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Abstract: Rates of biodiversity loss remain high, threatening the life support system upon which
all human life depends. In a case study, a novel biodiversity composite index (BCI) in line with the
Convention on Biological Diversity is established in Tyrol, Austria, based on available national forest
inventory and forest typing data. Indicators are referenced by ecological modeling, protected areas,
and unmanaged forests using a machine learning approach. Our case study displays an average
biodiversity rating of 57% out of 100% for Tyrolean forests. The respective rating for ecosystem
diversity is 49%; for genetic diversity, 53%; and for species diversity, 71%. Coniferous forest types
are in a more favorable state of preservation than deciduous and mixed forests. The BCI approach is
transferable to Central European areas with forest typing. Our objective is to support the conservation
of biodiversity and provide guidance to regional forest policy. BCI is useful to set restoration priorities,
reach conservation targets, raise effectiveness of financial resources spent on biodiversity conservation,
and enhance Sustainable Forest Management.

Keywords: convention on biological diversity; national forest inventory; dynamic forest typing;
machine learning; sustainable forest management; temperate forests

1. Introduction

Biodiversity loss is one of the greatest ecological challenges of our time [1] Biodiversity
plays a crucial role in biological processes, provision of ecosystem services, and stability of
forest ecosystems [2–5]. With current rates of biodiversity loss [6,7], forest multifunctionality
and productivity are decreasing at an accelerating rate [8].

Evaluating biodiversity is a highly complex task [9,10]. Additionally, biodiversity
indicators are still criticized for poor indicator–indicandum relationships [11–14]. Following
Heink and Kowarik [15], an indicator is of major relevance for a given issue, e.g., assessment
of a specific impact for conservation policy (tree diameter and age classes), while an
indicandum is the indicated phenomenon (old-growth forests). Although the relationship
to the indicandum may not be fully understood yet, we will refer to these metrics as
“indicators” in the following.

Due to weak correlations with the indicandum, indicator species concepts have not been
successful [12,13], while concepts for forest genetic monitoring are missing in Europe [16].
Policymakers, forest managers, and scientists are facing severe knowledge gaps while
having to decide which and how to choose and aggregate biodiversity indicators [17–20] as
well as defining baselines.

Structures, processes, and taxonomic groups are currently used as ecological indicators [15].
Our study applies metrics of structural diversity relevant to forest biodiversity based on
scientific evidence. Structural diversity concepts indicate potential habitat quality, niche differen-
tiation, structural complexity [7], and other sources of forest biodiversity [18], e.g., for umbrella
species [21] and bird species [22]. There is broad scientific evidence for positive relationships
between measures of forest structural variety and elements of biodiversity [23–25].
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On large spatial and temporal scales, the availability of reliable data sets is a limiting
factor for biodiversity assessments and monitoring [9,10]. Without sound biodiversity
monitoring and reporting systems, natural resources get overexploited or marginalized
in decision-making [26]. Gaps in biodiversity monitoring may contribute to the lack of
success in biodiversity policy implementation [16]. This may be one of the main reasons
why, despite international conventions and large financial efforts [27], current rates of
biodiversity loss remain high, threatening the life support system upon which all human
life depends [28].

There are three biodiversity indicator sets internationally accepted, developed by
the European Environment Agency, Biodiversity Indicators Partnership, and Ministerial
Conference on the Protection of Forests in Europe. All of them cannot be used to judge,
compare, or predict consequences of forest management for forest biodiversity at the
regional level.

Understanding ecological impacts of forest management practices on biodiversity and
associated ecosystem processes is essential for developing Sustainable Forest Management
approaches [29,30]. Some forest ecosystem services can work in synergy whereas others,
such as biodiversity and intensive timber production, are hardly compatible [31]. This
policy–policy conflict is one of the most acknowledged trade-offs related to forest man-
agement [32–34]. Sustainable Forest Management is characterized by taking consequences
of operational decisions for biodiversity into consideration [35], which is very difficult to
achieve for forest enterprises. Unambiguous and practical concepts to define and measure
forest biodiversity relevant to scale and purpose are needed [36,37].

Selecting appropriate indicators is particularly challenging using forest inventory
data which originally were designed for forest resource management purposes [18]. Main
impacts of forest management on forest biodiversity are changes in forest structure, species
composition [38,39], and forest genetic resources. It is therefore reasonable to monitor
changes in these determinants [40,41].

Large-scale forest inventories have rarely been used for biodiversity assessments [42,43].
However, forest inventories proved their potential to overcome data deficits on large spatial
and temporal scales [21,25,41,44,45]. Major advantages of inventory-based biodiversity
assessments are the repeated measurements which detect temporal changes [10] at low
additional costs [45,46] for a high number of attributes, forest types, sample sizes, and
scales [10,41]. In the long term, changes in biodiversity may even be related to forest
management [41] and forest policy measures, which makes it highly reasonable to choose
biodiversity indicators based on existing forest inventory data. Forest typing models cannot
solely be used for tree species selection under various climate warming scenarios. An
Austrian case study demonstrates the great potential of forest typing models and machine
learning for conservation planning and policy guidance.

In this study, a novel biodiversity composite index (BCI) to assess forest biodiversity
of the federal autonomous province of Tyrol, Austria, is presented. BCI was created in
the Interreg-project “Bio∆4” and was designed to be transferable to neighboring Central
European regions in, e.g., Austria, Italy, and Germany. The basic assumption of BCI is that
forests of high naturalness can maintain biodiversity best on large temporal and spatial
scales. BCI targets heterogeneity and levels of diversity evolving naturally (or nature
identical) at a forest stand to conserve overall forest biodiversity on a landscape scale. BCI
logic structure is in line with the Convention on Biological Diversity (CBD). It follows the
Convention’s internationally accepted definition of biodiversity, stating that “biodiversity
is the variability among living organisms from all sources including, inter alia, terrestrial,
marine and other aquatic ecosystems and the ecological complexes of which they are part;
this includes diversity within species, between species, and of ecosystems” (CBD, 1992). In
line with the CBD, we define ecosystems as “a dynamic complex of plant, animal and micro-
organism communities and their non-living environment interacting as a functional unit.”
In our case study, BCI “ecosystem diversity” indicates the variations in forest ecosystems
within the geographical location Tyrol.
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Our objective was to create a stand-scale biodiversity index assembled from indicators
which (1) are based on available data sets, (2) are based on high scientific evidence relevant
to biodiversity, and (3) equally consider ecosystem, species, and genetic diversity. The new
approach can be repeated cost-efficiently in each forest inventory period.

BCI provides quantitative aggregation and simplification of ecological information
which can help policy makers to implement biodiversity policies and distribute conserva-
tion funding, e.g., for ecosystem restoration. Ranking of forest types on four levels and
high-resolution spatial maps of forest diversity with BCI can support decision-making in
biodiversity conservation (e.g., target forest types, target regions, ecosystems, species or
genetic restoration, conservation priorities, etc.) and evaluate effectiveness of financial
resources spent on ecosystem restoration and Sustainable Forest Management (e.g., cost-
benefit-analysis). As a minimum requirement, we recommend a future positive BCI trend
on all levels as a quantitative goal for regional to national forest policy in order to halt the
loss of biological diversity and meet strategic CBD targets.

2. Material
2.1. Forests of Tyrol

Tyrol has a size of 12,684 km2 and is located in the Eastern Alps. The territory is
separated into two parts, namely North Tyrol and East Tyrol (Figure 1). It ranges from 500 to
3800 m above sea level and shows an inner alpine mountainous climate with subcontinental
traits. The 520,000 ha of alpine coniferous forests are characterized by dense vegetation
in combination with cold climate leading to acidic, thick organic soil horizons [47]. Total
stock levels are about 114 M. m3 (328 m3/ha) with annual growth rates of 2.2 M. m3 [48].
With 57.6% tree species abundance, Norway spruce (Picea abies) is predominant [48].
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Figure 1. Study area. Maps of the study area Tyrol, which is located in Austria (47◦41′47.30′′ N,
13◦20′44.64′′ E), Central Europe. The map was taken from https://geology.com/world/austria-
satellite-image.shtml (accessed 6 March 2023).

