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ABSTRACT: The consequences of large-scale disturbances magnified by climate extremes and
land-use changes in Norway spruce forests in the Tatra Mountains (Slovakia) are assessed in this
study. The study area is part of the territory of Tatra National Park (TANAP). The driver—pressure—
state—impact-response (DPSIR) framework was applied to evaluate how the ecosystem and its
services are affected. The state of the ecosystem and its potential for provisioning ecosystem serv-
ices before and after disturbances is expressed by a set of indicators derived mostly from long-term
ecological research conducted in TANAP. The differences are classified by a standardised change
index (CI). Ten years after the major windthrow disturbance in 2004, all ecosystem services were
still below the pre-disturbance state. The most pronounced declines were found in cultural (aver-
age CI = 0.69) and provisioning (average CI = 0.86) ecosystem services. Regulating services are
recovering faster (average CI = 0.97), with some indicators exceeding the state before the distur-
bances. Significant changes took place at the tree line, which is a new phenomenon not known
from previous disturbances. Despite a gradual recovery of the ecosystem state and functioning, this
analysis confirms that there is a serious risk of decline in forest ecosystem benefits according to
regional climate change projections. It also indicates the increasing importance of sustainable for-
est management for safeguarding ecosystem services under changing conditions.
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1. INTRODUCTION

Ecosystem services (ES) are the benefits that peo-
ple receive from nature, natural processes or ecosys-
tem functions. As such, they reflect societal values,
goals, desires and benefits (TEEB 2010, Kelble et al.
2013). ES are generally categorised into provisioning
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(PES), regulating (RES) and cultural services (CES),
as well as ecosystem functions. The capacity of forest
ecosystems to provide ES depends on their state
(Sing et al. 2015), which can be described by various
indicators. PES provide goods (e.g. timber, biomass,
water, game, etc.), while RES are the benefits
obtained from the regulation of ecosystem processes
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(e.g. water regulation and purification, carbon bal-
ance, nutrient content, etc.). CES are non-material
benefits achieved through cognitive development,
reflection, recreation, etc. Ecosystem deterioration
by external pressures may reduce both the quantity
and quality of expected services.

Forest ecosystem services are threatened by in-
creasing natural disturbances in many parts of the
world, particularly in relation to climate change (e.g.
Schelhaas et al. 2003, Seidl et al. 2014). At the same
time, a higher susceptibility of forests to disturbance
has been interpreted as a consequence of past land
use (Seidl et al. 2009). However, recent large-scale
dieback in remote natural forests, even at the alpine
treeline, confirms the complexity and still rather lim-
ited knowledge of the interactions among distur-
bances, climate and land-use changes that seriously
affect ecosystem functions and services (Dale 1997,
Thom & Seidl 2016). The emerging conflict between
increasing demands and a compromised or limited
ES capacity is one of the key challenges for forest
management and protection.

Different approaches have been proposed to re-
solve conflicts between the demands for ES and their
provisioning capacity. ‘Cause—effect’ models are
widely used to illustrate the relation among indica-
tors describing pressures and impacts in ecosystems
(Smeets & Weterings 1999). The DPSIR (driver—
pressure—state—impact-response) framework (Levin
et al. 2008) is an example of such a model. It is a con-
ceptual tool for structuring and communicating
policy-relevant environmental research, which ex-
presses how human society impacts on ecosystems
(EEA 2005). Its application to certain problems helps
to identify crucial points in the causal chain of DPSIR
and supports decision-making processes to mitigate
the negative effects that the driving forces may have.
Social and economic developments or natural distur-
bances (driving forces) exert pressures on the envi-
ronment and, as a consequence, the state of the envi-
ronmental changes. This leads to impacts on eco-
systems, human health and society, which may elicit
a societal response to the driving forces, state or
impacts via various mitigation, adaptation or curative
actions (Smeets & Weterings 1999).

The objective of this study was to assess the im-
pacts of key drivers that cause changes in mountain
forests and the alpine treeline on ES provisioning in
the Tatra Mountains. The study area, protected as a
national park, has been heavily affected by repeated
natural disturbances, of which the severity has been
magnified by climate and land-use changes. We
investigated how ES changed 5 and 10 yr after an

extraordinary large-scale windthrow disturbance in
2004, the role of changing land use and the possible
impacts of changing climate. The analysis was based
on an assessment of indicators that were derived
from published long-term ecological research and
monitoring data (Fleischer 2008). We applied the
DPSIR framework to assess the ecosystem state and
its capacity to provide ES. To our knowledge, this
study represents the first application of this type of
analysis in the Tatra Mountains. The results could
assist National Park managers in balancing societal
requirements with the potential of the forest ecosys-
tems to provide the benefits of nature to people
under changing environmental conditions.

2. MATERIALS AND METHODS
2.1. Study site and disturbances

The Tatra Mountains are the highest part of the
Carpathians and are situated along the border
between Slovakia and Poland. Although the altitude
of many peaks exceeds 2000 m above sea level
(a.s.l.), the mountains cover a relatively small area
(341 km?) and the main ridge is only 26 km long.
Despite century-long use by humans for wood and
grazing, the forests still cover a large continuous
area, covering around 400 km?. An abrupt change in
land use occurred in 1949 when the Tatra National
Park was established. Various management ap-
proaches were applied afterwards with the aim to
reconstruct ecosystems disturbed by earlier human
overuse and to safeguard an array of ES, such as
tourism, recreation, steep slope stabilisation, water
regulation, habitat protection and wood production.
Since the mid-1990s, a non-intervention approach
has been applied on approximately 30% of TANAP
forests, which has had a significant negative effect on
traditional land-use (Koren 2015).

