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Abstract: Forest ecosystems provide multiple ecosystem services (ES), including timber production, carbon sequestra-
tion, biodiversity conservation, soil protection, and cultural functions. Integrating these often conflicting objectives
into forest management planning represents a complex multi-criteria decision-making (MCDA) problem. This study
proposes a practical MCDA framework for evaluating selected ecosystem services within the Czech forest manage-
ment planning system (LHP/LHO). The framework integrates forest growth simulation, ecosystem service indicators,
GIS data, and MCDA methods. Five indicators were evaluated: wood production, carbon stock, erosion risk, biodiver-
sity, and cultural ecosystem value. Criteria weights were derived using the analytical hierarchy process (AHP), while
management scenarios were ranked using TOPSIS (Technique for Order Preference by Similarity to Ideal Solution)
and PROMETHEE methods. A pilot simulation over a 100-year horizon compared four forest management scenarios:
clear-cutting, shelterwood, selective, and non-intervention management. Selective management achieved the highest
multifunctional sustainability [composite sustainability index (CSI) = 0.855], combining relatively high production with
strong ecological and cultural performance. Clear-cutting management maximised short-term production but showed
higher erosion risk and lower biodiversity. The study demonstrates the potential of MCDA to support transparent
multifunctional forest management under Central European conditions.
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Forest ecosystems provide a wide spectrum ecological and socio-economic foundation of sus-
of ecosystem services (ES), including timber pro- tainable forest management and are increasingly
duction, carbon sequestration, soil and water recognised as essential components of climate
protection, biodiversity conservation, and cultural change adaptation and regional resilience strate-
and recreational functions. These services form the gies. At the same time, many of these ecosystem
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services are mutually conflicting. Management ap-
proaches maximising timber production may re-
duce biodiversity, increase erosion risk, or lower
long-term ecosystem stability, whereas non-inter-
vention management may support ecological integ-
rity but significantly reduce provisioning services.
Forest management planning therefore represents
a complex multi-objective decision-making prob-
lem requiring transparent evaluation of trade-offs
among competing ecosystem functions.

The growing intensity of climate change, in-
creasing disturbance regimes, and rising societal
demands for non-production forest functions fur-
ther amplify this complexity. Forest managers are
increasingly required to integrate ecological, eco-
nomic, and social objectives simultaneously while
operating under substantial uncertainty. Tradition-
al forest management planning systems, histori-
cally focused primarily on timber production and
sustained yield, are often insufficient for evaluating
broader multifunctional forest objectives. As a re-
sult, there is a growing need for decision-support
approaches capable of integrating multiple eco-
system services into transparent and reproducible
planning frameworks.

Multi-criteria  decision analysis (MCDA)
has become one of the principal methodologi-
cal approaches for addressing these challenges
in forestry. MCDA enables the integration of het-
erogeneous criteria, supports transparent prior-
itisation of management objectives, and facilitates
the evaluation of trade-offs between provisioning,
regulating, supporting, and cultural ecosystem ser-
vices. Kangas and Kangas (2005) describe MCDA
as a particularly suitable framework for structured
forest decision-making under uncertainty, while
Mendoza and Martins (2006) emphasise its impor-
tance in natural resource management where both
quantitative and qualitative criteria must be con-
sidered simultaneously. Ananda and Herath (2009)
further highlight the importance of data quality,
weighting procedures, and stakeholder participa-
tion in MCDA applications for forest planning.

In recent years, MCDA has been increasingly ap-
plied to multifunctional forest management and
ecosystem service evaluation. Bagkent (2018, 2020)
developed dynamic approaches integrating forest
growth simulation, ecosystem service modelling,
and multi-purpose planning principles. Marques
et al. (2021) demonstrated the applicability of par-
ticipatory and spatial MCDA for ecosystem service

prioritisation, while Paletto et al. (2021) applied
MCDA to the assessment of forest restoration
strategies in Mediterranean ecosystems. System-
atic reviews (Uhde et al. 2015; Kpadé et al. 2024)
confirm the growing importance of hybrid MCDA
approaches combining analytical hierarchy pro-
cess (AHP), TOPSIS, PROMETHEE, and GIS-
based analyses for sustainable forest ecosystem
management.

Despite extensive international development,
the practical implementation of MCDA within
Czech forest management planning remains lim-
ited. The Czech forest management planning sys-
tem, based on Forest Management Plans and Forest
Management Programmes (LHP/LHO), provides
extensive stand-level information including species
composition, age structure, stocking, site classifica-
tion, and harvest regulation parameters. Additional
data sources, including the National Forest Inven-
tory (NFI), digital terrain models (DEM), and GIS
datasets, provide further opportunities for ecosys-
tem service assessment. However, these data sourc-
es are not currently integrated into a unified and
transparent MCDA framework capable of evaluat-
ing multiple ecosystem services simultaneously.

Current Czech forest planning methodologies
primarily emphasise production indicators, while
regulatory, ecological, and cultural ecosystem ser-
vices are frequently evaluated only qualitatively
or inconsistently. Furthermore, many ecosystem
service indicators remain methodologically hetero-
geneous and are calculated differently across stud-
ies, particularly biodiversity and cultural service
indicators. This creates difficulties for practical im-
plementation, comparison of management scenar-
ios, and transparent stakeholder communication.
A standardised and reproducible MCDA frame-
work adapted to Czech forestry conditions could
therefore substantially improve multifunctional
forest planning and support ecosystem-based deci-
sion-making under climate uncertainty.