Designated protective forests (e.g., forests protecting infrastructure and settlements
from natural hazards) can be found on 48% of the total forest area [48]. Forest regeneration
deficits in Tyrolean protective forests have repeatedly been reported [48,49]. Severe game
impact on forest regeneration can be found on 57% of the forest area [48]. Dead wood levels
account for 10.8% of the living stand volume [48].

https://geology.com/world/austria-satellite-image.shtml
https://geology.com/world/austria-satellite-image.shtml
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2.2. Data Sets

This case study combines field-based measures and lidar-derived approaches using
data sets provided by the Austrian Research Centre for Forests (AFI (Austrian Forest
Inventory), AUPICMAP study (Geographic-genetic map of the Austrian Norway spruce
population), Austrian Planting Statistics, and Nature Forest Reserves), and by the Tyrolean
Regional Government (Forest typing project, vegetation surveys, TIRIS (Tyrolean Spatial
Information System)). Data processing is done in R, QGIS, and python (Table 1). Reference
values for the dead wood levels are supplied by protected areas, e.g., the National parks
“Hohe Tauern” and “Berchtesgaden”. For other biodiversity indicators, reference values
can be found in earlier scientific studies [48,50–53].

Table 1. Data provision and processing. Twelve biodiversity indicators are established based on data
sets provided by the Austrian Research Centre for Forests, the Tyrolean Regional Government, and
national park managements.

Indicator Method Data Set Reference Data Processing

Tree species diversity Grabherr et al. (1998) [50] AFI Forest typing R
Ground vegetation Grabherr et al. (1998) [50] Vegetation surveys Grabherr et al. (1998) [50] R
Surface soil quality case study Tyrol AFI Hotter et al. (2013) [53] R

Game impact case study Tyrol AFI - R
Tree layer structure Grabherr et al. (1998) [50] AFI Grabherr et al. (1998) [50] R

Developmental level case study Tyrol AFI Grabherr et al. (1998) [50] R

Dead wood case study Tyrol, Grabherr
et al. (1998) [50] AFI

AFI,
protected area
management

R, QGIS

Structural features case study Tyrol, Grabherr
et al. (1998) [50] AFI Grabherr et al. (1998) [50] R

Forest gap structure case study Tyrol TIRIS Grabherr et al. (1998) [50] QGIS

Autochthony Geburek and Schweinzer
(2012) [52] AFI AUPICMAP Python,

QGIS
Management constraints case study Tyrol TIRIS Raab et al. (2002) [51] QGIS

Genetic features case study Tyrol AFI, Austrian
Planting Statistics - R

AFI = Austrian Forest Inventory. TIRIS = Tyrolean Spatial Information System. AUPICMAP = Geographic-genetic
map of the Austrian Norway spruce population.

Biodiversity assessment is performed on 1162 Austrian Forest Inventory subplots. The
AFI uses a permanent foursome grid sampling with a grid size of 3.89 km (1 AFI plot =̂ 4
AFI sub plots). Biodiversity indicators are assessed on the AFI subplot level. A detailed
AFI field sampling manual, calculation methods, and theoretical background can be found
in Hauk and Schadauer [54]. High-resolution forest typing of Tyrol based on ecological
modeling was performed in 2019. Considering terrain models, geological models, climate
models, expert knowledge, and field data [53], ecological modeling demarcates forest types
on small scales (Figure 2A).

2.3. Assignment of AFI Plots to Forest Typing

Firstly, forest typing data is spatially overlaid with TIRIS, AFI, AUPICMAP, and
reference area data in QGIS version 3.16 LTR (Figure 2B). Secondly, all AFI subplots outside
the forest typing objects are excluded from analysis. Thirdly, if AFI subplots lay outside of
the forest typing objects but contain field data; they are assigned manually to the forest type
with the closest air-line distance by photo referencing (Figure 3). Biodiversity assessment
of Tyrol is based on 1162 AFI subplots and 1521 vegetation survey plots. Forest inventory
data and vegetation surveys are assigned to 82 forest types [53] and 223,628 QGIS objects.
A total of 347 AFI subplots were excluded in the case study.
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Figure 3. Assigning AFI plots to forest types (47◦24′59.99′′ N, 1◦27′59.99′′ E). AFI plots (orange dots,
numerical codes) are assigned to forest types (colored areas, alpha-numerical codes) in QGIS by
position (e.g., 04303108 to Fi3) or photo referencing (e.g., 04303124 to Fi19). AFI subplots without AFI
data located outside of forest type objects are excluded from analysis (e.g., 04303100).

3. Methods

Following McElhinny et al. [55], we collected all data sets available for Tyrol and the
neighboring countries, quantified all stand attributes, identified a logical structure, defined
a set of indicators according to the CBD definition of biodiversity, and combined these
attributes into an additive biodiversity index.

Assessments of BCI can be done using one out of four levels, namely species, ecosys-
tem, genetic, and biodiversity. In line with Grabherr et al. [50], indicators can assume
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ratings between zero (lowest) and 9.0 (highest) points. Following McElhinny et al. [55],
outcomes are expressed as percentage (0%–100%) to ease interpretation.

On the one hand, rare but ecologically highly valuable traits (bonus indicators) may
compensate for a lower level of common forest traits (biodiversity indicators). On the
other hand, missing but rarely occurring forest traits are not rated disadvantageous and
BCI does not benchmark against a particular scale of temporal variation [56]. Among
available data sets, we favored quantitative and high-resolution measurements of high
scientific value and large temporal scales in the choice between biodiversity and bonus
indicators (e.g., “management constraints” is a biodiversity indicator, “planting intensity”
is a bonus indicator).

3.1. Ecosystem Diversity

Ecosystem, species, and genetic diversity assessment considers three biodiversity
indicators and one bonus indicator, respectively. If at least two out of four (>50%) indicators
are rated, AFI subplots are included. The indication of 100% is always adapted to the
maximum number of points possible under the current number of indicators at the AFI
subplot (e.g., 100% = 27.0 points if three biodiversity indicators could be rated with up to
9.0 points; or 100% = 18.0 points, if two biodiversity indicators could be rated with up to
9.0 points).

ecosystemdiversity = BIlayer + BIdevel. level + BIdeadwood + Bonusstructure

BIlayer assesses the deviation of the actual tree layer structure (AFI) from an expected,
site-specific layer structure (forest typing). BIdevel.level rewards differentiation of succes-
sional stages on small scales and late forest successional phases. BIdeadwood considers dead
wood quantity (DWquantity) and quality (DWquality). Dead wood quantity is assessed by
comparing actual quantities (AFI) to reference values in protected areas and within the AFI
data set (Figure 4A,B). Bonusstructure rewards shrub layers established naturally in certain
forest types, late stand ages, and large tree diameter breast heights.
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addition, nature forest reserves and protected area inventories are surveyed. Within a forest type,
the respectively highest dead wood quantity out of all inventory data sets is compared to the actual
subplot level.
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3.2. Species Diversity

BItreespecies is based on a target-performance comparison between actual (AFI) and
potential (forest typing data) tree species composition. BIvegetation evaluates the naturalness
of species composition of the ground vegetation and their ecosystem disturbance indicating
value. BIsoil assesses if the actual humus form (AFI) deviates from the expected ones (forest
typing). Bonusgame rewards extensive game impact on forest regeneration.

speciesdiversity = BItreespecies + BIvegetation + BIsoil + Bonusgame

3.3. Genetic Diversity

BIgap characterizes forest gap structure by calculating a surface balance between forest
and non-forest area (Figure 5). BIautochthony evaluates genetic diversity of the predominant
tree species, Norway spruce, by computing intraspecific haplotype distance to reference
populations. BImanagement considers inclination and distance to forest road systems of a
forest site to estimate probability of extensive forest management. Bonusregeneration evaluates
the probability of tree species to contain a native gene pool by examining their planting
intensity. Bonusphenology uses varying branching types of Norway spruce as a proxy for
detecting genetically allochthonous plant material.

geneticdiversit = BIgap + BIautochthony + BImanagement + Bonusgenetic
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Figure 5. Assessment of surface balance (47◦15′34.7724′′ N, 11◦24′1.3500′′ E). Squares with side length
150 m are used to compute surface balance around AFI subplots (e.g., plot nr. 03904308) between
forest (light orange polygons) and non-forest area (grey polygons) in QGIS.

