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Abstract: Disturbance regimes in Central European mountain forests are changing under the ongoing climate change,
raising questions about how protected areas should respond to increasingly frequent windthrow and bark beetle out-
breaks. In Tatra National Park, a major windstorm in 2004 triggered a landscape-scale bark beetle eruption that chal-
lenged long-standing expectations that non-intervention alone could safeguard forest ecosystems. Using the Socio-
Ecological Systems framework, we combined long-term field observations with archival sources and stakeholder
interviews to examine how ecological dynamics, governance structures, and actor perspectives interacted during and
after the outbreak. We show that warming, abundant post-storm breeding substrate, and legacy Norwegian spruce
(Picea abies) monocultures reduced forest resilience and enabled successive beetle waves. Governance fragmentation
led to delayed decision-making, allowing large volumes of wind-felled timber to remain untreated and facilitating its
spread into high-naturalness stands. In contrast, evidence from other European countries suggests that timely, spatially
focused measures can reduce outbreak duration without compromising conservation values. Our results indicate that
in disturbance-prone, spruce-dominated forest systems experiencing climate change, a combination of strict protec-
tion in core areas and timely, selective measures in adjacent zones is more likely to maintain resilience and support
conservation outcomes than strictly passive or fully interventionist approaches.
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The recent discussion on the concept of sustaina-
ble and integrated management of forest protected
areas (FPA) emphasises the need to reconcile bio-
diversity, climate, and socio-economic goals across
landscapes (e.g. Gilmour 2016; Sotirov, Arts 2018;
Wiersma et al. 2010; Palomo et al. 2014). This re-
flects the increasing recognition that protected

forest areas cannot be treated in isolation from
surrounding production forests, ecosystem service
flows, and socio-economic governance contexts
(Ezquerro et al. 2023; Konczal et al. 2023; Gregor
et al. 2024; Jandl et al. 2024). Rather than treating
FPAs as isolated units, current research suggests
management models that integrate conserva-
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tion and production functions through landscape
connectivity and multi-use strategies (Wiersma
et al. 2010; Ezquerro et al. 2023; Gregor et al. 2024).
Empirical studies demonstrate that integrated ap-
proaches can achieve comparable biodiversity
outcomes to those of strict protection while en-
hancing ecosystem service delivery and rural vi-
ability (Konczal et al. 2023; Jandl et al. 2024; Seguin
et al. 2024). Governance analyses further highlight
the role of social-ecological factors, stakeholder
engagement, and incentive mechanisms in facili-
tating such integration (Tiebel et al. 2021; Heshma-
tol Vaezin et al. 2022; Andriollo et al. 2024).

Climate change is reducing the capacity of Euro-
pean mountain forests to absorb and recover from
extreme events and natural disturbances. Rising
temperatures, prolonged drought, and shifts in pre-
cipitation weaken physiological resistance in trees,
making them more vulnerable to windthrow, insect
outbreaks, and disease (Anderegg et al. 2018, Sou-
sa-Silva et al. 2018). Warmer conditions accelerate
insect development and increase the likelihood
of multiple bark beetle generations per year, there-
by amplifying the extent and intensity of distur-
bance (Netherer, Schopf 2010; Mezei et al. 2017b).
These changes interact with legacy management
and structural simplification, particularly in spruce
monocultures, reducing adaptive capacity and
increasing the likelihood that systems will cross
ecological thresholds (Reyer et al. 2015; Seid],
Rammer 2017). Lenton et al. (2008) describe how
gradual warming can trigger tipping points in so-
cio-ecological systems, leading to abrupt losses
in resilience; in forests, such shifts manifest as cas-
cading disturbances where storms create breed-
ing substrate, fuelling beetle eruptions that then
spread beyond initial damage (Jonsson et al. 2007;
Potterf et al. 2019). As a result, disturbance regimes
in Central Europe are increasingly exceeding his-
torical variability, and forests are moving toward
alternative ecological states characterised by high-
er mortality, altered species composition, and re-
duced ecosystem-service capacity (Sommerfeld
et al. 2018; Hlasny et al. 2019). This indicates that
climate change is transforming disturbance dynam-
ics from episodic events into persistent pressures,
diminishing forest resilience, particularly in high-
elevation spruce systems.

Bark beetle outbreaks represent a complex socio-
ecological challenge, where ecological disturbances
interact with human management systems. The So-

120

https://doi.org/10.17221/87/2025-JES

cio-Ecological Systems (SES) framework (Os-
trom 2007, 2009; Romagnoli et al. 2022) provides
a structured approach to analysing these interac-
tions, helping to identify key system components
and pathways for FPA management. Applying the
SES theory to protected areas can offer signifi-
cant theoretical and practical insights into alleviat-
ing the contradiction between social development
and ecological protection through an in-depth
analysis of interactions within SES elements (Guer-
rero, Wilson 2017). It contains action situations
in which human-nature interactions lead to spe-
cific outcomes related to sustainability and resil-
ience. These interactions and outcomes are directly
influenced by the properties of four SES subsys-
tems: actors, governance system, resource system,
and resource units (McGinnis, Ostrom 2014).
This integrative approach enables us to conceptu-
alise forests as complex adaptive systems, shaped
by feedback between biophysical processes (e.g. cli-
mate change, insect infestations) and institutional
arrangements (e.g. governance regimes, silvicul-
tural strategies). By examining variables such as re-
source units (e.g. forest stands), governance systems
(e.g. laissez-faire vs interventionist policies), and
user interactions (e.g. forest stewards, conservation
stakeholders), the SES framework provides a struc-
tured lens for assessing the resilience, adaptability,
and transformability of forest ecosystems under
socio-climatic pressures. Applying this framework
enables us to explain how bark beetle outbreaks
emerge at the intersection of natural disturbances
and human decision-making, and how governance
choices shaped by historical, political, and cul-
tural contexts mediate ecological responses and
recovery.