The present study aims to propose and demon-
strate a practical MCDA framework for the evalu-
ation of selected forest ecosystem services within
Czech forest management planning. The framework
combines AHP for criteria weighting with TOPSIS
and PROMETHEE methods for ranking alternative
forest management scenarios. The methodology
is specifically designed to utilise commonly avail-
able Czech forestry data sources (LHP/LHO, NFI,
GIS layers) and to support transparent evaluation
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of production, regulatory, ecological, and cultural
ecosystem services.

A pilotsimulation studyis further presented todem-
onstrate the functionality of the proposed frame-
work under four contrasting forest management
scenarios: clear-cutting management, shelterwood
management, selective management, and non-inter-
vention management. The simulation evaluates the
long-term development of wood production, carbon
stock, erosion risk, biodiversity, and cultural value
over a 100-year planning horizon and illustrates the
trade-offs among different management strategies.
The study is intended primarily as a methodologi-
cal and conceptual demonstration of the proposed
framework rather than as a fully calibrated opera-
tional decision-support model.

MATERIAL AND METHODS

Overall methodological framework

The proposed methodology integrates ecosys-
tem service assessment, forest growth simula-
tion, and MCDA into a unified decision-support
framework for forest management planning.
The framework is designed primarily for applica-
tion within the Czech forest management planning
system (LHP/LHO) and utilises commonly avail-
able forestry, inventory, and spatial datasets.

The analytical workflow consists of six sequen-
tial steps:

() Collection and preparation of input data;

(if) Simulation of forest stand development under
alternative management scenarios;

iii) Calculation of ecosystem service indicators;

iv) Normalisation of indicators;

v) Criteria weighting using AHP;

vi) Aggregation and ranking of management alter-
natives using TOPSIS and PROMETHEE.

The methodology aims to provide a transparent
and reproducible procedure for evaluating trade-
offs between provisioning, regulating, supporting,
and cultural ecosystem services in multifunctional
forest management.

P

Study area and pilot simulation design

The pilot simulation represents a conceptual
demonstration of the proposed methodology under
Central European forest conditions. The simulation
was designed to reflect typical production forests
of the Czech Republic located within moderately
productive ecological conditions.
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The hypothetical model forest stand was defined
using the characteristics described in Table 1.
The stand composition and environmental condi-
tions were selected to approximate typical Central
European managed forests and to ensure consist-
ency with Czech forestry practice. The simulation
is illustrative and conceptual in nature and does
not represent a calibrated operational management
plan for a specific forest management unit.

Forest management scenarios

Four contrasting forest management scenarios
were simulated:

(i) Clear-cutting management (HOL). Conven-
tional rotation forestry based on clear-cut harvest-
ing followed by artificial regeneration. The scenario
represents intensive production-oriented manage-
ment with periodic high-intensity interventions.

Characteristics:

— rotation-based harvesting,

— even-aged stand structure,

— artificial regeneration,

— high timber extraction intensity,

— increased temporary exposure of the soil surface.

(ii) Shelterwood/understory management (POR).
Management based on gradual regeneration under
partial canopy cover.

Characteristics:

— group or strip regeneration,

— gradual canopy opening,

— mixed age structure,

— moderate harvesting intensity,

— partial preservation of stand continuity.

Table 1. Characteristics of the hypothetical model
forest stand

Parameter Value
Region Czech Republic
Altitude 450-650 m a.s.l.

Forest vegetation zone 4th_5th yegetation zone

Dominant species Picea abies, Fagus sylvatica
Admixture species Abies alba, Pinus sylvestris

Site productivity medium (site class 3)

Initial stand age 60 years
Total analysed area 100 ha
Terrain slope 15-25%
Soil type Cambisol
Planning horizon 100 years
Simulation step 5 years
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(iii) Selective management (VYB). Continuous
cover forestry based on selective harvesting and
permanent forest cover.

Characteristics:

— uneven-aged stand structure,

— continuous natural regeneration,
— small-scale interventions,

— low disturbance intensity,

— permanent canopy continuity.

(iv) Non-intervention management (BEZ). Sce-
nario without planned harvesting interventions.

Characteristics:

— natural stand development,

— absence of timber production,

— accumulation of biomass and deadwood,
— maximum ecological continuity,

— spontaneous disturbance dynamics.

Input data sources

The framework integrates multiple data sources
commonly available within Czech forestry practice
(Table 2).

The methodology assumes that ecosystem service
indicators can be derived through the integration
of forest inventory data and external GIS datasets.

Forest growth simulation

Forest development was simulated in five-year
time steps over a 100-year planning horizon.
The simulation combined empirical growth as-

Table 2. Data sources commonly available within Czech
forestry practice

Data source Main use

stand structure, species

LHP/LHO database . .
composition, stocking

calibration

FI
N and verification

slope and

Digital terrain model (DEM) topographic factors

GIS layers spatial analysis

site productivity

Forest typology maps and ecological conditions

accessibility

Road network data .
and recreation

rainfall erosivity

Climate datasets . . Ll
and climatic conditions

LHP/LHO - Czech forest management planning system;
NFI — National Forest Inventory

sumptions with simplified stand transition rules

reflecting typical long-term development trends

under different management regimes.