3.4. Biodiversity

BCI considers nine biodiversity indicators and three bonus indicators (Figure 6).
Indicator ratings (0–9.0 points) are aggregated on the AFI subplot level. BCI is computed by
addition of indicators and levels of diversity without weighting, which makes the concept
transferable and easy to adapt. If at least six out of twelve (>50%) indicators are rated, the
AFI subplots are included. Rare forest types containing less than three AFI subplots (n = 14)
are not considered in BCI assessment.
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Figure 6. BCI index structure. The modular structure equally considers ecosystem, species, and
genetic diversity with three biodiversity indicators (black font color) and one bonus indicator (gray
font color), respectively. Indicators are aggregated without weighting. Abbreviations are listed in the
Appendix A (Table A1).

From a methodological point of view, BCI can be seen as an enhancement of the
studies of Grabherr et al. [50] and Geburek et al. [57]. The framework follows classic
niche theories [58–60] which explain co-existence of species with unique species traits and
ecological niches varying in space and time. Consequently, species cannot be interchanged
easily in a community. In the sense of Whittaker [61], BCI targets high beta-diversity levels
to conserve overall forest biodiversity.

The choice of indicators relevant to biodiversity needs to be legitimated [15]. Scientific
evidence for the relation between the diversity metric (indicator) and indicandum is pro-
vided in the Appendix A (Table A2), and detailed description of indicator evaluation can
be found in the Electronic Supplementary Material. Following Virkkala [62], Brin et al. [63],
and Gao et al. [14], indicators are selected from data sets available according to logical
inference and by referring to other studies of high statistical validity.

3.5. Predictive Modeling with R Randomforest

In line with Bitterlich [64], Lappi and Bailey [65], and Sterba [66], evaluation outcomes
are aggregated on the stratum level. With the help of the training data set (AFI subplots;
n = 1162 data points with BCI ratings) and machine learning, R randomForest predicts
biodiversity levels of 223,628 forest patches (QGIS polygons).

We applied the bagging classification algorithm randomForest in R, which is a group
of regression trees made from random selection of samples of the training data [67]. Every
random forest in this study is composed of 500 regression trees. For every regression tree
in the forest, a training set is drawn from the sample plots, using bootstrap aggregating
(bagging). The decision tree is built by rule-based splitting of the bagging sample into
subsets, maximizing the variance between the subsets [68]. At each split in the learning
process, a random subset of impact variables is used [69]. The splitting process is repeated
recursively on each derived subset until (i) the subset has identical values with the target
variable or (ii) the splitting no longer adds value to the prediction [70]. The mean value of
the target variable within a final subset (leaf of the decision tree) is used as the conditional
prediction of the target variable for a corresponding combination of impact variables [68].
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For the application of a high-precision data-mining machine learning algorithm, we
created polygon centroids of all forest type areas in QGIS as a prediction data set (Figure 7A).
Predictive model performance is improved by adding the variables forest type (forest
typing), altitude (Copernicus V1.1 DEM), geographical coordinates (TIRIS), and forest
type groups (Appendix A Table A3) to the training and prediction data set. Model fit is
controlled by additionally repredicting the training set and comparing prediction with R
randomForest training data. The standard deviance between training and prediction data
is 0%–19%. High deviances of 19% occur seldom in case extraordinary low values in the
training set are repredicted.
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Figure 7. The training and prediction data set in R randomForest (47◦15′34.7724′′ N, 11◦24′1.3500′′ E).
(A) The training set of AFI subplots. (B) The prediction set of forest typing polygon centroids for
modeling ecosystem, species, genetic diversity, and biodiversity with R randomForest.

In the next step, we assigned centroid values of the prediction set to the polygons
to create maps of Tyrol (Figure 7B). Overall, we applied four prediction models, as BCI
indicators can be aggregated on the level of species, ecosystem, genetic, and biodiversity.
For our case study, we considered the area-weighted mean of the forest area objects in QGIS
in high resolution.

To illustrate the prediction outcomes, forest area coloring was done in five classes
(0%–20%, 20%–40%, 40%–60%, 60%–80%, 80%–100%) in QGIS. For the additional creation
of spatial. jpg maps of Tyrolean forest diversity for the Tyrolean Regional Government, we
applied cube spline interpolation in SAGA GIS. Before running the final models, we tested
the model approach several times, performing probability checks using solely data of the
smallest political district of Tyrol (‘Innsbruck’, forest area 37 km2).

4. Results

BCI spatial area assessments can be interpreted on the level of diversity of species and
ecosystem, genetic diversity, and biodiversity. Our study displays an average biodiversity
rating of 57% (area-weighted mean of forest area) for Tyrol. The respective rating of
ecosystem diversity is 49%; of genetic diversity, 53%; and of species, 71% (Figure 8).
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Figure 8. Maps of forest ecosystem, species, genetics, and biodiversity (47◦15′13.468′′ N, 11◦36′5.353′′ E).
High-resolution maps of forest ecosystem, species, genetics, and biodiversity of Tyrolean forests. Outcomes
are displayed in five classes (0%–20%, 21%–40%, 41%–60%, 61%–80%, 81%–100%).

BCI outcomes display high spatial heterogeneity on small scale. The divergence
between valleys (e.g., “Inntal”) and higher alpine areas in all models is evident through
their darker coloring (i.e., lower BCI ratings). This effect is most pronounced for species
diversity (Figure 8, left side).

Indicators with high average ratings in the biodiversity assessment are “autochthony”
(94%), “tree layer structure” (94%), and “game impact” (91%). Indicators with low average
ratings are “structural features” (19%), “management constraints” (36%), and “tree species
diversity” (46%).

Indicators available most frequently at the 1507 AFI subplots studied are “forest gap
structure” (1507 AFI sub plots), “forest vegetation” (1454 plots), and “structural features”
(1004 plots). Indicators with low availability are “autochthony” (520 plots), “surface soil
quality” (836 plots), and “tree layer structure” (943 plots).

High-altitude areas received higher BCI ratings than low elevation areas, which is in
line with forest type evaluation. Surveying model outcomes on the level of the forest type
(Table 2), it can be concluded that coniferous forests in Tyrol are in a more favorable state of
preservation and can maintain biodiversity with higher probability than broad-leaved and
mixed forests.

Table 2. BCI evaluation outcomes on the forest type level.

Forest Type Code
Species

Diversity
[%]

Ecosystem
Diversity

[%]

Genetic
Diversity

[%]

Biodiversity
(BCI)
[%]

Subalpine dry silicate larch-spruce forest Fs4 77 65 69 70
Overlying humus-carbonate larch-stone pine forest Zi2 66 87 69
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Table 2. Cont.

