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ABSTRACT

Scots pine (Pinus sylvestris) is the dominant species in Finnish forests and is an important conifer
species since it is extensively used by industry. One of the main goals in forest improvement is to
increase timber production and forest fertilization has been used quite extensively to enhance stand
wood volume growth. The quality of wood is also an important aspect in forestry and different Scots
pine origins can be employed to explore the variation in wood characteristics and their biotic
resistance. The use of a chemical elicitor represents a novel way to study modification of plant defence
and to influence on plant-herbivore interactions.

The main objective of the present study was to gather information from the effects of long-term
forest fertilization and the variation attributable to seed origins of the Scots pines on wood secondary
chemistry and performance of wood-borer Hylotrupes bajulus and wood decaying fungi Coniophora
puteana. Another aim was to investigate whether defence responses of Scots pine could be induced by
exogenous application of a chemical elicitor, methyl jasmonate and what are the possible
consequences of this action on the performance of the large pine weevil (Hylobius abietis).

The forest fertilization of old Scot pine trees increased wood production and tree volume growth
but had no effects on the level of defence compounds in wood or in the extent of destruction induced
by wood-boring larva or wood decaying fungi. The young Scots pine trees from different origins
exhibited some variability in the levels of juvenile wood terpenoids but this did not explain the
damage intensity by wood-boring larva or wood decaying fungi. A low concentration of monoterpenes
in wood, especially a low 3 to a-pinene ratio, seemed to make some seed origins preferable to
oviposition of H. bajulus females. The exogenous application of a plant elicitor, methyl jasmonate,
evoked the induction of chemical and anatomical defence responses in Scots pine trees. It is
hypothesized that the increased terpenoid concentration and number of resin ducts in wood contributed
to the decreased level of bark gnawing by large pine weevils.

In conclusion, these results increase our knowledge on chemical defence in Scots pine wood and
how this impacts on the interactions with insects and fungi. These results may provide a better
understanding of how to induce chemical defence to combat herbivore attacks. According to the
results, increased timber production achieved by long-term forest fertilization has only negligible
effects on wood characteristics and wood biotic resistance. Variation in the wood chemical defence is
not a primary explanation for the wood biotic resistance of young Scots pine trees but modification of
defence by application of elicitors may increase the resistance of the trees by inducing defence
responses.

Universal Decimal Classification: 582.47, 630%81, 631.531, 631.8, 632.4, 632.7, 632.934

CAB Thesaurus: forests; forestry; silviculture; Pinus sylvestris; insects; wood borers; wood destroying
fungi; Hylotrupes bajulus; Coniophora puteana; Hylobius abietis; pest resistance; wood; decay; wood
properties; wood anatomy; wood chemistry; tracheids; xylem; cellulose; seeds; defence mechanisms;
elicitors; methyl jasmonate; resin acids; terpenoids; monoterpenes; plant nutrition; nutrients;
provenance
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1 INTRODUCTION

Scots pine (Pinus sylvestris L.) is an
important tree species in the boreal forests
which cover 65 % of the Finnish forest
area {Finnish Statistical Yearbook of
Forestry 2004). Scots pine is a tree with
has a major economical importance,
producing timber for sawmilling, the pulp
and paper industries and great quantities
are used also in house building. In general,
the wood of conifers is a very
heterogeneous material and with many
variations e.g. in tracheid properties, stem
form, branchiness, heartwood content, and
chemical components. The most important
of the chemical components are cellulose,
hemicellulose, lignin and extractives
(Zobel and van Buijtenen  1989).
Silviculture has focused on finding ways to
improve ftree characteristics, such as
growth rate, volume, yield, and timber
quality, also taking into account the
ecological aspects. However, if one or a
few desired wood characteristics are
altered by the methods of silviculture,
some other characteristic may change in an
unfavourable  direction e.g.  biotic
susceptibility of wood may be increased.
Conifer resistance against biotic damage is
associated with constitutive and inducible
defence compounds, i.e. a mixture of
mono-, sesqui- and diterpenes in oleoresin
(Phillips and Croteau 1999; Trapp and
Croteau 2001), phenolics (Rennerfelt and
Nacht 1955; Hart and Shrimpton 1979) and
also with structural defences e.g. resin
canals (Berryman 1988). The defence
compounds in conifers have been found to
deter insect pests and fungal pathogens
(Gershenzon and Croteau 1991; Phillips
and Croteau 1999; Larsson et al. 2000;
Harju et al. 2003).

In silvicultural practices, provenance
experiments have been used to study the
possibility to utilize differentially adapted
Scots pine seed origins to enhance tree
volume growth or to produce wood with
specific characteristics, such as tracheid
dimensions or percentage of heartwood
(Stdhl  1998). However, in those
management practices, wood chemical
defence and general resistance against
biotic damage have received less attention.
There is known to be geographical
variation in the types and levels of defence
chemicals, in particularly mono- and
diterpenes, in several Pinus species
(Zavarin et al. 1993; Tognetti et al. 1997;
Manninen et al. 1998; Naydenov et al.
2002). Differences in the chemotype
determined from needles, shoots or wood
have been related to latitudinal or
longitudinal distance between seed origins
(Nerg et al. 1994; Tognetti et al. 2000;
Naydenov et al. 2005). Provenance
experiments conducted with Scots pine
have shown that the relative quantity of a-
pinene and concentration of a-pinene, -
pinene, limonene and total monoterpenes
of shoots and needles are higher in the
northern seed origins than in southern seed
origins whereas the proportion of high 3-
carene trees has decreased in trees
originating from more northern sites
(Muona et al. 1986; Nerg et al. 1994;
Manninen et al. 1998). Differences in
biotic damage between Scots pine origins
have been found to occur in their
susceptibility to fungal diseases (Hanson
1998), their vulnerability to defoliating
sawflies (Lyytikdinen 1993) and between
specialist and generalist insect herbivores
(Manninen et al. 1998). However, the
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Juha Heijari: Scots pine wood characteristics and biotic resistance

relationship between the wood defence
chemicals and the resistance of Scots pine
against wood biotic damage is not yet
clear.

In forestry, substantial amounts of
nutrient supplements have been commonly
used to increase wood production. In the
1950's, large-scale nutritional management
of forest stands was initiated in Finland
encouraged by state forest improvement
funds. However, trends in forest
improvement changed at the end of 1980's,
virtually stopping forest fertilization with
the focus changing to management of
nutrient imbalances. The need for
increased wood production (e.g. for
industry and bioenergy) is again increasing
the areas of forest being fertilized. The
intention is to increase forest stand volume
growth by fertilization, mainly with
nitrogen which is the growth limiting
nutrient. These techniques have been
shown to increase wood production of
Scots pine and Norway spruce stands in
Finland (Saarsalmi and Mailkonen 2001),
results confirmed in similar fertilization
experiments throughout the Scandinavia
(Nilsen 2001; Nohrstedt 2001). Fertilizers
consisting one or several other nutrients
except nitrogen, such as phosphorous,
calcium or potassium has shown minor
effects on Scots pine volume growth
(Saarsalmi and Milkonen 2001; Nilsen
2001; Nohrstedt 2001). In general, forest
fertilization of Scots pine has improved not
only the growth but also altered the
characteristics of the wood, e.g. decreased
basic density (Mékinen and Uusvaara
1992), increased annual ring diameter
growth (Hirveld and Hynynen 1990),
increased nitrogen and phosphorous
concentrations in wood (Finér and
Kaunisto 2000) and in other conifers
nutrient supplementation has lead to

decreased tracheid length (Yang et al.
1988; Mikinen et al. 2002). In addition,
the effects of fertilization on pest
resistance {(defoliators and bark beetles)
and type and levels of defence chemicals in
conifers after fertilization have been
somewhat contradictory (Bjorkman et al.
1991; Kainulainen et al. 1996; Kyt et al.
1996, 1998; Anttonen et al. 2002; Herms
2002; Klepzig et al. 2005) indicating that
the effects of forest fertilization on Scots
pine wood defence chemicals and biotic
resistance in general are still poorly
understood.

Brown-rot  fungus  (Coniophora
puteana Schumacher ex Fries) and old
house borer (Hylotrupes bajulus L.,
Coleoptera, Cerambycidae) larvae have
been used to test wood preservatives or
natural decay resistance of wood as
stipulated in the procedures for European
standards (European standard EN 113
1996; European standard EN 47 1988).
Brown-rot fungus causes structural damage
to construction timber in situations where
the wood is exposed to high moisture
levels (Viitanen 1996). Scots pine
heartwood is known to be more resistant to
decay than sapwood (Rydell et al. 2005)
and defence chemicals e.g. phenolics have
been found to play a major role in the
decay resistance of trees (Hart and
Shrimpton 1979; Harju et al. 2003). Also
old house borer larvae appear to avoid
heartwood of Scots pine (Holm and Ekbom
1958) and generally the larvae feed on the
sapwood of pine and other softwoods e.g.
fir and spruce (Robinson and Cannon
1979). The larvae of old house borer feed
on the wood from a few to many years (up
to 12-years) depending on temperature,
wood moisture and nutritive value after
which the larvae pupate and the emerging
adults mate and the females lay batches of

14 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



Introduction

eggs in cracks in the wood (Robinson and
Cannon 1979). Old house borer larva feed
inside the wood, producing oval tunnels of
6-12 mm diameter size, and thus they
cause severe structural damage in the
infested wood, especially to construction
timber 1ie. this species has a low
abundance in living forests (Ljungkvist
1983) but is found in old wooden
buildings. More information is needed on
how silviculture may modify the resistance
of Scots pine wood against biotic damage
since this will determine the economic
value of the wood in the future.

