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Ecological factors affecting the recent Picea abies decline in Slovenia:
the importance of bedrock type and forest naturalness
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Introduction

Norway spruce (Picea abies [L.] Karst.) is
one of most important tree species in Euro-
pean temperate and boreal forests and has
a long tradition of cultivation (EUFORGEN
2013, Caudullo et al. 2016). Besides its eco-
logical importance, Norway spruce is a
backbone species for the timber industry in
many European countries (Hlasny et al.
2021). Similar to other economically valu-

Norway spruce (Picea abies [L.] Karst.) has been at the centre of controversy
for many decades. Recent evidence of its profound disturbance-induced dam-
age and consequent stock depletions across forest landscapes in Europe has
reinforced doubts regarding the sustainability and prospects of this tree
species in the future. Like many other European countries, Slovenia has expe-
rienced significant Norway spruce mortality and a decrease in growing stock
primarily as the result of several disturbance agents (bark beetle outbreaks,
an ice storm, windthrows). We investigated a countrywide spruce growing
stock decline based on data between 2010 and 2018. Particular focus was
placed on identifying the main ecological drivers of this decline, namely geo-
logical conditions, climatic parameters, soil attributes, topographic factors and
forest stand characteristics. The effects of potential predictors on the relative
change (%) in spruce volume (m* ha™') during the period 2010-2018 were ana-
lysed with Generalized Additive Models. Based on a national dataset including
forest compartments (n = 6355) with a spruce growing stock decline > 10%, we
found mixed support for ecology-based hypotheses. While spruce decline re-
sponded to bedrock type as predicted (i.e., greater relative decline in carbon-
ate compared to silicate compartments), higher forest naturalness (preserva-
tion of tree species composition) was not associated with a lower decline.
Spruce decline was amplified by higher potential evapotranspiration and soil
clay content but showed a strong negative relationship with spruce proportion
in the year 2010. General trends along the gradients of other selected predic-
tors (stoniness/rockiness and heat load index) were less pronounced. The re-
sults suggest that most of these ecological predictors interact with geology and
forest naturalness in affecting Norway spruce decline. Our analysis reveals
that bedrock type can play an important role due to its mitigating effects.
However, forest naturalness is of secondary significance as intensified large-
scale forest disturbances likely override its buffering potential.
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able tree species (Vitasse et al. 2019), Nor-
way spruce has been favoured and planted
beyond its ecological niche. However, it is
currently under severe pressure due to
global warming and intensified forest dis-
turbances of various forms. Outside its nat-
ural distribution in lowlands, this tree spe-
cies is particularly susceptible to heat and
drought spells because of its shallow root
system (Caudullo et al. 2016) and to forest
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pest infestations such as Eurasian spruce
bark beetle (Ips typographus L.), which is
arguably one of the most damaging agents
in temperate and boreal forest ecosystems
(Seidl et al. 2016, De Groot et al. 2019, Ne-
therer et al. 2019, Trubin et al. 2022). Spe-
cial attention should be given to climate
change induced transitions towards alter-
native vegetation states and irreversible al-
terations in the structure and composition
of mountain spruce forests in their natural,
high-elevation distribution ranges (Mezei
et al. 2017, Albrich et al. 2020). Extensive
outbreaks of Ips typographus at higher lati-
tudes (Trubin et al. 2022) are another rea-
son for concern.

In the last decade, Slovenia has witnessed
a series of back-to-back forest disturbance
episodes on an unprecedented scale (an
ice storm in 2014, widespread bark beetle
outbreaks in 2015 and 2016, windthrows in
2017 and 2018). The largest ever recorded
ice storm event in the region occurred in
2014 (Nagel et al. 2016), causing massive
tree damage (9.32 millions m3) in more
than half of Slovenian forests, with a long-
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lasting effect on forest dynamics in the fol-
lowing years. Catastrophic storms can re-
sult in large-scale destruction of forests
and cascading effects starting with perva-
sive infestations of secondary pests or dis-
eases (Stadelmann et al. 2014). While the
immediate ice damage was more pro-
nounced for broadleaf tree species, the ice
storm was the primary trigger for a dra-
matic increase in bark beetle outbreaks
throughout the country, particularly in Nor-
way spruce stands. Spruce trees were ei-
ther uprooted or snapped, or the crown
was lightly to severely damaged (De Groot
et al. 2018). The increasing frequency of cli-
mate extremes combined with unfavour-
able forest structure has pushed spruce
forests to the edge of their ecological
space and has led to the initiation of large-
scale forest conversions towards more nat-
ural forest vegetation (HI4sny et al. 2021), a
process that has been gaining importance
since the early 2000s (Spiecker 2003).
Stand-replacing forest disturbances have
caused a transition from mostly local out-
breaks to those at regional and national
levels (Kutnar et al. 2021). Disturbance
events have been accompanied by exten-
sive post-disturbance management actions
(extensive salvage logging and wood trans-
portation) that additionally affected not
only stocks of damaged trees but also site
conditions (e.g., soils) and the develop-
ment of young stands (e.g., tree regenera-
tion). These impacts are especially chal-
lenging for close-to-nature forest manage-
ment, which simulates natural processes
operating on much smaller spatial scales
(Schitz et al. 2016).

