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Abstract
We performed an inoculation experiment using the blue-stain fungus Endoconidiophora polonica at the Rosalia Roof study site, which 
was set up to study drought effects on Norway spruce susceptibility to attacks by the European spruce bark beetle Ips typographus. Tree 
resistance parameters such as resin flow rate and extent of hypersensitive wound reaction in the phloem were investigated prior to and 
after fungal infection. Sample trees with different drought treatments (trees fully covered or semi-covered by roofs, control trees) were 
inoculated with E. polonica in July 2014. In order to check for areas of phloem necrosis, the outer bark around the inoculation holes was 
scratched off 6 weeks later. We recorded the amount of resin exudation within 12 hours overnight in August and September 2013 and 
2014. Although wound reaction zones did not differ in size between tree collectives of the various treatments, fully covered trees tended 
to exhibit larger necrotic areas compared to control trees. The least water supplied trees showed lowest resin flow rates prior to fungal 
inoculation, but were the only group to show significantly enhanced resin flow five weeks after the evaluation of defence reactions. Our 
results agree with earlier findings that wounding and few fungal inoculations can increase tree resistance in the medium term given not 
too severe water stress. Further investigations will clarify how water stress affects the availability of non-structural carbohydrates for 
secondary metabolism, when depletion of resources eventually occurs, and at which point trees are most susceptible to bark beetle attack.
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1. Introduction
Conifer forests are increasingly prone to drought-induced 
physiological stress forcing up predisposition to bark beetle 
(Coleoptera, Curculionidae, Scolytinae) infestation (Marini 
et al. 2012; Gaylord et al. 2015; Seidl et al. 2015). Scolytines 
have adapted to their host trees, and vice versa, over a period 
of more than 100 million years (Hulcr et al. 2015). The majo-
rity of bark beetle species mainly attack sub-vital, dying or 
recently dead trees, thereby contributing to forest regenera-
tion and succession (Martikainen et al. 1999; Winter et al. 
2015). Some more aggressive species such as the European 
spruce bark beetle, Ips typographus, show the potential to 
colonise and kill still vitally defending Norway spruce (Picea 
abies) trees in the course of outbreaks, which are mainly pro-
voked by extreme weather events (e.g. storms causing lar-
ge-scale windthrows, prolonged drought and heat periods). 
Attack success of I. typographus is supported by mass aggre-
gation via pheromones, high tolerance towards secondary 
metabolites secreted by host trees, and frequent association 
with the ascomycete fungus Endoconidiophora polonica (for-
mer name Ceratocystis polonica; de Beer et al. 2014). This 
species is mainly associated with I. typographus and some 
of its phoretic mites, but to a varying degree also with other 
spruce bark beetles (Kirisits 2004). It causes blue-stain in the 
sapwood due to its hyphae growing preferentially in wood 
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rays. E. polonica speeds up tree death through impairing 
and destroying the trees’ vital functions of water and nut-
rient transport, by killing phloem and cambium, and cau-
sing occlusion of the tracheids (Kirisits 2004; Francheschi 
et al. 2005). The scolytines profit from a more rapid exhaus-
tion of constitutive defences and the suppression or exhaus-
tion of induced resistance of the host trees supported by the 
fungus (Christiansen et al. 1987; Rosner and Hannrup 2004; 
Lieutier 2004; Lieutier et al. 2009). E. polonica can be more 
easily manipulated for experiments on live trees than I. typo-
graphus beetles themselves. The fungal species therefore has 
been widely used to study the resistance of Norway spruce 
and its defence mechanisms in the phloem and xylem in low 
density and mass inoculation experiments (e.g. Christiansen 
& Glosli 1996; Krokene et al. 1999; Baier et al. 2002; Zhao 
et al. 2011; Skrøppa et al. 2015).

