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The European Pine Sawfly (Neodiprion sertifer) is one of the most serious defoliators of
Scots pine in northern Europe. We studied the pattern in the regional occurrence of the
outbreaks of N. sertifer in Finland in years 1961-90, and made predictions about the
outbreak pattern to the year 2050 after predicted winter warming. We tested whether
minimum winter temperatures and forest type and soil properties could explain the
observed outbreak pattern. We analysed outbreak patterns at two different spatial levels:
forest board- and municipal-level. The proportion of coniferous forests on damage
susceptible soils (dry and infertile sites) explained a significant part of the variation in
outbreak frequency at small spatial scale (municipalities) but not at large spatial scale
(forest boards). At the forest board level the incidence of minimum temperatures below
-36 °C (= the critical value for egg mortality) explains 33 % of the variation in the
outbreak pattern, and at the municipal level the incidence of cold winters was also the
most significant explaining variable in northern Finland. Egg mortality due to cold
winters seems to be the most parsimonious factor explaining why there have been so few
N. sertifer outbreaks in northern and northeastern Finland. We predict that climate
change (increased winter temperatures) may increase the frequency of outbreaks in
castern and northern Finland in the future.
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1 Introduction

A predicted increase in temperature with accom-
panying changes in precipitation will have pro-
found consequences for ecosystems (Graham and
Grimm 1990, Oechel and Vourlitis 1994). Her-
bivorous insects will be subject to indirect ef-
fects of climate change on the trophic level above
and below, as well as to direct effects (Martinat
1987, Solbreck 1990, Williams and Liebhold
1995). Climate change may alter the dynamics
of outbreak species in time and space, changing
the freqency of outbreaks and their spatial pat-
terns, size, and geographical range (Williams
and Liebhold 1995). Generally, populations are
expected to extend their ranges to higher lati-
tudes and elevations as climate warms (Solbreck
1990, Williams and Liebhold 1995).

The European Pine Sawfly, Neodiprion sertif-
er (Geoffroy) (Hymenoptera: Diprionidae) is one
of the most serious defoliators of Scots pine
(Pinus sylvestris L.) in northern Europe. Local,
isolated mass-occurrences occur almost every
year in Fennoscandia. Sometimes they spread
into regional outbreaks (Juutinen 1967, Larsson
and Tenow 1984, Juutinen and Varama 1986).
This defoliating insect can be important on a
regional scale in boreal forests as a controller of
primary productivity, carbon budgets, and nutri-
ent cycling. Thus, in addition to responding to
climate change it also feeds back to global change.

Our aim is to analyse the regional occurrence
of the outbreaks of N. sertifer in 1961-90 in
Finland, and test whether winter minimum tem-
peratures (Neuvonen 1992) and forest type and
soil properties (Larsson and Tenow 1984, Juu-
tinen and Varama 1986) can explain the ob-
served pattern. Furthermore, we present a con-
jectural prediction how climate change (increased
winter temperatures in the future) may affect the
frequency and regional occurrence of these out-
breaks.

In the analyses we concentrate on explanatory
variables with close connection to some mecha-
nistic processes known and/or suggested to be
important for the population dynamics of N. ser-
tifer: 1) N. sertifer overwinters in the egg stage.
The critical temperature for the death of N. ser-
tifer eggs is about —36 °C (Sullivan 1965, Juuti-
nen 1967, Austard 1971). 2) Outbreaks are known
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to occur mainly on dry or dryish infertile mineral
soil sites (Larsson and Tenow 1984, Juutinen
and Varama 1986); mechanisms may involve
both host quality and natural enemies (Hanski
1987, Mattson and Haack 1987, Saikkonen and
Neuvonen 1993).