Central and Eastern Europe, including other
mountain ranges such as the Alps, Apennines, Fen-
noscandian mountains, and Dinaric mountains,
provide a particularly insightful region for studying
forest resilience to wind- and insect-led diebacks,
given the unique combination of nature conserva-
tion reserves adjacent to densely populated areas
(Kulakowski et al. 2017). Moreover, in Central Eu-
rope, FPAs have been established around the con-
cept of multi-purpose silviculture, where forest
stewards are required to combine both conserva-
tion and interventionist approaches to mitigate the
effects of natural disturbances and promote suc-
cession (Koren 2015; Michalova et al. 2017). Our
case study focuses on the ongoing debate between
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advocates of passive (laissez-faire) and active (in-

terventionist) approaches to forest conservation.

We aim to analyse the bark beetle outbreak in Slo-

vakia's Tatra National Park (TANAP) using the

SES framework.

Despite this growing body of research, few stud-
ies have explicitly applied the Socio-Ecological Sys-
tems framework to analyse bark beetle outbreaks
in protected mountain forests. Existing work tends
to examine either the ecological dynamics of dis-
turbance or the institutional and policy respons-
es in isolation, rarely integrating the two within
a unified analytical model. As a result, the inter-
actions between disturbance regimes, governance
structures, and stakeholder perceptions remain
less studied. This study, therefore, addresses this
gap by applying the SES framework in a case study
of High Tatras National Park in Slovakia (TANAP),
where ecological resilience and policy responses
are placed within the context of socio-political and
biophysical interactions.

To analyse how forest silvicultural strategies (pas-
sive vs interventionist) mediated the bark beetle
outbreaks in high conservation-value landscapes,
we seek to answer the following research questions:
(i) How do climate-driven bark beetle distur-

bances affect forest resilience and ecosystem
services in TANAP?

(ii) How did different forest governance approaches
(passive vs interventionist) shape the outcomes
of bark beetle outbreaks in TANAP?

(iii) How did actors and their actions shape the re-
sponse to bark beetle outbreaks in TANAP?

The paper is structured as follows: We first situ-
ate the intervention—non-intervention debate and
present the study area and data sources. We then
structure the results through the SES lens, identi-
fying the resource system and units, governance
system, and actor dynamics, and synthesising cross-
regional comparisons. Finally, we summarise our
conclusions and provide policy recommendations.

MATERIAL AND METHOD

Study area

Tatra National Park, located in northern Slovakia,
is one of the oldest transboundary protected areas
in the world, established in 1949. It is a significant
ecological hotspot and a popular tourist destina-
tion in the Central European region. Topographi-
cally, the park encompasses the highest part of the

Carpathian Arc, with its peak at Gerlach Mountain
(2 655 m a.s.l.). It serves as a refuge for key species
of European biodiversity, including great predators
such as wolves, brown bears, and European lynx.
The park can attract up to 50 000 visitors daily dur-
ing both summer and winter seasons. Additionally,
the mountain range acts as a crucial water source,
with numerous springs and underground freshwa-
ter reservoirs, and provides a range of provision-
ing, regulating, and cultural ecosystem services.

Tatra National Park covers a total area of over
74 118 ha, divided into intervention zones (ap-
proximately 49% of the total area) and non-inter-
vention zones (approximately 51%). Approximately
96% of the park is forested (71 206 ha). The forests
exhibit a high degree of naturalness at higher eleva-
tions, despite comprising only 3% of primaeval for-
est, 13% of natural forest, and 13% of semi-natural
forest. The remaining areas are classified as slightly
altered (23%), significantly altered (30%), and ut-
terly altered forests (18%) (Fleischer et al. 2009).

Tatra National Park represents an important
symbol of Slovak national identity as evidenced
by the inclusion of the High Tatras in the Slovak na-
tional anthem, national emblem and national euro
coins. Per se, the park is often the focus of Slovak
media attention, research, as well as expert debate,
particularly concerning conservation and regional
development driven by either tourism or industry.
High Tatras are also unique among Slovak moun-
tain ranges in terms of international recognition.
In 2019, High Tatras were named 'Best European
Destination 2019' by Lonely Planet; in 2025, they
received the Travelbook Award 2025 for the 'Best
Hidden Gem Region in Europe'. Analysis of Google
Trends data indicates that the interest in the High
Tatras is consistently 2-3 times higher than that
in the Low Tatras. While the interest in the Low
Tatras has strong seasonal peaks associated with
winter tourism in Jasnd, the High Tatras maintain
high interest all year-round. Other forest protected
areas in Slovakia, such as Slovak Paradise or Mald
Fatra, typically reach only 10-20% of the Google
search volume compared to High Tatras.

Data collection

The overall research design underpinning the
analysis aimed to capture long-term variability
in climate conditions, forest ecosystem responses,
and conservation approaches, and to examine the
interlinkages among these dimensions. To achieve
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this, we adopted a three-step methodological frame-
work combining: (i) scoping review of existing lit-
erature (sensu Peters et al. 2015), (if) the analysis
of both spatial and temporal data, and (iii) original
qualitative research aimed at addressing gaps and
blind spots identified in the literature and available
data sources.

The integration of spatial and temporal dimen-
sions represents a core element of the analytical
framework. Given the strong spatial and temporal
dependencies inherent in ecological data, explicit
consideration of space—time variability was neces-
sary to reduce potential bias arising from spatial
and temporal autocorrelation, a well-documented
issue particularly in quantitative forest and climate
analyses. We deliberately refrained from conduct-
ing correlation analysis or quantitative modelling,
as we understand that correlations provide only
heuristic indications of association rather than
causal explanation. In governance research, insti-
tutional outcomes emerge from historically contin-
gent, multi-actor interactions and feedback loops
that cannot be meaningfully isolated through sta-
tistical inference alone. Therefore, by combining
long-term datasets with qualitative insights, the
research design enables a more comprehensive un-
derstanding of forest—climate—conservation inter-
actions across scales.

The data collection involved both a practitioner
and academic representatives. Thus, a clear divi-
sion of responsibilities was established to minimise
potential bias in data collection. The practition-
er author conducted field-based data collection
on forest stands, including land imagery, spatial
mapping of tree inventories, and assessments
of biotic and abiotic factors (with primary contri-
bution to Figure 1). The academic co-authors were
responsible for respondent selection, ensuring
adherence to principles of random sampling and
methodological rigour. To further mitigate confir-
mation bias and interpretative asymmetries, the
analysis drew not only on primary qualitative in-
terviews but also on a broader corpus of publicly
available interviews and independent scholarly
and media sources.