The efficiency of constitutive defence in conifers is lar-
gely determined by the density of the resin duct system and 
the intensity of resin exudation (Lieutier 2004; Boone et al. 
2011). In Norway spruce, radial resin canals cross seve-
ral layers of wood cells and directly lead to the secondary 
phloem, where I. typographus establishes its broods. Run-
ning vertically, the larval galleries cut the resin ducts, the 
repellent effects of which increase with size, number and 
total area (Baier et al. 2002; Rosner and Hannrup 2004). In 
addition, conifers are equipped with an extensive arsenal of 
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chemical, protein-based and anatomically inducible defen-
ces, activated in response to attack or wounding (Eyles et 
al. 2010). Encapsulating invading biotic agents and sealing 
wounded tissue, secondary metabolites such as terpenoids 
and phenolic compounds show also highly toxic effects on 
invading organisms (Franceschi et al. 2005; Mason & Sin-
ger 2015).

Constitutive and inducible defence characteristics of indi-
vidual conifer trees are genetically determined and further 
depend on tree age, growing conditions, as well as past and 
present states of tree stress (Lombardero et al. 2000; Baier 
et al. 2002). Disturbances in the course of natural disasters 
such as storm or avalanches, which cause strong vibrations 
or heavy wounding, enhance the production of resin and ter-
pene-related compounds in the bark (Baier 1996; Knebel et 
al. 2008; Blackwell 2011). While for slightly impaired trees 
a positive trade-off between primary and secondary meta-
bolism is suggested (Bryant et al. 1983; Herms & Mattson 
1992; Lorio et al. 1995), disposable carbon reserves requ-
ired for repair and maintenance of life-sustaining mecha-
nisms are increasingly depleted in case of severe stress (Nii-
mets 2010). Such link between advanced physiological stress 
and limited constitutive defence capability in terms of less 
resin flow was recently demonstrated in response to drou-
ght-manipulation in stands of Pinus edulis (Pinyon pine) and 
P. abies (Gaylord et al. 2013; Netherer et al. 2015). Drought 
stress positively or negatively influences the capacity of coni-
fers to prevent the spreading of microorganisms after inva-
sion via hypersensitive wound reaction, which is characte-
rised by the formation of necrotic areas and impregnation of 
tissues with resinous and phenolic compounds (Christiansen 
et al. 1999; Novak et al. 2014). Mild water deficiency causing 
only moderate stress even enhanced tree resistance of pines 
(P. yunnanensis) in response to inoculation of a bark beetle 
associated fungal pathogen (Leptographium yunnanense), 
which was indicated by limited fungus extension and reac-
tion zone length in the phloem (Sallé et al. 2008). If the fun-
gus however cannot be enclosed and killed rapidly enough 
due to severe tree stress, the first biochemical barrier is bro-
ken and the tree needs to extend reaction zones (Christiansen 
et al. 1987). Induced resistance in consequence of attack or 
wounding is argued to be even more influenced by resource 
limitation. Extended drought stress lasting several years 
eventually involves structural changes such as a reduction 
in number and size of resin ducts (Ferrenberg et al. 2015). 
Trees that are more resistant show significantly higher ter-
pene levels following inoculation of E. polonica in the dark 
coloured zone around the entrance hole penetrated by fungal 
hyphae (Zhao et al. 2011). Concentrations and composition 
of particular phenols can even predict Norway spruce resis-
tance to inoculation of E. polonica as shown by Brignolas et 
al. (1995, 1998). Interestingly, pre-treatment of spruce trees 
with this blue-stain fungus can itself enhance defence capa-
cities via the formation of traumatic resin ducts and activa-
tion of polyphenolic parenchyma cells (Krokene et al. 2003).

