COMMUNICATIONES INSTITUTI FORESTALIS FENNIAE 1 1 8

Metsaritutkimusiaites
Jalostusasema
01590 MAIiSALA

MODELING THE SPATIAL PATTERN
AND INTRASPECIFIC COMPETITION
IN TOMICUS PINIPERDA
(COLEOPTERA, SCOLYTIDAE)

HANNU SAARENMAA

SELOSTE

PYSTYNAVERTAJAN
TILAJARJESTYSTA JA
LAJINSISAISTA KILPAILUA
KUVAAVIA MALLEJA

HEI SINKI 1983



COMMUNICATIONES INSTITUTI
FORESTALIS FENNIAE

THE FINNISH FOREST RESEARCH INSTITUTE
(METSANTUTKIMUSLAITOS)

Unioninkatu 40 A Director:
SF-00170 Helsinki 17 Professor Olavi Huikari
FINLAND

Head of Information Office:

telex: 125181 hyfor sf Olli Kiiskinen
attn: metla/

phone: 90-661 401

Distribution and exchange of publications:

The Finnish Forest Research Institute
Library

Unioninkatu 40 A

SF-00170 Helsinki 17

FINLAND

Publications of the Finnish Forest Research Institute:

— Communicationes Instituti Forestalis Fenniae (Commun. Inst. For. Fenn.)
— Folia Forestalia (Folia For.)
— Metsintutkimuslaitoksen tiedonantoja

Cover (front & back): Scots pine (Pinus sylvestris L.) is the most important tree species in Finland. Pine dominated
forest covers about 60 per cent of forest land and its total volume is nearly 700 mill. cu.m. The front cover shows a
young Scots pine and the back cover a 30-metre-high, 140-year-old tree.



COMMUNICATIONES INSTITUTI FORESTALIS FENNIAE

118

HANNU SAARENMAA

MODELING THE SPATIAL PATTERN AND
INTRASPECIFIC COMPETITION
IN TOMICUS PINIPERDA
(COLEOPTERA, SCOLYTIDAE)

SELOSTE

PYSTYNAVERTAJAN TILAJARJESTYSTA JA
LAJINSISAISTA KILPAILUA KUVAAVIA MALLEJA

HELSINKI 1983



SAARENMAA, H. 1983. Modecling the spatial pattern and intraspecific competition in Tomicus piniperda
(Coleoptera, Scolytidae). Seloste: Pystynivertdjin tilajirjestystd ja lajinsisdista kilpailua kuvaavia malleja.

Commun. Inst. For. Fenn. 118: 1— 40.

The spatial pattern of Tomicus piniperda was

studied during its developmental period, the
emphasis being on the effects of density and
spatial pattern on the reproduction and intra-

specific competition. The main goal was to develop
models for life-table studies in order to explain the
mortality and subsequent disappearance of larvae
due to intraspecific competition.

The material comprised 83 laboratory bolts and
44 field bolts, which were all exposed to the
attack of T. piniperda. The bolts were protected
against concurring species, predators, and parasites.
There were on the average 26 egg galleries and
235 exit holes in each bolt. All the egg galleries
and about half of the exit holes were mapped by
measuring their coordinates on the surfaces of
the bolts. Another data source was a large data
base sampled from the field. It was used to derive
those parameters not available from the special
material.

A selection of different aggregation indices was
evaluated, and Pielou’s point-to-object index 2 was
chosen. The aggregation of egg galleries was
dependent on density. At densities below 100 egg
galleries/m? the spatial pattern was clumped, above
200 egg galleries/m? regular, and in the inter-
mediate densities random. Bark thickness or its
variance did not affect the spatial pattern, but the
cortical temperature did. Exit holes were very
aggregated over the whole range of densities. How-

ever, their pattern was more regular at higher
densities.

Different regression and dynamic models de-
scribing the emergenge of beetles were then

evaluated. Two regression models with mere attack
density as the independent variable explained 43 %
of the variance of the ratio of increase. When «
was introduced into the model, the increament in
multiple correlation square was not significant.
Another regression model, in which the mean
minimum distances to the four closest egg galleries
were the independent variables, explained 44 %.
A simulation model based on the mortality of
larvae as a result of their movement process was
the best, explaining 58 % of the variance. So the
dynamic model was superior to the regression
models. There was, however, lots of unexplained
mortality, which was probably not due to intra-
specific competition.

The effect of the spatial pattern on the ratio of
increase was 0—159%), being strongest at low
densities. The simulation model indicated that the
survival could be enhanced with a more regular
attack pattern at medium densities. The importance
of spatial pattern as a negative feedback mechanism
was discussed.

Tydssd tutkittiin pystynivertdjian tilajirjestystd sen
lisaantymiskautena seka iskeytymistiheyden ja tila-
jarjestyksen vaikutusta lajinsisdiseen kilpailuun ja li-
saantymistulokseen. Paatarkoitus oli  kehittdd me-
neillaan oleviin life-table -tutkimuksiin malleja, joil-
la toukkien kuolemista ja katoamista lajinsisdisen
kilpailun tuloksena voidaan ennustaa ja selittdd.

Aineisto kisitti 83 laboratoriossa ja 44 luonnossa
pystynivertdjalla iskeytetyttyd polkkyd, jotka oli
suojattu  kilpailevilta lajeilta, pedoilta ja loisilta.
kuoriutumisreikad, joiden paikat oli kartoitettu
koordinaatein. Aineiston tukena kiytettiin luonnos-
ta saannollisin nayttein kerdttya tietokantaa.

Erilaisia ryhmittymisindeksejda vertailtiin ja kay-
tettavaksi valittiin Pieloun 2. Emokaytavien tila-
jarjestys riippui tiheydesti. Alle 100 emokiytivii/
m? tilajarjestys oli ryhmittdinen, yli 200 emokiyti-
vai/m? tasainen ja vilialueella satunnainen. Kaar-
nan paksuudella tai sen varianssilla ei ollut vaiku-
tusta tilajarjestykseen, mutta kaarnan limpdotilan
vaihteluilla oli. Kuoriutumisreidt olivat erittdin ryh-
mittyneitd, mutta niidenkin tilajirjestys muuttui ta-
saisemmaksi tiheyden lisddntyessi.

Erilaisia jilkeldistuotosta kuvaavia regressio- ja
dynaamisia malleja vertailtiin. Kaksi regressiomallia,
joissa selittivini muuttujana oli vain iskeytymis-
sista. Kun « otettiin malliin mukaan, selitysaste ei
parantunut. Toinen malli, jossa selittavind muuttu-
jina olivat keskimiairiiset minimietdisyydet 4 lahim-
pain emokiytiviin selitti sekin vain 44 %. Sen si-
jaan toisessa yhteydessi kehitetty simulointimalli,
joka perustuu toukkien kuolemiseen niiden liikku-
kertoimen varianssista ja oli paras tutkituista mal-
leista. Selittimaitta jdi kuitenkin suuri osa kuollei-
suudesta, luultavasti sen takia, ettei se ollut lajin-
sisdisen kilpailun aiheuttamaa.

Tilajarjestyksen  vaikutus
oli 0—15%, ollen suurin alhaisissa tiheyksissa.
Simuloinnit osoittivat, etti toukkien kuolleisuus
voisi olla pienempi, jos tilajdrjestys olisi tasaisempi
keskitiheyksissi. Tasaisen tilajirjestyksen merkitysti
populaatiotason maiaraavand negatiivisena takaisin-
kytkentaimekanismina tarkasteltiin.
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PREFACE

This study has been conducted by the
Department of Forest Protection, the Finnish
Forest Research Institute, at the Rovaniemi
Research Station. Tt is the first of a series of
papers in which the population dynamics of
Tomicus piniperda L. is being modeled.
Here the modeling approach is based on
the concept that modern forest management
— of which pest population management is
a part — requires a concrete basis for con-
crete investments. Today we not only need
to know what can happen, to forecast the
risk on a gualitative level, but we also need
to quantify the risk. This is not so easily done
due to the complexity of the life systems of
bark beetles. A distant goal of these research
activities is to propose models which could
be used to forecast the risk probability and
simulate the control measures. Such models
will perhaps be available for practical use in
forestry computer networks in the future.
During the course of the study the author
has received help from many persons. Pro-
fessor Paavo Juutinen has continuously
shown interest in the research work and has
given valuable advice. The assistance of Mr.
Mart de Jong (Wageningen, the Nether-

lands) in the work during his two visits to
Rovaniemi is fully acknowledged. The many
discussions with him have also been of
importance for this study. The discussions
with  Dr. Bo Léngstrom (Garpenberg,
Sweden), Mr. Hannu Riisinen, M.Sc., and
Mr. Mauri Timonen, B.Sc., have also been
valuable. In the laboratory Mr. Pentti Vitik-
ka has been responsible for most of the
measurements. The tree material used in the
study has been provided by Mr. Erkki Lep-
panen and Mr. Toivo Saunavaara of the Ex-
perimental Forest District in Kivalo. Mrs.
Helmi Saunavaara has been of great help in
carrying out the field work. Ms. Anne Im-
monen has drawn the figures, and Mr. John
Derome, M.Sc., revised the language of the
manuscript. This paper was read by profes-
sor Matti Nuorteva, Dr. Erkki Annila, Dr.
Pertti Hari, and associate professor Seppo
Niemeld. Their criticism is acknowledged.
The continuous inspiration provided by my
dear wife Liisa has been invaluable. I ex-
press my sincerest thanks to all these persons.

Rovaniemi 20. 5. 1983
Hannu Saarenmaa
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1. INTRODUCTION

The pine shoot beetle, Tomicus piniperda
(L.), is a major pest of Scots pine, Pinus
sylvestris L., in the Nordic Countries. A
large number of studies have been carried
out on the biology and control of the species,
the most recent ones being those of Lang-
strom (1980, 1983). Living trees are mainly
damaged as a result of adult beetles attacking
the shoots. The killing of weakened trees has
only been observed at very high population
levels (e.g. Kangas 1934). Normally the
beetle reproduces in felled timber, stumps,
logging waste, windfalls, and overtopped
trees.

Bark beetles possess very strong dispersal,
orientation, aggregation and reproducing
abilities. Therefore they are able to utilize
almost every piece of suitable food. In
endemic conditions, the reproduction of bark
beetles is controlled most effectively by the
restricted amount of available breeding
material (Nuorteva 1954). Other factors —
host resistance, intraspecific and interspecific
competition, predators, parasites, diseases,
weather (see e.g. Nuorteva 1956, Coul-
son 1979) — interfer after the breed-
ing material has been located. All these
factors together form a very complex system
(see Coulson 1974, 1979). Understanding
the function of the life system and predicting
its output is a very problematic task. A minor
shift in one subsystem may cause great
variation in the behavior of the entire system.
The reproduction results of T. piniperda
have indeed varied extremely much under
field conditions (see e.g. Kangas 1953, 1963,
Langstrom 1979), depending on the pre-
vailing key-factor in the particular situation.
Beaver (1967) emphasizes that as the
conditions change, so do the regulatory
mechanisms of Scolytus scolytus F.

Under artifical experimental conditions, in
which for instance competing species, para-
sites and predators are excluded, the pre-
dictability of beetle reproduction is also poor.
In the experiment reported by Eidmann and
Nuorteva (1968), the reproduction of
Tomicus piniperda varied considerably in
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spite of the fact that the beetles were reared
in cages.

In the case of T. piniperda, intraspecific
competition is perthaps the most important
mortality factor in endemic low level condit-
ions, because it is so closely linked to the
amount of breeding material available. When
constructing  life-tables and  survivorship
curves for bark beetles, the effect of intra-
specific competition is difficult to evaluate.
The reason for this is that the dead larvae
are absent from the bark samples, due to
deterioration or cannibalism. This “disappea-
rance” may account for as much as 80 % of
the larval population (c.f. Beaver 1966,
DeMars and al. 1970, Berryman 1973). The
effect of intraspecific competition on mor-
tality thus has to be modeled if an estimate
of it is desired (Berryman and Pienaar 1973).
The question then arises, which are the fac-
tors that ought to be present in such a model,
and moreover, how should the model be
designed?

If we assume that intraspecific competition
is deterministicly described when the attack
density is known, the variation should not
be as great as that found by Eidmann and
Nuorteva (1968). It is evident that the
residual mortality and intraspecific com-
petition are also affected by other factors,
such as phloem thickness, the quality of
parent beetles and the spatial pattern of the
egg galleries*). Ultimately, intraspecific
competition is determined by the spatial
pattern of larvae changing in time, which is
largely a consequence of the spatial con-
figuration of the egg galleries.

The spatial pattern has been studied in
some bark beetles. Nilssen (1978) found a
regular pattern of T. piniperda attacks in
two high wind-cut stumps. A regular pattern
has also been found for Scolytus ventralis

*) Spatial pattern is often termed as ’spatial
distribution”. To avoid confusion with the colloquial
and statistical meanings of the word “distribution”,
the spatial arrangement of objects should be called
“spatial pattern” (Pielou 1977).



LeConte (Berryman 1968), Dendroctonus
ponderosae Hopkins (Shepherd 1965, Safra-
nyik and Vithayasai 1971), and D. pseudo-
tsugae Hopkins (Hedden and Gara 1976).
It can be assumed that the survival pro-
babilities of the larvae are the greater, the
greater is the regularity, because the pro-
bability of a larva entering a dead end is
smaller in a regular pattern than in a purely
random one. As far as I am aware, the only
study that has been done on this subject is
that of Berryman and Pienaar (1973) on
S. wventralis. They constructed a simulation
model in which the mortality of the larvae
was proportional to the overlapping of the
area occupied by the vertical larval mines.
One of the assumptions in their model was
that the spatial pattern of egg galleries was
random. However, the possible dependence
of spatial pattern on density or other
variables would result in a more complicated
situation. It therefore becomes necessary to
describe the actual spatial pattern, e.g. by
means of an aggregation index. The index
can then be used as an independent variable
in regression analysis. On the other hand, it
can be reasoned that it is the variation, in-
tensity, of the spatial pattern which is
important for the survival of larvae. Using
an aggregation index, or any mean value,
does not necessarily reveal the local variation.
A realistic model of intraspecific competition
ought to utilize the information concerning
the actual locations of egg galleries. More-
over, the behavior of the larvae may affect
survival. Starting from these assumptions a
mechanistic simulation model was developed
(Jong and Saarenmaa 1984) parallel with
this study. In the model, the movement
process of individual larvae is considered,
and mortality results in their inability to

move further from a dead end where they
are completely surrounded by consumed
phloem.

There are several rapidly acting negative
feedback processes operating during the
reproductive phases of bark beetles, by means
of which the severity of competition is
controlled. Increasing attack density results
in a shortening of the egg galleries in many
bark beetles. The number of eggs laid per
gallery decreases, and aggregation of the
beetles will finally stop completely (for sum-
mary see Berryman 1974, Nilssen 1978).
The tendency to follow a regular spatial
pattern can also be included in the regulatory
activities, although no evidence to indicate
its dependence on attack density has yet been
proposed. Reduction of fecundity and a
change in the sex ratio in the following
generation are processes acting with longer
time lags. The density-dependent effects of
parasites and predators are also more serious
in the following generations. The negative
feedback processes are particularly important,
because they have a strong effect on the be-
haviour of the whole system (Berryman
1981).