Step 1: Literature search and scoping review
strategy. This study draws on the currently availa-
ble European scientific literature addressing wind-
storm impacts on governance and institutional
dimensions linked to forest-related SES in Europe.
Key aspects and main topics of interest were iden-
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tified based on the currently available academic
literature including review studies (Hanewinkel
etal. 2011; Leverkus et al. 2021) and previous stud-
ies that have assessed impacts of climate change
or extreme natural events on SES (Thom, Sei-
dl 2016; Fleischer et al. 2017; Thonicke et al. 2020;
Romagnoli et al. 2022).

A scoping review is commonly used to map the
existing literature on a certain topic, clarifying
concepts and eventually highlighting research gaps
(Kerner, Thomas 2014). Further, scoping reviews
provide better structure to map out existing liter-
ature summarising issues that have received high
scientific attention on the one hand (Nakagawa
et al. 2019) and on the other identifying current
knowledge gaps and the need for more in-depth re-
search (Arksey, O'Malley 2005).

Two rounds of paper searches were conducted
using the Scopus database. The initial search was
conducted in May 2019 and subsequently updated
in January 2026. In both rounds, combinations
of keyword strings were applied, including ('bark-
beetle’ AND 'High Tatras') and ('forest protect-
ed areas' AND 'barkbeetle’), and ('forest protected
areas’ AND 'management’). Studies addressing
bark beetle disturbances in the High Tatras were
comparatively scarce, with only two publications
identified prior to 2002, 54 publications avail-
able by May 2019, and 132 publications identified
by January 2026. In contrast, searches combin-
ing bark beetle disturbances and forest protected
areas yielded 3 320 records, of which 1 229 were
published between 2020 and 2026, while forest
protected area management produced 125 442 re-
cords overall. Given the specific focus of this study,
the primary body of literature reviewed consisted
of publications addressing bark beetle disturbances
in the High Tatras, complemented by broader Eu-
ropean studies for contextual comparison.

Step 2: Data compilation across space and
time. The data compilation and spatio-temporal
data triangulation followed the SES framework.
Data sources included previously published
quantitative and qualitative datasets from schol-
arly literature, complemented by media-recorded
stakeholder surveys, land imagery and institu-
tional documents. Data processing included it-
erative spatial mapping of selected datasets and
organisation of data in time. We identified two
data collection phases crucial for long-term map-
ping of Elizabeth storm effects.
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Bark beetle spread 2005-2011

healthy primaeval forest

healthy natural forest

semi-natural altered forest

no forest/dwarf pine

2004 storm-felled forest

not logged 2004 storm-felled dead woood

beetle-colonised forest

Strbské
Pleso

Tatranské
Javorina

Tatranska
Lomnica

Figure 1. Bark beetle infestation in Tatra National Park, 2005-2011

Source: Authors' processing; data retrieved from the State Forests of TANAP (2019); degree of naturalness taken from

Korpel (1988) and Fleischer et al. (2009)

The first data collection phase focused on the evo-
lution of bark beetle infestation following the Eliz-
abeth windstorm, covering the period from 2005
to 2014. This phase captured early post-disturbance
dynamics, with particular emphasis on qualitative
material from 2007, when management interventions
and public debates intensified. The second phase ad-
dressed conditions approximately twenty years after
the windstorm, using November 2024 as a reference
point to assess longer-term ecological and institu-
tional outcomes. The data is summarised in Table 1.

Step 3: Primary qualitative data collection and
analysis. Step 3 complemented the spatio-temporal
data compilation described in Step 2 by generating
primary qualitative evidence to interpret ecological
and institutional dynamics within the SES frame-
work. Data collection focused on the same spatial ex-
tent (TANAP protection zones) and temporal phases
identified in Step 2, thereby enabling cross-scale and
cross-time triangulation.

Approximately 48 interviews were conducted
with key stakeholders representing state, munici-
palities, public, NGOs, researchers, and experts
(Table 2). Interviewees were identified using pur-
posive and snowball sampling. Interviews gener-
ally lasted 20-60 minutes and were documented
through written notes.

Primary qualitative data collection was struc-
tured to capture both post-disturbance dynamics
following the Elizabeth windstorm (2005-2014)
and longer-term institutional and management
responses emerging thereafter. Particular empha-
sis was placed on the period around 2007, when
bark beetle management interventions and pub-
lic debate intensified, corresponding to the first
analytical phase identified in Step 2. Longitudinal
insights were further informed by repeated ob-
servations and interactions during professional
meetings, workshops, and municipal gather-
ings across the TANAP region, which were re-
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Table 1. Data summary and description
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Data source

Time

Key respondents

Data description

Data type

29 respondents:

stakeholder perception survey airing in:

Ministry
of Environment
(https://share.google/

— 11 state employees (3 Ministry of Environment, 6 State Forests of TANAP,

— print media: SME, Tatransky korzdr,

Apr 11-30,

1 State Environment Inspection, 1 Regional Environment Office),

— 6 from NGOs (VIk, Nase Tatry, WWF Slovakia, Klub straze prirody),
— 1 expert, 2 influencers, 8 randomly selected public respondents

Plus 1 den;
— radio: Expres, Okey, Viva, Slovensko;

- TV:STV1, STV2, TA3, JOJ, Markiza

Qualitative

2007

MOUsFOv4tfyxCQLY)

(1 forest steward, 6 protesters, 1 local resident)

authors' own
elaboration

Nov 2024

Spis Gemer,

7

é spravy,
dard, STVR (5 respondents)
State Forests of TANAP,

y ¢as, Stan
Slovak Hydrometeorological Institute,

,

State Forests of TANAP, mayor and ex-mayor of High Tatras,
media: Korzar, TA3, Pravda, Hlavn
Nov S

media monitoring/first 30 hits
for (Tatry*20 rokov po)

Qualitative

Fleischer et al. 2009;
Bic¢arova et al. 2014;

degree of naturalness (%), tree

Kunca et al. 2025;
Sitkova et al. 2025

1960-2024

National Forest Center in Zvolen,
Slovak Academy of Sciences

mortality (m?, sanitary
logging (m?, average tempera-
ture in High Tatras (°C)

Quantitative

Barka et al. 2018

2005-2011

National Forest Center in Zvolen

land imagery
— STALES application

Quantitative

TANAP — Tatra National Park; source: authors' own elaboration

https://doi.org/10.17221/87/2025-JES

corded as field notes and used for contextual
triangulation.