The Tatra Mountains are frequently hit by damag-
ing downslope winds that storm their lee side. During
the past 200 yr, massive forest destruction caused by
such winds occurred in 1834, 1868, 1898, 1915, 1919,
1925, 1941, 1971, 1981, 2004 and 2014 (Koren 2015,
Holeksa et al. 2016). On a regional scale, the wind-
throw event of 2004 was the most severe known wind
disturbance in the history of the Tatra Mountains
(Zielonka et al. 2010). The wind gusts exceeded
230 km h™! and laid down some 2.3 million m?® of the
forests’ standing volume across 120 km? (30 % of the
forest area), making it one of the 10 most devastating
storms in Europe in recent decades (Gardiner et al.
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2010). Along with this harmful event, the extraordi-
narily high summer temperatures recorded after the
2004 disturbance caused forest fires and unprece-
dented European spruce bark beetle (Ips typogra-
phus, hereafter bark beetle) outbreaks. During the
last decade, air temperatures have exceeded the
long-term climatological mean (1930-1960) for the
growing season several times, particularly in 2007,
2012 and 2015 when the temperature was higher
than the climatological mean by 1.6, 1.5 and 1.9 °C,
respectively. The combination of windthrow distur-
bance and elevated temperature has resulted in an
increase in various pressures that have severely
affected the ecosystem and its services. High num-
bers of fallen trees combined with warm weather
lead to an increased risk of bark beetle population
outbreak (e.g. Schroeder & Lindelow 2002, Werme-
linger 2004). Indeed, unlike in the past, a massive
bark beetle outbreak spread upslope up to the tree-
line (1500-1650 m a.s.l.) and damaged more than
70 km? of mature, mostly natural, Norway spruce
Picea abies (L.) Karst and European larch Larix de-
cidua Mill) forest (Fleischer et al. 2016). Warm
weather and dry periods caused forest fires on the
scale of several square kilometres.

Although we focus on natural drivers, the recent
socioeconomic developments in the study area
should also be mentioned. Large investments in win-
ter sport resorts made in the last decade (€200 mil-
lion) and a 50% increase in the transport capacity

PRESSURES 1P

DRIVERS

and area of ski slopes have dramatically increased
the pressure on supramontane and subalpine forests
in the Tatra Mountains, which has particularly af-
fected the treeline.

Five research sites, each 100 ha in size, were estab-
lished in TANAP in 2006-2008 to assess the response
of ecosystems and their functions and services to the
wind, fire and bark beetle disturbances as well as to
different land-use practices, with different types of
human intervention. The EXT and FIR sites represent
salvage-logged windthrow and windthrow burnt by
incidental fire, respectively. The sites without human
intervention are NEX (no timber extraction) and IPS
(site with no timber extraction disturbed by bark
beetle). The REF site represents intact reference con-
ditions. For a detailed description see Fleischer
(2008).

2.2. DPSIR model, ecosystem services and
indicators

We applied the DPSIR framework to evaluate the
impacts of disturbance (windthrow, fire, bark beetle),
land use (natural unmanaged forest, semi-natural
managed forest) and climate (increasing tempera-
ture) on ES. To apply the DPSIR framework, we
adhered to the generally applicable criteria for dis-
cerning drivers, pressures, states and impacts as
established by Oesterwind et al. (2016). Fig. 1 illus-
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Fig. 1. Conceptual model for evaluation of forest ecosystem services in the Tatra Mountains using the driver-pressure—state—
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trates the concept of progressive environmental
changes induced by the driving forces, i.e. natural
disturbances, climate and land-use changes, and
their impacts on ES.

We understand pressures as processes (air and
water warming, mineralisation, leaching, fragmenta-

tion, insect outbreaks, drought, erosion, etc.) stimu-
lated by the drivers. The magnitude of the pressures
determines the state and the functioning of an eco-
system. The state of an ecosystem is its capacity for
providing ES on a certain level that we interpret as
impact. The state evaluated in time intervals is cru-

Table 1. List of ecosystem state indicators categorised according to the ecosystem services (PES, provisioning; RES, regulating;
CES, cultural) and their relative normalized change index (CI), when compared with the reference (REF) value (pre-disturbance
state recorded at the REF site in 2004 [REFO] or alternatively, a site-specific value if recorded at the distinct research site before
the disturbance) according to land-use types (EXT: salvage-logged windthrow; FIR: windthrow burnt by incidental fire; NEX:
no timber extraction; IPS: no timer extraction but disturbed by bark beetle occurrence including treeline) and the time of assess-
ment (5 and 10 yr after the disturbance). +/— indicates the interpretation of increasing ecosystem state indicator value on ecosys-
tem functioning and ES provision based on the authors’ evaluation. See Section 2.2 for further details. Key indicators are in bold

Ecosystem Indicator (unit) ES trend REF Cl;

service (+/-) REF0 REF5 REF10 EXT5 EXT10 FIR5

category or site

value

PES Gross primary production (g C m?) + 1282 0.92 0.85 0.43 0.93 0.96
Leaf area index (m* m2) + 6 0.92 0.67 0.2 0.63 0.33
Net primary production (g C m2) + 460-505 0.81 0.18 0.63 0.62 0.83
Natural regeneration (ind. ha™) + 2200 1.09 1.18 2.04 1.63 2.00
Dead wood (m® ha™) + 77 1.09 1.17 1.43 1.43 0.39
Fragmentation (%) - 15 0.88 0.75 0.16 0.16 0.16
Yield (m® ha™) + 280 1.04 0.25 0.00 0.04 0.00
Soil fauna diversity (n) + 5 1.00 0.60 2.80 1.00 3.20
Game (n ha™) - 0.5 1.00 1.00 0.50 0.33 0.50
Bark beetle population (% trees infested) — 30 0.75 0.60 1.00 1.00 1.00
Tree species (n) + 2 1.00 1.00 2.00 2.50 2.50
Plant species (n) + 22 1.09 1.05 0.36 0.77 0.32

