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ABSTRACT

Forest ecosystems within water protection zones need to be stable, resilient, and adaptable to provide optimal water
protection functionality. The Forest Hydrotope Model stratifies water protection zones into silvicultural operational units to
adapt forest management strategies to current forest site conditions. Silviculture facilitated by this model, therefore, can
create forests with tree species diversity close to the natural forest type, as this is regarded as the most stable and resilient
one, and can furthermore give valuable hints for climate change adaptation. The database for this model was created
through forest site mapping surveys of the water protection zones. Those surveys yielded new insights about karstic alpine
forest soils; parts had to be defined through the creation of a mosaic soil formation typology. Utilizing both site-specific
target definitions and general Best Management Practices for forest management can support the implementation of an
integral water protection strategy and subsequently improve the water protection functionality of the forest ecosystems.
Different ways for the implementation of this strategy are presented by the examples of four water protection zones of
Austrian water suppliers. The scientific value added through the paper is given by the delineation of the operational water
resources protection strategy, the new possibility of describing highly inhomogeneous karstic soil formations and also by

highlighting the growth potential of Silver Fir (4bies alba) at high altitudes of the European Alps, which constitutes an
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essential silvicultural alternative under climate change conditions.

Keywords: Forest Ecosystems; Forest Hydrotope Model; Karstic Forest Soils; Best Management Practices; Site-Adapted

Silviculture; Ecosystem Services

1. Introduction

A pure, sustainable and secure drinking water supply is
a basic condition for human development!!). Water resources
protection gains importance as high quality freshwater sup-
ply is an important and, in the near future, even growing
challenge for many areas on our planet?>l. Groundwater
derived from forested watersheds is generally considered a
preferred source of drinking water supply, since in most cases
it does not involve potential contamination from fertilizers
or pesticides like those often found in agricultural areas[®!
or pollution from other human sources. Despite this fact,
forestry practices like extended clear cuts or large-scale nat-
ural disturbances could endanger the provision of the ecosys-
tem service freshwater regulation and hence threaten source
water quality7°). Hence, for the provision of high-quality
drinking water, forest ecosystem stability, resilience, and a
low disturbance regime for the whole forest area become
crucial. Municipalities in Austria, the Cities of Vienna, Waid-
hofen/Ybbs, and Steyr and the “Water Supply Association
Triestingtal and Siidbahngemeinden” recognized the need
to improve their water supply security. In cooperation with
the cities and water suppliers, the Forest Hydrotope Model
(FoHyM) was developed as an operational tool for identi-
fying site-specific needs of adaptive forest management in
water protection zones (WPZ)[!%. To apply the model, it was
necessary to generate a set of Best Management Practices
(BMP), which defines the general silvicultural guidelines
for reaching a high standard of water resources protection in
forested watersheds. The overall aim of the studies was the
improvement of the ecosystem service water regulation!!!-13]
in all associated WPZ of the water suppliers. How to im-
plement the related management practices within the WPZ
is outlined by this paper. Hence, the evolution of water re-
sources protection strategies in forested watersheds, reflected
through long-term research and implementation efforts, is
presented and discussed, which constitutes the central sci-
entific value added by this paper. In the course of FoOHyM
application within the four WPZ, it was possible to elaborate

a new typology for describing highly inhomogeneous karstic
forest soils and to identify the growth potential of Silver Fir
(Abies alba) at high altitudes, which both represent scientific
value added by this paper, especially under current climate

change conditions.

2. Materials and Methods

FoHyM is a landscape-scale, spatially explicit model
displayed in a Geographical Information System (GIS) and
based on data collected from surveys in the field. It was
developed to define and stratify forested WPZ. The main
purpose is facilitation for deducing site-specific silvicultural
management targets for forest ecosystems. Hydrotopes are
defined as hydrological relatively homogenous areas!'*!3]
and are also named hydrological response units. Within the
context of FoHyM, the relative homogeneity was specified
in a forest hydrological and silvicultural context. The hy-
drological response of each defined Forest Hydrotope Type
(FHT), as well as the potential application of silvicultural
management within a FHT, has to be homogeneous.

The database utilized by FoHyM was developed by
forest site mapping surveys carried out using areal mapping,
in contrast to grid-based methods. This ensured the intended
spatial accuracy of the resulting dataset, a fact which is specif-
ically necessary in WPZ. Therefore, the experimental design
is forest site mapping surveys.

