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Currently the paradigm of sustainable forest management is extended to a broad range of ecological, economic,
and social forest functions and services. In particular, biodiversity becomes a more and more important issue in
the forest planning processes. However, its quantification, monitoring and assessment still remain complex and
difficult although data from regional or national forest inventories might contribute valuable information for
quantifying biodiversity. Here, we demonstrate how such data can be tapped and aggregated to different spatial
and temporal scales for deriving indicators to support biodiversity assessment and monitoring. By focusing on
tree species and structural related indices, our method allows the evaluation of spatial and temporal variation of
diversity indicators by using inventory data. We present a practice-oriented approach on how to integrate such
indicators into forest planning processes and thereby extend the paradigm of sustainability of forest manage-
ment. We exemplify our approach by inventory data from the Bavarian State Forest Enterprise to show how
inventory data can be utilised to (i) assess biodiversity aspects from stand to landscape scales and (ii) integrate
such information into forest management at different spatial and temporal scales. Finally, we discuss how this
information extracted from forest inventories may contribute to a more generalised assessment, monitoring and
planning of biodiversity in managed forest ecosystems.

1. Introduction municipal or private owners) have to implement these new aspects of

sustainability into their management approach at local, regional and

Covering approximately one third of the global land surface (FAO,
2020), forests play an important role for biodiversity management and
conservation. During the last decades the issue of considering biological
diversity in forest ecosystems received raising awareness globally. Since
the UN Conference on Environment and Development (UNCED) in Rio
de Janeiro 1992 and the ratification of the Convention of Biological
Diversity (CBD) in 1993, the relevance of sustaining and improving
biodiversity has been continuously addressed in the respective decla-
rations. The signature states committed not only to promote sustainable
forest management, but in addition enhance the conservation of bio-
logical diversity in forest ecosystems. Certificates, e.g. Programme for
the Endorsement of Forest Certification Schemes (PEFC) or Forest
Stewardship Council (FSC), provide instruments to ensure that forests
are managed in line with this extended sustainability paradigm
(Pretzsch et al., 2008). Forest owners (e.g. state forest enterprises,
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landscape level. On the operational level this requires measures, in-
dicators and management guidelines to fulfil these political re-
quirements. In order to verify the compliance of indicators, specific data
sets are required, e.g. to characterise the preservation of biotope trees or
rare and threatened species. However, the quantification of biodiversity
is complex, appears as a multidimensional characteristic and cannot be
expressed by a single number (Purvis and Hector, 2000). Instead, spe-
cific aspects of biodiversity need to be addressed (Duelli and Obrist,
2003) and implemented in operational and strategic planning processes.
One of the first attempts to assess biodiversity was the hierarchical
framework developed by Noss (1990), which is based on three recog-
nised primary attributes of biodiversity in forest ecosystems: composi-
tion, structure and function (Franklin et al., 1981). Here, for each
component, appropriate indices can be applied across different scales
(spatial and temporal) and levels of organisation (e.g. gene, species or
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community). The use of indices is a prominent approach to overcome the
complexity of biodiversity (e.g. Noss, 1999; Duelli and Obrist, 2003;
Hagan, 2006). However, the choice of a set of appropriate indices
strictly depends on specific aims (Noss, 1999) and data availability is
often problematic due to the lack of large spatial gradients, temporal
resolution and high costs associated with data collection. Moreover, the
required data need to reflect effects of forest management activities, e.g.
from small to larger scales with continuous measurements. Therefore,
the use of national or regional forest inventory data provide a feasible
alternative (Van Den Meersschaut and Vandekerkhove, 1998; Miiller
et al., 2009; Corona et al., 2011; Storch et al., 2018). These data sets
provide reliable information, cover large environmental gradients, span
a broad range of spatial scales and are usually characterised by repeated
measurements to track temporal changes.

Despite their strong focus on planning and management (in partic-
ular volume and volume growth), forest inventory data provide addi-
tional valuable information which can be addressed for characterising
aspects of biodiversity (Winter et al., 2008; Corona et al., 2011; Storch
et al., 2018). Tree species and tree dimensions such as diameter at breast
height, tree height or species-specific age are, usually, available from
inventory data. Therefore, species composition and structural aspects
can be derived, which provide important information for quantifying
aspects of biodiversity (Noss, 1990; McElhinny et al., 2005; Gao et al.,
2014). Tree species abundance and variation of tree dimensions can be
used as a proxy for habitat quality or biotope trees, e.g. for saproxylic
beetles, bryophytes, lichens and fungi (Berglund et al., 2009; Uliczka
and Angelstam, 1999), occurrence of related microhabitats (Larrieu
et al., 2014) or for defining habitat types (Kovac et al., 2020). In addi-
tion, based on individual trees, structural indices can be calculated
which characterize a forest’s structural complexity and provide insights
in niche differentiation and potential habitat variability. For example,
stand density and vertical structure are important characteristics when
describing habitat potential of birds (MacArthur and MacArthur, 1962)
or potential occurrence of umbrella species, such as woodpecker (Fer-
nandez and Azkona, 1996; Miiller et al., 2009; Zahner and Sikora, 2012).
However, the selection of appropriate indices remains challenging
(McElhinny et al., 2005), in particular when using forest inventory data.
Moreover, for such data sets, we see a lack of spatial scale overarching
approaches to quantify biodiversity, a lack of approaches that may
indicate changes in biodiversity over time, and the need for establishing
a reference for the grading of both one-time and repeated biodiversity
assessments.

