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In the summer of 1971 a group of students and accompanying staff
from the Entomology Department of the Agricultural University,
Wageningen, Netherlands went to Switzerland to take part in a
2-week field course organized by the team of the Alpine Research
Centre at Zuoz, studying the population dynamics of the larch bud
moth. Discussions with Dr. Auer and Dr. Baltensweiler gave birth to
the idea of simulating the gradation cycle of the larch bud moth
in the Upper Engadin Valley.

The purpose of simulating was to integrate all the biological data
collected so far into a dynamic model to test the validity of different
explanations of the mechanism that regulates the numbers of larch
bud moth in the Upper Engadin Valley, and to find out what parts
of the system are more decisive, in order to suggest priorities for
research.

The results of simulation have been discussed with the Swiss research
team which we wish to thank for its support and co-operation, and
for allowing us to use their sometimes even unpublished data, obtained
during many years of painstaking research. However, the responsibility
for the content of this monograph is entirely our own.

Collaborating students and research workers of the Agricultural
University, Wageningen, were F. H. Rijsdijk, J. Goudriaan and C. T.
de Wit.

The work was supported by grants from the Swiss Federal Institute
of Technology at Ziirich, and from the Agricultural University Fund
(LH-Fonds) at Wageningen.

Finally we wish to thank Prof. Dr J. de Wilde and his co-workers
for their advice and stimulating discussions, and for reading and
typing the manuscript.



1 The grey larch bud meth and its population dynamics

1.1 History

In the Upper Engadin Valley in South East Switzerland, foresters
have recorded for many years the recurrence of ‘browning’ of the
canopy and defoliation of the larch (Larix decidua Miller) at remark-
ably regular intervals (6-8 years) (Baltensweiler, 1962; Baltensweiler,
1964). The damage is known to be caused by the grey larch bud moth
(Zeiraphera diniana Gn.) (Lepidoptera, Tortricidae). In 1948, a com-
prehensive long-term study of Z. diniana was initiated by the Graubiin-
den State Forestry Service and the Entomology Department of the
Federal Institute of Technology at Ziirich. A scientific working group
under the direction of Prof. Dr P. Bovey and Dr W. Baltensweiler is
studying the biology of this larch bud moth which involves accurate
estimates of larval abundance once a year for each moth generation
over the entire Upper Engadin Valley.

The original aims of the study were to assess and explain numerical
variations in Z. diniana, and to devise methods for preventing serious
defoliation of the larch.

1.2 Biology

The grey larch bud moth is univoltine with an obligatory diapause in
the egg stage. Two different sympatric biological races are known to
exist, one living on larch and the other living on cembran pine (Pinus
cembra). These races show an effective ecological and sexual isolation
(Bovey & Maksymov, 1959).

In the Upper Engadin the eggs of the larch form hatch from mid-May
until mid-June. Under normal conditions egg hatching is well syn-
chronized with the sprouting of the larch, so that the first instar larvae
have sufficient suitable food (i.e. needles with a length of 6-18 mm)
at the time of hatching (Baltensweiler, 1969; Bovey, 1966). When the
needles are too short, the larvae are not able to penetrate the short
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shoot, and needles that are long are too hard to be a suitable food
source for the tiny, freshly hatched larvae (Bovey, 1966).

The larvae pass through five instars in about fifty days. The first four
instars feed within the short shoots of the larch, where they spin the
needles together to closely webbed tufts. The fifth instar is an open
feeder which spins a secondary webbing along the branch axis
(Maksymov, 1959).

When feeding is completed, the final instar larvae drop to the ground
and pupate in the litter on the forest floor. After a pupation period of
3-4 weeks the moths emerge. They live for about 35 days. The females
lay their eggs on the branches of larch trees beneath the protective
covering of lichens. Under normal conditions the sex ratio of the
adults is about 1:1 (Maksymov, 1959). Under optimum conditions the
fecundity amounts to 150-180 eggs per female (Maksymov, 1959).
Oviposition mainly occurs during twilight (Meyer, 1969). When the
temperature drops below 6°C active flight and oviposition are inter-
rupted (Maksymov, 1959).

1.3 The population fluctuations in the European Alps

Below an altitude of 1000 m above sea level, for instance on the Swiss
Plateau, the density fluctuations of the larch bud moth are of the latent
type. Visible damage never occurs there because the climatic condi-
tions do not allow a mass reproduction of the bud moth (Baltensweiler,
1969; Bovey & Baltensweiler, 1970; Bovey, 1966).

The suboptimum zone lies between 1000 and 1300 m altitude; here the
density fluctuations of the larch bud moth are of the temporary type.
Visible damage occurs at irregular intervals, and only then if the cli-
matic conditions allow a mass reproduction for some years in succes-
sion (Baltensweiler, 1966).

The optimum areas are all valleys at high altitudes in different parts
of the Alps. In these areas the climate is optimum for the reproduction
of the larch bud moth, so here the density fluctuations are mainly
determined by density-dependent processes (Bovey, 1958; Baltens-
weiler 1962), and are of the periodic type. Visible damage occurs at
regular intervals of 6 to 8 years. This regularity is most pronounced
in the Upper Engadin Valley. This was concluded from forestry
reports going back 150 years (Baltensweiler, 1964; Baltensweiler,
1968).
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In the Upper Engadin one gradation cycle (defined by the period
between two subsequent minima of the population density) lasts
8 to 10 years. The cycle can be divided in a progression phase and a
regression phase, both lasting 4 to 5 years. During progression the
populations multiply 5 to 10 fold a year, until the food source is
exhausted within the larval feeding period. Then regression starts,
and the population density is reduced to very low levels again within
a few years. Regression changes into progression without any delay.
(Auer, 1961; Baltensweiler, 1964; Baltensweiler, 1968; Bovey, 1966).

1.4 The influence of abiotic and biotic factors
14.1 Climate and weather

At low altitudes the eggs are laid before August. They have a low
survival rate, due to temperature-induced mortality. At high altitudes,
on the other hand, the moths generally fly after August and are not
able to contribute their full egg potential to population growth,
because temperature limits the daily period of oviposition activity
(Bassand, 1965; Bovey, 1966). As altitude increases, the heterogeneity
of the population structure of the larch bud moth also increases,
because the microclimate becomes more variable. Therefore at higher
altitudes the populations are better buffered against adverse weather
effects, as there is more likelihood that the eggs will hatch at the same
time as the larch sprouts (Baltensweiler, 1966; Bovey, 1966). The
result is that the physical environment determines an optimum zone
(1700-1900 m above sea level) where the population growth is fastest
(Auer, 1961 ; Baltensweiler, 1964; Baltensweiler, 1968 ; Bovey, 1966).

Baltensweiler et al. (1969) showed that extreme weather conditions can
influence the population dynamics of the larch bud moth via egg
mortality. Baltensweiler (1964) distinguished accelerated, normal and
impeded gradations in the Upper Engadin. The differences between
these graduation types are probably caused by the variable weather
conditions. He mentioned that a dry and warm spring tends to hasten
phenological development, thus favouring successful emergence of all
the eggs as well as successful establishment of the first instar larvae in
the entire area of the valley. He also said that a dry July harmonizes
the microclimates of the ground vegetation in pure larch and climax
stands and minimizes pupal mortality. The fact that the great bulk
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of normal gradations coincides with the average weather conditions
in the Upper Engadin is another indication that the climate of this
area is very favourable for the larch bud moth (Baltensweiler, 1964).

1.4.2 Quantity and quality of food

During the culmination year, generally complete defoliation occurs
within the larval feeding period. Thousands of larvae can then be seen
moving on the tree and the forest floor. Most of these larvae die from
lack of food, infection by granulosis virus, or from exposure to lethal
high temperatures on the soil surface (Baltensweiler, 1964; Baltens-
weiler, 1968; Bovey, 1966; Maksymov, 1959).

According to Baltensweiler (1968), Baltensweiler (1971), Bovey (1966)
and Auer (1968) the quality of the larch needles is reduced for 2-3
years after complete defoliation. According to unpublished data of
Benz the quality decrease lasts at least four years. The quality decrease
is both mechanical and chemical. The needles hatch later than normal
and remain short and hard with an increased content of cellulose and
lignine and a decreased nitrogen content (Bovey, 1966; Benz, 1974).
The quality of the needles decreases after defoliation levels of 50%
or more. This level is reached when the density of the larch bud moth
is at least 750 larvae per 7.5 kg of larch branches (Baltensweiler, 1970;
Benz, 1974). The decreased food quality strongly affects the larch bud
moth populations, especially in the first and second year after complete
defoliation. Feeding rate is slowed down, the mean body weight of
larvae, pupae and adults decreases, larval and pupal mortality increase,
and the fecundity of the females is strongly reduced (Baltensweiler,
1968; Baltensweiler, 1971; Bovey, 1966; Benz, 1974).

Baltensweiler (1968) found some indications that during the regression
phase the sex ratio is changed in favour of males. He stated that the
homogametic females might succumb more readily to food stress.
Benz (1974) showed that the decreased food quality affects the fecun-
dity of the females, but not their mortality rate in proportion to the
males. The larval mortality is strongest in the early instars because
there is an incoincidence between the egg hatching of the larch bud
moth and the sprouting of the larch when needle quality is reduced,
and because the needles are too hard then to be a suitable food source
for the tiny hatching larvae (Benz, 1974).
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1.4.3 Predators, parasites and diseases

The importance of birds and ants as predators of the larch bud moth
seems negligible (Bovey, 1958; Bovey, 1966). However, the larch bud
moth may be attacked during all its pre-imaginal stages of develop-
ment by more than 70 different parasite species. Only a few species,
all attacking the larval stage, seem to be of real importance as regula-
tors of the larch bud moth.

During progression the parasitism level slowly increases up to 10-
20% . Because of the strong reduction of the density of the larch bud
moth during the first regression years, the annual increase of the level
of larval parasitism is then strongly accelerated. The maximum
parasitism level that has been observed in the field was 80%.

During regression the parasite populations are strongly reduced in
absolute numbers because of the increased pressure of different forms
of intraspecific and interspecific competition. The parasites are unable
to inhibit the progression actively as there are insufficient of them left
after the density minima of their host (Aeschlimann, 1969; Baltens-
weiler, 1958; Baltensweiler, 1968; Bovey, 1966). During progression
Ichneumonid parasite species, especially Phytodietus griseanae
Kerrich, are predominant. During the regression phase three Chal-
cidoid parasite species of the family Eulophidae, are predominant.
As parasitism reaches the highest levels during regression, the action
of the Eulophids is possibly the most important for the population
dynamics of the larch bud moth (Aeschlimann, 1969; Baltensweiler,
1958). Baltensweiler (1958) supposed that only during the regression
phase can many Eulophids maintain themselves because the decreased
vitality of the larch bud moth increases the effectiveness of parasitism
by these species. Aeschlimann (1969) found indications that the Eulo-
phids can maintain themselves quantitatively during both progression
and regression. It is not clear whether the effectiveness of the parasite
complex as a whole is significantly dependent on the phase of the
gradation cycle. Other phytophageous species living on larch can not
have any quantitative importance as secondary hosts for the parasites,
as their population densities fluctuate at a very low level and usually
parallel to that of the larch bud moth. (Baltensweiler, 1958; Auer,
1961 ; Auer et al, 1959).

The quantitative recovery of the parasite populations during the pro-
gression phase may be inhibited by the action of Ichneumonid and
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Chalcidoid hyperparasite species. In 1964 (the culmination year of the
gradation) these species destroyed a considerable part of the primary
parasites (Bovey, 1966).

Mortality caused by a granulosis virus was considerable during the
culmination year 1954, As the virus remained endozootic during the
next two population peaks, its importance as a governing factor for
the population dynamics of the larch bud moth seems limited (Marti-
gnoni, 1957; Bovey, 1966).

1.5 Spatial distribution within the Upper Engadin

The distribution of the larch bud moth population over the entire
Upper Engadin Valley is rather patchy. Statistical research by Auer
(1961) shows that significant differences in population density, popula-
tion development and parasitizing level can be found as a function of
exposition, altitude, percentage larches in the stand and the composition
of the soil vegetation. The separate effect of each factor is difficult to
measure as the different factors strongly interact. Nevertheless it can
be stated that the parasitizing level increases when the soil vegetation
is more varied, that there is an optimum height for population growth
within the valley, and that the annual density increase of the larch bud
moth is less when there are less larch trees per unit of surface. The
influence of these factors is overwhelmed at higher densities by the very
fast population growth of the larch bud moth.

Within the Upper Engadin two different gradation types can be dis-
tinguished: an ‘early’ type in the pure larch stands on the south-
facing slopes of the valley, and a ‘late’ type in the mixed forests on the
north-facing slopes. There is a regular, fast increase in the population
density of the ‘early’ type during progression, starting from a rela-
tively high density level. The density level of the ‘late’ gradation type is
low at first, slowly rises during progression and shows a sudden
increase in the last year of progression. As the ‘late’ gradation type
generally reaches culmination density one year later than the ‘early’
type, this fast increase is possibly caused by immigration of adults
from stands of the ‘early’ gradation type (Auer, 1961; Baltensweiler,
1968).



1.6 Explanations of the population dynamics

Since the beginning of the research work in 1948, a number of different
theories have been developed to explain the population dynamics of
the larch bud moth in the Upper Engadin.

When in 1954, the population density of the larch bud moth was
strongly reduced by a granulosis virus, Martignoni (1957) and Bovey
(1958) suggested the following explanation for the population dynamics
of the larch bud moth.

When the density of the larch bud moth passes a certain level a virus
disease breaks out, as the virus spreads readily when the density of the
larch bud moth is high. The virus disease together with shortage of
food due to overcrowding, destroys a considerable part of the popula-
tions. The increase of the level of parasitism and predation is strongly
accelerated when the density of the larch bud moth decreases. Below
a certain density level the chance for virus infection becomes negli-
gible. Since the virus remained endozootic during the next two density
peaks of the larch bud moth, and the regression phase still showed its
usual pattern, the above mentioned theory was rejected (Bovey,
1966).