Recent advances in the transgenic
modification of wood characteristics have
raised questions about the potential
application possibilities in tree breeding
(Walter et al. 1998; Pefia and Séquin 2001;
Pasonen et al. 2004; Zhao et al. 2004).
Before we embark on genetic engineering
to modify terpenoid biosynthesis to
increase biotic resistance (Mahmoud and
Croteau 2002), the ecological impacts of
the increased defence need to be studied
(Thaler 1999). One possible way to modify
the biosynthesis of terpenoids is to use
elicitors, such as jasmonates which are
present in plants and act as signalling
compounds e.g. released after wounding,
herbivore and pathogen attacks and in
response to environmental stress situations
(Farmer and Ryan 1990; Cheong and Choi
2003). Methyl jasmonate has been found to
induce a variety of defence responses in
conifers e.g. increase in the levels of
needle and wood terpenoids (Martin et al.
2002; Martin et al. 2003), increased
phloem phenolic content (Franceschi et al
2002), induction of the anatomical defence
responses in xylem (Hudgins et al. 2003;
Hudgins et al. 2004), and increased insect
(Thaler 1999) and pathogen (Kozlowski et
al. 1999) resistance.

There are now many restrictions in
the use of insecticides. The limits to the
use of permethrin, which was extensively
used against the large pine weevil
(Hylobius  abietis L.,  Coleoptera,
Curculionidae) which feed on Scots pine
seedlings in the Scandinavia, have created
the need for alternatives (e.g. chemical or
mechanical) to restrict damage done by
adult pine weevils to cultivated conifer
seedlings (Petersson et al. 2004). The large
pine weevil is a major insect pest and a
problem for forest regeneration in wide
parts of Europe, where the adult weevils
kill conifer seedlings by feeding on the
bark (Leather et al. 1999; Wallertz et al.
2005). As the adults emerge, they cause
serious damage especially to newly planted
pine seedling on forest plantations
(Pitkdnen et al. 2005; Wainhouse et al.
2004). The large pine weevil adults are
generally attracted to host plant volatiles,
such as a-pinene and adult females
oviposit near to tree stumps of dead or
dying coniferous trees which are
commonly found in clear-cut locations.
The larvae of the large pine weevil develop
under the bark, a process which can last for
1-3 years depending on temperature and
host quality. Finally, the pupated larva
emerge as adults in the late spring or early
summer (Nordenhem 1989; Leather et al.
1999). 1t is possible that plant modification
e.g. by using elicitors or genetic
engineering to improve biotic resistance or
terpenoid  production  may cause
detrimental effects on plant primary
metabolism or may influence plant
physiology and lead to unanticipated
ecological interactions as a consequence of
the increased biotic resistance (Thaler
1999; Hristova and Popova 2002).

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006) 15



2 AIMS OF THE STUDY

The aims of this study were to investigate
how seed origin, long-term forest
fertilization and chemical modification
with  exogenous elicitor affect the
characteristics of Scots pine wood and
wood biotic resistance against insects and
wood decaying fungi.

Three main topics were addressed:
Do different Scots pine seed origins vary in
terms of concentration and composition of
wood mono- and diterpenes and if this
variation can be related to the resistance of
the wood against wood destroying old
house borer (Hylotrupes bajulus) and wood
decaying fungi (Coniophora puteana)? (1)

16

What are the effects of long-term
forest fertilization on Scots pine growth,
wood anatomy and wood primary
chemistry, wood mono- and diterpenes and
phenolics and resistance against wood
destroying old house borer (Hylotrupes
bajulus) and wood decaying fungi
(Coniophora puteana) (11, 111)7

Does the exogenous chemical
elicitor, methyl jasmonate, affect needle-,
bark- and wood defence chemistry, plant
growth, physiology and resistance against
the bark feeding large pine weevil
(Hylobius abietis) in Scots pine (IV,
unpublished results)?

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



3 MATERIALS AND METHODS

3.1 Experimental design and plant
material

The  provenance  experiment  was
established by the Finnish Forest Research
Institute in spring 1991. Nine Scots pine
(Pinus sylvestris L.) seed origins ranging
from Estonia (lat 58°22') to Northern
Finland (lat 67°56") were planted at the
Suonenjoki Research Station (lat 62°64")
(Figure 1). The differences between the
seed origins in wood chemical defence and
biotic resistance against wood-borers and
decaying fungi was studied (Table 1, I).

Several long-term forest fertilization
experiments were established by the
Finnish Forest Research Institute in the
1950's to study the effects of forest
fertilization on Scots pine. Experimental
sites were chosen from Vilppula, Padasjoki
and Punkaharju locations (Figure 1) which
were fertilized at ten (Punkaharju) or five
(Padasjoki and Vilppula) year intervals
during the 40-year-long experiment. Non-
fertilized control plots and plots fertilized
with either nitrogen (N) alone or with
calcium, nitrogen and phosphorus (CaNP)
in combination were chosen to study the
effects on wood characteristics and biotic
resistance  against wood-borers  and
decaying fungi (Table 1, 11, III).
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Figure 1. Provenance experiment with
Scots pine seed origins (black dots)
selected in the study from Estonia and
Finland which were planted in the Finnish
Forest Research Institute Suonenjoki
experimental site (open square) in central
Finland (I, unpublished results). Long-term
forest fertilization experimental sites
(black triangles) of Scots pine: VI,
Vilppula, PA; Padasjoki and PU;
Punkaharju (11, III).
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Table 1 Summary and details of the experiments described in the thesis

Experiment Plant Analyses/parameters Plant material ~ Original
age (yr) publication

Wood chemical 7 Wood mono- and Juvenile wood |
defence of Scots diterpenes, performance
pine from different (MRGR / wood
seed origins consumption / oviposition)

of H. bajulus and wood

decaying by C. puteana
Long-term forest 50 Height- and diameter Sap- and 11, III
fertilization of Scots growth, wood primary heartwood,
pine chemistry, mono- and breast- and

diterpenes, total phenolics, canopy height

wood anatomy,

performance (MRGR /

wood comsumption) of H.

bajulus and wood decaying

by C. puteana
Modification of 2 Height- and diameter Needles, bark, v
Scots pine seedling growth, biomass, wood and
defence physiology, mono- and roots

diterpenes from needles,

bark and wood, wood

anatomy, performance

(gnawed bark area) of H.

abietis
Modification of 12-14  Height growth and stem Needles Unpublished
chemical defence of diameter, needle total results
Scots pine from mono- and sesquiterpenes
different seed and diterpenes
origins
Two different experimental designs were Scots pine seedlings (Table 1, IV).

initiated to

study the effects of an

Seedlings were treated once (spraying a

exogenous plant elicitor, methyl jasmonate
(MJ), on Scots pine. In 2003, a field
experiment was established in the
University of Kuopio Research Garden to
study the effects of MJ on chemical
defence and biotic resistance of 2-years-old

volume of 30 ml) in spring with 0 mM
(control), 10 mM (total dose 0.067 ml of
pure MJ per plant) or 100 mM (total dose
0.67 ml of pure MJ per plant) methyl
jasmonate solutions applied with a
handheld sprayer.

18 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



Materials and methods

In 2003-2005, trees from Saaremaa,
Korpilahti, Suomussalmi and Muonio
(Figure 1) seed origins (same experimental
design as in I) were used to study the
effects of MJ on plant growth and needle
chemical defence (Table 1, unpublished
results). From each seed origin three trees
from five blocks were randomly selected
for MJ treatments with three trees
receiving control solution treatments. The
MJ treatment solution contained MJ in the
concentrations and doses described in
Table 2, (v/v) 5% ethanol and 0.1% Tween

20 detergent and distilled water. Control
solution contained (v/v) 5% ethanol and
0.1% Tween 20 detergent and distilled
water. Each tree received 800 ml of
treatment solution according to the
timetable described in Table 2 applied with
a handheld sprayer. The treatment solution
was spread to cover the whole tree
including needles and bark of the branches
and trunk. Treatments were done two or
three times during the growing seasons in
the experimental years 2003-2005.