In this study, we exemplarily tapped the potential use of regular
forest grid-based inventory data from a state forest management enter-
prise in southern Germany for assessing key aspects of biodiversity
within forest ecosystems. We focus on indices related to tree species
composition and structural diversity. In detail, we (i) demonstrate the
quantification of biodiversity by indicators at inventory plot level, (ii)
extend the characterisation to larger spatial levels (from the inventory
plot to the landscape), (iii) track the development of diversity indicators
over time, and (iv) provide a concept for practice-oriented result
aggregation.

We finally discuss the potential application of our approach for grid-
based inventory data, the restrictions of our method, and also the next
steps of development and application.

2. Material and methods
2.1. Data source

The Bavarian State Forest Enterprise (Bayerische Staatsforsten AoR)
covers approximately 30% (778,000 ha) of the total forest area in the
German federal state of Bavaria (Thiinen-Institut, Third National Forest
Inventory, 2012) and is organised by division into several smaller forest
enterprise units. The strategic and operational silvicultural aim of the
Bavarian State Forest Enterprise has a strong orientation towards close-
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to-nature forestry, which manifests itself with current silvicultural
management guidelines (e.g. Bayerische Staatsforsten AOR, 2014,
2011a, 2009, 2008). However, monospecific forest stands established
under classical silvicultural approaches, such as mono-layered even age
forests, are still present and considered for conversion into multi-layered
mixed forest stands. Regular forest inventories are conducted at 10-year
intervals and are based on circular (three concentric circles) forest in-
ventory plots. They are distributed on a raster grid varying in width. The
systematic raster grid may vary between or within the forest enterprise
units. For example, in natural forest reserve areas, which may be part of
a Forest Enterprise unit, the density of inventory plots is usually higher
(smaller grid width). Occurring grid sizes in the Bavarian State Forest
vary from 50 x 50 m to 300 x 200 m. Therefore, the density of inventory
plots ensures a level of detail that is appropriate to cover the variation of
growth stages and silvicultural strategies well. Based on the metric raster
grid width, an area of representation and spatial information (Gauss-
Krueger-coordinates) are available for each inventory plot. Trees are
recorded depending on their distance and dimension to the central point
of the inventory plot; trees with a diameter at breast height (dbh,
measurement height 1.3 m) < 10 cm are recorded on the inner circle
only (radius = 2.82 m), those with dbh < 30 cm on the middle circle
(radius = 5.05 m), while larger trees are recorded on the complete outer
circle (radius = 12.62 m). For each sampled tree, its species affiliation is
recorded by classification into 45 taxonomic (genus) groups, summa-
rising specific taxa such as e.g. sessile oak and pedunculate oak. Den-
drometric variables are recorded at tree level with diameter at breast
height being measured for all trees with dbh > 5 cm using a calliper.
Trees with dbh < 5 cm are assigned to 1 cm dbh classes. Heights are
measured for 1-3 trees per tree species and stand layer, which allows a
standardised local height curve function for estimating the heights of all
sampled trees to be applied (Franz et al., 1973). Merchantable wood
volume without bark is calculated based on the form factors provided by
Franz (1971) for Bavaria. Age is provided at species group level and may
vary within the species group. For example, in order to consider a high
age diversity per species group, different age values may appear. See the
corresponding forest inventory guidelines for more details (Bayerische
Staatsforsten AOR, 2011b). We demonstrate the method for one forest
enterprise unit (comprising 4,395 permanent forest inventory plots) in
the south of Bavaria (Fig. 1). This forest enterprise unit is characterised
by favourable growing conditions, with in general rich soils and rather
high levels of precipitation and temperature. Under natural conditions,
beech-dominated forests would prevail on most sites of the area but due
to the heterogeneity in terms of topography, alluvial forests have a
relevant share. Forest management history resulted in a mixture of
occurring age classes and close-to-nature forests. The overall data set
(152,656 permanent forest inventory plots) are used as a benchmark
(see section methods).

2.2. Quantification of biodiversity-relevant indices at inventory plot level

The smallest meaningful unit for calculating biodiversity-relevant
indices is the single inventory plot. At the same time, this unit is most
relevant for forest managers, since they can actively control their ac-
tivities. Therefore, this scale is crucial to quantify and monitor effects of
the management, in particular when monitoring success or failure of
operational and strategic goals. As the management affects single tree
development, tree species composition and forest structure, it directly
influences indices associated with them. Consequently, we focus on
indices which are related to tree size, tree species and structural
diversity.

For tree species diversity, the simplest feature is the number of tree
species S. Here, we did not focus on specific species or distinguish be-
tween native and non-native species. We rather quantify its general di-
versity which in turn is important for associated species. As a more
sophisticated concept, we used the Shannon index H (Shannon, 1948,
Eq. (1)) which provides an overproportional weight to species with
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Fig. 1. Overview of considered permanent inventory plots of the Bavarian State Forest (black areas, number of plots: 152,656) and the selected forest enterprise unit
(grey areas in the quadratic subplot, number of plots: 4,395). Due to scaling, the inventory grid is not visible; all black or grey areas are covered with such a grid.

small shares:
S

H= —1%) "p*In(p,) €8]
i=1

Where S is the number of species and p; is the relative share of species i
within the total tree number. With a given number of species S (S > 1)
the maximum Shannon index is Hpax = In(S) (Pretzsch, 2009). Relating
the Shannon index to this maximum, we obtain the species evenness E
(Eq. (2)),
H

E= in(S) @

With a potential range of E = [0, 1] the Evenness informs how far a
given diversity (as expressed by H) deviates from its theoretical
maximum at the same number of species.