This study has three goals: (i) To elucidate
the spatial pattern of T. piniperda during its
reproducing period and to study the factors
which affect it. (ii) To develop models for
intraspecific competition in T. piniperda, and
to account the effect of spatial pattern in
them. The main use for these models would
be in constructing life-tables and survivorship
curves. A further goal (iii) is to gain more
insight into the competitive processes. This
will be done by simulating the effects of age
structure and the fast acting negative feed-
back mechanisms — spatial pattern and
aggregation shut off — on the reproduction.

Saarenmaa, H.



2. MATERIAL AND METHODS

21. The rearing material

The material consists of two groups of bolts:
Those attacked in the laboratory, and those attacked
in the field. In the laboratory, the attack density
was controlled. A natural spatial pattern was ob-
tained in the case of the field bolts, but the attack
density was not under control. The experiments
were carried out in 1980 and 1981.

In the laboratory, 83 bolts were placed in ply-
wood cages together with 2 to 74 parent beetles
which had been collected during swarming in the
vicinity of Rovaniemi, northern Finland. The beetles
were sexed in cages into which less than 20 beetles
were introduced to ensure an even sex ratio. In the
bolts where 1 or 2 couples were introduced, the
beetles were forced to bore into the bolts from small
plastic cups. The bolts were freshly cut 40 cm long
pine sections with a typical bark area of 0.16 m’
The ends of the bolts were sealed with paraffin
wax. 51 of the cages were put into breeding cham-
bers where the temperature was kept constant and
the relative humidity of the air was 95 %. The
different bolts were kept at temperatures ranging
from 15 to 28 C, because the same material was
used in a different study in which the effect of
constant temperature on the developmental rate of
T. piniperda was being studied. However, the
temperature range used here is within the linear
part of the developmental response (unpublished
results), and it was assumed that temperature did
not affect mortality within this range as the rain-
fall was absent. The remaining 32 cages were kept
at room temperature in the laboratory, where they
were moistened daily.

The rearing beetles emerged into glass pots fixed
on the walls of the cages, and the bolts were kept
in the cages until all the young beetles had reared.

For the field attacks 15 experimental logs, 2 m
long, were cut in Rovaniemi in April 1981. One
end of each log had thick butt bark and the other
reached the thin-barked area. The logs were placed
in groups of three, lying in an east-west direction.

In order to determine the effect of warming
sunshine on the selection of attack places, the
logs were shaded in five different ways as
follows: i) no shade; ii) one-fold green mosquito
netting; iii) two-fold netting; iv) four-fold netting;
and v) dark cotton cloth. The cloth shaded the sun
completely. The shades were erected away from the
logs so that they did not obstruct the attacking
beetles. During swarming at 16.20 on 18.5.1981,
when the air temperature was 17.7°C, the following
temperatures (°C) were recorded in the logs under
the bark:
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upper side underside
unshaded 30.7 19.5
one-fold netting 265 17.0
two-fold netting 225 20.0
four-fold netting 20.5 20.1
cloth 16.0 17.0

Swarming started on May 13 when there was
still snow on the ground and the maximum air
temperature reached 14.1°C. A period of three cool
days followed. The main swarming occurred on May
17 and 18, when the maximum air temperatures
were 20.2 and 18.3°C respectively. On the 19th of
May the logs were enclosed in very fine-meshed
white terylene netting so as to prevent other inscct
species from penetrating the logs. However, this
was done too late as Cerambycid Acanthocinus
aedelis L. had had enough time to attack some of
the logs. Their larvae are efficient predators and
competitors of T. piniperda (Nuorteva 1962), and
all the parts of logs where they were found were
therefore excluded from the material. The shades
and terylene-netting were kept in place until Sep-
tember, when the logs were transferred to the labo-
ratory. Summer 1981 was cooler than normal, and
therefore about 30 % of the emerging beetles had
not emerged by September. They were allowed to
exit in the laboratory before peeling the bark off the
logs. The 2 m long logs were cut into 40 cm pieces
so as to make handling easier and to make them
similar to the laboratory bolts for calculating pur-
poses. 31 of the 75 field bolts had to be rejected
as a result of Acanthocinus attacks to be analyzed
later in another context.

The live weight of the emerging young beetles
was measured from another data set. In 1982
variable temperatures were used in the breeding
chambers. The emerging beetles from 45 cages were
weighed and the daily means calculated. The tem-
perature and humidity presumably have an effect
on the live weights. As there were 5 different tem-
perature programs in the 5 breeding chambers, the
results are considered separately.

22. Measurements and transformations

All the experimental bolts, those used in the
field as well as those in the laboratory, were
numerically mapped by measuring coordinates. After
mapping the round bolt surface was considered to
be a plane. All the distance measurements and cal-
culations were performed by computer. This pro-
cedure permitted flexible trials using various types
of calculating methods, not only the ones planned
when the experiment was designed.



The measuring procedure is described in detail in
the laboratory manual (Saarenmaa and Riisinen
1982). Before peeling, the bolt circumferences at
both ends, the bolt length, bark thickness and its
variance were measured. The size and number of
the crevices in the bark are described by means of
the variance of the bark thickness. After peeling,
the bolt circumferences were again measured at both
ends. The positions of the egg galleries in all the
bolts were measured as the coordinates of the start-
ing (entrance) points and the ending points. In
addition, more data was gathered from about half
of the material (68 bolts). In this case the coordi-
nates of the exit holes were also measured before
peeling. In order to facilitate measurement of the
distance from the exit holes to the egg galleries, the
meandering of the egg galleries was also taken into
account by measuring in some cases up to three
additional points in the middle of the egg galleries,
whenever necessary. Thus the exact shape of a
particular gallery was known. Usually, of course, the
egg galleries of T. piniperda are quite straight.

The starting line for the measurements was a
zero line drawn on the upper side of the bolt. A
100 * 100 mm grid was drawn on the bolt surface
over the bark starting from this line and from one
end of the bolt. The exit hole coordinates were
measured with the aid of the grid. As the scale
under the bark is smaller than that over the bark,
the coordinates of the exit holes had to be trans-
formed to correspond to the values under the bark.
The corner points of the grid were first marked
under the bark by means of nails driven through
the bark. The bark was then removed, and the
coordinates of the nail holes under the bark
measured. The grid under the bark had usually
typical dimensions 100 * 85 mm per square. The
exit hole coordinates were then transformed using
the correction factor obtained for each grid square.
The y-coordinate does not need any transformation.
The equation for the x-coordinate takes into account
any possible skewness in the square resulting from
the slight tapering of the bolt. The equations are
(for symbols, see Fig 1):

v =y (22—1)
Y2,X2:l Y2,X2
y x'(_—*y,xl"ll\“l
X,0 Y1,X1:l\ Y1X1

Fig 1. A grid square 100 X 100 mm on the surface
of the bark (y, x) and the change in coordinates
after transformation under the bark (y’, x).

Kuva 1. Yksi 100 X 100 mm verkoston ruutu pél-
kyn pinnalla (y, x) ja muutos koordinaateissa
(y', x') kaarnan alle tehdyn muunnoksen jilkeen.

oo XIx | (y=YD (X2—X1)

(22—2)
X1 Y2 —Y1

As the surface was artifically split in the middle
along the zero line, no measurements could be made
over that without additional transformations. There-
fore, additional coordinates were projected for all
exit hole and gallery coordinates over the zero line.
In other words, the bolt surface was doubled by
coupling the opposite bolt ends together along the
zero line (Fig 2). The slope due to tapering of the
bolt was taken into account using trigonometric
correction factors (for symbols, see Fig 2):

’

vy’ = Y 4 x’sin3 — y’sinf3 tanf3 (22—3)
cosf3

X'=—_ 4+ (YYY —y) tan + XTN (22—4)
cos

In the equations, 3 = arctan (XTS—XTN/YYY)
(Fig. 2). The problem with this transformation is
that the zero line of the doubled plane is longer
than the actual zero line. This is, however, only
ostensible, since actually we are dealing with cur-
vilinear planes, which for mathematical convenience
are considered as trapezoids (see Pulley and al. 1976).

Salonen (1973) has found that, on the average,
129 9% of T. piniperda emerge out of the same
holes or through bark furrows where the exit
holes are not detectable. This percentage was
directly proportional to bark thickness, but not
correlated with the number of offspring, which
suggests that the beetles do not emerge through
the same holes. The number of beetles collected
in the rearing bottles of the cages was only
98.1 % of the number of exit holes in the labo
ratory material of this study. This indicates that
some of the rearing cages were not sealed properly.
This is indeed the case, because escaped beetles
were observed in the laboratory. This can also be
seen from Fig 3. If the first peak in Fig 3 at about
75 % is omitted, then the mean is 109.0 %. This
fits well to the model of Salonen (1973). The actual

YYYO

0,0 0,XTS
Fig 2. The actual plane under the bark (y’, x") and

the coupled plane (x”, y”)
Kuva 2. Varsinainen polkyn pinta kaarnan alla
(y', x’) ja sama toiseen kertaan liitettyni nolla-

viivaa pitkin (y”, x”

Saarenmaa, H.



number of emerged beetles was not available for
the field material, not for the laboratory material
in 1980. The production of new beetles is there-
fore based only on the number of exit holes in this
paper. This may thus result in a slight underesti-
mation of the beetle production numbers. More-
over, those beetls which use the same exit hole as
their earlier reared siblings could not be taken into
account in the analysis of the spatial pattern.

The ratio of increase (RI) has been calculated
from the equation

RI = number of exit holes/number of parents

A large data base on the development and
survival of bark beetles, especially T. piniperda,
in Lapland was formed during 1980—83 at
the Rovaniemi Research Station of the Finnish
Forest Research Institute. In its present state it
comprises about one thousand sample bolts ranging
from 25 to 50 cm in length sampled from pine logs,
pulpwood stacks, windfalls, and thinning areas. The
data base also comprises hourly measured tempera-
tures under the bark at all the sampling points. The
procedures involved in the collection and retrieval
of the data have been described in detail by Saa-
renmaa and Riisinen (1982). The values of a
number of parameters, especially those dealing with
oviposition, used later on in the study have been
derived from this data base.

23. Calculating the spatial pattern

The scale of the spatial pattern in a continuum
ranges from extreme aggregation, in which all the
individuals have aggregated in a single clump, to
perfect hexagonal regularity, in which each indi-
vidual has six neighbors at equal distance. The

14
H Ratio
%

61 73 8L 95 106 m 128 Suhde

Fig 3. The distribution of the ratio between the
number of young beetles collected from the
rearing cages and the number of exit holes ex-
pressed in %.

Kuva 3. Kasvatuslaatikosta kerittyjen kuoriaisten ja
kuoriutumisreikien prosentuaalisen subteen ja-
kauma.
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random pattern falls between these extremes. In a
purely random pattern the location of one object
does not affect the probability where another
object is located. In addition to this main variation,
the spatial pattern has two other aspects: intensity
and grain (see Pielou 1977). If we are interested
in describing competition between neighboring
larvae, we must have a good estimator for the
intensity of the spatial pattern.

The methods used for studying spatial pattern
can be divided into two categories: (i) sample plot
methods, and (ii) distance methods (Pielou 1977).
In order to find the best methods for this study
both types of methods were tested. Examining the
fit of an observed distribution to a particular theo-
retical distribution has also been used in studying
spatial patterns, but this approach is not considered
fruitful (Pielou 1977). Both sample plot methods
and distance methods have their own advantages.
When the objects are dispersed into discrete
sampling units, such as larvae in tree branches,
only the former method can be applied. If the ob-
jects occur in a continuum, usually on a plane or in
the phloem of a log as in this case, both approaches
are possible.

The aggregation in the sample plots is described
by the variance/mean ratio. Ratios from 0 to 1
indicate regularity, 1 randomness, and 1 <C clump-
ness. The disadvantage of the sample plot method
is that an artifical plot must be restricted, and the
size of the plot drasticly affects the conclusions. If
it is possible to use sample plots of several different
sizes, then the disadvantage becomes an advantage,
because it is possible to detect the clump size. The
variance /mean ratio is greatest in the plots which
are of the same size as the clumps (e.g. Bonnicksen
and Stone 1980).

Cox (1971) has developed an index of clump-
ness, based on a zero-plot diagramme, which is not
sensitive to the clump size. It is calculated from the
equation
Ic =0907ab (23—1)
where a = the proportion of empty plots using a
plot size in which one object is observed on the
average; and b = the mean number of objects on
the plot size, in which 5 % of the plots are empty.
Ic is interpreted as the v/m-ratio: Values from
0 to 1 indicate regularity, 1 randomness, and 1 <C
clumpness. This method has been used in forest
regeneration studies because the number of empty
plots has a concrete meaning in such cases (e.g.
Pohtila 1980). However, calculation of I¢ is rather
complicated and inaccurate, at least if interpolation
is involved.

The two most popular distance methods were
examined: (i) nearest neighbor R, and (ii) closest
individual.

R is obtained by dividing r, the mean distance
between two individuals, by the expected distance
in a random pattern

r
05Vve

(23—2)

in which p = the density of individuals /unit area
(Clark and Evans 1954). R is interpreted as follows:
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Values from 0 to 1 indicate clumpness, 1 random-
ness, and 1 <C regularity. The theoretical maximum
value is 2.1491 for a hexagonally regular pattern.
The statistical significance of any deviation of R
from 1 can be tested using the normal distribution.
The normal variate (c) is obtained from the
equation

r—05V1Vp

c=— "7 (23—3)
0.26136 ' np

in which n is the number of measurements.

The other distance method used is based on the
mean distance measured from a random point to the
closest individual. It is obtained from the equation

A=T p W
in which @ = 3.14159, p = the density of indi-
viduals /unit area, and w = the mean of the
squares of the distances. The values of a are inter-
preted as follows: From 0 to (n—1)/n indicates a
regular pattern, (n—1)/n indicates a random
pattern, and (n—1)/n <C indicates an aggregated
pattern. The statistical significance of the deviation
from (n—1)/n can be tested, since 2n a is distri-
buted like ¥’ with 2n degrees of freedom (Pielou
1959). In this study, o was transformed to relative
a by dividing it with (n—1)/n thus making it
possible to use observations with different numbers
of objects in regression analyses. « thus has the
value 1 in a random pattern. As this may alter the
distribution of a, the conclusions concerning
individual bolts in Sections 323 and 351 are made
on the basis of untransformed values.