Site, stand and landscape conditions as
well as past land use in forests have a sig-
nificant influence on their current status,
sensitivity and resilience (Griess et al. 2012,
Simard et al. 2012, Munteanu et al. 2015).
Abiotic site conditions, such as a warmer
climate or shallow calcareous soils in
spruce forests, can contribute to the devel-
opment of natural disturbances and nega-
tive impacts on these forests, of which
bark beetle infestations and windthrows
are among the most common in Central Eu-
rope (Thom et al. 2013). Analysing a decline
in the growing stock of a tree species
across a wide spectrum of site conditions
can provide insight into the climatic, soil,
topographic and forest stand factors under
which a decline is more likely to occur (Bal-
azy et al. 2019, De Groot & Ogris 2019,
Netherer et al. 2019). However, many ap-
proaches aimed at identifying such factors
are based on plausible or intuitive narra-
tives rather than on tested and data-driven
concepts. Identified patterns of past
spruce decline have generally suggested
that certain site conditions (e.g., warmer
sites with dry and/or shallow soils) make
spruce forests more susceptible to damage
resulting from large-scale disturbances. On
the other hand, more favourable site con-
ditions reflecting the natural occurrence of
primary spruce forests can contribute to
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lower susceptibility. Ecology-based predic-
tions and derived findings have potentially
important forest management implica-
tions. However, causal connections show a
high degree of complexity as numerous
factors and their interactions are involved.
Therefore, a complete understanding ex-
ceeds the scope of a single study. Given
that natural disturbances in forests are
characterized by high degree of stochastic-
ity and that disturbance patterns are highly
variable (Sommerfeld et al. 2018), it is of
paramount importance to enrich our know-
ledge with real-world data-derived and hy-
pothesis-driven results. Studying the de-
pendence of currently prevailing tree spe-
cies decline on ecological factors can pro-
vide a firm basis for improving forest man-
agement systems aimed at mitigating the
effects of climate change and intensified
natural disturbances, particularly for vul-
nerable forest types such as Norway
spruce forests.

Here, in order to identify the main ecolog-
ical drivers of the recent Norway spruce
growing stock decline, we investigated the
response of the relative decline along a
suite of abiotic site factors (related to geol-
ogy, climate, soil, terrain topography and
forest stand characteristics) using a repre-
sentative sample of forest compartments
across Slovenia. The primary focus of this
study was to describe how the effects of
the selected predictors associated with cli-
mate, soils, topography and stand charac-
teristics might depend on bedrock type
and forest naturalness. Naturalness is de-
fined as the degree to which the existing
tree species composition reflects the
potential natural composition of forest
stands (Boncina & Robi¢ 1998, Boncina et
al. 2017). The relevance of both factors as
potential regulators (either mitigating or
stimulating a growing stock reduction in
forest stands) is well established within the
research agenda of forest ecology and
management (De Groot et al. 2018, Balazy
et al. 2019). However, our understanding of
ecological predictors controlling tree
species growth and survival remains lim-
ited. Moreover, their expected impacts
might be blurred by the occurrence of in-
tense forest disturbances with various de-
pendence patterns. A particular distur-
bance agent may depend more on one fac-
tor (e.g., bark beetle outbreaks strongly
depend on climatic conditions and the as-
sociated physiological status of trees),
while the incidence of other disturbances
can be attributed to different forest site
factors (e.g., stressful abiotic conditions
may not be a necessary precondition for
windthrows).

In relation to the two main predictors an-
alysed, we predicted that (i) compartments
on carbonate bedrock would exhibit a
higher spruce decline compared to those
on silicate bedrock due to their higher sus-
ceptibility to drought stress and (ii) com-
partments with lower forest naturalness
would also exhibit a higher spruce decline

given that the tree species composition in
such compartments is less adapted to the
site conditions.

Materials and methods

Study area

Slovenia is located in the transition zone
between Central and South-eastern Eu-
rope. At the crossroads between the Me-
diterranean, Alpine and continental climat-
ic regimes, it experiences large climate vari-
ation (Skrk et al. 2021). Despite its relatively
small size, it is comprised of the Alpine,
Pre-Alpine, Dinaric, Pre-Dinaric, Sub-Pan-
nonian and Sub-Mediterranean biogeo-
graphical regions with their own climatic
and forest vegetation specificities. For
background information regarding the pre-
vailing natural forest type, see Kutnar et al.
(2021). Covering almost 60% of the land
area, forests have played an important role
throughout Slovenian history. Although
the principles of close-to-nature, sustain-
able and multifunctional management
have been implemented to a greater de-
gree compared to some other European
countries, anthropogenic alterations of for-
est stands have nevertheless been a com-
mon practice. Today’s forest status often
deviates from that which would have de-
veloped without human engagement, with
only 22% of Slovenian forests exhibiting
preserved tree species composition (De
Groot et al. 2019). The planting of economi-
cally profitable but ecologically unsuitable
tree species (poorly adapted to local site
conditions) remains one of the main prob-
lems in Slovenian forestry. Such practices
have resulted in large-scale forest transfor-
mations that are comparable to those re-
ported for countries in Central Europe
(Sommerfeld et al. 2018, Hlasny et al. 2021).

Primary (natural) Norway spruce forests
grow abundantly only in the Alps in the
north of the country and to a much lesser
extent in cold valleys and karst depressions
in the Dinaric region in the southern part of
the country (Kutnar et al. 2021). However,
in past centuries Norway spruce was ex-
tensively planted outside of its natural dis-
tribution range because of its high adapt-
ability, relatively low investment costs and
valuable timber. Such management-cre-
ated Norway spruce stands, particularly
even-aged spruce monocultures at lower
altitudes, are susceptible to damage
caused by various abiotic and biotic fac-
tors, with minimal resistance against natu-
ral hazards (Griess et al. 2012, Hldsny et al.
2021) such as bark beetle infestations (Og-
ris & Grecs 2016).