RES Respiration (g C m?) - 1235 1.07 1.16 1.15 0.93 0.96
C balance (g C m™?) + 47 0.74 0.40 0.16 0.21 0.22
Total organic C (mg 17! - 375 0.99 0.99 0.99 0.99 1.00
C/N - 22 0,.6 0.96 1.00 1.05 1.31
C stock (Mg C ha™) + 92 1.09 1.12 1.02 0.94 0.94
Leaching (index) - 4.6 1.00 0.92 0.58 0.92 0.55
Soil pH + 3.9-4.8 1.00 1.00 0.98 0.98 0.98
Microbial diversity + 226 0.39 0.51 0.33 0.56 0.30
Cellulose decomposition (%) + 25 1.00 1.00 1.60 1.60 2.40
Naturalness (% of natural stands) + 20-90 1.00 1.00 0.25 0.40 0.25
High flow pulses (n) - 90 0.75 0.69 0.82 0.69 0.64
Flow reversals (n) - 7 1.00 1.00 1.00 1.00 0.46
Flow minimum (index) - 0.15-0.4 0.33 0.33 0.87 1.00 0.60
Interception (% of rain retained by canopy) + 42 0.90 0.67 0.24 0.24 0.12
Ground water level (m) - 2.5 0.40 0.58 0.40 0.58 0.40
Surface runoff (%) 0.61-1.57 0.87 0.76 0.32 0.41 0.27
Erosion (kg ha™! yr'!) - 0.007 0.43 0.43 0.70 1.00 0.70
O3 (ppb) - 39-48 1.08 1.05 1.08 1.05 1.08
Precipitation pH + 4.0-4.1 1.07 1.36 1.20 1.38 1.05
Soil temperature (°C) - 7.4-9.0 0.98 0.78 0.72 0.82 0.80
Air temperature (°C) - 11.0-11.5 0.94 0.92 0.85 0.84 0.86
Soil moisture (%) + 33-38 1.00 1.08 0.86 0.70 1.06
Snow accumulation (cm) + 150-250 1.00 1.10 1.00 1.08 1.00
Sensible heat (% in energy balance) - 45.9 0.96 0.92 0.83 0.84 0.79
Wind velocity (m s7) - 0.2 0.67 0.50 1.06 1.2 1.11
Fire risk (index) - 1 1.00 0.50 0.14 0.25 0.33
Rockfall risk (index) - 1 1.00 1.00 1.00 1.00 1.00
Treefall risk (index) 1 0.50 0.33 1.00 1.00 1.00

CES Visitors (n) + 18000 0.88 1.17 0.88 1.17 0.88
Patients (n in climatic spa) + 3000 0.63 0.40 0.63 0.40 0.63
Attractiveness (index) + 1 1.00 0.80 0.50 0.55 0.50
Allergen, disease (index) - 1 0.66 0.50 0.28 0.25 0.67
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cial for the detection of changes in state, in our case
before and after (5 and 10 yr after the windthrow dis-
turbance in 2004). The ecosystem state before the
disturbance was used to classify ES modified by dif-
ferent disturbance and land-use types. The impact on
PES, RES and CES was analysed.

The identification and description of the ecosystem
changes was based on the indicators published by
scientists involved in ‘windstorm research’ (Fleischer
2008). The indicators presented in this study (Table 1)
are physical, chemical and biological variables that
describe the current status of drivers, pressures and

impacts on the studied ecosystem. We summarised
all published data, derived indicators and assigned
them to the DPSIR categories. A total of 44 indicators
were selected, which were grouped into 3 categories
characterising PES (12 indicators), RES (28 indica-
tors) and CES (4 indicators) (Table 1). Then, we clas-
sified the indicators by increasing or decreasing ten-
dency (before the disturbance, 5 and 10 yr after)
using the change index (CI). Indicators at all the sites
were standardised with the reference values, apply-
ing the rule ‘the higher the better' (Wang et al. 2015).
We chose 2004 and the REF site as the reference for

Source

Cl;

FIR10 NEXS5 NEX10 IPS5 IPS 10

0.92 0.95 1.11 0.63 0.39
0.73 0.35 0.73 0.50 0.28
0.81 0.76 0.90 0.13 0.28
2.51 3.63 3.77 1.33 2.13
0.39 3.25 3.38 3.25 3.38
0.16 0.13 0.11 0.30 0.18
0.04 0.01 0.04 0.50 0.11
1.00 1.00 0.40 0.75 0.75
0.33 0.50 0.50 0.50 0.25
1.00 0.86 0.75 0.50 0.40
3.50 0.50 0.50 1.00 1.00
0.54 0.63 1.00 1.12 1.31

0.97 0.98 0.88 0.73 0.78
0.25 0.45 0.49 0.06 0.04
1.00 1.00 1.00 1.00 1.00
1.29 1.16 1.10 1.00 1.05
0.96 1.00 0.98 1.00 0.97
0.90 0.55 0.94 0.84 0.82
1.00 1.13 1.08 1.00 1.00
0.52 0.74 0.81 0.39 0.40
1.60 2.60 1.60 1.25 1.40
0.75 1.29 1.29 1.00 1.00
0.56 0.64 0.56 0.64 0.56
0.35 0.46 0.35 0.46 0.46
0.25 0.70 0.25 0.70 0.40
0.36 0.52 0.66 0.53 0.36
0.58 0.40 0.58 0.40 0.58
0.34 0.76 0.87 0.89 0.89
1.00 0.70 1.00 0.70 0.09
1.05 1.05 1.08 1.06 1.17
1.34 1.13 1.35 1.12 1.35
0.89 0.92 0.88 0.93 0.88
0.84 0.85 0.83 0.85 0.79
1.09 1.02 0.95 1.11 1.05
1.08 1.00 1.07 1.00 1.00
1.56 0.75 3.85 0.88 0.81
1.25 1.06 1.13 0.28 0.15
0.33 0.10 0.25 0.14 0.11
1.00 1.00 1.00 0.25 0.25
1.00 0.50 0.50 0.14 0.11