Forest Type Code
Species

Diversity
[%]

Ecosystem
Diversity

[%]

Genetic
Diversity

[%]

Biodiversity
(BCI)
[%]

Subalpine coniferous avalanche sites FL3 100 48 62 69
Subalpine cool silicate steep slope (green alder-larch) spruce

forest Fs3 79 57 74 68

Cool silicate steep slope spruce-larch fir forest FT12 77 54 70 67
Montane sunny rock sites on carbonate FK2 100 63 67 65

Montane dry silicate (pine) spruce forest Fi4 65 59 73 65
Warm silicate larch-stone pine forest Zi4 81 56 65
Poor silicate larch stone pine forest Zi1 80 57 64
Subalpine basic larch-spruce forest Fs5 84 55 57 64

Dry carbonate pine forest Ki1 86 48 62 64
Subalpine poor silicate (larch) spruce forest Fs1 82 48 61 63

Marl steep slope spruce-fir-beech forest Ftb20 81 52 59 63
Montane poor silicate (larch) spruce forest Fi2 79 52 59 63

Mountain pine, green alder, hardwood scrub, scrubby areas k 100 38 54 63
Montane poor carbonate larch-spruce forest Fi6 81 50 57 61

Lawinar silicate (green alder) larch-spruce forest Fs10 83 50 51 61
Moderately dry carbonate pine-spruce-beech forest Fkb1 71 48 67 61

Cool carbonate steep slope larch-pine forest Ki18 72 43 68 61
Floodplain sites of the montane level Er12 93 40 49 61

Fresh silicate fir-spruce forest of the intermediate Alps FT10 79 46 55 60
Subalpine fresh silicate spruce forest Fs17 82 47 51 60

Fresh alkaline spruce-fir forest FT9 84 44 49 60
Moderately fresh silicate fir-spruce forest Fi22 65 60 50 59

Subalpine warm silicate larch-spruce forest Fs2 82 45 53 58
Poor silicate spruce-fir forest FT2 71 44 63 58

Montane warm carbonate spruce forest Fi8 56 51 63 58
Montane fresh basic spruce forest Fi5 58 50 50 58

Montane fresh silicate (larch) spruce forest Fi1 69 47 53 58
Montane warm silicate (larch) spruce forest Fi3 72 52 50 58

Subalpine fresh carbonate spruce forest Fs6 44 53 68 57
Moderately fresh silicate spruce-fir-beech forest Ftb4 68 52 55 57

Moderately fresh carbonate spruce-fir-beech forest Ftb7 68 49 57 57
Subalpine dry carbonate (larch) spruce forest Fs7 26 64 59 57

Fresh carbonate spruce-fir-beech forest Ftb6 75 45 53 56
Warm carbonate beech forest Bu3 66 48 55 56
Fresh silicate spruce-fir forest FT1 69 47 54 56

High montane carbonate spruce-fir beech forest Ftb13 66 50 61 56
Rich basic spruce-fir forest FT6 55 57 47 56

Rich silicate spruce-fir forest FT5 63 49 55 56
Overlying humus carbonate spruce-fir forest FT20 45 58 58 56

Fresh silicate beech forest with conifers TB2 78 44 55
Rich loam-deciduous beech forest LhB1 72 48 55
Fresh basic spruce-fir beech forest Ftb8 76 50 52 55

Moderately fresh carbonate spruce-fir forest FT15 35 54 64 55
Moist acid spruce-fir forest FT8 68 47 48 55

Warm basic (larch) spruce forest Fi7 66 50 41 54
Montane poor carbonate spruce-fir forest Fi23 63 49 48 53
High montane carbonate spruce-fir forest FT19 39 46 67 53

Fresh loam (beech) spruce-fir forest FT16 63 51 54 53
Overlying humus carbonate spruce-fir -beech forest Ftb16 63 48 61 53

Rich clay spruce-fir-beech forest Ftb10 74 51 43 53
Rich silicate ash-lime mixed forest Lh3 61 56 52
Fresh basic deciduous beech forest Bu1 58 51 47 52
Fresh clay spruce-fir-beech forest Ftb1 62 43 49 52

Moderately fresh carbonate and clay beech forest Bu17 55 51 44 50
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Table 2. Cont.

Forest Type Code
Species

Diversity
[%]

Ecosystem
Diversity

[%]

Genetic
Diversity

[%]

Biodiversity
(BCI)
[%]

Rich silicate spruce-fir beech forest Ftb11 40 55 51 50
Montane rich silicate spruce forest Fi19 60 47 43 50

Fresh silicate spruce-fir-beech forest of the Northern Alps Ftb2 49 49 49 49
Fresh clay beech forests with conifers TB1 66 43 49
Warm carbonate oak-ash-lime forest Lh2 52 48 48

Moist basic (gray alder) maple-ash mixed forest Lh5 54 41 47
Silicate hardwood spruce-fir forest LhT1 66 35 46
Colline grey alder riparian forest Er3 49 38 42 45

Montane grey alder riparian forest Er2 53 53 21 42
Fresh silicate lime-ash-pedunculate oak forest Ei1 24 46 44 38

Forests 2023, 14, x FOR PEER REVIEW 13 of 25 
 

 

Subalpine dry carbonate (larch) spruce 
forest 

Fs7 26 64 59 57 

Fresh carbonate spruce-fir-beech forest Ftb6 75 45 53 56 
Warm carbonate beech forest Bu3 66 48 55 56 
Fresh silicate spruce-fir forest FT1 69 47 54 56 

High montane carbonate spruce-fir 
beech forest Ftb13 66 50 61 56 

Rich basic spruce-fir forest FT6 55 57 47 56 
Rich silicate spruce-fir forest FT5 63 49 55 56 

Overlying humus carbonate spruce-fir 
forest 

FT20 45 58 58 56 

Fresh silicate beech forest with conifers TB2 78  44 55 
Rich loam-deciduous beech forest LhB1 72  48 55 
Fresh basic spruce-fir beech forest Ftb8 76 50 52 55 

Moderately fresh carbonate spruce-fir 
forest FT15 35 54 64 55 

Moist acid spruce-fir forest FT8 68 47 48 55 
Warm basic (larch) spruce forest Fi7 66 50 41 54 

Montane poor carbonate spruce-fir forest Fi23 63 49 48 53 
High montane carbonate spruce-fir 

forest 
FT19 39 46 67 53 

Fresh loam (beech) spruce-fir forest FT16 63 51 54 53 
Overlying humus carbonate spruce-fir -

beech forest Ftb16 63 48 61 53 

Rich clay spruce-fir-beech forest Ftb10 74 51 43 53 
Rich silicate ash-lime mixed forest Lh3 61  56 52 
Fresh basic deciduous beech forest Bu1 58 51 47 52 
Fresh clay spruce-fir-beech forest  Ftb1 62 43 49 52 

Moderately fresh carbonate and clay 
beech forest 

Bu17 55 51 44 50 

Rich silicate spruce-fir beech forest Ftb11 40 55 51 50 
Montane rich silicate spruce forest Fi19 60 47 43 50 

Fresh silicate spruce-fir-beech forest of 
the Northern Alps Ftb2 49 49 49 49 

Fresh clay beech forests with conifers TB1 66  43 49 
Warm carbonate oak-ash-lime forest Lh2 52  48 48 
Moist basic (gray alder) maple-ash 

mixed forest 
Lh5 54  41 47 

Silicate hardwood spruce-fir forest LhT1 66  35 46 
Colline grey alder riparian forest Er3 49 38 42 45 

Montane grey alder riparian forest Er2 53 53 21 42 
Fresh silicate lime-ash-pedunculate oak 

forest Ei1 24 46 44 38 

 Deciduous  Mixed  Coniferous  Shrub 
High ratings indicate that the forest type is in a more favorable state of preservation 

and can maintain a certain aspect of biodiversity with higher probability. On the contrary, 
low ratings display a less favorable state of preservation. They may indicate the need for 
active management to conserve certain aspects of forest biodiversity. 