Indicators of Norway spruce decline

The proportion of Norway spruce in the
growing stock of Slovenian forests has de-
clined significantly over the last 20 years,
and this decline has been particularly evi-
dent in the last 10 years (Kutnar et al. 2021).
In order to contextualize the spruce de-
cline, we used the Annual Reports of the
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Slovenia Forest Service (SFS) for the period
2010-2018 (ZGS 2019). These reports in-
clude the amounts of salvaged trees (m3)
in Slovenian forests due to different
agents. We analysed selected indicators of
spruce decline (temporal dynamics of the
percentage of Norway spruce in the grow-
ing stock of Slovenian forests, the ratio be-
tween salvage and regular logging/felling
of spruce) and intensified impacts of forest
disturbances (volume of felled coniferous
tree species due to different disturbance
agents, total area of completely devastat-
ed forest stands without any tree canopy
cover and a high percentage of bare soil).
The proportion of Norway spruce in the to-
tal growing stock of Slovenian forests de-
clined from 31.5% in 2010 to 30.5% in 2018
(Fig. 1a). The total salvaged volume of
spruce (caused by all disturbance agents)
in the period 2010-2018 represented 52.4%
of the total harvest. However, in the years
before the ice storm disturbance (2010-
2013), this proportion was significantly
lower (29.5%) compared to the period 2014-
2018 after the ice storm (70.8%). Planned
(regular) harvests of spruce were thus
greatly reduced (Fig. 1b). Salvage logging
of coniferous tree species during the pe-
riod 2010-2018 (Fig. 1c) amounted to a total
of 16,238,715 m3. Half (50.2%) of this volume
was felled due to insects. The amount of
salvage logging in Slovenia is most affected
by the occurrence of natural disturbances
and insect infestations, especially spruce
bark beetle (Ips typographus) attacks. Wind
was responsible for 21.8% and the massive
ice storm event for 16.0% of salvaged vol-
ume (Fig. 1¢, evident peak for this agent in
2014). The total volume of salvage logging
in the period 2014-2018 (13,901,160 m3) was
almost 6-times higher than that in the pe-
riod 2010-2013 (2,337,560 m3). Large-scale
disturbances caused a marked increase in
completely devastated forest areas, with a
total of 8194 ha in the period 2015-2018. Be-
fore the ice storm in 2014, these areas
were significantly smaller (407 ha in total
for the years 2010, 2011 and 2012 - Fig. 1d).

Data acquisition and handling

Extensive data on more than 335,000 for-
est stands and more than 53,700 forest
compartments were compiled from Slove-
nia Forest Service databases for the year
2010 (ZGS 2010a, ZGS 2010b) and for the
year 2018 (ZGS 2018a, ZGS 2018b). A forest
stand is a relatively homogeneous part of
the forest in terms of tree species composi-
tion, developmental stage, age of the pre-
dominant trees, etc. and corresponds to a
spatial unit of a typically minimal area of
0.5 ha that is important for forest inven-
tory, planning and management. A forest
compartment is a permanent management
unit consisting of several different stands,
with an average size of 22 ha (Kutnar et al.
2021). Compartment-level data were de-
rived from stand data, by aggregating
stand level data belonging to the same
compartment.
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From the total pool of forest compart-
ments across Slovenia (more than 53,700
overall), we performed a data sub-setting
procedure during which certain arbitrarily
defined criteria were used. The analyses in-
cluded compartments with a minimal area
of 5.0 ha, with spruce growing stock in the
year 2010 equal to or greater than 20.0 m3
ha' and with a decrease in spruce growing
stock (negative relative change) from 2010
to 2018. From the forest stand data, we cal-
culated the average growing stock (m3 ha")
of Norway spruce for each compartment.
For each compartment, the relative change
(%) from 2010 to 2018 in spruce growing
stock (GS, m3 ha") was calculated with the
formula: [(GSs0is - GS010) | GSi010] * 100. This
resulted in 17,618 compartments in total.
This dataset was then divided into two sub-
sets. The first subset (henceforth “subset
1””) included compartments with a relative
decline in spruce GS equal to or greater
than 10.0%. The second subset (henceforth
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“subset 2”) included compartments with a
relative decline in spruce GS below 10.0%.
The division between these two subsets
was made in order to analyse their general
differences in terms of ecological predic-
tors and other characteristics. Both sub-
sets were additionally reduced by exclud-
ing the compartments that were catego-
rized as non-forested (which included frag-
mented landscape and land use types
other than forests) and with an area larger
than 50.0 ha. This brought us to the final
selection of suitable compartments, i.e., a
total of 6355 for subset 1 and a total of
4396 for subset 2, totalling 10,751 compart-
ments. Only subset 1 (including compart-
ments with a spruce growing stock decline
> 10%) was subjected to core statistical
analyses. The compartments in subset 1
were considered to be more reliable (suffi-
cient drop in growing stock) as they reflect
changes caused by sanitary logging and
large-scale disturbances. In contrast, com-

Fig. 1- (a) Percent-
age of Norway
spruce in the
growing stock of
Slovenian forests.
(b) The ratio
between salvage
(sanitary) and reg-
ular logging/felling
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Tab. 1 - List of quantitative predictor variables used for spruce decline modelling.
Mean, minimal and maximal values were calculated based on data from subset 1 (n =

6355)-

Predictor Abbreviation Unit Mean Min Max
Potential annual PET mm 870.7  701.0  1005.0
evapotranspiration

Clay content in the soil (depth

0-100 cm) CLAY g/kg 290.1 161.3 496.0
Stoniness/rockiness STOROC % 10.4 0.0 67.5
Heat load index HLI unitless 0.8 0.1 1.0
Proportion of spruce in the SPRUCE10 % 35.1 1.0 100.0

growing stock in the year 2010

partments with lower spruce decline may
include the effects of regular logging inter-
ventions as a consequence of small-scale
management (these effects were not the
focus of this study). Subset 2 (including
compartments with spruce growing stock
decline < 10%) was used for comparison
with subset 1. The total area of compart-
ments was 132,760.5 ha in subset 1 and
94,426.9 ha in subset 2. The mean size of
compartments was 20.9 ha in subset 1 and
21.5 hain subset 2.

Compartment-level data included seven
main explanatory variables related to geol-
ogy, forest naturalness, climate, soil tex-
ture, terrain topography and forest stand
characteristics. We used two categorical
predictors. First, the SFS database con-
tained information on the dominant parent
material, with 38 different levels (ZGS
2010b, 2018b). To simplify this large num-
ber of categories, we implemented an ex-
pert-based classification where each par-
ent material was classified into one of the
three broad categories for bedrock type:
carbonate, mixed and silicate bedrock. This
division was made based on selected prop-
erties, e.g., CaCO; content and the speed
and type of bedrock weathering (physical
or chemical). The group of carbonate geo-
logical substrate was mainly represented
by limestones and dolomites. The group of
mixed geological substrate included bed-
rock types such as flysch and carbonate
quartz sandstones, whereas the most fre-
quent substrates in the group of silicates
were mica schists, quartz sandstones and
tonalite. Geology largely defines the physi-
cal and chemical properties of forest soils.