For the definition of each forest hydrotope type (FHT)
as a basic information category of FoHyM, the phytoso-

[16] was applied together with the Aus-

ciological method
trian guideline for forest site mapping!'”! on survey areas of
400 m?, the forest site investigation (FSI) plots. On these
FSI plots, the presence and abundance of plant species, soil
horizons, soil types, humus forms, topographic data, and
site parameters were surveyed in detail (Table 1). Each
FHT was represented by an appropriate number of FSI plots
based on the spatial extent of the FHT within the examined
WPZ. The forest site mapping key comprising all exam-

ined FHT and all ground vegetation types was elaborated
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based on the FSI plot data and hence is adapted specifi-
cally to the local forest-ecological conditions of any given
WPZ. The FHT mapping key was defined as an open sys-

tem, and new FHT not previously identified through FSI plot
data were described in the course of the forest site mapping

process.

Table 1. Survey parameters of the forest site investigation plots (FSI) and mapping process.

Forest Site Investigation Plot and Forest Site Mapping Parameters

Elevation above sea level (m)

Exact exposition of the site (°) (F)
Topography type (relief type) (F)

Ground vegetation type (F)

Soil type (F)

Humus form (F)

Tree and shrub species (% of crown cover) (F)

Inclination of the site (°)

Water regime class of the site (F)
Bedrock type (geology)

Ground vegetation species (% of cover)
Mineral soil horizons (cm, characteristics)
Humus form (cm, characteristics)

Forest Hydrotope Type (FHT) (F)

Note: F: Parameter also surveyed during the forest site mapping process.

Mapping teams were equipped with infrared aerial pho-
tographs for the field survey, as most of the mapping surveys
took place before the year 2000. In the course of the field sur-
vey, areas with homogeneous forest site parameters (Table 1)
were aggregated into polygons drawn on aerial photographs,
thereby defining the spatially explicit database for FOHyM.
The polygons were transferred together with sampled data
from the infrared aerial photographs into a Geographical In-
formation System (GIS). For the mapping survey, the teams
used a Piirckhauer type gauge auger for soil analysis, a com-
pass, an altimeter and the regional specific keys for ground
vegetation types and forest hydrotope types (FHT), which
were both developed specifically for each WPZ.

The definition of each FHT is based on the integra-
tion of all data layers of FoHyM, including, in addition to
phytosociological information, also geology, soil types, wa-
ter regime classes, and all relevant topographic information
(Table 1). This is operational; silviculture needs stratifica-
tion of forest areas based on site parameters, as those are
responsible for varying potential tree species diversity and
distribution, hydrological response, soil types, growth indica-
tors, or the selection of appropriate silvicultural techniques.
The definition of the water regime class of FHT through the
ground vegetation type became possible by the application
of the indicator values of plants in Central Europe['8].

For the FHT definition and description, the forest type
classification system of Zukrigl!'”) was selected, as it pro-
vides a systematic stratification tool with specific relevance
for forest management. As differences between FHT at the

level of forest management are the main interest of FoHyM

applications, this system was preferred in contrast to the mere
phytosociological system with the only aim of scientifically

describing and differentiating forest vegetation types 2%l

Best Management Practices (BMP) Applica-
tions

FoHyM is a spatially explicit forest target model that
defines the most relevant forest parameters for silviculture in
order to create or protect stable, resilient and adaptable forest
stands and forest ecosystems. It was designed for the appli-
cation in WPZ, as stable and resilient forests are fundamental
for the purpose of water resources protection. The whole
area of each WPZ was stratified into forest hydrotope types
(FHT). Despite that specific focus of application, FoHyM
can be used as a tool to support decision-making for other
relevant silvicultural issues, such as adaptation measures to
climate change in forested areas.

The purpose of the FHT-based stratification of WPZ is
the definition of the tree species spectrum which can grow
within the area of any defined FHT. This is a central BMP
and of relevance in Austrian WPZ, as currently wide-spread
homogeneous Norway Spruce (Picea abies Karst.) planta-
tions of historic origins exist. Those are facing increasing
threats through bark beetle (Ips typographus) infestations
and heavy storms, especially under current climate change

conditions 2123

1. Forest site adapted tree species diversity
in contrast can increase forest ecosystem stability>*2%], For
the deduction of all further BMP, silvicultural knowledge
supported by research outputs was used. The resulting BMP
catalogue for forested watersheds was elaborated and pub-

lished in the course of the CC-WARE project (Table 2, A).

229



Journal of Environmental & Earth Sciences | Volume 08 | Issue 06 | June 2026

Table 2. Technical Reports published in the course of EU-Interreg projects.