For structural diversity we considered the variability of species group
age (Vyge, Eq. (3)), tree height (Vy, Eq. (4)) and stand density. Variability

of age and height is expressed by their coefficients of variation.

__sd(age)

Vage = 3

age

4

Ve and V; relate the standard deviation sd of a variable to its

arithmetic mean (age and h-). In addition, for age we characterise a
frequency index at inventory plot level which expresses the occurrence
of old trees. Coniferous and deciduous tree species differ in their po-
tential age, in particular under management conditions. In order to take
this into account, we applied a threshold of 120 years (age;20-) and 150
years (ageisop+) while not distinguishing between the groups. For both
the index is expressed as n;/N, with N as the total number of inventory
plots and n; as the number of those with trees > 120 years or > 150
years, respectively. This index characterizes the proportion of inventory
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plots with trees in old growth stages. For quantifying stand density we
used the well-tried stand density index SDI (Reineke, 1933, Eq. (5))

d —1.605
SDI, = N; (ﬁ)
25

N; being the number of living trees per ha and dg; the quadratic mean
diameter. The index i referes to the tree species and allows the aggre-
gation to SDI (SDI = Y7} SDI,).

In order to quantify maximum tree size, we took the maximum tree
diameter at breast height, d,.« of all living trees. Similarly to age, we
added a frequency index at the plot level, which determines the occur-
rence of plots with trees > 65 cm (dgs =n;i/N, with N as the total number
of inventory plots and n; as the number of those with trees > 65 cm).
This threshold is approximately an upper border of target diameter in
silvicultural guidelines, e.g. as for the Bavarian State Forest Enterprise
for Norway spruce, European beech or Scots pine (Bayerische Staats-
forsten AOR, 2009, 2011a, 2014). Moreover, in the literature large di-
ameters are often considered as an indicator with respect to habitat
potential of tree related microhabitats (Larrieu and Cabanettes, 2012) or
for its general importance for biodiversity (Vuidot et al., 2011).

(5)

2.3. Quantification of biodiversity-relevant indices at different spatial and
temporal scales

We extended the quantification of the biodiversity-relevant indices
from inventory plot level to larger scales. Different spatial scales are
determined by aggregating multiple inventory plots. Here, the smallest
unit to a single inventory plot. By stepwise including n nearest neigh-
bour plots (ordered by increasing distance to the original plot of interest)
we created larger aggregation units. Through the distance dependent
identification, this approach is applicable for different raster grid sizes
within a landscape, e.g. 50 x 50 m change into 100 x 100 m. In order to
determine the nearest neighbour, we applied a nearest neighbour search
routine (Arya et al., 2018). The area represented by a specific aggre-
gation unit is here defined by the sum of all contained inventory plots’
representation areas. Fig. 2 represents a schematic depiction of how we
defined increasing aggregation units for a 100 x 100 m grid size.

In order to characterise scale-overarching indicators, we determined
for each inventory plot aggregation units by considering 1 to 25 plots
and quantified for each unit the biodiversity-relevant indices as
described above.

For describing temporal developments, the indices were calculated
for two consecutive surveys, applying the same method, respectively.
However, we only considered the subset (forest enterprise unit), not the
overall data set. In addition, we only considered inventory plots with a
second survey and applied Welch’s t-test (paired) to test for significant
changes along the spatial scales.
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2.4. Practice-oriented result aggregation

In order to summarise the results for the forest enterprise unit, we
grouped all aggregation units of the same size, e.g. all units containing
the same number of inventory plots. Thus, we considered 25 groups each
containing 4,395 aggregation units (corresponding to the number of
inventory plots). Here, each group represents a different spatial scale
based on the involved number of inventory plots per aggregation unit.
We then determined an index-specific average and scale-overarching
behaviour which expresses the change from small to larger scales
within the forest enterprise unit. Here, the results for each group were
summarised by calculating the average index value, its standard error
and the average area of representation. Due to the potential variation in
raster grid widths within a landscape, the distances between the single
plots may differ and consequently also their areas of representation. We
therefore did not use the calculation of beta diversity measures as a
characteristic of similarity or dissimilarity between the samples (Whit-
taker, 1972). We feel that this concept may need additional correction
when applying to forest inventory data and believe that the average
better reflects this variation.

In order to facilitate result interpretation, we further defined a
reference system to provide a benchmark. Instead of applying the same
method for all current forest enterprise units (41 in total) and then
averaging their results, we rather considered all inventory plots within
the whole Bavarian State Forest Enterprise (152,656 permanent forest
inventory plots) and applied the same method as described above. In
addition to the index specific average, its lower and upper extremes,
expressed by the 5% and 95% percentiles, were determined for each
group. We prioritised the use of all inventory plots, since then the
reference system is independent from artificial management boundaries
(Forest Enterprise units), which may change over time, e.g. due to po-
litical or organisational reasons. Moreover, the quantification of tem-
poral changes of the reference is more straightforward, although this
was not part of this study. Therefore, this benchmark can be seen as a
common average behaviour across the state forest in Bavaria. The grid
density across the state forest varies from 50 x 50 m to 300 x 200 m and
affects the average area of representation per group. Consequently, it
differs from a specific forest enterprise unit. For example, for the latter
we may find a large grid width of 200 x 200 m which results in larger
areas of representation per group than we expect for the reference with a
smaller average grid density. Due to such a variation of the raster grid
widths, we favoured the average area of representation against the
number of involved inventory plots. Consequently, comparisons be-
tween both data sets are only meaningful for the common area of
representation.