High ecosystem diversity ratings are displayed by the forest types of “Overlay 
humus-carbonate larch-stone pine forest” (68%), “Subalpine dry silicate larch-spruce 

Deciduous

Forests 2023, 14, x FOR PEER REVIEW 13 of 25 
 

 

Subalpine dry carbonate (larch) spruce 
forest 

Fs7 26 64 59 57 

Fresh carbonate spruce-fir-beech forest Ftb6 75 45 53 56 
Warm carbonate beech forest Bu3 66 48 55 56 
Fresh silicate spruce-fir forest FT1 69 47 54 56 

High montane carbonate spruce-fir 
beech forest Ftb13 66 50 61 56 

Rich basic spruce-fir forest FT6 55 57 47 56 
Rich silicate spruce-fir forest FT5 63 49 55 56 

Overlying humus carbonate spruce-fir 
forest 

FT20 45 58 58 56 

Fresh silicate beech forest with conifers TB2 78  44 55 
Rich loam-deciduous beech forest LhB1 72  48 55 
Fresh basic spruce-fir beech forest Ftb8 76 50 52 55 

Moderately fresh carbonate spruce-fir 
forest FT15 35 54 64 55 

Moist acid spruce-fir forest FT8 68 47 48 55 
Warm basic (larch) spruce forest Fi7 66 50 41 54 

Montane poor carbonate spruce-fir forest Fi23 63 49 48 53 
High montane carbonate spruce-fir 

forest 
FT19 39 46 67 53 

Fresh loam (beech) spruce-fir forest FT16 63 51 54 53 
Overlying humus carbonate spruce-fir -

beech forest Ftb16 63 48 61 53 

Rich clay spruce-fir-beech forest Ftb10 74 51 43 53 
Rich silicate ash-lime mixed forest Lh3 61  56 52 
Fresh basic deciduous beech forest Bu1 58 51 47 52 
Fresh clay spruce-fir-beech forest  Ftb1 62 43 49 52 

Moderately fresh carbonate and clay 
beech forest 

Bu17 55 51 44 50 

Rich silicate spruce-fir beech forest Ftb11 40 55 51 50 
Montane rich silicate spruce forest Fi19 60 47 43 50 

Fresh silicate spruce-fir-beech forest of 
the Northern Alps Ftb2 49 49 49 49 

Fresh clay beech forests with conifers TB1 66  43 49 
Warm carbonate oak-ash-lime forest Lh2 52  48 48 
Moist basic (gray alder) maple-ash 

mixed forest 
Lh5 54  41 47 

Silicate hardwood spruce-fir forest LhT1 66  35 46 
Colline grey alder riparian forest Er3 49 38 42 45 

Montane grey alder riparian forest Er2 53 53 21 42 
Fresh silicate lime-ash-pedunculate oak 

forest Ei1 24 46 44 38 

 Deciduous  Mixed  Coniferous  Shrub 
High ratings indicate that the forest type is in a more favorable state of preservation 

and can maintain a certain aspect of biodiversity with higher probability. On the contrary, 
low ratings display a less favorable state of preservation. They may indicate the need for 
active management to conserve certain aspects of forest biodiversity. 

High ecosystem diversity ratings are displayed by the forest types of “Overlay 
humus-carbonate larch-stone pine forest” (68%), “Subalpine dry silicate larch-spruce 

Mixed

Forests 2023, 14, x FOR PEER REVIEW 13 of 25 
 

 

Subalpine dry carbonate (larch) spruce 
forest 

Fs7 26 64 59 57 

Fresh carbonate spruce-fir-beech forest Ftb6 75 45 53 56 
Warm carbonate beech forest Bu3 66 48 55 56 
Fresh silicate spruce-fir forest FT1 69 47 54 56 

High montane carbonate spruce-fir 
beech forest Ftb13 66 50 61 56 

Rich basic spruce-fir forest FT6 55 57 47 56 
Rich silicate spruce-fir forest FT5 63 49 55 56 

Overlying humus carbonate spruce-fir 
forest 

FT20 45 58 58 56 

Fresh silicate beech forest with conifers TB2 78  44 55 
Rich loam-deciduous beech forest LhB1 72  48 55 
Fresh basic spruce-fir beech forest Ftb8 76 50 52 55 

Moderately fresh carbonate spruce-fir 
forest FT15 35 54 64 55 

Moist acid spruce-fir forest FT8 68 47 48 55 
Warm basic (larch) spruce forest Fi7 66 50 41 54 

Montane poor carbonate spruce-fir forest Fi23 63 49 48 53 
High montane carbonate spruce-fir 

forest 
FT19 39 46 67 53 

Fresh loam (beech) spruce-fir forest FT16 63 51 54 53 
Overlying humus carbonate spruce-fir -

beech forest Ftb16 63 48 61 53 

Rich clay spruce-fir-beech forest Ftb10 74 51 43 53 
Rich silicate ash-lime mixed forest Lh3 61  56 52 
Fresh basic deciduous beech forest Bu1 58 51 47 52 
Fresh clay spruce-fir-beech forest  Ftb1 62 43 49 52 

Moderately fresh carbonate and clay 
beech forest 

Bu17 55 51 44 50 

Rich silicate spruce-fir beech forest Ftb11 40 55 51 50 
Montane rich silicate spruce forest Fi19 60 47 43 50 

Fresh silicate spruce-fir-beech forest of 
the Northern Alps Ftb2 49 49 49 49 

Fresh clay beech forests with conifers TB1 66  43 49 
Warm carbonate oak-ash-lime forest Lh2 52  48 48 
Moist basic (gray alder) maple-ash 

mixed forest 
Lh5 54  41 47 

Silicate hardwood spruce-fir forest LhT1 66  35 46 
Colline grey alder riparian forest Er3 49 38 42 45 

Montane grey alder riparian forest Er2 53 53 21 42 
Fresh silicate lime-ash-pedunculate oak 

forest Ei1 24 46 44 38 

 Deciduous  Mixed  Coniferous  Shrub 
High ratings indicate that the forest type is in a more favorable state of preservation 

and can maintain a certain aspect of biodiversity with higher probability. On the contrary, 
low ratings display a less favorable state of preservation. They may indicate the need for 
active management to conserve certain aspects of forest biodiversity. 

High ecosystem diversity ratings are displayed by the forest types of “Overlay 
humus-carbonate larch-stone pine forest” (68%), “Subalpine dry silicate larch-spruce 

Coniferous

Forests 2023, 14, x FOR PEER REVIEW 13 of 25 
 

 

Subalpine dry carbonate (larch) spruce 
forest 

Fs7 26 64 59 57 

Fresh carbonate spruce-fir-beech forest Ftb6 75 45 53 56 
Warm carbonate beech forest Bu3 66 48 55 56 
Fresh silicate spruce-fir forest FT1 69 47 54 56 

High montane carbonate spruce-fir 
beech forest Ftb13 66 50 61 56 

Rich basic spruce-fir forest FT6 55 57 47 56 
Rich silicate spruce-fir forest FT5 63 49 55 56 

Overlying humus carbonate spruce-fir 
forest 

FT20 45 58 58 56 

Fresh silicate beech forest with conifers TB2 78  44 55 
Rich loam-deciduous beech forest LhB1 72  48 55 
Fresh basic spruce-fir beech forest Ftb8 76 50 52 55 

Moderately fresh carbonate spruce-fir 
forest FT15 35 54 64 55 

Moist acid spruce-fir forest FT8 68 47 48 55 
Warm basic (larch) spruce forest Fi7 66 50 41 54 

