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*  Analysis of survey data from 292 reforestation areas in northern Sweden show that the prob-
ability of pine weevil damage can be predicted with a standard error of 0.12.

*  Three variables are important in the optimal model: proportion of seedlings in mineral soil,
age of clear-cut, and temperature sum.

*  Temperature sum in the model can be adjusted to reflect future climate scenarios.

The pine weevil Hylobius abietis L. is an economically important pest insect that kills high pro-
portions of conifer seedlings in reforestation areas. It is present in conifer forests all over Europe
but weevil abundance and risk for damage varies considerably between areas. This study aimed
to obtain a useful model for predicting damage risks by analyzing survey data from 292 regular
forest plantations in northern Sweden. A model of pine weevil attack was constructed using vari-
ous site characteristics, including both climatic factors and factors related to forest management
activities. The optimal model was rather imprecise but showed that the risk of pine weevil attack
can be predicted approximatively with three principal variables: 1) the proportion of seedlings
expected to be planted in mineral soil rather than soil covered with duff and debris, 2) age of
clear-cut at the time of planting, and 3) calculated temperature sum at the location. The model was
constructed using long-run average temperature sums for epoch 2010, and so effects of climate
change can be inferred from the model by adjustment to future epochs. Increased damage risks
with a warmer climate are strongly indicated by the model. Effects of a warmer climate on the
geographical distribution and abundance of the pine weevil are also discussed. The new tool to
better estimate the risk of damage should provide a basis for foresters in their choice of counter-
measures against pine weevil damage in northern Europe.
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1 Introduction

The current global warming will lead to an increase in temperature of several degrees C in north-
ern Europe during the next 100 years, and the largest temperature increases are found in northern
Fennoscandia (Kjellstrom et al 2011; Bérring et al. 2017). A warmer climate in the Boreal zone of
Europe is mostly expected to positively affect forest growth and wood production (Jansson et al.
2008; Ge et al. 2013) but, on the other hand, also increase the risk of damage by various forest pests
(Logan et al. 2003; Lindner et al. 2010). Direct responses to higher temperatures in phytophagous
insects may enhance their reproductive potential and lead to higher abundance and more feeding
causing damage to their hosts (Bale et al. 2002; Netherer and Schopf 2010). Responses by host
trees and by natural enemies to higher temperatures and interactions between trophic levels may,
however, lead also to other outcomes than increased pest problems (Tylianakis et al. 2008; Berg-
gren et al. 2009; Baffoe et al. 2012). The extent and severity of damage by many forest insect pests
are strongly influenced by forest management (Jactel et al. 2009), and adaptation measures need
to be implemented in forestry to meet the challenges of climate change (Ayres and Lombardero
2000; Kolstrom et al. 2011; Bjorkman et al. 2015; Keskitalo et al. 2016; Subramanian et al. 2016).
Management adaptations may be particularly urgent for forest regeneration practices (Nilsson et al.
2010; Kolstrom et al. 2011), not the least as a tool in integrated pest management of economically
important regeneration pests (Nordlander et al. 2011).

The most destructive forest regeneration pest in large parts of Europe and Asia is the pine
weevil Hylobius abietis L. (Langstrom and Day 2004). The adult weevils cause the damage by
feeding on the stem bark of planted conifer seedlings, which are frequently killed by girdling near
the stem base (Day et al. 2004). Similar damage is caused also by Hylobius pinastri Gyll., a less
frequent species preferring moist sites with Norway spruce (Langstrom 1982; Viiri and Miettinen
2013). If no countermeasures are taken the seedling mortality may, e.g. in southern Sweden, reach
levels up to almost 100% (von Sydow 1997). Annual costs in Sweden for the damage have been
estimated to approximately 30 million USD (Mattsson 2016). In European conifer forests man-
aged by clear-felling and planting, the pine weevil problem is still to a large extent controlled by
insecticide treatment of the seedlings prior to planting (Langstrom and Day 2004). Alternatives
to replace the insecticides have long been sought and the use of coatings on the stem for physical
protection of seedlings is rapidly increasing in Sweden (Nordlander et al. 2009; Giurca and von
Stedingk 2014; Skogsstyrelsen 2017). Direct protection of seedlings is, however, not the sole meas-
ure against the pine weevil. Damage can often be reduced to low levels by combining a number
of management measures, or combining them with direct seedling protection in high risk areas
(Petersson and Orlander 2003; Nordlander et al. 2011). Such integrated pest management measures
may include planting in mineral soil after soil scarification, use of seedlings with relatively thick
stems, use of an appropriate fallow period, and planting under shelterwood (von Sydow 1997,
Orlander and Nilsson 1999; Nordlander et al. 2003, 2011, 2017).