Table 2 Methyl jasmonate (MJ) concentrations, timetable for treatments, total dose of pure
MJ per plant and annual sampling dates during the experimental years 2003-2005. Control
trees were sprayed with (v/v) 5% ethanol and 0.1% detergent mixed in distilled water

Year — methyl jasmonate concentration

2003 -3 mM 2004 - 6 mM 2005 -9 mM
Treatments Control MJ Control MJ Control MJ
First 5 Jun 4 Jun 8 Jul 7 Jul 14 Jul 12 Jul
Second 21 Jul 17 Jul 7 Sept 3 Sept 16 Aug 18 Aug
Third 22 Aug 21 Aug nt nt nt nt
Total dose of pure MJ 16 25 32
(ml) per plant
Annual sampling 29 Sept 13 Oct 4 Oct

nt = not treated.

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006) 19
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3.2 Analyses of plant growth, physiology
and anatomy

Height and diameter growth of Scots pine
trees/seedlings were measured during and
at the end of the experiments (II, III, IV,
unpublished results). Physiological
parameters (net  photosynthesis and
stomatal conductance) were measured (IV)
three times during the growing season with
a CI-510 Ultra-light Portable
Photosynthesis System (CID Inc., Camas,
WA, USA). The anatomical properties of
wood, tracheid length (11, III) and tracheid
diameter (II), were measured with a light
microscope. Tracheids were separated
from each other by macerating the wood
samples with glacial acetic acid:hydrogen
peroxide (1:1, v/v) solution at 60°C
overnight. Wood cell wall and cell lumen
dimensions from cross-sections (cut with
cryo-microtome to thickness of 16 um
stained and mounted on glass slides) were
analyzed from photographs with Scion
Image 1.0 program (Scion Corporation,
Maryland, USA) and PC Image] v1.30
(NIH, Bethesda, MD, USA) taken with a
digital camera connected to a light
microscope (11, [V).

3.3 Chemical analysis

Analysis of mono- and sesquiterpenes (I,
I1, 11, IV, unpublished results), diterpenes
(L, 11, 111, IV, unpublished results) and total
phenolics (II) from different plant material,

i.e. needles, bark and wood were analyzed
in the University of Kuopio. For the mono-
and sesquiterpene analyses, samples were
extracted with n—hexane. Diterpenes were
extracted from freeze—dried and powdered
samples with petroleum ether—diethyl ether
(Manninen et al. 2002). Mono- and
sesquiterpene and diterpene extracts were
analyzed with gas chromatography-mass
spectrometry (Figure 2). For quantification
of mono- and sesquiterpenes and
diterpenes, calibrations were made using
known amounts of available pure
compounds relative to known amounts of
the internal standard (1-chloro-octane for
monoterpenes and heptadecanoic acid for
diterpenes) (Manninen et al. 2002). Total
phenolics from heartwood were analysed
with the Folin—Ciocalteu technique from
the same xylem powder as the diterpenes
(10).

Primary chemistry samples were
dried (at 60 °C), milled and extracted with
acetone for the gravimetric measurement
of acetone-soluble extractives and to yield
extractive-free  samples  (II).  Alpha-
cellulose, hemicellulose, gravimetric lignin
and acid-soluble lignin were analysed from
the extractive-free samples. Soluble sugars
and starch were measured by the anthrone
method (II). Nitrogen and carbon
concentrations (% from dry weight) from
breast- and canopy height milled sapwood
samples were determined with the LECO
CHN-2000 analyzer at the Finnish Forest
Research Institute (I1I).
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Figure 2. Characteristics of gas chromatography-mass spectrometry chromatograms of

needle monoterpenes (A) 1, tricyclene; 2, a-pinene; 3, camphene; 4, sabinene; 5, 3-pinene; 6,

myrcene; 7, 3-carene; 8, limonene; 9, B-ocimene; 10, 1-chloro-octane (internal standard); 11,

a-terpinolene; 12, bornyl acetate; sesquiterpenes 13, B-caryophyllene; 14, a-humulene; 15,
d-cadiene and diterpenes (B) 1, heptadecanoic acid (internal standard); 2, pimaric acid; 3,
sandaracopimaric acid; 4, isopimaric acid; 5, palustric + levopimaric acid; 6, dehydroabietic

acid; 7, abietic acid; 8, neoabietic acid.

3.4 Performance of insects and decaying
fungi

The performance of the old house borer
(Hylotrupes bajulus L.) larvae was studied
with juvenile wood (I) and sapwood of
Scots pine (I1I). Mean relative growth rate
for neonatal, second-instar and third-instar
size larvae was calculated [/InW, -—
InW1)/(t1 — t2)], where W, and W; are the
fresh biomass at the beginning (t;) and at
the end (t;) of the test period (I, III). The
amount of wood consumed by second- and

third instar larva was determined by filling
the empty feeding galleries with fine sand
and the weight of the sand corresponded to
a certain volume. Oviposition behaviour of
H. bagjulus adults was studied in the
experiment with different Scots pine seed
origins (I). Adults were allowed to lay eggs
under wood disks of six selected Scots pine
seed origins  (Saaremaa, Tenhola,
Korpilahti, Kinnula, Suomussalmi and
Muonio) placed on Petri dishes. The
number of eggs laid under each wood disk
was counted on the following day.
Performance (consumed bark area) of the
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large pine weevil (Hylobius abietis L.) was
studied in laboratory tests as an indicator
of the palatability of Scots pine seedlings
modified by exogenous elicitor, methyl
jasmonate (IV). Resistance of Scots pine
juvenile wood (I), sap- and heartwood (1)
against brown-rot fungi (Coniophora
puteana Schumacher ex Fries) was studied
in the VIT Building and Transport Unit
using a malt agar plate decay test modified
from the standardised EN 113 test (I, II).
The wood blocks were placed on a pure
culture of a brown-rot fungus and
incubated for 6 weeks. The weight loss of
the wood blocks during the incubation was
expressed in relative mass loss [(loss in
mass/initial dry mass) x 100%].

3.5 Statistical analysis

Statistical analyses were conducted with
SPSS for Windows statistical software
package (SPSS Inc., USA). An
independent-samples T-test was used to
compare variables within two groups (lII,

IV, unpublished results). One-way
analyses of variance (ANOVA) followed
by Tukey's test was used to study the
effects of between-subject factors (seed
origin, fertilization and methyl jasmonate)
on continuous variables (I, II, III, IV,
unpublished results). If the parameters
were not normally distributed, then
Kruskall-Wallis test followed by a Mann-
Whitney test was used (I, IV). The general
Linear Model, univariate and repeated
measure procedures were used in analysis
of covariate data (I) and for comparing
physiological data (IV), respectively.
Factor analysis was used to explain biotic
resistance of fertilized wood according to
various wood characteristics (II, 1II).
Correlation coefficients were tested by
Pearson (II, III, IV) or non-parametric
Spearman correlations (I). Chi-Square test
was used to determine variables to
different categories (III). Hierarchical
cluster analysis was used to separate seed
origins on the basis of the diterpene
concentration in wood (I).
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4 RESULTS

4.1 Variation in the wood chemical
defence and biotic resistance of Scots
pine seed origins

Among the nine Scots pine seed origins,
three clearly different clusters based on
wood diterpene concentration could be
formed; 1) seed origins Muonio and
Ylitornio as the low  diterpene
concentration type, 2) seed origins
Saaremaa and Korpilahti as the high
diterpene concentration type and 3) other
seed origins as the medium diterpene
concentration type (I). The wood
monoterpene concentration was observed
to be highest in the most southern
Saaremaa trees and lowest in the
Korpilahti trees compared to the trees of
other seed origins (I).

Significant differences between seed
origins were noted in the juvenile wood
decay resistance to Coniophora puteana.
The wood of Kinnula trees was more
susceptible than wood from Saaremaa,
Tenhola, Ruokolahti and Suomussalmi
seed origins. The wood decay resistance
was not associated with the wood diterpene
concentration since the more decay
resistant seed origins were found in the
same diterpene based cluster along with
decay susceptible seed origins ()
nonetheless, a few individual seed origins
containing high mono- (Rakvere and
Kinnula) or diterpene (Saaremaa and
Korpilahti) concentrations did correlate
negatively with the extent of wood decay.
In general, the variation in the wood decay
resistance of the different Scots pine seed
origins was poorly explained by

differences in their mono- and diterpene
concentrations.

The Scots pine seed origins did not
differ in the performance (mean relative
growth rate) of old house borer
(Hylotrupes bajulus) second- or third instar
larvae. The level of mono- or diterpene
concentration of wood did not correlated
with  larval performance (I). In
comparison, wood consumption of both
larvae instars was higher in one of the low
diterpene concentration type (Ylitornio)
seed origin than in medium or high
diterpene type seed origins (I). The
elevated feeding (wood consumption) of
second- and third instar larvae was
associated with a low total diterpene
concentration in wood and a low relative
amount of abietic acid and a high relative
amount of palustric + levopimaric acid,
which account for approx. 42% and 37%
of total diterpenes in wood, respectively.

Oviposition (number of eggs laid)
behaviour of female H. bgjulus adults was
significantly different between the six
selected Scots pine seed origins (I). The
most preferred wood for oviposition was
the northernmost Muonio seed origin. In
general, a high number of eggs was
associated with low total monoterpene and
B-pinene concentrations and low B to a-
pinene ratio in the wood (I). The diterpene
concentration of wood did not explain the
oviposition behaviour of adult H. bajulus
females (I).