1.17 0.88 1.17 0.88 1.17
0.40 0.63 0.40 0.63 0.40
0.55 0.50 0.55 0.50 0.50
0.25 0.66 0.33 0.50 0.50
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this analysis (hereafter REFO0). In a limited number of
cases (where available), pre-disturbance values at
disturbed sites were used as a reference. Two types
of formula were applied to standardise the indicator
values, reflecting their different temporal dynamics
(increasing, decreasing) and impact (positive, nega-
tive) on the ES:

Cl; = REFO (increasing value increases ES)
ij
Y (1
Cl; = ——~— (increasing value decreases ES)
REFO

where xj; is the state indicator real value, 1 is distur-
bance and land-use type (EXT, FIR, NEX, IPS, REF)
and j is temporal category (5 and 10 yr after the dis-
turbance).

Cl value <1 indicated a decline and values >1 indi-
cated an increase in ES compared with pre-distur-
bance conditions. The average CI value was calcu-
lated for each ES category from all the indicators.
The development trajectories (differences among the
study sites) were evaluated using principal compo-
nent analysis (PCA). A descriptive classification of
the indicator change (positive or negative) on the ES
was based on a literature review (Thom & Seidl 2016)
and the authors' interpretation (Table 1).

The relevance of the indicators for the ES was
assessed post priori. The key indicators were identi-
fied in 2 steps. First, using exploratory factor analysis
(EFA; R Development Core Team 2008), the groups
of indicators were identified following the approach
outlined by Bryce et al. (2016). Alternatively, in cases
where the statistical interpretation was uncertain,
we applied an expert estimation approach (Grét-
Regamey et al. 2015). Second, the most relevant indi-
cators were selected by correlation analysis. The
indicator with the highest correlation to other indica-
tors inside the statistically or intentionally derived
groups was denoted as the key indicator.

N
o
|

3. RESULTS

o
o

Repeated disturbances, climate and
land-use changes have had a signifi-
cant impact on the state of the forest
ecosystem and its functioning in the

e
(2]

cades, increasing air temperature has been recorded
at meteorological stations located in the vicinity of
the Tatra Mountains. As an example, Fig. 2 shows
data from Tatranskd Lomnica (elevation 830 m a.s.1.),
where measurements started in 1898. The largest
windthrow disturbances in the Tatra Mountains dur-
ing the last 100 yr were plotted against the backdrop
of the annual average temperature and indicate that
the most recent windthrow disturbances (2004 and
2014) coincided with extremely high air tempera-
tures. This synergy of drivers has a large impact on
the forest in the Tatra Mountains. As shown later,
higher temperatures resulted in a larger bark beetle
population, increased fire risk, etc.

Key results regarding the positive or negative val-
ues of ecosystem state indicators are presented in
Table 1. A visual interpretation of the ES before and
after the disturbances is given in Fig. 3. ES was cal-
culated for each ES category (PES, RES and CES) as
an average of all the indicators. Distinct groups of
indicators resulted from the application of the statis-
tical EFA and were supplemented by the expert
knowledge method. In both cases, a correlation ana-
lysis identified the most representative indicators
(Table 1). A more detailed description of the ES indi-
cators is elaborated below.

3.1. PES

Timber yield after disturbances declined to almost
zero and the value of timber losses reached €18 mil-
lion (Tutka 2009). Gross primary production (GPP)
was initially strongly reduced by the wind distur-
bances (50 % reduction), but the recovery in recent
years has been very fast. Ten years after the distur-
bances, the GPP for some land-use types (FIR, NEX)
reached or even exceeded the pre-disturbance state
(Fleischer 2016). Increasing GPP was closely related
to the increase in the vegetation cover indicated by

255
€
20 ¢
i)
15=
1.0Z

5
O.SE

Air temperature (°C)
o
(6]

study area. Large windthrow events
(in 2004 and 2014) and consequent
bark beetle outbreaks damaged 200
km? of the forest during the study
period, which represents half of the
TANAP forest area. In recent de-

@
w

0.0E

=

Fig. 2. Mean annual air temperature (Tatranskd Lomnica, elevation 830 m
a.s.l., period 1898-2015) and windstorm damage (million m?® of fallen trees).
Source: State Forests of TANAP and the Slovak Hydrometeorological Institute
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Fig. 3. Trajectories of provisioning (PES), regulating (RES) and cultural (CES) ecosystem services before the disturbance (0)

and 5 and 10 yr after the disturbance at sites with different disturbance and land-use practices: REF: reference; EXT:extracted

windthrow; FIR: burnt extracted windthrow; NEX: non-extracted windthrow; IPS: non-extracted site disturbed by bark beetle.

Temporal values represent the average normalised change index (CI) of ecosystem service provision indicators (n = 12 for PES,
n =28 for RES and n =4 for CES)