Field observations were carried out across all pro-
tection zones, both in infested and intact stands.
Observations were documented through field notes,
repeat site visits, GPS-tagged photographs, and
tree-level imagery, and analysis of STALES (Satel-
lite-based Forest Stand Identification and Change
Detection) land images, capturing the progression
of the outbreak. The photo documentation is avail-
able on demand and captures parts of TANAP, such
as the Javorova Valley, before the outbreak and then
in real-time over the years. For some parts, archived
data from the State National Forest of TANAP (such
as tree sanitation) were retrieved and matched
against our own evidence. We followed appropriate
ethical guidelines in our study, allowing the inter-
viewees to speak freely, without any pressure, and
in their native language, Slovak. We anonymised
their responses and repeated the interviews to re-
duce the risk of possible data collection bias.

Interview notes, observational material, and ar-
chival documents were analysed using thematic
coding. Initial open coding identified relevant top-
ics, which were subsequently organised deductive-
ly according to the Socio-Ecological Systems (SES)
framework, specifically the components of resource
systems and units, governance system, and actors.
Triangulation across interview statements, field
observations, and documentary sources increased
the consistency and credibility of the findings.

Coding the data into the SES framework followed
a primarily deductive logic grounded in the tiered
structure of the SES framework as formulated by Os-
trom (2007, 2009). Tier 1 components (resource sys-
tems, resource units, governance systems, actors,
interactions, outcomes, social-economic—political
settings, and related ecosystems) served as overarch-
ing analytical categories while Tier 2 variables were
operationalised as sub-codes where empirically ap-
plicable. Empirical material was systematically
assigned to SES components through iterative cross-
referencing between interview transcripts, docu-
mentary sources, and the SES variable definitions.
For example, statements on policy instruments were
coded under GS1, references to forest dieback un-
der RS3/RS5. Forest resilience was conceptualised
as an emergent outcome (O2) resulting from interac-
tions (I) among actors (A) operating under specific
governance arrangements (GS), within biophysical
constraints of the resource system (RS).
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Table 2. Key respondent interviews — summary and description
Respondent type Respondent description Where? When? What data?
government outing, outing . )
of the Slovak National Coun- Belianske perCQPthI.l of the r9le of con
State cil: Environment Committee Tatras Oct 23,2018  servation-intervention legisla-
’ (3 respondents) tion in High Tatras
regional association of Asso- erceptions of the effects
Municipalit ciation of Towns and Commu-  Monfort Hotel, 2012 I; P it t
unicipaitty nities of Slovakia (ZMOS) High Tatras O commurity engageren
(3 respondents) on sanitary logging backlogs
. , perceptions of the state failure
General attorney P ez; gi:ug rigi‘;g;)Ms B };ii?::l?eni Aug 2012 for bark beetle outbreak after
P Y the storm
Natlonal Forest Center various TANAP 2007-2011, confrontz‘ltlon of qther re-
Researchers in Zvolen expert group rotection zones 2024 spondents' perceptions with
(8 respondents) P the SES framework
State Forests of TANAP TIA\NAP,vallleys, experience V'Vlth post-'Ehzabeth
Expert eroups (10 respondents) + interns (Koprovd, Tich4, 2007-2013, storm sanitary logging and
pert group (4pres ondents) Jamnicka, Bielovod- 2024 links to bark beetle outbreak,
P ska, Javorova) role of stakeholders
tourists (10 respondents), experience with post-storm
Broad public visitors of the '20 Years After' hiking trails 2005-2007, bark beetle outbreak, map-
P Conference at TANAP mu- in TANAP Nov 9, 2024  ping of infestation, perceptions

seum (8 respondents)

of long-term effects

SES — Socio-Ecological Systems framework; TANAP — Tatra National Park

Source: Authors' own elaboration

RESULTS AND DISCUSSION

The Results section is organised following the
Socio-Ecological Systems framework, beginning
with the characteristics and dynamics of the re-
source system and resource units, then examining
governance arrangements and institutional change,
and finally analysing actor interactions and their
influence on management responses. One section
is dedicated to a cross-European comparison.

Resource system and resource units: TANAP's
high-mountain forest ecosystem under pressure

TANAP represents a high-elevation, climati-
cally sensitive forest socio-ecological system that
functions as both a conservation zone and a mul-
tifunctional landscape embedded within broader
regional socio-economic structures. As a resource
system, TANAP encompasses alpine and subal-
pine forest ecosystems, dominated by Norway
spruce (Picea abies), and is subject to natural dis-

turbances, including windthrows, drought, and
increasingly frequent bark beetle outbreaks. Some
scholars call the sub-Tatra region a 'risk zone' for
wind disturbances due to the prevalence of a cold,
falling wind known as the Tatra bora (Plesnik 1979;
Korent 2015). These disturbances are intensified
by climate variability and legacy management
practices, making the system highly dynamic and
responsive to external stressors. At the lower lev-
el, the specific resource units within this system
comprise mature spruce trees, wind-felled logs,
deadwood accumulations, and regenerating for-
est patches, which form the ecological substrates
upon which both disturbance agents and manage-
ment interventions operate. Justifying their com-
bined treatment, the boundary between the system
and its component units becomes blurred in this
case. The bark beetle targets structurally vulner-
able units such as ageing or damaged spruce trees.
These units, in turn, have implications for the func-
tioning of the wider forest system, including its hy-

125


https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/87/2025-JFS

Original Paper

Journal of Forest Science, 72, 2026 (3): 119-135

drological cycles, biodiversity patterns, and carbon
sequestration. Moreover, management responses
such as felling, salvage logging, or non-interven-
tion typically occur at the unit level (e.g. tree stands
or infestation zones) but accumulate in effect at the
system level, influencing long-term forest structure
and resilience. Therefore, in this context, we com-
bined these two components.