The simulation respects two fundamental for-
est management constraints commonly applied
in Central European forestry:

() Oldest-first harvesting rule — harvesting priority
is assigned to the oldest stands reaching rota-
tion maturity or management thresholds.

(if) Non-declining yield principle — long-term tim-
ber harvest volume is maintained at relatively
stable levels over time to ensure sustainable
production continuity.

The simulation was intentionally simplified
to maintain methodological transparency and dem-
onstrate the structure of the MCDA framework.
Growth dynamics, therefore, represent generalised
ecological trajectories rather than fully calibrated
stand-level yield models.

Ecosystem service indicators

Five ecosystem service indicators were selected
to represent the major dimensions of multifunc-
tional forest management (Table 3).

(i) Wood production indicator (P). Wood pro-
duction represents the provisioning function of the
forest ecosystem and was simulated using simpli-
fied empirical stand growth assumptions derived
from Central European forestry practice. Produc-
tion in each simulation period was calculated using
Equation (1):

P =V, -V_ +H, (1)
where:
P, — production during the time period £;
f — growing stock at time ¢;
Vi1 - growing stock at previous time step;
H, — harvested timber volume.

Relative production values were subsequently
normalised to the interval 0-1.

In the non-intervention scenario, no timber is har-
vested; however, the forest stand continues to ac-
cumulate biomass through natural growth. For the
purposes of MCDA normalisation, the production
indicator therefore reflects biological increment
rather than harvested timber volume. Assigning
a strictly zero value would distort the min—max
normalisation procedure and reduce comparability
among scenarios. The small production value at-
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Table 3. Ecosystem service indicators selected to rep-
resent the major dimensions of multifunctional forest

management

Indicator Ecosystem service category
Wood production (P) provisioning
Carbon stock (C) regulating

Soil erosion risk (E) regulating
Biodiversity index (RAFL) supporting
Cultural value (KUL) cultural

All indicators were normalised to a 0—1 scale before MCDA

(multi-criteria decision-making) aggregation

tributed to the non-intervention scenario thus rep-
resents natural stand growth, not timber extraction.
(ii) Carbon stock indicator (C). Carbon stock
quantifies the regulating ecosystem service as-
sociated with climate regulation and carbon se-
questration. Living biomass carbon was estimated
according to IPCC (2006, 2019), see Equation (2):

Cbiomass =Vx P X.fc x (1 + Rrs) (2)

where:
Chiomass — living biomass carbon

Vv — growing stock volume;

p — wood density;

fe — carbon fraction coefficient (0.5);

R — the root—shoot ratio used to account for below-

s

ground biomass.

Total ecosystem carbon stock was estimated
as shown by Equation (3):

Ctotal = Cbiomass + Cdead + Csoil (3)
where:

Ciota  — total ecosystem carbon stock;

Cieada — deadwood carbon;

C — soil carbon.

soil

Table 4 shows the simplified coefficients used.

Annual carbon balance changes were evaluated
across simulation periods.

(iii) Soil erosion risk indicator (E). Soil erosion
risk was estimated using a simplified version of the
Universal Soil Loss Equation (USLE), see Equa-
tion (4) below:

E=RxKxLSxC;xP (4)
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where:

R — rainfall erosivity factor;

K — soil erodibility factor;

LS — slope length and steepness factor;
C; — vegetation cover factor;

P — protective management factor.

Vegetation cover coefficients varied among man-
agement scenarios, as shown in Table 5. Higher
erosion indicator values represent higher environ-
mental risk.

(iv) Biodiversity indicator (RAFL). The biodiver-
sityindicator represents structural and compositional
diversity of forest stands. The composite biodiversity
index was defined according to Equation (5):

Di+H+M+S+F

RAFL = (5)
5

where:

D, — species diversity;

H — vertical structure heterogeneity;

M — age mosaic diversity;

S — proportion of old-growth structures;
F — fragmentation factor.

Each component was normalised to a 0—1 scale
prior to aggregation. The indicator represents po-
tential biodiversity conditions rather than direct
biological inventory measurements.

(v) Cultural ecosystem service indicator (KUL).
The cultural indicator evaluates recreational and
aesthetic forest functions. The index was calculated
according to Equation (6):

R +S
KuL=—=—-4 (6)
2
where:
R, — recreational attractiveness;
Sq — scenic and aesthetic quality.

Table 4. The simplified coefficients used

Component Coefficient approach

Deadwood carbon percentage of living biomass

Soil carbon empirical site coefficient

Belowground biomass root-shoot ratio

The coefficients represent generalised empirical assumptions

suitable for conceptual simulation purposes
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Table 5. Vegetation cover coefficient values according
to management scenarios

Forest condition Cover coefficient

Closed mature forest 0.1
Partially open canopy 0.3
Clear-cut area 0.6

The assessment incorporated:
— accessibility,
— visual diversity,
— stand naturalness,
— landscape attractiveness,
— continuity of forest cover.
Scores were initially evaluated on a 0-10 scale
and subsequently normalised to 0—1.