Second, information on the degree of for-
est naturalness was chosen due to its man-
agement relevance and close connection
with spruce planting outside its ecological
niche. The change in tree species composi-
tion is a measure of the degree to which
the existing forest vegetation deviates
from the potential vegetation (Bon¢ina &
Robi¢ 1998). This variable was described
with four classes as defined in the SFS
databases: preserved (potential natural
tree species composition is modified o-
30%), changed (modified 31-70%), strongly
changed (modified 71-90%) and altered
(modified 91-100%). A higher degree of
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composition preservation implies higher
forest naturalness (Boncina et al. 2017, De
Groot et al. 2019).

The other five predictors were numerical
(quantitative) variables. Based on the geo-
graphical coordinates (latitude and longi-
tude) of the centroid of each compart-
ment, we extracted open-source data for
potential annual evapotranspiration (PET,
representing atmospheric water demand)
and clay content (CLAY) in the soil (depth
of 0-100 c¢m). These two were sourced
from the Global Aridity Index and Potential
Evapotranspiration Climate Database v2
(Trabucco & Zomer 2009) and SoilGrids
database (Hengl et al. 2017). Potential
evapotranspiration reflects both tempera-
ture and precipitation conditions (higher
PET values indicate warmer and drier
sites). Soil clay content is normally associ-
ated with soil water storage capacity (a
positive correlation between clay content
and water storage capacity is expected),
and clay content can be used as a proxy for
soil moisture. However, the amount of
dead water that is not available for the
plants is high in clayey soils. Prior to PET,
we also tested various climatic variables
(e.g., mean annual temperature, amount of
annual precipitation, mean temperature of
the warmest quarter, precipitation of the
driest quarter) derived from the WorldClim
database (Fick & Hijmans 2017). However,
we ultimately elected PET because of its in-
tegrative nature. The R library “raster” (Hij-
mans 2020) was used for data extraction
from both databases.

Additional relevant predictors of spruce
decline were available in the SFS database
(ZGS 2010b, 2018b). Data on stoniness and
rockiness (%), slope aspect (°), slope steep-
ness (°) and Norway spruce proportion (%)
in the growing stock were considered. We
averaged the percentages of stoniness
and rockiness into one variable named
“STOROC”. Stoniness and rockiness (de-
fined as the coverage of stones with an av-
erage size < 30 cm and rocks with an aver-
age size > 30 cm on the forest surface) can
be seen as a proxy for soil conditions, with
more stony/rocky sites mainly exhibiting
shallower soils. The heat load index (HLI)
was calculated based on three parameters:
latitude, slope aspect and slope steepness,

according to equation no. 3 in McCune &
Keon (2002). A higher heat load index (HLI)
is characteristic of steep, south-facing
slopes, while lower HLI values suggest less
sun-exposed, north-facing slopes. The pro-
portion of Norway spruce in the growing
stock of the entire compartment at the be-
ginning of the period (year 2010) was also
included. In our case, the compartment-
level proportion of spruce generally de-
pends on the spatial structure of stands
within each compartment (e.g., few
spruce-dominated stands within a matrix
of prevailing broadleaved forests results in
a low spruce proportion). Summarized in-
formation about predictor variables is
given in Tab. 1. In addition, the mean alti-
tude (m a.s.l.) and total area (ha) of each
compartment were taken as supportive
factors explaining differences between the
two subsets and for interpreting poten-
tially confounding effects in relation to the
focal predictors.

Formulation of hypotheses

For each of the selected predictor vari-
ables, we set and tested a hypothesis re-
garding how the predictor was likely to af-
fect spruce decline (Tab. 2). These assump-
tions were derived from a forest ecology-
based understanding of site factors or
stand characteristics within compartments.
It is important to mention that the assump-
tions usually apply to bark beetle distur-
bance (eco-physiological aspect), while
other types of disturbances (e.g., ice
storm, windthrow) might act differently as
their impacts are more dependent on the
structural conditions of a forest stand. For
example, specific microclimatic conditions
(depending on the geographic position and
local topography, bedrock and soil) can
greatly increase spruce mortality due to
acute or chronic drought stress, which in-
creases the susceptibility of trees to bark
beetle attacks (Netherer et al. 2019).

Statistical analysis

Descriptive statistics for each predictor
were calculated separately for subset 1 and
subset 2. As the data did not fulfil paramet-
ric assumptions (normality and homosce-
dasticity), differences between the two
subsets were tested with the non-paramet-
ric Mann-Whitney test and visualized for
the comparison of data distribution.

Our dependent (response) variable was
the relative decrease in spruce growing
stock, expressed in % and calculated with
the above listed formula. Using the data
from subset 1, we fitted semiparametric
models because we expected non-linear re-
lations between the dependent variable
and predictor variables. For this purpose,
Generalized Additive Models (GAMs - Has-
tie & Tibshirani 1990) were implemented
using the “mgcv” R package (Wood 2017).
Predictors can be estimated in nonpara-
metric fashion, and the particular relation-
ship between the two variables can be as-
sessed from a smoothed drawing line. To
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avoid a high degree of model complexity,
each GAM contained one of the numerical
predictors (PET, CLAY, STOROC, HLI or
SPRUCE10) and one categorical predictor
(bedrock type or forest naturalness). This
yielded five models for each categorical
predictor and 10 different GAMs in total.
Fitting multiple GAMs allowed to explore in
detail the response of spruce decline,
whereas one “global” GAM with multiple
predictors would only provide general
trends. In the results section, we report the
F-value as an indication of relationship
strength between the response and predic-
tor variables. Explained deviance (%) as an
overall measure of the explanatory power
of the model is also provided. In addition
to relative spruce decline, we also mod-
elled the response of absolute decline (ex-
pressed in m3) using the same method as
that used for the relative decline.