The key disturbance event that has shaped
the current image and socio-economic val-
ue of High Tatras was recorded on Novem-
ber 19, 2004. At that time, bora winds Elizabeth
of up to 230 km-h~! at the timberline uprooted more
than 12 600 ha of forest, equivalent to 2.8 million
cubic meters of timber. This event marked the larg-
est volume of uprooted tree stands in the park’s
history. The subsequent bark beetle eruption led
to vast areas of tree mortality, particularly in the
park's highest protection zones, which have a high
degree of naturalness. For example, in the Javo-
rova Valley, a core protection zone that includes
old-growth forests up to 300 years old, spruce bark
beetle-induced tree mortality increased 53-fold
from 3.29 ha in 2002 to 175 ha in 2015. A similar
situation was recorded in Tichd, Koprova, Bielo-
vodskd and Jamnicka valleys. We retrieved the ar-
chived data on storm- and barkbeetle-led forest
losses following the Elizabeth storm up to 2011
and in Figure 1, we spatially overlay these data
with TANAP areas differentiated by degrees
of forest naturalness. Figure 1 shows that the in-
festations hit not just the vast areas of spruce for-
ests particularly in south-east part of TANAP, yet
the bark beetle fed also in the areas of old-growth
trees. The key message of Figure 1 is that regard-
less of the degree of naturalness, areas of infested
and not-logged storm-felled trees overlap. Thus,
7 years after the storm, the effects of the bark bee-
tle infestation were still present and continued to
flourish in unlogged forest stands with dead wood.
The area directly affected by sanitary loggings and
bark beetle-led tree mortality accounted till 2011
for over 37.2% of the TANAP forest stands.

Vast amount of scholarly work supports this
evidence. Bark beetle population eruptions are
typically associated with large areas of wind-felled
trees that serve as breeding grounds for beetle lar-
vae. Mezei et al. (2017a) provide evidence that the
bark beetle colonisation of Tatra National Park was
subject to storm uprooting and subsequent sani-
tary loggings over decades.
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Yet, the bark-beetle infestation cannot be seen
as a mere consequence of belated sanitary log-
ging. A positive correlation between bark beetle
eruptions and temperature increases for various
European countries (Netherer, Schopf 2010; Ku-
lakowski et al. 2017). Longer warm seasons enable
the spruce bark beetle to produce more generations
per year, due to an earlier onset of swarming and
faster development, which are direct effects of tem-
perature rise. Furthermore, the links between wind
and beetle disturbances have tightened, as post-
windthrow conditions become more favourable
for the development of beetle populations (Sei-
dl, Rammer 2017). This is particularly evident
in disturbance cascades indirect effects (Jonsson
et al. 2007). Dobor et al. (2020) indicate that even
relatively small amounts of wind felled Norway
spruce trees remaining after high-intensity sanita-
tion logging are sufficient to trigger the transition
from endemic to epidemic conditions in bark bee-
tle population dynamics.

In Figure 2, we reconcile the long-term storm-
led sanitary loggings in TANAP with the temper-
ature rise. The temperature has grown since the
1960s till 2014 (10 years after the Elizabeth storm)
by a mere 0.6 °C, yet clearly it coincides with the
rise of bark beetle infestation as well as windthrows.
Our respondents supported this data and named
climate change one of the key drivers of bark beetle
population dynamics in Tatra National Park over
the past few decades. To note, similar claims were
derived from scholarly work (Zach 2008; Grodzki
et al. 2006; Potterf et al. 2019). Our respondents
also pointed out that over the past two decades,
the pace of natural disturbances in Tatra Nation-
al Park quickened. As also documented by Kunca
et al. (2025), the storm Elizabeth in 2004 was fol-
lowed by windstorm Sophia in 2014 and droughts
in 2022 and 2024. All these disturbances led
to waves of sanitary logging amidst heated public
discussion on TANAP forest resilience under cli-
mate change.

Besides drought and windstorm vulnerability,
our respondents name air pollution as another
environmental factor exacerbating the adverse ef-
fects of climate change on TANAP forest stands.
Again, we also find scholarly evidence to support
these claims. For example, Koren (2015) showed
that since the 1970s TANAP forest stands have
been gradually suffering necrosis as an effect of
increased content of several foreign elements
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Figure 2. Windblown vs bark beetle infested tree volumes, log;, (m?), TANAP 1936-2015
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Source: Authors' own elaboration based on data from Kraj¢ovi¢ (1996), Andras (2015) and State Forests of TANAP (2019)

bookkeeping records; £,y (°C) data from Bic¢drova et al. (2014)

in spruce needles (especially Pb, Cd, Hg), relatively
high proton load in the area, high concentrations
of SO, and NO; in precipitation, high concentra-
tions of ozone in the air, and episodic smog emis-
sions (particularly in Tatra Javorina).

Figure 2 is designed to feature not just tempera-
ture rise and forest stand disturbances, yet also leg-
islative milestones in TANAP conservation. In the
subsequent section, we explore further the govern-
ance element within the SES framework.

Governance systems — Overlapping mandates
and institutional tensions

Historically, Tatra National Park (TANAP) has
been subject to various human interventions. Prior
to the 1950s, the area was subject to extensive al-
pine grazing and timber extraction. The declaration
of High Tatra National Park in 1949 initiated a sig-
nificant shift towards afforestation, aiming to re-
store previously degraded lands. Early afforestation
efforts were influenced by the widespread 'spruce
mania’ of the 1900s, driven by the economic value,
visual appeal, rapid growth, and commercial versa-
tility of Norway spruce (Picea abies) timber. This
led to the dominance of Norway spruce, particu-
larly in subalpine regions, at the expense of a more
diverse mix of species, including European larch
(Larix decidua), Arolla pine (Pinus cembra), and
various broadleaved trees (Koren 2015; Zielonka,
Malcher 2009).

The growth of tourism in the 1980s and ris-
ing pollution prompted a gradual diversifica-
tion between strictly protected areas and areas
open to public use. Until the establishment of the
Slovak Republic in 1993 and the adoption
of Act No. 287/1994 Coll., TANAP was managed
using a multi-purpose management concept ad-
vocated by Papanek (1978), which justified timely
and consistent pest intervention. After 1994, more
intensive management techniques were imple-
mented, including the use of trap trees and salvage
loggings (Jaku$ 1998). Some scholars linked these
silvicultural practices to timely and effective con-
tainment of pest populations and the prevention
of large-scale infestation dynamics.