Here, we present the results of an inoculation experiment 
with E. polonica performed at the Rosalia Roof study site in 
Lower Austria (Netherer et al. 2015), which was established 
to study the effects of drought on Norway spruce susceptibi-
lity to attacks by I. typographus. We assumed that our sam-

ple tree collectives differing in the extent of water depriva-
tion would show variations in constitutive resistance as well 
as induced defence reactions prior to and after infection by 
E. polonica. For the trees fully sheltered by roofs, we expec-
ted the least capacity to defend the fungus, leading to the 
largest hypersensitive reaction zones and lowest amounts 
of resin exudation. We were further interested in the degree 
of correlation between the measured constitutive and indu-
ced defence reactions. Do higher constitutive resin reserves 
promote a more rapid control of the fungus, and is the induc-
tion of resin flow in response to fungal infection linked to the 
extent of hypersensitive wound reaction?

2. Material and Methods

2.1. Research site, field experiment, 
meteorological and soil water content 
measurements
The research area, a 90-year-old Norway spruce (P. abies) 
stand admixed with European beech (Fagus sylvatica), is 
located in the Rosalia mountains of Lower Austria at an ele-
vation of about 700 m above sea level. Mean annual preci-
pitation (1990–1999) amounts to 796 mm, mean annual 
temperature (1990–1999) to 6.5 °C (Gasch 1985). Air tem-
perature and precipitation data of the study years 2013 and 
2014 were recorded at a weather station set up at in an adja-
cent clearing. The experiments were performed at the Rosa-
lia Roof drought-manipulation site that is described in detail 
by Netherer et al. (2015). Established at 1.20 m height from 
the ground in June 2012, the roof construction comprises six 
plots sized 18 m x 20 m within 3 different treatments: full 
cover, FC (plots P1, P4), semi cover, SC (plots P2, P3), and 
control, C (plots C1, C2). The drought manipulation study 
involved periodic recordings of soil volumetric water con-
tent (% SWC) in the main rooting horizons (0 – 30 cm and 
0 – 60 cm soil depth) at the six plots using a portable Time 
Domain Reflectometry (TDR) measurement unit as descri-
bed by Netherer et al. (2015). In this previous study, the sam-
ple trees located in the centre of the plots were periodically 
investigated for pre-dawn twig water potential by use of a 
pressure chamber (Scholander) during three seasons (2012, 
2013, 2014). Here, we selected six Norway spruce trees per 
treatment, in total 18 trees, as illustrated in Fig. 1. The cove-
red trees were located close to the edge but still influenced 
by the roofs.

2.2. Wound reaction of the sample trees 
following inoculation with E. polonica
A strain of E. polonica (accession no. RW/35/5-SHT of the 
fungal culture collection of IFFF-BOKU = CBS 109247 [Cen-
traalbureau voor Schimmelcultures, Fungal Biodiversity 
Centre, Utrecht, Netherlands]), isolated in July 1997 from 
stained sapwood of a Norway spruce log that had been inocu-
lated with an I. typographus beetle from Rothwald in Lower 
Austria about five weeks earlier (Grubelnik 1998), was used 
in the present experiment. The isolate was grown for about 
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seven weeks on ash leaf malt extract agar (AMEA, Kirisits 
et al. 2013, but without streptomycin sulphate) in 5.2-cm-
diameter plastic Petri dishes. Sterile AMEA was used as con-
trol treatment. Wound reaction was tested on 6 FC, 4 SC and 
6 C trees, two SC trees were left out in this experiment due to 
time constraints. On July 9, 2014, each of this 16 sample trees 
received eight inoculations with E. polonica and two control 
inoculations, which were evenly distributed in two rings at 
stem heights of 130 cm and 180 cm. In each ring, the four fun-
gal inoculations were orientated towards the cardinal direc-
tions (N, E, S, and W), while the control inoculations were 
exposed to NE (at 130 cm stem height) or SW (at 180 cm 
stem height). With a 7-mm cork borer, holes were punched 
into the bark (up to the sapwood surface), in which inoculum 
was inserted, and the wounds were resealed with the bark 
plugs. Inoculum consisted of pieces cut with a 6-mm cork 
borer from fungal cultures or sterile AMEA. Between ino-
culations, instruments were flame-sterilised using alcohol 
and a Bunsen burner. Six weeks after inoculation, on August 
26, 2014, wound reactions of the sample trees in response 