Before running the statistical models, we
checked the distribution of the response
variable and all five quantitative predictors.
Predictors were also tested for possible
multicollinearity, but low correlation coeffi-
cients prevented this (see Fig. S1in Supple-
mentary material). When significant depar-
tures from normality were detected, ap-
propriate data transformations were per-
formed for both response and explanatory
variables. For relative spruce decline (%) a
square-root transformation was the appro-
priate choice and for absolute decline (m3)
the log,, transformation was used. To fur-
ther improve the interpretability of model
outputs, standardization of predictors was
implemented, resulting in scaled and cen-
tred values with mean = 0 and standard de-

viation = 1. For each quantitative predictor,
we tested differences between groups de-
fined for bedrock type (Fig. S2 in Supple-
mentary material) and forest naturalness
(Fig. S3). The non-parametric Kruskal-Wallis
test with Bonferroni correction for multiple
comparisons was used due to data violat-
ing the assumptions of normality and ho-
moscedasticity. The most commonly used
threshold for p-values (i.e., 0.05) was set in
all statistical procedures. Analyses were
done in statistical computing software R
version 4.1.1 (R Core Team 2020).

Results

Comparison between subsets with low
vs. high spruce decline

Forest compartments in subset 1 (includ-
ing compartments with a relative spruce
decline = 10.0%) showed significantly higher
potential evapotranspiration (PET), soil
clay content (CLAY) and stoniness/rocki-
ness (STOROC) compared to compart-
ments in subset 2 (including compartments
with a relative spruce decline < 10.0% - Fig.
2). In contrast, compartments in subset 1
were characterized by a significantly lower
proportion of Norway spruce in year 2010
(SPRUCE10), altitude and size (area). The
investigated subsets did not differ signifi-
cantly in terms of head load index (HLI) val-
ues (Fig. 2).

Both subsets differed with respect to
bedrock type categories and classes of for-
est naturalness (Fig. S4 in Supplementary
material). Almost 70% of all compartments
in subset 1 were located on carbonate bed-
rock, while the share of compartments

Predictors of spruce decline in Slovenia

with carbonate bedrock was lower in sub-
set 2 (59.1%). Silicate bedrock was more fre-
quent in subset 2 (30.3% of all compart-
ments) in comparison to subset 1 (22.5%).
Compartments with mixed geology had a
similar share in both subsets, i.e., 8.5% in
subset 1 and 10.6% in subset 2. More than
half of the compartments in subset 1 had
preserved tree species composition,
whereas this share was lower for subset 2
(40.0%). In other classes, the proportions
were as follows: 35.1% (subset 1) and 39.0%
(subset 2) for the class of changed compo-
sition, 10.5% and 16.6% for the class of
strongly changed composition and 2.6%
and 4.4% for the class of altered composi-
tion (Fig. S4 in Supplementary material).

Spruce decline per bedrock type
categories and classes of forest
naturalness

Considering only the focal data of subset
1, we investigated the general pattern of
spruce decline for different categories of
bedrock type and classes of forest natural-
ness. The overall mean value of relative
spruce decline in subset 1 was 38.7%, rang-
ing from 10.0% to 99.8%. There were statis-
tically significant differences between bed-
rock type categories in terms of spruce de-
cline. Spruce decline was significantly
lower in compartments with silicate bed-
rock compared to those on carbonate bed-
rock (Fig. 3a). Compartments with mixed
geology exhibited intermediate levels of
spruce decline but were not significantly
different from the category of carbonate
bedrock type. Examining the pattern for
classes of forest naturalness, we found

Tab. 2 - Hypothesized impact of selected ecological variables (i.e., predictors) on Norway spruce decline, with some reasonable eco-

logical interpretations.

Predictor .

variable Hypothesis

BEDROCK TYPE Compartments on carbonate bedrock are more susceptible to drought stress compared to silicate bedrock and are
hence expected to show higher spruce decline. Soil conditions (depth, chemical and physical characteristics, water
storage capacity) are closely linked to bedrock type.

FOREST Compartments with greater alteration of tree species composition (less natural or more changed from potential

NATURALNESS natural composition) are expected to show higher spruce decline. Stands with more preserved tree species
composition are less prone to abiotic and biotic disturbances and exhibit a higher degree of resistance (also
resilience).

PET Compartments with higher potential evapotranspiration are expected to show higher spruce decline. Warmer and
especially drier sites with higher PET are less favourable for Norway spruce growth and resistance.

CLAY Compartments with higher soil clay content are expected to show lower spruce decline. Soils with more clayey
texture have higher water storage capacity and spruce trees are thus less exposed to drought-induced stress. On the
other hand, soils with a high clay content may bind water such that it is not available for plants or may be prone to
water logging. This is not positive for spruce survival, whereas its lowest susceptibility is expected for intermediate
clay levels.

STOROC Compartments with a higher proportion of stones and rocks are expected to show higher spruce decline. More stony
or rocky sites indicate shallower soils with lower storage capacity for water and mostly occur on carbonate bedrock.

HLI Compartments with higher values of heat load index are expected to show higher spruce decline. Microclimatic
conditions on steep, south facing slopes (i.e., higher temperature and lower air humidity) are less optimal for
Norway spruce compared to north-facing slopes.

SPRUCE10 Compartments with a higher proportion spruce are expected to show a lower relative decline because they are

mostly located at sites with more favourable overall conditions for Norway spruce (e.g., higher altitudes). In
contrast, compartments with a large decline of spruce usually include even-aged spruce stands (monocultures) at
lower altitudes. Although such monocultures have a high proportion of spruce, they are most often small in size and
only a part of larger forest compartments (the proportion of spruce in the compartment is therefore relatively low).

iForest 16: 105-115
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Fig. 2 - Comparison of potential evapotranspiration (PET), soil clay content (CLAY),
percentage of stoniness/rockiness (STOROC), heat load index (HLI), proportion of
spruce in 2010 (SPRUCE10), altitude and area (compartment size) between the two
subsets. Subset 1 includes forest compartments with spruce decline > 10% (n = 6355).
Subset 2 includes forest compartments with spruce decline <= 10% (n = 4396). Differ-
ences were tested with the non-parametric Mann-Whitney test and p-values are given
above each panel. The red dot with range within each violin plot represents the mean

value * standard deviation.

that compartments with preserved tree
species composition experienced signifi-
cantly higher spruce decline compared to
the other three classes (Fig. 3b).