No. Project Name Authors and Publication Title
Koeck, R., Hochbichler, E. (2014): CC-WARE, Appendix WP 4: Work Package
A Crco_\r)zlzli% Interreg SEE 4—Act. 4.2: Recommendations for Adaptive Management Concept—Best Practices
prog for Forest Ecosystems in Mountains and Flatlands [26].
Koeck, R., Hochbichler, E. (2012): CC-WaterS, Climate Change and Impacts on
B CC-WaterS, Interreg SEE Water Supply: Das Wald-Hydrotop-Modell als WSMS Werkzeug im
programme Quellenschongebiet der Stadt Waidhofen/Ybbs (The Forest Hydrotope Model as a
WSMS Tool in the Water Protection Zone of the City of Waidhofen/Ybbs) 7).
Koeck, R., Siegel, H., Gerhardt, E., Hochbichler, E. (2018): Report D T 2.2.1—Pilot
C CAMARO_D’ Interreg Danube Action Report of the Pilot Area “Groundwater Field Dietacher Holz, Steyr and
Region programme Dietach” 28],
Koeck, R., Hochbichler, E., Celico, F. (Editors) (2011): Appendix I—Forests, Water
D CC-WaterS, Interreg SEE Protection and Climate Change. Reports of the BOKU—Forest Group to WP 5.

programme

Chapter 4.2: The Forest Hydrotope Model and Climate Change [2°].

Note: All technical reports are available via ResearchGate through the respective DOIL.

3. Results

FoHyM was applied in four forested Austrian water-
sheds which provide source water for the drinking water sup-
ply. All of them are karstic, hence limestones and dolomites
are the prevalent geological substrates. The first applica-
tion was carried out in the WPZ of the City of Vienna, as

{‘ Y soutneast

Transnational Cooperation Programme

CC-WaterS
Jointly for our commeon future

0

the whole FoHyM concept was developed and applied there.
This resulted in the first forest hydrotope map encompassing
an area of 33,000 ha, which is the whole part of the WPZ
owned by the municipality of Vienna. The displayed example
map (Figure 1) shows the westernmost section of the WPZ,
which, in addition to forest hydrotopes, encompasses, due to

the alpine location, e.g., rock areas and alpine grasslands.

1: 25,300

Project CC-Waters

Group: WP 6 - Land Use category Forestry
Roland Koeck & Eduard Hochbichler

GIS-Concept & Realization: Roland Koeck
Department of Forest- and Soil Sciences
Institute of Silviculture

University of Natural Resources and
Applied Life Sciences. Vienna

February 2010

Figure 1. Example of a FoHyM map, WPZ City of Vienna, Wildalpen, illustrating the spatial distribution of FHT.

FoHyM in the Viennese watershed areas is based on
the forest site mapping survey of the water protection forests,
which was carried out from 1990 to 2000 and was initiated
and financed by the forest department of the city3°. The

municipality of the City of Waidhofen an der Ybbs also de-
cided to apply FoHyM. The model was finalized with the
provision of the GIS-based maps and a descriptive report
in the year 2012 and was financed through the CC-WaterS
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Interreg project (Table 2, B). The technical report describes
the necessary adaptation of the forest ecosystems due to cli-
mate change conditions, detailed for each FHT. Their WPZ
encompasses an area of 1,000 ha. In the year 2016, the City
of Steyr started the implementation of FoHyM within their
WPZ (150 ha); it was financed via the CAMARO-D Interreg
project and finalized in 2018 (Table 2, C). The Water Sup-
ply Association Triestingtal and Siidbahngemeinden (WLV)
decided in January 2020 to apply FoHyM within their WPZ
(1,000 ha). The project was finalized in December 2022
and was financed through WLV resources. The WPZ of the
City of Vienna also received recommendations for climate
change adaptation of its diverse forest ecosystems. Climate
change adaptation within the context of FoHyM is provided
by the recommendation of tree species changes, detailed for
each FHT (Table 2, D). The related GIS-based map describ-
ing the FHT in spatial explicit form is displayed (Figure
1). Subsequently, all four WPZ received spatially explicit
recommendations for climate change adaptation with regard
to forest management, as all referenced Interreg projects had
climate change as a central topic field and provided the neces-
sary climate change scenario data. The most relevant aspects
of the executed studies are described and subsequently dis-

cussed in this publication.

3.1. Soil Specifics in the Karstic Alpine Envi-
ronments

In a first step, all four WPZ were examined with the
described forest site mapping surveys. At the very beginning
of the mapping surveys, it became evident that especially
the karstic alpine WPZ need a specific adaptation in terms
of soil type classification. The karstic alpine landscapes are
characterized in many cases by mosaic-like soil type occur-
rences. For example, Rendzic Leptosols can occur adjacent
to Chromic Cambisols®!l and both soil types alternate on a
small scale of some square meters. This situation could never
be solved via mapping each soil type, as the resulting poly-
gons would be way too small to be displayed in GIS maps.
The only way to solve this facet of karstic soil formations
in the Alps was the creation of a mosaic soil typology. This
resulted in the definition of two mosaic soil formations (A)
Rendzic Leptosols with Chromic Cambisols and (B) Rendzic
Leptosols with the loamy variant of Rendzic Leptosols [*?].