to fungal and control inoculations were recorded. The outer 
bark around the inoculation holes was carefully scratched 
off, and the outlines of the reaction zones were sketched on 
transparent foils with a marker. The scanned sketches were 
subsequently analysed using DatInf Measure (ver. 2.2.2.48; 
DatInf GmbH, Tübingen) for the darker necrotic area for-
med by dead tree tissue and the lighter resin impregnated 
zone surrounded by wound periderm (Fig. 2). Mean areas in 
cm² of both zones summing up to total hypersensitive reac-
tion area were calculated per tree, separately for fungal and 
control inoculations.

2.3. Resin flow rate
The amount of resin exuded within 12 hours overnight 
(19:00 to 7:00) was recorded at all 18 sample trees (6 FC, 6 
SC, 6 C trees) in the year prior to the inoculation experiment, 
on two dates (August 20 – 21 and September 25 – 26, 2013). 
Measurements were repeated six weeks after fungal inocu-

Fig. 1. Rosalia Roof study site comprising plots fully covered (FC) and semi-covered (SC) by rainout shelters, and control (C) plots. Nor-
way spruce trees marked by black circles were investigated in this experiment; recordings for trees numbered 1 – 3 (white circles) in the 
centre of each plot were reported in Netherer et al. (2015).

Fig. 2. Hypersensitive wound reaction in the bark of Picea abies following inoculation of (a) sterile AMEA, (b) the blue-stain fungus 
Endoconidiophora polonica; (c) sketch of reaction zone on transparent foil dividing necrotic from resin impregnated area.
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lation, at the time secondary wound reactions were chec-
ked (August 26 – 27, 2014), and again five weeks after the 
evaluation of secondary defence reactions (September 30 to 
October 1, 2014). With a 4-mm cork borer, holes were pun-
ched into the bark on opposite stem sides at breast height 
(1.3 m above ground level). Glass tubes of 3 mm inner dia-
meter were inserted, and vial sections filled with resin were 
recorded the next morning. Resin flow rate per tree was cal-
culated as mm3 resin hour–1 averaged for both stem positions.

2.4. Statistical analyses
Statistical analyses were performed with IBM SPSS STA-
TISTICS (ver. 19; IBM Corp., Armonk, NY, USA). Gaussian 
distribution of data was evaluated after Kolmogorov-Smir-
nov and Shapiro-Wilk, homogeneity of variance using the 
Levene-test. Paired-sample T tests were used to examine 
whether hypersensitive wound reaction caused by E. polo-
nica and control inoculations as well as necrotic and resinous 
areas of the wound reaction zones generally differed in size. 
For the further analyses, data on hypersensitive wound reac-
tion caused by E. polonica and resin flow was pooled accor-
ding to plots or treatment. Overall effects of treatment (inde-
pendent variable) and recording date (repeated factor) on 
resin flow were tested by MANCOVA. One-way analysis of 
variance (ANOVA) was used to test for differences in resin 
flow rates and reaction areas between plots and treatments 
(FC, SC, C) and differences in resin flow rates between dif-
ferent measurement dates within treatments. Means for tre-
atments and dates were post hoc compared using the Bon-
ferroni test. We investigated diverse relationships of resin 
flow rates and hypersensitive wound reaction using Pear-
son’s correlation (two-tailed) and linear regression analyses.

3. Results

3.1. Weather, soil water conditions 
and tree water status
The study seasons 2013 and 2014 resembled each other in 
May to September mean air temperatures (15.5 °C, 14.5 °C) 
and precipitation sums (390 mm, 385 mm); yet, particularly 

over the midsummer months, weather conditions differed 
between the years (Fig. 3). July and August mean tempe-
ratures were substantially high in 2013 (19.9 °C, 18.9 °C) 
and coupled with almost no rainfall in July (8.4 mm), while 
monthly air temperature means remained moderate in 2014 
(July 18.3 °C, August 15.9 °C).