4.2 Effects of forest fertilization on Scots
pine wood characteristics and biotic
resistance
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The 40-year-long forest fertilization with N
or CaNP increased the total volume growth
of Scots pine in the two of the studied
sites, Vilppula and Punkaharju (Turtola et
al. 2002). The increase in the wood volume
growth was somewhat higher in the
nitrogen fertilized plots than in CaNP plots
at Vilppula but these were not duplicated
in Punkaharju. However, the extent of the
significant increase in the diameter growth
of Vilppula trees was observed to be
similar with the both fertilization
treatments (II).

Forest fertilization in order to
increase the growth of Scots pine had only
subtle influence on sapwood chemical
characteristics, sapwood decay as well as
on the performance (mean relative growth
rate and wood consumption) of wood-
boring H. bajulus neonatal-, second- and
third instar larvae (11, III). At the breast
height of Vilppula trees, both N and CaNP
fertilization treatments had an impact on
wood anatomy mainly increasing early-
and latewood cell wall size in the
heartwood boundary (II). Also an increase
in the sapwood nitrogen concentration was
observed in the fertilized trees of Padasjoki
and Vilppula trees (III). The only observed
effect from the analyzed parameters of
canopy height sapwood was an increase in
the nitrogen concentration of N-fertilized
trees at the Vilppula site (III). Cell wall
chemical composition (e.g. cellulose,
hemicellulose, and lignin) varied between
trees, treatments and sites, revealing no
consistent pattern in allocation of resources
to wood primary chemistry (II).

The constitutive chemical defence
level (mono- and diterpenes) of breast
height sap- and heartwood after long-term
forest fertilization was unchanged, but a
significantly lower concentration of total
phenolics was found in the Padasjoki trees

compared to trees at the other sites (Turtola
et al. 2002). Furthermore, the heartwood
total phenolic concentration was observed
to correlate negatively with outer
heartwood decay in the Padasjoki and
Vilppula trees but not in the Punkaharju
trees (I1). Factor analysis indicated that
total phenolic concentration and to some
extent the concentration of the diterpenes
negatively affected heartwood decay by
Coniophora puteana (1I) but in the
sapwood, the levels of mono- or diterpenes
did not explain wood decay. Furthermore,
none of the other sap- or heartwood
properties examined had any influence on
the extent of wood decay.

None of the sapwood properties had
any influence on the performance (mean
relative growth rate or wood consumption)
of the Hylotrupes bajulus larvae but when
individually ~ examined, the  total
monoterpene concentration of sapwood
exhibited a negative correlation with the
neonatal H. bajulus larval growth rate (III).
Tree stem diameter was observed to
correlate positively with the H. bajulus
second instar larvae growth rate in the
Vilppula and Punkaharju trees (III). Also
tracheid length correlated positively with
the growth rate of H. bajulus second instar
larvae and wood consumption of third
instar larvae (I11).

Significant differences were observed
in the wood properties and resistance
within trees; nitrogen concentration and
neonatal larvae survival were higher in
canopy- than breast height wood, whereas
older instar larvae performed better on the
breast height wood (III). In addition, the
small diameter trees in Punkaharju had a
significantly higher diterpene
concentration in their wood, longer and
thinner tracheids and higher wood-borer
consumption compared to the larger
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diameter Vilppula and Padasjoki trees (II,
[II). In comparison, the sapwood of
Vilppula trees exhibited less wood decay
than Padasjoki and Punkaharju trees (II).

4.3 Effects of exogenous plant elicitor on
Scots pine defence responses and biotic
resistance

Application of Scots pine seedlings (2-
years-old) with plant exogenous elicitor,
methyl jasmonate (MJ), affected strongly
the growth, physiology, wood anatomy and
mono- and diterpene concentrations and
herbivore performance (IV). Annual height
growth was suppressed after two weeks of
both elicitor treatments and continued to be
lower the whole growing season (IV). The
higher (100 mM) MJ treatment also
suppressed seedling diameter growth,
wood cell lumen area and in particular,
increased the number of wood axial resin
ducts. The increase in the wood mono- and
wood and needle diterpene concentration
was very notable (IV). Net photosynthesis
decreased in the needles of the seedlings at
the higher level MJ treatment towards the
end of the growing season but stomatal
conductance was unaffected (IV). The bark
area gnawed by the large pine weevil
(Hylobius abietis) adults was significantly
smaller in the higher MJ treatment Scots
pine seedlings than in the control and
lower-concentration MJ-treated seedlings.
Furthermore, H. abietis gnawing possibly
increased the diterpene concentration in the
bark and decreased the level in the wood.
The spraying of 12-years-old Scots
pine trees from different seed origins in
2003 with MJ solution led to a significant
(P<0.05) increase in the concentration of
total mono- and sesquiterpenes in the
needles from the seed origins nearest to the
experimental site (Table 3, unpublished

results). The differences in total mono- and
sesquiterpene  concentration  between
control and elicitor treated needles in
Korpilahti and Suomussalmi were 18% and
15%, respectively. In comparison, the
concentration of total diterpenes in the
needles of different seed origins did not
change after elicitor treatments in 2003.
However, when trees of Korpilahti and
Suomussalmi seed origins were examined
in more detail, the needle concentration of
two monoterpenes, 3-pinene and limonene
were increased by approx. 2.7- and 2.8-
fold in the MJ treated trees compared to
control trees.

The application of a higher (6 mM)
M1 solution in 2004 had a clearer influence
on needle total mono- and sesquiterpenes
than the lower (3 mM) concentration
(Table 3). The increase in the total mono-
and sesquiterpene concentration in needles
of Saaremaa and Suomussalmi seed origins
was 25% and 29% compared to control,
respectively. In most seed origins, the
increase in two individual needle
monoterpenes, B-pinene and limonene was
2- to 4-fold compared to the corresponding
levels in the control trees.

When the different seed origins were
examined the highest concentration of total
mono- and sesquiterpenes and diterpenes
was found in the Muonio and the lowest in
the most southern Saaremaa seed origin. If
all seed origins were combined, the total
mono- and sesquiterpene concentration in
the needles did not significantly differ
between treatments in 2003 but in 2004,
the total mono- and sesquiterpene
concentration was significantly (15%)
higher in elicitor treated needles than in
control needles. Furthermore, the total
needle  mono- and  sesquiterpene
concentration in 2004 was 24% and 32%
higher in control and elicitior treated
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needles, compared to the levels measured
in 2003. If all seed origins were combined,
diterpene concentration of needles in 2003
was 38% higher in the elicitor treated
needles than in control needles.

Both MJ treatments, i.e. 3 mM and 6
mM applied to the above ground plant
parts had no effects on the plant height

growth in the first or second experimental
year but a significant growth decrease
occured after application of 9 mM MJ in
2005 (Table 3). In general, the tree height
and diameter were significantly (P<0.05)
lowest in Muonio seed origin and highest
in the Korpilahti seed origin.

Table 3 Significant increases (1), decreases (1) or non-significant (ns) effects of an exogenous
methyl jasmonate treatments on total needle mono- and sesquiterpene and diterpene (resin
acid) concentrations in 2003 and 2004 and total diterpene concentration in 2003, annual height
growth and stem diameter growth at 1.3 m compared to control of Scots pine seed origins

(unpublished data)
Seed origin
Saaremaa Korpilahti Suomussalmi  Muonio
Parameter 2003
Total mono and sesquiterpenes ns ) ) ns
Total diterpenes ns ns ns ns
2004
Total mono- and sesquiterpenes ) ns ) ns
Height growth
2003 ns ns ns ns
2004 ns ns ns ns
2005 2 ns ns ns
Diameter growth at 1.3m 2005 N ns ns ns
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5 DISCUSSION

5.1 Wood chemical defence and biotic
resistance of Scots pine seed origins

Some variability in the wood defence
chemicals was found between Scots pine
seed origins. The total wood mono- and
diterpene concentration was lowest in the
Korpilahti and Muonio seed origins,
respectively and highest in the wood of
most southern Saaremaa seed origin.

These differences in  defence
chemical profile of seed origins did not
explain their resistance against wood-
boring insect Hylotrupes bajulus and wood
decaying fungi Coniophora puteana. The
insignificant effect of diterpenes on decay
induced by C. puteana was in accordance
with the previous studies with Venéldinen
et al. (2003). In addition, total
monoterpene concentration in the wood
cannot be used to distinguish which seed
origins will be susceptible or resistant to
biotic damage. The oviposition behaviour
of adult H. bajulus females was oriented
towards those seed origins with a low total
monoterpene concentration in the wood
whereas the oviposition behaviour was not
associated with the diterpene concentration
of wood. Individual monoterpenes,
especially o-, B-pinene and limonene, are
known to attract H. bajulus females and to
affect the selection of the oviposition site
(Mares et al. 1986; Fettkother et al. 2000)
which implies that single monoterpene-
related odours or their ratios might be
important in the oviposition behaviour of
H. bajulus females.