R and a have somewhat different properties. R
measures only the small scale distances between
neighbors in clumps, and it is perhaps the best
estimator of the intensity of the spatial pattern. The
starting points for measurements of o« also fall be-
tween the possible clumps, and thus « also
measures the grain of the spatial pattern (for
complete discussion, see Pielou 1959, 1977). «
has been considered to be perhaps the best of the
estimators available (Payandeh 1970). The three
estimators of spatial pattern were calculated for the
exit holes, entrance holes, gallery end points, and
gallery midpoints. When calculating & and I., 100
random points were sampled and the distances were
measured from them. In calculating R, the number
of distances measured was that of objects — 1. Nume-
rical mapping of the sample bolts made it possible
to use any type of calculating method. No sampling
problems were encountered when calculating the
nearest neighbor R, since all the objects were used
once as the starting point for the measurements
(except those too close to the bolt ends — see
Section 242). The distances to all the other objects
were calculated in order to find the minimum
distance to the nearest neighbor /closest individual.
The computing costs of this method are exponential-
ly related to the number of objects in the sample.
The brute force solution used could perhaps be
replaced by a more intelligent algorithm.

The density attributes of the bolts were consid-
ered as given for the particular data subset. Sepa-
rate estimates of the means and variances were not

(23—4)
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calculated for the bolts, as suggested by Mountford
(1961).

The mean minimum distances to the four nearest
egg galleries in all the bolts were calculated. This
method considers the objects not as points as the
previous ones, but as lines. Of course no test value
for randomness can be proposed for these distances,
because the lengths of the lines are variating from
case to case. The distances were used as independent
variables in the analyses. These minimum distances
may describe the actual interference between the
egg galleries better than the aggregation indices
calculated on the basis of certain egg gallery points.
Thus it comes close to the approach of Berryman
and Pienaar (1973).

24. The accuracy and restrictions of the
calculating methods

Since the conclusions later on in the text will be
made from relatively small differences, and it was
planned that the aggregation indices would be used
as independent variables in multiple regression
analysis, it is important to obtain bias-free estimates.
A set of simulations with artifical materials was
therefore carried out in order to test the sensitivity
of the calculating methods. The tests done here are
not exhaustive, because only the random pattern
could be considered.

241. The accuracy of the transformation

under the bark

The procedure used in transforming the coordin-
ates of the exit holes under the bark was rather
complicated. The accuracy of the transformation was
evaluated in one bolt by nailing all the exit holes
and then measuring the coordinates of the nail
holes. The nail hole corresponding to each trans-
formed exit hole was identified and the mean
distance then calculated. The mean dislocation was
299 mm. The transforming accuracy can thus be
considered to be good enough.

242. The edge effect

When the point from which the distance to the
nearest neighbor or the closest individual is
measured is closer to the edge of the sampling area
than to a real object, a systematic error arises. This
error causes the aggregation index to have a value
biased towards regularity. This may drastically affect
the conclusions (Mawson 1968). Margins in which
no point is accepted as the starting point of a
measurement, have therefore to be drawn along the
edges of the sampling area. However, there were
no references in the literature about how wide this
margin should be. The margins used in earlier
studies (e.g. Mawson 1968, Cox 1971) were too
wide to be used as such. Wensel (1975a,b) has
presented a procedure by means of which the ad-
jacent ends of sample plots get to contact with each

Saarenmaa, H.
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Fig 4. The edge effect. The dependence of the mean
values of R and « on the margin cut out of the
bolt ends. The margin m=a d, in which d=
1/2 vV p.

Kuva 4. Reunavaikutus. R:n ja o:n keskiarvojen
riippuvuus polkyn padsti pois leikatusta reunuk-
sesta, jolta mittauksia ei aloitettu. Reunus m=a
d, missi d=1/2 Vp.

other, and thus no margin needs to be delineated
at all. In this study, the adjacent boundaries of the
sampling area were projected so as to come into
contact with each other, as in a real bolt. However,
the bolt ends are not projected in this way.

Let p be the density of individuals /unit area.
The mean distance (D) between individuals is

D=_—L1_

2ve
if they are randomly distributed. An artifical
material consisting of 30 bolts each having 100
randomly dispersed objects on their surface, was
generated. The margin was allowed to loop from
0.00D to 2.00D, with steps of 0.25D, using 30
replications pro D. The means of R and a are shown
in Fig 4. In the case of random objects there
should not, of course, be any difference between R
and «. R seems to need a narrower margin than
«, but because R has narrower confidence limits
than «, they both cross the limit at the same point,
0.2D. The error continues to diminish up to 0.75D,
which was the margin applied in the further cal-
culations. The margin needed may of course vary
depending on the degree of aggregation, but such
information, if available, could not be used in the
calculations. I. and the variance/mean ratio are free
from this kind of error, if those sample plots are
rejected which partly come over the edge.

(242—1)

243. The smallest number of objects

The number of egg galleries in the bolts ranged in
the laboratory material from 1 to 58, and in the
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Fig 5. The expected values of R, a and Ic as a
function of the number of objects. The standard
errors are shown with lines.

Kuva 5. R:n, o:n ja Ic:n keskiarvot objektien mii-
ran funktiona. Keskivirbeet on esitetty pystyvii-
voin.

field material from 9 to 71. The mean number of
galleries per bolt was 23. This means that in many
bolts there were not enough galleries for calculating
the aggregation indices for the galleries. The
number of exit holes ranged from 19 to 803, the
average being 240. These numbers are so great that
they cause troubles in mapping, and require very
much computer time in searching the nearest neigh-
bors. Thus the bolt size used had to be adjusted to
a compromise which would facilitate measuring both
the galleries and the exit holes. The low numbers
may cause some bias in the results, e.g. due to the
edge effect, finite area, and low degrees of freedom.
In order to retain as much material as possible in
the analysis, the effects of low numbers of objects
on the values of R, @ and I. were studied. A series
of artifical bolts with a random spatial pattern was
generated. The number of objects were 4, 6, 9, 12,
17, 25, 40, 70 and 100. Each of the 9 classes
contained 30 bolts.

Fig 5 shows the observed mean values of R, «
and I. with their standard errors and the lines of
the expected values. The standard error of all the
estimators decreases as the number of objects in-
creases (Fig 5). « follows the expected (n—1)/n
curve all the time within the range of standard
error. n in the expected value of a is not the actual
number of measurements, but the degrees of freed-
om, which is the smaller of the two values (number
of objects, number of measurements). This seems
to be the case in I, too. R is significantly biased
towards regularity when less than 12 objects are
present. This may be due to the edge effect, be-
cause the margin 0.75D had to be made narrower
at the two lowest densities. The dependence of the
distances, as shown by Cliff and Ord (1975), can
also cause bias, since all the objects have been start-
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Table 1. Correlation matrix of the different aggregation estimators in different
materials. nj = number of bolts, n/ni = mean number of objects /bolt.

Taulukko 1.

ni = polkkyjen lukumaird, n/ni =

Eri rybmittymisindeksien korrelaatiomatriisi eri aineistoissa.
objektien keskilukumaird polkyssa.

Entrance holes
Iskeytymisreidt

Exit holes
Kuoriutumisreidt

n; T{ 110 n/ni IC ni E 59 n/ni =;35
Entrance holes a —.213*
Iskeytymisreiat  Ic —.207% .501%**
Exit holes R —.101ns
Kuoriutumis- o 175ns —.818%**
reidt Ic —.024ns —.863%** 921 %%

ing points for the measurements. 1. is strongly biased
in opposite directions in the two parts of the range.
It was not possible to determine whether the bias
is due to some failure in the calculating method or
whether the expected value of I. is not exactly 1 in
a random population. For this reason I¢ is not used
in the further calculations. R also had to be rejected,
since its predictions were not reliable when there
were less than 12 objects present, and it was import-
ant to obtain estimates of aggregation over the
whole range of densities. Thus only o could be
accepted in the analysis. This agrees wel. with the
conclusion of Payandeh (1970) that alfa is the most
reliable of the aggregation indices available. A
limit of 6 objects was set on the use of «.

12

244. Correlations of the aggregation indices

All the three aggregation indices are correlated with
each other as Table 1 shows. The value of the
correlation coefficient is highly dependent on the
number of objects (galleries or holes). The aggre-
gation indices are correlated to a much lower degree
in the case of galleries than in the case of exit holes
because of the lower number of objects. The
nearest neighbor R, in particular, differs a lot from
o and I.. This is probably due to random variation,
which is more pronounced in calculating R than in
calculating alfa or I.. In the first named case only
as many distances are measured as there are objects,
whereas in the latter two cases the number of
distances measured was constantly 100.

Saarenmaa, H.



3. RESULTS

31. Review of the material

Table 2 shows the mean, range, standard
deviation, and number of observations of the
bark properties, attack density, new beetle
production, and egg gallery length. The nor-
mality of the distributions of the variables
was tested, and in cases where normality was
not achieved, the transformations — square
root, In, and logl0, were applied in this
order. However, none of the transformations
were accepted for further use, because no
clear suggestion of their usefullness was ob-
tained. In no case was the same trans-
formation usable in both of the groups. The
distributions are largely, especially in the
laboratory group, artefacts arising from the
experimental design and failures, and do not
necessarily apply to other materials. When
the results from precise statistical tests are
interpreted, possible violations of the under-
lying assumptions can be checked in Table 2.

The laboratory and field bolts are
compared with analysis of variance (Table
2). Bark thickness is the same in the labo-
ratory and field bolts. This is due to the aim
of standardizing the material. The variance
of bark thickness does dot differ in the two
groups. This is an important point, since the
bark beetles have thus had equal possibilities
to start their galleries in crevices in both of
the groups.

The attack density is on the average much
lower in the laboratory bolts than in the
field ones. Attack on the field bolts was very
heavy due to the high T. piniperda population
at the study site. Thus the field observations
from the lowest densities up to 57 galleries
/m? are missing. This must be borne in mind
when examining the other results. The range
of attack density well covers the range that
has been observed in T. piniperda. However,
more observations from the higher densities
in the laboratory group, and from the lower
densities in the field group, would have
balanced the material better. The mean length
of the egg galleries is 77 mm in the laboratory
bolts and 73 mm in the field ones. These
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values do not differ from each other to a
statistically significant degree.

Exit hole density is the same in both the
laboratory and the field bolts. The ratio of
increase is much lower in the field bolts than
in the laboratory ones (Table 2). Whether
this difference is merely an effect of different
attack densities was studied in more detail.
The following table shows the mean values
of the ratio of increase in different categories
of attack density.

Density Laboratory Field

category, mean s.d. n mean s.d. n
Attacks, m?

50—100 132 57 13 57 1.5 6
101—150 108 3.7 22 58 20 9
151—200 9.1 29 9 65 29 7
201—250 65 20 2 52 26 9
251— 64 26 3 49 22 13

A two-way analysis of variance was carried
out over this table. The sums of the squares
of both grouping variables were significant
at the p << 0.05 level. This means that the
greater ratio of increase in the laboratory
bolts is not merely an effect of attack density.
The two groups will therefore be considered
separately in further analyses.

32. Models for attack

321. The dependence of attack density
on bark properties

Only the field attack bolts (n = 58) are
used in this analysis. Attack density is directly
but not linearly dependent on bark thickness
(Fig 6). The model suggested by Safranyik
and Vithayasai (1971) was fitted

A =2793 (1.0 —10.07 01345 B — 0.04925) (35 1)

where A is the density of egg galleries /m?
and B the bark thickness in mm. This model
is asymptotic and does not exceed the

13
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Fig 6. The dependence of attack density on bark
thickness in the field material. The model fitted
1‘2 = 279.3 (1.0 —10.0 —0.1345 B — 0.04925)
(32—1)
Kuva 6. Iskeytymistibeyden riippuvuus kaarnan pak-
suudesta luonnonpolkyissi. Malli on

A = 279.3 (1.0 — 10.0 —0-1345 B —0.04925)
(32—1)

maximum attack density of 279.3 /m? at any
bark thickness. It gives zero attack density
at a bark thickness of —0.37 mm. In the
model r = 0.505 and p << 0.000. It is inte-
resting to see that there were galleries even
at the thinnest bark thicknesses down to
1.3 mm, which is thinner than T. piniperda
normally uses. This is probably caused by
overcrowding. It is likely that logs with even
thinner bark are no longer attacked by T.
piniperda, and the estimated zero attack
density should be about 1 mm.

A linear model performed not as well in
this material (r = 0.469, p << 0.000, line-
arity p = 0.255). Theoretically it is not
acceptable, since attack density cannot in-
crease infinitely.

The variance of bark thickness has no
effect (r = 0.206, p = 0.121) on the attack
density. Neither does it give any additional
information to the model where the bark
thickness is already present.

323. Spatial pattern of egg galleries
The general tendency in the spatial

pattern was such that the egg galleries were
randomly or slightly regularly distributed. A
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review of the results is presented in Table 3.
It should be noted that the lowest attack
densities are missing, because one bolt with
an area of only 0.16 m? does not permit the
calculation of a at low densities of up to 32
galleries /m*. The distributions of & for the
entrance holes and the end points do not
differ from the normal distribution.

The mean value of « in the laboratory
bolts 1.093 is statistically significantly (p =
0.037) aggregated. However, only 3 out of
the 55 individual cases could be classified as
aggregated, 2 as regular while the rest of
them were random. The low number of
galleries in the bolts makes it difficult to
detect significant deviations from randomness
in individual bolts. In the field bolts, the
mean value of 0.940 for a points to sig-
nificant (p = 0.036) regularity. Out of the
58 cases, 8 were classified as regular and
none of them as aggregated.

The end points of the galleries are random-
ly distributed in the field bolts, but aggre-
gated in the laboratory bolts. Out of the 55
laboratory bolts, 4 were classified as being
aggregated and the rest of them as random.
Out of the 58 field bolts, 2 aggregated and
2 regular cases were detected. It thus seems
that the end points are slightly more ag-
gregated than the entrance points.

In order to test the hypothesis that sun-
shine and the cortical temperature are the
factors which determine the spatial pattern
of the attacks of the parent beetles, the field
bolts were placed in different degrees of
shading as described in Section 21. One-
way analysis of variance was carried out on
the 5 shading groups. Table 4 shows the
results and the statistical significance of the
differences. The results were confusing.
There were no differences in the means of
o between the shading groups. On the other
hand, the attack density varied significantly
within the groups. There was a slight
tendency to increasing attack density with
increasing sunshine. The number of exit
holes is correlated with the attack density
and it is largest where there is no shading,
as is the ratio of increase. The unshaded bolts
reach the production level of the laboratory
bolts. The galleries were the longer, the more
the bolts were shaded. This indicates that
the beetles were suffering from cool micro-
climate in the shaded bolts.

The regularity of the entrance holes is
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Table 4. The effect of shading of bolts on attack density, production, egg gallery length and spatial pattern.

Comparison with ANOVA. The shading classes

are the multiplications of green mosquito netting.