2 Material and Methods

We analysed outbreak patterns at two different
spatial levels: 1) Forest boards: Finland has been
divided into 19 forest boards (459 municipalities
in total). Mean yearly proportion of outbreak
municipalities from all forest boards municipali-
ties was used as the response variable. This was
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Fig. 1. Number of the years with N. sertifer outbreaks
in 1961-90. Based on published and unpublished
yearly collected information by the Finnish Forest
Research Institute; municipalities as observation
units. Stars = major cities, omitted from the analy-
sis, triangle = Saariselkd, omitted from the analy-
ses (see text), bold line = line between southern
and northern part (see text).
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Fig. 2. Mean minimum winter temperatures 1960-90.
Grid size 10 km. Source: The Finnish Meteoro-
logical Institute.

calculated over the whole study period (1961—
90). 2) Municipalities: Number of years with N.
sertifer outbreaks per municipality in years 1961—
90 was the response variable. All the cases in
which densities of larvae were clearly higher
than in latent populations or N. sertifer-damaged
pines were observed are classified as outbreaks.
Latent populations are very sparse and larval
groups can be observed only rarely (Hanski
1987). Consequently, there is no risk that a latent
population would be classified as outbreak. The
observations were made by forest owners and
forest authorities as well as by the Finnish Forest
Research Institute (more about outbreak-data and
collecting method: Juutinen 1967, Juutinen and
Varama 1986).

In the forest board-level analysis we used the
following explanatory variables: 1) incidence of
(absolute) minimum temperatures below —36 °C
(= COLD), 2) percentages of damage-suscepti-
ble area (= SOIL; see below), 3) number of

municipalities in forest board (= MUNICIPAL).
In the municipality level analysis the explanato-
ry variables were: 1) incidence of (absolute) min-
imum temperatures below —36 °C (= COLD), 2)
percentage of damage susceptible area (= SOIL),
3) size of the municipality (values in km?, =
AREA). We used logarithmic transformation in
the size of the municipality values to normalize
their distribution. At the municipality level we
analysed data in two ways: as a whole or divided
into the southern and northern part (see Fig. 1).
Stepwise regression analysis (SAS user’s... 1985)
was used at both spatial levels.

We used the databases in Arc/Info geographic
information system. The explanatory variables
are in grid-format. As outbreak data observation
units are municipalities (or forest boards), we
calculated and used municipality- and forest-
board-means of explanatory variables in analy-
ses.

The incidence of (absolute) minimum temper-
atures below —-36 °C was calculated for every
grid cell as a proportion of winters with mini-
mum temperatures below the threshold during
1960-1990. The southern populations seem to
be more susceptible to cold than the northern
populations (Sullivan 1965, Juutinen 1967, Aus-
tard 1971). We took value —36 °C as a represent-
ative for Finnish populations. Mean of the win-
ter minimum temperatures during 1960-90 in
different parts of the Finland is shown in Fig. 2.

Both Larsson and Tenow (1984) and Juutinen
and Varama (1986) state that N. sertifer out-
breaks occur mainly on dry or dryish infertile
mineral soil sites. On the basis of land use and
forest classification, and soil type data we classi-
fied coniferous forests growing on dry and dry-
ish sites as potentially damage-susceptible areas
and calculated the mean percentage of damage
susceptible area (in relation to total land area;
Fig. 3)). The soil type classification has the fol-
lowing categories (those in italics were consid-
ered as ‘potentially damage-susceptible’): basal
till; bedrock terrain; hummocky moraine; esk-
ers, deltas, ice marginal and interlobate forma-
tions; boulder fields; valley trains and other ex-
tramarginal deposits; fluvial deposits; clay de-
posits; littoral deposits; peat deposits.

We omitted from the analyses major cities
(Fig. 1), and observations from the Saariselka-
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Fig. 3. Percentage of damage susceptible areas from
the whole land area, based on forest classification
(satellite image based land use and forest classifi-
cation; grid size 200 m, source National Land
Survey of Finland) and soil type (grid size 200 m,
based on 1:1 000 000 map, source Geological Sur-
vey of Finland).

area (Fig. 1), because outbreaks there situated in
mountainous area (Juutinen 1967, Niemeli et al.
1987) and the minimum temperature data is not
representative for that site due to temperature
inversion, Initial screening of the data showed
also that N. sertifer outbreaks have been rare in
coastal areas (Fig. 1). Since we do not have at
present any mechanistic explanation for this pat-
tern we excluded coastal areas (municipalities
with seashore) from subsequent analyses.