Indicator normalization

To enable aggregation of heterogeneous eco-
system service indicators, all variables were
normalised to a common interval between 0
and 1 using min-max normalization according
to Equation (7):

x'= min (7)

For erosion risk, inverse normalisation was ap-
plied because lower erosion values represent pref-
erable environmental conditions.

Criteria weighting using AHP

Criteria weights were determined using AHP de-
veloped by Saaty (1980).

Pairwise comparisons were performed based
on expert judgement reflecting multifunctional for-
est management priorities under Central European
conditions. The weighting procedure considered
production, ecological, and social forest functions
simultaneously. The resulting weights are shown
in Table 6.

Table 6. The weights resulting from the analytical hier-
archy process (AHP)

Criterion Weight
Wood production (P) 0.25
Carbon stock (C) 0.25
Erosion risk (E) 0.20
Biodiversity (RAFL) 0.20
Cultural value (KUL) 0.10

The pairwise comparison matrix achieved a con-
sistency ratio (CR) below 0.1, indicating acceptable
consistency of expert evaluations.

Composite sustainability index (CSI)

The composite sustainability index integrates all
normalised ecosystem service indicators into a single
synthetic measure of multifunctional sustainability.
The index was calculated according to Equation (8):

CSI=0.25P +0.25C +0.2(1-E)+

8
+0.2RAFL + 0.1 KUL ®)

where:

CSI - composite sustainability index;
pr — wood production;

C — carbon stock;

E — erosion risk;

RAFL - biodiversity index;

KUL - cultural value.

Higher CSI values indicate higher overall multi-
functional sustainability.

TOPSIS ranking procedure

Management scenarios were ranked using the
Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS). The relative closeness to the ide-
al solution was calculated according to Equation (9):

* i
“ ST +S; ©)
where:
C; - relative closeness to the ideal solution;
S; — distance from ideal solution;
S; — distance from anti-ideal solution.

Higher values indicate more preferable manage-
ment alternatives.

PROMETHEE was additionally used as a com-
plementary dominance-based ranking method for
comparative verification of scenario ordering.

Sensitivity analysis

Sensitivity analysis was conducted to evaluate
the robustness of the ranking results under varying
weighting assumptions.

Criterion weights were systematically varied
by + 20% while maintaining proportional normali-
sation of the remaining criteria weights.
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The analysis evaluated:
— ranking stability,
— sensitivity of TOPSIS scores,
— dominance changes among scenarios.

This procedure allowed assessment of the robust-
ness and uncertainty of the proposed MCDA frame-
work under alternative management priorities.

RESULTS

Overview of simulation outputs. The pilot
simulation evaluated the long-term development
of five ecosystem service indicators under four con-
trasting forest management scenarios over a 100-
year planning horizon. The scenarios represented
different management intensities and forest struc-
tural dynamics, ranging from intensive rotation
forestry to non-intervention management.

The evaluated indicators included:

— wood production (P),

— carbon stock (C),

— erosion risk (E),

— biodiversity index (RAFL),

— cultural ecosystem value (KUL),

— composite sustainability index (CSI).

All values were normalised to a 0—1 scale to en-
able direct comparison among indicators and man-
agement scenarios.

The simulation demonstrated substantial long-
term differences among management approaches

Table 7. Ecosystem service indicators at Year O

https://doi.org/10.17221/43/2026-JES

and revealed clear trade-offs between provision-
ing, regulating, ecological, and cultural ecosys-
tem services.

Initial state of the forest stand (Year 0). At the
beginning of the simulation, all scenarios started
from identical initial stand conditions representing
a moderately productive mixed Central European
forest with medium structural diversity and mod-
erate carbon stock. The initial normalised indicator
values are presented in Table 7.

The non-intervention scenario showed the high-
est initial CSI value due to relatively high carbon
stock, biodiversity, and cultural ecosystem values.
The selective management scenario also achieved
relatively high multifunctionality because of lower
erosion risk and higher structural diversity.

By contrast, the clear-cutting scenario exhibited
the lowest initial sustainability value. Although
production potential remained moderate, biodi-
versity and cultural values were low, and erosion
risk was high due to stand fragmentation and in-
tensive intervention structure.

The shelterwood scenario represented an in-
termediate condition balancing moderate pro-
duction with relatively favourable ecological
characteristics.

Mid-term development (Year 50). After
50 years of simulated development, substantial dif-
ferentiation among management scenarios became
apparent (Table 8).

Scenario p C E RAFL KUL CSI

Clear-cutting (HOL) 0.40 0.30 0.70 0.30 0.40 0.335
Shelterwood (POR) 0.50 0.40 0.40 0.50 0.50 0.495
Selective (VYB) 0.45 0.50 0.30 0.60 0.60 0.558
Non-intervention (BEZ) 0.20 0.70 0.20 0.70 0.70 0.595

P — wood production; C — carbon stock; E — erosion risk; RAFL — biodiversity index; KUL — cultural value; CSI — composite

sustainability index

Table 8. Ecosystem service indicators at Year 50

Scenario p C E RAFL KUL CSI
Clear-cutting (HOL) 1.00 0.60 0.50 0.40 0.50 0.630
Shelterwood (POR) 0.80 0.75 0.30 0.70 0.70 0.738
Selective (VYB) 0.75 0.85 0.20 0.85 0.85 0.815
Non-intervention (BEZ) 0.15 0.95 0.15 0.95 0.95 0.730

P — wood production; C — carbon stock; E — erosion risk; RAFL — biodiversity index; KUL — cultural value; CSI — composite

sustainability index
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The clear-cutting scenario achieved the highest
relative production value (P = 1.00), reflecting the
strong short- to medium-term productivity of ro-
tation forestry systems. However, this scenario si-
multaneously exhibited relatively high erosion risk
and comparatively low biodiversity values.