Taulukko 4. Polkkyjen varjostamisen vaikutus iskeytymistibeyteen, emokiytivin pituuteen, jalkeldistuotok-
seen ja tilajirjestykseen. Vertailu varianssianalyysilla. Varjostusluokat ovat vibrein sidskiverkon monin-

kertoja.
No shade 1-fold 2-fold 4-fold Cloth F-probability %

Variable Ei varjoa 1-kertainen 2-kertainen 4-kertainen Kangas F-todenndkdi-

Muuttuja syys %
n 8 10 9 10 7
Bark thickness mm 4.26 4.25 5.14 4.73 4.85 18.13
Kaarnan paksuus mm
Bark thickness variance mm? 2.34 273 6.82 322 3.11 99.78
Kaarnan paksuuden varianssi mns*
Attack density/m? 226.7 245.1 146.4 254.3 1359 99.95
Iskeytymistibeys|m?
Production/m? 3682.2 1299.5 1517.8 29343 1149.1 100.00
Jalkelaistuotos | m?
Ratio of increase 8.11 293 5.38 5.81 5.57 100.00
Lisdantymiskerroin
Mean length of galleries mm 63.5 73.7 78.1 68.9 90.2 100.00
Emokaytavien keskipituus mm
Relative a for entrance holes 0.903 0.949 0.936 0.967 0.978 941
Iskeytymisreikien subteellinen o
Relative a for exit holes 1.637 1.308 1.563 1.463 1.271 58.46

Kuoriutumisreikien subteellinen o

directly related to the logarithm of the
attack density (r —0.579, p < 0.001)
in the field bolt group (Fig 7). At the lowest
densities below about 100 galleries /m?, the
attack pattern is aggreggated. In the mean
range from 100 to 200 galleries /m? the
pattern is mainly random. In the highest
densities, there is a tendency towards
regularity. In the laboratory bolt group the
tendency is the same, although statistically
not significant (r = —0.226, p = 0.092).

No significant correlation could be found
between the aggregation of entrance holes
and bark thickness or the variance of thick-
ness.

33. Models for multiplication

The mean length of egg galleries (L;
mm) decreases with increasing attack density
(A; galleries /m?) according to the equation

L = 80.79 — 0.0411A (33—1)

Both the field and laboratory bolts are
used in this analysis (n = 127), in which
r=0.265 and p = 0.999 (Fig 8). The
relationship is linear (p = 0.086).

The mean density of eggniches per mm of
egg gallery wall (one side) was 0.380

16

O = 231-0599 IgA

Attack
density/ 2
Iskeytymis-

50 Hhers 7
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Fig 7. Relative a of entrance holes as a function of
the attack density in the field material.

Kuva 7. Iskeytymisreikien subteellinen o iskeytymis-
tiheyden funktiona maastopolkyissi.

(s.d. = 0.134 mm, n = 884). This has been
calculated from the material in the data base.
The material comprises 884 galleries in 94
bolts at the study site and in the laboratory
in 1980. Only 87.3 % of the eggniches
actually contained an egg when examined
prior to hatching. This proportion is de-
pendent on the examiner’s interpretation
whether a particular cavity (often unclear)
is an eggniche or not. Thus a mean value of
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Fig 8. The mean length of egg galleries as a function
of the attack density.

Kuva 8. Keskimairiinen emokiytivipituus iskeyty-

mistibeyden funktiona.

0.332 eggs per mm of egg gallery wall is ob-
tained. The density of the eggniches was
found to depend neither on the attack den-
sity (r = —0.102, n=94), nor on the mean
gallery length (r = 0.034, n=94). How-
ever, according to uncalculated observations,
the egg density may be negatively correlated
with temperature, although at present no
facts to support this can be presented. There
is a nuptial chamber at the beginning of each
egg gallery. No eggs are laid in the walls of
this chamber. Its mean length was 7.7 mm
(s.d. = 2.0 mm, n=884), which was sub-
tracted from the egg-gallery length when the
egg density was calculated. The sterile part
of the egg gallery at the end is more vague.
Its mean length was 15.3 mm (sd. = 7.0
mm, n=39) in the small material studied.

The spatial pattern of the eggniches in the
walls of the egg gallery can be studied by
means of the distribution of the distances be-
tween successive eggniches. The histogram
(Fig 9) is strongly skewed and no theo-
retical distribution with a biological mean-
ing could be fitted to it. The pattern
suggests that the distance is regular, but
there are longer intervals where there are no
eggniches at all. The mean distance is 1.62
mm (s.d. = 1.49, n=3509), which is sig-
nificantly lower than the mean density of
2.63 mm (=1.0/0.380 eggniches/mm)
would suggest. The difference is due to the
fact that the mean distance between suc-
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Fig 9. The distribution of the distances between
successive eggniches in the egg gallery wall.
Kuva 9. Emokaytivin seinilli sijaitsevien kahden
perikkdisen munakuopan vilisen etiisyyden ja-

kauma.

cessive eggniches increases towards the end
of the egg galleries (r = 0.128, p << 0.001,
n = 3509), that the sample comprises mainly
unfinished egg galleries, and that the sterile
end part was included in the egg gallery
length from which the egg density was cal-
culated. If the distance from the last egg to
the end of the egg gallery is included in the
material, then the distance increases to
1.97 mm (sd. = 2.36 mm, n = 3766).

For describing the multiplication of bark
beetles Berryman (1974) suggests the ex-
ponential decay function

E- Mt VA (33—2)

where E is the number of eggs deposited per
attack, M the mean maximum oviposition
rate, € a rate parameter, and A the attack
density. This function was fitted to the data
using the non-linear regression program
BMDPAR (Fig 10). Table 5 shows the
statistics related to the model. The mean
(bolt average) maximum number of eggs per
female is 63.6. It should be noted that in
many galleries the mean egg density has been
used to estimate the number of eggs because
the actual number could not be counted due
to the deterioration of the phloem. The lack
of fit percentage in Tables 5 . .. 9 is obtained
by the method described by Draper and
Smith (1969). The residual sum of squares
was divided into the components “pure
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Table 5. Statistics relating to the fits of the multi-
plication models.

Taulukko 5. Lisdintymisti kuvaavien mallien tilas-
tolliset tunnusluvut.

Me —eVA

E = (33—2)
E = M—cA (33—3)
E = The mean number of eggs laid/egg gallery
Keskimddrdinen munamdadrd/emokdytava
M = The mean maximum oviposition rate/female
Keskimddrdinen maksimimunamddrd/emo
€ = A rate parameter — Vdhenemisparametri
A = Attack density/m? — Iskeytymistiheys/m?
s.e. = Standard error — Keskivirhe
s.d. = Standard deviation — Keskihajonta
d.f, = Degrees of freedom — Vapausasteet
r = Correlation coefficient with usual significance
notation — Korrelaatiokerroin tavanmukaisin
merkitsevyysmerkinnoin
res. = Residual — Residuaali
P = Probability that the residuals are normally distributed
— Todenndkoisyys residuaalien normaalille jakau-
tumiselle
E - Me—<VA E = M—€A
M 63.58 54.35
s.e.(M) 3.08 1.88
€ 0.03125 0.06191
s.e.(g) 0.004684 0.01006
d.f. 119 119
r —().523%%%* —0.4971 %%
res. s.d. 10.68 10.93
res. s.d. % of est. 25.89 26.22
lack of fit % 5.7308 5.920¢
p 0.659m8 0.921™

error” and “lack of fit” and the significance
of their ratio was tested with analysis of
variance. This very useful method for evalua-
ting models has been performed with the
program REKO (Timonen 1983).

A simple linear model

E=M-—¢cA (33—3)
provided almost as good a fit (Table 5, Fig
10). This model gives 54.4 eggs per female
for the maximum oviposition rate. If the
dependence of the egg gallery length on
attack density is linear and the egg density
in the egg gallery is independent of the
attack density and egg gallery length, then
the only sources of non-linearity are the
constant length of the pairing chamber and
the variation in the spatial pattern of the
eggs along the egg gallery.

34. Models for survival

For describing the survival of bark beetles
from intraspecific competition Berryman
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Fig 10. The mean number of eggs/gallery (bolt
averages) as a function of the attack density.
The models are

E=M—¢VA (33-2)andE=M—cA
(33—3). See also Table 5.

Kuva 10. Keskimaiiriinen munamiiri [emokdytivi
(polkkykeskiarvo) iskeytymistibeyden funktiona.
Mallit ovat

E=Me—¢VA(33-2)jaE=M—¢A
(33—3). Ks. myos Taulukkoa 5.

(1974) suggests using the same function as
for multiplication
S=vye—r VA (34—1)
where S is the probability that a larva will
survive competition, Y and A are coefficients
and A the attack density. Table 6 and Fig 11
show the fits of this model in both the
laboratory and field groups. The model did
not have to be constrained below unity,
since at the minimum density only 86 % of
the larvae survive. The remaining 14 %
succumb as a result of intra-gallery competit-
ion. The survival in the field bolts is much
lower than in the laboratory bolts. There
does not seem to be any density dependent
mortality in the field bolt group.
The linear model

again provided as good a fit (Table 6,
Fig 11).

The usefullness of the simulation model
developed by Jong and Saarenmaa (1984)
for predicting survival was also evaluated.

The model uses information on the spatial
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Table 6. Statistics relating to the fits of the survival models.
Taulukko 6. Eloonjiamistodennikéisyytti kuvaavien mallien tilastolliset tun-

nusluvut.
S = ye—MVA (34—1)
S =y—AA (34—2)

S = Proportion of larva population which survives
Toukkapopulaatiosta eloonjddvd osuus

y = Parameter — Parametri
Other notations as in Table 5. — Muut merkinndt kuten taulukossa 5.
S = e—M/K S = Y—AA
Laboratory Field Laboratory Field
Laboratorio Maasto Laboratorio Maasto
Y 0.8625 0.2611 0.7081 0.2440
s.e. (v) 0.06553 0.09027 0.0293 0.0428
A 0.04829 0.01067 0.001482 0.00008979
se. (1) 0.006625 0.02347 0.0002458 0.0001795
df 81 42 81 42
r —0.536%*%  —0.071"  —0.557%** —0.077™
res. s.d. 0.165 0.102 0.163 0.103
res. s.d. % of est. 29.87 45.99 30.44 45.992
lack of fit % 29.42* 18.96™8 22.02* 27.98ns
p 0.351™ 0.911° 0.649™ 0911°
Simulated
survival
Survial cioonaaiminen
Eloonjagminen
104
‘Oﬂ ‘ = Model - Mali 34-1
——— = Model - Mali 34-2 091
087 ¢ = Model - Mali 341
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Fig 11. Survival of the larvae as a function of the
attack density in the laboratory (L) and field
(F) groups. The models are
S=qye—rVA (34—1)andS =y — 1A
(34—2). See also Table 6.

Kuva 11. Eloonjaivien toukkien osuudet iskeytymis-
tibeyden funktiona laboratorio- (L) ja maasto-
polleissa (F). Mallit ovat
S=vyeAVA (34—1) jaS =y —2AA
(34—2). Ks. myos Taulukkoa 6.

pattern, and will be considered with more
detail in the following section. The simulated
survivals are shown against the attack density
in Fig 12. Table 9 shows the pertinent
statistics relating to the fit of the simulation
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0 SQ [skeytymis-
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Fig 12. Simulated survival as a function of the
attack density. The related statistics are given
in Table 9.

Kuva 12. Simuloitu eloonjaiminen iskeytymistibey-
den funktiona. Mallin tilastolliset tunnusluvut
ovat Taulukossa 9.

model. The simulation model is slightly, but
not significantly, better than either of the
mathematical models in the case of the
laboratory group. In the field group it fails,
as did the other models.
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35. Models for emergence

In this section we first take a look at the
spatial pattern of the exit holes. Then an
attempt is made to develop models for the
number of offspring, which is expressed in
two different ways: as (i) the ratio of in-
crease, and as (ii) production. The ratio of
increase relates the number of offspring to
the previous generation, whereas production
is defined as the number of offspring per
bark area. The two estimators are different
also in the condition that the variation of the
ratio of increase is largest at low attack den-
sities, but that of production largest at high
attack densities.

Several models which predict and describe
the ratio of increase and production will be
examined:

1) Descriptive nonlinear regression of attack density
based on the models proposed by Berryman
(1974).

2) Predictive linear regression of attack density.

3) Descriptive multiple linear regression of attack
density and spatial pattern indices.

4) The four mean minimum distances to the nearest
egg galleries.

5) Simulation model proposed by Jong and Saa-
renmaa (1984).

In the first hand the effect of mere attack
density is studied (1 and 2). Then the
aggregation index a is introduced (3). The
larvae can be supposed to have the greater
survival probabilities the greater is the
regularity of attacks or larvae. This is the
test hypothesis (H;). The fourth approach is
different in such a way that it combines the
attack density and spatial pattern to minimum
distances between egg galleries. The simu-
lation approach (5) does not use regression
techniques at all, but it is supposed to use
all the information available about spatial
pattern.

351. Spatial pattern of exit holes

In contrast to the egg galleries, which
wer randomly or slightly regularly distributed
(Section 323), the exit holes showed strong
aggregation in both of the groups. The
results are presented in Table 3 together
with those for the egg galleries. The exit
holes were randomly distributed in only one
of the 47 laboratory bolts. In the field group,
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Fig 13. Relative « of exit holes as a function of the
attack density in the entire material.

Kuva 13. Kuoriutumisreikien subteellinen o iskey-
tymistibeyden funktiona koko aineistossa.

where there were 21 bolts, the exit holes
were randomly distributed in two of them.
The distributions of the values of a for the
exit holes did not achieve normality with
any of the transformation used. The aggre-
gation of the exit holes is not dependent on
the aggregation of the gallery entrance holes
(Table 1).

The aggregation of exit holes increases
with decreasing attack density in the labora-
tory bolt group, but not in the field bolt
group. The difference is primarily caused by
the lack of observations at low densities in
the field bolt group. Above 50 galleries /m?
the aggregation is constant, but below this
limit the slope is very steep (Fig 13). This
is the point where the broods start to inter-
fere with each other, the exit holes from
different galleries mix, and clumpness
diminishes.

352. Ratio of increase

The ratio of increase (RI) is best under-
stood as a product of the multiplication and
survival models

RI = ES (352—1)
or
RI = (Me—2 VA) (ye— VA (352—2)

This model was fitted to the material
(Table 7, Fig 14) and it provided an ade-
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Table 7. Statistics relating to the fits of models of the ratio of increase

RI = (Me—tVA ) (ye—AVA) (352—2)
and production
P = A (Me—tVA ) (ye—MA) (353—2)

For notation, see Tables 6 and 7.
Taulukko 7. Lisdintymiskerrointa kuvaavan mallin

RI = (Me—¢VA ) (ye—MVA) (352—2)
ja jalkeldistuotosta kuvaavan mallin
P = A (Me—<VA ) (ye— VA ) (353—2)

tilastolliset tunnusluvut. Merkinnit kuten taulukoissa G ja 7.