Montane poor carbonate spruce-fir forest Fi23 63 49 48 53 
High montane carbonate spruce-fir 

forest 
FT19 39 46 67 53 

Fresh loam (beech) spruce-fir forest FT16 63 51 54 53 
Overlying humus carbonate spruce-fir -

beech forest Ftb16 63 48 61 53 

Rich clay spruce-fir-beech forest Ftb10 74 51 43 53 
Rich silicate ash-lime mixed forest Lh3 61  56 52 
Fresh basic deciduous beech forest Bu1 58 51 47 52 
Fresh clay spruce-fir-beech forest  Ftb1 62 43 49 52 

Moderately fresh carbonate and clay 
beech forest 

Bu17 55 51 44 50 

Rich silicate spruce-fir beech forest Ftb11 40 55 51 50 
Montane rich silicate spruce forest Fi19 60 47 43 50 

Fresh silicate spruce-fir-beech forest of 
the Northern Alps Ftb2 49 49 49 49 

Fresh clay beech forests with conifers TB1 66  43 49 
Warm carbonate oak-ash-lime forest Lh2 52  48 48 
Moist basic (gray alder) maple-ash 

mixed forest 
Lh5 54  41 47 

Silicate hardwood spruce-fir forest LhT1 66  35 46 
Colline grey alder riparian forest Er3 49 38 42 45 

Montane grey alder riparian forest Er2 53 53 21 42 
Fresh silicate lime-ash-pedunculate oak 

forest Ei1 24 46 44 38 

 Deciduous  Mixed  Coniferous  Shrub 
High ratings indicate that the forest type is in a more favorable state of preservation 

and can maintain a certain aspect of biodiversity with higher probability. On the contrary, 
low ratings display a less favorable state of preservation. They may indicate the need for 
active management to conserve certain aspects of forest biodiversity. 

High ecosystem diversity ratings are displayed by the forest types of “Overlay 
humus-carbonate larch-stone pine forest” (68%), “Subalpine dry silicate larch-spruce 

Shrub

High ratings indicate that the forest type is in a more favorable state of preservation
and can maintain a certain aspect of biodiversity with higher probability. On the contrary,
low ratings display a less favorable state of preservation. They may indicate the need for
active management to conserve certain aspects of forest biodiversity.

High ecosystem diversity ratings are displayed by the forest types of “Overlay humus-
carbonate larch-stone pine forest” (68%), “Subalpine dry silicate larch-spruce forest” (65%),
and “Subalpine dry carbonate (larch) spruce forest” (64%). In contrast, models indicate low
ecosystem diversity ratings in “Moist basic (gray alder) maple-ash mixed forest” (40%),
“Colline grey alder riparian forest” (38%), and “Silicate hardwood spruce-fir forest” (37%).

In the case study, forest types of high species diversity ratings are “Subalpine conifer-
ous avalanche sites” (100%), “Mountain pine, green alder, hardwood scrub, scrubby areas”
(98%), and “Subalpine basic larch-spruce forest” (89%). Low species diversity ratings are
assigned to “Warm carbonate oak-ash-lime forest” (44%), “Rich loam-deciduous beech
forest” (43%), and “Fresh silicate lime-ash-pedunculate oak forest” (27%).

Our models indicate high genetic diversity ratings for “Subalpine dry silicate larch-
spruce forest” (82%), “Cool carbonate steep slope larch-pine forest” (82%), and “Overlay
humus-carbonate larch-stone pine forest” (78%). Low genetic diversity ratings are found in
“Colline grey alder riparian forest” (49%), “Fresh clay beech forest with conifers” (49%),
and “Montane grey alder riparian forest” (40%). Highest probability for autochthony of the
Norway spruce populations is detected in the Central and Eastern parts of Northern Tyrol.
For detailed outcomes, please consider the Supplementary Material.

Overall, high biodiversity ratings can be found in “Subalpine dry silicate larch-spruce
forest” (74%), “Subalpine coniferous avalanche sites” (72%), and “Overlay humus-carbonate
larch-stone pine forest” (72%). On the contrary, low biodiversity ratings are in “Colline
grey alder riparian forest” (46%), “Montane grey alder riparian forest” (45%), and “Fresh
silicate lime-ash-pedunculate oak forest” (42%).

5. Discussion
5.1. Approach and Biodiversity Indicator Choice

The BCI approach differs substantially from the way other authors identified, weighted,
and scored indicators. As we chose indicators based on inventory data availability
and scientific literature, we forwent performing a principal component analysis to test
for redundancy, such as in McElhinny et al. [55] and Storch et al. [41]. In line with
LaRue et al. [71] and Ette et al. [72], we expect the BCI indicators to be intercorrelated and
neither ecologically nor statistically independent.

Some indicators can be a proxy for more than one level of biodiversity which, based on
scientific knowledge, might seem difficult to assign, e.g., on the one hand, the availability
of about 25 m3/ha of dead wood is an important quantitative threshold value for many
endangered species [73,74]. On the other hand, general positive correlations between dead
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wood volume and wood-living fungi species, dead wood volume, and saproxylic species
diversity, and between dead wood diversity and saproxylic species diversity are found
for Europe in a meta-study [14]. However, this does not endanger assessment quality. In
our case study, dead wood quantity is an ecological diversity indicator. Ratings are rising
linearly with the share of reference levels (see Supplementary Material). If species diversity
were targeted instead, ratings other than linear ones might be more appropriate.

Weighting as a final step in aggregation would have a major impact on the results.
Nevertheless, respecting the limited knowledge about ecological communities, biological
interactions, and genetic diversity in forests, putting weights to biodiversity indicators re-
veals more about the study authors and scientific community than substantially reaching an
assessment that is closer to the true status of biological diversity. We agree with Okland [75]
and Storch et al. [41] that indicator weighting is only reasonable for monitoring certain
taxonomic groups with known correlations to specific habitat quality requirements. In line
with McElhinny et al. [55], we expected weighting to probably subjoin more subjectivity to
the BCI without providing additional insights.

5.2. Compare Study Outcomes

Spatial comparison within Tyrol shows that forest areas of high elevation tend to have
higher BCI ratings compared to valleys in all models. Coniferous forests are in a more
favorable state of preservation and can maintain biodiversity with higher probability than
broad-leaved and mixed forests. In Austria, natural or semi-natural forests are mainly
stocked in the subalpine, inner parts of the Alps and are characterized by a dominance
of coniferous tree species [50]. In Tyrol, only 13% of the area is suitable for permanent
settlement [76], which puts high pressure on ecosystems of low elevations such as broad-
leaved and mixed forests. This effect is most pronounced in a species diversity model
which also shows highest assessment heterogeneity on small spatial scales. BCI can be
used to regionally define conservation targets, e.g., ecosystem restoration of forest types
(‘Silicate hardwood spruce-fir forest”) in regions with below-average BCI performance (e.g.,
low elevation sites), or to regionally promote a particular level of biodiversity in a specific
area (e.g., measures for ecosystem diversity such as retention trees).

It is not possible for us to directly compare our case study outcomes with other biodi-
versity assessments [10,41,55,77], due to unavailable indicator values in Tyrol (e.g., bark
diversity, hollow trees, litter dry weight, litter decomposition, tree age, vegetation cover),
different scales [57], and different study purposes [77]. However, there is partial agreement
in the choice of indicators such as perennial species richness [55,77], natural regenera-
tion [41,57,77], standing and lying dead wood [41,55,57,77], old growth trees [10,41,55,57,77],
genetic diversity of Norway spruce [57], forest fragmentation [57,77], and tree species fre-
quency [10]. Benchmarking based on vegetation types can also be found in Parkes et al. [77].
The choice of indicators in this study largely corresponds to a meta-study of Gao et al. [14],
who demonstrated that the biodiversity indicators chosen most frequently in 142 European
ecological studies are dead wood volume, age of canopy trees, vascular plant species, tree
canopy cover, decay classes, and dead wood diversity.