Another hypothesis was put forward by Baltensweiler (1964). In the
Upper Engadin and some other valleys at high altitudes in the Alps,
the conditions for multiplication are optimum. The average weather
conditions and a constant food source guarantee an annual density
increase until the food source is exhausted within the period of larval
feeding. Processes of intraspecific competition and their various
consequences reduce the population density to a very low level again.
The ultimate cause of the breakdown of the population is conditioned
by processes of overpopulation (shortage of food, reduction of fecun-
dity) and sometimes a virus disease. In a later stage of the regression
the parasites reduce the population density still further. Baltensweiler
(1968) added that the reduction of fecundity is due not only to food
shortage, but also to a change in food quality brought about by defo-
liation in the previous year. The effects of quality and quantity of food
are cumulative in the first regression year. Hence the basic factor that
causes the start of the regression is conditioned by the different effects
of food quantity and food quality.

A third hypothesis was formulated by Geier (1967). It should be
emphasized that his hypothesis is not based on experimental work, but
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on discussions with the working group in Switzerland. Geier assumed
on the basis of data from Auer (1961) that the reduction of food quan-
tity and quality remains too localized in the Upper Engadin and is
therefore insufficient to be the key factor in reducing the density of the
larch bud moth during the first regression years over the entire valley.
Thus he supposed that the observed differences in vitality of the larch
bud moth during progression and regression (expressed in the egg
mortality, larval mortality, feeding capacity, mean body weight,
pupal mortality, fecundity and the effectiveness of parasitism), have
a genetic background. Geier suggested that during the progression
phase a ‘strong’ genetic type is predominant, and during the regression
phase a ‘weak’ type. The ‘strong’ type would lay 70 eggs per female
and would be very susceptible to food stress and to the virus disease.
Then selection pressure on the ‘strong’ type would be very great during
the culmination years of the gradation, and therefore the ‘strong’ type
would give way to the ‘weak’ type during the regression phase. The
‘weak’ type would lay 30 eggs per female, be more resistent to food
stress and be parasitized very easily. Because of the high parasitism
level at the end of the regression phase, the ‘strong’ type would be
selected again, and the progression could restart. So according to
Geier’s hypothesis the gradation cycle of the larch bud moth basically
is caused by the mutual competition between two genetic types.
Baltensweiler (1968, 1970) found indications for changes in the genetic
composition of the populations of the larch bud moth connected with
the phase of the gradation cycle. The treatment of one area with DDT
resulted in a mortality of 97% of the larvae. In 1964 the population
density showed a 15-fold increase again, but in 1965 regression started
simultaneously with the untreated control area. Since the parasitism
level in the DDT-treated area was about the same as in the control
area all the time, there must have been some density-dependent regu-
lation in this DDT population that had never caused defoliation. This
result raises the question of changes in the population quality or gene-
tics during the gradation cycle (Baltensweiler, 1968).

Baltensweiler (1971) assumed that the regression phase lasts longer
than could be expected from the effects of food quantity, food quality
and parasitism, and suggested that this has a genetic background.
He found that the larvae of both the ‘larch form’ and the ‘cembran
pine form’ show a range of different colour phases from light to dark.
The different colour phases can be roughly divided in a ‘dark’ and an
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‘intermediate’ ecotype. Since crossing experiments between the two
extreme forms yielded the full range of intermediate colour phases in
the F1 generation, these colour phases in the larvae could not be chan-
ged by artificially modifying the density at which they are reared.
Moreover rearing experiments on different food qualities resulted in
differential mortalities. Therefore Baltensweiler suggested that the eco-
types are genotypes. In laboratory experiments the following proper-
ties of the ecotypes were found:

— There is no significant difference in fecundity between the dark and
the intermediate ecotype of the larch form. This result contradicts
Geier’s hypothesis.

~ High temperatures (34 °C) during the pre-diapause period of the egg
stage kill twice as many eggs of the dark ecotype as those of the
intermediate ecotype.

- Eggs of the dark ecotype show a faster post-diapause development
than eggs of the intermediate ecotype.

~ Larvae of the dark ecotype are more susceptibile to food stress than
those of the intermediate ecotype (Day & Baltensweiler, 1972).

— No indications were found that the parasites show a preference for
one of the ecotypes. This result also contradicts Geier’s hypothesis.

In the latent zone of the larch bud moth (1000 m above sea level or
lower) the intermediate ecotype appeared to be predominant. If the
colour phases are genetically determined, this predominance could be
due to selection against the dark type by high temperatures during the
oviposition period. In the Upper Engadin the average weather condi-
tions induce no selection against the dark type. Here the dark type
appeared to be predominant during the culmination years of the gra-
dation, and the intermediate ecotype during the regression phase.
When it is assumed that the colour phases are genetically determined,
this result could be explained by directional selection against the dark
type during the culmination year and the regression phase, as the dark
ecotype is more susceptible to food stress. If there is alternate direc-
tional selection for the colour phases, it is not restricted to climatic
and trophic stresses alone. A change in the composition of the larval
Population towards the light colour phases was observed after the
large-scale spray programme (see also Bovey, 1966).

Nevertheless Baltensweiler did not exclude that the observed poly-
morphism is merely based on modification. There is extensive literature
on phenotypic, density-dependent polymorphism associated with
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regulation of numbers of gregarious insects, especially amongst
noctuid moths (Iwao, 1968). It was found that phenotypic adaptation
functions by a change in metabolic rate, i.e. the rate increases in
crowded, dark populations, and is low in uncrowded, pale popula-
tions. Thus Baltensweiler postulated the following generalization:
‘The change in the composition of the larch bud moth populations is
an intrinsic mechanism which enables a species to cope with the varia-
bility of the environment. This mechanism functions in its most
simply conceived form on the basis of two different physiological
types and operates either by selection or by modification’.

However Baltensweiler’s genetic theory still has several important
gaps:

— It has not been proven that the different larval colour types are
genetically determined. It is possible that the shifting towards the
intermediate ecotype is a phenotypic phenomenon, connected with the
quality of food or the population density.

— There is no evidence for the hypothesis that the predominance of the
intermediate ecotype lengthens the regression phase.

— The dark ecotype is more susceptible to food stress than the inter-
mediate ecotype (Day & Baltensweiler, 1972). Therefore it can not be
excluded that the presence of polymorphism decreases the amplitude
of the gradation cycle. The accumulation of the dark ecotypes during
progression could hasten the start of regression since the dark eco-
types are selected against as the total density increases.

—~ The mechanism of directional selection towards the dark ecotypes
has not been explained.

— It is unlikely that a shift towards a different ecotype could occur
within five generations. Haldane (1957) estimated that an average gene
replacement requires 300 generations in nature, although there appear
to be many instances where the rates of evolution are higher than
could be accomplished by one substitution per 300 generations. It
can be stated on theoretical grounds that a shift towards a different
ecotype within five generations is only possible if the inheritance of
the colour types is monofactorial and if very pronounced differences
in fecundity between the different colour types exist. The latter condi-
tion has not been met.
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2 The application of key factor analysis

Auer (1968, 1969) tried to quantify the influence of the different
factors that affect the larch bud moth populations with the help of
key factor analysis. By modifying Morris’s single factor analysis
(Morris, 1959), Auer developed a statistical model for the larch bud
moth, Five different factors were taken into account: parasitism,
diseases, damage to the tree and loss of food quality, temperature and
relative air humidity.

Auer’s basic formula reads:

Y,., =aY,(1—P)’ (1=D) (1/(1+ F))! (ET—36.2)° (RHY

) G = population density in year (+1)

Y, = population density in year ¢

a = factor of proportionality

(1-P) = fraction of the population in year ¢ that is not affected
by the parasites

(1-D) = fraction of the population in year ¢ that is not affected
by diseases

1/(14+F) = expression for the degree of direct damage to the tree
and for the loss of food quality in year ¢

(XT—-36.2) = the sum of the means of the mean daily temperatures
(°C) per month, for the months July, August and
September of year ¢, and the months April, May and
June of year (¢+1), minus 36.2°C (the weather condi-
tions seem to be the most relevant for the population
dynamics of the larch bud moth during these six
months; this way of expressing the mean temperature
was chosen to avoid negative values)

RH = the mean relative air humidity during the months July,
August and September of year ¢, and the months
April, May and June of year (z+1).

By rewriting the basic formula in the regression form the following
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expression is obtained:

log(Y,+1)—log(Y,)=4Y =log(a)+blog(1 = P)+clog(l —D)+
+dlog(1/(1+F))+elog(ZT—36.2)+ flog(RH)

For each successive year the values observed in the field in the year
in question are put into the model for P, D, T, and RH. This was not
possible for F, as it expresses both the direct damage and the loss of
food quality. Auer assumed that the after-effect of the direct damage
in year f amounts to 80% in year (¢t+1), and 20% in year (¢+2). Fis
found by accumulating the direct damage (defoliation as a proportion
of the total needle mass) and the after-effects of the direct damage
in the two preceding years.

If Ay stands for log(y,+)—log(y,), where y, . is the observed popu-
lation density in year (¢4 1) and y, is the observed population density
in year ¢, and 4Y stands for log(Y,,,)—log(Y,) where Y,, is the
calculated population density in year (¢+1) and Y, is the calculated
population in year ¢, then the optimum values of the regression factors
a, b, ¢, d, e and f can be calculated by minimizing the following
expression:

n

Y (dy—4Y)*— min.

1
(n is the number of successive years for which the calculations are
done).

The same procedure is followed for models including 1, 2, 3 or 4 fac-
tors. The relative importance of each single factor can be measured by
multiplying its mean value in the model by the value of its regression
factor.

The most important conclusions from Auer’s work were:

The calculations with the 5-factor model resulted in a very high degree
of correlation with the observed population density curve. The good-
ness of fit was 0.98. So according to the results of Auer’s calculations,
changes in the genetic composition of the populations of the larch bud
moth can, at best, play a minor role in their dynamics.

The population dynamics of the larch bud moth cannot be explained
by one single key factor, but only by a combination of factors. The
more factors that are included in the model, the better the goodness
of fit.

The five factors that were considered can be arranged as follows
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according to their relative importance for the population dynamics
of the larch bud moth:

- parasitism

- damage and loss of food quality

~ diseases

- relative air humidity

— temperature.

The model that was developed by Auer was based on regression ana-
lysis with empirical data. With this model a satisfactory description of
the density fluctuations could be obtained, but this description was not
based on the underlying mechanisms at the individual level such as
development rates, mortality rates and parasite-host interactions.
Errors of the second sort may occur. It could be possible, for instance,
to find by chance a high degree of correlation between the density
fluctuations of the larch bud moth and some factor that in reality does
not affect the larch bud moth at all. The influence of an insignificant
factor may also be strongly overestimated when it fluctuates simul-
taneously with another factor that is important but still unknown.
Another shortcoming of Auer’s model is that the observed multipli-
cation factors are treated as variables that are independent of the den-
sity of the larch bud moth. So the density dependence of the factors
parasitism, diseases, and damage and loss of food quality, is not
accounted for. Auer (1969) pointed out that it is possible to improve
the model in this respect.

Process simulation with the use of computers and special simulation
languages is based on quite different starting points. In the computer
model, the biological processes that underlie the system are simulated
with the help of data that can be obtained from the literature or from
€Xxperiments. So the description of the density fluctuations of a research
object is obtained from the simulation of the underlying processes at
the individual level.

The explanatory value of the model is not restricted by limitations of
the working method as such, but only by lack of insight in the relevant
underlying biological processes. The application of this working
method to the population dynamlcs of the larch bud moth in the Upper
Engadin Valley will be explained in the next chapters.
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3 The process simulation technique and the simulation
of development

A system is a limited part of reality with related elements. The set of
relations is called the structure of the system. Examples of a system
are a cell, a plant or a field. The boundary between system and environ-
ment is preferentially chosen in such a way that the behaviour of the
system does not depend on its environment. The system is dynamic,
that is it changes with time.

A simplified representation of a dynamic system is a dynamic model.
If the model is the same as the original, there is no need to construct it.
The model only has to agree with the original on relevant points. The
differences between model and original can make the model simpler,
easier to handle and more lucid than reality.

A fairly wide definition of simulation is the building of a model and
studying its behaviour. Simulation is useful if it increases the insight
in reality by extrapolation and analogy, if it is the basis for the design
of new experiments and if the model accounts for the most relevant
phenomena and contains no assumptions that are proved to be false.
Simulation with the help of computers is only useful if the system
studied is too complex and an analytical-mathematical approach
becomes too difficult. The biological processes that underlie an
ecological system can be represented in a simulation model with the
help of computer languages that are especially designed for this

purpose.

The simulations in this monograph were carried out according to the
state variable approach. This approach is based on the use of digital
computers. A digital computer, where all executions are discrete and
take place in a sequential order, seems to be a most unsuitable instru-
ment for simulating ecological systems, as the changes in this kind of
system are parallel and continuous. The main feature of simulation
languages is to overcome these limitations. These languages are based
on the axiom that changes of the conditions in a system are not mutu-
ally dependent, but can be derived separately from the state of the
system. All rates of change between time ¢ and time (¢ + 4¢) are calcula-
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ted from the condition at time ¢ and if necessary data from the past.
Only after the calculation of all the rates at the moment of simulation,
can the changes be executed by semi-parallel integration over a small
time interval.

For practical reasons the time interval for integration cannot be infini-
tely small. It must be at least so short that the rates can be assumed to
be constant during this interval. The simplest integration method avail-
able is the Eulerian or rectilinear one, in which the new value of an
integral equals the old value plus the product of the time interval and
the rate of change. The time interval is kept at a fixed value during
simulation when this method is used.

In process simulation models, five different kinds of variables can be
distinguished: state variables, driving or forcing variables, auxiliary
variables, rate variables and output variables. The state variables
characterize and quantify all observed properties of the system, such
as number of larvae, number of parasites, amount of food and so on.
At the onset of the simulation the values of all state variables have to
be known. In mathematical terms they are quantified by the contents
of integrals. In relational diagrams they are represented by squares.
Driving or forcing variables are those that are not affected by processes
within the system but characterize the influence from outside. These
may be for instance the temperature or the temperature sum. Depend-
ing on the boundary of the system to be simulated, the same variables
may be classified either as state or as driving variables. In relational
diagrams driving variables are represented between brackets.