The definitions are in line with the rules of the world refer-

ence base for soils, as both mosaic formations describe the
co-occurrence of dominant and codominant soil types3!.
On an operative level, knowledge about the location of mo-
saic soil formations is essential for silviculture within the
WPZ, as it allows adapted management concepts, e.g., in
case of afforestation activities or tree species selection on
the micro-sites.

Another relevant aspect of soil formations within the
karstic WPZ is the ecto-humus layer. It must be highlighted
that “moder” humus forms are prevalent, with, in some cases,
large thickness. The mosaic soil formations also show vary-
ing humus layer thickness on a small spatial scale, with
the moder humus form “Alpen-Moder” (an Austrian soil-
science terminus) reaching thicknesses up to 50 cm 32331,
The widespread dwarf-pine shrublands (Pinus mugo Turra)
within the karstic alpine WPZ show in some cases “Tan-
gel” ecto-humus formations with up to 100 cm thickness on
Rendzic Leptosols. As karstic soil formations are in many
cases poor in nutrients and fine-soil substances, the humus
layers at those forest sites are the location of both water and
nutrient storage**l; hence, fine tree roots grow concentrated
within the ecto-humus layers and ensure the prevention of
soil erosion processes. Moder humus formations are preva-
lent in the case of the Rendzic Leptosols and the Mosaic Soil
formations. These facts highlight the relevance of the karstic
alpine ecto-humus formations for water protection purposes.
In the course of forest site mapping, the forest sites with
thick moder humus layers were marked. The soil maps for
the four WPZ are digitally available and display the soil type

distribution in spatial explicit form.

3.2. Forest Hydrotope Types in the WPZ

Forest hydrotope types (FHT) are the integrating strat-
ification level of FoHyM and represent the most relevant
information category for the definition of target forest param-
eters, e.g., the tree species spectrum for each forest site. FHT
were defined specifically for each WPZ, by the way display-
ing the local forest site conditions in the protection zones. The
vast extension of the WPZ over forest vegetation zones, in
the case of the Viennese watershed forests from 400 m asl
up to 2,277 m asl, induces the occurrence of several different
FHT, spreading from the cold to the very mild forest vegeta-
tion zone. A concise overview of the different FHT over all
four discussed WPZ is given (Table 3). The definition of the
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different FHT is very detailed for all water protection zones,

order to gain an overview, which means that, e.g., the group

in Table 3 the meta-level of the different FHT is displayed in  of Beech forest hydrotopes comprises various FHT.

Table 3. Forest Hydrotope Types (FHT) are defined in the analyzed WPZ with related forest vegetation zones (FVZ)P¥ and historic

elevation zones (EZ)*®.

FHT Group FHT (Latin Name) FVZ (Range) EZ (Range) Occurrence
Dwarf Pine Shrublands Pinetum mugo Cold to moderate mild Middle subalpine to low montane A

Larch Forest Types Rhodothamno-Laricetum, etc. ~ Cold to very cool Middle subalpine to upper montane A

Norway Spruce Forest Types f;ibe:[opsintylffn,ggsme Piceetum Cold to moderate cold Middle subalpine to lower subalpine A
Spruce-Fir Forest Types éttéz'ulo sylvaticae Abieteturm, Very cool Upper montane A
?;;zzl—Fir—Spruce Forest Zs.lleboro—Abieti Fagetum, Cool to moderate cool High montane to middle montane A

Beech Forest Types Helleboro Fagetum, etc. Moderate mild to mild Lower montane to colline A,B,C
Maple-Ash Forest Types Aceri-Fraxinetum typicum Xﬁgerate mild to very Lower montane to colline A,B,C,D
Black Pine Forest Types Seslerio Pinetum nigrae etc. Xicl)dderate mild to very Lower montane to colline A, C

Scots Pine Forest Types Erico Pinetum Moderate cool to mild Middle montane to submontane A, B

Grey Alder Forest Types Alnetum incanae, etc. Xﬁgerate mild to very Lower montane to colline A,B,C
Downy Oak Forest Types g:f; fgerfbfn(; ;Z‘gbtiif:tis Mild to very mild Submontane to colline A
Common Oak Forest Types Galio sylvatici-Carpinetum Very mild Colline D

circaetosum

Note: A: WPZ City of Vienna; B: WPZ City of Waidhofen an der Ybbs; C: WPZ of WLV Triestingtal und Stidbahngemeinden; D: WPZ City of Steyr, etc., underscore that the

FHT Group encompasses various FHT.