A major turning point occurred after the 2004
Elizabeth windstorm, when conflicting legislative
mandates introduced regulatory ambiguity into
forest governance. Shortly before the 2004 Eliza-
beth storm, an amendment to the Act on Nature
and Landscape Protection (No. 543/2002 Coll.)
declared 41.6% of TANAP as strictly protected,
thereby excluding these areas from active forest
management. In the aftermath of the disturbance,
the Forest Act (No. 326/2005 Coll.) was adopted,
which obliged forest managers to take prompt
measures to prevent and mitigate damage caused
by wind and snow calamities or pest eruptions.
However, substantial portions of the wind-affected
forest were located within newly designated strictly
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protected zones, creating regulatory ambiguity be-
tween conservation and forest management obli-
gations. According to respondents, administrative
authorities frequently faced uncertainty regarding
the proper legal interpretation, resulting in the
protraction of sanitary logging and bark beetle
expansion.

Institutional fragmentation further intensi-
fied governance complexity during this period.
Act No. 287/1994 Coll. split the TANAP man-
agement between the State Forests of TANAP,
reporting to the Ministry of Agriculture, and
the TANAP Administration, subordinated to the
Ministry of Environment. The TANAP Adminis-
tration prioritised strict conservation and non-
intervention, while the State Forest Enterprise
remained legally responsible for active forest pro-
tection, including sanitation logging, pest control
and timber value recovery. Respondents indicated
that this institutional fragmentation led to incon-
sistent management practices and policy tensions,
particularly in buffer and overlapping zones where
competences were shared or contested. Following
the Elizabeth windthrow, overlapping mandates
reportedly prolonged administrative procedures,
complicated day-to-day forest operations, and
led to growing uncertainty among stakeholders
regarding governance responsibilities.

To note, in response to these long-standing insti-
tutional tensions, substantial governance reforms
were introduced only between 2021 and 2022. Na-
tional Park administrations gained legal subjectivi-
ty, meaning they became independent legal entities
capable of making management decisions and hir-
ing staff. State forest land within national parks —
especially in core zones — began to be transferred
under their control. In the case of TANAP, the pro-
cess involved merging the former TANAP Admin-
istration with the State Forests of TANAD, thereby
ending the dual institutional structure that had his-
torically divided authority between conservation
and production forestry.

High Tatras protection zonation. The absence
of clearly delineated protection zones repre-
sented a major governance deficiency in TANAP.
Although the Act on Nature and Landscape Protec-
tion (No. 543/2002 Coll.) formally established five
protection zones, the spatial demarcation of these
zones was never fully implemented, and zoning re-
mained provisional due to unresolved land owner-
ship and institutional conflicts.
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Competing visions of zoning further contrib-
uted to policy stagnation. For example, Morav¢ik
et al. (2007) proposed expanding protected ar-
eas from 57.2% to 67% (approximately 50 000 ha)
of TANAP in line with the IUCN (International
Union for Conservation of Nature) category II,
combining biodiversity conservation with educa-
tion and recreation, while allocating smaller areas
to categories IV (approximately 1 900 ha) and VI
(approximately 22 000 ha) (State Forests of TAN-
AP 2019). The IUCN management category II
does not inherently prohibit human intervention
but allows for core zones where such interven-
tion is strictly prohibited, aligning with catego-
ries 1a (Strict Nature Reserve) and 1b (Wilderness
Area). However, only small and fragmented parts
of the TANAP approach the naturalness levels ex-
pected in these stricter categories. Topercer (2010)
suggested aligning the zonation with ecological
resilience principles. Koren (2015) advocated for
zonation based on historical delineation of origi-
nal forests and adjacent grazed and afforested
land parts. However, negotiations stalled as en-
vironmental stakeholders opposed limiting strict
non-intervention to a few core zones, and private
landowners demanded higher compensation for
restrictions on land use.

A central dimension of the zoning debate con-
cerned the degree of forest naturalness as a de-
terminant of ecological resilience. As illustrated
in Figure 1, TANAP encompasses forest stands
that differ substantially in structural composi-
tion and historical alteration, implying varying
capacities to withstand and recover from distur-
bance. We argue that naturalness should be treat-
ed as a key criterion in zoning decisions: forests
with high structural integrity and near-primaeval
characteristics demonstrate greater self-regulating
potential and may therefore be suitable for strict
non-intervention regimes. In contrast, structurally
altered stands with reduced resilience may require
adaptive management to prevent large-scale dis-
turbance amplification.

Our findings suggest that non-intervention in al-
ready modified stands did not consistently enhance
resilience. Respondents numerously claimed that
these areas ceased to function as effective protec-
tive buffers for adjacent primaeval forests. Rather
than containing disturbances, these areas often
acted as sources of infestation, contributing to the
amplification of bark beetle outbreaks. Zoning thus
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becomes not merely a legal or political exercise but
an instrument for aligning management intensity
with ecological condition. Determining the bal-
ance between strict protection and active interven-
tion should therefore be grounded in the resilience
capacity of specific forest types under projected
climate change, rather than based solely on insti-
tutional preferences or normative conservation
positions. These conclusions reinforce earlier em-
pirical evidence (Mezei et al. 2017b; Brodrechtova
et al. 2018).

Actor dynamics in bark beetle outbreak

In the aftermath of the Elizabeth windthrow,
it appears that diverse actors shaped both the
discourse and the practical responses to for-
est disturbance. Our respondents living in the
neighbourhood — in small towns and villages — fre-
quently expressed strong emotional, cultural and
economic attachments to the forested landscapes.
Many perceived the outbreak and the subsequent
accumulation of deadwood as a threat not only
to ecological health but also to local identity, tour-
ism revenues, and quality of life. These concerns
were frequently accompanied by frustration over
what the locals perceived as a passive or ineffective
response by conservation authorities, particularly
where strict protection regimes constrained tradi-
tional economic activities such as timber harvest-
ing, foraging, or tourism development.

In contrast, urban populations — geographi-
cally distant from the national park — tended
not to share these views. They saw High Tatras
as a 'sacred site' devastated by decades of human
interventions and, per se, in need of strict pro-
tection. It appears that media portrayal played
a critical role in amplifying this divide. Some
media increasingly framed bark beetle outbreaks
as evidence of natural self-regulation. Campaigns
such as 'My sme les' ("We are the Forest') gained
substantial traction on social media platforms,
predominantly among urban audiences, and con-
tributed to the polarisation of public opinion.
These mediated narratives strengthened political
sensitivity around intervention decisions and re-
inforced institutional risk aversion.