The rates of change of the state variables are quantified by rate varia-
bles. Knowledge of the underlying biological and physical processes
makes the formulation of rules possible, according to which the
values of the rate variables are determined. In relational diagrams
rate variables are represented by valves.

For complicated processes the use of properly chosen intermediate
auxiliary variables makes the calculation process more lucid. In rela-
tional diagrams these variables are represented by circles. Output
variables are the quantities that the model produces for the user. They
may be state, rate or auxiliary variables.

Parameters, that have a constant value, are underlined in relational
diagrams. Flow of material is represented by solid lines, while flow
of information is represented by broken lines.

The application of the state variable approach in ecosystem modelling
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and the simulation language used here, Continuous System Modelling
Program CSMP, is explained in detail in another book of the Simula-
tion Monograph Series (De Wit & Goudriaan, 1974).

The relational diagram in Fig. 1 shows one simple way to simulate
hatching, i.e. the development of young larvae from eggs. The amount
of eggs, and the amount of young larvae, two state variables, are given
within rectangles. They are connected by a solid arrow that designates
the flow of individuals from one state to the other. This flow is regu-
lated by the hatching rate, HR, a variable presented within the valve
symbol, dependent on a constant, the relative hatching rate RHR,
which is underlined and on the amount of eggs; both dependences
being presented by broken lines.

EGGS ><- LARVAE

DEVELOP
---»! MENT (HATCH )
RATE

A

RHR

o -

Fig. 1 | Simplest relational diagram for the hatching process of eggs.

In CSMP, the two state variables are presented by integrals.

EGGS INTGRL (100., - HR)
LARV INTGRL (0., HR)

The first number in the argument is the initial value, which is here,
of course, zero for the number of larvae, and arbitrarily assumed to be
100 for the number of eggs. The second variable in the argument is the

rate of change of the number of larvae. This hatching rate may be
equal to HR = RHR % EGGS in which the relative hatching rate is

defined as a parameter at, for instance, 0.1 day ' with
PARAMETER RHR = 0.1

The actual simulation program is completed with a statement that
specifies the time period over which the system is simulated and the
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Fig. 2 | Simulated hatching curve of eggs and corresponding emergence of
larvae, when only one integral is used (Poisson process).
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interval at which output is wanted: |
TIMER FINTIM = 30., OUTDEL = 1.
a statement that specifies the output:

PRTPLT EGGS, LARV

The output is given in Fig. 2.

Obviously there is an exponential decrease in the number of eggs and
a corresponding increase in the number of larvae.

The hatching rate may also be a function of temperature. If a birth
rate, BR, and a death rate of eggs, DR, is added the first integral
becomes

EGGS INTGRL (100., BR - DR - HR)
and the hatching rate becomes
HR = EGGS ¥ AFGEN (RHRT,TEMP)

The AFGEN function (Arbltrary Function GENerator) makes linear
interpolation possible between given values for RHR as a function of
the temperature TEMP.,

The other rates, birth rate and death rate should, of course, also be
quantified.

It is well known that the average residence time in the egg stage is the
inverse of the relative hatching rate, i.e. 10 days for Fig. 2. Hence the
duration of the process is controlled by the relative hatching rate.

The form of the resulting curve, however, is still unrealistic. Actual
experiments show that for some days after the onset of hatching small
numbers of larvae appear. Then the hatching rate increases and decreases
again. The complexity of the hatching process and the many subpro-
cesses concerned, obviously causes a bell-shaped hatching curve.

EGGS |- - -
Hatch stage _%. E2 % E3 —%— Ed %’ LARVAE
o RN S S
- REST

Fig. 3 | Relational diagram of the hatching process of eggs, application of
the boxcar train or age classes approach.
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Without analysing these underlying processes in detail, they may be
mimicked by constructing a number of development classes according
to the relational diagram of Fig. 3.

In each class the residence time, RT, is 1/N of the total residence time
(hatching time) REST, N being the number of classes (N = 10). This
is programmed as follows:

EGG1 = INTGRL (100., - EGG1/RT)
EGG “2,10° = INTGRL

(0., (EGG “1,9° - EGG “2.10°)/RT)
LARV = INTGRL (0., EGG10/RT)

The second integral statement stands for the 9 integrals EGG2-
EGGI10. For instance:

EGG5 = INTGRL (0., (EGG4 - EGG5)/RT)

The residence time in each class, being defined by:

RT = 1/N*REST
REST = 1/RHR
PARAMETER RHR = .1, N = 10,

The resulting emergence curve of larvae is presented in Fig. 4.
A Gaussian distribution function with its maximum at 10 days
(I/RHR) is obtained.

Goudriaan (1973) showed that the variance of this Gaussian distribu-
tion function is defined as:

- $2=Nx(RT)?

N x RT representing the average total residence time REST.
Hence the relative standard deviation is constant according to:

S/REST = S/(N x RT) = (1/,/N)

and only dependent on the number of development classes.

So a relative standard deviation of 0.2 is realized when 25 classes are
distinguished, and for a relative standard deviation of 0.1, 100 hatching
(development) classes must be distinguished.

This large number of classes takes too much computing time and
moreover, once the number of classes is chosen, the relative standard
deviation is fixed.

It is possible that the relative standard deviation depends on the abiotic
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Fig. 4 | Simulated hatching curve and corresponding emergence of larvae
with several development classes and the ‘continuous’ method of simulation
of development.
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conditions for growth and development. A solution for this problem
is found by a versatile-.combination of the presented method with a
modelling system which moves the eggs through the development
classes without dispersion, like the contents of the boxcars of a train
moving along a track.

To achieve movement without dispersion the whole contents of the
development classes are shifted at the moment that one residence time
is passed. This is done as follows:

EGG1 = INTGRL (100., -PUSH » EGG1)
EGG “2,10° = INTGRL (0.,

PUSH *» (EGG “1,9° - EGG “2,10°))
LARV = INTGRL (0., PUSH x EGG10)

The variable PUSH is always zero, except at the moment when the
residence time is passed. Then it has the value 1/DELT, in which DELT
is the small time step of integration. At that moment the rate of change
of, for instance, the integral EGG1 becomes EGG1/DELT, the content
of the integral changes with numerical integration to:

EGG1T+DELT - EGGIT—(I/DELT) X EGGI X DELT = 0

In this way the first development class is completely emptied. Similar
shifts occur in the other classes.
The control of the value of PUSH requires two additional statements

PUSH = INSW (HST - 1/N, 0., 1/DELT)
HST = INTGRL (0., C(RHR - PUSH/N))

The hatching stage, HST, is the integral of the relative hatching rate.
HST accumulates until it exceeds 1/N. Then 1/N is subtracted. PUSH
is set at zero by the INSWitch as long as HST is smaller than 1/N
and equals I/DELT when HST is larger. In Fig. 5 the result of this
:ivay of modelling is given, with N =10 and a hatching rate of 0.1
ay~2, ~
Hence there are now two programming systems available. One,
the continuous one, which generates a constant relative standard
deviation and the other, the discontinuous method, that generates no
standard deviation at all. A combination of both methods for which
the relative standard deviation is not constant can be mimicked by an
intermediate method. A fraction F of the content of the development
classes is shifted with a frequency which is 1/F time larger. F may
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depend on abiotic conditions or on other driving variables. This
fraction is 1 when complete ‘discontinuous’ simulation is required
and is DELT/RT when complete ‘continuous’ simulation suffices to
mimic the dispersion. |

This is shown in the following notations:

Continuous:

F = DELT/RT
HR = —EGGI x PUSH x DELT/RT

As PUSH is 1/DELT:
HR = —~EGG]1 x 1/RT
Discontinuous:

F=1
HR = —-EGGI xPUSH x |

In the intermediate cases the fraction F equals

1—N x (S/REST)?

so the size of the fraction is determined by the deviation from the
‘continuous’ situation, i.e. N = (S/REST)2. Thus the value of F can
be adjusted to give different values of the relative standard deviation.
When the standard deviation becomes relatively small, the size of the
fraction increases until the extreme case of complete ‘discontinuous’
simulation without any dispersion occurs.

In CSMP this is written:

EGG1 = INTGRL (100., - PUSH * EGG1 * F)
EGG “2,10° = INTGRL (0., PUSH =

(EGG “1,9° - EGG "2,10°) * F)
LARV = INTGRL (0., PUSH % EGG10 x F)
PUSH = INSW (HST - 1.,0., 1./DELT)
HST = INTGRL (0., 1/RT - PUSH)
F = AMAX1 (DELT/RT, 1. - N »

((S/REST)*x 2))

The expression AMAX] (-, —-) is a CSMP function that takes the

largest of the two arguments between the brackets.
The resulting birth curve is given in Fig. 6. It can be shown that the

resulting variance is given by
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(S)z-j-:Nx RT?x(1-F)

In this way (S)? equals zero when F =1, and whole contents of the
classes are shifted. It approaches its maximum value when F approa-
ches zero. |

As has been said F and the relative hatching rate are often the func-
tions of biotic and abiotic conditions. This combined method of model-
ling is used in this monograph to simulate the development of the
larval, pupal and adult stages of the larch bud moth. However the
lumping of populations into development classes introduces errors of
approximation. In the most extreme case when F =1, the contents
of the classes are shifted as a whole and when a limited number of
classes is distinguished the approximation errors can be considerable.
For instance, in a development model of eggs at a constant temperature
of 15°C, age classes of 0-2, 2-4, 4-6, 6-8 days may be distinguished.
Every two days the contents of the classes (as F = 1) are shifted one
place, so that generally the residence time in each class is two days.
This does not hold however for the first development class, as it has a
continuous inflow, formed by the birth rate. Only individuals born
just after a shift will stay here for two days. As time proceeds the
residence time of individuals born later will become progressively
shorter. On the average the residence time in the first class will be half
of the interval of pushing. So the average age of the eggs pushed from
the first age class to the second is not 2 days, but 1 day, and this means
that the next age classes are 1-3, 3-5, 5-7 days, instead of 2-4, 4-6,
6-8 days, respectively.

A solution for this error is found by placing a preclass before the
different development classes. This class is filled continuously by the
birth rate and emptied continuously with a rate that is half the resi-
dence time of the considered age class multiplied by the content of

this class, so:

EGGO = INTGRL (0., BR -
(1/(RT * .5)) * EGGO)

and as F=1

EGG1 = INTGRL (0., (1/(RT * .5)) =*
EGGO - PUSH * EGGT * 1.)
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In this way the first development class is filled with a continuous rate
of eggs with an average age of one day. The average age of the eggs in
the first age class at the moment of shifting is then two days instead of
one day.

When F =1, error occurs and the given solution for this problem
should be applied, but, when F=DELT/RT, there is no error of
approximation. Therefore in the intermediate cases and when F=
DELT/RT, an additional correction should be introduced. This is
done by multiplying the rate of transfer from the preclass to the first
development class by the reciprocal of the fraction F. Thus a preclass
with an outflow of 2/RT when F=1, and of (2/RT)x(1/F) in the
intermediate cases, synchronizes the ages in the development classes.
When F=DELT/RT in the case of ‘continuous’ simulation, the
residence time in the preclass is negligible but then very small time
steps are necessary and this requires too much computer time.
Waste of computer time is prevented by choosing the number of classes
not too close to that number with which continuous simulation mimics
the dispersion correctly.

In this way growth and development of populations is simulated with
incorporation of the dispersion in development, due to the underlying
physiological processes, and without losing any accuracy in the age
structure of the population.
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4 The model

In this chapter the structure of the simulation model that was designed
for the population dynamics of the larch bud moth, is explained. In
the first section some general remarks on the structure of the model
are made. In the second section the relational diagrams for the three
subsystems that were simulated in the model, are given. These diagrams
are meant to give a general idea, but are not in detail. The structure of
the model is explained on the basis of a number of detailed sub-dia-
grams. In the third section the technical details of the simulation pro-
gram are explained. The appendixes give a list of abbreviations, an
explanation of the symbols used in the relational diagrams, and the
complete simulation program.

4.1 The general design of the model

The mean population density curve of the larch bud moth in the Upper
Engadin Valley was simulated. Although within the Valley different
gradation types can be distinguished, the Upper Engadin as a whole is
considered an autochtonous ecological entity. Migration of adults
into or from the area seems not to be of importance for the population
dynamics of the larch bud moth inside the valley (Auer, 1961). There-
fore the Upper Engadin was taken as the spatial limit for simulation.
In the model three different subsystems were simulated: the larch bud
moth, the larch and the parasite complex. The virus disease was left
out as the virus remained endozootic during the last two density peaks
of the larch bud moth (Bovey, 1966; Baltensweiler pers. commun.).
Predators and hyperparasites were omitted because generally they are
not of quantitative importance (Bovey, 1966). Moreover the research
data were insufficient. Only the effect of egg predation was introduced
in the form of a certain percentage egg mortality (see Section 4.2.8).
‘The simulation program (see Appendix C) is divided in an INITIAL,
a DYNAMIC, and a TERMINAL part so that the calculations can
be repeated for a number of successive years during one run of the
program. In the INITIAL part the initial amounts needed to start the
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calculations, are given. These are: the initial number of female para-
sites NPARI, the initial needle mass WENEI, and the number of
larch bud moth eggs after winter EW. In the DYNAMIC part, the
text of the proper simulation program is given, and the TERMINAL
part calculates the amounts that are needed to start the simulation for
the next year.

A period of 30 years was simulated. Simulation starts with 0.06
parasites per 7.5 kg larch branches, an initial needle mass of 3.314 kg
per 7.5 kg larch branches, and with 0.37 eggs per 7.5 kg larch branches.
All amounts in the model are expressed per 7.5 kg larch branches as
this was the sample unit formerly used by the research team in Switzer-
land.

The same temperature table was used for every year. In this table the
mean daily values of the temperature are given every day from 1 May
until 6 November. These values are based on data of 1963 from the
meteorological station at Bever (Upper Engadin). This way of
introducing the temperature seemed acceptable as the regularity of
the outbreaks of the larch bud moth in the Upper Engadin indicates
that the variations in weather conditions between the years in this area
are relatively unimportant for the population dynamics of the larch bud
moth. Bovey (1958) and Baltensweiler (1962) pointed out that in the
optimum areas such as the Upper Engadin the climate always allows
a mass reproduction of the larch bud moth, so that the density fluctua-
tions in these areas are mainly determined by density-dependent pro-
cesses. As soon as more data on the influence of the temperature on
the mortality of the larch bud moth are available, it might be useful
to give different temperature data for each successive year.