5.3. Advantages and Disadvantages

Major advantages of the BCI approach are easy transferability, cost-efficient long-term
monitoring of forest policy measures, and the logical indicator structure in line with the
CBD. BCI can be used as a conservation planning tool to halt biodiversity loss on the
national scale. With our state-of-the-art data pre- and postprocessing, BCI sticks very close
to the policy-relevant definition of biodiversity in the CBD, which 183 member countries
agreed on in 1992. We provide a new option to assess biodiversity based on available
national forest inventory and forest typing data. Outcomes can be interpreted on three
levels (diversity of ecosystem, species diversity, and genetic diversity) and aggregated to
assess forest biodiversity in high resolution on varying spatial scales. By not weighting
indicators, the framework remains easy to adapt to neighboring regions in Central Europe.
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Quantitative aggregation and simplification of ecological spatial information may
help policy makers and conservationists to implement biodiversity policies and assign
conservation funding, e.g., for ecosystem restoration. The ranking of forest types and high-
resolution spatial maps of forest diversity can support decision-making in biodiversity
conservation (e.g., target forest types, target regions, conservation priorities, and ecosystem-
, species-, or genetic restoration measures) and retrospectively evaluate effectiveness of
financial resources spent on ecosystem restoration and nature conservation. Additionally,
effects of different forest management measures on biodiversity can be assessed per forest
type and used to advance Sustainable Forest Management. Within one forest inventory
period, performing cost-benefit analyses of, e.g., biodiversity conservation efforts, forest
management practices, forest road building, regional forest policy funding, and Sustainable
Forest Management measures will be made available. Quantifying forest biodiversity with
BCI allows targeted management of a landscape’s biodiversity and distributed biodiversity
values. BCI can be used as a measurable, objective, and quantitative guidance for regional
forest and conservation policy using the first BCI assessment as a baseline minimum.

However, the BCI concept could not overcome all weaknesses of forest inventory-
based approaches described in Storch et al. [41], e. g., large-scale forest inventory design
may not capture small areas like nature reserves well enough and very rare forest types
must be excluded from the analysis. Plot measures may not be representative for the
forest stand and most biodiversity aspects can only be addressed through surrogates.
Additionally, most genetic diversity indicators focus on the major tree species of Tyrol,
Norway spruce, as data for other species are not available. The indicators “autochthony”,
“tree layer structure”, and “game impact” display high ratings in the BCI assessment.
For upcoming BCI assessments, these indicator evaluations should be revised based on
experience gained from the Tyrolean case study. Applying BCI, error propagation of forest
typing models can possibly occur. Nevertheless, by using ecological modeling, referencing
indicators by forest type, employing GIS data such as orthophotos, and machine learning,
we were able to advance reliability and spatial resolution of forest biodiversity assessments.

6. Conclusions

Assessing biodiversity is highly complex. The intention of BCI is to aggregate and
simplify ecological information in a surrogate approach, advance forest-inventory based
assessments, and monitor all levels of forest biodiversity in line with the CBD.

In the case study, average ecosystem diversity is 49%, species diversity is 71%, genetic
diversity is 53%, and biodiversity is 57%. In Tyrol, coniferous forests are in a better state of
preservation and can maintain biodiversity with higher probability than broad- leaved and
mixed forests. These findings, next to rankings of forest types and high-resolution spatial maps
of forest biodiversity, can be used to advance land use policies, forest management, nature
conservation, and landscape planning in Austria, e.g., by cost-benefit analysis. The approach is
transferable to neighboring regions with forest-typing, e.g., in Germany, Italy, and Austria.

For Tyrol, we highly recommend a second BCI assessment within six years to solve the
baseline problem, monitor temporal and spatial changes, detect trends in forest biodiversity,
and evaluate effects of forest management and biodiversity conservation. BCI can give
objective guidance and feedback to forest policy to counteract the biodiversity crisis. We
recommend a future positive BCI trend on all levels as a quantitative goal for regional
forest policy to meet strategic CBD targets.
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List of Acronyms

AFI Austrian Forest Inventory
AUPICMAP Geographic-genetic map of the Austrian Norway spruce population
BCI Biodiversity composite index
BI Biodiversity Indicator
BONUS Bonus Indicator
CBD Convention on Biological Diversity
TIRIS Tyrolean Spatial Information System
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Appendix A

Table A1. Abbreviations of indicators.

Ecosystem Diversity
BIlayer Biodiversity indicator: Tree layer structure

BIdevel.level Biodiversity indicator: Developmental level
BIdeadwood Biodiversity indicator: Dead wood
DWquantity Biodiversity indicator: Dead wood I: Quantity

DWquality Biodiversity indicator: Dead wood II: Quality

Bonusstructure Bonus indicator: Structural features
Bonusshrub Bonus indicator: Structural features I: Shrub cover

Bonusstandage Bonus indicator: Structural features II: Stand age

Bonusdbh Bonus indicator: Structural features III: Diameter breast height
Species diversity

BItreespecies Biodiversity indicator: Tree species diversity

BIvegetation Biodiversity indicator: Ground vegetation

BIsoil Biodiversity indicator: Surface soil quality
Bonusgame Bonus indicator: Game impact

Genetic diversity
BIgap Biodiversity indicator: Forest gap structure

BIautochthony Biodiversity indicator: Autochthony

BImanagement Biodiversity indicator: Management constraints
m.constraintinclination Biodiversity indicator: Management constraints I: Inclination
m.constraintdistance Biodiversity indicator: Management constraints II: Distance to forest road

Bonusgenetic Bonus indicator: Genetic features

Bonusregeneration Bonus indicator: Genetic features I: Natural Regeneration

Bonusphenology Bonus indicator: Genetic features II: Phenology
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Table A2. Indicative value of diversity indicators. Surrogates for forest biodiversity and scientific
evidence for their indicative value.

Indicators Scientific Evidence

Ecosystem diversity indication

tree layer structure
(s. s., naturalness of tree

layer composition)

Structural spatial diversity increases resource partitioning of light use among species [78–80] and indicates
the number of niches occurring vertically and horizontally within the canopy [22]. Greater overlap of

crowns indicates a greater use of niche space for light in the canopy [37,81] and is a measure of ecological
niche space size [71]. Tree layer structure is a proxy for forest management intensity [50]. Heterogenous

vegetation heights are associated with greater ecosystem function [71].

developmental level
(s. s., diversity of the developmental

stages)

Variation of tree dimension can be used as a proxy for habitat quality or biotope trees [10] and related
macro- and microhabitats [82]. Forest age differentiation indicates high niche supply and affects community
composition [83]. Late successional stages are proxies for ecosystem productivity [84], biotic resistance to

invasion [85], and light absorption [80]. The developmental level can be a hint towards management
intensity [50]. The indicator approach is based on mosaic cycle concepts [86,87] and niche theory [88,89].

dead wood
(s. s., dead wood quantity

and quality)

Dead wood promotes forest biodiversity [74,90–96]. It provides habitat, shelter, growth substratum, and
nutrition for various organisms, e.g., bryophytes, saproxylic insects, and fungi [96–99]. Coarse woody

debris supports numerous forest ecosystem functions [100], e.g., nutrient cycling [101,102]. Occurrence of
coarse woody debris may indicate forest ecosystem processes such as mortality, ingrowth, competition

[103], and ecosystem disturbance [104].

structural features
(s. s., shrub cover

stand age, and
diameter breast height)