Simulated drought at the Rosalia Roof study plots star-
ted in June 2012. Roofing resulted in a significant reduction 
of soil volumetric water content and highly stressed sample 
trees located in the centre of the fully closed plots (average 
pre-dawn twig water potentials of −1.7 MPa in July 2013; 
comp. Netherer et al. 2015) in summer 2013. As shown in 
Fig. 3, SWC levels constantly remained on lowest levels (7 
– 8%) for FC variants also during the season 2014, while 
soil water supply at SC and C plots fluctuated in response to 
air temperatures and precipitation. Water status of the cen-
tral trees ranged between mean values of −1.2 MPa for FC 
and −0.6 MPa for C trees in June 2014 (unpublished results).

3.2. Size of the wound reaction zones according 
to treatment
The trees responded to control inoculations with sterile 
AMEA in a very limited way, showing significantly smaller 
wound reaction areas (necrotic area 0.062 ± 0.04 cm²; resin 
impregnated area 1.408 ± 0.13 cm²) than those caused by 
fungal infection (T = 5.395; df = 15; p ≤ 0.01). Inner parts 
formed by dead tree tissues in response to inoculations with 
E. polonica were much smaller than the lighter areas where 
fungal growth was stopped by resin (2.16 ± 1.5 cm² com-
pared to 7.02 ± 4.6 cm²) (Fig. 4). This difference was signi-
ficant (T = −5.439; df = 15; p < 0.01). Total hypersensitive 
wound reaction did not differ in size between the investiga-
ted tree collectives, neither between plots, nor between tre-
atments. The lack of significant differences is partly due to 
high variability of tree reactions within treatments, in par-
ticular at the roofed plots. A trend is, however, visible, with 
FC trees showing largest (10.69 ± 3.4 cm²) and C trees exhi-
biting smallest and most homogenous total wound reaction 
zones (7.79 ± 1.4 cm²), while values for SC trees were in-
between (8.99 ± 2.7 cm²) (Fig. 4).

Fig. 3. Mean monthly volumetric soil water content (SWC) per treatment (full cover plots, FC; semi-cover plots, SC; control plots, C), 
monthly mean temperature (°C) and monthly precipitation sum (mm) during the study seasons 2013 and 2014.
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3.3. Resin flow rates according to date and 
treatment
Temperatures at the time of resin flow measurements (mean 
air temperature recorded between 22:30 and 7:00) were 
slightly lower in 2013 (August 20 – 21, 11.7 °C; September 
24 – 25, 10.3 °C) compared to 2014 (August 26 – 27, 15.4 °C; 
September 30-October 1, 12.9 °C). Within treatments, resin 
flow did not differ significantly between any two plots on any 
recording date, which justified the pooling of data. Overall, 
MANCOVA showed that date of measurement did not affect 
resin flow significantly (p = 0.005), nor did the interaction of 
treatment and date (p = 0.099). On all sampling dates from 
August 2013 to August 2014, resin flow rates remained 
homogeneously low at FC and ������������������������������C trees (Fig. 5). Being signi-
ficantly highest among all treatments on August 21, 2013 
(F = 4.497, df = 2, p = 0.030), SC tree resin flow rates showed 
higher variation and decreased continuously, yet not signifi-
cantly, in the course of the study (Fig. 5).

In comparison (see Netherer et al. 2015), constitutive 
resin flow was similarly low for centrally located FC trees 
(P1/1-P1/3, P4/1-P4/3, 5.7 ± 7.1 and 6.5 ± 4.5 mm³ resin 
hour–1 in August and September 2013, respectively). Yet, 
we did not see such correspondence among control trees 
(C1/1-C1/3, C2/1-C2/3, 17.3 ± 2.5 mm³ resin hour–1 in Sep-
tember 2013).