Simulation starts on 1 May and ends on 6 November for each succes-
sive year, The rectilinear integration method was used. The time step
for integration was fixed at 0.1 days as further shortening of the time
step had no significant influence on the results of simulation.

4.2 Relational diagrams

In Figs. 7, 8 and 9 the general concept of the model is presented. These
diagrams are treated in more detail in the next sections.
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4.2.1 The development of the larch bud moth

The larval stage, the pupal stage PU, and the adult stage AD, are
simulated separately. The development of each stage is divided into
four classes: 0, 1, 2 and 3, as can be seen in the relational diagram
Fig. 10. Each zero-class is a pre-class as described in Chapter 3. The
unparasitized larvae, LAU, and the parasitized larvae, LAP, are kept
in two separate series of parallel development classes.

The rate of change of the number of individuals in a certain develop-
ment class at a certain moment equals the rate of inflow minus the
rates of outflow and mortality. The rate of inflow equals the rate of
outflow of the preceding development class.

The rates of inflow and of outflow are modified by the temperature

Sz UNPARASITIZED Sz PARASITIZED
te LARVAE M LARVAE >
LARVAL LARVAL
MORTALITY PARASITIZNG MORTALITY
RATE | RATE | RATE
\ 4 v RATE OF \
HATCHING /]
S2 OVERWINTERING
te PUPAE PARASITES
MORTALITY
OVERWINTERING
dals D q EGGS
7 3
A 4
ADUT | ceereme———eae »| RATE OF q
MOTHS OVIPOSITION
2

Fig. 7 | Relational diagram of the larch bud moth.
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TEMP. Each stage is simulated with its own temperature dependence.
Data on the development duration and its standard deviation at
different temperatures were taken from thermostat experiments of
Maksymov (1959). In the model, the development threshold of the
larval stage is 2°C. The threshold of the pupal stage is 7.5°C. No
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PERCENTAGE OF THE
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~~\ WASTED BY CO-AND
pd SUPERPARASITIZING

MORTALITY
OF PARASITE
LARVAE BY
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Fig. 8| Relational diagram of the parasite complex.
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experiments have been done on the longevity of the adults at different
temperatures. Maksymov (1959) mentioned that under the mean cli-
matic conditions of the Upper Engadin their longevity is 35 days. The
females live for about three weeks under laboratory conditions
(Baltensweiler, pers. commun.). In the model, the adults live 35 days
at 11°C, and 21 days at 20°C. The development threshold of the adults

is assumed to be 2°C.

4.2.2 The damage to the tree

The damage to the tree has two aspects:
— the damage that is caused directly by larval feeding and that can be

expressed as percentage defoliation;

NEEDLE MASS NEEDLE MASS OF A
AFTER LARVAL COMPLETELY UNDAMAGED
FEEDING INTHE LARCH TREE
PREVIOUS YEAR :

i :

: E

! b

; :

! i

! I
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BEFORE LARVAL FEEDING

y
ACTUAL
NEEDLE
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/ RATE OF
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T DENSITY FEEDING CAPACITY
v OF THE LARVAE

Fig. 9 | Relational diagram of the tree as food source for the larch bud moth,
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Relational diagram of the development of the larch bud moth.

— the physiological damage (decreased needle quality) that is caused
by the larval feeding in the preceding years.
The best procedure is to simulate both these aspects with the state

variable

approach—not a difficult task with direct damage. As soon

as the larvae start feeding, the needle mass WENE decreases at a

rate of

damage RDAM; this rate is determined by the number

of larvae and by their feeding rate FEDR, and is independent of
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Fig. 11 | Relational diagram of the damaging effects of the tree.

the availability of food as long as the food source is not exhausted.
Feeding is assumed to be concentrated in the last development class
of both the parasitized and the unparasitized larvae (LAP3 and LAU3).
This seems justified as the damage is mainly caused by the oldest larval
instars (Gerig, 1967, Baltensweiler, pers. commun.). The parasitized
larvae were assumed to have the same feeding rate as the unpara-
sitized larvae.

It was not possible, however, to simulate the quality decrease of the
needles properly, as no information was available about the physiolo-
gical processes that underlie this quality decrease. One of the ways in
which the physiological damage is expressed is in short and hard need-
les of reduced weight (see Section 1.4.2). Therefore in the model the
physiological damage for each successive year is measured by the
value of the parameter WENEI, which represents the weight of the
needles per. 7.5 kg larch branches before larval feeding. The value of
WENEI is for each successive year calculated as follows: WENEI
equals the needle mass of a completely undamaged tree (NDTR) if
the quality of the needles is normal, but is smaller than NDTR if the
quality of the needles is reduced.

For the next year WENEI is calculated as the mean of the actual needle
mass WENE at the end of the year (after larval feeding) and the needle
mass of a completely undamaged tree NDTR. So after complete
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defoliation, WENEI for the next year amounts only to 0.5 x NDTR.
If after one year of complete defoliation there was no more larval
feeding, the reduction of WENEI would be halved every year. This is
in agreement with the observation that it takes about 4 years for a
larch stand to recover from complete defoliation.

For the parameter NDTR the value of 3.314 kg needles per 7.5 kg
larch branches was chosen according to data of Auer (pers. commun.).
The physiological damage during a certain year is now expressed in
the model by the damage factor DAFA. The value of DAFA ranges
between 0 and 1, and is determined by WENEI and NDTR according
to the following formula:

DAFA = 1—-(NDTR —WENEI)/(0.5x NDTR)

When the quality of the needles is optimum, DAFA has the value 1,
and when the quality decrease is maximum (WENEI = 0.5 x NDTR),
DAFA has the value 0.

The feeding capacity of the larvae FEDR is a function of the damage
factor DAFA. As Auer (1961) and Baltensweiler (1964) attributed
complete defoliation to a density of 1250 larvae per 7.5 kg larch
branches, the value of FEDR under optimum conditions (DAFA = 1)
was chosen in such a way that at a density of 1250 complete defoliation
occurs just within the larval feeding period. In the model, the larval
feeding period is identical to the mean residence time in the last larval
development class. The residence time could easily be calculated, since
the same temperature table is given for every year, and the relation
between development duration and temperature is known. The resi-
dence time in the last larval development class is one third of the mean
development duration of the larvae. The calculation of the mean devel-
opment duration is described in Chapter 3.

In the first year after complete defoliation (DAFA =0), FEDR is
assumed to be reduced by 50%. If after complete defoliation there is
no more larval feeding in the following years, the recovery would
occur as follows: 37.5% reduction in the second year after complete
defoliation (WENEI = 0.75 x NDTR, DAFA =0.5), 25% in the third
year (WENEI =0.875 x NDTR, DAFA =0.75), 12.5% in the fourth
year (WENEI = 0.9375 x NDTR, DAFA = 0.875), and in the fifth year
after complete defoliation (WENEI = 0.96875x NDTR, DAFA =
0.937), the feeding capacity of the larvae would be back to normal
again. An after-effect of complete defoliation that lasts four years was

-
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chosen as the quality decrease of the larch needles lasts at least four
years after complete defoliation according to unpublished data of
Benz.

The reduction of the feeding capacity of the larvae and all the other
effects of food quality that are described in the next sections, are put
into the model as functions of the damage factor DAFA. They were
not simulated as a process with the state variable approach, as only
empirical data were available and no information was available about
the physiological processes in the larch bud moth that underlie these

effects.
4.2.3 The hatching of the eggs of the larch bud moth

There is a certain number of unhatched eggs, NEG. As long as
no eggs have hatched, NEG equals the number of eggs that are ready

—————— NEG

r-———-—-——-—_
“
7

_____ ..[>/ RHAT :( TEMP)

~
b
~

“ 7/

\\(TEMS e

Fig. 12 | Relational diagram of the hatching process of larch bud moth
eges.

<

to hatch after winter. Egg hatching starts as soon as the temperature
sum in °C, TEMS, has passed the value 45 (TEMS is zero when the
simulation starts, i.e. on 1 May). Then the integral NEG is emptied
at the rate of hatching RHAT. This rate is the product of NEG and
the relative rate of hatching RRHAT. This relative rate is a function
of the temperature TEMP. This function was globally estimated from
data of Baltensweiler (1972), about the duration of the hatching period
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and the temperature during this period at different locations. The
temperature threshold for egg hatching was assumed to be 5°C,
according to data of Bassand (1965)

4.2.4 Mortality by incoincidence

The reduced rate of hatching RHATR equals the rate of hatching
RHAT multiplied by a reduction factor (1 — RDM). The factor RDM
represents the proportion of hatching larvae that is not able to pene-
trate a short shoot and so dies at once. The reduced rate of hatching
RHATR forms the rate of inflow of the first development class of
unparasitized larvae, LAUO.

RHATR

«----{ DAFA)

Fig. 13 | Relational diagram of the mortality by incoincidence of hatching
eggs and sprouting needles.

RDM is a function of the damage factor DAFA. The data on the mor-
tality by incoincidence between the sprouting of the larch and the
hatching of the eggs of the larch bud moth are rather vague. According
to Baltensweiler (pers. commun.), the total mortality in the first and
the second instar amounts to 80-90% in the first year after complete
defoliation. It is assumed that in the first year after complete defolia-
tion (DAFA = 0), 65% of the larvae is not able to penetrate a short
shoot and so dies at once. The remaining 15-25% mortality in the first
and the second instar are assumed to be due to other causes, such as
physiological weakening because of decreased food quality (see 4.2.5).
If after complete defoliation there is no more larval feeding in the
following years, the recovery would take place as follows:
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31.1% of the hatching larvae would die at once in the second year
after complete defoliation (DAFA =0.5), 14.0% in the third year
(DAFA =0.75), 5.9% in the fourth year (DAFA = 0.875), 1.5% in
the fifth year (DAFA = 0.9375) and in the sixth year after complete
defoliation the mortality by incoincidence would be back to zero
again,

4.2.5 Mortality from physiological weakening due to decreased food
quality

The relative rate of mortality from physiological weakening RPHM is
caused by the decreased mechanical and chemical food quality.
RPHM affects all the larval and pupal development classes and is a
function of the damage factor DAFA. The values of this function were
chosen in such a way that RPHM causes a mortality of 75% in the
first year after complete defoliation (DAFA =0). If after complete
defoliation there is no larval feeding in the following years, the
recovery would take place as follows: 45% mortality in the second
year after complete defoliation (DAFA =0.5), 35% in the third year
(DAFA =0.75), 25% in the fourth year (DAFA = 0.875), 5% in the
fifth year (DAFA =0.9375), and in the sixth year after complete
defoliation the mortality would be back to zero again. These figures

are based on unpublished data of Benz on the mortality due to phy-
siological weakening from the second larval instar till the adult stage.

The relative mortality rates are calculated as follows.
Since mortality is a continuous process, the rate of mortality RM
can at any moment be expressed by the equation:

RM=RRMxA

in which RRM is the relative rate of mortality and A is the amount
of individuals.
In differential notation, this equation is written as:

dA/dt=RRM x A
The integrated form of the equation is:

A:__IAxeRRMxAt

in which IA is the amount of individuals before they begin to die,
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and At is the time interval, i.e. the mean development duration of the
larvae plus the pupae. If the total mortality is 75% within this time
interval, the proper value of RRM would be:

RRM = (In 25—1n 100)/4¢
4.2.6 Mortality from lack of food

As feeding in the model is concentrated in the last larval age classes,
LAU3 and LAP3, (see Section 4.2.2), mortality from lack of food
is also assumed to be concentrated here. The relative rate of mortality
from lack of food RSM is a function of WENE/NDTR, i.e. the quo-
tient of the actual needle mass and the needle mass of a completely
undamaged tree.

Fig. 14 | Relational diagram of the mortality by intraspecific competition
of the larch bud moth.

Gerig (1967) mentioned that the factor ‘space’ apparently plays an
important role for the intraspecific competition of the larch bud moth
long before the factor ‘lack of food’, because the mean body weight
decreases long before the food source is exhausted. As Gerig observed
an increase of body weight with increasing age only till a density of
375 larvae per 7.5 kg larch branches, mortality by intraspecific com-
petition is assumed to start at this density and to increase strongly
as soon as 95% of the food source is exhausted. The more prematurely
the food source becomes depleted within the larval feeding period, the
longer RSM exerts its maximum influence and the larger the propor-
tion of the larvae that die.

No quantitative data on the mortality from lack of food were availa-
ble. Therefore the values of RSM as a function of WENE/NDTR had
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to be found by trial and error. As soon as the values of all the other
mortality factors were fixed, the values of RSM were varied until a
realistic downswing of the population density in the first regression
year resulted. RSM is zero until WENE/NDTR drops below 0.7,
RSM is 0.01 when WENE/NDTR is 0.05 and increases to 0.4 when
WENE/NDTR reaches zero.

4.2.7 Density-independent mortality

In the model a constant relative rate of density-independent mortality
affects all the larval and pupal development classes. Of course this
mortality is independent of the population density and of the damage
to the tree. Hence the relative rate of mortality is represented by a
fixed value in the model. This value was chosen in such a way that it
results in a total mortality of 70% from the first larval instar till the
adult stage, according to unpublished data of Benz.

e FLAA |e----SR
;,
TOEG |« > _ADAFA)
ROVIP
X ’
Y '
EW E e
;
MOERW \“‘*(TEMP)

Fig. 15 | Relational diagram of the fecundity, oviposition and egg mortality
of the larch bud moth.
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4.2.8 Fecundity, oviposition and egg mortality

The rate of oviposition ROVIP is determined by the number of females
present at a certain moment, and by the number of eggs laid per female
per day. The number of eggs each female lays per day (F), is a function
of the temperature. The values of this function were chosen in such a
way that the females realize their full egg potential at any temperature,
provided they do not die prematurely. The optimal fecundity was
assumed to be 150 eggs per female, according to Baltensweiler (1968).
Moreover the number of eggs laid per day, F, is modified by a reduc-
tion factor of reproduction, RREP. This reduction factor is a function
of the damage factor DAFA. In the first year after complete defolia-
tion (DAFA = 0), the fecundity of the females is assumed to be reduced
by 70% . If after complete defoliation there is no more larval feeding
in the following years, the recovery of the fecundity would take place
as follows: a reduction of 40% in the second year after complete
defoliation (DAFA = 0.5), 20% in the third year (DAFA =0.75), and
in the fourth year after complete defoliation (DAFA =0.875) the
fecundity would be back to normal again. These values were chosen
according to unpublished data of Benz.