The forest vegetation zones are a dynamic description
of the temperature regime of forest ecosystems3*! and an
innovation in contrast to the historically used and static Aus-
trian elevation zones3®). The application of the concept of
dynamic forest vegetation zones became mandatory under
the influence of climate change. Forest vegetation zones
move in the landscape with a changing climate; under warm-
ing conditions, they move upslope. FHT in many cases spans
several forest vegetation zones.

The overall aim of FOHyM is the definition of target
forest parameters being detailed for each FHT, e.g., the tree
species spectrum. This is an evolutionary step for Austrian
forest ecosystems, as the business-as-usual silvicultural man-
agement concept during the last decades was in many cases
the creation of homogeneous Norway Spruce (Picea abies
Karst.) plantations, applied over varying forest site condi-
tions. This resulted in destabilized forest ecosystems under
climate change, especially within karstic alpine forest ecosys-
tems, as bark-beetle (Ips typographus) infestations threaten

the Norway Spruce trees on a local to regional scale®!). The
application of FoHyM with the detailed spatially explicit def-
inition of FHT allows the creation or support of stable and
resilient forest stands within the WPZ, which is the overall
aim for water protection purposes. The main parameter for
the achievement of stable and resilient forest stands is the
tree species spectrum, detailed for each FHT.

The example of a European Beech FHT is displayed,
comparing the business-as-usual tree species diversity with
the definition of FoHyM (Table 4). The tree species diver-
sity which can be achieved at this specific Beech forest site
becomes visible. The contrast between the business-as-usual
silviculture, which created homogeneous Norway Spruce
stands, or in some cases mixtures, with European Larch, and
the FoHyM-based silviculture, where European Beech and
Silver Fir are combined with various further tree species,
is substantial. FoHyM based silviculture enables increased
forest ecosystem stability through higher and site-based tree

species diversity 24,

Table 4. Tree species spectrum of “Humid Beech FHT with loamy soils” (Helleboro Fagetum, Sanicula europea variant) 7 comparison

between BaU and FoHyM variants of silviculture.

Dominance Class Business-as-Usual (BaU)

FHT-Definition in FoOHyM

Dominant Picea abies

Fagus sylvatica, Abies alba
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Table 4. Cont.

Dominance Class Business-as-Usual (BaU)

FHT-Definition in FoOHyM

Subdominant & Sparsely
Mixed

(Larix decidua)

Acer pseudoplatanus, Fraxinus excelsior, Picea abies, Larix decidua, Ulmus glabra
Sorbus aucuparia, Sorbus aria, Betula pendula, Taxus baccata, llex aquifolium

Note: Dominance Class: Dominant: 51-100 % V; Subdominant: 25-50 % V & Sparsely: 11-24 % V; Mixed: 1-10 % V; V: Volume of cubic meter timber growing on hectar of

forest (Vfim/ha).

3.3. Best Management Practices (BMP)

The structure of the BMP, which was elaborated as rec-
ommendations for foresters within WPZ, comprises specific
and general BMP for each WPZ. The specific level is given
with all FoHyM tree species spectrum recommendations for
each FHT, as this will, in all cases, be derived on the regional
WPZ scale. Together with the tree species spectrum, which
comprises climate change adaptation, specific silvicultural
techniques for the different FHT are recommended.

The second and general BMP level comprises a set of
practices, which have general relevance and hence can be
applied in most of the analyzed WPZ. A short overview of the
defined BMP is provided here, while its detailed description
and derivation can be seen in the original document. The
elaboration of the BMP catalogue was taking place in the
CC-WARE project (Table 2, A).

To abstain from the clear-cut technique and to apply
continuous cover silviculture instead is a basic recommenda-
tion for WPZ. Closely related is the crown cover percentage
for forest stands, which should range between 70 % and 90
% for providing stand stability and the possibility to establish
natural regeneration. In the case of timber yield measures,
the amount of extracted timber should not exceed 25 % to
avoid pulses of nutrient and carbon mobilization in the for-
est soils. The forest stands in WPZ should be multi-aged,
multistorey and vertically and horizontally structured to gain
stability and resilience. The presence of natural regeneration
of the desired tree species at a minimum of 20 % of the forest
stand area is an additional facet to increase stability. A higher
diversity of tree and shrub species generally increases the re-
silience of forest stands. Another important factor is the strict
management and control of wild ungulate game species to
allow the adequate regeneration of tree species. The presence
of coarse deadwood is desired within defined margins for fa-
cilitating water storage, promoting regeneration on decaying
wood and biodiversity in the forest ecosystems.