For visualisation of the results, we plotted the group-specific
(average) indices for both data sets against the corresponding area of
representation. Furthermore, to test whether the index-specific scale-
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Fig. 2. Exemplarily schematic representation of defining aggregation units of different size, e.g. 1, 5 and 25 inventory plots (a: single plot level; b: aggregating 5
inventory plots; c: aggregating 25 inventory plots) considering a 100 x 100 m grid size. Black points represent individual inventory plots and grey is the area of

representation of the aggregation unit.
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overarching behaviour differs between the forest enterprise unit and the
reference, we applied an ordinary least squares linear regression anal-
ysis (Eq. (6)):

In(y;) = ao + a, *logarea; + a, *ref + a; *logarea; *ref + ¢ 6)

where y; refers to the average index value per level of aggregation i, area;
to the corresponding average area of representation, ref refers to a
dummy coded with O (reference) or 1 (Forest Enterprise unit) and &
refers to the error term. Thus, we test whether the increase of an index
differs between the forest enterprise unit and the reference. For the
forest enterprise unit, we applied Welch’s t-test (paired) for each ag-
gregation unit i to test the difference of the means between the previous
and the most recent survey. Therefore, for each aggregation unit the
success or failure of temporal development can be determined.

Besides the indices described above, we used two frequency indices
which simply consider all inventory plots of the forest enterprise unit
and reference, respectively.

First, tree species frequency (SF, Eq. (7)) described the relative
occurrence of a given tree species:

n;

SF, = =

N )

where N is the number of inventory plots considered and index i char-
acterises tree species i. Thus, n; represents the number of inventory plots
where tree species i occurs. SF; represents the relative occurrence of a
certain tree species. We applied Eq. (7) for both data sets (forest enter-
prise unit and reference) and compared both graphically (Fig. 7a).

Second, besides Vj, to quantify structural diversity, we used another
more complex indicator for the vertical structure, which is essentially a
vector that expresses the frequency of occupied height classes i (height
class frequency, HCF, Eq. (8)):

n;

HCF, = N @’
where N is the total number of inventory plots considered and index i
characterises height i. Thus, with n; being the number of the plots with
occupied height class i, HCF; represents the relative occurrence of a
certain height class. The following height classes were defined and
assigned at each inventory plot: 0-2 m, 2.1-5m, 5.1-15m, 15.1-25 m,
25.1-35 m and > 35 m, and represents common thresholds for silvi-
cultural strategies. If a tree’s top range is inside a specific height class,
this class is considered.

The inventory data evaluation routines including graphical outputs
were programmed in the free data analysis language R (R Core Team,
2018).

3. Results

3.1. Number of tree species (S), Shannon index (H) and species Evenness
(B)

The average number of tree species (S) and its standard error for the
forest enterprise unit and reference range from 3.06 + 0.020 to 12.35 +
0.045 and 2.72 + 0.003 to 10.33 £ 0.008 (inventory plot level to highest
level of aggregation), respectively (Table 1). At inventory plot level the
Shannon index, H, and species Evenness, E, range from 0.61 + 0.006 and
0.18 £ 0.002 for the forest enterprise unit and 0.54 &+ 0.001 and 0.17 +
0.001 for the reference. For the highest level of aggregation, we detect a
range of 1.33 + 0.01 (H) and 0.35 £ 0.001 (E) for forest enterprise unit
and 1.19 4+ 0.001 (H) and 0.32 + 0.001 (E) for the reference. The cor-
responding areas of representation are similar at smaller scales, e.g. at
inventory plot level with 3.6 ha (forest enterprise unit) and 2.4 ha
(reference), but highly different at larger scales with 86.9 ha (forest
enterprise unit) and 57.6 ha (reference). The higher difference towards
larger scales is caused by the different raster grid widths of the forest
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Table 1

Overview of average and standard error (se) when considering 1 (AG1), 15
(AG15) and 25 (AG25) inventory plots as aggregation units. Shown are the
average values for number of tree species; S, Shannon index; H, species Even-
ness; E, coefficient of variation of tree height; V,, and age; V,, maximum
diameter; dMax, and stand density; SDI for the forest enterprise and reference. In
addition, for the landscape the corresponding minimum and maximum values
are shown, respectively.

Indices  Level of forest enterprise ~ min max Reference
aggregation mean + se mean + se
S AG1 3.06 £+ 0.020 1 10 2.72 £ 0.003
AG15 10.41 + 0.044 2 20 8.76 + 0.008
AG25 12.35 + 0.045 4 21 10.33 +
0.008
H AG1 0.61 + 0.006 0 1.93 0.54 + 0.001
AG15 1.25 + 0.006 0.19 2.31 1.13 + 0.001
AG25 1.33 + 0.006 0.27 2.35 1.19 + 0.001
E AG1 0.18 + 0.002 0 0.51 0.17 £ 0.001
AG15 0.33 + 0.002 0.05 0.61 0.3 + 0.001
AG25 0.35 + 0.001 0.07 0.63 0.32 + 0.001
Vi AG1 69.14 + 0.799 0 349.41 66.86 +
0.171
AG15 100.24 + 0.357 5.69 178.88  109.92 +
0.083
AG25 101.58 + 0.319 28.06 163.64 111.74 +
0.087
Va AG1 124.61 + 1.587 0 563.01 122.88 +
0.312
AG15 163.79 + 0.790 13.99 35495 174.11 +
0.164
AG25 164.63 £+ 0.701 38.78 346.54 176.52 +
0.150
dmax AG1 47.42 + 0.265 0 138.50  44.59 +
0.043
AG15 74.12 + 0.191 27.5 138.50 68.17 +
0.037
AG25 78.55 £ 0.198 43.5 138.50 71.79 +
0.041
SDI AG1 793.00 + 5.972 0 2881 840.90 +
1.057
AG15 881.70 + 2.908 325 1510 957.30 +
0.540
AG25 885.10 + 2.692 427 1381 964.70 +
0.502

enterprise unit and reference.