GAMs with bedrock type as a predictor
Spruce decline generally increased along
the potential evapotranspiration (PET) gra-
dient. The relationship was significant for
all three bedrock type categories, i.e., car-
bonate, mixed and silicate bedrock (Fig. 4,
first row; deviance explained = 7.94%). For-
est compartments with higher clay content
in the soil exhibited higher spruce decline

a) BEDROCK TYPE
a a b

and this pattern was detected for all three
categories (Fig. 4, second row; deviance
explained = 6.46%). The effect of stoniness/
rockiness (STOROC) on spruce decline was
significant only in case of carbonate bed-
rock, for which it showed an increase at
the beginning of the gradient followed by
a steady and slowly decreasing trend (Fig.
4, third row; deviance explained = 5.46%).
Heat load index (HLI) proved significant in
the category of mixed bedrock. An increas-
ing trend of spruce decline along the HLI
gradient was observed (Fig. 4, fourth row;
deviance explained = 4.87%). Among all

b) TREE SPECIES COMPOSITION PRESERVATION
a b b b

1
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Fig. 3 - Relative spruce decline (data from subset 1) for (a) three bedrock type cate-
gories (carbonate, mixed, silicate) and (b) classes of forest naturalness (preserved,
changed, strongly changed, altered tree species composition). Different letters above
each boxplot indicate statistically significant differences according to the Kruskal-Wal-
lis test with Bonferroni correction for multiple comparisons.
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quantitative predictors, the strongest rela-
tionship between the response variable
was found for the proportion of spruce in
year 2010 (SPRUCE10 - Fig. 4, fifth row; de-
viance explained = 10.70%). Compartments
with a lower share of spruce generally ex-
hibited a higher relative decline of spruce
growing stock and this was true for all
three bedrock type categories. Across
these categories, the dependent variable
behaved in a similar fashion with some mi-
nor exceptions (e.g., STOROC and HLI).
Overall, the strongest predictor was
SPRUCE10, while HLI had the lowest ex-
planatory power.

Absolute spruce decline (log.(m3) - Fig.
S5 in Supplementary material) behaved
quite differently compared to the relative
decline described in Fig. 4. For example,
while the relative decline evidently increas-
ed along the soil clay content gradient (Fig.
4), the absolute decline showed a less clear
pattern (unimodal or even declining trend
along the same gradient). Furthermore,
the volume of felled spruce trees increased
with the proportion of spruce in the year
2010, whereas the opposite trend was ob-
served for relative decline. More impor-
tantly, additional analysis with respect to
the absolute decline revealed that com-
partments with different geology showed
various patterns of spruce decline, which
can be seen in the shape of the curves pro-
duced by the GAMs. This further demon-
strates that the effect of ecological predic-
tors on spruce decline depends on bedrock
type and suggests the presence of interac-
tions between qualitative and quantitative
predictors.

GAMs with the degree of forest
naturalness

With respect to forest naturalness (FN) as
a qualitative predictor, the patterns ob-
served were similar to those for bedrock
type. Higher potential evapotranspiration
(PET) caused higher spruce decline, al-
though for some classes of FN preserva-
tion (e.g., changed, strongly changed) this
trend was less clear (Fig. 5, first row; de-
viance explained = 7.63%). We came to the
same conclusion regarding the relationship
between relative spruce decline and CLAY
(i.e., increasing trend along the gradient)
as it was significant for all four categories
(Fig. 5, second row; deviance explained =
7.34%). On the other hand, the dependent
variable responded quite differently among
FN classes along the STOROC gradient as it
showed a less clear trend for the preserved
and changed class but an increasing trend
for strongly changed and altered compart-
ments (Fig. 5, third row; deviance ex-
plained = 6.41%). HLI proved to be a signifi-
cant predictor only in the class of changed
tree species composition, with a slight in-
crease in spruce decline along the gradient
(Fig. 5, fourth row; deviance explained =
4.43%). The proportion of spruce in the
year 2010 was once again identified as the
most powerful predictor (Fig. 5, fifth row;

iForest 16: 105-115



Fig. 4 - Estimated response
of relative spruce decline
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Discussion can be greatly modified by forest manage-

significant for all four FN classes and a
more or less evident decreasing trend can
be recognized along the gradient. In addi-
tion, the dependency of the predictor’s ef-
fects on the degree of forest naturalness
can be recognized, suggesting interactions
between qualitative and quantitative pre-
dictors.

Similar to the relative spruce decline de-
scribed in Fig. 5, the absolute decline (Fig.
S6 in Supplementary material) showed a
varying response for different classes of
FN. In some cases, the overall trend varied
greatly between classes. The most evident
exception to this observation was the pre-
dictor SPRUCE10, which consistently af-
fected the absolute decline in a similar way
(i.e., increasing spruce decline along the
gradient).
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Geology and forest naturalness as
modulating factors

In this paper, we quantified the recent
(2010-2018) Norway spruce (Picea abies) de-
cline in Slovenia caused by abrupt distur-
bance events of widespread proportions,
such as bark beetle outbreaks, ice storm
damage and windthrows. We accounted
for a wide array of environmental variables
that could potentially influence spruce de-
cline, including those related to geology,
climate, forest soil, terrain topography and
stand features. A key focus was given to
the effects of two qualitative explanatory
variables with a contrasting nature: bed-
rock type and forest naturalness (preserva-
tion of tree species composition). While
the latter has been frequently studied and

ment (De Groot et al. 2019), researchers
have rarely addressed how given geologi-
cal conditions (natural factors beyond the
control of anthropogenic interventions)
might influence forest decline.