RI = (Me—¢VA ) (Ye—“/‘f) P-AMe—tVA) (Ye—M/K)

Laboratory Field Laboratory Field
Laboratorio Maasto Laboratorio Maasto
M 59.50 46.57 62.34 63.85
se. (M) 5.00 not obtained 9.71 28.50
€ 0.02905 0.01918 0.03351 0.03304
se. (g) 0.01086 0.02100 0.01257 0.02732
Y 0.445 0.1693 0.847 0.2947
s.e. () 0.03499 0.05118 0.129 0.1320
A 0.04829 0.01067 0.04829 0.01067
se. (A) fixed fixed fixed fixed
df. 81 42 81 42
r —0.655%* —~0.218ns 0.801%%** 0.512%%*
res. s.d. 4.575 2.121 775.3 1047.3
res. s.d. 9% of est. 31.99 41.72 34.46 45.53
lack of fit % 9.86ns 23.13ns 13.36ns 15.83ns
p 0.117ns 0.897ns 0.030ns 0.995ns

quate fit. The parameter A was kept fixed at
the value obtained in the analysis for sur-
vival, and the least square curve was found
by changing the other parameters. The values
are not exactly the same as in the survival
model because the unknown actual number
of eggs was in many cases replaced by the
estimated number. The differences come,
however, within the confidence limits. The
product M ¥ is the mean maximum ratio of
increase at the minimum density. It has the
value of 26.5 in the laboratory group.
Although the variance is correlated with the
mean, the model is unbiased according to
the distribution of residuals; only at the
lowest densities there is some uncertainity
about the fit due to the great variance. The
model explains 43 % of the variance in the
ratio of increase in the laboratory group.
However, it does not work in the field group.
This strange result can be partly attributed
to the fact that the observations at the
lowest densities, where the response is
clearest, are lacking in the field group. How-
ever, this explanation is not exhaustive, be-
cause there appears to be a level difference
between the groups, too. Obviously the field
group includes mortality which is not only
due to competition.
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The previous model is a descriptive model
based on attack density. The material can
also be described by a simpler predictive
model

RI = a— b logn A (352—3)

The fits of this model are of the same
magnitude as those of the more complicated
predictive model (Table 8, Fig 14). It is
easily solved using linear regression. In
principle, the coefficient of a, which is the
mean maximum ratio of increase, is equal to
M v of the explanatory model. It gives a
value of 31.2 for the laboratory bolt group.

Neither of the two previous models
accounts for the possible effect of spatial
pattern on the ratio of increase. Whether or
not the residual variation of model 352—3
is due to the spatial pattern was tested
using multiple regression by introducing o
as an independent variable in the model. First
the model had to be recalculated excluding
bolts with low attack densities of up to 32
galleries /m?. This was necessary because the
low attack densities did not permit & to be
calculated with the small bolt size used. The
number of observations decreased from 127
to 98. The relative residual variation also
increased since the part of the material in
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Table 8. Statistics relating to the fits of the models of the ratio of increase

RI = a—blogA
and production
P = aA—bA?

(352—3)
(353—3)

_aand b are regression coefficients, other notation as in Tables 5 and 6.
Taulukko 8. Lisiintymiskerrointa kuvaavan mallin

RI = a—blogA

ja jalkeliistuotosta kuvaavan mallin

P = aA—bA?

(352—3)
(353—3)

tilastolliset tunnusluvut. a ja b ovat regressiokerioimia, muut merkinnit

kuten taulukoissa 5 ja 6.

RI = a—blogA P = aA—bA?
Laboratory Field Laboratory Field
Laboratorio Maasto Laboratorio Maasto
a 31.20 10.76 26.97 15.64
s.e. (a) 2.24 3.63 1.77 2.30
b 9.58 2.44 0.04387 0.02071
s.e. (b) 1.28 1.73 0.008451 0.008103
n 83 44 83 44
r —0.638***  —0.213ns 0.788%*** 0.530%**
res. s.d. 4.85 225 776.7 995.1
res. s.d. % of est. 33.12 41.32 43.59 40.75
lack of fit % 5.93ns 31.75ns 13.79ns 41.76°
p 0.322ns 0.874ns 0.813ns 0.834ns

Table 9. Statistics related to the fit of the simulation model with parameter values
MINFOO = 46 mm, ICROSS = 10 mm, SOUND = 8 mm, PYX = 0.95, EGGDEN
= 0.332/mm, DELAY = 0.35 (the parameters are explained in Jong and Saarenmaa
1984). The model fitted is observed = slope X simulated.

Taulukko 9. Simulointimallin aineistoon sopivuutta kuvaavat tunnusluvut. Simuloinnit
ajettu parametrien arvoilla MINFOO = 46 mm, ICROSS = 10 mm, SOUND =
8 mm, PYX = 095, EGGDEN = 0.322/mm, DELAY = 0.35, jotka on selitetty toi-

sessa artikkelissa (Jong ja Saarenmaa 1984). Sovitettu malli on havaittu = slope X
simuloitu.
Survival Ratio of increase Production
Eloonjddminen Lisddntymiskerroin Jalkeldistuotos
Laboratory Field Laboratory Field Laboratory Field
Laboratorio Maasto Laboratorio Maasto Laboratorio Maasto
n 83 44 83 44 83 44
slope 0.992 0.563 0.986 0.547 1.007 0.683
p that slope = 1 1.000 0.000 1.000 0.000 1.000 0.000
r 0.619%**  (.162ns 0.767***  (.126ns 0.836%**  0.517%%*
res. s.d. 0.155 0.115 3.927 2.556 696.4 1085.6
res. s.d. % of est. 29.06 58.27 29.30 60.06 28.69 48.16
lack of fit % 20.75° 14.25ns 30.43* 30.89ns 22.02ns 48.54*
p 0.310ns 0.999%**  (.242ns 1.000***  0.251ns 0.998%*

which the effect of the attack density on the
ratio of increase was clearest was omitted.
The distribution of a for the entrance holes
was about normal, but that for the exit holes,
or that for the attack density in laboratory
group was not (Tables 2 and 3). This could
cause poor fit in predictive models, but is not
important in descriptive models such as
these.

The independent variables in descriptive
models are not allowed to be correlated with
each other (Draper and Smith 1969). If
muiticollinearity exists, the t-values of the
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independent variables do not describe the
pure effect of this variable, and moreover,
the regression coefficients may have wrong
sign, which strongly affects the interpretation
of a descriptive model. There is multi-
collinearity between a of entrance holes and
the attack density in the field material (see
Section 323, Fig 7), and between a of exit
holes and the attack density in the laboratory
material (see Section 351, Fig 13). The
ridge regression technique as described by
Bare and Hann (1981) and programmed by
Timonen (1983) was applied in such cases.
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Fig 14. The ratio of increase as a function of the
attack density in the laboratory (L) and field
(F) groups. The models are

RI = (Me—¢ VA) (ye—* VA) (352—2) and
RI = a — b logiw A (352—3). See also Tables
7 and 8.

Kuva 14. Lisdantymiskerroin iskeytymistibeyden
funktiona laboratorio- (L) ja maastopolkyissi
(F). Mallit ovat

RI = (Me—2VA) (ye—*VA) (352—2) ja
RI = a — b logw A (352—3). Ks. myos Tau-
lukkoja 7 ja 8.

Ridge regression reveals the real effect of
each independent variable in descriptive
models, but it introduces bias into the model
and thus inflates the multiple correlation
square (mcs). Its use in predictive models
needs therefore extra care.

The effect of a calculated on the basis of
entrance holes, egg gallery midpoints, and
exit holes on the model (352—3) is shown
in Table 10. The conclusion concerning the
effect of o is done on the basis of its t-
probability. The logical value of H; is ob-
tained from the sign of the regression
coefficient of a. The magnitude of the effect
can be seen from the increment in mcs. How-
ever, the increment is realistic only when no
ridge constant has been used. The spatial
pattern of the gallery entrance holes as ex-
pressed by a does not have any effect on
the ratio of increase in either the laboratory
or the field group. Use of the ridge technique
did not alter the conclusions here. When «
is calculated on the basis of egg gallery mid-
points, it was found to have an almost
statistically significant effect (p <<0.1) in
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Fig 15. Simulated values of the ratio of increase as
a function of attack density. The related
statistics are given in Table 9.

Kuva 15. Simuloitu lisiintymiskerroin iskeytymis-
tibeyden funktiona. Mallin tilastolliset tunnus-
luvut ovat Taulukossa 9.

the laboratory group, where H; appeared to
be true. If the a of the exit holes is used as
an independent variable, then a part of the
material must again be rejected because the
exit holes were mapped from 68 bolts only.
In the laboratory bolts, & of exit holes does
not seem have any effect. If the field bolts
only are considered, then a indicates that H;
is false, that is, increasing ratio of increase
with increasing clumpness.

A model which is based on the four mean
minimum distances between the egg galleries
was also studied. The model is

RI = a + a, D, + aaD;, + a;D; + a, Dy (352—4)

where D; is the mean minimum distance
to i:th neighboring egg gallery. The distances
to the 1st, 2nd, 3rd, and 4th nearest
galleries were introduced into the model
in this order. The distance 120 mm was
used to replace the missing distances in
the bolts with less than 5 galleries. The
results are shown in Table 11. Only the two
first distances gave significant increments to
mcs in the laboratory group. The final mcs
does not exceed the mcs obtained with the
pure attack density. In the field group, this
model using the two first distances is the
only one of all the models which gives any
information.
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The simulated values of the ratio of in-
crease are plotted against the attack density
in Fig 15 and the related statistics are in
Table 9. The simulation model is significantly
lacking in fit at low densities, but in spite
of this slight undershooting it has sig-
nificantly (p <<0.001) better predictive
force than any of the mathematical models.
It explains 58 % of the variance of the ratio
of increase. In the field group it is biased,
because it is not designed so as to take into
account the extra mortality which occurs in

the field.

353. Production

Production/m? (P) can be expressed as the
product of the attack density, multiplication,
and survival (Berryman 1974)

P—AES (353—1)
or
P=A (Me—¢VA) (ye—2 VA) (353—2)

The results of the regression analysis cat-
ried out on this model are presented in
Table 7 and Fig 16. The differences between
the parameter values of the multiplication
and survival models are within the con-
fidence limits. According to these models,
maximum production is reached in both
groups at attack densities well above 300
galleries /m?. The variance increased along
with the mean. In order to avoid biased
models the variables should in principle be
normalized by transformation. However, this
has not been done for the reasons explained
in Section 31. Moreover, the larger number
of observations at low densities balances the
model and no bias can be seen in the plot of
relative residuals. The model explains 64 %
of the variance of the production in the
laboratory group. In contrast to the models
for survival and the ratio of increase, the
model for the field group is also significant.
It explains 26 % of the variance of the
production.

The same material can, as in the case of
the ratio of increase, be described with a
simpler predictive model

P = aA — bA’ (353—3)
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It is worth noticing that this is the model
we arrive at if the linear models for multi-
plication and survival are accepted, since

P=AM—cA) (y—214A) (353—4)

and if further developed with a simplified
parameter notation

P = aA — bA? + cA’ (353—5)
in which the cubic term can be ignored as
non-significant. The fits are given in Table 8
and Fig 16. This model gives the maximum
production at lower densities than the de-
scriptive model. Anyway, the point of
maximum production is very indistinct due
to great variation. The square term and
curvature are statistically significant at the
p = 1.000 level in the laboratory group and
at the p = 0.986 level in the field group.
This model is unbiased in the laboratory
group, but it almost significantly (p <<0.1)
lacks fit in the field group. Otherwise it per-
forms as well as the nonlinear model.

The result of introducing a of entrance
holes, egg gallery midpoints, and exit holes
into the model 353—3 in a similar way as
in the case of the ratio of increase, are given
in Table 10. Only the « of exit holes seems to
have a statistically significant effect on the
production. The effect is, however, contra-
dictory. An increasing regularity of exit holes
significantly (p = 0.992) seems to increase
production in the laboratory group. This
result would have been masked below the
multicollinearity of o and attack density
without applying the ridge regression techni-
que. In the field group the result is the
opposite: increasing regularity decreases
production (H; is false).

The four mean minimum distances be-
tween the egg galleries were less able to ex-
plain the production than the attack density
in the laboratory group (Table 11). In the
field group the result is again the opposite.
The reason for this kind of result may be
that the laboratory group comprised largely
bolts containing less than 5 egg galleries, and
therefore many of the distances were lacking.

The simulated productions are shown in
Fig 17 and the related statistics in Table 9.
The simulation model is equal in performan-
ce to the regression models 353—2 and
353—3 in explaining the production, al-
though there is a significant lack of fit and
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Table 11. The mean minimum distances to four nearest neighbor egg galleries as independent variables in
models for the ratio of increase (352—4) and on analoguous model for production. Mcs = multiple
correlation square. The statistical significance of the increment in mcs in comparison with the previous

model is indicated with the usual notation.

Taulukko 11. Keskimaariiset minimietiisyydet neljain libimpaiin emokaytiviin selittiving muuttujina mal-
leissa lisaantymiskertoimelle (352—4) ja vastaavasti jilkeldistuotokselle. Selitysasteen (mcs) lisiyksen
tilastollinen merkitsevyys on ilmoitettu tavallisin merkinniin.

Material Mcs with
and n Model for density only Mcs using the mean minimum distances to galleries
Aineisto ja n Malli (Table 7) Selitysaste kdyttden keskimddrdistd minimietdisyyttd kadytdviin
Selitysaste
tiheyden 1 1—2 1—3 1—4
perusteella
(Taulukko 7)
Laboratory ~ Production 0.6416 0.2332%** 0.4309%** 0.4802** 0.4807ns
Laboratorio  Jalkeliistuotos
83 Ratio of increase 0.4290 0.1250%* 0.4152%%* 0.4329ns 0.4422ns
Lisdintymiskerroin
Field Production 0.2621 0.3129%** 0.3399ns 0.3468ns 0.3509ns
Maasto Jalkeliistuotos
44 Ratio of increase 0.0475 0.0000 0.1015* 0.1067ns 0.1071ns
Lisdantymiskerroin
Simulated
F’roduchon/m7 Droducmn/m7
Jalkelaistuotos | - i /2
6000 1 6000
= Model - Malli 353-2
——— = Model - Malli 353-3
5400 = Model - Malli 353-2 5400
--=--- = Model - Malli 353-3
4800 : [ 4800 4
4200 ‘ . 4200 4
00 . /—\ 0
3000 o ameilioo 3000 1
2400 - : 2400 1
1800 1800
12004 ¢ y 1200
s /L Attack 6007 ¢ Attack
¢ density/ , W density/
o3 50 00 150 200 250 300 350 00 450 ;5;;;;:5— 3 SO 100 150 200 250 300 350 400 450 ‘{f,‘;;‘l{s'J/f”;’z‘S-

Fig 16. Production of new beetles /m* as a function
of the attack density in the laboratory (L) and
field (F) groups. The models are
P = A (Me—¢ VA) (ye—* VA) (353—2) and
P = aA — bA? (353—3). Related statistics are
given in Tables 7 and 8.

Kuva 16. Jalkeldistuotos |m* iskeytymistibeyden
funktiona laboratorio- (L) ja maastopilkyissi
(F). Mallit ovat

P = A (Me—¢VA) (ye—2 VA) (3532 i
P = aA — bA? (353—3). Madllin tilastolliset

tunnusluvut ovat taulukoissa 7 ja 8.

bias, due to the fact that the model was not
designed to consider other mortality than that
caused by intraspecific competition.

The behavior of the models outside of the
range of actual observations gives in-
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Fig 17. Simulated production as a function of
attack density. The related statistics are given
in Table 9.