Fig. 3a—c illustrates the average index values and corresponding
areas per aggregated group for the forest enterprise unit and reference.

The solid black lines in Fig. 3 represents the average change for
number of tree species, Shannon index and species Evenness for the
forest enterprise unit when the area of interest increases (integrating
multiple inventory plots). While for the number of tree species no clear
saturation effect appears, the flattening of the curves in the case of the
other two indicate saturation at areas of approximately 50 ha. The same
tendency can be observed for the reference curve (grey lines). In all
cases, the reference appears with higher values at smaller scales. Steeper
slopes of the forest enterprise unit curves, however, result in an area of
intersection at 10-20 ha (number of tree species) and 5-10 ha (Shannon
index and species Evenness) and yield in a turnover beyond these scales.
The results of Equation (6) (Supplement Table 1) indicate significant
positive effects in the case of the scale (area, a;). For S and E, we detect a
tendency of a higher difference (superiority of the forest enterprise unit)
towards larger areas. In the case of H, this effect seems to diminish
slightly.

3.2. Coefficient of variation for tree height (Vp), tree species age (Vqge
ageizo+ and ageiso-)

The average values and standard error for Vi, and V, and of the forest
enterprise unit range from 69.14 + 0.799 and 124.61 + 1.587 (inventory
plot level) to 101.58 + 0.319 and 164.63 + 0.701 (the highest level of
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Fig. 3. a—c: Illustration of the average indices and areas of representation across all scales considered (aggregating 1-25 inventory plots) for number of tree species S
(a), Shannon index H (b) and species Evenness E (c). Solid black lines represent the forest enterprise unit and solid grey lines the reference. Dotted grey lines refer to

the upper (95%) and lower (5%) percentiles of the reference.

aggregation), respectively. In contrast, the average values for the
reference range from 66.86 + 0.171 and 122.88 + 0.312 (inventory plot
level) to 111.74 + 0.087 and 176.52 + 0.150 (the highest level of ag-
gregation) for Vi and Vgge, respectively. Fig. 4 illustrate the average
index values of the Forest Enterprise unit and reference across all scales,
respectively. The areas of representation are identical to those from
Fig. 3a—c.

The two curves (solid black line: landscape and solid grey line:
reference) in Fig. 4a (V) and 4b (Vyg) differ and indicate an absolute
difference across the considered scales. In both cases, the reference oc-
curs with higher variability along all scales while for Vg this effect is
higher than for Vy,. For variability of tree heights (Vy; Fig. 4a), the
discrepancy stabilises at an area of 15-20 ha, Vag. (Fig. 4b) shows an
increasing divergence from small towards larger scales. Equation (6)

Coefficient of variation
for species age

Coefficient of variation
for tree heights

350 175

300 150

250 125

200 100

/f 150 / 75
100 50

50 25

0 0

0 25 50 75 100 O 25 50 75 100
Area of representation (ha)
a b

Fig. 4. a-b: Illustration of the average indices and areas of representation
across all scales considered (aggregating 1-25 inventory plots) for coefficient of
variation of tree height V}, (a) and tree species group age Vg (b). Solid black
lines represent the forest enterprise unit and solid grey lines the reference.
Dotted grey lines refer to the upper (95%) and lower (5%) percentiles of
the reference.

predicts a significant positive effect with increasing scale with higher
effects for the reference (Supplement Table 1), in particular in the case
of Vage. For tree height variability, only at small scales does similarity
between both data sets occur, while at scales beyond 7 ha, the reference
shows a significantly higher variability. For Vg the results are com-
parable, however, the difference increases more towards larger scales
and starts at areas beyond 6 ha.

For the forest enterprise unit, approximately 17% of the inventory
plots contain trees older than or equal to120 years while at 6% of the
plots we observe trees older than or equal to 150 years (Supplement Fig.
4). Again, we did not distinguish between coniferous and deciduous
species.

3.3. Maximum diameter (dmqy), large tree diameter (dgs..) and stand
density (SDI)

For the forest enterprise unit, the average dpyax and standard error
range from 47.02 £+ 0.265 cm (inventory plot level) to 78.55 + 0.198 cm
(the highest level of aggregation). In the case of SDI the values range
from 793.00 + 5.972 (inventory plot level) to 885.10 + 2.692 (the
highest level of aggregation). For the reference, the values occur with
44,59 4 0.043 and 840.90 + 1.057 (stand level) and with 71.79 + 0.041
and 964.70 + 0.502 (highest level of aggregation) for dpy,x and SDI,
respectively. In the case of the forest enterprise unit, 14% of the in-
ventory plots consist of trees which are equal to or exceed a diameter at
breast height of 65 cm (Supplement Fig. 4).

Fig. 5a-b illustrate the index-specific average values of dpax and SDI
along all scales. Solid black lines correspond to the forest enterprise unit
and grey lines to the reference, respectively.