Scientific actors — ecologists, conservation biolo-
gists, and foresters — further shaped these dynamics
by offering competing interpretations of distur-
bance. While some ecologists framed bark beetle
outbreaks as natural components of forest succes-

sion (Morris et al. 2018), state foresters empha-
sised historical experience with active disturbance
management and the risks posed to remaining
primaeval stands (Mika et al. 2007). Conversely,
environmental NGOs, backed by Kfenové and Po-
lak (2007), argued that Mika et al.'s (2007) argu-
ments were strongly biased and ignored nature's
supreme power to self-regulate and self-rejuvenate.
Foresters opposed using the arguments of Hol-
ling and Meffe (1996) that human intervention re-
duces forest resilience and that High Tatras were
'managed by a man' for too long to be suddenly
forced to take care of themselves'. This conflict
between non-interventionists and foresters culmi-
nated in high-profile events such as the civil block-
ade in the Ticha Valley in 2007, further politicising
forest management.

Civil society organisations played a dual role
throughout this period. Environmental NGOs
acted as watchdogs, challenging sanitation logging
and mobilising public and international support for
strict protection. In some cases, these groups have
facilitated citizen science initiatives and organised
educational campaigns, contributing to broader
shifts in public understanding of ecological resil-
ience and the natural role of disturbance regimes.
At the same time, their success in shaping public
discourse contributed to decision paralysis.

State authorities started to delay resolutions
on sanitation logging permits. The standard 30-day
resolution time was extended to 163, 182, 252, 290,
and even more days. In one extreme case, a sanita-
tion claim filed by the Department for Environment
of the Presov Self-Governing Region on January 1,
2003, was resolved by the Minister for Environ-
ment 761 days later, on February 8, 2005. Ultimate-
ly, authorities rejected the sanitation of 419 395 m?
of trees within the 3" and 4" (restricted interven-
tion) zones and 163 607 m?® within the 5% (non-in-
tervention) zone. Consequently, around 600 000 m?
of timber remained at risk of bark beetle propaga-
tion within the state-governed TANAP area. This
constituted a significant share of the total salvage
logging. The storm-felled forest volume was es-
timated at 2.8 million m3, with 2.036 million m?
in the state-governed area of TANAP. By late
May 2006, 1 447 463 m? of storm-felled trees had
been cleared, leaving approximately 28.9% of the
uprooted trees to natural processes, according
to data from the State Forest Enterprise of TANAP.
To compare, after the massive January 2008 storm
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in Sweden, the Swedish Forest Agency ordered the
clearance of about 90% of the total 2 million m?
of storm-felled forest (Langstrom et al. 2009).

Transboundary learning further influenced ac-
tor positioning. Experiences from Sumava, Bay-
erischer Wald, and Biatowieza entered the Slovak
debate through academic networks, media report-
ing, and advocacy coalitions. These external refer-
ences were selectively mobilised by different actor
groups to legitimise either interventionist or non-
interventionist strategies, reinforcing existing
divides rather than fostering convergence. The sub-
sequent part summarises the European discourse
around pest infestation.

Cross-Central European comparison

The situation observed in TANARP reflects broad-
er patterns across Central Europe, where bark
beetle outbreaks have intensified over the past
two decades, revealing structural vulnerabilities
in spruce-dominated mountain forests and the
limitations of passive management under rapid cli-
matic change (Hlasny et al. 2019).

Historically, droughts and heatwaves have re-
peatedly stressed Norway spruce, creating favour-
able conditions for bark beetle population growth.
In the 1970s, Norway and Sweden experienced
severe droughts, resulting in extensive tree vul-
nerability; subsequent interventions, particularly
sanitary logging, demonstrated that active man-
agement can reduce recovery time (Eidmann 1983;
Bakke 1989; Langstrom et al. 2009). In the 1990s,
southern Germany, especially Baden-Wiirttem-
berg, faced similar outbreaks, where timely in-
tervention mitigated damage, whereas delays
exacerbated losses (Schroter et al. 2004; Senf, Sei-
dl 2021; Miller et al. 2019).

Since 2017, the Czech Republic has experienced
a dramatic rise in bark beetle-induced tree mor-
tality. Cross-border national parks — the Bavarian
Forest in Germany and Sumava Forest in the Czech
Republic — were heavily affected by Hurricane Ky-
rill in 2007, leading to the loss of approximately
700 000 m? of trees (Kfenovda, Kindlmann 2017).
Efforts to manage the aftermath through sanitary
logging were delayed by public conservation cam-
paigns, resulting in an estimated 30 million m?
of dead trees by 2019 (Lopatka 2019a, b; Zyval
et al. 2016).

A similar management conflict occurred
in Bialowieza National Park, Poland, a lowland
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mixed forest, where bark beetle diebacks mainly
affected Norway spruce over 3 000 km? in Poland
and Belarus. By 2019, around 7 500 ha of spruce
in the Polish sector had died. Disputes between in-
terventionists and conservationists escalated to the
European Court of Justice, with NGOs advocating
for complete non-intervention (Stokstad 2017; Bli-
charska et al. 2020).

Comparisons of bark beetle-induced tree mor-
tality across Europe (Table 3) suggest that strictly
passive or conservationist approaches alone are
unlikely to mitigate outbreaks effectively. Evidence
from Western and Northern Europe, where inter-
ventionist strategies dominate, indicates that re-
moving infested trees promptly reduces cumulative
losses, although a semi-active approach combining
conservation and timely intervention is gradually
being adopted. Protected areas permitting sustain-
able forest use have often been better conserved
than strictly protected ones (World Bank 2013).
Norway spruce remains particularly vulnerable
to large-scale disturbances, highlighting the need
for more resilient tree compositions and adaptive
management (Hlasny, Tur¢dni 2013; Sommerfeld
et al. 2018).

These widespread infestations underline the ur-
gency for European countries to develop robust,
adaptive, and coordinated forest management
strategies. Lessons from cross-national experiences
can guide policies that integrate scientific knowl-
edge, practical interventions, and flexible conser-
vation principles to enhance forest resilience in the
face of climate change.