the leaf area index (LAI; Fleischer et al. 2015, Fleis-
cher 2016). A different situation occurred at the tree-
line, which was disturbed by bark beetle occurrence.
The current GPP is 39 % of the pre-disturbance value
and the vegetation cover features sparse succes-
sional vegetation in formerly closed canopy stands.
The ground vegetation biomass increased after
the windthrow disturbance at all sites. The above-
ground biomass was almost identical on both sal-
vage-logged and non-intervention windthrow sites
(9300 kg ha™!). The annual biomass stocks culmi-
nated 5-7 yr after the disturbance, with the highest
value observed on the burnt windthrow (FIR) site
(Kyselova & Homolova 2012). In the following years,
the biomass declined, mostly in the salvage-logged
sites (Fleischer 2016). The decline resulted in a slight
reduction of PES. Both grass and herb species assem-
blages did not differ considerably but the salvage
logging in the EXT site favoured colonisation rate
and an increase in the abundance of early succes-
sional tree species. The differences in the natural
regeneration of Norway spruce ranged from a few
more up to 6-fold more trees per study site in favour
of the non-intervention sites compared with the
salvage-logged site during early post-disturbance
years. In more recent years, the difference has begun
to disappear due to factors such as competition from
the surrounding vegetation (e.g. Jonasova et al. 2010,
Sebeti et al. 2011b, Maéli§ et al. 2015, Michalovéa
2015). Jonasova et al. (2010) mentioned mechanical
destruction during logging as responsible for a
poorer regeneration of Norway spruce in EXT. At the
same time, the salvage-logged sites EXT and FIR
have accommodated a considerably larger number of
pioneer broadleaved species, i.e. birch, willow and
rowan. Due to reforestation in sites with intervention
(EXT, FIR), the number of so-called climax species

has been much higher than in both reference (REF)
and non-intervention (NEX) sites. Nonetheless, Nor-
way spruce remains the dominant tree species for
both land-use types (Fleischer 2016).

With respect to dead wood, Sebeni et al. (2011a)
found 346 + 75 m® ha™! of dead wood in the NEX site.
In the managed EXT site, the amount was 86 + 12 m?
ha~!. Necromass in the undisturbed forest with tradi-
tional management was 49 + 4 m® ha™!. The amount
of dead wood increased in the IPS site where no pest
control measures were applied. In this context, the
European spruce bark beetle Ips typographus is the
most important insect that affects the forests in the
Tatra Mountains. During the first 2 yr after the wind-
throw disturbance, its population developed in fallen
trees with no outward impact. The largest area was
disturbed during the following 2 yr and hit even the
treeline (Qkland et al. 2016). It should be noted that
according to Nikolov et al. (2014), unmanaged sites
in nature reserves (roughly 400 ha) were a source of
an enormous increase in the bark beetle population.
Overall, more than 70 km? of mature Norway spruce
stands were destroyed by the bark beetle (www.lesy-
tanap.sk, Nikolov et al. 2014). Surprisingly, natural
bark beetle enemies (e.g. Thanasimus formicarius,
Scoloposcelis pulchela, Medetera signaticornis) were
unable to exert any control function (Gubka et al.
2010).

PES were substantially reduced by forest fragmen-
tation. The length of forest edges immediately after
the windfall of 2004 remained almost the same as in
the pre-disturbance state (Kopecka & Novacek 2009).
However, considerable forest fragmentation emerged
later due to bark beetle outbreaks (Hlasny et al.
2010), reducing PES mostly at the IPS site.

Water availability, water balance and drinking water
quality were included in RES, but might be partly con-
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sidered as PES. Since these indicators remained almost
unchanged (Holko et al. 2009, 2012, Holko & Skoda
2016), water-related PES remained stable. Streams
flowing through the windthrow areas showed a higher
content of nitrogen compounds for 2—3 yr after the dis-
turbance (Fleischer & Homolova 2011).

Average CI values in PES after 5 and 10 yr slightly
decreased from 0.97 to 0.93 (Fig. 3). A larger decline
was observed in salvage-logged (EXT, FIR) than in
non-intervention sites (NEX, IPS). The largest differ-
ence (CI = 0.75) was documented at REF 10 yr after
the disturbance, which nevertheless was caused by
another windthrow event that occurred in May 2014.

3.2. RES

Generally, RES declined after the disturbances
more profoundly than PES. The average CI values
were 0.81 and 0.84, 5 and 10 yr after the disturbance,
respectively (Fig. 3). In the first 5-yr period, the aver-
age Cl declined in all the study sites. In the second pe-
riod, the decline continued at the IPS and REF sites.
The largest declines were observed in carbon seques-
tration, natural structure, interception, surface runoff
and fire risk (Table 1). Less evident declines were ob-
served in parameters describing soil water quality,
such as total organic carbon and nitrogen content
(Ziegler 2007, Bischoff et al. 2008, Fri¢ & Skvarenina
2008, Fleischer & Homolova 2011). Soil physical prop-
erties (Fleischer & Korefi 2009, Hanajik & Simo-
novi¢ova 2015) remained almost unchanged. Stable
soil prevented an increase in overland flow genera-
tion, soil moisture changes and erosion (Simkovié et
al. 2009, Novak & Surda 2010). These processes are
generally expected as a consequence of dramatic
change in interception and transpiration after canopy
destruction (Knava et al. 2007, Fleischer 2014). Al-
though the surface runoff and particle transport in-
creased several-fold on salvage-logged sites (EXT,
REF), the magnitude of erosion was still classified as
negligible (<0.7 kg ha™! yr™!) for all the disturbance
and land-use types (Sitko et al. 2011). Rojan (2015)
found pronounced erosion on forest roads used for
timber transport, but the area affected was only a few
hectares and the recovery was very fast. Water bal-
ance, runoff and retention were primarily controlled
by precipitation regime and soil-geology properties
that were not affected by the disturbance type and
subsequent land-use practices (Knava et al. 2007,
Holko et al. 2009, 2012, Novéak & Knava 2009, Novak
& Surda 2010, Bi¢drova & Holko 2013, Bartik et al.
2014).