The selective management scenario achieved
the highest overall multifunctional performance
at Year 50 (CSI = 0.815). This scenario combined
high carbon storage, low erosion risk, and strong
biodiversity and cultural ecosystem values while
maintaining relatively high production levels.

The shelterwood scenario showed balanced perfor-
mance across all evaluated indicators and achieved
the second-highest production values after clear-
cutting. Ecological indicators were substantially
more favourable than in the clear-cutting scenario.

The non-intervention scenario reached maxi-
mum carbon accumulation and biodiversity po-
tential but maintained very low production values
throughout the simulation period.

Long-term development (Year 100). At the end
of the 100-year simulation period, long-term dif-
ferences among management approaches became
even more pronounced (Table 9).

The selective management scenario achieved the
highest long-term sustainability score (CSI = 0.855).
The scenario maintained high production capacity
while simultaneously maximising regulating, eco-
logical, and cultural ecosystem services.

The results suggest that continuous-cover forest
management may provide the most balanced long-
term multifunctional forest structure under Cen-
tral European conditions. Permanent canopy cover,
lower disturbance intensity, and continuous regen-
eration contributed positively to both ecological
stability and cultural ecosystem value.

The shelterwood scenario also maintained rela-
tively high multifunctionality and represented
a compromise between production-oriented and
ecological management approaches.

Table 9. Ecosystem service indicators at Year 100

The non-intervention scenario maximised car-
bon storage and biodiversity values but remained
strongly limited in provisioning services. Although
its CSI value remained relatively high, the absence
of production reduced its overall ranking within
the integrated sustainability framework.

The clear-cutting scenario exhibited the low-
est long-term sustainability. Despite maintain-
ing moderate production performance, repeated
high-intensity disturbances increased erosion risk
and reduced long-term biodiversity and cultural
ecosystem values.

Long-term trajectories of ecosystem services.
The simulation revealed characteristic temporal
trajectories for individual ecosystem services un-
der different management systems.

Wood production. Clear-cutting management
produced the highest short- and medium-term
timber outputs due to intensive harvesting cycles
and artificial regeneration. However, production
stability gradually decreased over longer time hori-
zons due to repeated disturbance cycles and simpli-
fied stand structures.

Selective and shelterwood systems pro-
duced slightly lower peak production values but
maintained more stable long-term production
trajectories.

Non-intervention
minimal timber
simulation.

Carbon stock. Carbon accumulation increased
continuously in the non-intervention and selective
management scenarios due to permanent forest
cover and lower harvesting intensity.

The selective management scenario achieved
high carbon values while still maintaining econom-
ically relevant timber production.

Clear-cutting management exhibited the low-
est long-term carbon storage because of re-
peated biomass removal and disturbance-related
carbon losses.

management maintained
production throughout the

Scenario p C E RAFL KUL CSI
Clear-cutting (HOL) 0.60 0.50 0.60 0.40 0.50 0.485
Shelterwood (POR) 0.70 0.80 0.30 0.75 0.75 0.740
Selective (VYB) 0.80 0.90 0.20 0.90 0.90 0.855
Non-intervention (BEZ) 0.10 1.00 0.15 1.00 1.00 0.745

P — wood production; C — carbon stock; E — erosion risk; RAFL — biodiversity index; KUL — cultural value; CSI — composite

sustainability index
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Table 10. Ranking of the management scenarios based
on the final CSI values at Year 100

Rank Scenario CSI
1 selective management 0.855
2 non-intervention 0.745
3 shelterwood management 0.740
4 clear-cutting management 0.485

CSI — composite sustainability index

Erosion risk. Erosion risk remained highest un-
der clear-cutting management throughout the sim-
ulation period due to repeated canopy removal and
soil exposure.

Selective management achieved the lowest ero-
sion values because permanent forest cover re-
duced runoff and stabilised soil conditions.

Shelterwood management maintained interme-
diate erosion risk values.

In the non-intervention scenario, erosion risk re-
mained consistently low throughout the entire sim-
ulation period. Because no harvesting operations
occur and permanent canopy cover is maintained,
soil disturbance is minimal and vegetation cover re-
mains high, resulting in very low values of the ero-
sion indicator. This scenario therefore represents
the most stable long-term erosion-mitigation path-
way among all evaluated management systems.

Biodiversity and cultural ecosystem services.
Biodiversity and cultural indicators showed very
similar trajectories across scenarios.

Non-intervention and selective
produced the highest ecological
values due to:

— structural heterogeneity,
— permanent forest cover,

— mixed age structure,

— higher visual naturalness,
— greater habitat continuity.

Clear-cutting management maintained the low-
est biodiversity and cultural values because of sim-

management
and cultural

https://doi.org/10.17221/43/2026-JES

plified stand structures and repeated large-scale
disturbances.

Ranking of management scenarios. Based
on the final CSIvalues at Year 100, the management
scenarios were ranked as shown in Table 10.