One general observation derived from
analyses was that relative spruce decline
significantly differed with respect to bed-
rock. On average, the highest decline was
observed for the carbonate bedrock type.
This agreed with our hypothesis that forest
compartments on carbonate substrate
would exhibit higher spruce decline due to
the less favourable soil conditions (lower
water storage capacity). Compartments on
silicate bedrock had the lowest decline. Al-
though the western part of Slovenia re-
ceives higher annual precipitation, these
areas are more susceptible to spruce de-
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cline due to high prevalence of shallow for-
est soils on limestone with low water avail-
ability and frequent rainfall deficits during
summer. Higher temperatures weaken
Norway spruce trees, particularly in areas
outside the species’ natural range (Levanic¢
et al. 2009). Abiotic stress induced by
drought may push trees beyond critical
physiological thresholds for survival (An-
drus et al. 2021). Warming temperatures
are also expected to facilitate the popula-
tion development of lethal forest insects
such as bark beetles (Temperli et al. 2015,
De Groot & Ogris 2019). In the last few de-
cades, two main outbreaks of bark beetles
have occurred in Slovenia. The epidemic
period from 2003 to 2008 was initiated by
a severe drought in 2003 and the period
from 2014 onwards was triggered by an ice
storm (De Groot et al. 2019). Hlasny et al.
(2021) reported a transition from wind- to
drought-driven bark beetle outbreak dy-
namics in the Czech Republic. Marini et al.
(2017) suggested that drought and climate
warming can induce epidemic eruptions
even in the absence of abrupt pulses of
widespread tree mortality caused by dis-
crete disturbance events.

After the ice storm in 2014, the Dinaric,
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Pre-Dinaric, Alpine and Pre-Alpine regions
became epicentres of spruce decline (Kut-
nar et al. 2021). Some of these areas experi-
enced an almost complete depletion of
spruce, particularly at lower altitudes.
Most of the plantations with a high propor-
tion of Norway spruce trees are at a lower
altitude, which means that trees are also
often stressed by higher temperatures. On
a positive note, shifts in forest composition
and structure via host tree removal can
counterbalance the enhancing effects of
accelerated beetle population develop-
ment and increased drought-induced sus-
ceptibility of spruce to beetles in the long
run (Sommerfeld et al. 2020). The most
prominent reduction of spruce growing
stock was, at least to some degree, spa-
tially concentrated (western part of the
country, i.e., Dinaric Mountains, mid-alti-
tude hilly landscapes between the Alps and
Dinarides) rather than scattered across the
country because of the joint effects of two
negative factors that were spatially and
temporarily synchronized: ice storm dam-
age and drought-prone sites on carbonate
bedrock. High-elevation areas on carbon-
ate with high annual rainfall (between
2000 and 2500 mm per year or even more;

SPRUCE10 [%]

e.g., calcareous SE Alps) experienced
higher spruce decline compared to high-el-
evation areas on silicate bedrock in the
eastern part with less annual rainfall (be-
tween 1500 and 1600 mm per year or even
less; e.g., Pohorje Mountains). Owing to
carbonate bedrock with low soil water
storage capacity, the sites are more vulner-
able to drought stress compared to sites
on silicate bedrock, which can maintain
sufficient water supply throughout the
summer. Our analysis did not include the
period 2019-2021, but from our personal
observations and available data from SFS
Annual Reports, we can claim that bark
beetle infestations of spruce forests also
started at higher altitudes because of a
rise in temperatures, prolonged summer
droughts and forest disturbances (e.g.,
windthrows). Increasing rates of tree mor-
tality linked to a warmer and drier climate
in high-altitude environments have been il-
lustrated by several articles (Andrus et al.
2021).

Historical management practices oriented
towards economic benefits of forest
stands have largely changed the composi-
tion and structure of today’s forests. A
large proportion of Norway spruce was the

iForest 16: 105-115



main cause of the change in tree species
composition of Slovene forests. There was
a clear association between the degree of
forest naturalness and the proportion of
Norway spruce (see Fig. S3 in Supplemen-
tary material, bottom left panel). A higher
proportion of spruce was characteristic of
compartments with a greater alteration of
tree species composition. A similar finding
was confirmed by De Groot et al. (2019).
The share of spruce in forest compart-
ments was also the decisive factor for the
degree of damage associated with forest
dieback processes in Sudety and Beskidy
Mountains (Balazy et al. 2019). We initially
hypothesized that compartments with a
greater alteration of tree species composi-
tion would show a higher spruce decline
(Tab. 2). However, the results did not sup-
port this assumption as compartments
with preserved composition exhibited the
highest relative spruce decline among all
classes.

A greater alteration of tree species com-
position is inversely related to forest natu-
ralness (Boncina et al. 2017), although natu-
ralness does not automatically mean great-
er tree species richness as it depends on
the potential natural vegetation. Forest
ecology theory predicts that species-rich
forests with more preserved species com-
position should show higher degree of
temporal stability. Resistance and re-
silience to the negative effects of natural
disturbances can be greatly elevated with
mixed and local site-adapted tree species
composition. In contrast, changed or com-
pletely altered tree species composition
are often predisposing factors to negative
disturbance impacts. One possible explana-
tion for the discrepancy observed with our
data analysis is that intense large-scale for-
est disturbances are able to override the
buffering potential of favourable condi-
tions seen in more preserved tree composi-
tion. Another explanation is that small, iso-
lated spruce stands within more preserved,
predominantly deciduous forest compart-
ments are probably at even higher risk of
significant relative change or even com-
plete decline than larger stands of spruce
in altered, spruce-dominated compart-
ments. Because of the responsive and well-
organised forest service, the likelihood of
total decline of such spruce-dominated
compartments, which also have higher
economic value, is relatively low. The re-
sponse of spruce decline to forest natural-
ness could thus be partially offset by forest
management interventions. Taken togeth-
er, the mitigating effect of bedrock type
was larger compared to that of forest natu-
ralness.

The hypothesized effects of individual
quantitative predictors were also only part-
ly supported by our results. Compartments
with higher potential evapotranspiration
had higher spruce decline on average,
which is in line with the results from Hlasny
et al. (2021). This confirms the general ex-
pectation that drier and warmer climates
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are less favourable for Norway spruce. This
tree species is more vulnerable to sec-
ondary infestations at sites with lower wa-
ter availability. In comparison to the PET
effect, other predictors were either less in-
fluential (e.g., heat load index, stoniness/
rockiness), or the relationship between re-
sponse and predictor variables requires
careful ecological interpretation (e.g.,
higher spruce decline in compartments
with higher soil clay content). In soils with
a high clay content, the water available to
plants can be low despite a better water
holding capacity because the water is stuck
in the fine pores. In addition, soils with a
high clay content are prone to waterlog-
ging, which leads to shallow root systems
in Norway spruce, making the species sus-
ceptible to windthrow or drought effects.