To summarise, Table S1 in the Electronic Sup-
plementary Material (ESM) conceptualises TAN-
AP as a coupled socio-ecological system in which
climate warming and wind disturbances act as ex-
ternal drivers that interact with forest structure,
governance arrangements, and stakeholder re-
sponses to shape bark beetle outbreak dynamics.
Spruce-dominated forest stands (resource units)
embedded within a high-elevation mountain for-
est system (resource system) exhibit declining re-
silience. Governance choices create two divergent
SES pathways. Under a laissez-faire (conservation)
approach, delayed or absent post-disturbance ac-
tion allows large volumes of wind-felled timber
to persist, reinforcing positive feedback loops that
promote bark beetle population growth. In con-
trast, intervention management dampens dis-
turbance cascades by limiting beetle population
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Table 3. Bark beetle-led tree mortality across Europe, historical perspective

. Storm-felled Bark beetle-led Time to mute Policy
Region Data for . Source

trees tree mortality the bark beetle  response

TANAP Slova- 1960 1971 158 837 m? 48 523 m? 3 years active, Krajéovi¢ (1996)
kia Javorina 5 days
TANAP Slova- 159, 1997 3000 m* 72041 m® 3 years actve,  1inca, Zibrik (2006)
kia Javorina 5 days
TANAP L L . passive, State Forests
Slovakia 2004-2019 2.8 mio m 2.1 mio m ongoing 725 days of TANAP (2019)
Swiss Alps 1999-2007 5.6 mio m? 1.0 mio m3 6 years active Meier et al. (2009)
Austria 1944-1991 1.6 mio m? 0.2 mio m? 2 years active Steyrer et al. (2011)
Austrian Alps 2002-2010 1.9 mio m? 1.3 mio m? 6 years semi-active Thom et al. (2013)
Aosta/ 1 1 L Vacchiano
Italian Alps 1990-2010 55 ha-yr 840 ha-yr 6 years semi-active et al. (2016)
Czech 2007-2019 0.7 mio m? 2.9 mio m? ongoing passive Surr.la\./a Park
Sumava Administration
Polish Bialowieza 2012-2019 n/a* 1.1 mio m3 ongoing passive www.lasy.gov.pl

*bark beetle-led tree mortality was not led by a storm, but by bark beetle invasion from Poland; TANAP — Tatra National Park

amplification and maintaining the resilience sys-
tem. Feedback from ecological outcomes to gov-
ernance and actor behaviour further influences
adaptive capacity.

This study has several limitations. First, although
we triangulated field observations, archival re-
cords, and interviews, long-term disturbance data,
particularly historical salvage operations and early
post-storm interventions, were partly reconstructed
from institutional documents and respondent testi-
mony, which may contain reporting gaps or retro-
spective bias. Second, detailed spatial data on bark
beetle spread and post-disturbance management
were not available for all years, and our time series
therefore combines sources of varying resolution.
Third, while interviews captured diverse stakehold-
er perspectives, these were not representative views
and are limited to stakeholders attending events
organised by the TANAP administration. Fourth,
although the SES framework enabled us to analyse
interactions between natural processes and gov-
ernance structures, our qualitative approach relies
on published literature rather than standardised
quantitative indicators. Finally, because TANAP
combines unique biophysical and institutional
features, generalisations to other protected areas
should be viewed with caution; however, the mech-
anisms we identify may also apply to other high-
elevation spruce forests in Central Europe.

CONCLUSION

This study demonstrates that the post-Elizabeth
windthrow dynamics in the High Tatras cannot
be understood solely as an ecological disturbance
but must be interpreted as the outcome of a govern-
ance trap in which contested knowledge, politicised
media narratives, and institutional fragmenta-
tion mutually reinforced delayed decision-making
within a highly sensitive protected-area context.
Rather than enabling adaptive responses, interac-
tions among state institutions, scientific commu-
nities, civil society actors, and media amplified
uncertainty, prolonged administrative procedures,
and constrained timely intervention, thereby weak-
ening the system's capacity to respond to cascading
disturbances.

Our findings show that the assumption that for-
est intervention can be suspended in the short run
in favour of protection is problematic in landscapes
that have been intensively shaped by human activ-
ity over decades. Once forests have been structur-
ally altered through grazing, selective harvesting,
and large-scale monocultural afforestation — par-
ticularly with Norway spruce — cessation of in-
tervention does not equate to a return to 'natural’
conditions. In the High Tatras, strict protection
applied to already transformed forest stands failed
to enhance resilience and, in some cases, facilitated

131


https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/87/2025-JFS
http://www.lasy.gov.pl

Original Paper

Journal of Forest Science, 72, 2026 (3): 119-135

the spread of bark beetles into remnant primaeval
forests. This highlights that non-intervention itself
constitutes a form of human decision-making with
ecological consequences, rather than the absence
of management.

The analysis further underscores that forest resil-
ience in the High Tatras is strongly linked to tree
species composition. Homogeneous spruce-dom-
inated stands, many of which were established
during past management regimes, exhibited height-
ened vulnerability to windthrow and subsequent
pest outbreaks. In contrast, structural and species
diversity emerged as critical attributes for buffering
disturbance impacts. These findings point to the
need for a strategic reorientation of forest govern-
ance away from rigid dichotomies between inter-
vention and conservation, and towards adaptive
management approaches that explicitly account for
historical land-use legacies and future climate risks.

Looking forward, enhancing forest resilience
in the Tatra Mountains requires a long-term strat-
egy that increases tree species variability and fi-
nalises park protection zonation while respecting
historic legacies. Such an approach would support
both biodiversity conservation and disturbance
resistance under changing climatic conditions.
Crucially, this strategy must be embedded within
a governance framework capable of integrating sci-
entific and local knowledge, and institutional coor-
dination, rather than allowing polarised narratives
and fragmented mandates to paralyse action.

The High Tatras thus illustrate how protected-
area governance, when shaped by unresolved actor
conflicts and politicised interpretations of nature,
can inadvertently reduce ecological resilience.
Avoiding similar governance traps elsewhere will
require not only ecological insight, but also institu-
tional designs that enable timely, context-sensitive,
and adaptive decision-making in human-modified
forest landscapes.
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