Structural diversity is a proxy for structural complexity, potential habitat variability, and niche
differentiation for umbrella species [21,105]. The occurrence of shrub species can be an important

contribution to maintain forest biodiversity [106]. Shrub and tree height is a proxy for vertical stratification
of niche space [71], e.g., for birds [22]. Mean canopy height indicates the number of niches filled within the
ecosystem volume [107]. Canopy tree age was found to correlate positively with epiphytic lichen diversity

[14]. Large tree diameters indicate high potential for tree-related habitats [108].
Species diversity indication

tree species diversity
(s. s., naturalness of tree

species composition)

There is high scientific evidence for a positive correlation between tree species diversity and the number of
bird [109], ground beetle [110,111], arthropod [112], and ground vegetation species [110,113]. Tree species

abundance can be used as a proxy for species diversity of, e.g., saproxylic beetles, bryophytes, lichens,
fungi, and arthropods [114–117].

ground vegetation
(s. s., naturalness of plant species

composition, disturbance indication)

Plant species diversity indicates partitioning of resource use between species [118]. Native plant species
diversity is a proxy for the number of different niche spaces filled by native plant species [119].

surface soil quality
(s. s., divergence from the expected

humus form)

Most species diversity of Europe can be found in the soil ecosystems [16]. Humus form is one of the
regulating factors for the composition of species communities [120–123]. The diversity of zoological groups
linearly correlates to soil pH value and humus type [124]. There is high evidence for the relevance of humus
type for forest biodiversity and overall species diversity [2,120,124–126]. Slight changes in physico-chemical

components can lead to great changes in soil biota communities [127].
Game impact

(s. s., extensive game impact on
forest regeneration)

There is broad consensus on the relevance of tree browsing for forest biodiversity [128–130]. Severe
herbivore impact leads to tree species segregation, lacking regeneration, and disturbed forest succession

[131].
Genetic diversity indication

forest gap structure
(s. s., surface balance forest–non

forest area)

Forest fragmentation is a serious threat to genetic diversity [132–135]. Fragmentation subdivides
populations into small units and imposes barriers to migration, which is an important driver for extinction
[136]. Fragmentation can erode neutral and adaptive genetic diversity and lowers effective population sizes

and genetic variability [137,138]. It promotes genetic drift and inbreeding depression [139]. Habitat
fragmentation may affect adaptive potential of populations and their fitness level negatively [135,140].

Susceptibility to habitat fragmentation and habitat split is highly species-specific [138]. Dispersal ability,
migration, habitat availability, and range of environmental tolerance is decisive for genetic consequences for

species, populations, and individuals [138,141,142]. Allelic richness is most vulnerable to habitat
fragmentation with rare gene expressions preferentially being eliminated [135,139].

autochthony
(s. s., genetic distance between
populations of Norway spruce)

Autochthonous populations show small-scale genetic differentiation and local adaption of tree species
[143,144], promoting tree population differentiation [145,146]. Negative effects of allochthonous seed

sources are maladaptation to the local environment, intraspecific hybridization (introgression), cryptic
invasion, and other unintended effects on associated species which can be seen as environmental risks
[144,147]. Genetic variability of introduced forest reproductive material tends to be considerably lower

compared to local populations [148]. Artificial transfer of genetic information, e.g., by using forest
reproductive material, tends to degrade forest genetic structures [149].

Management constraints
(s. s., inclination, and distance to

forest road)

Main drivers of extinction are of anthropogenic origin [150,151]. Forest management may affect forest
genetic resources through changes in genetic drift, mating systems, fertility, and species migration [147,152].
It can lead to the loss of rare and localized alleles [153,154]. Silviculture influences the major evolutionary

forces of selection, genetic drift, and gene flow [136,155–157]. Forest management can affect mating
systems, genetic variation and population structure of forest trees [158,159], lowers effective population

sizes [155,160], and impacts the adaptive potential of forests [159].
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Table A2. Cont.

Indicators Scientific Evidence

Genetic features
(s. s., tree planting intensity,

phenology of
Norway spruce, and

crown structure)

Choice of reproductive forest material has probably the most significant impact on the genetic diversity of
forest trees in Europe [161]. Possible negative effects of long-distance seed transfer on genetic diversity are

described in Kremer [147] and Carnus et al. [162]. Hybridization of local and non-local genotypes may
affect genetic population structure negatively through outbreeding depression, introgression, demographic
invasion, introduction of diseases, and genetic erosion [144,147]. Branching types of Norway spruce may be
used as a hint to detect genetically allochthonous plant material [163]. Lower stand density affects pollen

and seed dispersal positively and promotes pollen dispersal [164] and pollen densities [165,166].
Decreasing tree density is likely to increase wind turbulences, and pollen and seed long-distance dispersal

[164,167,168].

Table A3. Assignment to forest type groups. Assignment of forest types [53] to forest type groups [50].

Forest Type Groups
[50]

Forest Types Assigned
[53]

Mountain pine and scrub forest communities Bu10, Ge1, Ge8, Ge9, Lat2, Lat3, Lat4, Lh8, k
Carbonate-rich subalpine pine and larch forests Fs5, Ki20, La1, La2, La4, La6, Lat1, Zi2, Zi3, Zi6

Carbonate-rich montane mixed spruce-coniferous forests Fi5, Fi6, Fi7, Fi8, Fi10, Fi13, Fi14, Fi18, Fi20, Fi23, Fi25, Fs13, FT3,
FT9, FT13, FT15, FT18, FT19, FT20, LhT2

Silicate-rich spruce-fir forests Fi2, Fi3, Fi4, Fi9, Fi11, Fi19, Fi22, FT1, FT2, FT5, FT8, FT10, FT12
Moist coniferous and birch forests

(including bog edge forests) Fi16, Fi17, FT7, FT22, Ki21, Fs11, Fs14, Fs18

Mixed pine forests on carbonate Ki1, Ki2, Ki3, Ki17, Ki18, Ki19, LhK3
Silicate (spruce-fir) beech forests Bu5, FT17, Ftb2, Ftb4, Ftb11, Ftb12, LhT1, TB2

Mixed maple and ash forests Bu4, Ei1, Lh4, Lh6, Lh9, Lh16, Lh17, Lh18
Lime and mixed lime forests Ei3, Ei4, Lh1, Lh2, Lh3, Lh11, Lh13, LhB2
Base-rich dry beech forests Bu3, Bu7, Fkb1, Ftb20

Brown soil (spruce-fir) beech forests Ftb3
Downy oak forests MH2

Oak and oak-pine forests Ei2, Ei7, Ei12, Ki4, Ki15
Willow communities Er4, Er11, Er12
Hard riparian forests Fi21, Ki9, Lh12, Lh14

Stream-accompanying alder-ash forests Er2, Er3, Er7, Er8

Fresh carbonate (spruce-fir) beech forests Bu1, Bu17, FT16, Ftb1, Ftb6, Ftb7, Ftb10, Ftb13, Ftb 14, Ftb16,
LhB1, LhB3, TB1

High-altitude beech forests with maple Bu11, Bu20, Ftb8
Subalpine coniferous forests on silicate Fi12, Fs1, Fs2, Fs3, Fs4, Fs10, Fs12, Fs17, La5, La7, Zi1, Zi4, Zi5

Gray alder forests Er1, Er5, Lh5, Lh21, Er13
Pine forests on silicate FT21, Ki6, Ki7, Ki16, La3

Carbonate-rich subalpine coniferous mixed spruce forests Fi1, Fs6, Fs7, Fs8, Fs9, FT6
Block forest, rubble, and rock sites on carbonate

(newly established) FK1, FK2, Fkb2, FL2, Lh10, Klf2, LhK2, Ki23, Zlf4

Block forest, rubble, and rock sites on silicate
(newly established) FK3, Fkb3, FL1, Klf1, LhK1, Zlf3, Ki5, Lh7, FL3
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