The number of females present at a certain moment (FLAA), is
determined by the total number of adults present at that moment,
and by the sex ratio SR which is assumed to be always 1:1 according
to Maksymov (1959) and Benz (1974).

The total number of eggs that is laid during the season, TOEG, is
found by integration of the rate of oviposition ROVIP. At the end of
each year the number of eggs that will be ready to hatch at the begin-
ning of the next year, EW, is calculated by reducing TOEG with the
fraction MORW which represents the total egg mortality. It is assumed
to have the value 0.4 every year, as the egg mortality ranges between
30% and 50% (Delucchi, pers. commun.). One of the main causes of
this mortality seems to be the action of predatory mites.

4.2.9 The parasite complex

There are more than 70 different parasite species. Most of the species
that are of real importance for the population dynamics of the larch
bud moth in the Upper Engadin attack two or more larval instars, are
univoltine and solitary and maintain themselves mainly on the larvae
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of the larch bud moth (Baltensweiler, 1958.; A.uer et al., l9§f9 ;hAeschlal;
mann, 1969). Thus the parasite complex 1s sxmulafed as if t t:ri Swan
only one univoltine, solitary, monophageous Species thaI: altt Zrasite
larval instars. This parasite species must represent the whole p

complex.
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Fig. 16 | Relational diagram of the parasite complex (more detailed than
Figure 8).
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The beginning and the end of the reproductive period of the female
parasites is determined in the model by the temperature sum TEMS.
As soon as TEMS has passed the value 164, all female parasites start
ovipositing within three days. As soon as the value of TEMS is more
than 508, all parasites die within three days. As every year the same
temperature data are given in the model, the reproductive period lasts
from 30 May until 4 July every year. A period of 35 days was chosen in
accordance with data on the parasite species P. griseanae (Baltens-
weiler, 1958).

During their reproductive period all female parasites can lay potentially
a certain number of eggs FP per day at 15°C. This potential number
of eggs is modified in the model by a temperature factor TEMFF. The
values of this factor were chosen in accordance with information given
by Aeschlimann. Thus below 5°C no parasitizing activity occurs, and
at 7.5°C the female parasites can lay maximally 0.3 eggs per day, at
10°C 2.1 eggs per day, at 15°C 2.5 eggs per day, and at 20°C they can
lay maximally 2.8 eggs per day. These values seem a realistic mean for
the most important species of the parasite complex (see Baltensweiler,
1958; Aeschlimann, 1969; Baltensweiler & Moreau, 1957).

The number of eggs that the parasites lay per day is also dependent on
the host density. In the model the total number of parasite eggs
laid per day at low host densities is proportional to the product of the
density of the ovipositing parasites NPAR and the host density
TL (=NPARxXxTLxKxTEMFA). The factor K represents the
‘area of discovery’ of the parasites at 15°C. It is the number of eggs
that is laid per parasite per host per day at low host densities at this
temperature. In the model, K has the value 0.2. K is modified by a
temperature factor TEMFA. For the time being it was assumed that
TEMFA has the same values as the temperature factor TEMFF.

At a certain host density the maximum reproductive capacity of the
parasites at the given temperature is reached. From then on the total
number of parasite eggs laid per day amounts to NPAR x FP x
TEMFF.

All this results in the functional response curve (for one parasite!)
given in Figure 17. This curve is rather arbitrary, since the data were
insufficient. It reflects however the strong searching capacity of the
parasites, that are always able to build up a parasitism level of 10-20%
during the progression phase, even when progression starts from an
extremely low host density. -
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Fig. 17 | Functional response curve of the parasites to increasing density of
larch bud moths.

Table 1 The relation between MIC and PPEL.

Percentage parasite eggs wasted by
Coparasitizing and superparasitizing (PPEL) 0 10 27 81 100

Percentage parasitized hosts from
which no parasite emerges (MIC) 0 50 95 999 100

- The maximum reproductive capacity of the parasites is already reached
at a host density of 12.5 larvae per 7.5 kg larch branches at any tem-
perature. Of course, in reality the slope of the functional response
curve gradually declines with increasing host density, so that the
maximum reproductive capacity gradually is reached at a higher den-
sity, but such details are hardly reflected in the end result.

Since the simulation concerns a complex of species, it is assumed that
the parasites do not discriminate between unparasitized and already
parasitized hosts and that they do not have any preference for one of
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the larval development classes. Therefore the host density TL can
simply be represented by the sum of the contents of all the develop-
ment classes of parasitized and unparasitized larvae. The relative rate
of parasitism RPAR is then found by dividing the total number of
parasite eggs laid per day by the host density TL. The rate of parasiti-
zing for each of the development classes of unparasitized larvae is
found by multiplying RPAR with the contents of that development
class. The parasitized larvae are kept in a separate series of develop-
ment classes that run parallel to those of the unparasitized larvae,
as can be seen in the relational diagram in Section 4.2.1. The parasitized
larvae in the model show the same feeding capacity, density-indepen-
dent mortality, development rate etc. as the unparasitized larvae. They
die before they can pupate.

It is assumed that the parasites are solitary because Baltensweiler
(1958) said that generally only one parasite larva per host can com-
plete its development. Hence the proportion of parasite eggs that is
wasted by coparasitizing and superparasitizing, PPEL, can be found
by accumulating both the number of parasite eggs that is laid in already
parasitized hosts, and the total number of parasite eggs laid, and
dividing the former by the latter. So PPEL is an expression for the
average level of coparasitizing and superparasitizing at a certain
moment,

The total number of overwintering parasites (PARW) is found by
accumulating the numbers of hosts that leave the last development
class of parasitized larvae (LAP3). The rate of inflow of PARW is
reduced by a factor MIC. This factor represents the proportion of
parasitized hosts from which no parasite instead of one parasite emer-
ges. MIC is a function of the level of coparasitizing and superparasiti-
zing PPEL. The introduction of this factor seems justified as it is a
general phenomenon in host-parasite relations that at high levels of
coparasitizing and superparasitizing many parasitized hosts fail to
produce a parasite because of the increased pressure of different forms
of competition between the parasites. Frequent attacks or ‘host
feeding’ by the adult parasites can cause premature death of the host
and of the parasite larvae within it. Another possibility is that the
competition between the parasite larvae within the host causes their
collective death. So MIC represents a number of different processes
that are only indirectly connected via the level of coparasitizing and
superparasitizing. -
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No data were available. Therefore we had to determine the values of
MIC as a function of PPEL by ‘trial and error’. The gradation cycle
was divided into three different parts: the progression, and the first and
the second half of the regression. Each part of the gradation cycle has
its characteristic level of coparasitizing and superparasitizing. The
Corresponding values of MIC were found by an 1terative process. This
process was done for the progression first. Then it was done for the
first half of the regression, and finally it was done for the second half
of the regression. The whole procedure was repeated until a realistic
gradation curve resulted. The values of MIC as a function of PPEL are

represented in Table 1.
The sex ratio of the parasites is assumed to be 1:1, so the initial num-

ber of female parasites for the next year, NPARYI, is found by dividing
the total number of overwintering parasites, PARW, by 2.0 at the end
of the year.

4.3 Program description
4.3.1 Damage to the tree

The needle mass is simulated as an initial needle mass WENEI that
decreases with the rate of damage RDAM:

WENEA=INTGRL(WENEI,~RDAM)

The actual needle mass, WENE, is kept at zero as soon as WENEA is
Zro or smaller. As long as WENEA is greater than zero, WENE

equals WENEA: -
WENE=WENEA* INSW(WENEA, 0.,1.)

The rate of damage RDAM depends on the number of feeding larvae
‘and on their feeding capacity FEDR:

RDAM=(LAU3+LAP3)% FEDR
The feeding capacity FEDR is dependent on the quality of food:

FEDR=AFGEN(FEDRT, DAFA)
AFGEN FEDRT= -10.,.000075, 0.,.000075,...

.93,.00015, 1.,. 00015
In the AFGEN, the first value of each pair of values represents the
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damage factor DAFA, and the second value represents the feeding
capacity FEDR.
The damage factor DAFA is calculated as follows:

DAFA=1.-(NDTR-WENEI)/(.5%xNDTR)

The needle mass of a completely undamaged tree NDTR is a para-
meter with a constant value:

PARAM NDTR=3.314

At the end of the year, the initial needle mass for the next year is cal-
culated as follows:

TERMINAL
PARAM X=.5
WENEI=(1.-X)*WENE+X*NDTR

4.3.2 Hatching of the eggs of the larch bud moth and mortality of
hatching larvae

The number of eggs that has not yet hatched, NEG, is simulated as an
initial number of eggs that is ready to hatch after winter, that decreases
at a certain rate, the rate of hatching RHAT:

NEG=INTGRL(EW,-RHAT)

The rate of hatching RHAT is dependent on the number of unhatched
eggs NEG, and the relative rate of hatching RRHAT that is a function
of the temperature TEMP:

RHAT=NEG*AFGEN (RRHAT, TEMP) %
INSW(TEMS-45.,0.,1.)

The statement ‘INSW(--, ——, ——)’ takes the value 0 as long as the
temperature sum TEMS is smaller than 45. As soon as TEMS passes
the value 45, the value of the statement changes into 1. At that moment

the RHAT can proceed.

TEMS=INTGRL(O0.,TEMP)
AFGEN RRHAT=0.,0., 4.,0., 6.,2.,
10.7, .45

The rate of inflow of the first development class of unparasitized
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larvae, LAUO, is formed by the reduced rate of hatching RHATR.
This rate equals RHAT multiplied by a reduction factor RDM:

RHATR=RHAT* (1.-RDM)

RDM represents the mortality of larvae due to incoincidence of h'flt-
ching with the sprouting of the larch, and is dependent on the quality

of food:

RDOM=AFGEN (RDMT,DAFA) |
AFGEN RDMT=-10.,.65, 0.,.65, .96,0.,
1.,0. |

4.3.3 Development of the larch bud moth

For an explanation of the basic principles of the technique that were
used to simulate the development of the larch bud moth (larvae,
pupae, and adults), the reader is referred to Chapter 3. In this section
only some additional remarks are made. The development classes of

the larvae are the integrals:

LAUO=INTGRLCO.,RLAUO)
LAPO=INTGRL(0.,RLAPO)
LAUT=INTGRL(O.,RLAUT)
LAP1=INTGRL(0.,RLAP1)
LAU2=INTGRL(O.,RLAU2)
LAP2=INTGRL(OQ.,RLAP2)
LAU3=INTGRL(CO.,RLAU3)
LAP3=INTGRL(O.,RLAP3)

The rates of change of all the development classes consist of a rate of
inflow, a rate of outflow, a rate of mortality, and a rate of parasitizing
that flows from each development class of unparasitized larvae
(LAUO-LAU3) to the corresponding development class of parasitized

larvae (LAPO-LAP3):

RLAUO=RHATR-LAUO* (RTEL+MRT+RPAR)
RLAPO=RPARx LAUO-LAPO* (RTEL+MRT)
RLAUT=LAUO*RTEL-LAU1* (OUTU+MRT+RPAR)
RLAPT1=LAPO*RTEL+RPAR* LAU1-LAP1* (OUTP+

MRT)
RLAUZ=LAUT*OUTU-LAU2* (OUTU+MRT+RPAR)
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RLAP2=LAP1%QUTP+RPAR% LAUZ2-LAP2* (OUTP+
MRT)

RLAU3=LAUZ2%OUTU-LAU3* (OUTU3Z+MRT3+RPAR)

RLAP3=LAP2*¥QUTP+RPARx LAU3-LAP3% (OUTP3+
MRT3)

RTEL=2.%RTL/FRL

RTL=AFGENCRTLT, TEMP)

AFGEN RTL=-10.,0., 2.,0., 11.5,.0612,
18.,.1334

FRL=AMAX1 (DELT*RTL,1.-3.%KL)

KL=AFGENC(KLT, TEMP)

AFGEN KLT=0.,0., 2.,0., 11.5,.0017,
18.,.0020, 24.5,.0055

OUTU=PUSHL* (FRL/DELT-MRT-RPAR)

OUTP=PUSHL* (FRL/DELT-MRT)

OUTU3=PUSHL* (CFRL/DELT~-MRT3-RPAR)

OUTP3=PUSHL* (FRL/DELT~MRT3)

PUSHL=INSW(GSL-1.,0.,1.)

GSL=INTGRL(.5,RTL/FRL-PUSHL/DELT)

RTL is the inverse of one third of the longevity of the larval stage,
which is a function of the temperature. Only one third of the longevity
was used to calculate RTL, as three development classes (plus one
pre-class) were used for the simulation of the larval development.
KL is the square of the quotient of the standard deviation of the longe-
vity of the larval stage and the longevity itself. KL is a function of the

temperature as well.

The relative rate of mortality MRT consists of density-independent

mortality and mortality from physiological weakening due to decreased
food quality:

MRT=.01486+RPHM

RPHM is a function of the damage factor DAFA:

RPHM=AFGEN (RPHMT,DAFA)

AFGEN RPHMT=-10.,.0198, 0.,.0198, ...
.45,.0075, .75,.0062, .875,.0039, ...
.937,.0009, .96,0., 1.,0.
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In the last development class of parasitized and unparasitized larvae
(LAP3 and LAU3), starvation mortality can also occur:

MRT3=MRT+RSM

The relative rate of starvation mortality RSM is a function of the
depletion of the food source:

RSM=AFGEN(RSMT,WENE/NDTR)
AFGEN RSMT=-10.,.4, 0.,.4, .05.,01, ...
.7,0., 1.,0.

