship (see Fig. 5) and excludes dispersal. (From 43, 45).

ever, theoretical studies suggest that polymorphism—selection cannot alone induce sus-
tained cycles.*”-70 For this reason, the classical self-regulation hypothesis has to be
modified by combining it with the food-quality hypothesis or by including assortive
mating. In the first case, changing food quality becomes the selective process that induces
varying genotypic frequencies. The different ecological traits then cause populations to
increase up to the point where defoliation alters food quality.!® This is essentially equiv-
alent, however, to the food-quality hypothesis because the mechanism inducing the cycles
is a delayed negative feedback between host plant and budmoth populations.

In a second form of this hypothesis, sex-attractant polymorphism is assumed to
separate subpopulations temporarily, by means of assortive mating, during the phases of

low population density when pheromone communication is essential for reproduc-
tion. 19-43.49

4.3. The Antagonism Hypothesis

On the basis of classical theory, we might expect interactions with antagonists
(predators, parasitoids, pathogens) to induce cyclic population dynamics.3-3-7-33,38.72.73 [
1957, immediately after the first cycle we had studied intensively, it seemed obvious to
everybody that the granulosis virus disease played a crucial role in suppressing the
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outbreak.?’ But since substantial numbers of diseased larvae could not be found in
subsequent outbreaks, this idea had to be abandoned. It is unfortunate that this fact was not
taken into account in recent theoretical papers that revive the pathogen—host relationship
hypothesis for budmoth cycles.3 It is worth noting that if the larch budmoth project had been
terminated after the first 10 years of research, we would not have discovered that disease
epizootics were not a regular phenomenon,?’ and most scientists would now be convinced
that the cycles were caused by the interaction between virus and budmoth.

The impact of several species of parasitoids was studied carefully in an attempt to
determine their roles in budmoth population dynamics. !-38:52.66 These studies generally
indicate that parasitism merely tracks the larch budmoth population; i.e., budmoth popu-
lation fluctuations regulate the numbers of parasitoids and not vice versa.

4.4. The Dispersal Hypothesis

The dispersal hypothesis cannot be considered independently from the other hypoth-
eses because budmoth population dynamics are determined by a combination of local
factors as well as dispersal processes. The influence of dispersal has been postulated in the
form of four hypotheses: the Herdtheorie, the conglobation hypothesis, the translocation
hypothesis, and the cycle synchronization hypothesis.*3-44

Forest pest fluctuations cause defoliation to appear and disappear in distinct patterns
in time and space. This observation led to the formulation of the Herdtheorie during the
1930s.40 This theory proposes that populations spread out from hot spots (Herd), or
epicenters, and swamp other unpopulated areas. In the case of the larch budmoth, this
theory was abandoned, however, when the annual census demonstrated that budmoth
larvae were everywhere all the time.# Another observation that went against the Herd-
theorie was that budmoth populations grew at similar rates in all alpine valleys, a fact that
1s most consistent with autochthonous population growth.

The conglobation hypothesis proposes that locally high budmoth populations occur |
because they tend to aggregate in preferred habitats.%® This is based on the observation
that budmoths tend to fly from suboptimal montane levels (1000—1700 m) to optimal
subalpine levels (1700-2000 m).25-38 This behavioral characteristics of flying moths,
together with the topology of the European Alps, are assumed to be responsible for the
observed conglobation.?3-#3 According to this hypothesis, budmoth populations are ex-
posed to a regular and more or less constant aggregated influx of moths that replenishes
subpopulations that have become locally extinct following severe outbreaks.

The translocation hypothesis refers to the emigration of a substantial proportion of
the population to new, less hostile habitats.®® Since subpopulations of the larch budmoth
regularly deplete their food resource, they are forced to lead a nomadic life. The increased
mobility of moths in defoliated stands, their attraction to green larch foliage,”! the
conspicuous mass flights on mountain passes and mountain tops,2'-42-5° and defoliation
patterns in neighboring valleys!3 support this hypothesis. According to the translocation
hypothesis, outbreaks collapse because of overexploitation of the food resources and mass
exodus of the adult population.43

Finally, the synchronization hypothesis attempts to explain the synchronous pattern
of conspicuous defoliation along the alpine arch (Fig. 2). Population cycles are sometimes
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slightly out of synchrony, e.g., the delayed defoliation sequence from the western to
eastern Alps during the 1960s (Fig. 4). However, these delays are usually small and
follow a distinct pattern. Otherwise, the cycles show remarkable synchrony, even from
one end of the Alps to the other, and the closer the valleys the greater their synchrony. The
synchronization hypothesis explains these patterns by the exchange of relatively small
numbers of moths between neighboring valleys that would otherwise be fluctuating inde-
pendently of each other. Cycles initially out of synchrony can be synchronized in our
model by the exchange of surprisingly few moths, provided the valleys are arranged in a
line, as is the case in the alpine arch.44

The various dispersal hypotheses (except for the Herdtheorie) have been studied by
means of simulation. Their inclusion generally increases the realism of the simulation
(Fig. 7) but does not substantially alter the general cyclic behavior and therefore does not
refute the food quality hypothesis. By contrast, migration is critical in stabilizing the
system, guaranting re-establishment of the cycle after local extinctions*? and synchroniz-
ing population fluctuations over large geographical regions.