In case of timber yield activities, skyline-cable cranes

should be used instead of tractor-skidders to avoid forest soil

compaction. The construction of forest roads in WPZ should
be reduced to the necessary minimum to avoid disturbance
of the hydrological regime of the forest sites. Along streams,
the establishment of stable forest cover is recommended to
reduce sediment intrusion and avoid soil erosion. Forest fires
should be avoided in general through the establishment of
strategic information campaigns and fire-fighting measures.
The synoptic implementation of all BMP should be organized
through a strategic management plan specifically elaborated
for each WPZ. The whole BMP catalogue can be viewed in
detail in the original technical report (Table 2, A).

4. Discussion

It became evident that the results of forest site map-
ping surveys as database for FOHyM constitute an essential
asset for the four Austrian water suppliers. This is because
the spatially explicit FoHyM maps allow the target-oriented
forest management concept elaboration based on real data,
which is unique in Austria, where forest soil maps do not
exist for the whole federal territory. A spatially explicit soil
map is only available for the nation’s agricultural areas[*%).
The WPZ of the four water suppliers, especially the WPZ
of the City of Vienna, spreading over 33,000 ha, constitute
one of the most comprehensive forest soil maps available in
Austria.

The description of the mosaic soil formations in the
karstic alpine environments is new and unique[3*3%40; it
allows the creation of soil maps through the joint representa-
tion of two soil types within a single spatial unit. This was
the only way to resolve the question of how to display the
highly inhomogeneous karstic soil formations in functional
soil maps. The intention was to provide both the information
about the two forest soils at a single forest site and also to
make it possible to display the soil map with polygons in
applicable spatial extensions. Without the creation of the
two represented mosaic soil types, it would not have been
possible to display spatially explicit soil maps in the karstic

alpine watersheds.
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The definition of the tree species spectrum for each
FHT became the most important information layer of Fo-
HyM for creating stable and resilient forest ecosystems in
the WPZ. It was intended to overcome the historic focus of
Austrian forestry on Norway Spruce (Picea abies Karst) and
to base the information about the recommended tree species

[19:401  The number

spectrum for each FHT on forest site data
of recommended tree species per FHT exceeds the historic
business-as-usual focus on the establishment of one or two
tree species per forest stand substantially. A higher tree
species diversity within forest ecosystems facilitates their
resilience and stability, especially under climate change>4],
which is of central relevance for water protection purposes.

The definition of the Abietetum (Spruce-Fir, FHT) at
elevations between 1,400—1,650 m asl334% (£100 m, de-
pendent from the specific site condition) is an innovation
compared to the stratification of Austria’s forest ecosystems,
where this forest type was not defined . This fact can be
explained by the rare occurrence of Silver Fir in this alti-
tudinal zone of the Austrian Alps, as it was in many areas
intentionally excluded from forest stands in the past. Also,
the impact of wild ungulate browsing reduced the occurrence
of Silver Fir and additionally the overall tree species diversity
and density in the Austrian mountain forest ecosystems 41421,
During the forest site mapping survey of the WPZ of the
City of Vienna, it was possible to prove the existence of this
FHT. Also, the dynamic forest site classification of the
Austrian province Styria documents its occurrence with the
definition of the “very cool conifer forest zone” (Table 3),
which is the Spruce-Fir forest zone[*>. The establishment
of Silver Fir (4bies alba) becomes crucial at those forest
sites, as it constitutes a more stable alternative for Norway
Spruce (Picea abies), which, under current climate change
conditions, is under threat of bark beetle infestations (Ips
typographus) and windthrow, especially within the Northern
Limestone Alps of Austria.

In the course of the FoHyM application, the implemen-
tation of the BMP catalogue as presented in the meta-view
turned out to be the main challenge for water suppliers and
foresters. In the case of the City of Vienna, the City of Steyr
and WLV-Bad Véslau, this challenge was tackled through
the adoption of the main facets of the BMP catalogue in their
own management plans. This is because all three cities/insti-

tutions own their WPZ and hence can implement the man-

agement plans, upon which they have achieved an agreement
within the municipal institutions.