Kuva 17. Simuloitu jalkeldistuotos iskeytymistibey-
den funktiona. Mallin tilastolliset tunnusluvut
ovat Taulukossa 9.

formation about their intrinsic logic. Fig 18
shows the predicted productions of three
models at very high attack densities. The
simulated values have been obtained by
diminishing the bolt size to one quarter, and
then placing the same galleries in a regular
pattern. The two regression models behave
in very different ways. Intuitively, the most
reliable are the simulated predictions.

Saarenmaa, H.
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Fig 18. Behavior of the models 353—2 and 353—3
and the simulation model outside the range of
observations (432<).

Kuva 18. Mallien 353—2 ja 353—3 ja simulointi-
mallin kayttiytyminen varsinaisen aineiston ulko-
puolella.

36. The efficiency of the spatial pattern
as a regulating mechanism

The potential possibility of beetles en-
hancing the survival probabilities of their
brood by following a more regular attack
pattern was studied by means of the
simulation model. The very same galleries in
each laboratory bolt were placed in a regular
configuration, in which the minimum distan-
ce to the nearest gallery was iteratively
maximized. The distance was typically 0.5 X
the distance expected in the hexagonal
regular pattern calculated on the basis of the
entrance holes. The results of simulations
with the real configuration and the regular
configuration are shown in Fig 19. At the
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Iskeytymis-

mean range of the attack density a regular
pattern would have given an increase of
about 1000 new beetles/m?, and the
maximum production would have been
reached at an attack density of 150 egg
galleries /m?. However, at high densities the
actual attack pattern is as efficient as can be.

The effect of an artifical purely random
attack pattern was also tested in the same
way. The outcome was very similar to the
actual attack pattern, except at high
densities where it gave a slightly lower
production. The variance was greater than
in the actual pattern.

The effect of the age structure of the
larvae was studied by allowing all the larvae
to hatch at the same time in the simulation
model. The outcome did not differ from the
outcome with the real age structure.

37. The effect of competition on
beetle weight

Competition does not always result in
death; it is also manifested in a less severe
form as diminished weight and fecundity of
the offspring.

The live weight is inversely related to the
attack density (p <<0.05; Fig 20). The
correlation is not very high because there is
extra variation arising from the use of five
different breeding chambers at different
temperatures. The attack density did not
vary between breeding chambers, and hence
all the material could be combined here.

The live weight of rearing beetles is also
inversely related to time (Fig 21). The nega-
tive correlation is statistically significant in 4
of the 5 breeding chambers.
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Fig 19. Simulated productions with the observed
regular pattern of the same egg galleries.

spatial pattern of egg galleries and with an artifical

Kuva 19. Simuloidut jilkeldistuotokset havaitulla emokaytivien tilajarjestykselld ja keinotekoisella tila-
jdrjestykselld, jossa samat emokaytivit asetettiin siannolliseen tilajarjestykseen.

Live weght mg
Elopaino mg

330 . .
Attack
315 c . density/ 5
- - T - r T - v T eytym-
S0 70 90 M0 130 150 170 190 210 "M};?mz

Fig 20. Live weights of young adults as a function
of the attack density. The characters A...E
indicate different breeding chambers.

Kuva 20. Kuoriutuvien nuorten aikuisten elopaino
iskeytymistibeyden funktiona. Merkit A...E
tarkoittavat eri kasvatuskaappeja.
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Live weight mg
Elopaino mg
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5254
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m 180

Fig 21. Live weights of young adults as a function
of Julian date in five different breeding
chambers A ...E.

Kuva 21. Kuoriutuvien nuorten aikuisten elopaino
vuoden alusta lasketun paivin funktiona viidessi
eri kasvatuskaapissa A ... E.
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4. DISCUSSION

According to Berryman (1974), a general
productivity model for bark beetles is
composed of two submodels: multiplication,
and survival. As a first step the attack phase
is also likely to affect productivity, although
it is generally attributed to aggregation and
colonization processes.

41. Attack

Resource partitioning is rather well
developed in bark beetles (Coulson 1979).
The niche that Tomicus piniperda inhabits is
freshly fallen or cut, thick-barked pine. In
this study the attack density increased line-
arly with bark thickness; the same result has
been obtained in many studies dealing with
T. piniperda (Trigirdh and Butovitsch 1935,
Annila and Petiistd 1978, Nilssen 1978,
Langstrom 1979). The shape of the curve
(32—1, Fig 6) is interesting. Attack density
approaches the maximum at a bark thickness
of about 10 mm. The maximum attack
density (279.3 /m?) is close to the point
where maximum production of progeny is
reached. It could therefore be hypothesized
that the species has adapted to this maximum
attack density level in order to maximize the
number of offsping. The asymptotic attack
density level seems to depend on the
population density, since Annila and Petiisto
(1978) obtained a similar shaped curve in
spite of the fact that the maximum attack
density in their study was only one tenth of
the attack density found in this study. This
indicates that no conclusions on the species’
adaptation cannot be made on the basis of
the maximum attack density calculated on
the basis of the bark thickness. It only tells,
how heavy is the attack.

The roughness of the bark estimated as
the variance of bark thickness, was not
found to have any effect on the attack
density.

The aggregation of T. piniperda to its host
is guided by the odors of the host tree
(Kangas et al. 1967, Perttunen et al. 1970).
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Schonherr (1972) suggests that there may
be aggregation pheromone exerted by the
excavating females, but the evidence is still
weak (Nilssen 1978). No evidence for
masking repellent pheromones (Rudinsky
1969, Rudinsky et al. 1973), which have
been showed to exist in several Dendroctonus
species, has been presented.

At the whole stand level all bark beetles
possess a high degree of aggregative be-
havior. The behavior within the tree is
different; aggregation has to stop so as to
avoid overpopulation. The entrance holes of
the egg galleries were slightly aggregated in
the laboratory material and slightly regular
in the field material. The spatial pattern was
dependent on the attack density. This is
caused by the action of two opposite forces
which cancel out each other at the opposite
extremes of attack density: (i) Thermo-
kinesis to optimal temperature zones, and
(ii) a tendency towards regularity in order
to minimize competition.

Bakke (1968) has shown that the
temperature which T. piniperda prefers for
gallery construction is 21.3 °C. This can be
seen in the field in that at low densities the
egg galleries of T. piniperda are concentrated
on the sides of the log exposed to direct sun-
light. The underside is below and the upper
side above the optimum temperature, as
could be observed at the time of swarming.
This makes the first attacking beetles
aggregate in the sides of the log. As the
attack continues, overcrowding of the most
popular areas becomes apparent and the
beetles which attack later have to colonize
the less suitable zones. At the highest
densities, the beetles seem to maintain a
certain minimum distance between each
other, which in turn produces a slightly
regular pattern at high densities. This kind
of significant regression could not be found
so clearly in the uniform environment of the
laboratory as in the field. Most of the
individual cases had to be classified as
randomly dispersed due to the small degrees
of freedom.
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This interpretation of the process fits well
to the theory of Taylor (1978). According
to him, true randomness in living organisms
only exists where an abiotic force, such as a
storm, overrules the actions of the organisms.
Otherwise randomness occurs only when the
populations are changing patterns from one
extreme to another.

Nilssen (1978) found a regular pattern
of T. piniperda attacks in seven out of the
eight pieces of log studied. A regular pattern
has also been found for Scolytus ventralis
(Berryman 1968), Dendroctonus ponderosae
(Shepherd 1965, Safranyik and Vithayasai
1971), and D. pseudotsugae (Hedden and
Gara 1976). The dependence of the spatial
pattern of attack on density has not been
analyzed before, but Hedden and Gara
(1976) mention that the regular pattern is
observed at low densities, where the mean
distance between neighbouring attacks was
about 26 cm. Safranyik and Vithayasai
(1971) report that in standing trees both
regularity and attack density were greater on
the northern aspect than on the southern
aspect. This observation fits well with the
results obtained here.

The aggregated pattern at low densities
could be interpreted as an effect of
temperature. There are several possible ex-
planations for the mechanisms that induce
the regular pattern at high densities and shut
off the attack at a possible saturation level.
They are: (i) the distribution of bark cre-
vices, (ii) sonic interaction, and (iii) re-
pellent pheromones.

It is clear to any observer of a T. piniperda
attack that the beetles tend to bore in
through the crevices in the bark. Shepherd
(1965) and Hedden and Gara (1976) sug-
gest that the regularity of attacks is due to
the regular pattern of the bark crevices.
Safranyik and Vithayasai (1971) have shown
in D. ponderosae that the beetles attack
through artifical holes, even when there is
another entrance hole close by, instead of
choosing more open areas without holes.
Thus there is strong evidence to support the
crucial role of the presence of suitable attack
sites. However, objections can also arise,
since the crevices may be regularly distributed
in the horizontal direction, but certainly not
in the vertical direction. If no other mecha-
nism were acting, then the pattern would be
aggregated especially at high densities. This
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is quite the opposite to what has been ob-
served. Furthermore, if we assume that the
same mechanism which yields a regular
pattern, is due to the aggregation shutoff,
then the bark structure cannot be the ex-
planation.

Sonic interaction seems most likely to be
the regulatory agent (c.f. Nilssen 1978). The
female is the first attacking sex in T. pini-
perda, but only the males stridulate (Schon-
herr 1970). During the attack they are very
noisy, and the stridulation can be heard at
distances of up to 30 cm. There are two
possible reasons for stridulation, namely
competition between males for females, and
controlling the spatial pattern of attacks. If
the stridulation has an effect on males, it
can also affect females which attack later.
The attack process of T. piniperda should be
studied in detail and in respect to short time
scale (e.g. Bunt et al. 1980). As the end
points of the galleries were slightly more
aggregated than the starting points, it can be
assumed that the factor which controls the
spatial pattern during the attack ceases to
operate during gallery elongation. This fits
to the cessation of stridulation after the
attack phase.

Very high attack densities of over 300
galleries /m’ have not been found in the
tield, even with very high T. piniperda
populations. It is thus obvious that there is
a saturation density which the species does
not normally exceed. Léngstrom (1980)
presents evidence to indicate that the excess
part of the population turns to shoot feeding
when the attack shutoff density is reached.
Other more aggressive bark beetles which
produce aggregation pheromones may attack
living trees in such conditions. As the
tendency to regularity increases with attack
density, it is likely that the same mechanism
is responsible for both regularity and aggre-
gation shutoff in T. piniperda. Thus the
tendency to follow a regular spatial pattern
with increasing attack density is a very
important negative feedback factor.

42. Multiplication

The number of eggs laid per female has
been shown to depend on a wide range of
factors in different bark beetles. These have
been reviewed by Berryman (1974). In this



study only the effect of intraspecific
competition, that is, effect of attack density
on the multiplication was studied.

There are three possible negative feedback
mechanisms affecting the number of eggs
laid: (i) a change in the length of the egg
galleries, (ii) a change in the density of the
eggs per unit length of egg gallery, and (iii)
a change in the spatial pattern of the eggs.

The length of the egg galleries was found
to be linearly inversely correlated with the
attack density. Similar results have been
found in many studies dealing with T. pini-
perda (Nuorteva 1954, 1964, Salonen 1973,
Annila and Petdistd 1978). According to the
material of Eidmann and Nuorteva (1968),
the dependence is curvilinear. This phe-
nomenon is known in many other bark
beetles, too, e.g. Dendroctonus ponderosae
(Cole 1962), D. pseudotsugae (McMullen
and Atkins 1961), D. brevicomis Le Conte
(Dudley 1971), and Ips typographus L.
(Yamaguhi and Koizumi 1959). There are
at least three possible mechanisms, which
could induce gallery shortening: (i) the
sound produced by gnawing neighbors, (ii)
moisture change in the host tree, and (iii)
chemical changes in the host tree. Wagner et
al. (1982) have hypothesized that these
mechanisms all as well as contact to adjacent
galleries, are acting in D. frontalis Zimmer-
mann. It is likely that only the first has any
effect on T. piniperda, since the gallery
construction takes place during a period
lasting for only a couple of weeks and the
moisture loss through pure physical eva-
poration from the cut log ends is much more
effective than that through the small beetle
entrance holes. The same gallery shortening
has been observed also in windfalls (Annila
and Petidisto 1978), in which the moisture
loss can only be neglible. Chemical changes
are not likely either, because in the middle
of June when the galleries are almost
finished, the phloem between the galleries
seems to be completely unaffected. T. pini-
perda is, as all aggressive bark beetles, a
vector of blue stain fungi. Whether this
affects the host tree so rapidly that ex-
cavating neighbors can sense it should be
studied. Klomp (1964, p. 31) suggests that
changes in the host are the mechanism,
and because they cannot be considered as
regulatory agents, suspects that there are
no negative feedback mechanisms involved
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at all in bark beetle reproduction. This
view, however, can be disregarded, because
after a more careful look negative feedback
mechanisms can be found in almost every

~ phase in the life cycles of bark beetles.

The density of eggs per unit length of
gallery was independent of the attack density
and the length of the egg gallery. The result
obtained here can be considered to be rather
preliminary, but the same has also been
found by Eidmann and Nuorteva (1968).
The same is known also in Dendroctonus
ponderosae  (Cole 1962), D. brevicomis
(Dudley 1971), Ips typographus (Yamaguhi
and Koizumi 1959). An inverse relationship
between egg density in the egg gallery and
attack density has been shown in D. pseudo-
tsugae (McMullen and Atkins 1961) and
Scolytus wventralis (Berryman and Pienaar
1973). The egg density in the galleries is
directly proportional to the prevailing
temperature in D. frontalis (Wagner et al.
1981). This was suggested to be the case in
T. piniperda also by Eidmann and Nuorteva
(1968), and similar observations have been
made by the author. This may explain why
the number of eggs per unit gallery length
varies so much between materials. The reason
for this may be that at low temperatures the
beetles need more food per egg produced.

The spatial pattern of the eggs must have
some role in overcoming the host’s resistance,
as well as in intra-gallery competition at an
early developmental stage of the larvae. The
spatial pattern of the eggs is of course very
aggregated, as far as the entire bolt is con-
cerned. The answer is not as obvious at the
gallery level. The question was put: Is the
distance between two eggs a random variable?
The material analyzed from the subject
suggested that the distance between two eggs
is rather regular than random, but there are
longer intervals where there were no eggs at
all. Thus the spatial arrangement in the entire
gallery depends on the level of scrutiny. The
length of the interval between two eggs in-
creased slowly towards the end of the egg
gallery. The spatial arrangement of the eggs
can also depend on their location with
respect to other galleries. It was not possible
to study this relationship because the phloem
had deteriorated severely. Other observations
of the spatial pattern of the eggs of bark
beetles are scarce. In Dendroctonus pseudo-
tsugae, the egg density has been found to be
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greatest at the beginning of the gallery
(Schmitz and Rudinsky 1968). The eggs
were laid in clumps along the gallery, but
the arrangement of the clumps was not de-
pendent on neighbouring galleries. Avoidance
of neighbouring galleries has been found in
Ips perturbatus (Eichhoff) (Denton 1950
according to Schmitz and Rudinsky 1968).