The degree of wood destruction
assessed by the consumed wood by H.
bajulus larvae was dependent on relative

amount of certain wood diterpenes (low
relative amount of abietic acid or high
relative amount of palustric+levopimaric
acid). The negative effect of the relative
amounts of abietic acid and positive effect
of palustrictlevopimaric acid on wood
consumption of H. bajulus larvae indicate
that analysis of the relative amounts of
these diterpenes might be useful in
assessing the susceptibility of Scots pine
wood to this species. It should be noted
that the wood of 7-year-old Scots pine is
juvenile wood which differs in its
characteristics (e.g. tracheid length, basic
density) from the more mature wood
properties (Zobel and van Buijtenen 1989)
and this may influence wood-borer
performance and wood decaying fungi.
Furthermore, wood from different seed
origins may contain different nutrient,
protein, cellulose or lignin contents that
can also affect wood biotic resistance (Graf
et al. 1989; Hanks 1999; Harju et al. 2001)

Previous studies have shown Scots
pine seed origins to differ in needle
pathogen and defoliating insect
susceptibilities between southern and
northern seed origins (Lyytikdinen 1993;
Hansson 1998; Manninen et al. 1998).
However, the susceptibility of wood to
biotic destruction by wood-borers and
wood decaying fungi has not been
previously studied from different Scots
pine seed origins. This is important since
insects and decay can have a major impact
on the economic value of the wood.

The present results imply that there
are variations in the susceptibility of Scots
pine juvenile wood from different sources
to the destructive impact of biotic factors
(H. bajulus and C. puteana) but the
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resistance is not clearly linked to the levels
of mono- and diterpenes in the wood.

5.2 Scots pine wood characteristics and
biotic resistance after forest fertilization

The repeated forest fertilization (N dose of
82-180 kg ha') of Scots pine stands
increased stem wood total volume growth
(Turtola et al. 2002) and had some
significant but also inconsistent effects on
wood characteristics and wood resistance
of the Scots pines (II, III). An increase in
volume growth was achieved at the
Vilppula site and a slight volume growth
also in the Punkaharju site. In previous
studies, repeated fertilizations (N dose of
120 kg ha'y at intervals of 6 yrs have
increased Scots pine volume growth by
approx. 30-34 m® ha' over 18 yrs
(Saarsalmi and Mailkénen 2001). The
effect of the 40-year-long N- and CaNP
fertilizations was somewhat higher in
Vilppula trees and relatively smaller in
Punkaharju trees than in the study of
Saarsalmi and Milkénen (2001). The
fertilization interval in the Punkaharju site
might have affected the growth response
but the non-significant changes in
Padasjoki site might be associated with
already high growth potential at that site.
Scots pine heartwood is known to be
more durable than sapwood against brown-
rot fungus (Venildinen et al. 2003, II). The
durability of heartwood, especially outer
heartwood, is mainly attributable to the
phenolic compounds (e.g. stilbenes) that
are the best, but not the only factor,
explaining differences in wood decaying
within the stem (Venildinen et al. 2003,
2004). Wood diterpenes are known to have
only a minor effect on heartwood decay
(Harju et al. 2003). In this study the
negative effect of wood diterpenes was

found to be concentration dependent,
however in the previous studies trees with
a high diterpene concentration were found
to produce also high concentrations of
other defence chemicals e.g. phenolics
(Venidldinen et al. 2003). In comparison,
the wood mono- and diterpene
concentration in sapwood was observed to
exhibit no correlation with wood decay,
although in some cases some evidence for
a positive correlation with diterpenes has
been found (Venildinen et al. 2003). In
term of the analyzed wood characteristics
(nitrogen and carbon, primary chemistry,
secondary compounds and anatomy), it
seemed that the total phenolic (and to some
extent also diterpene) concentration was
the best trait to explain wood decay in the
heartwood. None of those wood
characteristics explained sapwood decay
although it has to be remembered that
sapwood is devoid of phenolics
(Venéldinen et al. 2003). These results
indicate that the outer heartwood of Scots
pine is most durable against decay
followed by inner heartwood and sapwood
is the least durable. The difference in
amounts of phenolics between outer- and
inner heartwood may be one significant
factor accounting for heartwood decay
(Venidldinen et al. 2003). In general, the
degree of decay seems to be affected by
the levels of diterpenes and phenolics
present in the wood but long-term forest
fertilization does not have any major
impact on wood decay susceptibility of
Scots pine sap- and heartwood.

The sapwood of pine, spruce and fir
is the food source for wood-boring larvae,
old house borer Hylotrupes bajulus. As the
name "old house borer" indicates, H.
bajulus larvae are found commonly in old
wooden buildings. The importance of
sapwood terpenoids in the resistance of
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wood against feeding of H. bajulus was
negligible as it was in the case of sapwood
decay by brown-rot fungi. However,
monoterpenes exhibited a weak negative
correlation with neonatal larvae growth
rate. In comparison, the monoterpene
concentration of the juvenile wood of
Scots pine seed origins showed a slight
positive correlation with the second- and
third H. bajulus larval instars pointing to
differences in the performance between
larval developmental stages. Thus, this
complicated response of various larval
stages to wood terpenoids needs to be
noted when assessing wood Dbiotic
resistance against H. bajulus. Furthermore,
it was observed that the performance of
neonatal larvae was better in the canopy-
than breast height sapwood which might be
linked to its higher sapwood nitrogen
concentration (Mattson 1980; Holopainen
et al. 1995). In general, these results imply
that the sum of many wood characteristics
influence wood-borer performance.

The constitutive diterpene
concentration of Scots pine sapwood at the
time of tree felling was lowest in the trees
with large diameters and highest in the
small diameter trees. This is in accordance
with the growth rate hypothesis (GRH) and
plant vigour hypothesis (PVH) as proposed
by Coley et al. (1985) and Price (1991).
Basically, these hypotheses suggest that as
the plant growth rate (vigour) increases,
the defence level decreases thus affecting
positively on herbivore performance.
Furthermore, in this study, stem diameter
in general showed a positive correlation
with the performance of late instar larvae
in agreement with the GRH and PVH
hypotheses. However, the contradictory
results between tree diameter and neonatal
larval growth rate which is generally
considered to be sensitive suggests that

those hypotheses may not be very specific
ways to assess the relationship between
tree growth and wood-borer performance
on 50-years-old Scots pine trees though
they might be more suitable for fast-
growing deciduous trees (Coley et al.
1985; Price 1991).

In addition, the above hypotheses
were not clearly supported within the
studied sites, since no trade-off between
growth and defence was observed in the
fertilized trees. It might be that fertilization
increased factors other than stem growth
e.g. growth of needles, branches or roots
and ground vegetation as well as nutrient
leaching may have been one explanation in
negligible stem growth and defence
chemical responses (Saarsalmi and
Milkonen 2001). Therefore, differences in
the defence chemicals of wood between
the studied sites appears to be more related
to differences in seed origins than to forest
fertilization treatments. Additionally, the
wood consumption of wood-boring H.
bajulus was higher in the small diameter
trees in Punkaharju compared to the large
diameter trees in Vilppula and Padasjoki.
One explanation for the different wood
consumption by the larvae might be the
higher wood terpenoid concentration
which meant that the larvae had to
consume larger amounts to provide them
with the energy needed to allow them to
undertake detoxifying reactions. Another
reason might be the tracheid properties, i.e.
wood with long and thin tracheids, as
found in the Punkaharju trees was more
consumed than wood with short and wide
tracheids at the other sites, although the
fertilization treatments per se did not affect
tracheid properties. Thirdly, it has been
proposed that living sapwood is not
attacked by H. bajulus larvae because of its
high content of non-structural
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carbohydrates (e.g. starch) and buildings
are only infested some years after their
construction (Ho6ll et al. 2002). In this
study, the levels of structural- (cellulose
and hemicellulose) and non-structural
carbohydrates (starch and soluble sugars)
appeared to have no influence on the
performance of H. bagjulus larvae.
However, the non-structural carbohydrates
may have had impact on generally negative
growth rate of second- and third instar
larvae or it may be that the second- and
third instar larvae possess such large fat
storages that they do not need to consume
the wood (Berry 1972). In addition,
terpenoids were not analyzed at the end of
the experiment from the air-dried sapwood,
which may have influenced our assesment
of the terpenoid concentration and how this
level affects wood-borer performance.

In summary, the constitutive defence
level (terpenoids and phenolics) as well as
the primary chemistry and tracheid length
of fertilized Scots pine trees do not seem to
change even if stands have been managed
for very long periods. Therefore forest
fertilization does not alter biotic resistance
against wood-boring H. bajulus larvae and
wood decaying fungi C. puteana and thus
is not a major threat to the quality of
construction timber made from Scots pine.

5.3 Elicitor-induced defence responses in
Scots pine

Application of exogenous elicitor methyl
jasmonate (MJ) at high concentrations (100
mM) caused a significant decrease in
annual height and diameter growth of
Scots pine seedlings (IV). The elicitor
evoked mono- and diterpene production
turning these processes into allocation
priorities in Scots pine needles and wood.