The situation of the City of Waidhofen an der Ybbs is
different, as the forest areas within their WPZ are not owned
by the municipality; in contrast, various public and private
forest owners are the possessors of these forest ecosystems.
Hence, the question arose, how to motivate those different
forest owners to implement the BMP catalogue. The solution
was found in the creation of a ‘payment for ecosystem ser-
vices’ scheme (PES). The system was elaborated by the water
works of the municipality back in 2022 and was based on
FoHyM and the BMP catalogue. The water works were en-
tering into contracting talks with the forest owners; all those
who agreed with the implementation of the BMP within their
forest areas signed the PES contract. This allows them to
receive PES per hectare and year. The payment is made in
all cases, hence also those forest owners who already act in
accordance with the BMP definitions receive them. Other
forest owners must change their forest management practices
to implement the BMP catalogue. To guarantee the imple-
mentation of the BMP according to the PES contract, these
forest areas are monitored by the forester of the municipality
of Waidhofen an der Ybbs. The PES are financed through
the water price.

Current Relevance of the FoHyM Strategy

The FoHyM strategy in combination with the BMP
catalogue is presented as a case study in four Austrian WPZ.
Despite this fact, especially FoHyM can be applied on a
global scale within any area where vegetation cover is given.
This is because it is, in essence, a method for describing
the ecological conditions of a watershed or any other area
and deduce silvicultural management concepts from those.
The purpose of the silvicultural concepts in the case study
is the improvement of the water protection functionality of
forest ecosystems, but it can also be any other, like the pro-
vision of erosion mitigation through vegetation cover or the
optimisation of timber yield. FoHyM could potentially be
applied, e.g., in a semi-arid or arid watershed of Northern
America with dominating Creosote shrub vegetation (Larrea
tridentata) ™1 and subdominant tree, shrub, and cacti species
for deriving erosion, or flood mitigation management plans.
FoHyM in all cases must be elaborated regionally, based on
the competence of local soil and vegetation specialists. The
cost of FoHyM application increases with the size of the sur-
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veyed area, as it is based on areal mapping of the watershed
or forest arca. The BMP catalogue should also be defined
based on the regional-specific demands and purposes. This
basic principle allows a global application of the FoHyM
method. The presented BMP catalogue was defined for the
humid WPZ in Austria with the purpose of water resources
protection. The central BMP to apply continuous cover for-
est management in contrast to the clear-cut technique for
achieving water resources protection is also supported by
other studies 4],

The spatially explicit stratification of large WPZ for the
purpose of water resources management, as provided through
FoHyM, is essential. Further studies highlight the utility of
geospatial tools for sustainable watershed management [+,
The need for a paradigm shift toward ecosystem-based adap-
tation and mitigation strategies, including afforestation, wet-
land restoration and integrated land and water resource man-
agement, was also communicated“!. FoHyM provides an
ecosystem-based adaptation strategy, as is it defines, e.g.,
tree species spectrum and silvicultural management guide-
lines detailed in FHT. Further findings point out the need for
region-specific land-use management for improving water-
shed conservation strategies in heterogeneous landscapes 7).
The relevance of a watershed-wide and spatially explicit
knowledge base concerning parameters, e.g., land cover, wa-
ter quality, different types of WPZ and knowledge levels of
key stakeholders is highlighted by other studies 34’1 In the
course of the numerous Interreg projects it became evident
that knowledge transfer to key-stakeholders, like in the study
case water suppliers and foresters working within WPZ, is
a basic condition for achieving sustainable water resources
protection. FoHyM and the related BMP catalogue were
new to them. Thematic discourse was necessary to present
both to these key-stakeholders, as recommended manage-
ment options for water resources protection under climate
change.

In this study, the context of forest ecosystem services
(ES) was mainly related to the regulating aspect, e.g., erosion
mitigation and improvement of infiltration of precipitation
water into the forest soils are essential for water protection
purposes. Other studies also highlight the provisioning as-
pect of ES, as in tropical areas with a high share of convective
precipitation events forest ecosystems can enhance precip-

itation*"] and subsequently the amount of water within a

watershed. It has to be mentioned that forest ecosystems in
most of the cases will provide both regulating and provision-
ing ES within the context of water, as also better infiltration
of precipitation water into the forest soils, in contrast to
surface runoff3%33] enhances the amount of usable water
within a watershed. That freshwater protection has a mon-
etary value is highlighted *", which also supports the PES
scheme applied in the case of the City Waidhofen an der
Ybbs and also the application of FoOHyM and BMP in the
other three described WPZ.