Berryman (1974) tentatively suggested
the exponential decay curve for describing
the number of eggs laid per egg gallery. It
was found to describe well the multiplication
of T. piniperda. The effect of several nega-
tive feedback mechanisms can be seen
clearly in the inverse relationship. The same
inhibitory effect of increasing attack density
on the number of eggs laid was also observed
by Eidmann and Nuorteva (1968) in T.
piniperda. A similar response is known from
Dendroctonus frontalis (Coulson et al. 1976).

43, Survival

The exponential decay curve was adequate
to describe the survival in the laboratory
bolts. According to Berryman (1974), the
parameters Y and A are “food quantity
coefficients”, which may reflect the effect of
matrix thickness and the food utilization
characteristics of the species. The parameter
Y can perhaps be better considered as an
intra-gallery competition parameter, since
when A — 0, y directly determines the
survival probability, given that ¥ << 1. In
this material the value of ¥ was 0.86, which
means that the remaining mortality of 14 %
is due to host resistance and intra-gallery
competition. The host condition was
standardized, and it had no effect on
survival because attack was succesfull even
at the lowest densities. No humpbacked
response to attack density can be seen. Thus
only the intraspecific competition needs to be
taken into account in the survival function
of T. piniperda in cut logs. In windfelled
trees host resistance may be of importance
(c.f. Annila and Petiists 1978, Fig 8b).

The concurring species, predators, and
parasites were excluded in the field material
of this study. The larvae were exposed to
the effects of weather — heat on the sunlit
side, rainfall, night frosts, and diseases —
which could destroy part of the larvae. Also
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the bolts in the breeding chambers are
attacked by fungi due to poor air circulation,
but usually too late to harm the larvae. The
mortality was much higher in the field than
in the laboratory, and even no density de-
pendent response in the survival in the field
bolts was found. The result seems strange
because the dependence was very clear in the
laboratory. It can be explained as an effect
of two factors: Firstly, the observations at
the lowest densities, where the effect is
clearest, are lacking. Secondly, the attack
density was greatest in the unshaded field
bolts. The mortality due to the effects of
rainfall can be assumed to be the greater the
more shade there is. According to Annila
(1969), the pupae of Ips typographus can
be killed by an excess of moisture, because
the osmotic suction of the pupae leads to
their swelling and subsequent bursting. The
lack of density dependence is thus only a
sampling artefact.

The age structure of the larvae results in
the first larvae to hatch having a much
greater probability to complete their develop-
ment than their later hatching siblings. This
was also shown by the simulation model. The
competing organisms are equally affected
only if they have identical competetive
abilities (Klomp 1964). Bakker (1961)
emphasizes the effect of age structure on the
outcome of competition. At the point where
the food resources are depleted, the age
structure determines the final survival. Those
larvae which have gained the minimum
weight for pupating, survive, while those
below the crucial limit perish. This pattern,
observed in Drosophila, does not completely
fit with Scolytidae, since the spatial pattern
of the larvae also affects the survival. There
is always survival in T. piniperda, even at
the highest densities.

Assuming scramble competition (Nichol-
son 1954), the survival curve should go to
zero at high densities. According to the ex-
planatory model, survival is balanced at 20—
30 % at high densities and then decreases
very slowly. Although the basic nature of the
intraspecific competition in T. piniperda is a
scramble one, this is a pattern we would
expect to detect in contest competition. This
suggests that cannibalism may be of some
importance in T. piniperda, although direct
observations of it are totally lacking. The
wide age differences between larvae may also
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have similar effects as cannibalism on the
shape of the survival curve.

The exit holes were very aggregated. This
is only natural, since the eggs were laid in a
very aggregated pattern along the galleries.
The spatial pattern of the exit holes is de-
termined by the orientation and moving
process of the larvae. The old larvae largely
determine the direction, because the larvae
avoid crossing each others’ paths (Schmitz
and Rudinsky 1968). This causes the larvae
to consume the phloem systematically and
yields an aggregated pattern of exit holes. In
Scolytus ventralis the clumpness has also
been found to increase from attack to emer-
gence (Berryman 1968). According to the
author’s observations, the larvae tend to
prefer longitudinal movement” in optimum
temperatures, but tangential movement in
cold conditions. This may be a response to a
search for the optimum temperature. The
aggregation of exit holes decreases but is still
prevailing above a density of 50 galleries
/m?. This is the point where the galleries
start to interfere with each other. Thus it
can be concluded that inter-gallery competit-
ion starts only after this density is reached.
The limit is distinct. There is no great theo-
retical difference between intra- and intet-
gallery competition. The increase in inter-
gallery competition strengthens the intra-
gallery competition, too. However, as long
as there is only within-brood competition, it
has not severe forms.

The results obtained from weighing
beetles are very similar to those of Beaver
(1974). The live weight of rearing beetles
decreased with time and attack density. The
weight loss of later rearing beetles could be
interpreted to be an effect of deteriorating
phloem and bolt drying, and not that of a
pure lack of food. The phloem which is
broken up into small pieces by excavating
larvae may spoil even if it is not eaten. The
age structure causes that the larvae hatching
later are in fact living in similar conditions
as larvae in higher densities. The emerging
pattern of T. piniperda with respect to time
is strongly skewed to the left (Beaver 1974,
Langstrom 1980). The peak is reached after
about 1/4 of the total emerging range, and
the total period of emergence is about equal
to the time from attack to the emergence of
the first new adults. The oviposition period
is, however, much shorter than the emerging
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period. Although this distribution may arise
from the stochastical nature of poikilotherm
development (Sharpe et al. 1977), here it
could also be caused by the delaying of
development due to the lack of food. Beaver
(1974) noticed that there are always spe-
cimens which have much lower weights than
the average even at the lowest densities. He
suggests that these beetles come from areas
of localized competition. Death does not al-
ways occur after starving, because the beetles
can have 3.4-fold weight differences (Eid-
mann and Nuorteva 1968, Beaver 1974) . The
negative correlation between weight and
density is a very common phenomenon in
insects (Klomp 1964).

To sum up the survival process, it can be
concluded that there does not seem to be any
negative feedback responses involved in the
survival. This is only natural since the larvae
are only scrambling for their own survival.
All the regulatory activities are those of the
parent beetles.

44. Emergence

The productivity of bark beetles can be
explained as a product of the attack density,
multiplication and survival (Berryman 1974).
The model provided an adequate fit in the
material, but due to its complexity, the
simpler paraboloid model can be used for
prediction. However, the residual standard
deviations of all the models are too high to
be used, for instance, in constructing life-
tables. If the residual standard deviation is
30—40 9% of the estimate, as it was here,
the predictions for individual bolts can be
far from real. Furthermore, the regression
models apply only in the area from which
observations are available. Their extra-
polation is not justified, as was apparent in
the case of the model for the ratio of in-
crease. The lack of observations at low
densities resulted in a totally unrealistic
model. The regression models apply only
under conditions similar to those that pre-
vailed when the original data was collected.
Neither do they take dynamically into account
the interaction of the mortality factors. The
simulation model, on the other hand, is much
safer, because it has intrinsic explanatory
force, which the other models largely lack
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(see Keulen 1974). If the underlying
assumptions of a simulation model are
correct, such a model allows predictions out-
side the range of the original data (Coulson
et al. 1979, Hain 1981) . Here the simulation
model also gave the best fit. Whereas the
best regression model explained 43 % of the
variance of the ratio of increase, the
simulation model explained 58 % in the
laboratory. When the simulation model is
more elaborated to take into account mor-
tality factors other than intraspecific comp-
etition, it is then the most suitable for con-
structing life-tables and survivorship curves.
The simulation model can be considered to
be the most powerful model available for
studying the effect of spatial pattern, or all
within-tree events in bark beetles in general
(Jong and Saarenmaa 1984). Its advantage
also lies in the possibility to obtain inter-
mediate results and age structures and weights
of larvae. Simulation of data obtained with
successive sampling thus becomes possible.

The reproduction of T. piniperda is much
more efficient in the laboratory than in the
field. While numbers as high as 5800 new
beetles /m’ can be reached in the laboratory,
no more than 1700 new beetles have been
observed in normal field conditions (c.f.
Butovitsch 1954, Nuorteva 1954, 1964, Sa-
lonen 1973, Beaver 1974, Eidmann 1974,
Ehnstrém 1976, Annila and Petdistd 1978,
Juutinen 1978, Langstrom 1979).

The beetle production /m? in the laboratory
was similar or slightly higher than that in the
study of Eidmann and Nuorteva (1968). An
exact comparison could not be made, since
the equations are not given in that study.
The magnitude of the variation seems to fit
that presented by Eidmann and Nuorteva
(1968) . Maximum production is reached at
rather high densities. The large variance
makes it difficult to trace the point, but it
lies at about 300 attacks /m?. The decrease
in the function is slow, which suggests that
contest competition — cannibalism — must
occur to some degree. A similar shaped
production curve has been found in most
bark beetles (Kangas 1953, Thalenhorst
1958, McMullen and Atkins 1961, Cole
1962, Reid 1963, Schmitz and Rudinsky
1968, Berryman 1973, 1974, Berryman and
Pienaar 1973).

The curve for the ratio of increase is also
similar to those obtained in the previous
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studies, except for the fact that the high
production in individual cases (even 70x)
found by Hanson (1937) and Eidmann and
Nuorteva (1968) is not found here. The
maximum production is only about 30x. This
may be a property of the northern beetle
stand, which is smaller in size than those
from the more southern regions used in the
other studies. The variation in the ratio of
increase is greatest at the lowest densities,
because the random errors in the experimental
design are more pronounced there. The
variation may partly be due to differences in
the resin flow in the bolts and variation in
the parent beetles. At high densities these
variation sources are reduced. Thus it is
difficult to predict the outcome from a single
gallery. The great unexplained variance in
the production may be due to differences in
the drying process of the bolts. These
difficulties associated with the breeding
material have been encountered in many
artifical experiments with other bark beetles,
too (Coulson 1979). The importance of
carefully standardizing all rearing conditions,
especially phloem thickness, temperature,
and moisture, in a study like this thus be-
comes very apparent.

The effect of spatial pattern on production
was not detectable using the aggregation
index a as an independent variable in the
multiple regression analysis. The validity of
o as such could be shown with the artifical
bolts in which the galleries were randomly
dispersed. The most likely explanation is that
alfa was calculated on the basis of the start-
ing, end, and middle points of the galleries.
The competition, however, actually occurs
outside the egg gallery where the larvae con-
centrate, being strongest about 2—4 cm from
the gallery. The midpoints of the egg galleries
are closest to these areas, but the aggregation
of larvae is not necessarily the same as the
aggregation of the calculated points. Thus
the estimator is not necessarily valid in this
application. Another reason is that the small
bolt size used meant that just those bolts
where the effect of the spatial pattern would
have been most detectable, had to be rejected
due to missing values for a. The hypothesis
that increasing regularity increases production
was not proven to be true, neither was it
shown to be false using a. Moreover, the
usefullness of the hypothesis is not self-
evident in the case of the exit holes. It may
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be that when the larvae are able to move
freely, they move in a front, and enter the
same regions, thus resulting in clumpness. If
they are forced to zigzag due to competition,
the result may be more uniform.

The spatial pattern of egg galleries has,
however, a small effect on the production.
This could be shown with the other methods,
multiple regression with the mean minimum
distances between the egg galleries, and the
simulation model. Both these models use the
information available about the spatial
pattern. Therefore it can be tentatively con-
cluded that the difference between these
models and those which use only the density,
is the effect of spatial pattern.

The size of the difference depends on the
variable considered. In the case of the ratio
of increase it is more detectable, since the
unexplained variation is greater at low
densities. There is great variation in the
spatial pattern at these densities. In some of
the bolts the broods do not affect each other
at all, whereas in others the galleries almost
meet, thus resulting in severe competition.
The percentage of the total variance of the
ratio of increase, which could be accounted
to the spatial pattern, ranged from 1 to 6 %
according to the distance model, and from 8
to 15 % according to the simulation model
(Tables 7 and 12). In the models for
production /m? the variation is greater at
high densities. There the effect of spatial
pattern is not as clear, since the larvae in
any case encounter other competitive larvae
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from all directions. The proportion of the
variance of production per area which was
attributable to the spatial pattern, ranged
from nought to 9 % according to the dis-
tance model, and from 1 to 5 % according
to the simulation model. These estimates fit
well with the opinion of Kangas (1953) that
even 10 % of the larvae may die owing to
the effects of a poor spatial pattern.

The simulations showed that the beetles
were capable of a considerably higher pro-
duction especially at the medium densities, if
the maximum degree of regularity were rea-
ched. At these densities the prevailing spatial
pattern is random. At a high density the
actual slight degree of regularity is adequate
to reach maximum production. The reason
for this inefficiency is obvious. In nature the
populations are seldom regulated by one
factor only, but instead there are usually
several pressures acting which the population
can respond to in a number of different ways.
In the northern conditions, T. piniperda
populations are frequently suppressed by
cold summers, which break the development
of the larvae (Kangas 1954, 1963, Juutinen
1978). As a consequence, those individuals
which have not emerged will die during the
autumn frosts. Thus the importance of sear-
ching for the parts of the logs where tem-
perature is optimal becomes clear and the
relative inefficiency of the pseudo-random
attack pattern at medium densities is under-
stood.
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SELOSTE

Pystynavertajan tilajarjestysta ja lajinsisaista kilpailua kuvaavia malleja

Pystynivertdja (Tomicus piniperda 1.) on erids
pahimmista minnyn tuhohyonteisisti maassamme.
Lajin aikuiset parveilevat keviilld, iskeytyvit kuo-
relliseen mintypuutavaraan ja munivat kaarnan alle.
Kesin aikana toukat kehittyvit ja puutavara sinis-
tyy. Syksylli kuoriutuvat nuoret aikuiset lentdvit
mintyjen latvakasvaimiin sydden ne ontoksi, minka
johdosta kasvaimet putoavat maahan ja syntyy kas-
vutappioita. Edelld kuvattu elinkierto on todellisuu-
dessa kuitenkin hyvin paljon monimutkaisempi var-
sinkin toukkien kuolleisuuden kannalta. Siihen vai-
iskeytymistiheys, toukkien kilpailu, kilpailevat lajit,
pedot, loiset, taudit, sateet. Pohjois-Suomessa, missi
tdimi tutkimus on tehty, myos lampétilalla on suuri
merkitys. Lopputuloksena on, ettd pystynivertdjin
lisadntymistd on erittdin vaikea ennustaa mairin ja
ajan suhteen. Tillaisen tiedon tarve on kuitenkin
suuri puutavaran kisittelyn ja torjuntatoimien suun-
nittelun kannalta. Niinpa on ldhdetty kehittimdin
pystyndvertdjin eloonjadmistd ja kehitysnopeutta
kuvaavia malleja.