TOPSIS and PROMETHEE produced highly con-
sistent ranking results (Table 11). Both methods
identified selective management (VYB) as the most
preferable multifunctional management strategy and
clear-cutting management (HOL) as the least sus-
tainable alternative. Minor differences occurred only
in the relative distances among intermediate scenari-
os, but no rank reversals were observed. The consist-
ency between the compensatory TOPSIS approach
and the outranking-based PROMETHEE method
supports the robustness of the proposed MCDA
framework under varying evaluation principles.

Sensitivity analysis. Sensitivity analysis dem-
onstrated relatively high robustness of the final
ranking structure under changing weighting as-
sumptions (Table 12).

Weights of all criteria were individually varied
by + 20%, and the resulting changes in ranking po-
sitions were evaluated.

The selective management scenario remained
the highest-ranked alternative in nearly all tested
weighting combinations, indicating relatively strong
robustness of its multifunctional performance.

Only under strongly increased weighting of pro-
duction indicators did the shelterwood scenario
occasionally approach selective management per-
formance. Similarly, substantial increases in bio-
diversity weighting improved the relative position
of the non-intervention scenario.

The clear-cutting scenario consistently remained
the lowest-ranked alternative across all tested
weighting configurations.

Overall, the sensitivity analysis suggests that the
proposed MCDA framework produces relative-
ly stable rankings despite moderate uncertainty
in weighting assumptions.

Table 11. Comparison of TOPSIS and PROMETHEE ranking results

. TOPSIS TOPSIS PROMETHEE PROMETHEE
Scenario CSI
score rank net flow (D) rank
Selective management (VYB) 0.855 0.842 1 +0.412 1
Non-intervention (BEZ) 0.745 0.691 2 +0.185 2
Shelterwood management (POR) 0.740 0.673 3 +0.142 3
Clear-cutting management (HOL) 0.485 0.318 4 -0.739 4

TOPSIS — Technique for Order Preference by Similarity to Ideal Solution; CSI — composite sustainability index
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Table 12. Sensitivity analysis of ranking stability

Weight variation Ranking stability
+ 20% production weight stable
+ 20% carbon weight stable
+ 20% biodiversity weight stable

minor variation

stable

+ 20% erosion weight

+ 20% cultural weight

DISCUSSION

The presented study demonstrates the potential
of MCDA as a transparent and integrative frame-
work for evaluating ecosystem services within
forest management planning. The proposed meth-
odology combines forest growth simulation, eco-
system service indicators, and MCDA methods
into a unified decision-support system capable
of evaluating trade-offs among production, eco-
logical, regulatory, and cultural forest functions.
The results confirm that different forest manage-
ment strategies generate fundamentally different
long-term ecosystem service trajectories and that
no single management system simultaneously
maximises all ecosystem services.

A central finding of the study is the strong
trade-off between provisioning services, particu-
larly timber production, and ecological or regulat-
ing services such as carbon storage, biodiversity
conservation, and erosion mitigation. This pattern
is consistent with numerous international studies
evaluating multifunctional forest management un-
der MCDA frameworks (Baskent 2018; Kangas,
Kangas 2005; Nilsson et al. 2016). The clear-cutting
scenario achieved the highest short- and medium-
term production values due to intensive harvesting
and simplified stand dynamics, but this occurred
at the cost of increased erosion risk, lower struc-
tural diversity, and reduced cultural ecosystem
value. Repeated canopy removal and disturbance
cycles produced unstable ecological conditions and
reduced the long-term multifunctionality of the
forest ecosystem. These findings correspond with
studies demonstrating that intensive rotation for-
estry may maximise provisioning services while
simultaneously weakening regulating and support-
ing ecosystem services (Mori et al. 2017; Paletto
et al. 2021).

In contrast, selective management consistently
achieved the highest overall sustainability values

throughout the simulation. The results suggest that
continuous-cover forestry systems may provide
an effective compromise between economic pro-
duction and ecological stability under Central Eu-
ropean conditions. Permanent canopy continuity
reduced erosion risk, improved carbon retention,
and supported higher biodiversity and cultural val-
ues while maintaining relatively high production
capacity. Similar conclusions have been reported
in studies focused on close-to-nature silviculture
and continuous-cover forestry, where structur-
ally heterogeneous stands were found to increase
ecological resilience and multifunctionality
(Pretzsch 2009; Baskent 2020). The results there-
fore support the growing argument that future for-
est management under climate uncertainty should
increasingly prioritise ecosystem stability and
adaptive capacity rather than maximising short-
term production outputs alone.

The non-intervention scenario achieved the high-
est values for carbon stock, biodiversity, and cultur-
al ecosystem services. These results are ecologically
expected because the absence of harvesting allows
long-term biomass accumulation, deadwood for-
mation, and increasing structural heterogeneity.
However, the scenario simultaneously produced
very low provisioning values and therefore did
not achieve the highest composite sustainability
score. This finding highlights an important meth-
odological and practical issue in multifunctional
forest management: maximising a single ecosys-
tem service does not necessarily produce optimal
multifunctional outcomes. Forest ecosystems man-
aged exclusively for ecological conservation may
lose significant provisioning and socio-economic
functions, whereas production-oriented systems
may compromise ecological integrity. MCDA ap-
proaches are therefore particularly valuable be-
cause they explicitly quantify these trade-offs and
allow decision-makers to evaluate alternative man-
agement priorities transparently.