Choice of appropriate countermeasures against pine weevil damage can be greatly helped
by predictions of damage risk levels. Weevil damage intensity varies considerably between sites
but causes of this variation remain insufficiently known (Wilson et al. 1996; Hansen et al. 2005;
Luoranen et al. 2017). Some important factors have though been identified, for example soil condi-
tion at planting spots, age of clear-cut, and climate conditions (as described below).

Site preparation that exposes mineral soil in which the seedlings are planted is a common
practice in northern Europe (Nilsson et al. 2010) which drastically reduces pine weevil damage
compared to planting directly in the humus (Lindstrém et al. 1986; von Sydow 1997; Orlander and
Nilsson 1999; Peterson et al. 2005; Nordlander et al. 2005, 2011; Wallertz and Petersson 2011;
Luoranen et al. 2017). Pine weevils move more rapidly on mineral soil than on humus (Kindvall
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et al. 2000) and the presence of pure mineral soil around a seedling strongly reduces the likeli-
hood that an approaching pine weevil will feed on it (Bjorklund et al. 2003). Although the strong
damage-reducing effect of soil preparation is closely linked to planting in exposed mineral soil,
soil preparation on peatland also has been shown to decrease damage by pine weevil (Luoranen
and Viiri 2012).

The age of a clear-cut at the time of planting strongly influences the risk for damage by
feeding pine weevils (von Sydow 1997; Orlander and Nilsson 1999; Wallertz et al. 2016; Luoranen
et al. 2017; Nordlander et al. 2017). Generally, damage risk is high during the first three growing
seasons after harvest. During the first season after harvest of a coniferous stand, pine weevils invade
a clear-cut in high numbers during their migration flight in late spring (Solbreck and Gyldberg
1979). The weevils are attracted by odours from the fresh stumps, since the stump roots are used
as breeding substrate. The parent weevils feed on bark and phloem of conifer seedlings but also on
roots and twigs of larger trees (Wallertz et al. 2006). They remain on a clear-cut during the entire
summer and, after hibernation, also the following season. Then the new generation of weevils usu-
ally emerges in late summer, and they remain feeding at the site both during autumn and spring the
following year (i.e., third season after harvest), after which they fly away to new breeding sites in
late spring (this applies to regions with a 2-year life cycle; see below).

Populations of H. abietis are adapted to a wide range of climatic conditions. The species is
present all over Europe wherever there are conifer trees that can be used as hosts (Langstrom and
Day 2004). In northern Europe, the risk of damage by the pine weevil is generally considered to
be lower in locations with a colder climate (Langstrom 1985; Nordlander et al. 2011), but little is
actually known about how geographical variation in temperature conditions influences damage
levels. Temperature conditions strongly affect time for development, resulting in a life cycle dura-
tion of usually 2 years but only 1 year in the warmer areas and up to 4 years in the coldest (Bejer-
Petersen et al. 1962; Inward et al. 2012; Wainhouse et al.2014). The amount of time over the year
with ambient temperatures suitable for pine weevil feeding probably has even more influence on
damage levels (Tan et al. 2010; Bjorkman et al. 2015). Thus, in northern Europe damage by pine
weevil should decrease with higher latitude and altitude since the cooler climate in these areas
decreases the number of days with feeding activity in spring and autumn.

In northern Sweden (approximately N of latitude 61°N) previously reported damage levels
(averaged over several sites) varied between almost zero and around 25% for unprotected seed-
lings planted after soil scarification (Nordlander et al. 2011; Johansson et al. 2015). In this region,
approximately 90% of seedlings are not protected against pine weevil damage by treatment with
insecticide or stem coating, and the pine weevil problem is primarily handled by a combination
of silvicultural measures. For this reason there is a very high demand in northern Sweden for
damage risk estimates as a basis for choosing cost-effective combinations of countermeasures.
Risk can be estimated by examining proportions of seedlings damaged under any specific set of
circumstances, and so a model of proportions is also a model of damage risk if the circumstances
are well characterized as independent variables in the model.