For maximum diameter, the reference shows higher values at smaller
scales. The steeper slopes of the forest enterprise unit result in an area of
intersection at approximately 7-9 ha and a turn-over with increasingly
higher values of the latter towards larger areas (when aggregating
multiple inventory plots). Stand density is lower for the forest enterprise
unit across all scales considered, while the divergence indicates a further
increase towards larger scales (Fig. 5b). Equation (6) predicts a signifi-
cant positive effect with increasing scales for both indices (Supplement
Table 1). For dpax, the results (Equation (6)) confirm the tendency of
higher values for the forest enterprise unit towards larger scales. For
stand density, we detect a significant superiority of the reference to-
wards larger scales (Supplement Table 1).
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Fig. 5. a-b: Illustration of the average indices and areas of representation
across all scales considered (aggregating 1-25 inventory plots) for maximum
diameter (a) and stand density index (b). Solid black lines represent the forest
enterprise unit and solid grey lines the reference. Dotted grey lines refer to the
upper (95%) and lower (5%) percentiles of the reference.

3.4. Species frequency (SF) and height class frequency (HCF)

Species frequency (SF) for the forest enterprise unit illustrates the
importance of Norway spruce (Picea abies (KARST.) L.) and higher tree
species diversity when compared with the reference (Fig. 6a). The spe-
cies at x-axis are shown in ascending order based on the reference’s
frequencies. The main tree species of the reference are less frequent in
the forest enterprise unit, e.g. Norway spruce or European beech (Fagus
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sylvatica L.). However, higher occurrence appears for tree species which
are characteristic for alluvial forests, e.g. ash (Fraxinus sp.), alder (Alnus
sp.), elm (Ulmus sp.) or willow (Salix sp.).

Height class frequency (HCF), characterised at inventory plot level,
indicates a higher vertical variability for the forest enterprise unit
(Fig. 6b, black colour). For the forest enterprise unit four height classes
occur with a frequency > 50%. In addition, height classes 0-2 m, 3-5m,
6-15 m and 16-25 m occur with higher frequencies than the reference
(+6.01%, +12.55%, +13.13% and + 8.37%, respectively). For height
classes 26-35 m (-2.67%) and > 35 m (-0.03%) slightly lower fre-
quencies exist for the forest enterprise unit.

3.5. Temporal change within the landscape

The result of temporal change for the forest enterprise unit shows a
significantly higher number of tree species S across all scales for the
recent inventory. Here, the discrepancy increases from stand level to-
wards the highest level of aggregation (Table 2, Supplement Fig. 1a). For
the Shannon index, H, and species Evenness, E, the average index values
across the scales are significantly higher for the recent survey (Table 2,
Supplement Fig. 1b and c). Here, for both indices, the difference in-
creases towards larger scales.

For the coefficients of variation of tree height and age, the temporal
change indicates a different behaviour (Supplement Fig. 2a—c). For both,
at smaller scales (up to approximately 10 ha) we detect a significant
superiority for the recent inventory, however, the steeper slopes for the
previous inventory result in a turnover. Beyond approximately 15 ha,
the differences between the two surveys become significant and show a
tendency to increase with superiority for the previous inventory. For
maximum diameter, the difference between the recent and previous
survey appears significant across all scales with superiority of the recent
inventory (Table 2, Supplement Fig. 3a). In contrast, stand density, SDI,
indicates a significant reduction along all considered scales (Table 2,
Supplement Fig. 3b). Here, the differences slightly increase towards
larger scales.
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Fig. 6. a-b: llustration of species frequency (a) and height class frequency (b) at stand level. Shown are the reference (grey colour) and forest enterprise unit (black

colour), respectively.
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Table 2

Shown are the average values most recent (Recent) and consecutive (Previous)
survey of the forest enterprise unit, exemplarily for aggregating 1, 15 and 25
inventory plots, respectively. Clioyer and Clyyp,r refer to the lower and upper
confidence intervals, based on Welch’s t-test. Bold average values indicate a
significant difference of the mean (the range of Cljower and Clypper does not
include 0, CI refers to the test Previous-Recent, respectively). Shown are the
average values for the number of tree species; S, Shannon index; H, species
Evenness; E, coefficient of variation of tree height; V}, and age; V,g., maximum
diameter; dp,x, and stand density; SDI.

Indices  Level of Previous Recent Cliower Clypper
aggregation mean mean
S AG1 2.75 3.06 -0.37 —-0.26
AG15 9.69 10.43 —-0.86 —0.62
AG25 11.63 12.37 —0.87 —0.61
H AG1 0.53 0.61 -0.1 -0.07
AG15 1.19 1.25 —-0.08 —0.04
AG25 1.28 1.33 —0.07 —0.04
E AG1 0.17 0.18 —-0.02 —-0.01
AG15 0.32 0.33 —-0.02 —0.01
AG25 0.34 0.35 —0.02 —0.01
Vi AG1 117.38 124.67 —-12.02 —2.57
AG15 170.75 163.55 4.87 9.52
AG25 172.98 164.42 6.52 10.61
Va AG1 62 69.13 —9.54 —4.72
AG15 106.47 100.09 5.24 7.53
AG25 108.14 101.4 5.71 7.77
dytax AG1 44.39 47.41 -3.78  —2.28
AG15 71.78 74.14 —-2.91 —1.82
AG25 76.07 78.58 -3.07 -1.95
SDI AG1 844.76 793.4 33.75 68.96
AG15 959.9 880.56 70.06 88.62
AG25 965.31 883.78 72.85 90.22