4.3.4 Oviposition and egg mortality

The total number of eggs that is laid during the season (TOEG) is
found by integration of the rate of oviposition ROVIP:

TOEG=INTGRL(O0.,ROVIP)

ROVIP is determined by the total number of females FLAA, and by

the number of eggs each female lays per day. This number is a function
of the temperature, and is modified by a reduction factor RREP

ROVIP=AFGEN(FTB, TEMP)* (1.-RREP)
AFGEN FTB=0.,0., 6.,0., 11.,5.8, ...
20.,10.1

FLAA is determined by the total number of adults and by the sex
ratio:

FLAA=(ADO+AD1+AD2+AD3)* SR
PARAM SR=0.5

The factor RREP represents the reduction of fecundity due to
decreased food quality:

RREP=AFGEN (RREPT,DAFA)
AFGEN RREPT=-10.,.67, 0.,.67, ...
.45,.42, .75,.19, .875,0., 1.,0.

At the end of the year the number of eggs that will be r.ead.y to hatch
at the beginning of the next year (EW), is found by multiplying TOEG
by the factor (1~ MORW):
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TERMINAL
EW=TOEG% (1.~-MORW)

The reduction factor MORW fepresents the total winter mortality:
PARAM MORW=.4

4.3.5 The parasites

The potential relative rate of parasitism PRPA was formulated as
follows:

PRPA=1./(TL+NOT(TL) )«
AMINT (NPAR%* TL% K% TEMFA,NPAR% FP* TEMFF)

The statement ‘AMINI(--, ——)’ always takes the smallest of the two
values between the brackets. The operation of this statement results
in the functional response that was described in Section 4.2.9.

TL represents the total host density:

TL=TUL+TLAP
TUL=LAUO+LAUT+LAU2+LAU3
TLAP=LAPO+LAP1+LAP2+LAP3

K represents the ‘area of discovery’ of the parasites, which is the num-
ber of eggs that is laid per parasite per host per day at low host densi-
ties, K 1s modified by a temperature factor TEMFA:

PARAM K=.2

TEMFA=AFGEN(TEMFT, TEMP)

AFGEN TEMFT=0.,0., 5.,0., 7.5,.12, ...
10.,.85, 15.,1.

FP represents the number of eggs one parasite potentially lays per day
~at 15°C, and is modified by a temperature factor TEMFF:

PARAM FP=2.5
TEMFF=AFGEN(TEMFT,TEMP)

NPAR represents the number of ovipositing parasites. At the beginning
of the year, there is a certain number of female parasites that will start
ovipositing later in the season (NPARI). The rate of increase of the
number of ovipositing parasites (INCP) starts as soon as TEMS has
increased to 85. The rate of decrease of the number of oviposition
parasites (DECP) starts as soon as TEMS has increased to 404:
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NPAR=INTGRL(O0.,INCP-DECP)
INCP=PUSH*PAR* .8% INSW(TEMS-85.,0.,1.)
PAR =INTGRL(NPARI,-INCP)

DECP=PUSH* NPAR* .8 INSW(TEMS-404.,0.,1.)

PUSH=IMPULS(1.,1.)

The statement ‘IMPULS(1 ., 1.)’ means that PUSH assumes the value
1. once a day and the rest of the time is zero.

The time step for integration DELT was fixed at 0.1 day. It is not
excluded that an unparasitized larva can be parasitized twice (or even
more) within this period of time when parasitism is divided randomly
over the total number of larvae, parasitized and unparasitized. So the
number of unparasitized larvae that will be parasitized within this
period of time will be smaller than expected on the basis of the value
of PRPA.

The proper way to solve this problem would be to make the time step
for integration DELT so short that within this time step double para-
sitizing is excluded. We did not choose this solution because it would
make the time step for integration too short. Instead we introduced a
factor that corrects the value of PRPA for double parasitizing within

the time step of integration:
RPAR=(1.~LOR)*PRPA

LOR represents the proportion of the number of parasite eggs that is
laid in the unparasitized larvae within one time step of integration,
and that are wasted by coparasitizing and superparasitizing. LOR
was calculated according to Justesen & Tammes (1960). When r is the
number of beetles (each beetle attacking randomly one grain seed),
and »n is the number of grain seeds, the proportion of seeds that is
attacked will be (1—e~"/*), As the expected proportion of attacked
seeds was (r/n), the ‘loss’ ratio is (r/n—(1 —e~""")): (r/n). The quotient
(r/n) being equivalent to PRPA x DELT, LOR equals:

LOR=(PRPA%DELT+EXP(-PRPA*¥DELT)-1.)/
(PRPA* DELT+NOT(PRPA*DELT))

The total number of adult parasites that emerges from the parasitized
hosts (PARW) during the season, is found by integration of the rate
of outflow of the last development class of parasitized larvae (LAP3).
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Since not every parasitized host will produce a parasite because of
different forms of competition between the parasites, this rate was
modified by a reduction factor MIC in the expression for PARW:

PARW=INTGRL(O.,LAP3*x0OUTP3%x (1.-MIC))

MIC represents the proportion of parasitized hosts from which no
parasite instead of one parasite emerges, and is a function of the level
of coparasitizing and superparasitizing PPEL:

MIC=AFGEN(MICT,PPEL)
AFGEN MICT=-10.,0., O0.,0., .10,.5, ...
.27,.95, .81,.999, 1.,1.,2.,1.,

PPEL is found by accumulating the total number of parasite eggs that
is laid, and the total number of parasite eggs that is wasted by copara-
sitizing and superparasitizing, and dividing the latter by the former:

TPEG =INTGRL(O0.,PRPA*TL)
TLPEG=INTGRL(O.,PRPA% (TLAP+LOR%TUL))
PPEL =TPEG/(TLPEG+NOT(TLPEG))

The total number of female parasites that will start ovipositing in the
next season (NPARI), is found by dividing PARW by 2 at the end
of the year:

TERMINAL
NPARI=PARW#* .5

4.3.6 Larval density and parasitism level

The mean larval density TOLA during a certain year, and the para-
sitism level PEPL for a certain year, are output variables. They are
needed by the user of the model, but are not necessary for the simula-
tion of the system of the larch bud moth. Since the annual population
census is done when the fourth and the fifth larval instar are predomi-
nant, TOLA is calculated by accumulating the numbers of larvae that
leave the third development class of unparasitized larvae (LAU2), and
the numbers of larvae that leave the third development class of para-
sitized larvae (LAP2):

TOLA=INTGRLCO.,LAU2%OUTU+LAP2%0UTP)
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The parasitism level PEPL is calculated by accumulating the numbers
of larvae that leave the last development class of parasitized larvae
(LAP3), and the numbers of larvae that leave the last development
class of unparasitized larvae (LAU3), and dividing the former amount
by the sum of the two amounts:

TNPL=INTGRL(O.,LAP3%0UTP3)
TULA=INTGRL(O0.,LAU3*0UTU3)
PEPL=TNPL/ ((TNPL+TULA)+NOT(TNPL+TULA))
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5 Results and discussions

The mean longevity of the larvae, pupae and adults was determined by
simulating the development according to the method of controlled
artificial dispersion (see Chapter 3); all mortality factors were omitted
(Section 4.1). The mean longevity of the larvae equals the time interval
between the day when 50% of the eggs have hatched and the day when
50% of the pupae have appeared. The mean longevity of the pupae
was similarly determined. The mean longevity of the adults equals the
time interval between the day when 50% of the adults have appeared
and the day when 50% of the adults have died. As the same tempera-
ture table is used every year, the development rates are the same every
year. The results are given in Table 2. The simulated lengths of develop-

ment are approximately the same as those observed by Maksymoyv
(1959) at Punt Muragl (Upper Engadin) in 1953.

Table 2 Mean development duration (days) of the different
stages of the larch bud moth in the model and in the field.

Stage In the model In the Upper Engadin
(Maksymov, 1959)

Larvae 58 51
Pupae 22 30.
Adults 46 - 35

The simulated hatching curve of the eggs of the larch bud moth is
presented in Figure 18. This curve applies for every year, since the
temperature fluctuations are nearly the same every year. All the eggs
hatched within three weeks during the second half of May. This
result certainly is realistic (Baltensweiler, 1972).

Four different runs were made with the computer program that was
described in Chapter 4. One run was made including all the effects
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Fig. 18 | Simulated hatching curve for the eggs of the larch bud moth.

mentioned in Chapter 4. The results are given in Fig. 19 and Table 3.
The gradation cycle and the connected phenomena that were observed
In the field are presented in Fig. 19 and Table 4. The simulation
including all effects resulted in an 8-year gradation cycle, the progres-
sion phase and the regression phase both lasting 4 years, as seen in
Fig. 19 and Table 3.

The influence of a number of simulated mortality factors was calcul-
ated as a percentage of the total number of individuals, as can be seen
in Table 3. These factors are the starvation mortality, the mortality by
incoincidence, and the mortality by physiological weakening due to
decreased food quality. As these mortality factors work simultaneously
and so interact with each other, the percentages were calculated in such
a way that the influence of each single mortality factor as such is
expressed as clearly as possible. The mortality by incoincidence and
the mortality by physiological weakening approximately lasted until
Six years after the culmination of the gradation. The starvation mor-
tality was only important during the culmination year.

The simulated fecundity of the females (EPF) fluctuated within the
Same range as was observed in the field (compare Tables 3 and 4).
The fecundity was reduced until five years after culmination of the
gradation (see Table 3).
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Table 3 The simulated population density fluctuations and connected
phenomena. TOLA: number of larvae per 7.5 kg larch branches; PEPL:
percentage of larvae parasitized ; EPF: mean number of eggs laid per female;
INM: mortality by incoincidence in % of EW; PHM: mortality by physiol-
ogical weakening by decreased food quality in % of EW X (1-RDM);
~ STM: starvation mortality in % of TOLA,

Year TOLA PEPL EPF INM PHM STM
1 0.197 21 149.8 0 0 0
2 2.01 3.4 149.5 0 0 0
3 24.9 4.6 149.6 0 0 0
4 305 6.6 149.8 0 0 0
3 1519 53 52.7 65 50.8 6.6
6 298 98.9 68.3 56.9 43.7 3.3
7 4.64 98.0 95.3 33.1 24.0 0
8 0.361 8.0 120.8 15.3 24.2 0
9 2.13 34 148.9 6.3 16.9 0

10 20.9 5.5 150.0 1.9 3.2 0

11 240 8.0 150.0 0.4 1.2 0

12 2125 10.9 158.7 8.5 16.9 45.9

13 1459 57 52.9 65 50.6 6.5

14 271 97.0 68.6 35.9 43.1 3.1

15 119 98.8 98.7 32.1 23.8 0

16 0.589 15.3 121.4 15.0 239 0

17 3.22 8.3 1494 6.2 16.6 0

18 30.3 12.2 150.3 1.9 4.9 0

19 319 15.3 150.6 0.8 20 0

The simulated parasitism level (PEPL) reached 98.8% during regres-
sion, while the observed parasitism level never exceeded 81% (compare
Tables 3 and 4). However the maximum parasitism level in the field
is probably higher than 81%. As only one population census per year
is done, during the period of larval development, the parasitism level
might be systematically underestimated (Baltensweiler, pers. com-
mun.). Moreover it is difficult to measure the parasitism level reliably
when the population density of the larch bud moth is low.
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Table 4 The observed population density fluctuations and connected
Phenomena (Baltensweiler, 1968; Aeschlimann, 1969).

Year Number of Percentage Mean number
larvae per 7.5kg  of larvae of eggs laid
larch branches parasitized per female

0 0.13

1 0.62

2 3.37

3 31.3

4 516

5 2 488

6 949

7 160

8 16.8 69 139
9 0.63 32 138

10 0.59 3 102

11 2.12 8 132

12 12.3 7 91

13 172 20 169

14 1 866 32 110

15 1382 65 54

16 23.4 81 93

17 0.15 0

18 0.015

19 1.5

———

A second run was made without parasites by giving the parameter
NPARI the value zero:

PARAM NPARI =0

The aim was to determine what influence the action of the parasit?s has
on the course of the gradation cycle. The results are given in Fig. 20
and Table 5. In Fig. 20, besides the population density curve that
resulted from the simulation without parasites, the curve that resulted
from the simulation including all effects is presented. Of course the
latter curve is the same as in Fig. 19, Without parasites, the population
density of the larch bud moth fluctuated at a much higher level, since
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Fig. 19 | Simulated and observed population density curve for the larch
bud moth in the Ober Engadin. .

Table 5 The population density fluctuations simulated without
parasites. Number of larvae per 7.5 kg larch branches (TOLA).

Year TOLA Year TOLA
0 0.197 10 765
1 2.55 11 . 513
2 329 12 1039
3 425 13 2 004
4 3 598 14 872
3 1876 15 548
6 604 16 1017
7 506 17 1927
8 1172 18 1022
9 2040

L
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Fig. 20 | Simulated population density curve with and without effects of
parasites.

the regression phase was not lengthened by the action of the parasites.
The result was a 4-year cycle. The combined effects of food quality
and quantity caused a regression of two years. Two years afterwards
the culmination density was reached again. So according to the results
of the simulations the action of the parasites lengthens regression by
two years.

A third run was made without effects of food quality, i.e. under the
assumption that there is no mortality of hatching larvae by incoin-
cidence with the sprouting of the larch, no mortality by physiological
weakening caused by decreased food quality, and no reduction of
fecundity caused by decreased food quality. This was done by replacing
the expressions: RDM = AFGEN(RDMT,DAFA), RPHM =
AFGEN(RPHMT, DAFA), and RREP = AFGEN(RREPT, DAFA)

by the following:
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PARAM RDM =0
PARAM RPHM =0
PARAM RREP =0

The aim was to determine the influence of the effects of food quality on
regression. The results are given in Fig. 21 and Table 6. Without
effects of food quality the population density of the larch bud moth
fluctuated at an extremely high level. Apparently the combined effects

of parasitism and food quantity were not sufficient to start the regres-
sion.