In September 2014, eleven weeks after inoculation of E. 
polonica and five weeks after wounding due to evaluating 
defence reactions, a clear and significant increase in resin 
exudation at FC trees (F = 4.199, df = 3, p = 0.019), but not in 
C and SC trees, set in. Considering all sampled trees, weakly 
or moderately positive, but not significant correlations were 
observed between resin flow rates measured in August 2014 
and September 2013 (Pearson’s r = 0.442; p = 0.086) or Sep-
tember 2014 (Pearson’s r = 0.334, p = 0.190).

Fig. 4. Mean necrotic and resinous areas adding up to total hypersensitive wound reaction (cm² ± SE) in the bark of Picea abies trees 
following inoculation with Endoconidiophora polonica according to treatment (full cover, FC; semi-cover, SC; control, C).

Fig. 5. Mean resin flow rate (mm³ resin hour–1 ± SE) at Picea abies trees according to treatment (full cover, FC; semi-cover, SC; control, 
C) prior to (August, September 2013) and after fungal inoculation (August, October 2014); different letters within treatments indicate 
significant differences in resin flow between dates of measurement.
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3.4. Relationship between hypersensitive wound 
reaction and resin flow
Hypersensitive wound reaction was positively (though not 
significantly) correlated with August resin flow rates, and 
even significantly positive with those recorded in September 
(Table 1). This means that trees previously showing a strong 
response to fungal inoculation also increased resin flow rates 
after wounding due to evaluation of necrotic lesions in the 
bark. Pearson’s correlation of difference in resin flow rates 
(delta RF) between September and August sampling dates 
and size of hypersensitive reactions, however, turned out 
to be low and not significant. Exclusion of the two outliers 
exhibiting either highest decrease (P2/11, SC) or strongest 
increase (P4/7, FC) in resin flow rate finally revealed clear 
linear relationships between delta RF and total wound reac-
tion zones (Table 1, Fig. 6).

Table 1. Two-tailed Pearson’s correlations (*significant, p < 
0.05, **highly significant, p < 0.01) of total hypersensitive 
wound reaction (HWR) and resin flow rate (RF) recorded on two 
dates after fungal inoculation as well as change in resin flow rates 
between the measurement dates (delta RF; without outliers, delta 
RF_wo) in 2014.

RF HWR
Six weeks after fungal inoculation:
August 26/27, 2014

r = 0.342
p = 0.194

Eleven weeks after fungal inoculation:
September 30/October 1, 2014

r = 0.540*
p = 0.031

delta RF 2014 r = 0.216
p = 0.422

delta RF_wo 2014 r = 0.814**
p = < 0.001

4. Discussion
Exclusion of rainfall is a frequent approach to research che-
mical, physical and tree physiological effects of drought in 
forest ecosystems; yet, linkage to tree resistance and pre-

disposition to forest pests is rarely considered in such expe-
riments (Anderegg et al. 2015). The Rosalia Roof experi-
ment was the first drought manipulation study performed 
in a mature Norway spruce stand to correlate indicators of 
increasing water stress with susceptibility of trees to bark 
beetle attack. Increasingly negative pre-dawn water poten-
tials of twigs and limited resin reservoirs to repel attacks 
enhanced both attractiveness of spruce trees for I. typogra-
phus and boring success of beetles (Netherer et al. 2015). In 
the present study, we examined further individuals of Nor-
way spruce included in the Rosalia experiment, which were 
located not directly in the centre of the plots, yet, were just as 
influenced by the differential water supply treatments. Des-
pite strongly reduced water availability of the tested FC trees 
compared to SC or C trees, part of their roots were presu-
mably located outside the roofed soil area and could gather 
some water. After severe water deficiency in the dry and hot 
season 2013, we therefore considered the trees to be only 
moderately stressed in the wetter and cooler season 2014. 
We focused on a set of constitutive and induced defence res-
ponses of the trees to blue-stain fungal infection. Inocula-
tion of E. polonica is a frequently applied method for testing 
the capacity of trees to avert biotic invaders and to mobilise 
defences (Lieutier et al. 2003; Krokene et al. 2012). The long 
co-evolution of this pathogen with Norway spruce is substan-
tiated by local and systemic induction of resistance marker 
genes in response to infection (Fossdal et al. 2012). Effecti-
veness of trees in defending the fungus therefore allows for 
an evaluation of actual tree susceptibility as well as further 
disposition to biotic attacks.