An increase in the number of wood axial
resin ducts was an apparent symptom of
MJ treatment. The need to store the
increased levels of mono- and diterpenoids
in wood (Martin et al. 2002) might have
been one reason for the increased resin
duct number. In other studies, increases in
foliage, stem and root terpenoids and
induction of anatomical defence responses
have been also observed in conifers after
MJ treatments (Hudgins et al. 2003; Huber
et al. 2005). In comparison, the Scots pine
bark terpenoid defences were not changed
by methyl jasmonate treatment as observed
also with Norway spruce (Martin et al.
2002), suggesting that in bark, other
defence pathways (e.g. production of
phenolics) may be induced in response to
methyl jasmonate (Hudgins et al. 2004).
The induction of Scots pine
terpenoids after the exogenous elicitor
treatment led to an increase in the
resistance against bark gnawing Hylobius
abietis adults at the highest MJ
concentration. When the H. abietis weevils
wounded the seedling stem, resin probably
deterred further infestation by flushing and
sealing the gnawed site. However, the
feeding trial was carried out in the
laboratory which may not duplicate all of
the conditions present in the natural
environments e.g. in tree plantations.
Furthermore, it may also be that the low
elongation growth after high MJ
application may decrease seedling vitality
and survival which may mean that the
adoption of this method may be
problematic. Proper timing of -elicitor
treatment may be crucial. However, these
results do indicate that chemical and
anatomical defence responses are induced
in the Scots pine seedlings and these may
increase the resistance of the plant against
bark gnawing large pine weevil H. abietis

30 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



Discussion

damage. The changes in the needle and
wood terpenoids might also increase
resistance against defoliating sawflies
(Larsson et al. 2000), bark beetles or bark-
beetle associated fungus (Zeneli et al.
2006), but this needs to be confirmed in
future studies.

In the 12-year-old Scots pine trees,
rather low (3 mM) methyl jasmonate
treatment (total dose of 1.6 ml of pure MJ
per plant) evoked an increase in the total
concentrations of mono- and
sesquiterpenes in the needles of Scots pine
seed origins from the vicinity of the
experimental site. In the following year, a
higher elicitor concentration (total dose of
2.2 ml of pure MJ per plant) increased
concentration of needle total mono- and
sesquiterpenes in the most southern
Saaremaa and Suomussalmi seed origins.
Interestingly, diterpene production was
increased in the needles after 100 mM
methyl jasmonate treatment whereas
several (3 mM) applications increased only
needle total mono- and sesquiterpenes
concentration. However, the total diterpene
concentration was not analyzed from the
year 2004 needles or from wood where the
diterpene levels may be even better
induced after MJ treatments. In general,
high MJ concentrations per plant have
evoked significantly stronger responses
(even needle and shoot browning) than
seen with lower levels as found also with
Picea abies (Martin et al. 2002). It seems
that the effect of MJ on growth and needle
and wood terpenoid chemistry is associated
with the applied elicitor concentration and
that the MJ dosage needs to be related to
the plant biomass. Furthermore, the effect
of a high (100 mM) concentration of the
elicitor was pronounced during the annual
height growth spurt in spring, but elicitor
application (3, 6 and 9 mM) during the

three consecutive years may have lead to
some cumulative effects on the plant
height and diameter growth as well as on
terpenoid chemistry.

Changes in the growth and needle
defence chemicals were noted between the
different Scots pine seed origins. The
results imply that some seed origins are
able to produce increased amounts of
needle mono- and sesquiterpenes after
stimulation by a chemical elicitor.
Furthermore, the MIJ treatments were
applied in a way that the sprayed
compound mist fell down to ground which
may have affected root growth, terpenoids
and anatomical defence responses (Huber
et al. 2005). It remains to be determined
how Scots pine wood defence responses
(chemical and anatomical) of different seed
origins respond to modification with an
exogenous elicitor and what are the
impacts of this treatment on the biotic
damage caused by insects (e.g. bark
beetles, wood-borers) and fungi. The
assumption is that chemical and anatomical
defence responses will be induced in wood,
leading to increased biotic resistance.
However, the induction of these defence
responses may decrease wood production
by reducing height- and diameter growth in
compensation for the elevated defence
capabilities. This was observed in the trees
of the most southern Saaremaa seed origin
(Table 3). In addition, the positive
response on growth achieved as the Scots
pine seed origin are transferred southwards
(Stahl 1998) may be diminished by
exogenous elicitor treatments.

In general, the results of the chemical
elicitor, methyl jasmonate, on growth and
defence responses applied in the field with
seedlings and young trees are important in
evaluating the function of induced defence
in Scots pine and the possible use of this
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compound to increase the resistance of
growing trees against insects and diseases.
The use of plant chemical elicitors in order
to induce terpenoid production and biotic
resistance represents a significantly lower

risk than that posed by genetic engineering
where the impacts of the transgenic plants
on ecological interactions are virtually
unexplored.
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6 CONCLUSIONS

Variation was found in the juvenile wood
chemical defence and decay resistance
between nine Scots pine (Pinus sylvestris)
seed origins, but the mono- and diterpene
concentrations present in the wood did not
explain the extent of wood destruction by
wood-boring larva (Hylotrupes bajulus)
and wood decaying fungi (Coniophora
puteana). A low monoterpene
concentration, especially a low [ to a-
pinene ratio seems to make wood
preferable for oviposition of H. bajulus
females.

The long-term forest fertilization of Scots
pine trees increased stand wood volume
growth and individual tree volume growth,
depending on the site. The forest
fertilization treatments had negligible
effects on wood characteristics and damage
by wood-boring larva and wood decaying
fungi. In general, an increase in wood
volume growth of Scots pine may be
achieved by forest fertilization, with no
change in the wood characteristics or its
resistance against biotic factors
(Hylotrupes  bajulus and Coniophora

puteana). Thus forest fertilization is not a
threat to the quality of Scots pine
construction timber.

The application of Scots pine trees with an
exogenous elicitor, methyl jasmonate,
evoked the induction of chemical defence
responses in trees of different ages. The
increased amounts of mono- and diterpenes
were stored in a higher number of resin
ducts in wood which contributed to the
decrease in the damage caused by the bark
gnawing large pine weevil (Hylobius
abietis). Defence chemicals were induced
in the foliage which may increase Scots
pine resistance against sawflies and
pathogens, but the balance between
primary- and secondary production and
timing of elicitor applications will need to
be refined in the management practices.
Further studies are needed to provide more
comprehensive knowledge of the effects of
methyl jasmonate on the trade-off between
growth and defence (e.g. terpenoids,
phenolics) as well as its impacts on plant-
herbivore  interactions  in  natural
environments.

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006) 33



7 REFERENCES

Anttonen S, Manninen A-M, Saranpdi P,
Kainulainen P, Linder S, Vapaavuori E
(2002) Effects of long-term nutrient
optimisation on stem wood chemistry
in Picea abies. Trees 16: 386-394.

Berry RW (1972) A rearing procedure for
the house longhorn beetle Hylotrupes
bajulus L. International
Biodeterioration Bulleting 8: 141-144.

Berryman AA (1988) Towards the unified
theory of plant defense. Mechanisms of
woody plant defenses against insects
(eds WJ Mattson, J Leviex, C Bernard-
Dagan), pp. 39-56. Springer-Verlag,
New York.

Bjorkman C, Larsson S, Gref R (1991)
Effects of nitrogen fertilization on pine
needle  chemistry and  sawfly
performance. Oecologia 86: 202-209.

Cheong J-J and Choi YD (2003) Methyl
jasmonate as a vital substance in plants.
Trends in Genetics 19: 409-413.

Coley PD, Bryant JP, Chapin FS III (1985)
Resource  availability and plant
antiherbivore defense. Science 230:
895-899.

European Standard EN 47 (1988) Wood
preservatives; Determination of the
toxic values against larvae of

Hylotrupes bajulus (Linnaeus)
(Laboratory method). European
Committee for Standardization,

Brussels. 10 pp.

European Standard EN 113 (1996) Wood
preservatives;  Test method for
determining the protective
effectiveness against wood destroying
basidomycetes; Determination of the
toxic values. European Committee for
Standardization, Brussels. 32 pp.

Farmer EE, Ryan CA (1990) Interplant
communication:  Airborne  methyl
jasmonate  induces  synthesis of
proteinase inhibitors in plant leaves.
Proceedings of the National Academy
of Sciences of the United States of
America 87: 7713-7716.

Fettkther R, Reddy GVP, Noldt U,
Dettner K (2000) Effect of host and
larval frass volatiles on behavioural
response of the old house borer,
Hylotrupes bajulus (L.) (Coleoptera:
Cerambycidae), in a wind tunnel
bioassay. Chemoecology 10: 1-10.

Finér L, Kaunisto S (2000) Variation in
stemwood nutrient concentrations in
Scots pine growing on peatland.
Scandinavian  Journal of Forest
Research 15: 424-432.

Finnish Statistical Yearbook of Forestry
2004, The Finnish Forest Research
Institute, Helsinki. 72 pp.