An important contribution of this study is the
integration of multiple ecosystem service catego-
ries into a single operational evaluation framework
adapted to Czech forestry conditions. Existing
Czech forest management planning systems (LHP/
LHO) primarily focus on production indicators
and harvest regulation, while ecosystem services
are frequently addressed only indirectly or qualita-
tively. The proposed framework demonstrates that
standard forestry datasets can be expanded through
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the integration of GIS layers, inventory informa-
tion, and ecosystem service indicators to support
more comprehensive multifunctional planning.
This is particularly important under ongoing cli-
mate change, increasing disturbance frequency,
and growing societal pressure for non-production
forest functions.

The results also illustrate the importance
of structural complexity and stand continuity for
long-term ecosystem stability. Biodiversity and
cultural indicators showed strong positive rela-
tionships with uneven-aged structure, permanent
canopy cover, and reduced disturbance intensity.
These relationships are consistent with ecological
studies emphasising the importance of structural
heterogeneity for habitat diversity, microclimatic
stability, and resilience against disturbances (McEl-
hinny et al. 2005; Mori et al. 2017). The selective
and non-intervention scenarios produced the high-
est ecological stability because they maintained
greater continuity of forest structure throughout
the simulation period.

The carbon indicator revealed another impor-
tant aspect of multifunctional forest management.
Carbon accumulation was highest under non-in-
tervention and selective management due to lower
harvesting intensity and longer biomass retention.
This finding is increasingly relevant under climate
mitigation policies and expanding carbon account-
ing frameworks. However, the results also dem-
onstrate that high carbon storage alone does not
necessarily maximise overall multifunctionality.
The selective management scenario achieved near-
ly comparable carbon values while still maintaining
economically significant timber production, sug-
gesting that integrated management approaches
may provide more balanced long-term outcomes
than either intensive production forestry or com-
plete non-intervention.

The sensitivity analysis demonstrated relatively
high robustness of the proposed MCDA frame-
work. Ranking results remained stable under mod-
erate changes in criteria weighting, particularly for
the selective management scenario. This suggests
that the observed superiority of structurally di-
verse and continuous-cover management systems
is not merely an artefact of the selected weight-
ing configuration. At the same time, the sensitivity
analysis illustrates the importance of societal and
stakeholder preferences in multifunctional forest
management. Increasing the weight of production
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indicators improved the relative ranking of shelter-
wood systems, whereas emphasising biodiversity
and ecological criteria strengthened the position
of non-intervention management. This confirms
that ecosystem service evaluation cannot be con-
sidered entirely objective because final rankings
always depend partly on normative assumptions
regarding management priorities.

Despite these promising results, the study has
several important limitations. First, the presented
pilot application is conceptual and simulation-
based rather than fully calibrated using operational
forest growth models. The growth trajectories and
ecosystem service dynamics, therefore, represent
generalised ecological trends rather than exact pre-
dictions for specific forest stands. Second, several
ecosystem service indicators rely on simplified em-
pirical assumptions and generalised coefficients.
This limitation is particularly important for carbon,
biodiversity, and cultural ecosystem service assess-
ment, where uncertainties remain relatively high
due to insufficient stand-level data and the absence
of standardised methodologies.

The biodiversity indicator represents a par-
ticularly important limitation. Although stand
structure, species composition, and age diver-
sity can be partially derived from LHP/LHO da-
tabases, many ecologically important structural
characteristics, such as deadwood volume, ver-
tical stratification, microhabitat availability, and
species-specific habitat quality, are not directly
available within standard forest planning data-
sets. Consequently, the RAFL index should be in-
terpreted as a proxy for biodiversity potential
rather than a direct ecological inventory. Simi-
lar limitations have been reported in ecosystem
service studies across Europe, where biodiversity
assessment often requires supplementary field
inventories or remote sensing data (Holu$ova,
Holusa 2025; Mori et al. 2017).

A comparable limitation applies to cultural eco-
system services. Recreational attractiveness and
aesthetic quality are inherently subjective and spa-
tially heterogeneous. Forest management plans
do not contain sufficient information on recrea-
tional infrastructure, visitor intensity, visual land-
scape composition, or public preferences. Future
implementation of cultural ecosystem service as-
sessment will therefore require integration of ad-
ditional spatial datasets, visitor monitoring, and
potentially participatory social surveys.
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The erosion model also represents a simplifi-
cation of real hydrological processes. Although
USLE-based approaches are widely used in forest
ecosystem service studies, reliable erosion assess-
ment requires detailed climatic, pedological, and
topographic datasets together with local calibra-
tion of parameters. The presented methodology
therefore demonstrates conceptual applicability
rather than precise quantitative prediction of ero-
sion processes.

An important methodological limitation con-
cerns the weighting process itself. Although AHP
provides a transparent framework for criteria
weighting, the resulting weights remain partly sub-
jective and depend on expert judgement and stake-
holder priorities. Different stakeholder groups,
such as forest owners, conservation organisations,
public administrations, or local communities,
would likely produce different weighting configu-
rations and therefore different scenario rankings.
This subjectivity is not a weakness of MCDA itself
but rather reflects the inherently normative nature
of multifunctional forest management.