A fourth run was made without effects of food quantity, i.e. under the
assumption that there was no starvation mortality. This was done by

replacing the expression: RSM = AFGEN(RSMT, WENE/NDTR) by
the following:

PARAM RSM =0

5 | Xn===-x = WITHOUT EFFECTS OF FOOD QUALITY
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Fig. 21 | Simulated population density curve with and without effects of
food quality.
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Table 6 The population density fluctuations simulated without effects of
food quality (i.e. no mortality by incoincidence, no mortality by physiological
weakening by decreased food quality, no reduction of fecundity). TOLA:
number of larvae per 7.5 kg larch branches; PEPL: percentage of larvae
parasitized.

Year TOLA PEPL Year TOLA PEPL
0 0.197 210 10 2 592 10.5
1 2.01 34 11 11 864 11.5
2 249 4.7 12 2 496 99
3 305 6.6 13 11 672 11.0
4 3 665 6.8 14 2 559 9.5
5 17 305 10.0 15 11 893 10.8
6 1916 10.5 16 2 507 9.4
7 13 797 13.2 17 11 765 10.7
8 2111 11.8 18 2 541 9.3
9 11 396 12.6 19 11 871 10.6

Table 7 The population density fluctuations simulated without effects of
food quantity (i.e. no starvation mortality). TOLA: number of larvae per
7.5 kg larch branches; PEPL: percentage of larvae parasitized.

Year  TOLA PEPL Year  TOLA PEPL
0 0.197 210 10 2.25 0.07
1 2.01 3.4 11 27.2 0.10
2 24.9 4.7 12 349 0.17
3 305 6.6 13 3070 0.37
4 2 664 12.1 14 4148 4.6
5 3499 66.4 15 1239 82.4
6 384 982 16 118 97.5
7 6.51 99.8 17 5.53 89.8
8 0.041 3.6 18 2.59 16.8
9 0235  0.19 19 15.5 24.7
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Fig. 22 | Simulated population density curve with and without effects of
food quantity.

The aim was to determine the influence of the effects of food quantity
on regression. The results are presented in Fig. 22 and Table 7. Without
effects of food quantity the start of the regression phase was delayed
by one year because the effects of food quality exerted their maximum
influence only one year after complete defoliation. Since the rate of
increase of the population density was strongly reduced during this
last progression year because of the respective effects of food quality,
parasitism could reach a very high level during this year. Thus the
parasites reduced the population density of the larch bud moth to an
extremely low level within three years. It took six years before the
culmination density was reached again. As this progression started
from an extremely low host density, the parasites were not able to build
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up their populations sufficiently in time, so that the parasitism level
remained very low during progression.

According to the results of the four runs mentioned, the basic factor
that causes the start of the regression phase is formed by the combined
effects of food quantity and food quality. The feedback from the larch
to the larch bud moth, formed by the effects of food quality, permits
a regression phase of sufficient length, so that death of the larch stands
is prevented. Without this feedback mechanism the parasites would
not be able to lengthen the regression. The population density of the
larch bud moth would then fluctuate at a much higher level, and the
trees would die. Changes in the genetic composition of the populations
of the larch bud moth are probably not important for the regulation
of numbers, as a reasonable explanation of the regular fluctuations
can be deduced from the phenomena considered.
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6 Sensitivity analysis

Sensitivity analysis is done to evaluate the relative weight of the rates
and parameters in a model. The results can improve insight in the
simulated system and should be a guide to further experiments and
study. Sensitivity analysis consists of varying inputs and parameters
over a certain range and comparing their influence on the end result.
If the influence of a certain factor is relatively small, further analysis
is not necessary, but if the influence is large, more work should be
invested in a further analysis of the section of the model where this
factor plays a role.

In order to obtain comparable results, sensitivity analysis may be

applied to rates, parameters that act in the INITIAL and the
TERMINAL part of the simulation program, and to parameters that
act at more than one place in the model. Each factor listed below was
multiplied by its own sensitivity factor SENA, SENB, etc.

1. Damage rate:

RDAM = (LAU3 + LAP3) ¥ FEDR » SENA
2. Hatching rate:

RHATR = RHAT % (1.-RDM) x SENB

3. Development rate of the larvae:

RTL = AFGEN (RTLT,TEMP) * SENC
4. Development rate of the pupae: '

RTP = AFGEN (RTPT,TEMP) x SEND
5. Rate of mortality by physiological weakening:
RPHM = AFGEN (RPHMT,DAFA) % SENE

6. Starvation mortality rate:
RSM = AFGEN (RSMT, WENE/NDTR) % SENF
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7. Rate of parasitism:

PRPA = 1./(TL+NOT(TL))/AMINT (NPAR* TLx
K TEMFA,NPAR* FPx TEMFFx SENG

8. Reproductive period of the parasites:
NPAR = INTGRL(O., (INCP-DECP)*SENH)
9. Oviposition rate of the larch bud moth:
TOEG=INTGRL(O0.,ROVIP*SENI)
10. Egg mortality in winter:
EW = TOEG * (1.-MORW % SENJ)
11. Winter mortality parasites:

PARW = INTGRL(CO.,((1.-MIC)xLAP3x0QUTP3)«*
SENK

The location of the respective sensitivity factors can also be read from
the simulation program in Appendix C.

When all the sensitivity factors have the value 1., the originally simu-
lated gradation cycle (see Table 3 and Figure 19) will result. For each
single factor to be analysed two runs were made; one with SEN = 0.9,
and one with SEN = 1.1, while all the other sensitivity factors were
kept at the value 1. When SEN has a value other than 1, a gradation
cycle will result that deviates from the original. The larger the devia-
tion, the greater is the influence of the factor in question. Each sensi-
tivity factor was given a value both above 1. and below 1., because
the influence of some of the rates and parameters might be asymmet-
rically. If that is so, unilateral testing leads to false conclusions.

The deviating gradation cycles were compared with the original over a
period of 30 years. The deviation was measured with three different
criteria:

— the level of the gradation cycle. The level was calculated as the mean
of the natural logarithm of the larval density of each successive year
(Table 8, Column 1).

MNLL = (In(TOLA,)+In(TOLA,) + ... = In(TOLA,,))/30

The logarithm of the larval density was used because in principle the
larch bud moth multiplies exponentially.
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Table 8 Results of the sensitivity analyses.

Aspect Factor Column

I II I )\
Mean number Mean number Period Ampli-
of larvae of larvae inyears tude
(natural (common

logarithm logarithm
1-30 years) 1-24 years)

SENAt/mK=1 6.93 1.7171 8-9 3.381
~0.705
Damagerate SENA =09 7.282 1.6225 8-9 3.398
—=0.721
SENA = 1.1 8.09 1.717 7-8 3.476
-0.705
Hatchingrate SENB= .9 7.536 1.675 8 3.390
—0.705
SENB = 1.1 6.5134 1.675 8 3.583
—0.705
Larval period SENC= .9 2.366 1.5436 9-10 3.403
—0.982

SENC=1.1 6.69 1.735 8 3.66
—-0.934
Pupal period SEND= .9 7.941 1.677 8 3.399
| ' —0.705

SEND = 1.1 6.403 1.695 8-9 3.73

—-1.09
Physiological SENE = .9 7.483 1.63 . 8 3.435
mortality | —0.705
SENE = 1.1 1.725 1.725 7-8 3.416
-0.705
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Table 8 Results of the sensitivity analyses (contd.).

———

Aspect .Factor Column

I I I v

Mean number Mean number Period Ampli-
of larvae of larvae inyears tude
(natural (common

logarithm Iogarithm

1-30 years)  1-24 years)

Starvation SENF= 9 7.701 1.665 8 3.425
mortality -0.705
SENF = 1.1 7.846 1.742 8 3.457
—0.705
Rate of SENG = .9 7.584 1.62 8 3.444
parasitism -0.705
SENG = 1.1 8.233 1.724 7-8 3.535
—0.705
Reproductive SENH = .9 8.11 1.706 8 3.439
period of —0.705
Parasites SENH = 1.1 8.157 1.7376 8 3.532
—0.705
Oviposition SENI= .9 7.6129 1.647 8 3.277
rate larch A —0.705
bud moth SENI=1.1 6.865 1.645 8 3.556
—0.7659
Winter SENJ= 9 7.564 1.645 8 3.515
mortality -0.705
SENJ = 1.1 7.78 1.713 7-8 3.425
—0.705
Numberof SENK = .9 7.57 1.62 7-8 3.44
overwintering —0.705
parasites SENK = 1.1 8.21 1.72 8 3.56
-0.705

[re—
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~ the period of the gradation cycle. The period was calculated as the
number of years between two subsequent minima of the population
density (Table 8, Column III).

~ the amplitude of the gradation cycle. The amplitude was calculated
as the range between the logarithm of the maximum population den-
sity and the logarithm of the minimum population density during the
30-year period. (Table 8, Column IV).

The results of the sensitivity analyses are presented in Table 8. There
are only slight differences between the sensitivities of the factors
considered. No particular key factor can be distinguished Apparently
the gradation cycle of the larch bud moth is not determined by one
single key factor, but can only be explained by the interaction of many
- different factors.

To apply these factors assumptions and estimations were made. These
have been described in Chapter 4. Verifications of these could be one
of the main subjects for further study.
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7 Discussion on the structure of the model
- and research priorities

The development of the larch bud moth is simulated with the help of
the mean daily temperatures. This simulation can lead to considerable
deviations when the relationship between the development rate and
the temperature is non-linear. Only for the egg stage it is certain that
this relationship is linear (see Maksymov, 1959). Yet the simulated
lengths of the different stages of the larch bud moth are similar to
those observed by Maksymov (1959) at Punt Muragl (Upper Engadin)
in 1953, as seen in Table 2.

The way the damage to the tree is simulated (see Section 4.2.2) might
be oversimplified. The quality decrease of the needles was measured
by the decrease of the initial needle weight WENEI. It was assumed
that WENEI decreased by 50% in the first year after complete defolia-
tion, and that the decrease was halved every year if no more larval
fertility occurred. Furthermore it was assumed that the quality of the
needles could be directly determined by the needle weight after larval
feeding in the previous year. In reality the reaction of the tree after
the second and the third years of damage might be different from the
reaction after the first year.

Density-dependent changes of the behaviour of the larch bud moth,
for instance of the copulation behaviour and the feeding behaviour,
were not included. The differences between the northern and the south-
ern slope of the Upper Engadin Valley were neglected.

It is not certain whether a parasite complex can be simulated as if
it was only one species. Important interspecific relations might be
neglected in this way, but with the data that were available there was
no other choice.

The reproductive period of the parasites was simulated in an arbitrary
way. For instance for Eulophids the reproductive period is not only
determined by the temperature sum, but also by the presence of suit-
able hosts (see Aeschlimann, 1969).

Furthermore the parasites in the model were not able to discriminate
between unparasitized and already parasitized hosts. In reality intra-
specific discrimination ability is usually present, until this ability
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breaks down for physiological reasons at low host densities at the end
of regression (Baltensweiler, 1958). It depends on the species whether
interspecific discrimination ability is present or not (Baltensweiler,
1958).

In cases where discrimination ability is present the simulation is not
correct. However the reproduction of parasites can then be reduced
as well, since the parasites lose time by frequently finding hosts that
‘are already parasitized when the parasitism level is high.

Two aspects of the parasite-host relationship that are essential for
the action of the parasites, the functional response and the mortality
of parasite larvae from different sorts of competition at high levels
of coparasitism and superparasitism(MIC), were simulated by trial
and error as no literature data were available,

For many important relations in the model no reliable data were
available. This lack of data is connected with the descriptive working
method of the research team in Switzerland, and with the fact that
a population census is done only once a year. Life-table research was
initiated on a small scale only a few years ago. The measurements on
the population density of the larch bud moth are very exact, but little
is known about the quantitative importance of different mortality
factors, and there is a marked lack of biological data that are needed
to describe the processes that determine the gradation cycle of the
larch bud moth. Hence the simulation model presented in this mono-
graph certainly does not fully reproduce the gradation cycle. However
it can be used to test the validity of the different explanations of the
population dynamics of the larch bud moth, and to establish priorities
for research.

Apparently the cyclic movement of the population densities is stable
and seems to be described by a limit cycle. Whenever the limit cycle is
disturbed, for example by structural changements in the model, the
recovery is not reached, but within the limits accepted here (1.1-0.9),
none of the factors involved has a decisive effect on the curve. This is
not surprising as the long period during which this cyclic movement
lasts is only reached when the system is stable. One important reason
for the stability may be the isolated character of the considered region,
therefore immigration and emigration seem negligible. Absence of
these processes is stabilizing (May, 1973).

The effects of immigration and emigration can be evaluated by
dividing the Upper Engadin in parts of reasonable size and studying
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the population behaviour when different treatments are applied
(for example, selective spraying, introduction of larch bud moths
from other places).

As none of the considered factors proved to be decisive for the
fluctuations there are no particular topics for research. Because there is
still a marked lack of biological data needed to describe the relevant
processes, the most effective way of continuing the research is to set up
experiments to verify the structural relations that were put into the
model.

The most important subjects are:

— Quantification of both the direct and the physiological damage to
the tree.

—~ Quantification of the incoincidence between the sprouting of the
larch and the hatching of the eggs of the larch bud moth.

~ Quantification of the mortality and the reduction of fecundity
caused by direct and physiological damage.

— Determination of the functional response curve of the parasites.
- Quantification of the mortality of parasite larvae due to different
forms of competition between the parasites (MIC).

- Exact determination of the length of development and its standard
deviation as a function of temperature, for each stage of the larch bud
moth. Verification of the assumption of a momentaneous reaction
of the development rates to temperature and the linear relationship
between development rates and temperature.

~ Estimations on the size of immigration and emigration in the Upper
Engadin, and evaluation of these effects with the simulation model.

- Evaluation of the effects of immigration within the studied area by
dividing the Upper Engadin in regions with different treatments.