The objective of this study was to develop a model for predicting risks of damage by the
pine weevil in reforestation areas in northern Sweden. A useful relative measure was the goal, not
absolute estimates of final seedling mortality. To this end we surveyed the damage on seedlings
after one season in the field in forest plantations all over northern Sweden and registered various
site characteristics, including calculated temperature sums. A model was constructed to analyze
these data so that expected damage risks in northern Sweden could be presented in a series of
maps. Since the damage risks presented are highly related to temperature sums, future changes in
damage levels caused by a warmer climate are considered.
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2 Materials and methods
2.1 Sites and site characteristics

A survey of damage by the pine weevil (Hylobius abietis) on planted conifer seedlings was con-
ducted over six years between 2006 and 2011 in forests regenerated after clearfelling by forest
companies or private forest owners (Table 1). A total of 292 plantations were surveyed over those
years, distributed throughout northern Sweden east of the Scandinavian Mountains down to the
coast line between latitude 61°N and the polar circle (66°34'N) (Fig. 1). The minimum distance
between sites was 1 km. Three criteria had to be fulfilled for inclusion in the survey:

1) Plantations should have been established during the spring or early summer of the same
year that the inventory was conducted during autumn.

2) Seedlings planted had to be of one of the three conifer species predominantly used in
northern Sweden, Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.)
or lodgepole pine (Pinus contorta Douglas ex Loudon).

3) The seedlings were not protected against pine weevil damage with insecticides or any
physical protection.

Sites were chosen with regard to relative ease of access in order to maximize the number
of sites that could be visited during the limited time the inventories had to be conducted (a few
weeks in autumn after completed damage and before risk for snowfall). Because time was limited,
a number of sites within the same region were visited before moving on elsewhere. The practical
limitations and the fulfillment of the criteria mentioned above made the material unbalanced in
some aspects (see the Results section), but in general the surveyed plantations were considered to
be representative of northern Sweden.

Site characteristics, both in terms of climatic factors and factors related to forest management
activities, were collected by inspection at the sites or based on information obtained from the forest
owner (Table 2). Among the sites, the age of the clear-cut differed at time of planting, reaching from
1 year old (i.e. 2nd season after harvesting) to 3 year old clear-cuts (Table 1). Temperature sum
(7S), defined as the sum of the daily mean temperature above +5 °C during one growing season,
for each site was calculated by Eq. 1:

TS = 4161.212488 + 42 — 40.21083xlat — 2.564434 xalt + 0.030492xlat x alt —
0.117532x1at2 + 0.00188xalt2 — 0.000000556 x lat2 x alt2 (1)

where lat = latitud (°N) and al/t = altitud (m). Eq. 1 is derived from Odin et al. (1983) and has
been adjusted to correspond to average climate prevailing in the 2010 epoch (Berlin et al. 2014).

Table 1. Numbers of sites inventoried in each year by age since
clearfelling (1 year old = 2nd season after harvesting).

Year 1 year old 2 year old 3 year old Total
2006 2 21 3 26
2007 2 13 10 25
2008 7 18 8 33
2009 5 53 30 87
2010 22 48 23 93
2011 5 6 16 27
Total 43 158 89 292
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Fig. 1. Locations of sites assessed coloured by clear-cut age.
Axes show longitude and latitude.

2.2 Damage assessment

Inventories were made during autumn after the seedlings had been exposed in the field for one
season. At this time it was still possible to locate almost all planted seedlings, even those that had
died soon after planting, leaving only part of the debarked stem and the peat clump underground.
On each site 20 circular sample plots with an area of 20 m? (radius 2.52 m) were established along
an angled transect over the plantation with a fixed distance between plots. This fixed distance
was set longer for larger plantations and shorter for the smaller ones (minimum distance 15 m),
in order to get a good representation of each site. The transect was laid out with some angles so
that it reached different parts of the site, but it was not laid over parts that had not been planted at
all (e.g., patches with retained trees, bare rocks, very wet parts). The entire area of each sample
plot was carefully searched for living and dead planted seedlings; naturally regenerated seedlings
were not included. An average number of 86 planted seedlings (range 42—148) were found in the
sampling plots at each site and these were assessed for vitality and feeding damage by pine weevil
or damage caused by other factors. Feeding scars by pine weevil (H. abietis or, to a less extent,
H. pinastri) on the stem bark were recorded with 0.1 cm? as the minimum feeding area recorded,
and it was noted if the stem was completely girdled. To describe the detrimental effects on seedlings
by the pine weevil, the following classifications were made:
Attacked seedlings — the proportion of seedlings with any scar (minimum size 0.1 cm?) on
the stem judged to be caused by pine weevil feeding.
Mortality by pine weevil — the proportion of seedlings considered to be killed by pine weevil
feeding, including both dead and still alive seedlings that were girdled on the lower part
of the stem.
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Each planting spot was classified into one of four categories according to the state of the
soil within a radius of 10 cm around the seedling: (1) undisturbed humus, (2) cultivated humus
(£10% mineral soil), (3) humus/mineral soil mixture (>10% but <90% mineral soil), and (4) pure
mineral soil (>90% mineral soil).