4. Discussion
4.1. Forest inventory data for biodiversity assessment

Within the last decades the need for monitoring aspects of biodi-
versity during forest planning activities has become increasingly
important for forest managers. However, the lack of reliable data sets as
a basis for planning and decision making can be considered as a limiting
factor. Therefore, we utilise data from regular forest inventories to
develop a method which supports the assessment and monitoring of
biodiversity aspects and make them accessible for forest planning pro-
cesses. We build on our idea of a generalised concept of characterising
biodiversity (Franklin et al., 1981; Noss, 1990) and modified the method
to be applicable for forest inventory data at a regional or landscape level.
In particular, we extract tree species and structural diversity and extend
their assessment to characterise a scale-overarching behaviour. There-
fore, we determine their rate of change, from small to larger scales, and
provide insights of transition and saturation effects. The starting point at
the smallest scale is an important feature. For example, if diversity
characteristics are high at these scales and the early saturation effect
appear towards larger scales, it indicates a homogenous situation
throughout the landscape. In contrast, low diversity at small scales in
line with steep slopes and early saturation effects indicate a tendency of
a spatially diverse situation within the region or landscape. Conse-
quently, low tree species diversity or structural diversity across different
spatial scales does not necessarily imply a negative situation. In mono-
cultures, such as traditional age-class forest systems, the expected tree
species diversity is at its minimum, e.g. close to or even zero in the case
of the Shannon index. Consequently, any increase, even small, already
indicates a positive effect and confirm a transition towards a higher
potential for habitat diversity. However, for further interpretation, the
historical starting point and development, current management per-
spectives and growing conditions are important attributes. In order to
better interpret the expression of indices, we introduced a reference
system, in which the region of interest is a part of it. The index’s
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information is described analogously and provides an overarching
average of a higher region, e.g. state level. Therefore, any deviation
confirms an expected or unexpected behaviour and better supports a
judgement. In particular, when assessing multiple regions or landscapes,
which differ in their growing conditions or silvicultural strategies, it is
important to orientate on a general reference.

Finally, the temporal comparison of two consecutive surveys within
a landscape allows the changes and control success or failure of forest
management to be monitored. Therefore, it allows the effect of opera-
tional silvicultural activities (stand level) and strategic planning (en-
terprise level) to be tracked directly.

However, the proposed approach shows some methodological re-
strictions. For example, based on the nearest neighbour search (when
characterising different spatial scales), some inventory plots are selected
more often than others. In particular, this occur in highly scattered forest
cover or at the border of the landscape. Due to the high number of
samples used for averaging in the current study, we assume the bias to be
negligible. So far, we did not consider a fixed distance search which
would result in different sample sizes and unequal weights of the
involved inventory plots for the same distance group.

Any change in the forest cover or inventory design over time may
cause a change in the number of inventory plots between the two sur-
veys. Thus, for temporal comparison we considered only plots which
have been surveyed twice. When comparing with the reference, different
sampling densities, e.g. variation in raster grid width, may occur. This
may result in differences of the area representation of single inventory
plots which have to be considered when interpreting the results.

4.2. Opportunities and drawbacks of applications for characterising the
state of an enterprise by example

Tree species diversity is known to have positive effects on habitat
potential, e.g. arthropods (Brandle and Brandl, 2001; Ulyshen, 2011) or
productivity (Jingjing Liang et al., 2016). Therefore, its assessment is an
import control factor, in particular at smaller spatial scales (Mergner,
2014; Gao et al., 2014). At these scales, the forest manager actively
controls tree species composition (Miiller, 2005) by planting, regulating
mixed growth or thinning. In the present data set, non-native tree spe-
cies also occur, e.g. Douglas fir or Red oak. We have not distinguished
between native and non-native tree species as the latter might be
important alternatives in the future, e.g. under changing climatic con-
ditions or increasing biotic or abiotic stress. The results for the forest
enterprise show no saturation effect for the number of tree species
(Fig. 3a). Therefore, it can be concluded that within the landscape the
occurrence of different tree species, S, is distributed throughout the
landscape. In the case of the Shannon index, H, and tree species Even-
ness, E, (Fig. 3b and c), the steep slopes at smaller scales and the satu-
ration effect indicate a high species admixture and balanced situation
throughout the entire landscape. The continuous increase of S in line
with the steep slopes of H and E, enable us to conclude that a significant
occurrence and balanced species admixture already appears at smaller
scales. In addition, our results demonstrate a tendency for higher species
abundance and more balanced composition in the case of the forest
enterprise unit when compared with the reference. The latter appears
with smaller raster grid widths and allows comparisons up to 50 ha
(Fig. 3a—c). Due to the wider raster grid size of the forest enterprise unit
with a lower density of inventory plots, tree species abundance may be
more underestimated than in the case of the reference (Gotelli and Chao,
2013). We argue that this fact led to the assumption of a rather con-
servative assessment. Again, we did not distinguish between native and
non-native tree species. However, this concept can be applied likewise
for the two groups and is of particular importance for landscapes with a
high density of natural reserve areas. In such cases, the abundance of
native tree species might be important to differentiate, e.g. studies show
that a high tree species diversity should not be equated with a quality
characteristic for naturalness (Fischer et al., 2003).
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The occurrence of micro and macro habitats can be linked to a tree’s
dimension, e.g. potential habitats for lichens and saproxylic beetles
(Uliczka and Angelstam, 1999; Nascimbene et al., 2009; Hilmo et al.,
2009). Trees with a very large diameter at breast height are often
considered as an important indicator for habitat potential (Van Den
Meersschaut and Vandekerkhove, 1998; Larrieu and Cabanettes, 2012).
For the forest enterprise unit, the occurrence of trees exceeding 65 cm
(dgs.+) indicate a high potential of tree-related habitats at small scales. In
addition, the increase of large tree diameters (dpmax) from small towards
larger scales enables us to conclude that such trees are distributed
throughout the entire landscape. Consequently, this provides important
information for the forest manager to assess and compare this specific
status with the overarching requirements or guidelines to foster large
trees within a landscape.