Franceschi VR, Krekling T, Christiansen E
(2002)  Application of  methyl
jasmonate on Picea abies (Pinaceae)
stems induces defence-related
responses in phloem and xylem.
American Journal of Botany 89: 578-
586.

Gershenzon J, Croteau R  (1991)
Terpenoids. Herbivores, their
interactions with secondary plant
metabolites (eds GA Rosenthal and
MR  Berenbaum), pp. 165-219.
Academic Press, New York.

Graf E Von, Manser P, Schmitter M (1989)
Einfluss der Vitalitit von Fichten
(Picea abies (L.) Karst.) und Tannen
(Abies alba) auf die Resistenz des
Bauholzes  gegen  Eilarven  des

34 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



References

Hausbockes (Hylotrupes bajulus L.).
Material und Organismen 24: 93-106.

Hanks LM (1999) Influence of the larval
host plant on reproductive strategies of
cerambycid beetles. Annual Review of
Entomology 44: 483-505.

Hansson P (1998) Susceptibility of
different  provenances of  Pinus
sylvestris, Pinus contorta and Picea
abies to Gremmeniella  abietina.
European Journal of Forest Pathology
28:21-32.

Harju AM, Venildinen M, Anttonen S,
Viitanen H, Kainulainen P, Saranpii P,
Vapaavuori E (2003) Chemical factors
affecting  the  brown-rot  decay
resistance of Scots pine heartwood.
Trees 17: 263-268.

Harju AM, Venildinen M, Beuker E,
Velling P, Viitanen H (2001) Genetic
variation in the decay resistance of
Scots pine wood against brown rot
fungus. Canadian Journal of Forest
Research 31: 1244-1249.

Hart JH, Shrimpton DM (1979) Role of
stilbenes in resistance of wood to
decay. Phytopathology 69: 1138-1143.

Herms DA (2002) Effects of fertilization
on insect resistance of woody
ornamental plants: Reassessing an
entrenched paradigm. Environmental
Entomology 31: 923-933.

Hirveld H, Hynynen J (1990) Effect of
fertilization on the growth, top damage
and susceptibility to windthrow of
Scots pine stands in Lapland. Folia
Forestalia 764. 16 pp. (in Finnish with
English summary).

Holm C, Ekbom P (1958) The significance
of house longhorn beetle as a destroyer
of buildings and its control. The State
Institute for Technical Research,
Helsinki. 44 pp.

Holopainen JK, Rikala R, Kainulainen P,
Oksanen J (1995) Resource
partitioning to growth, storage and
defence in nitrogen fertilized Scots
pine and susceptibility of the seedlings
to the tarnished plant bug Lygus
rugulipennis. New Phytologist 131:
521-532.

Hristova VA, Popova LP (2002) Treatment
with methyl jasmonate alleviates the
effects of paraquat on photosynthesis in
barley plants. Photosynthetica 40: 567-
574.

Huber DPW, Philippe RN, Madilao LL,
Sturrock RN, Bohlmann J (2005)
Changes in anatomy and terpene
chemistry in roots of Douglas-fir
seedlings following treatment with
methyl jasmonate. Tree Physiology 25:
1075-1083.

Hudgins JW, Christiansen E, Franceschi
VR (2003) Methyl jasmonate induces
changes mimicking anatomical
defenses in diverse members of the
Pinaceae. Tree Physiology 23: 361-
371.

Hudgins JW, Christiansen E, Franceschi
VR (2004) Induction of anatomically
based defense responses in stems of
diverse conifers by methyl jasmonate: a
phylogenetic perspective. Tree
Physiology 24: 251-264.

Holl W, Frommberger M , StraBl C (2002)
Soluble carbohydrates in the nutrition
of house Ilonghorn beetle larvae,
Hylotrupes  bajulus  (L.) (Col.,
Cerambycidae): from living sapwood
to faeces. Journal of Applied
Entomology 126: 463-469.

Kainulainen P, Holopainen J, Palomaki V,
Holopainen T (1996) Effects of
nitrogen fertilization on secondary
chemistry and ectomycorrhizal state of
Scots pine seedlings and on growth of

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006) 35



Juha Heijari: Scots pine wood characteristics and biotic resistance

grey pine aphid. Journal of Chemical
Ecology 22: 617-636.

Klepzig KD, Robison DJ, Fowler G,
Minchin PR, Hain FP, Allen H (2005)
Effects of mass inoculation on induced
oleoresin response in intensively
managed loblolly  pine. Tree
Physiology 25: 681-688.

Kozlowski G, Buchala A, Métraux J-P
(1999) Methyl jasmonate protects
Norway spruce [Picea abies (L.)
Karst.] seedlings against Pythium
ultimum Trow. Physiological and
Molecular Plant Pathology 55: 53-58.

Kyts M, Niemeld P, Annila E (1998)
Effects of vitality fertilization on the
resin flow and vigour of Scots pine in
Finland. Forest  Ecology  and
Manangement 102: 121-130.

Kyts M, Niemeld P, Larsson S (1996)
Insects of trees: Population and
individual responses to fertilization.
Oikos 75: 148-159.

Larsson S, Ekbom B, Bjérkman C (2000)
Influence of plant quality on pine
sawfly population dynamics. Oikos 89:
440-450.

Leather SR, Day KR, Salisbury AN (1999)
The biology and ecology of the large
pine  weevil,  Hylobius  abietis
(Coleoptera: Curculionidae): a problem
of dispersal? Bulletin of Entomological
Research 89: 3-16.

Ljungkvist H (1983) The discovery of the
house longhorn beetle in a natural
biotope. Entomologisk Tidskrift 104:
35.

Lyytikdinen P (1993) Susceptibility of
Pinus sylvestris provenances to needle-
eating diprionids. Scandinavian Journal
of Forest Research. 8: 223-234.

Mahmoud SS, Croteau RB (2002)
Strategies for transgenic manipulation

of monoterpene biosynthesis in plants.
Trends in Plant Science 7: 366-373.

Manninen A-M, Holopainen T,
Holopainen J (1998) Susceptibility of
ectomycorrhizal and non-mycorrhizal
Scots pine (Pinus sylvestris) seedlings
to a generalist insect herbivore, Lygus
rugulipennis, at  two  nitrogen
availability levels. New Phytologist
140: 53-63.

Manninen A-M, Tarhanen S, Vuorinen M,
Kainulainen P (2002) Comparing the
variation of needle and wood
terpenoids in Scots pine provenances.
Journal of Chemical Ecology 28: 211-
228.

Manninen A-M, Vuorinen M, Holopainen
JK  (1998) Variation in growth,
chemical defense, and herbivore
resistance in Scots pine provenances.
Journal of Chemical Ecology 24: 1315-
1331.

Mattson WJ (1980) Herbivory in relation
to plant nitrogen content. Annual
Review of Ecology and Systematics
11: 119-161.

Mares JT, Pospischii R, Robinson WH
(1986) Structure and function of the
ovipositor of Hylotrupes bajulus (L.)
(Coleoptera: Cerambycidae). Material
und Organismen 21: 15-30.

Martin D, Tholl D, Gershenzon 1,
Bohlmann J (2002) Methyl jasmonate
induces traumatic resin ducts, terpenoid
resin  biosynthesis, and terpenoid
accumulation in developing xylem of
Norway spruce stems. Plant Physiology
129: 1003-1018.

Martin DM, Gershenzon J, Bohlmann J
(2003) Induction of volatile terpene
biosynthesis and diurnal emission by
methyl jasmonate in foliage of Norway
Spruce. Plant Physiology 132: 1586-
1599.

36 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



References

Muona O, Hiltunen R, Shaw DV, Morén E
(1986) Analysis of monoterpene
variation in natural stands and plustrees
of Pinus sylvestris in Finland. Silva
Fennica 20: 1-8.

Mékinen H, Saranpdd P, Linder S (2002)

Effects of growth rate on fibre
characteristics in Norway spurce
(Picea abies (L) Karst.).

Holzforschung 56: 449-460.

Mékinen H, Uusvaara O (1992) Effects of
fertilization on the branchiness and the
wood quality of Scots pine. Folia
Forestalia 801: 23 pp. (In Finnish with
English summary).

Naydenov K, Alexandrov A, Tremblay M
(2002) Terpene composition of Scots
pine (Pinus sylvestris L.) in the eastern
part of the Balkan Peninsula. 1.
Provenance tests. Biotechnology &
Biotechnological Equipment 16: 99-
108.

Naydenov KD, Tremblay FM, Alexandrov
A, Fenton NJ (2005) Structure of Pinus
sylvestris L. populations in Bulgaria
revealed by chloroplast microsatellites
and terpenes analysis: Provenance
tests. Biochemical Systematics and
Ecology 33: 1226-1245.

Nerg A, Kainulainen P, Vuorinen M,
Hanso M, Holopainen JK, Kurkela T
(1994) Seasonal and geographical
variation of terpenes, resin acids and
total phenolics in nursery grown Scots
pine (Pinus sylvestris L.) seedlings.
New Phytologist 128: 703-713.