Norway spruce generally exhibits a low and very variable 
potential for successful control of invaders by constitutive 
mechanisms at the time of attack (Christiansen et al. 1987). 
Resin reservoirs prior to fungal inoculation were clearly limi-
ted at the fully covered trees due to the strongly reduced water 
availability. Such relationship was expected and is well-k-
nown since the water manipulation experiments performed 
on loblolly pine (P. taeda) (Dunn & Lorio 1993; Lorio et al. 
1995). Resin flow rates were however comparably low for 

Fig. 6. Linear relationship of changes in resin flow rates (mm³ resin hour–1) within 5 weeks after the control of inoculations (delta RF) 
and size of hypersensitive wound reactions (cm²) of 14 sample trees according to different treatments (black circles, full cover, FC; grey 
shaded circles, semi-cover, SC; white circles, control, C). Outliers P2/11 (SC, strongest decrease in RF) and P4/7 (FC, highest increase 
in RF) are not included.

delta RF [mm3 resin hour–1]
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sufficiently water-supplied control and clearly higher for 
partially covered trees. Likely, genetic variability in defence 
capacity apart from differences in water supply played an 
important role in constitutive defence characteristics of the 
sample trees. In response to fungal infection, conifers deve-
lop necrotic phloem lesions by impregnating affected tissues 
with resin, increasing monoterpene levels and changing the 
composition of phenols in the secondary phloem (Lieutier 
et al. 1996; Novak et al. 2014). In various inoculation expe-
riments, resistant and more susceptible spruce clones were 
shown to differ in the stimulation of metabolic pathways lea-
ding to particular phenolic monomers after wounding and 
fungal attack (Brignolas et al. 1995, 1998).

In the case of an increasingly strong attack, the hosts 
fail to mobilise adequate resin and phenolic concentrations 
in the hypersensitive reaction zone, enabling the invading 
microorganism to overcome this first barrier (Christiansen 
et al. 1987). In our experiment, variability between trees in 
sizes of necrotic, dark coloured areas penetrated by fungal 
hyphae and of the lighter zones where fungal growth was 
finally stopped by resin impregnation was high. Neverthe-
less, despite similar low constitutive resin flow rates, the con-
trol trees consistently tended to exhibit smaller lesions poin-
ting to a slightly increased capacity of defending E. polonica 
by resinous reaction. Although results remained ambiguous, 
probably due to the limited number of sample trees, largest 
wound reaction areas were found in the fully covered trees. 
Previously, Croisé et al. (2001) observed decreased resis-
tance of severely stressed Scots pine (twig water potential 
less than −2.0 MPa) to Leptographium wingfildii associa-
ted with Tomicus piniperda; yet, the potted trees were only 
5 years old. On the other hand, mild water stress increased 
the critical threshold of inoculation density for fungi asso-
ciated with Scots pine and Norway spruce in young plants 
(Christiansen & Glosli 1996; Dreyer et al. 2002). Similarly, 
moderately stressed P. yunnanensis (minimum twig water 
potentials of −1.03 MPa) in a 30-year-old forest stand showed 
comparably small reaction zones in response to L. yunna-
nensis inoculation pointing to enhanced defence capability 
(Sallé et al. 2008).