In addition to the main inventory we collected some data regarding the amount of damage
added during the second season. The seedlings on 27 sites were marked with sticks on the first
inspection and then revisited one year later. For these sites also the total mortality after two seasons
was recorded, i. e. mortality by pine weevil and all other causes.

2.3 Statistical analysis

A model of pine weevil attack was constructed using known impacts on weevils; proportion of
planting spots with pure mineral soil and clear-cut age, and by including several factors related to
the site (Table 2). Each site was a sampling unit, and plots were averaged across each site to arrive
at estimates of damage with large numbers of seedlings.

Distributions of variables were plotted, and it was clear that many were non-normal. Scaled
power transformations (Eq. 2) were employed to make them as normal as possible before analysis:

2 [(x=1)/a 220
4 )z{logoo =0 @

where y is the variable being transformed and /4 is a coefficient that varies typically between —3
and 5 (Cook & Weisberg 1999).

Previous studies evaluating risk have often used logistic regression to model binary data
(Wilson et al. 1996; Selander et al. 1990) or in one case Cox proportional hazards regression
(Selander 1993). Logistic regression requires each sampling unit (tree) to be independent, and this
was not so in our study. Cox proportional hazards regression assumes effects are constant over
time and additive. In our design these assumptions were also open to question. Instead, we chose
to use multiple linear regression, transforming proportions of seedlings influenced by weevils in
order to make them as normal as possible. Hence the sampling unit was site, and sampling units
were independent, satisfying a critical assumption of multilinear regression.

Table 2. Potential independent variables.

Variable

Range or categories

Coordinate RT90* East/West
Coordinate RT90 North/South
Coast distance

Elevation

Temperature sum

Clear-cut age

Site index

Tree species

Stoniness

Site preparation

Mineral soil on site

1373546 to 1813800

6767903 to 7393400

1 to 240 km

7 to 660 m above mean sea level

548.9 to 1267.7 degree days above 5 °C per year

1, 2 or 3 years

T14 to T24 for pine and G14 to G28 for spruce (height in m after 100 years)
Norway spruce, Scots pine or lodgepole pine

None, light, medium or heavy

Disc trenching, patch scarification or mounding

0% to 88% of planted seedlings surrounded by pure mineral soil

* RT90 is a coordinate reference system with the following prog4string: +proj=tmerc +lat 0=0 +lon 0=15.80827777777778
+k=1 +x_0=1500000 +y 0=0 +ellps=bessel +units=m +no_defs
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The square root of the number of plants assessed at each site was used as a weight in order
to partially account for differences in sample size when estimating model coefficients. Tests of
relationships between model residuals and other variables were then used to select additional vari-
ables for inclusion in the model, bearing in mind multi-collinearity and testing for interactions.
Modelling began with all possible terms and interactions, and then least significant terms were
sequentially removed, one by one, and the model was recomputed at each step. Only significant
effects were retained, except where main effects were required in order to allow for the principle
of marginality. Where necessary, alternative models were compared using the anova command
in R (R Development Core Team 2004), and tests of normality of residuals and plots of residuals
versus predicted values were used to assess goodness of fit. After the optimal multi-linear model
was chosen, a mixed effects model using year as a random effect was fitted and compared with the
regression model using Akaike’s information criterion (AIC) (Akaike 1978).

Survey data are almost always unbalanced, and this was particularly so for data from 1 year
old clear-cuts (Fig. 1). In order to test for the effects of imbalance, the analysis was repeated using
only data from 2 and 3 year old clear-cuts.