Some RES indicators were significantly affected
by air temperature. An increase in air temperature
caused by the windthrow disturbance was recorded
at all the sites. The average air temperature during
the growing season increased by 2 °C in all disturbed
sites compared with the intact forest in the first 5 yr
(Fleischer et al. 2012). The increased air and soil tem-
perature in salvage-logged sites shortly after the dis-
turbance induced heat stress and a large mortality of
young trees (Misikova & Skvarenina 2009). Extracted
and mostly burnt sites (EXT, FIR) suffered from in-
creased sensible heat flux in early stages after the
disturbances (Matejka & Fleischer 2011). Soil mois-
ture, a very variable indicator (Novék & Surda 2010),
was more sensitive to the type of land-use practice
(bare soil in extracted sites) in the early stage of suc-
cession. A few years later, the new vegetation cover
eliminated earlier extremes and differences (Fleis-
cher & Koreii 2009). The difference in the air temper-
ature during the growing season between REF and
disturbed sites declined to 1.5 °C after 10 yr. Warmer
soil stimulated more intensive soil respiration, which
reduced RES. We found temporarily increased soil
respiration in the salvage-logged sites, and a surpris-
ingly large soil CO, efflux was measured close to the
treeline. Canopy destruction caused by the bark bee-
tle outbreak increased soil temperature mostly on
steep, south-facing slopes. Such a change stimulated
mineralisation of the thick soil organic layer and a
large CO, efflux.

Excepting the effects of increased air temperature
caused by the forest destruction, meteorological con-
ditions also had a significant influence on ES. In
2015, the mean growing-season (May—August) air
temperature above the treeline exceeded the long-
term reference normal (1930-1960) by 2.0 °C. Such a
temperature increase has been projected by regional
climate change models for the time horizon 2050—
2070 (Melo et al. 2013). Two, instead of the usual one,
bark beetle Ips typographus generations developed
in standing forest as a result of the high air tempera-
ture. Three generations developed in fallen trees
with eliminated transpiration, which increased pres-
sure on the remaining stands (Fleischer et al. 2016).
Dead, frequently falling trees pose a high risk for
tourists (Kajba et al. 2013) and preventive measures
require large investments. The tree dieback has also
increased the risk of falling rocks, mostly at the tree-
line damaged by bark beetle, which has strongly
reduced RES. Warmer weather is correlated with fire
risk in the Tatra region (Brunette et al. 2015) and thus
reduced RES. Fire risk also significantly increased
due to the large amounts of fuelwood that was mostly
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available in stands without salvage logging (NEX,
IPS). Forestry evidence (www.lesytanap.sk) showed
that more than 40 fires have occurred in the wind-
throw sites since 2005. Open, disturbed sites have
boosted the spread of different plant and animal dis-
eases (Tur¢ekova et al. 2014), which was also inter-
preted as a decline of RES.

In contrast, the increased temperature positively
stimulated the activity of soil microorganisms (Don et
al. 2012), even though the differences in microorgan-
ism communities related to disturbance and land-use
categories have remained rather limited even on eco-
logically contrasting sites (Gomoryova et al. 2008,
2011). The increased abundance of microorganisms,
fungi (Hanajik & Simonovi¢ova 2015) and vegetation
growth indicate the recovery of the ecosystem and
related ES. High temperature and sufficient precipi-
tation in recent years supported carbon sequestra-
tion. The disturbances immediately turned all the
affected sites into large carbon sources. Ten years
after the disturbance, the carbon balance was still
slightly negative. The only case with a narrow posi-
tive balance was identified at the non-intervention
site (NEX). This is a result of the highest LAI and a
high proportion of naturally regenerated Norway
spruce (Fleischer 2016).

Decline of the dangerous tropospheric ozone (Oj)
concentration after the disturbances was observed.
The previously high O3 concentration above the tree-
line was understood to be one of the most important
pressures on forest health (Bi¢arova & Fleischer
2006). The destruction of the forest reduced the nat-
ural precursors (volatile organic compounds) for
ozone formation (Bi¢drova et al. 2015) produced by
the conifers. Similarly, the reduced canopy led to a
reduction of precipitation water dripping and stem-
flow, which would otherwise have channelled pollu-
tion deposition into the soil (Fleischer 2014).

3.3. CES

CES declined (Fig. 3) 5 yr after the disturbances to
CI =0.67 and this tendency continued (CI = 0.63 after
10 yr). In terms of CES, Bozikova (2009) reported a
decline in the clientele of the local climatic spas after
the windstorm of 2004. Currently, allergens from
grasses, birch and poplar are abundant in all sites.
According to Vyskot et al. (2007), recreational and
health-related forest CES have been reduced by
35-37% due to forest destruction. Cekovska (2013)
interviewed visitors (n = 138) and concluded that the
images of vast wind forest destruction lowered the

N
[T

aesthetic appeal and thus also the recreational value
of the area as perceived by the public. An increasing
number of visitors passing the treeline induced a
higher risk of injury through falling trees in the bark
beetle-affected areas (Kajba et al. 2013). Most of the
above indicators were below the pre-disturbance
state and thus indicate the decline of CES provision.
Education is one of the few indicators that has
increased as the disturbance events have become an
important source of information for research, educa-
tion, practical forestry and nature conservation
(Fleischer 2014, Pichler 2015).

PCA analysis revealed a temporal post-disturbance
increase of disparity across the 5 study sites (Fig. 4).
Before the disturbance in 2004, the environmental
conditions at all sites were very similar, as indicated
by small distances among the indicator values. The
differences increased during the first 5 yr after the
disturbances. In the following period (5-10 yr), the
differences notably declined, especially among dif-
ferently managed windthrow sites (EXT, NEX) and
different disturbance factors (wind at EXT and fire at
FIR). The development at the IPS site (damaged by
bark beetle and unmanaged) was notably different; it
documented a very sensitive response of the ecosys-
tem at the tree line.

4. DISCUSSION

The DPSIR framework is usually presented as a lin-
ear chain or a circle with limited capability for in-
depth analyses and is sometimes considered inap-
propriate as an analytical tool (Maxim et al. 2009).
However, there are also positive examples that the
DPSIR framework can reflect the complexity of many
interacting factors, some of which may represent

Observations (axes F1:43.5%, F2:17.9%)
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Fig. 4. Principal component analysis based on 44 ecosystem

state indicators depicting temporal changes and differences

among the study sites with different disturbance and land-use
practices. See Fig. 3 for abbreviations and details
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highly nonlinear dynamics (EEA 2005, Niemeijer &
de Groot 2008, Wolfslehner & Vacik 2008).