Predisposition to biotic infestation is to a large degree 
influenced by variations in individual stress levels of trees 
over time (Führer et al. 1997; Netherer et al. 2015). Howe-
ver, the scope of this experiment did not include examination 
of physiological levels of drought stress in the test trees, nor 
specific analyses regarding available carbon resources and 
contents/composition of terpenes in the phloem affected by 
the fungus. Although reduced effectiveness in stopping the 
invasion of E. polonica was associated with limited constitu-
tive resin reservoirs in fully covered trees, we overall obser-
ved positive relationships between lesion size and resin flow 
rates after inoculation. Small mechanical wounds and pre-
treatment with fungal inoculations can increase the resis-
tance of Norway spruce trees to further infections (Krokene 
et al. 1999). In response to low-density fungal inoculation, 
trees with longer necrotic lesions in the phloem showed redu-
ced secondary wound reaction after subsequent mass inocu-
lation with E. polonica four weeks later, indicating a stron-
ger stimulation of defence capacity (Krokene et al. 2001).

These earlier results are in agreement with the positive 
correlation of September 2014 resin flow and area of necro-
sis due to E. polonica observed in the present study. However, 
such relationship was clear only for the trees fully deprived 
of water. Semi-cover and control trees did not significantly 
increase resin production in response to inoculation and 
wounding, which seems to be inconsistent with the major 
hypotheses of plant defence expression (Lombardero et al. 
2000; Rosner & Hannrup 2004). The comparably higher 
rates of resin flow in September 2014, as medium-term res-
ponse to fungal inoculation at trees subject to drought sug-
gest that mobilisation of resources for secondary metabolism 
was not yet impaired in these trees but activated by the need 
to stop the fungus. A similar pronounced increase in resin 
flow rates and monoterpene contents after fungal inocula-
tion was observed in pure Norway spruce stands of moderate 
growth as opposed to vitally growing spruce trees in mixed 
stands (Baier et al. 2002). As long as (drought) stress is not 
too severe, resistance of Norway spruce can be enhanced 
(Christiansen & Glosli 1996; Christiansen & Bakke 1997). 
Within a few days, changes in bark anatomy involving the 
induction of traumatic resin ducts and swelling of polypheno-
lic parenchyma cells are initiated and display highest effecti-
veness three to nine weeks after low-density inoculation with 
E. polonica (Krokene et al. 2003). We assume that the incre-
ased resin flow in September 2014 observed in fully covered 
spruce trees of the Rosalia roof experiment was also due to the 
formation of traumatic resin ducts, stimulated by wounding 
and necrosis. Strong stimulation of tree defences can prevent 
trees from being successfully mass attacked by bark beetles 
(Zhao et al. 2011), but might also speed up the exhaustion of 
carbon resources, as argued by Lieutier et al. (2009).

5. Conclusion
The preliminary results gained in this experiment encourage 
the examination of medium to long-term drought effects on 
Norway spruce resistance following an integrative appro-
ach as suggested by Ryan et al. (2015). There are still a lot of 
unresolved questions: To what extent does constitutive resin 
flow of Norway spruce trees change over a drought manipu-
lation period of 3 – 6 years? In response to inoculation of the 
blue-stain fungus E. polonica, what about the relationship 
between resistance parameters such as size of hypersensi-
tive wound reaction, extent of induced resin flow, monoter-
pene contents/composition and stress intensity as indica-
ted by tree physiological characteristics? What is the role of 
particular phenols in tree resistance and to what extent does 
phenol composition indicate tree resistance? Are adaptations 
of bark anatomical characteristics, e.g. size and number of 
radial resin canals, to the changed conditions of water sup-
ply visible after several consecutive years of drought stress 
(see Ferrenberg et al. 2015)? There are still inconsistencies 
about the influence of growth conditions, stress status and 
stress history on attractiveness of Norway spruce for attacks 
by I. typographus and its resistance to invaders. Given that 
low-density attacks activate defence capability of trees, is 
tree disposition to further attacks sustainably decreased and 
at which expenses? Investigation of a broad array of resis-
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tance parameters will lead to a better understanding of how 
the investment of non-structural carbohydrate reserves into 
secondary metabolism changes under drought stress, when 
depletion of resources eventually occurs, and at which point 
trees are most susceptible to bark beetle attack.
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