Models of proportions often have awkward residuals, and so an additional analysis was
tried using a logistic regression to model the likelihood of any weevil attack occurring, and then
combining that with a model of the proportion of seedlings attacked made using data from sites
where attack was non-zero. A similar approach has been developed for modelling mortality of
older trees in permanent sample plots (Woollons 1998). The combined model was compared with
the single step one by computing the residual sums of squares of each approach and choosing the
method that yielded the lowest residual.

The proportion of attacked seedlings that died was modelled using data from plots where
at least 20% of seedlings had been attacked, using the number of attacked seedlings as a weight.
Statistical procedures and assessments were the same as for the model of seedlings attacked.

3 Results

There was a high level of potential multi-collinearity in the dataset (Table 3). It is clear from Fig. 1
that the sample was unbalanced, with a high number of 1 year old clear-cuts located near the coast
and to the north of the sample area. As clear-cut age affects the likelihood of damage, this limited
our ability to assess the impacts of spatial variables on likelihood of damage.

Table 3. Simple correlations between variables. Numbers in bold are statistically significant.

Prob. Clear-cut ~ Mineral  Elevation Coast ~ Temp. sum Coordinate Coordinate Stoniness
attack age soil distance E/W N/S
Prob. attack 1 —0.14226 -0.39653 —0.40913 -0.43813 0.418602 0.279088 —0.08671 0.158614

Clear-cut age  —0.14226 1 0.098893 0.137607 0.218259 -0.07446 —0.22084 —0.09351 —0.01117
Mineral soil —0.39653 0.098893 1 0.354485 0.395688 —0.41492 —-0.18979 0.168581 -0.15065
Elevation —0.40913 0.137607 0.354485 1 0.800851 —0.84688 —0.70949 —0.14989 —0.00517
Coast dist. —0.43813 0.218259 0.395688 0.800851 1 —0.79097 —0.66678 0.088094 —0.01271
Temp. sum 0.418602 —0.07446 —0.41492 —0.84688 —0.79097 1 0.305601 —-0.39451 0.042062
Coordinate E/W 0.279088 —-0.22084 -0.18979 -0.70949 -0.66678 0.305601 1 0.661445 —0.05927
Coordinate N/S —0.08671 —0.09351 0.168581 —0.14989 0.088094 —0.39451 0.661445 1 —0.07265
Stoniness 0.158614 —0.01117 -0.15065 -0.00517 —0.01271 0.042062 -0.05927 -0.07265 1
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Fig. 2. Half width of confidence interval (a=0.05) for estimates
of proportion of seedlings attacked by pine weevils.

Proportion of attacked seedlings ranged from 0 to 78% with a mean of 12% and a median
of 7%. Estimates of these statistics within plots therefore had mean confidence limits of £6%,
and confidence limits extended to approximately +11% for estimates close to 50% (Fig. 2). The
percentage of seedlings killed by the pine weevil ranged from 0 to 74% with a mean of 8% and a
median of 3%.

A stable and apparently optimal multi-linear regression model to represent proportion of
seedlings attacked is shown in Table 4. The adjusted r? value of the multi-linear regression model
was 0.28 and the standard error was 0.12. Tree species was not significant in the model (P=0.931). A
plot of residuals versus fitted values for the model showed that it was reasonably unbiased (Fig. 3).

Adding calendar year as a random effect did not improve the fit (AIC=402 versus AIC=349),
indicating that the year of sampling had little effect on variation in proportion of seedlings attacked.

Table 4. Regression model with proportion of seedlings attacked (1 = 0.39) as the dependent variable. If a A-value is
shown then this indicates the variable was subjected to a scaled power transformation. All interactions were made with
transformed values. AIC=349. Probabilities in bold are statistically significant.