Study limitations

Although we provide a countrywide anal-
ysis of the Norway spruce growing stock
decline in relation to a broad spectrum of
ecological factors, our study has some
shortcomings worth to be discussed. First-
ly, the low percentage of deviance ex-
plained in the GAM-based regression mod-
elling (average was 7.1% for models based
on bedrock type and 7.0% for models based
on forest naturalness) suggests that some
other ecological factors not accounted for
in our study likely play a decisive role. The
analyses were nevertheless done by maxi-
mizing the availability of compartment-lev-
el data. On a positive note, the constructed
GAMs are fairly simple as they all include
only one quantitative predictor, one quali-
tative predictor and the interaction be-
tween the two. When simultaneously in-
cluding multiple quantitative predictors in
the model, the explained deviance reached
almost 20% (data not shown).

Secondly, the values of some predictors
(e.g., PET and CLAY) were taken from an
open-source database with a spatial resolu-
tion not fully congruent with the resolution
of the forest compartments. In addition,
caution is needed with the four classes of
forest naturalness as they show quite un-
even (unbalanced) ranges, and the reliabil-
ity of their compartment-level determina-
tion might be questionable. Compartments
can include various forest stands, but we
used a single predictor and response vari-
able value for each compartment, and this
might have resulted in the loss of informa-
tion by upscaling from a smaller (stand) to
larger (compartment) spatial scale. A
whole analysis based on stand-scale data
would likely be more precise.

Thirdly, the investigated period 2010-2018
included a series of different disturbance
agents that usually show a differential re-
sponse to the ecological conditions of for-
est sites. A diverse combination of distur-
bances complicates the identification of
the proximate causes of spruce decline.
We would have gained deeper insights if
we had included volumes of salvage log-
ging attributed to different disturbance

Predictors of spruce decline in Slovenia

agents that contributed most to the ob-
served spruce decline (bark beetles, ice
storm, windthrows). A possible upgrade of
our approach could include temporal dy-
namics (i.e., annual time series analysis) for
individual disturbance agents.

Management implications

Despite the aforementioned limitations,
our main findings have important forest
management implications. Norway spruce
is widely appreciated among foresters and
forest owners because of its broad ecologi-
cal niche, adaptability and valuable timber.
However, past and present planting of
spruce can create more problems than
benefits, particularly in secondary forests
on unfavourable sites for spruce growth.
These problems seriously question the sus-
tainability of silviculture oriented towards
Norway spruce that is broadly rooted in
management across Central and SE Europe
(Hldsny & Turcani 2013). Based on our re-
sults, we can conclude that bedrock type is
an important mitigating factor of spruce
decline. However, it remains unclear
whether such a buffering effect would be
apparent if the sites on silicate bedrock ex-
perienced similar ice storm damage as was
the case for compartments on carbonate
or mixed geology. Massive insect out-
breaks and other intensified disturbances
might offset the potential buffering effect
of bedrock geology. Large-scale distur-
bances are likely to overwhelm the mean-
ingful mechanisms related to ecological
predictions, as demonstrated by the study
of De Groot et al. (2018). When the level of
severity of a disturbance crosses a certain
tipping point, the potential of ecological
factors to mitigate the damaging effects of
natural disturbances and to positively con-
tribute to forest conservation is reduced.

Under epidemic situations, forest sites
theoretically less prone to disturbances
(e.g., in the case of bark beetle outbreaks:
lower temperatures and precipitation de-
ficits, higher clay content with greater soil
water storage capacity but not necessarily
a greater amount of plant available water,
north-facing slopes with a more humid mi-
croclimate, uneven-aged structure with
mixed tree species) can exhibit substantial
tree mortality and stand growing stock de-
clines. Such offsetting effects likely also oc-
curred in Slovenian forests where spruce
decline was high on sites with a high de-
gree of forest naturalness. This suggests
that appropriate management oriented to-
wards local site-adapted stand composi-
tion and structure might lose its ability to
increase resistance against disturbances.
However, we strongly advocate silvicul-
tural measures that are regularly executed
in timely manner, adapted to local site con-
ditions as well as to the landscape-level
configuration, and contribute to the
greater bio-physical stability of forests.
Regular cutting decreases the amount of
salvage logging because of bark beetles.
Nevertheless, the realization of possible
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harvest is generally below planned vol-
umes (De Groot et al. 2019). Preserved tree
species mixture and active forest manage-
ment reduce the amount of sanitary felling
(Diaci et al. 2021).

Conclusions

Recent evidence of Norway spruce pro-
found disturbance-induce damage and con-
sequent stock depletions appears to be a
universal phenomenon in almost all re-
gions in Central and South-eastern Europe.
These effects have reinforced justified
doubts regarding the sustainability and
prospect of this tree species in the future.
However, Slovenia is characterized by
specificities not common to other Central
European countries, such as the 2014 ice
storm disturbance that escalated into mas-
sive bark beetle outbreaks in the following
years. In this study we integrated multiple
disturbance agents causing spruce mortal-
ity and a growing stock decline in relation
to relevant ecological factors.

We found mixed support for ecology-
based hypotheses. In agreement with our
expectation regarding the influence of
bedrock type, we found a lower decline in
silicate compartments compared to car-
bonate sites. The results pointed to un-
favourable site conditions for spruce (e.g.,
carbonate parent material with shallow
soils) that likely increase its susceptibility
to abiotic and biotic disturbances. In rela-
tion to forest naturalness, we did not find
support for the hypothesized effects as
preserved compartments showed the high-
est spruce decline. The mismatch between
theoretical concepts and observed pat-
terns might be explained by the fact that if
intensive large-scale disturbances cross
critical thresholds, they have the potential
to cancel out the buffering capacity of cer-
tain ecological factors. This observation
calls into question the ability of forest nat-
uralness to mitigate disturbance effects.
Nevertheless, active and local site-adapted
forest management still undoubtedly rep-
resents the main tool in the fight against
threats posed by climate change.
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