The relevance of indicators used in the DPSIR
frameworks for the whole system functioning is often
expressed by its weight (Wolfslehner & Vacik 2008).
We intentionally gave the same weight to each indi-
cator to avoid a subjective judgement. The approach
chosen has some limitations, e.g. occurrence of re-
dundant information, which can bias the interpreta-
tion of ES calculated as an average from all indicators.
Statistical selection of relevant key indicators often
yielded sets with difficult or even unrealistic interpre-
tations. When selecting the key ES indicators, we also
considered local expert knowledge available at the
Tatra National Park Research Station. Contrary to the
key indicators selected by EFA, an expert estimation
provided less correlated but more realistic relations.
Such an approach based on the local expert knowl-
edge was shown to reduce uncertainties in the esti-
mation of future ES in the Alpine environment (Grét-
Regamey et al. 2015). Among the most informative
indicators are those used for forest ES mapping in
Europe e.g. risk protection, biomass production, car-
bon sequestration, habitat provision, recreation, etc.
(Barredo et al. 2015), or for sustainable forest man-
agement e.g. growth and harvest, browsing, natural
regeneration, tree species composition, woody debris,
biodiversity loss, etc. (Wolfslehner & Vacik 2008).
These indicators are more ES-specific and thus more
suitable for further assessment, reporting and com-
parison of the ES status in the Tatra Mountains.

The concept offers an opportunity to affiliate desir-
able or consensus-based weight to any of the indica-
tors used and to interpret the provisioning of ES not
only from the viewpoint of economic gains or purely
environmental protection, but from a much broader
perspective. This includes sustained ability to yield a
wide array of ES, which is important for the local
population and Tatra National Park itself. We believe
that this perspective is supported by the need to
move away from area- and habitat-based assessment
methods for both biodiversity and ecosystem services
towards functional assessment at the landscape
level, as highlighted by Tallis et al. (2015).

The set of indicators used in this study is based on
published and available data dedicated to the ecosys-
tem state before and after large-scale disturbances in
the Tatra Mountains. As expected, not all the pub-
lished data were temporally and spatially appro-
priate. A lot of data covered only a certain period (usu-
ally a short period after the disturbance), or focused
only on limited disturbance type (e.g. fire), and there-
fore were excluded from the assessment.

The term ‘impact’ in the DPSIR framework usually
implies negative environmental consequences of hu-
man activities. But there is substantial evidence that
proactive management might successfully assist to
sustain and maximise ES. Rounsevell et al. (2010)
and Kelble et al. (2013) included ES directly into the
DPSIR framework in lieu of impacts, thereby casting
fresh light on how ecosystems function and produce
ES, thus showing the capacity to provide more com-
prehensive information to decision-makers.

The response of the forest ecosystems in the Tatra
Mountains to extensive disturbances exacerbated by
climate and land-use changes has indicated a decline
in ES provisioning. The biggest differences between
the pre- and post-disturbance ecosystem capacity
were recorded in the CES and RES in all disturbance
and land-use categories.

It should be noted that ES also declined in the ref-
erence site. RES and CES declined in the first 5-yr
period, whereas PES notably declined later. The
decline of ES in the first 5 yr period resulted from
individual tree dieback caused mostly by bark bee-
tle. A steep decline in the second period was caused
by the 2014 windthrow event. The ecosystem state
and ES decline at the reference site are seen as con-
sequences of synergies among the key driving forces
(warmer climate, more frequent windstorms, impact
of forest management and land-use changes) that
affect the entire region of the Tatra Mountains.

The comparison of ES across the study sites
showed that, as expected, the largest decline in the
PES category was found in yield parameters. Ten
years after disturbance, the CI values in all disturbed
sites ranged from 0 to 0.11, indicating a pronounced
decline in ES. The same negative effect is associated
with canopy fragmentation. The differences in PES
among the sites were observed mainly in the amount
of deadwood, the intensity of natural regeneration
and the diversity of tree species. Deadwood in non-
intervention sites (NEX, IPS) exceeded that in refer-
ence and intervention sites (REF, EXT) 3-fold. Simi-
larly, the CI for natural regeneration was highest at
the NEX site. In contrast to the EXT and FIR sites, the
NEX site showed the lowest tree species diversity.
Surprisingly, little differences among the sites were
found in photosynthesis rate (GPP) even in the first
5 yr after the windthrow disturbance (with the excep-
tion of the EXT site).

The decline in RES was the major concern when
post-disturbance management strategies were dis-
cussed (Koren 2015). Ten years after the windthrow
disturbance, the wind-disturbed sites assimilated
almost the same amount of carbon as the former
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mature forest. The NEX site assimilated even more
carbon. The lowest assimilation rate was found at the
IPS site. Fast recovery of the windthrow and fire sites
was documented by a growing vegetation cover, ex-
pressed as LAI The highest LAI was again found in
the NEX site. IPS was the only site where LAI de-
clined.

RES at the EXT and FIR sites 10 yr after the wind-
throw disturbance almost reached the pre-distur-
bance level. REF and IPS sites featured continuation
of the decline caused by the windthrow and bark
beetle mainly due to the subsequent windthrow
event. The amount of respired CO, increased at all
the study sites except at REF. It caused an obvious,
large reduction in carbon sequestration. Except the
NEX site, all the sites acted as carbon sources 10 yr
after disturbance. The largest decline (CI = 0.04) was
found at the IPS site. The CI at the salvage-logged
sites (EXT, FIR) was influenced by change in natural
composition and structure due to reforestation of the
windthrow.