The study nevertheless demonstrates several im-
portant practical implications for future forest plan-
ning. First, it confirms that multifunctional forest
management requires explicit evaluation of trade-
offs among ecosystem services rather than implicit
prioritisation of timber production alone. Second,
it shows that structurally diverse and continuous-
cover management systems may provide relatively
stable multifunctional performance under long-
term conditions. Third, it demonstrates that exist-
ing Czech forestry datasets provide a sufficiently
strong foundation for the development of opera-
tional ecosystem service assessment frameworks,
although additional ecological and spatial datasets
remain necessary.

Future research should therefore focus on several
key directions. The first priority is the calibration
of ecosystem service indicators using operational
forest inventory and monitoring data. The second
is the integration of advanced spatial datasets in-
cluding remote sensing, LiDAR, and dynamic
disturbance monitoring. The third is the incor-
poration of participatory stakeholder processes
to derive socially representative weighting schemes
and management preferences. Finally, future stud-
ies should extend the framework toward spatially
explicit landscape-level planning and dynamic cli-
mate adaptation scenarios.

Overall, the presented framework demonstrates
that MCDA can provide a scientifically robust and
operationally relevant basis for integrating ecosys-
tem services into forest management planning. Al-
though the current pilot study remains conceptual,
it establishes an important methodological founda-
tion for the transition from production-oriented
forest regulation toward multifunctional ecosys-
tem-based forest management under conditions
of increasing climatic and societal uncertainty.

CONCLUSION

The presented study proposed and demon-
strated a practical MCDA framework for the
evaluation of selected ecosystem services within
Czech forest management planning. The frame-
work integrates forest growth simulation, eco-
system service indicators, GIS-supported spatial
information, and MCDA methods into a unified
decision-support approach capable of evaluating
multifunctional forest management under long-
term conditions.

The results confirmed that different forest man-
agement strategies produce fundamentally differ-
ent ecosystem service trajectories and that strong
trade-offs exist among provisioning, regulating,
ecological, and cultural forest functions. Intensive
clear-cutting management maximised short-term
timber production but simultaneously increased
erosion risk and reduced biodiversity and cultural
ecosystem values. In contrast, non-intervention
management achieved the highest carbon storage
and biodiversity potential but maintained very low
provisioning capacity. Among the evaluated sce-
narios, selective management achieved the highest
long-term multifunctional sustainability because
it combined relatively high production with strong
ecological stability, low erosion risk, and high cul-
tural ecosystem value.

These findings support the growing interna-
tional consensus that future forest management
should increasingly emphasise resilience, struc-
tural diversity, and ecosystem stability rather than
maximising short-term production alone. Under
accelerating climate change, increasing distur-
bance frequency, and growing societal demands
for ecosystem services, multifunctional and con-
tinuous-cover management systems may provide
more robust long-term outcomes than simplified
production-oriented forestry systems.
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An important contribution of the study lies
in adapting internationally recognised MCDA ap-
proaches to the Czech forestry environment and
linking them directly to existing forest manage-
ment planning datasets (LHP/LHO), NFI data, and
GIS information. The proposed methodology dem-
onstrates that currently available Czech forestry
data provide a strong foundation for ecosystem
service assessment and multifunctional planning,
although additional spatial, ecological, and socio-
economic datasets remain necessary for operation-
al implementation.

The study further demonstrates the usefulness
of MCDA as a transparent framework for integrat-
ing heterogeneous ecosystem service indicators
into a single evaluation system. By explicitly quan-
tifying trade-offs and allowing flexible weighting
of management objectives, MCDA can significantly
improve transparency and stakeholder communi-
cation within forest planning processes. The sensi-
tivity analysis additionally showed relatively stable
ranking results under moderate changes in weight-
ing assumptions, indicating that the proposed
framework is sufficiently robust for conceptual
planning applications.

Nevertheless, several limitations
The presented pilot application is simulation-
based and conceptual rather than fully operational
or spatially calibrated. Several ecosystem service
indicators, particularly biodiversity and cultural
services, rely on simplified empirical assumptions
due to limitations of currently available forest plan-
ning data. Similarly, the weighting process remains
partly subjective and dependent on stakeholder
preferences. Future development should therefore
focus on calibration using operational forestry
data, integration of advanced remote sensing and
spatial datasets, and implementation of participa-
tory stakeholder-based weighting procedures.

Future research should also expand the frame-
work toward spatially explicit landscape-scale
analyses, climate adaptation scenarios, distur-
bance risk modelling, and integration of addition-
al ecosystem services such as water regulation,
habitat connectivity, or recreational carrying
capacity. The incorporation of dynamic monitor-
ing technologies, including remote sensing and
digital forest inventories, may further improve
the precision and operational applicability of eco-
system service assessment within forest manage-
ment planning.

remain.
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Overall, the proposed MCDA framework rep-
resents an important methodological step toward
ecosystem-based and multifunctional forest plan-
ning in the Czech Republic. Although the presented
pilot study primarily serves as a conceptual demon-
stration, the methodology establishes a reproduc-
ible and transparent basis for future operational
implementation and offers potential applicability
to other Central European forest management sys-
tems facing similar ecological, climatic, and soci-
etal challenges.
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