Pystynivertdjin, kuten myds useimpien muiden
kaarnakuoriaisten, lisddntymistd rajoittaa merkitti-
vimmin puute sopivasta lisiantymismateriaalista. Tis-
td seuraa, ettd toukkien kilpailu ruoasta kaarnan
alla on ankaraa ja lajinsisdinen kilpailu on pysty-
ndvertdjan tirkein kuolleisuustekiji. Kilpailun seu-
rauksena kuolleet toukat pilaantuvat nopeasti tai ne
tulevat syodyiksi, eikd niiden lukumiirdd niinollen
voi laskea. Populaatiodynamiikan tutkimuksissa til-
le kuolleisuudelle on kuitenkin saatava estimaatti,
nen. Aikaisemmissa tutkimuksissa on havaittu, etti
pystyndvertdjan lisddntymistulokset ovat adrimmai-
sen vaihtelevia. Malli ei voi siksi perustua vain is-
keytymistiheyteen. Voidaankin olettaa, etti myos
emokdytavien tilajarjestykselli on vaikutuksensa
kuolleisuuteen, silld havaintojen mukaan emokiytavit
sijaitsevat usein niin lihekkiin, ettd niiden vilissd

heyden ja tilajirjestyksen funktiona.

Aineisto koostui 40 cm mittaisista naytepolkyisti,
joista 83:een pystyndvertdjien annettiin iskeytyi la-
boratoriossa ja 44:4in maastossa. Polkyt oli suojattu
kilpailevilta lajeilta, pedoilta ja loisilta. Keskimiirin
yksi polkky sisilsi 26 emokidytivda ja 235 kuoriutu-
misreikdd. Emokiytdvit ja kuoriutumisreidt kartoi-
tettiin mittaamalla niiden koordinaatit. Kuoriutumis-
reikien koordinaatit, jotka mitattiin kaarnan pailti,
muunnettiin kaarnan alle (kuvat 1 ja 2). Kun pol-
kyt oli talld tavoin numerisesti kartoitettu voitiin
joustavasti soveltaa erilaisia laskentamenetelmii.
Varsinaisen aineiston tukena kiytettiin tietokantaa,
johon oli 3 vuoden aikana keritty tietoja noin tu-
hannesta vastaavanlaisesta polkystd erilaisissa luon-
nonolosuhteissa.

Kuoriutumisreikien madran todettiin aliarvioivan
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todellisen kuoriutuneiden mairin noin 9 %:1la. Vir-
kerrointa ei kuitenkaan kiytetty, koska vaihtelu oli
suurta ja nikymittomid kuoriutumisreikid ei olisi
voitu kayttdd tilajdrjestysindeksejd laskettaessa.

Tilajarjestyksen kuvaamiseen on tarjolla lukuisa
joukko erilaisia ryhmittymisindekseja. Naitd tutkit-
tiin soveliaimman l6ytimiseksi. Tarkempaan tarkas-
teluun valittiin Cox’in nollaruutudiagrammaan perus-
tuva Ic, lihimpdin naapuriin mitattuihin etéisyyk-
siin perustuva R ja satunnaisesta pisteestd lihim-
pddn kohteeseen mitattuun etidisyyteen perustuva a.
Indeksien harhattomuutta erityisesti tilanteessa, jos-
sa on vihin laskentakohteita, tarkasteltiin. Ic hylat-
tiin sithen todennikoisesti laskennan tuloksena syn-
tyvan systemaattisen harhan takia (kuva 5). Lihin
naapuri indeksi R tdytyi myos hyldtd, koska se antoi
oli polkyssi (kuva 5), ja oli tdrkedti saada mukaan
my0s alhaiset tiheydet. Niinpd jatkossa kiytettiin
vain .

Ns. reunavaikutuksen takia «:an syntyvidn syste-
maattisen virheen vilttdmiseksi polkyn pdihin rajat-
tiin alue, johon sattuvia pisteitd ei hyviksytty mit-
tausten alkukohdiksi. Tdmin alueen leveys oli 0.75
kertaa satunnaisjakauman edellyttimi minimietiisyys
kahden kohteen vililld (kuva 4).

Ennen yksityiskohtaista analyysid aineistoon teh-
tiin yleisluontoinen katsaus, jossa mm. kaikkien
muuttujien normaalisuutta  tarkasteltiin. Mitdan
muunnosta normaalisuuden saavuttamiseksi ei kui-
tenkaan tehty, koska saatava hyoty oli kyseenalai-
nen. Kaarnan paksuus, sen varianssi ja emokiytivi-
pituus olivat yhtd suuret laboratorio- ja maastopol-
kyissd. Iskeytymistiheys oli maastopdlkyissi huo-
mattavasti suurempi, mutta jilkeldistuotos /m? yhti-
suuri. Niinpa lisaantymiskerroin maastossa oli huo-
mattavasti alhaisempi kuin laboratoriossa (taulukko
2). Timi ei johtunut pelkastddn erilaisesta iskeyty-
mistiheydestd, vaan maastossa ilmeisesti sateista ja
kylmyydestd johtuva kuolleisuus oli niin suurta, etti
se peitti lajinsisdisen kilpailun vaikutuksen lihes
tdysin.

Iskeytymistiheys riippui kaarnan paksuudesta
epalineaarisesti kaavan 32—1 mukaan (kuva 6).
Teoreettinen maksimi-iskeytymistiheys 279.3 emo-
kdytdvda /m’ saavutettiin kun kaarnan paksuus oli
yli 10 mm. Kaarnan paksuuden varianssilla ei ollut
sithen mitddn vaikutusta.

Iskeytymisten tilajdrjestys riippui tiheydestd (kuva
mittdinen, 100—200 satunnainen ja yli 200 emo-
kidytdvdad /m’ sddannollinen. Yksittdisistda polkyistd
johtopaitosten teko oli vaikeaa, koska vihiinen
emokidytdvimadrd piti vapausasteet pienini. Emo-
kdytavien loppupait olivat hieman enemmin ryh-
mittdisesti jakautuneet kuin alkupdit. Kuoriutumis-
reidt olivat erittdin ryhmittdisesti jakautuneet. Nii-
denkin ryhmittiisyys viheni eksponentiaalisesti is-
keytymistiheyden kasvaessa.
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Syyksi tilajirjestyksen tiheydesti riippumiseen ar-
veltiin emojen pyrkimys etsiytyd optimaalisiin lam-
potiloihin. Parveilun aikana optimilimpotila vallit-
see auringonpaisteessa sijaitsevan polkyn sivuilla;
yldpinnalla on lilan limmintd ja alapinnalla liian
kylmaa. Ensiksi iskeytyvdt kuoriaiset hakeutuvat
parhaisiin paikkoihin ja tuloksena on ryhmittiinen
tilajarjestys. Niyttaa siltd, ettd Lapissa lampotilalla
on suuri kadyttdytymistd ohjaava merkitys, silld pys-
tyndvertdja ennemminkin ajautuu jonkinasteiseen
mista poikkeaviin limpotiloihin. Iskeytymisen jat-
kuessa vihemmin kelvolliset alueetkin kansoitetaan,
ja tilajdrjestys muuttuu tasaisemmaksi. Iskeytymis-
tiheydelld on tietty yliraja, jota laji ei ylitdi kuin
satunnaisesti. Se sijainnee noin 300 emokidytdvad
/m* tiheydessi. Timi kattotiheys on luultavasti sa-
man mekanismin aikaansaama kuin sdinnollinen tila-
jarjestys. Saannollinen tilajarjestys on niinollen eris
tiarked takaisinkytkentimekanismi populaation sdite-
lyssa.

Emokaytavipituus viheni lineaarisesti iskeytymis-
tiheyden lisddntyessi (kaava 33—1, kuva 8).

Munakuopat olivat jakautuneet tasaisesti muna-
kuopparyhmin sisilld, mutta koska ryhmien vililld
oli pidempiia vileja kokonaan ilman munakuoppia,
munakuoppien tilajirjestys koko emokiytivin puit-
teissa oli ryhmittidinen. Keskimiiridinen vilimatka
kahden munakuopan vililld oli 2.63 mm; se lisdin-
tyi hitaasti emokiytivin loppua kohti. Vain 87.3 %
munakuopista sisilsi munan. Tami suhde on riippu-
vainen havaitsijan tulkinnasta: onko syventymi emo-
kaytivdssd todella munakuoppa? Munakuoppien tila-
jarjestykselld arveltiin olevan vaikutusta puun pih-
kanerityksen voittamiseen ja toukkien keskindiseen
kilpailuun nuorella iilldi. Munien miirid /emokiytivi
viheni iskeytymistiheyden lisddntyessi. Tami riippu-
vuus voitiin parhaiten kuvata eksponentiaalisen vi-
henemisen mallilla (33—2), mutta myos lineaarinen
malli (33—3) toimi tyydyttivisti (kuva 10).

Toukkien eloonjiiminen oli kiinteisesti riippuvai-
nen iskeytymistiheydestd (kuva 11). Tdmi riippu-
vuus voitiin kuvata lihes yhti hyvin eksponentiaali-
sen vihenemisen mallilla, yksinkertaisella lineaari-
sella mallilla ja simulointimallilla. Tilajirjestyksen
vaikutusta eloonjddmistodennikdisyyteen ei kuiten-
kaan tutkittu yksityiskohtaisesti, koska eloonjdamis-
todennikdisyys oli suurimmassa osassa aineistoa es-
timoitu keskimairdisesti munamadrista.

Maastopélleissi eloonjddminen ei riippunut iskey-
tymistiheydestd. Tamia tulos oli yllattivi, koska labo-
ratoriossa_riippuvuus oli tilastollisesti erittdin mer-
kitsevd. Syiksi arveltiin, ettdi maastosta kerityssd
aineistossa alhaiset tiheydet, joissa riippuvuus olisi
ollut selvin, puuttuivat. Lisiksi todenndkoisesti sa-
teet ja kosteus lisdsivit kuolleisuutta varsinkin al-
haisissa tiheyksissd, koska nimi polkyt sijaitsivat
voimakkaammassa varjostuksessa kuin polkyt, jois-
sa oli suuri tiheys.

Lisddntymiskertoimen (kuva 14) ja jilkeldistuo-
toksen /m’ (kuva 16) ennustamiseen ja selittimi-
seen kokeiltiin viittd eri mallia. Ensiksi selittdjini
oli pelkki iskeytymistiheys. Munatiheysmallista ja
eloonjddamismallista johdettu eksponentiaalinen mal-
li (352—2 ja 353—2) oli hieman parempi kuin li-
sddntymiskerrointa  kuvaava logaritminen  malli
(352—3) ja jilkeldistuotosta kuvaava paraboloidi-
nen malli (353—3). Jilkimmiisten yksinkertaisuus
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oli kuitenkin siksi suuri etu, ettd niitd kiytettiin
jatkossa. Iskeytymistiheys selitti 43 % lisdantymis-
kertoimen varianssista ja 64 % jalkeldistuotoksen
varianssista. Kaikki mallit olivat varianssin ja keski-
arvon korrelaatiosta huolimatta harhattomia. Selitta-
miton vaihtelu oli kuitenkin siksi suurta, etti niitd
malleja ei suositeltu kadytettaviksi.

Tdmin jalkeen malleihin lisdttiin selittdjaksi is-
keytymisreikien, emokiytivien keskipisteiden ja
kuoriutumisreikien tilajarjestystdi kuvaava ryhmitty-
misindeksi «. Hypoteesina oli, ettd jos tilajirjestys
vaikuttaa jilkeldisten midirdan, o aiheuttaisi merkit-
sevin lisdyksen selitysasteeseen. Multikollineaarisuu-
den poistamisesta huolehdittiin nk. ridge regressio-
tekniikalla. o:n lisdidminen malleihin ei tuottanut
juuri mitdan tulosta (taulukko 10). Tami johtui
osaksi siitd, ettd ne polkyt, joissa vaikutus olisi ollut
selvin, jouduttiin vihidisen emokadytavimiirin vuok-
si poistamaan aineistosta. Malli, jossa selittdjind oli-
vat keskimiddrdiset etdisyydet neljain lihimpidn
emokidytdvadn antoi parhaat tulokset maastopolkyis-
sd, mutta ei toiminut tyydyttdvasti laboratoriopdl-
kyissd (taulukko 11).

Paras tutkituista malleista oli toisessa yhteydessi
(Jong ja Saarenmaa 1984) kehitetty simulointimalli,
joka perustuu toukkien kuolleisuuteen niiden liik-
kumisprosessin tuloksena. Timid malli selitti 58 %
lisiantymiskertoimen (kuva 15) ja 70 % jilkeliis-
tuotoksen (kuva 17) wvarianssista. Simulointimalli
osoittautui vertailussa muutenkin laajimmin kiytto-
kelpoiseksi, koska silli voidaan saada vilituloksia
kehityksen eri vaiheista ja jos sen perushypoteesit
ovat oikeat, siti voidaan soveltaa myds alkuperdisen
aineiston ulkopuolella (vrt. kuva 18). Toisin kuin
regressiomallit simulointimalli voi ottaa myds dynaa-
misesti huomioon muiden kuolleisuustekijoiden vai-
kutukset, kun ne saadaan sisillytettyd malliin.

Tilajarjestyksen vaikutus kuolleisuuteen arvioitiin
vertailemalla tuloksia niistd malleista, jotka eivit
kaytd informaatiota tilajirjestyksestd sellaisiin mal-
leihin, jotka titd informaatiota kdyttavat. Tami ver-
tailu ei ole aivan yksinkertaista, koska mallin jous-
tavuus vaikuttaa myds tulokseen. Lisddntymiskertoi-
men vaihtelu oli suurinta alhaisissa tiheyksissa, jil-
keldistuotoksen taas suurissa tiheyksissd. Jalkimmai-
selle tehdyissdé malleissa eroa tilajdrjestyksen huo-
mioivien mallien hyviksi ei juuri tullut. Sen sijaan
lisaantymiskertoimelle tehdyissi malleissa ero oli sel-
vempi. Tastd pidteltiin, etti alhaisissa tiheyksissd
tilajdrjestys selittdd noin 15 9% lisdsntymiskertoimen
varianssista, mutta suurissa tiheyksissi tilajarjestyk-
sen vaikutus vihittiin lakkaa tuntumasta. Tami
johtuu siitd, etti suurissa tiheyksissi kilpailua on
joka tapauksessa niin paljon, etti sen paikalliset
vaihtelut peittyvit. Tidhdn suuntaan vaikuttaa myos
iskeytymien tasaisuuden lisidntyminen tiheyden
my6td.  Tilajarjestyksen vaikutusta tutkittiin myos
simulointimallin avulla asettamalla kaikkien polkky-
jen emokdytdvit uuteen, optimaalisen sdinnolliseen
tilajarjestykseen. Tulos (kuva 19) osoitti, etti eri-
tyisesti keskitiheyksissd pystynivertdjian lisadntymis-
tulos voisi olla parempi, jos tilajirjestys olisi tasai-
sempi, mutta suurissa tiheyksissi vallitseva jarjestys
on kutakuinkin paras mahdollinen.

SAARENMAA, H. 1983. Modeling the spatial pattern and intraspecific
competition in Tomicus piniperda (Coleoptera, Scolytidae). Seloste: Pys-
tynavertajan ulajirjestystd ja lajinsisiisti kilpailua kuvaavia malleja. Com-
mun. Inst. For. Fenn. 118:1—40.
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