We made our future predictions for the year
2050 with SILMUSCEN policy scenario (Cen-
tral), which is recommended as the “best guess”
scenario for the project SILMU (= The Finnish
Research Programme on Climate Change; Cart-
er et al. 1995). This scenario predicts that mean
winter temperature increase is +3.6 °C over 1990~
2050 (Carter et al. 1995). Predictions for out-
break pattern were made by regression model
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equation (Table 1), using minimum temperature
incidencies in 2050 in the place of 1960-90 inci-
dencies. Since the SILMU scenarios do not offer
information about possible changes in climate
variability (Carter et al. 1995) we have to make
the most parsimonious assumption of no change
in variability which automatically alters the prob-
ability of extreme events. We added +3.6 °C to
the years 1960-90 minimum temperature data
and calculated the incidencies of minimum tem-
peratures below —36 °C at year 2050.

3 Results

The outbreaks of N. sertifer were most common
in the inland areas of Southern and Central Fin-
land with usually three to nine outbreak years
during the period 1961-1990 (Fig. 1). The pro-
portion of forest area dominated by Scots pine is
highest in northern Finland and coastal areas
(Yearbook... 1994) and so the abundance of Scots
pine does not explain the distribution of damage
at all.

At the forest board level the incidence for
minimum temperatures below —36 °C explains
33 % of the variation in the proportion of munic-
ipalities with N. sertifer outbreaks (Table 1, Fig.
5a). Also the number of municipalities per forest
board explains significant proportion (18 %) of
variation (Table 1). This may be due to a mere
technical reason: the number of municipalities is
used as a divisor when calculating the response
variable. At the forest board level the proportion
of coniferous forests on damage-susceptible soils
does not explain the occurrence of outbreaks
(Table 1).

There have been only a few outbreaks in munic-
ipalities where the incidence for minimum temper-
atures below —36 °C has been higher than 0.35
(Fig. 4). At the municipal level, in the regression
analysis of the whole country, the incidence of
minimum temperatures below —36 °C is the best
explanatory variable for variation in outbreak fre-
quency in years 1961-90 (10 %, Table 2a), and the
second best explanator is the percentage of dam-
age-susceptible area (7 %, Table 2a). Also, the size
of the municipality (more outbreaks in bigger
municipalities) explains a significant part of the
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Table 1. Regression model at forest board level.

Dependent variable: Mean proportion of outbreak municipalities/year/forestry board. N = 17.

Step Variable Partial Model Range of
entered R? R? F Prob > F variable
1 COLD 0.3288 0.3288 7.3481 0.0161 0.022-0.668

2 MUNICIPAL  0.1782 05070 5.0602 0.0411 6-30

Variable not included in to the model:
SOIL 0.0085 0.5155 0.2283 0.6407 1.52-14.24

Equation: 0.1788 — (0.2257 x COLD) — (0.00350 x MUNICIPAL)

Table 2. Regression models at municipal level.

Dependent variable: Number of outbreak years/municipality 1961-90
a) Finland as a whole (N = 342):

Step Variable Partial Model Range of

entered R? R2 F Prob > F variable
1 SOIL 0.0682 0.0682 24.87 0.0001 0-29.34
2 Log(AREA) 0.0235 0.0916 8.75 0.0033 1.484.10
3 COLD 0.0991 0.1907 41.40 0.0001 0-0.90

Equation: —4.284 — (6.936 x COLD) + (0.0807 x SOIL) + (2.455 x Log(AREA))

b) Southern Finland (N = 224):

Step Variable Partial Model Range of
entered R? R? F Prob > F variable
1 Log(AREA) 0.1304 0.1304 33.30 0.0001 1.49-3.20
2 SOIL 0.0460 0.1764 12.34 0.0005  0.40-29.34
Variable not included in to the model:
COLD 0.0060 0.1824 1.60 0.2067 0-0.23

Equation: —5.256 + (0.0949 x SOIL) + (2.606 x Log(AREA))

¢) Northern Finland (N = 118):