As a result, our studies generally support the food-quality hypothesis. We should
note, however, that our model of induced host responses to defoliation is based on rather
limited data, and new information could change our conclusions. If additional mecha-
nisms need to be included in our explanation of larch budmoth population cycles, we
suspect that parasitism or genetic polymorphism are the most likely candidates. By
contrast, dispersal is responsible for the stability of the cycles, the resilience of the larch
budmoth system, and the synchronization of fluctuations between alpine valleys.

5. IMPLICATIONS FOR DEVELOPING MANAGEMENT STRATEGIES

A diverse palette of techniques has been developed for controlling larch budmoth
populations, including chemical® and microbiological®! insecticides, mating disruption by
means of sex attractants,?* biological control by releasing parasitoids,? releasing bud-
moths in order to enrich the parasitoid potential at low population densities,>! and sil-
ivicultural measures such as the afforestation with less susceptible tree species or various
stand-management practices.2%

5.1. Feasibility of Management Strategies

Spraying chemical insecticides or Bacillus thuringiensis with helicopters in alpine
areas is technically feasible but expensive. Simulations on our model indicate that this
strategy may fail, however, since the protection of larch foliage is equivalent to eliminat-
ing the key regulating mechanism in the system. Without the negative feedback between
foliage and insect, the budmoth population would remain high, and the application of
insecticides might have to be repeated at frequent intervals.#? It is also feared that
spraying would result in high tree mortality due to continuous stress from high populations
near the threshold of defoliation.
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Biological control by inundative releases of parasites is extremely expensive and
poses some almost insurmountable difficulties. Rearing parasites is even more difficult
than rearing the budmoth. Mating disruption using sex pheromones seems to offer some
potential. Model simulations over large units (e.g., a whole alpine valley such as the
Upper Engadine) suggest that this technique could succeed.43 However, it would again
become necessary to repeat the treatment almost on a continuous basis, rendering the
method very expensive. In addition, immigration due to conglobation or long-range
dispersal might soon devaluate the control effort.*3

Changes in forest management practices take a long time to have an impact on
subalpine forests. Not only are growing conditions poor, but few other tree species are
available or can compete with larch. Within the Engadine Valley, for example, native
inhabitants favor larch because of its rapid growth, its capability to reproduce naturally,
and its aesthetic properties.

5.2. Economic Aspects of Population Management

Only recently has it become possible to make a realistic estimate of the diverse
impacts of larch budmoth outbreaks on the forest ecosystem and forestry economy.
Proponents of tourism have often claimed that budmoth outbreaks cause tourists to leave
or avoid the area. However, no data have been gathered to support this view. It could well
be that tourism is less affected than has been feared, since visible defoliation rarely affects
a whole valley during the same season. Also, not all outbreaks coincide with dry weather,
so the conspicuous defoliation patterns are not always visible.

Tree mortality due to budmoth defoliation is negligible (<1% of the total volume).2¢
However, local impacts may be significant; e.g., salvage operations often disrupt the
management and cutting plans of the district. Within the realm of a single community,
therefore, large numbers of dead larch trees can cause severe economic hardship by
disrupting sustained harvesting.

Natural reproduction of host trees is not directly affected by the larch budmoth
outbreaks and, although trees are weakened by defoliation, this has never been observed
to reduce reproductive output.

Larch budmoth outbreaks do not threaten either the existence or composition of the
subalpine larch—cembran pine forest. On the contrary, the components of this forest
ecosystem seem to be well adapted to each other. Dendrochronological data show that
larch and budmoth coexisted at least since Roman times. A hypothesis could even be
proposed that without the larch budmoth the subalpine larch—cembran pine forest would
change to a less desirable state. For example, the consumption of 50-100% of the larch
needle biomass every 9 years over large areas probably accelerates nutrient cycling, and
the defoliation of vulnerable cembran pine in the understory can cause considerable
mortality and postpone the succession to the climax community, i.e., a subalpine larch—
cembran pine forest with a much higher percentage of pines.?¢ Larch does not reproduce
well under a tight pine canopy and survives only in relatively open stands. Thus, the
interaction between the larch budmoth and its host, the larch, may even be considered
mutualistic.
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5.3. Conclusions

Since control would have to be applied almost continuously to entire alpine valleys,
even in the case of the most promising pheromone disruption technique, and since eco-
nomic losses due to the budmoth turn out to be rather minor, we no longer consider the
larch budmoth a pest worth controlling. The decision to abolish control measures is made
even easier when the risks of increasing larch tree mortality are considered. The larch
budmoth research project not only exemplifies how easily wrong decisions can be made,
but that long-term research on a scale appropriate to the organism is necessary to provide
the basis for correct management decisions. Close scrutiny has shown that this forest
defoliator is, in fact, not a pest. In this respect, the story of the larch budmoth provides a
lesson for the administration of future ecological research.?’
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