Variable A-value Coefficient Standard error P-value

Intercept 2.308e+04 1.477e+04 0.119299
Clear-cut age 0.30 —3.583e-01 1.387e-01 0.010276
Proportion mineral soil 0.70 3.740e-02 2.248e—-02 0.097375
Temperature sum 1.49 —2.110e+00 7.051e-01 0.003013
Latitude -2.00 —4.618e+04 2.955e+04 0.119253
Clear-cut age x Mineral soil 1.824e-02 8.515e-03 0.033027
Mineral soil x Temp. sum 6.809¢—-02 1.860e—02 0.000299
Latitude x Temp. sum 4.221e+00 1.411e+00 0.003011
Mineral soil x Latitude x Temp. sum —1.362e-01 3.720e-02 0.000299
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The three most important variables in the model were percentage of planting spots with
pure mineral soil on the surface, clear-cut age, and temperature sum. The model could have been
constructed with either distance from the coast or elevation instead of temperature sum without
substantially affecting the goodness of fit. The effects of mineral soil, clear-cut age and temperature
sum interacted in the optimal model, as shown graphically in Fig. 4. Interactive effects that included
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Fig. 4. Proportion of seedlings attacked by pine weevils versus propor-
tion of seedlings planted in pure mineral soil. Lines show the fit of the
multi-linear regression. The maximum temperature sum (1267 degree-
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latitude slightly changed the shape of the relationship and could have been left out the model with-
out unduly affecting the principal findings, but the fit would have been poorer (AIC=373 versus
AIC=349). When the model is applied to northern Sweden, the effects of temperature sum, per-
centage of seedlings in pure mineral soil and clear-cut age are depicted in a series of maps (Fig. 5).

Stoniness of the ground might have affected the proportion of seedlings attacked because
residuals of the model were slightly correlated with that variable (r=0.13), but as 72 records were
missing an assessment of stoniness it was not included. Type of site preparation, tree species and
site index were not significant when tested as independent variables.

A model of weevil attack calculated with only the more balanced 2 and 3 year old clear-
cuts produced the same form of model as one that also included data from 1 year old clear-cuts.

---—Age 1 Age 2
Upper Upper Upper Upper
68°N
0.40
66°N
61N 0.35
62°N | dl ] .
- P ) 030
Min. soil=40% Min. so0il=65%
n 0.25
[1}] _
e
2 0.20
4]
© _
- ~0.15
Lower Lower
68N ~ 0.10
66°N
~ 0.05
64°N
~ 0.00
62°N
1 1 1T 17 17 1 T 1T 1T 1T T T 1 T 11T T T 171 T 171 T T 711
12°E 16°E 20°E 12°E 16°E 20°E
Longitude

Fig. 5. Proportions of seedlings attacked by pine weevils for clear-cut ages 1 and 2 for several percentages (shown
above each column of maps) of seedlings with mineral soil around their bases. The middle row shows the model’s
expected values, and the upper and lower 95% confidence limits are shown in the upper and lower rows respectively.
Maps were created using R (R Core Development Team 2004). Alpine areas devoid of trees were assumed to be those
areas with a mean temperature between May 1st and September 30th less than 7.5 °C (Korner 1998), and in all maps
the risk in those areas was set to zero.
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Table 5. Regression model with proportion of attacked seedlings that died (1 = 1.275) as
the dependent variable. If a A-value is shown then this indicates the variable was subject-
ed to a scaled power transformation. All interactions were made with transformed values.
“% in mineral soil” is the percentage of seedlings at each site with a surround of mineral soil.

Variable A-value Coefficient Standard error P-value
Intercept —0.189616 0.031980 1.61e-07
% in mineral soil 0.70 —0.012979 0.003085 8.76e-05

However, the reduced numbers of sites and a smaller range of the effect meant that terms including
clear-cut age were not statistically significant. With these terms left in, a plot of this model against
the proportion of seedlings in pure mineral soil by time since clearfelling almost perfectly overlaid
an equivalent plot of the model that included 1 year old clear-cuts.

A logistic model of probability of attack combined with a model of proportion of attacked
seedlings on sites with non-zero attack had a larger residual mean square (4.38) than the optimal
single model of weevil attack (4.08). The residual mean squares were calculated from untrans-
formed proportions attacked.

The proportion of attacked seedlings that had died at the assessment after one season
increased with decreasing proportion of seedlings surrounded by pure mineral soil (Table 5).
Residuals of this model were relatively unbiased (Fig. 6).

For a subset of 27 sites an extra damage assessment was made also after the second season.
These data were not included in the model but showed that seedling mortality caused by pine weevil
increased with on average 53% during the second season as compared with the mortality after the
first season (Fig. 7). The additional mortality by pine weevil the second season and mortality by
other causes varied considerably between sites but there was still a general concordance between
mortality due to pine weevil after one season and total mortality after two seasons.
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Fig. 6. Residuals versus predicted values for the model of death due to
pine weevil attack.
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Fig. 7. Proportion of seedlings killed by pine weevil after one and two seasons, and total
seedling mortality after two seasons on 27 sites (scattered from south to north but all
within 100 km from the coast). Sites are arranged in decreasing order according to the
proportion of seedlings killed by pine weevil the first season. Numbers above bars (1-3)
denote the age of the clear-cut.