Step Variable Partial Model Range of
entered R2 R? F Prob > F variable
1 COLD 0.1174 0.1174 1543 0.0001 0.07-0.90
2 SOIL 0.0586 0.1760 8.18 0.0050 0-19.9
3 Log(AREA) 0.0485 0.2245 7.13 0.0087  2.08-4.10

Equation: —1.971 — (7.386 x COLD) + (0.144 x SOIL) + (1.678 x Log(AREA))




Silva Fennica 30(2-3)

research articles

3.0 N = Number of municipalities in frequency class
N=209

25

20

Number of the years of N. sertifer outbreaks 1961-90
(4

0.0
0.000 0125 0.250 0.375 0500 0.625 0.750 0.875 1.000

Incidence of the winter temperature below -36°C in years 1961-90

&

. 4. Number of the years of N. sertifer outbreaks/municipality in

years 1961-90 in relation to incidence of the winter temperatures

below —36 °C.

variation. However, the explanatory power of this
model is not very high, only 19 % (Table 2a).

When the analysis is made separately for south-
ern and northern Finland, results are different. In
the southern municipalities the best explanator is
the size of the municipality (13 % of variation),
and also the percentage of damage-susceptible
area is significant (Table 2b). In southern Fin-
land, the incidence of minimum temperatures
below —36 °C does not explain the number of the
outbreaks (Table 2b). However, in northern Fin-
land the incidence of minimum temperatures be-
low —36 °C is the most significant explanator (12
% of variation), and also the damage-susceptible
forest area and the size of the municipality are
significant explanators (Table 2c).

When the predicted changed winter minimum
temperatures are applied to the regression model
at forest board level (Table 1), the model pre-
dicts more outbreaks/year in the future in eastern
and northern forest boards (cf. Figs. 5a and 5b).
Due to the generally very low explanatory pow-
er of municipality level regression models (Ta-
ble 2a,b,c) and the apparent non-linearity be-
tween the number of outbreak years and the inci-
dence of cold winters (Fig. 4) we do not find it
feasible to use the regression model(s) in Table 2
for predicting outbreaks in 2050.
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4 Discussion

In 1961-90 N. sertifer outbreaks were common
in southern Finland but almost lacking in north-
ern and north-eastern parts of the country (with
the exception of Saariselkd, see below). The in-
cidence of minimum winter temperatures colder
than —36 °C explains well this distribution pat-
tern. There is good evidence that temperature is
critical for the survival of eggs (Sullivan 1965,
Juutinen 1967, Austard 1971). There are also
reports of collapse of N. sertifer outbreaks after
cold winters (Juutinen 1967).

Obviously, some other climatic parameters
show the same geographic pattern as minimum
winter temperatures, e.g. temperature sums are
low in northern and northeastern Finland. How-
ever, there is no well understood mechanism that
might connect low temperature sums with the
lack of N. sertifer outbreaks. In fact, in Saariselki
(northern Finland, see Fig. 1) the outbreaks oc-
cur mainly at the top of the fjells with lowest
temperature sum but with mildest winters
(Niemeli et al. 1987, Niemeli et al. unpublished).
So, we consider egg mortality in cold winters the
most parsimonious factor explaining why there
have been so few outbreaks in northern and north-
eastern Finland.
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Fig. 50. Mean percentage of outbreak municipalities
per year in forestry boards in Finland in 1961-90.
Legend values are upper limits.

Egg mortality is known to be of great signifi-
cance determining the areal distribution of out-
breaks in Autumnal moth, Epirrita autumnata
(Bkh) (Tenow and Nilssen 1990). During tem-
perature inversions in winter cold air accumu-
lates to lower areas, and the temperature differ-
ences can be over 10 °C just within few square
kilometres (Tammelin 1988, Tenow and Nilssen
1990). Modelling local, topographic variation in
minimum winter temperatures is necessary when
studying the population dynamics of E. autum-
nata (T. Virtanen, S. Neuvonen and A. Nikula,
unpublished observations) and also when aiming
at more accurate predictions of N. sertifer out-
breaks in northern Finland in the future.