Nilsen P (2001) Fertilization experiments
on forest mineral soils: A review of the

Norwegian  results.  Scandinavian
Journal of Forest Research 16: 541-
554.

Nohrstedt H-O (2001) Response of

coniferous forest ecosystems on
mineral soils to nutrient additions: A

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196:

review of Swedish experiences.
Scandinavian ~ Journal of  Forest
Research 16: 555-573.

Nordenhem H (1989) Age, sexual

development, and seasonal occurrence
of the pine weevil Hylobius abietis
(L.). Journal of Applied Entomology
108: 260-270.

Pasonen HL, Seppanen SK, Degefu Y,
Rytkonen A, von Weissenberg K,
Pappinen A (2004) Field performance
of chitinase transgenic silver birches
(Betula pendula): resistance to fungal
diseases. Theoretical and Applied
Genetics 109: 562-570.

Pefia L, Séguin A (2001) Recent advances
in the genetic transformation of trees.
Trends in Biotechnology 19: 500-506.

Petersson M, Orlander G, Nilsson U
(2004) Feeding barriers to reduce
damage by pine weevil (Hylobius
abietis). Scandinavian Journal of Forest
Research 19: 48-59.

Phillips MA, Croteau RB (1999) Resin-
based defenses in conifers. Trends in
Plant Science 4: 184-190.

Pitkdnen A, Tormanen K, Kouki J,
Jarvinen E, Viiri H (2005) Effects of
green tree retention, prescribed burning
and soil treatment on pine weevil
(Hylobius  abietis and  Hylobius
pinastri) damage to planted Scots pine
seedlings. Agricultural and Forest
Entomology 7: 319-331.

Price PW (1991) The plant vigor
hypothesis and herbivore attack. Oikos
62: 244-251.

Rennerfelt E, Nacht G (1955) The
fungicidal activity of some constituents
from heartwood of conifers. Svensk
Botanisk Tidskrift 49: 419-432,

Robinson WH, Cannon KF (1979) The life
history and habits of the old house
borer, Hylotrupes bajulus (L.), and its

1-39 (20006) 37



Juha Heijari: Scots pine wood characteristics and biotic resistance

distribution in Pennsylvania.
Melsheimer Entomolgical Series 27:
30-34.

Rydell A, Bergstrom M, Elowson T (2005)
Mass loss and moisture dynamics of
Scots pine (Pinus sylvestris L.)
exposed outdoors above ground in
Sweden. Holzforschung 59: 183-189.

Saarsalmi A, Milkonen E (2001) Forest
fertilization research in Finland: a
literature review. Scandinavian Journal
of Forest Research 16: 514-535.

Stadhl EG (1998) Changes in wood and
stem properties of Pinus sylvestris
caused by provenance transfer. Silva
Fennica 32: 163-172.

Thaler JS (1999) Induced resistance in
agricultural crops: Effects of jasmonic
acid on herbivory and yield in tomato
plants. Environmental Entomology 28:
30-37.

Tognetti R, Michelozzi M, Giovannelli A
(1997) Geographical variation in water
relations, hydraulic architecture and
terpene composition of Aleppo pine
seedlings from Italian provenances.
Tree Physiology 17: 241-250.

Tognetti R, Michelozzi M, Lauteri M,
Brugnoli E, Giannini R (2000)
Geographic variation in growth, carbon
isotope, discrimination, and
monoterpene composition in  Pinus
pinaster Ait. provenances. Canadian
Journal of Forest Research 30: 1682-
1690.

Trapp S, Croteau R (2001) Defensive resin
biosynthesis in  conifers. Annual
Review of Plant Physiology and Plant
Molecular Biology 52: 689-24.

Turtola S, Manninen A-M, Holopainen JK,
Levula T, Raitio H, Kainulainen P
(2002) Secondary metabolite
concentrations and terpene emissions
of Scots pine xylem after long-term

forest  fertilization.  Journal  of
Environmental Quality 31:1694-1701.

Venéldinen M, Harju AM, Kainulainen P,
Viitanen H, Nikulainen H (2003)
Variation in the decay resistance and
its relationship with other wood
characteristics in old Scots pines.
Annals of Forest Science 60: 409-417.

Venidldinen M, Harju AM, Saranpdi P,
Kainulainen P, Tiitta M, Velling P
(2004) The concentration of phenolics
in brown-rot decay resistant and
susceptible Scots pine heartwood.
Wood Science and Technology 38:
109-118.

Viitanen H (1996) Factors affecting the
development of mould and brown rot
decay in wooden material and wooden
structures.  Effect of  humidity,
temperature and exposure time. The
Swedish University of Agricultural

Sciences, Department of Forest
Products, Uppsala. Doctoral
Dissertation.

Wainhouse D, Boswell R and Ashburner R
(2004) Maturation feeding and
reproductive development in adult pine
weevil, Hylobius abietis (Coleoptera:
Curculionidae). Bulletin of
Entomological Research 94: 81-87.

Wallertz K, Orlander G and Luoranen J
(2005) Damage by pine weevil
Hylobius abietis to conifer seedlings
after shelterwood
Scandinavian  Journal of Forest
Research 20: 412-420.

Walter C, Carson SD, Menzies MI,
Richardson T, Carson M (1998)
Review: Application of biotechnology
to forestry — molecular biology of
conifers. World Journal of
Microbiology and Biotechnology 14:
321 -330.

removal.

38 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006)



References

Yang RC, Wang EIC, Micko MM (1988)
Effects of fertilization on wood density
and tracheid length of 70-year-old
lodgepole pine in west-central Alberta.
Canadian Journal of Forest Research
18: 954-956.

Zavarin E, Cool LG, Snajberk K (1993)
Geographic variability of Pinus flexilis
xylem monoterpenes. Biochemical
Systematics and Ecology 21: 381-387.

Zeneli G, Krokene P, Krekling T,
Christiansen E, Gershenzon J (2006)
Methyl jasmonate treatment of large
Norway spruce (Picea abies) trees
increases the accumulation of terpenoid
resin components and protects against

infection by Ceratocystis polonica, a
bark beetle-associated fungus. Tree
Physiology 26: 977-988.

Zhao HY, Wei JH, Song YR (2004)
Advances in research on lignin
biosynthesis and its genetic
engineering.  Journal of  Plant
Physiology and Molecular Biology 30:
361-370.

Zobel BJ, van Buijtenen J (1989) Wood
variation. Its causes and control.
Springer-Verlag, Berlin, New York,
Tokyo. 366 pp.

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 196: 1-39 (2006) 39






Kuopio University Publications C. Natural and Environmental Sciences

C 178. Riikonen, Johanna. Modification of the growth, photosynthesis and leaf structure of silver
birch by elevated CO2 and O3.
2004. 126 p. Acad. Diss.

C 179. Frank, Christian. Functional profiling of the xenobiotic nuclear receptors CAR and PXR.
2004. 87 p. Acad. Diss.

C 180. Rytkoénen, Esko. High-frequency vibration and noise in dentistry.
2005. 80 p. Acad. Diss.

C 181. Seppinen, Aku. State estimation in process tomography.
2005. 117 p. Acad. Diss.

C 182, Ibrahim, Mohamed Ahmed. Plant essential oils as plant protectants and growth
activators.
2005. 143 p. Acad. Diss.

C 183. Vuorinen, Terhi. induced volatile emissions of plants under elevated carbon
dioxide and ozone concentrations, and impacts on indirect antiherbivore defence.
2005. 98 p. Acad. Diss.

C 184. Savinainen, Juha. Optimized methods to determine ligand activities at the cannabinoid
CBI and CB2 receptors.
2005. 83 p. Acad. Diss.

C 185. Luomala, Eeva-Maria. Photosynthesis, chemical composition and anatomy of
Scots pine and Norway spruce needles under elevated atmospheric CO2 concentration and
temperature.

2005. 137 p. Acad. Diss.

C 186. Heikkinen, Lasse M. Statistical estimation methods for electrical pricess tomography.
2005. 147 p. Acad. Diss.

C 187. Rithinen, Kaisu. Phenolic compounds in berries.
2005. 97 p. Acad. Diss.

C 188. Virkutyte, Jurate. Heavy metal bonding and remediation conditions in electrokinetically
treated waste medias.
2005. 133 p. Acad. Diss.

C 189. Koistinen, Kaisa. Birch PR-10c: multifunctional binding protein.
2006. 79 p. Acad. Diss.

C 190. Airaksinen, Sanna. Bedding and manure management in horse stables: its effect on stable
air quality, paddock hygiene and the compostability and utilization of manure.
2006. 91 p. Acad. Diss.

C 191. Asikainen, Arja. Use of computational tools for rapid sorting and prioritising of organic
compounds causing environmental risk with estrogenic and cytochrome P450 activity.
2006. 51 p. Acad. Diss.

C 192. Alander, Timo. Carbon composition and volatility characteristics of the aerosol particles
formed in internal combustion engines.
2006. 54 p. Acad. Diss.