4 Discussion
4.1 Factors affecting damage risk

Our analysis of survey data from almost 300 reforestation areas in northern Sweden revealed that the
risk of pine weevil attack on conifer seedlings can be predicted approximatively with the following
three variables as the most important in the optimal model: the proportion of seedlings expected
to be planted in mineral soil, age of clear-cut at the time of planting, and calculated temperature
sum at the location. In particular, the strong influence by temperature sum on damage level was
previously not well documented.

The optimal model was relatively imprecise but model precision could be improved in
future surveys if more seedlings per site are inspected and if sites could be chosen to provide
more balance across potential independent variables. Note that roughly half the standard error of
the model can be attributed to errors of raw estimates of the dependent variable (Fig. 2), and so
increasing numbers of trees sampled at each location would improve the overall standard error.
Including stem diameter of the seedlings might further improve the model (Orlander and Nilsson
1999; Wainhouse et al. 2009; Luoranen et al. 2017). However, stem diameter did not appear to
have a strong effect on weevil-induced seedling mortality in northern Sweden within the range of
seedling sizes used in plantations (Johansson et al. 2015). A number of other site characteristics
were tested as independent variables in the model but did not show any significant effects, and in
this respect the results are in accordance with previous studies investigating risks for pine weevil
damage (Wilson et al. 1996; Luoranen et al. 2017).

Three different species of conifer seedlings were included in the survey, Norway spruce, Scots
pine and lodgepole pine, but species had no effect on damage in the model. This is in accordance
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with the results of a field experiment by Wallertz et al. (2014), where these three species did not
differ significantly in attack rate after one season, although such differences were found for other
conifer species in their comparison. Laboratory tests have shown differences in preference with
regard to species but such differences do not always translate into corresponding differences in
damage under field conditions (Zas et al. 2011). Moreover, plantations are usually monocultures
without any choice available between different species of planted seedlings, which may erase the
effect on damage by moderately large differences in preference.

Year of sampling had no detectable effect on likelihood of pine weevil attack, which is
compatible with the view that pine weevil populations in forests managed by clear-cutting fluctu-
ate relatively little between years (Bjorkman et al. 2015). This is because the population size is
determined by the amount of breeding material (fresh stump roots) and forestry produce similar
amounts in the landscape from year to year (Eidmann 1977; Nordlander et al. 2011; Skogsstyrelsen
2015). A relatively stable population size between years enables us to predict damage risks without
any necessity to include additional information on population levels.

4.2 Effects of temperature and climate change

Impacts of temperature sum, distance from the coast or elevation all suggest an effect of tempera-
ture on pine weevil damage, and so it is appropriate to adopt the model with temperature sum even
though the fits of the three alternative models were not significantly different. Temperature sum is
also good to use in the model since it is a factor that can be adjusted to future climate scenarios by
calculating a new prediction of temperature sum to represent the changed conditions.

Our results suggest that a warmer climate would result in increased damage by the pine
weevil in major parts of northern Europe. However, there should not be any significant expan-
sion in geographical distribution since H. abietis is already present almost everywhere in Europe
where there is coniferous forest (Langstrom and Day 2004), from the Mediterranean (Zas et al.
2014; Semiz et al. 2017) up to the northernmost conifer stands of Norway, Sweden and Finland
(Beijer-Petersen et al. 1962; Nilssen 1984). Nevertheless, major changes in geographical distribu-
tion with a warmer climate were predicted for H. abietis by Barredo et al. (2015), but this was a
consequence of their reliance on data from the Global Biodiversity Information Facility (GBIF
2014) for the present distribution of this species, which did not include any occurrences in the
warmer or cooler regions of Europe where H. abietis populations are actually present. The abun-
dance of pine weevils within the present distribution range may, however, change significantly,
for instance along elevational gradients in mountain areas (Chinellato et al. 2014) and towards
higher latitudes in northern Europe.