The climatic models predict areal differences
in the increase of winter temperatures in Fin-
land. Models GFDL and UKMO predict less
increase into northern Finland than in southern
Finland, and ECHAMI1 the opposite (Carter et
al. 1995). According to Riisdnen (1994) the most
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Fig. 5b. Predicted (see text) mean percentage of out-
break municipalities per year in forestry boards in
Finland in year 2050. Legend values are upper
limits.

realistic winter temperatures in northern Europe
are given by the GFDL simulations. If climate
warming will happen according to GFDL simu-
lation, then SILMU policy scenario value which
we used in our predictions (+3.6 °C increase)
could be too high for northern Finland. Howev-
er, the minimum winter temperatures occur dur-
ing temperature inversions (clear calm periods).
There are also predictions of increase in winter
precipitation (Réisanen 1994, Carter et al. 1995),
which possibly will result in rarer inversions.
This, in turn, could lead to a larger increase in
minimum temperatures than in mean tempera-
tures (see also, Karl et al. 1995).

There are also connections between precipita-
tion and population dynamics of N. sertifer. It
has been hypothesized that drought periods can
be the triggering factor which releases an out-
break, either through changes in needle chemis-
try (Larsson and Tenow 1984) or in cocoon pre-
dation (Hanski 1987). Predation of pine sawfly
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cocoons by shrews can be one of the most im-
portant factors in keeping the population levels
below the outbreak numbers (Hanski and
Parviainen 1985, Hanski 1987), and it is known
that high summer precipitation affects positively
shrew densities (Pankakoski 1985). Precipita-
tion and high moisture also enhance the disper-
sal and infection of the nuclear polyhedrosis vi-
rus of N. sertifer (Olofsson 1988).

Climate models predict a slight increase in
precipitation for continental northern Europe, but
seasonal cycle and geographical details vary from
model to model (Réisdnen 1994, Carter et al.
1995). Thus, changes in precipitation may coun-
teract the effects of increased winter tempera-
tures on N. sertifer population dynamics.

The proportion of coniferous forests on dam-
age-susceptible soils explained significant part
of the variation in outbreak frequency at the
municipal level thus supporting the ideas of Lars-
son and Tenow (1984) and Juutinen and Varama
(1986). The proportion of damage susceptible
forest did not emerge as a significant explanato-
ry variable in the forest board level analysis.
This may be either because the range of varia-
tion in the explanatory variable was smaller with
forest boards than with municipalities, or be-
cause other (here unstudied) explanatory varia-
bles masked its effects at the more robust spatial
scale.

We see a need to further develop the damage
susceptibility index by considering especially:
1) Age structure of forests (which is actually
changing): young 2040 year old stands seem to
be most vulnerable (Juutinen 1967, Larsson and
Tenow 1984); 2) Better quality soil type, land
use, and forest classification data should be used,
and also include as susceptible certain types of
pine bogs where outbreaks have been reported
(Juutinen and Varama 1986).

In the future, the following aspects should also
be taken into account: 1) In Finland the nuclear
polyhedrosis virus has been used to control N.
sertifer outbreak’s since year 1972 (Juutinen and
Varama 1986). This has changed locally the se-
verity, areal distribution, and duration of out-
breaks during the later part of our analysis peri-
od. 2) For some of the outbreak periods all the
pre- and postgradation years are not recorded, as
an outbreak usually lasts at least 2 to 3 years
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(Juutinen 1967, Larsson and Tenow 1984, Juu-
tinen and Varama 1986, Hanski 1987).

Our prediction that N. sertifer outbreaks will
be more probable in the northern Finland in the
future (year 2050; Fig. 5b) should be considered
with some caution because the basic mechanism
(winter mortality of eggs) used in the prediction
is asymmetric in a causal sense. Very cold win-
ters are sufficient to prevent the outbreaks of N.
sertifer but the lack of eggs-killing temperatures
are, on the other hand, a necessary but not suffi-
cient condition for the occurrence of outbreaks.
Thus, for predicting increased outbreak risks in
northern Finland as a consequence of warming
(winter) climate we have to make the additional
assumption that the other factors controlling N.
sertifer population dynamics behave essentially
as they do in southern Finland at present.
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