Water resources protection is a valuable policy with
regard to water quality, as pollution of water bodies lowers
the supply which can be used ! or causes high costs for wa-
ter treatment. The need for integrating the aspect of carbon
sequestration and carbon neutrality to the topic field of water
resources protection is mentioned *?!. In all four presented
cases of water supply and WPZ, carbon sequestration is pro-
vided as a side effect of the improvement of forest ecosystem
resilience and stability under climate change. That natural
forests with management, like envisaged through the Fo-
HyM strategy, have a high resilience level, is confirmed by
other studies[*31. The focus of forest management on ecosys-
tem resilience is crucial, especially under climate change,
as integrating ecosystem service preservation into land-use
planning can be regarded as critical for maintaining both eco-
logical integrity and human well-being amidst ongoing envi-
ronmental changes>¥l, a fact which is emphasized through
ES water regulation with regard to human drinking water
supply. The necessity to ensure the long-term sustainability
of vegetation restoration was, e.g., reported from the Yellow
River source region in China, the researchers state the neces-
sity of multidisciplinary collaboration within this context33,
The advantage of forested watersheds, where potential pollu-
tion sources from densely populated areas are not present, is
evident. The reports from Hamidiana et al.[®) highlight this
fact, as, e.g., the contamination of source waters with bacteria
could threaten drinking water supply security substantially.

The collaboration between water suppliers and foresters
in the four described WPZ yielded increased knowledge
about the watersheds and the interactions between forest
ecosystems and karstic water bodies. The four water suppli-
ers mentioned in this study reported constant water supply
security in terms of quantity. During the last decade, the
seasonal spring discharge shifted especially in response to
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the amount of snowfall in winter. As in the humid climate of
the study areas, long drought periods were often followed by
precipitation events, which refilled the karstic water bodies.
Hence, the total yearly amount of water has not changed
until now. Despite this fact, all four water suppliers showed
high interest in securing water supply quantity through the
integration of, e.g., additional karstic springs or groundwater
wells into their supply systems. It has to be mentioned that
we did not carry out exact hydrologic studies with a focus
on, e.g., water levels of rivers; this was not part of our study.

The integrated application of FoHyM and the BMP
catalogue helped to increase water supply security through
the improved stability and resilience of the forest ecosys-
tems, even under current climate change conditions, which
helped to secure source water quality. Hence, FoOHyM can
be applied for preserving existing forests under conditions
of global warming and climate change; in all cases, it has
to be elaborated based on the regional-specific ecological
conditions.

5. Conclusions

The application of FoOHyM together with BMP within
the karstic alpine forested watersheds of four Austrian water
suppliers helped to increase the security and resilience of
their water supply under climate change conditions. In all
four cases, the implementation of FoOHyM and BMP resulted
in a fundamental change in the forest management practices
within the WPZ, being reflected through, e.g., a higher and
site-adapted native tree species diversity and the establish-
ment of site-specific continuous cover forest management
concepts. This helped to improve the stability and resilience
of the forest ecosystems—a basic condition for their water
protection functionality.

The database of FoHyM, e.g., the areal forest site map-
ping surveys, turned out to be crucial as the highly inhomo-
geneous karstic alpine soil formations can only be described
and displayed in GIS through this method. It was neces-
sary to define mosaic forest soil types for describing the
forest ecosystems in an adequate form. Silver Fir (4bies
alba) unexpectedly turned out to be a valuable alternative for
the bark-beetle and storm-threatened Norway Spruce (Picea
abies) on high-altitude forest sites of the Alps, currently
ranging approximately from 1,400—1,650 m asl.

The implementation of FOHyM and BMP was achieved
in different forms. In three cases, the forest area within the
WPZ is owned by the municipalities of the water suppliers;
hence, they were able to decide on their own and integrate the
concept into their internal management guidelines. In one
case, there are private and public forest owners present within
the WPZ; hence, it was necessary to establish a PES scheme
for motivating them to apply the related forest management
concepts. The security of the water supply is becoming in-
creasingly important in current times. The methods presented
here can make a significant contribution to this topic area.

FoHyM can be applied on a global scale within any
area where vegetation cover is given. This is because it is, in
essence, a method for describing the ecological conditions of
a watershed or any other area and deduce silvicultural man-
agement concepts from those. FoHyM in all cases must be
elaborated regionally, based on the competence of local soil
and vegetation specialists. The BMP catalogue should also
be defined based on the regional-specific demands and pur-
poses. This basic principle allows a global application of the
FoHyM method. The presented BMP catalogue was defined
for the humid WPZ in Austria with the purpose of water re-
sources protection. Knowledge transfer to key stakeholders,
as in the study case, water suppliers and foresters working
within WPZ, is a basic condition for achieving sustainable
water resources protection. FoOHyM and the related BMP cat-
alogue were new to them. Thematic discourse was necessary
to present both to these key stakeholders with recommended
management options for water resources protection under

climate change.
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