The energy balance (sensible heat) was found to be
one of the most influential indicators for the overall
CI of RES provision. The microclimate generated by
fallen, unremoved wood at the NEX site reduced the
heat impact 4 times more effectively than that at the
reference site. Slight water erosion occurred during
the first assessment period. The erosion was later
eliminated by fast vegetation growth with the excep-
tion of the IPS site. The IPS site is located on steeper
slopes and soil is more vulnerable to fine particle
transport.

CES featured the lowest differences across the
study sites. A relatively short distance between the
study sites made it difficult to separate the number of
visitors or their perception of attractiveness to distinct
sites. The occurrence of allergens reduced CES most
evidently (CI = 0.25) at the EXT and FIR sites.

With regard to biodiversity, available data on, for
example, soil fauna or ungulates population, indi-
cated only small differences among either distur-
bance or management types. Generally, biodiversity
increased in disturbed ecosystems, which supports
the idea of a so-called 'disturbance paradox’' (Thom &
Seidl 2016).

Significant and previously unknown changes oc-
curred at the treeline. Forest ecosystems on the lee
side of the Tatra Mountains are affected by signifi-
cant disturbances caused by downslope winds in an
approximately 60 yr cycle (Holeksa et al. 2016).
Short periods between disturbances create condi-
tions for the formation of fairly uniform forests,
which are vulnerable to abiotic and biotic agents

(Zielonka et al. 2010, Fleischer & Homolova 2011).
Because the stands at the treeline are usually unaf-
fected by this type of windstorm, late-stage succes-
sion forests were able to develop (Fleischer & Koren
2009). Most of the treeline forests are more natural
and show much higher structural complexity than
other mountain forests in the Tatra Mountains.
Despite a severe climate and long-lasting air pollu-
tion impact (Bowman et al. 2008, Fleischer 2014),
the treeline had remained stable for a long time.
The situation has changed in the last decade due to
enormous bark beetle pressure generated by in-
creasing air temperature (Fleischer et al. 2016,
Jkland et al. 2016) and dramatic changes in land-
use practices (introduction of non-intervention man-
agement on one-third of the Tatra National Park
forest area). A further massive impact on the
remaining forest at the treeline is expected in the
following years. These findings support the predic-
tions of Hlasny & Turc¢éani (2013) and Hlasny et al.
(2014) on the limited sustainability of Norway
spruce forests in Central Europe associated with a
climate change impact on spruce forest in the entire
Carpathians.

Warm and wet summers have prevailed since 2004
and have probably facilitated the fast and successful
recovery processes. Intense growth of young trees
(positively interpreted from PES and RES due to car-
bon storage) was the reason for poor rooting and
destruction of hundreds of hectares of 10 yr old
stands by the windstorm in 2014 (Pajtik et al. 2015).
This event suggested that positive experience with
forest regeneration and certain adaptation to distur-
bance does not necessarily imply continuation of the
same patterns and dynamics under changing condi-
tions (Vido 2015).

Climate change is expected to cause additional
changes in the Tatra Mountains. Melo et al. (2013)
classified the Tatra Mountains as the most climate
change-threatened region in the Carpathians. Ac-
cording to bioclimatological ranges in the ‘envelope’
models (Kolling 2007), the projected climate would
displace the current key species (Norway spruce and
European larch) outside their natural growing condi-
tions (Fleischer 2014).

Increasing tree species diversity by planting mixed
forests is one of the forest management responses to
eliminate the predicted consequences of climate
change. In contrast, a higher vertical and spatial het-
erogeneity of natural tree regeneration, which
results from biological processes, might eventually
lead to a higher stability of stands without forestry
intervention (Bace et al. 2015, Michalova 2015).
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5. CONCLUSIONS

The CES, PES and RES analysed in the study were
below the pre-disturbance levels 10 yr after the wind-
throw disturbance from 2004. It should be noted that
the ecosystem also changed at the reference site as
indicated by the decreased CI.

The analysis of 44 indicators of ES in the study area
influenced by the disturbances, climate extremes
and land-use changes showed:

e fast recovery at mountain foothills and postponed
recovery at high-elevation slopes

e natural regeneration provided a limited number
of tree species, while reforestation in managed sites
increased diversity

e that fast and intensive regeneration occurred,
especially at the non-intervention sites, which served
as carbon sinks 10 yr after the windthrow distur-
bance. However, the naturally dominant species
Picea abies and Larix decidua are sensitive to climate
change. In fact, this poses a risk for forest resilience
under changing climate.

® no erosion or deviation from long-term hydro-
logical conditions

¢ a high degree of variability in some indicators not
only among the study sites, but also within them (soil
moisture, soil respiration, carbon content, soil micro-
organisms, vegetation biomass, etc.) early after the
disturbances. This spatial heterogeneity pattern sup-
ports forest resilience (Turner et al. 2013) and, to-
gether with fast and successful regeneration at dis-
turbed sites, provides certain optimism with regard
to the future uncertain conditions.

The analysis of indicators within the DPSIR frame-
work proved useful for obtaining up-todate informa-
tion on the ecosystem state needed by decision-
makers. This is especially important in the TANAP
area, because despite the enormous public response,
no consensus on its future management strategy has
been achieved to date (Fleischer et al. 2016).

Further research and monitoring should focus on
the role of high slope, elevation, geology and soil
conditions in maintaining ecosystem state and serv-
ices. From the analysed indicators, we can conclude
that sustainable provision of ES in the area affected
by repeated natural disturbances and threatened by
climate change might be constrained. The managed
sites require more resource input but support more
resilient ecosystems (lower biomass, higher tree
diversity). In contrast, unmanaged forests require
only very limited resources, but they prove to be
more vulnerable to natural disturbances and to antic-
ipated climate change.
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