In the case of resource availability, expressed by stand density index,
the early saturation effect indicates a homogenous situation within the
forest enterprise unit. When considering the results of tree species di-
versity, resource availability is widely influenced by tree species with
lower maximum densities, such as pine, sycamore or ash. Thus, when
compared with the reference, the total resource availability may be
smaller but more diverse and can therefore be considered to have more
positive effects.

For the forest enterprise unit, the variation of tree species age and
tree height indicates a wide range of different age classes and physio-
logical stages. Due to this variation, we assume that there is a consid-
erable high niche supply with positive effects on community
composition (Gossner et al., 2014). In both cases, the steep slopes and
early saturation effect indicate that a high variation at smaller scales
throughout the landscape exists. In turn, it represents a high variability
of potential habitats across the entire landscape. In addition, the number
of trees with an age of 120 years or above (age;20+) and 150 years or
above (ageis0.) indicates a considerable proportion of potential habitat
trees at small scales. This important feature can be used to monitor at the
most relevant management scale, the success or failure to increase the
number of old trees.

The high variation of height class frequency enables us to conclude
that the high values of stand density, variation in tree height and tree
age are significantly distributed across the vertical stand layer. There-
fore, we can expect that the observed positive effects also occur in
different height classes within a forest stand.

4.3. Application for detection of temporal changes at the enterprise level

The temporal change indicates the failure or success of management
strategies with respect to the selected indices. In the case of the Bavarian
State Forest Enterprise, the shift of the index values over time may
reflect the ongoing strategical goal to pursue the concept of close-to-
nature forestry. Therefore, monitoring the temporal change is crucial
to demonstrating the progress towards achieving the management and
strategic objectives. While the operational success is more important for
the forest enterprise units, strategic success is more relevant for the
overall state forest. However, the latter is only possible by controlling
the former. Here, any significant boost of a specific index in the most
recent survey is equivalent to an increase of its contribution to the
biodiversity level. Of particular importance are the smallest scales
because they usually represent the management units and can be most
actively affected. Larger scales, however, are more important for the
longer perspective. For example, the demonstrated increase of tree
species diversity (Supplement Fig. 1la—c) may indicate an active pro-
motion of tree species diversity at stand level. The significantly higher
number of tree species in line with the higher Shannon index and species
Evenness at smaller scales reveal a more balanced situation for the most
recent inventory. In contrast, the lower SDI values do not necessarily
imply a negative effect on diversity. Introducing tree species with lower
maximum stand density may lower the SDI (Supplement Fig. 3b).
Consequently, an early saturation effect, as found for the forest
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enterprise unit, may indicate diverse resource availability throughout
the entire landscape. The higher maximum diameter values are a natural
phenomenon as trees increase their dimension over time. However,
under a management perspective, harvesting often aims at a specific
target diameter. Therefore, the increase over time, when considering the
absolute dimension, implies a strategy of retaining trees with larger
diameters within the entire forest enterprise unit.

To aggregate the findings, we illustrate the relative change over time
for the smallest spatial scale for a set of indices (Fig. 7) as IndeXyecent/
IndeXprevious (With previous = previous survey and recent = recent sur-
vey). The smallest considered spatial scale is most important for oper-
ational management activities, therefore summarising this scale will
support the planning process. However, larger spatial scales can be
aggregated in the same way.

5. Conclusions

Data from regular forest inventories provide large and continuous
information, which allow indices linked to biodiversity aspects to be
derived. It further enables multiple spatial and temporal scales to be
considered. In addition to National Forest Inventories, which are usually
grid-based and available for many European countries, regional or local
grid-based inventories may also be available. The demonstrated
approach is not restricted to a specific raster grid size (grid size may vary
between and within countries) and is also applicable for other forest
inventory methods where spatial explicit information of the sampling
units, e.g. forest stands, are available. The indices used in this study
describe an example of common indices, as they refer to the most basic
information in forest inventories. Therefore, a transfer to other regions,
landscapes or countries with a different grid design or inventory method
is possible and may provide a basis for harmonisation. Furthermore, in
forest inventories the update of recorded attributes is a continuous
process. In the last decades, specific indices which can be directly or
indirectly linked to aspects of biodiversity, e.g. dead wood or dead wood

125%

Fig. 7. Schematic overview of aggregating the results of temporal change as
IndeXecent/INd€Xpreviouss €-8- Srecent/Sprevious- 1lustrated is the relative change
for the number of tree species S, Shannon index H, species Evenness E, coeffi-
cient of variation of tree height V}, and age Vg, maximum diameter dyax and
stand density SDI. Solid black lines indicate the 100% line which means no
change between the two surveys. The grey graduated colours represent values
of change from 0 to 125 % across the zones 0-25%, 25-50%, 50-75%, 75-100%
and 100-125%, respectively.
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composition, are part of the forest inventories. Besides, specific guide-
lines for recording trees with important features (habitat trees) or micro-
habitats will extend the potential set of indices to be used. Therefore,
their implementation will further boost the strength of the method.

The reference system may be defined under multiple perspectives.
We used a general reference, which allows multiple administrative re-
gions, different in their growing conditions, to be compared with an
expected average. However, when using natural reserves as a reference,
a benchmark for specific management strategies, e.g. close-to-nature
forestry can be provided.

The importance of characterising biodiversity aspects and imple-
menting them in forest planning processes will become increasingly
important. Thus, methods which enable the status and change of indices
across multiple spatial and temporal scales are of special interest to be
tracked. The continuous research of linking specific biodiversity aspects
to more basic indices or specific threshold values, will increase the
contribution to face upcoming challenges of monitoring the gain or loss
of biodiversity within managed forest ecosystems.
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