~ Further improvement of the simulation model and perhaps a sensi-
tivity analysis over a wide range.
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Appendix A

List of abbreviations

ADO
ADI
AD2
AD3
DAFA

DECP

DELT
EPF

EW
FEDR

FLAA
Fp

INCP
K
KL

KP
KA
LAPO
LAPI
LAP2
LAP3
LAUO

number of adults in development class zero

number of adults in development class one

number of adults in development class two

number of adults in development class three

= damage factor, expressing the reduction of the food
quality (dimensionless)

= rate of decrease of the number of ovipositing parasites
(number per day)

= time step for integration (days)

= mean total number of eggs laid per female (number per
female)

= number of larch bud moth eggs after winter

= feeding capacity of the larvae of the larch bud moth (kg
needles per larva per day)

= total number of female moths present at a certain moment

= egg-laying potential of the parasites (number of eggs per
female parasite per day)

= rate of increase of the number of ovipositing parasites
(number per day)

= area of discovery of the parasites (number of eggs per
female parasite per larva per day)

= quotient of the square of the mean longevity and the

square of the standard deviation of the longevity of the

larvae of the larch bud moth (dimensionless)

idem for the pupae

idem for the adults

number of parasitized larvae in development class zero

number of parasitized larvae in development class one

number of parasitized larvae in development class two

number of parasitized larvae in development class three

number of unparasitized larvae in development class zero

I I

W nni

I
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LAUI
LAU2
LAU3
LOR

MIC

MORW

MRPU
MRT
MRT3

NEG
NDTR
NPAR
NPARI
NUYE
PARW
PEPL
PPEL

PRPA
PUO
PUI
PU2
PU3
RDAM
RDM

RHAT

ROVIP

76

number of unparasitized larvae in development class one

number of unparasitized larvae in development class two

number of unparasitized larvae in development class three

= proportion of the parasite eggs that is laid in the unpara-
sitized larvae during one time step of integration, and that
is wasted by coparasitizing and superparasitizing (dimen-
sionless)

= proportion of the parasitized larvae from which no para-
site emerges at the time of pupation (dimensionless)

= proportion of the total number of eggs that is laid by the
larch bud moth that fails to produce a larva (dimension-
less)

= relative rate of mortality of the pupae of the larch bud

moth (day™!)

relative rate of mortality of the larvae in the development

classes zero, one and two (day 1)

relative rate of mortality of the larvae in the development

class three

number of larch bud moth eggs that have not yet hatched

the needle mass of a completely undamaged tree (kg)

number of ovipositing parasites

number of female parasites at the beginning of the year

number of years

total number of overwintering parasites

= proportion of the larvae that is parasitized (dimensionless)

= proportion of the parasite eggs that are wasted by
coparasitizing and superparasitizing (dimensionless)

= potential relative rate of parasitizing (day™!)

number of pupae in development class zero

number of pupae in development class one

number of pupae in development class two

number of pupae in development class three

damage rate (kg needles per day)

= proportion of the hatching larvae that is not able to
penetrate a short shoot (dimensionless)

= rate of hatching of the larch bud moth eggs (number of
eggs per day)

= rate of oviposition by the larch bud moth (number of

eggs per day)

1
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RPAR = relative rate of parasitism (day ™)

RPHM = relative rate of mortality by decreased food quality
(day™")

RREP = reduction factor of the egg-laying potential of the larch
bud moth (dimensionless)

RRHAT = relative rate of hatching of the larch bud moth eggs
(day™ ")

RHATR = reduced rate of hatching of the larch bud moth eggs (rate
of inflow of the first development class of unparasitized

larvae) (number per day)

RSM = relative rate of mortality from lack of food (day~!)

RTL = the inverse of the duration of the larval stage per develop-
ment class (day~?)

RTP = the inverse of the duration of the pupal stage per develop-
ment class (day 1)

RTA = the inverse of the duration of the adult stage per develop-
ment class (day™?)

SR = sex ratio of the larch bud moth (proportion of the adults

that are females) (dimensionless)

TEMFA = temperature factor that modifies the ‘area of discovery’
of the parasites (dimensionless)

TEMFF = temperature factor that modifies the egg-laying potential
of the parasites (dimensionless)

TEMP = temperature (°C)
TEMS = temperature sum (°C)
TL = total number of larvae, parasitized and unparasitized,

that is present at a certain moment

TLAP = total number of parasitized larvae that are present at a
certain moment.

TLPEG = the sum of the numbers of parasite eggs that are wasted
by coparasitizing and superparasitizing

TNPL = the sum of the numbers of parasitized larvae that have left
the last larval development class

TOEG = total number of larch bud moth eggs that are laid during

the season

TOLA = the sum of the numbers of larvae that have reached the
last larval development class

TPEG = sum of the numbers of parasite eggs that are laid during
the season
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TRPHM = sum of the numbers of larvae and pupae that died from
decreased food quality during the season

TRSM = sum of the numbers of larvae that died from lack of food
during the season

TUL == total number of unparasitized larvae present at a certain
moment |

WENE = actual needle mass (kg)

WENEI = needle mass before larval feeding (kg)
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Appendix B

Explanation of the symbols used in the relational diagrams

STATE VARIABLE OR VALUE OF AN
INTEGRAL

AUXILIARY VARIABLE

(ABCD) DRIVING OR FORCING VARIABLE

RATE OF FLOW OF MATERIAL
INTO OR FROM AN INTEGRAL

FLOW OF MATERIAL, INTO OR FROM
N AN INTEGRAL

FLOW OF INFORMATION

ABCD PARAMETER

8 MORTALITY
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Appendix C

80

TITLE
TITLE
FIXED
PARAM
PARAM

«0sLISTING OF PROGRAMMGY

LARUMO
RABBINGE
NUYE
NUYEs},
WENE1s3, 314

PARAM Euz,37 ,NPARLs, 06

nNiT:
INCON
INCON

INCON
DYNAM

AL

ILAUSO,

1LAPsg,

ILAUOS SeILAU

ILAULe S8TLAU

ILAPO= ,SeILAP
ILAP e, ,SeILAP
DELX®{,/DELT

MDTREI , J14

DAFAS] ,o (NDTReWENEL)/(,SENDTR)
1C
LAUOSINTGRL(ILAUO,RLAVY)
LAPOSINTGRLCILAPO,RLAPO)
LAUISINTGRL(ILAUL,RLAUL)
LAPIsINTGRLCILAPL,RLAPY)
LAU2SINTGRL(O,RLAU2)
LAP2=sINTGRL(O0,RLAP2)
LAUISINTIGRL(O,,RLAU))
LAPISINTGRL(O,sRLAPY)
PUONINTGRL (0, /RPUQ)
PUIsINTGRL(0,,RPUL)
PU2aINTGRL(O0,RPU2)
PU3sINTGRL(0,,RPUI)
ADOSINTGRL (O, ¢RADO)
ADIsSINTGRL(O,¢+RADL)
AD28INTGRL (0,4 RAD2)
AD3sINTGRL(O0,+RAD3)
TOLASINTGRL(CO .9 CLAU2®OUTUSLAP240UTP))
AD=INTGRL( 0, PUI#OUTPU)
TEMPSAFGEN(TENPT,TINE)
TEMSSINTGRL(0,,TENP)

& CALCULATION OF DAMAGE

PARAM

WENEASINTGRL (WENED ,eRDAN)
ROAMES(LAUJeLAP3)SFEDRWSENA
SENA=Y,
WENCSWENEASINSW(WENEA,0,¢1,)
FEDRSAFGEN(FEDRT,,DATA)

& HATCRING Or THE BUD MOTH EGGS

PARAM

NEGSINTGRL(EN,sRKAT)
RHATSNEGSAFGEN(RRHAT ) TEMP ) o INSH(TEMS®4S,,0,,1,)
REATRsRHAT# (] ,oRDM)SSENS

SENB=y,

&
® LARVAE UNPARASITIZED

PARAM

RLAVOSRHATRLAUO® (RTEL¢MRTL $RPAR)
RLAULSLAUOSRTELeLAUL# (OUTU+MRTL4RPAR)
RLAU2eLAUL #0UTU=LAUZ# (OUTUSMRTLARPAR)
RLAUISLAUZ#OUTUeLAU3® (OUTUI+MRTLI¢RPAR)
OUTUSPUSHL®(FRLODELXeMRTLeRPAR)
QUTU3SPUSHLE (FRLODELXeKRTLI=RPAR)
MRTLSRPHM,01486

MRTLIaMRTL4REM

RTEL®2,#RTL/FRL
RTLeAFGEN (RTLT, TEMP ) $SENC

SENC=1,

PUSHLEINSW(GSLe10s0ertle)
GSLsINTGRL(,5,RTL/FRLePUSHLSDELX)
FRLeAMAX] (DELTSRTL,1¢=3,#KL)

KLeAFGEN (KLT,TENP)



*

LARVAE PARASITIZFD

RLAPOSRPAR&LAUG=LAPO#(RTEL+MRTL}
RLAP!=LAPO®RTELeRPAR#LAUieLAP] @ (OQUTP+MRTL)
RLAP2sLAP1 sOUTP4RPARPLAU2=LAP24(OUTP#MRTL)
RLAPISLAP24CUTP4+RPARCLAUILAPI®(OUTPISHRTL))
OUTPsPUSHL& (FRLSDELX®MRTL)

CUTPIsPUSKLS (FRLODELXeMRTIL])

MORTALITY BY INCOINCIDENCE AND DECREASED roOOD QUALITY

RDMmAFGEN(CRDMTDAFA)
RPHMSAFGEN(RPHMT DAFA)#SENE
PARAM SEXNEsY,
TRPRMaINTCRLLIO,,» {TULSTLAPSPUOIPUS+PUZ+PUL)SRPHMASENS)
*
& STARVATION MORTALITY
*
REMuAFRGENC(RSHNT ,WENE/NDTR)#SENP
PARAM SENF=i,
TREMEINTCRL(O o (LAUICLAPI)REMSSENC)
[ ]
& PUPAL STAGE
[
RPUOSLAUI«DUTUS«PUOS(RTLP+MRPL)
RPUISPUO#RTLP=PULs (OUTPUSMRPU)
RPU2sPU1a0UTPU«PU24(OUTPU+MRPUY)
RPUIRPUZ*0UTPU«PU# (CUTPUSMRPU)
OUTPUsPUSHP# (FRP4DELXeMRPU)
MRPU= , 01486 ¢RPHM
RTLP=2 ,8RTP/FRP
RTPaAFGENCRTPT,TEMP)ISSENRD
PARAM SENDmj,
PUSHPSINSW(GCEP®1,,0421,)
GSPsINTGRL(,5,RTP/FRPePUSHPSDELX)
FRPeAMAX] (DELTORTP,1,*3,%KP}
KPsAFCEN(XPT,TEMP)Y

L

ADULT STAGE

RADOsSPUIQUTPU=ADORRTPA
RAD1=ADO#RTPA«ADIsGUTA
RAD2s(AD1eAD2)80UTA

RAD3I= (AD2eAD3)SQUTA
CUTA=PUSHASFRAMDELX

RTPAR2 ,#RTA/FRA
RTASAFGEN(RTAT, TEMP}
PUSHASINSW(CSA®y,,0,21,)
GSASINTGRL(,5)RTA/FRA«PUSHASDELY)
FRABANAXL (DELT®RTA,1,93,4XA)
KARAFGEN{KAT,TEMP)

& CALCULATION OF PARASITIZING RATE

RPAR=(} ,»LOR)SPRPA
PRPASS ,/(TLONOT(TL)ISAMING (NPARGTLOKSTEMFA, ,,,
NPARSFPaTENFF}&SENG

PARAM SENGxi,

PARAM K=, 2

PARAM FPu2,.5
LORe (PRPASDELTEXP (oPRPASDELT Y o1,/ (PRPASDELT+ROT(PRPASDELT))
TLeTULSTLAP
TULsLAUO+LAUL+LAU2+LAUY
TLAPaLAPO+LAPI1+LAP2+LAP)
TEMFASTEMPFF
TEMFFAFGEN(TENMFT, TENP)
NPARSINTGRL(O,s (INCPDECP)SSENH)

PARAM SENHs3, .
INCPsPUSHaPARS .3‘]"5“(1’5“8'85 etO0onle)d
PAREINTGRL(NPAR]I = 1INCP)
DECPaPUSHoNPARS B INSW(TEMS@304,,0,01,4)
PUSHsIMPULS(1.014)
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&

& PARASITIZING LEVFL

L J
TNPLEINTGRL(O,LAPI®0UTP))
PARWSINTGRL(G,y (LAPI®OUTP3Is (1 ,oMIC))*SENK)
MICRAFGEN(MICT,PPEL)

PARAM SENKm1 ,t
TULASINTGRL(0,,LAU3s0UTY3)
PEPLsTNPL/((TNPLATULAY4NOT(TNPLeTULA))

LOSS OF PARASITE EGGS BY CO= AND SUPERPARASITISING

TPECSINTGRLLO, s PRPASTL)
TUPEGRINTGRL(O . o (TLAP¢LOR«TUL)YSPRPA)
PPEL=TLPEG/(TPEGNQT(TPEG))

*®

OVIPOSITION BY THE ByD MOTH

ROVIPsAFGENC(FTB,TEMP)eFLAAR(] ,»RREP)
FLAAS(ADO+ADI ¢AD24+ADI)aSR
PARAM Sks=,%
RREPsAFGEN(RREPT,DATA)
TOEGuINTGRL(O, ,ROVIPHSEN])
PARAM SENlsj,
EPFaTOEG/(AD®SReNOT(ADASRY)
™
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174,03¢97 175008020 178004480 17700402, 178423495, 179,040 10 eea
100,02e0¢ 18140007, 1024s21.9, 18),0°1,9, 184,0°),4, Y
135030.30 196001010 137001020 1".':.3. Ieglizl.l ee g
190.'3.5
METHQOD RECT
TIMER DELTa,§, FINTINSE90,0 PRDELE190,
PRINT EW,TOLA,PEPL,PPEL ,NPAR]L,EPF,TRSM,TRPHM ,RDM ,WENET ,MNLL,LOTOLA
LOTOLA®ALOGIOC(TOLA)
TERMINAL
ATOL(NUYE)=ALOG(TOLA)
KFNElw SO (WENEGVDTR)
PARAM WORWs,4
EwsTOEGS () ,»MORWESENJ)
PARAM SENJsq,
NPARIsPARW® S
NUYENUYE+{,
1F (NUYE,GT,)0,) GOTO 99
CALL RERUN
99 CONTINVE
ATOL®1,30°sATOL(":,30°)
MNLesSUMICATOL?1,30%)
PELLEMNL/XUYE
END
3T0P
ENDJOR