In northern Sweden, a relatively high risk for damage caused by pine weevil can be expected
along the coast of the Baltic Sea (Gulf of Bothnia) and at lower elevations up along the major
river valleys, as illustrated in Fig. 5. With a warmer climate the risk will become considerable also
at somewhat higher elevations, and thus on much wider areas than today. Moreover, in the areas
with relatively high damage levels the risk may further increase towards the levels we see today
in southern Sweden (Orlander and Nilsson 1999). All this points to a necessity for intensified pest
management against the pine weevil in northern Sweden as the climate becomes warmer. For
instance, physical protection of seedlings with a coating (Nordlander et al. 2009) is likely to be
increasingly used in addition to site preparation and other measures currently keeping the damage
at a low level (Nordlander et al. 2011).
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4.3 Implications for forest management

The results corroborate previous findings that site preparation followed by planting in mineral soil
is a most effective way of reducing damage by the pine weevil (Orlander and Nilsson 1999; Peters-
son and Orlander 2003; Nordlander et al. 2011). Site preparation serves to expose mineral soil and
is therefore effective at reducing risk of weevil damage. In the survey of 292 planted clear-cuts,
the highest attack rates (>40% of seedlings attacked) occurred only when the proportion of seed-
lings planted in mineral soil was lower than 40%, and when more than 60% of the seedlings were
planted in mineral soil the attack rate was consistently well below 20% (Fig. 4). A high proportion
of seedlings planted in mineral soil should generally give sufficient protection against pine weevil
damage in the inland areas with lower damage risk.

The great positive effect on seedling survival by planting in pure mineral soil (Petersson et
al. 2005) makes the quality of site preparation and subsequent choice of planting spots extremely
important for successful forest regeneration. Wherever damage by pine weevil needs to be coun-
teracted, the goal for site preparation on moraine soils should be to create suitable planting spots
with pure mineral soil in high enough density but without affecting the ground too heavily (Nilsson
etal. 2010). In northern Sweden disc-trenching and mounding are the predominant site preparation
methods. A continuous method such as disc trenching causes a larger disturbance than patch-wise
methods such as mounding (Bécke et al. 1986). A major obstacle to obtaining high quality site
preparation is the high degree of stoniness on Swedish clear-cuts (Orlander et al. 1990), and high
quality planting spots are often not achieved (Nilsson et al. 2010) The current study indicates that
the degree of stoniness may positively affect the frequency of pine weevil attack, which thus may
result from a reduced quality of site preparation where there are many big stones. If site prepara-
tion techniques can be better adapted to local conditions, then quality will be improved and more
seedlings survive. Even if the cost for site preparation becomes higher, such technical adaptations
may prove to be cost-effective taking the total regeneration cost and final outcome of the regenera-
tion efforts into account (Uotila et al. 2010).

The age of the clear-cut when planted is a significant factor for the risk of pine weevil attack
and the general trend is that damage declines with increasing age, as shown by this and several
previous studies (Orlander and Nilsson 1999; Nordlander et al. 2011). In commercial forestry, the
intent is generally to replant clear-cuts as early as practical in order to avoid increased rotation
length and problems with competing vegetation (Nilsson and Orlander 1999; Skogsstyrelsen 2016).
In northern Sweden, however, the rotation length is already long and problems with competing
vegetation are usually less severe than further south; thus the cost of having a fallow period of more
than one season tends to be relatively low in northern Sweden. A fallow period of 2-3 years may
therefore be kept as one of several useful tools in an integrated pest management strategy against
pine weevil damage in northern Sweden.

Models can be imprecise and include a lot of variation but could still be very good as tools
when decisions are to be made about the need for countermeasures against pine weevil damage.
Maps of the kinds presented in this study indicate geographic variation in damage risks and this
can together with other available information aid decisions about, for instance, areas where direct
seedling protection with physical barriers is needed, where it should be enough with site preparation
of standard or of highest quality, where a 3-year fallow period is an appropriate countermeasure,
where sowing can be a good alternative instead of planting, and so on. The foresters know well
how these measures work in their region from many different aspects, but they need the informa-
tion on damage risk to make well adapted choices of countermeasures.
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5 Conclusions

A multiple curvilinear model of the proportion of seedlings attacked by pine weevils at 292 sites
in northern Sweden had a standard error of 0.12, and was relatively unbiased across the range of
predictions. Pine weevil attack was significantly related to 1) the proportion of seedlings expected
to be planted in mineral soil rather than soil covered with duff and debris, 2) age of clear-cut at
the time of planting, 3) calculated temperature sum at each location, 4) latitude, which had a small
effect only in interactions, and some other interactions between these variables.
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