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Abstract Forests in Central Europe have been used since
centuries and were systematically changed by silvicultural
practices since the late 1700s. Focusing on possible bio-
diversity losses, forest stand management primarily
impacts on the biodiversity attributes ‘composition, struc-
ture and functioning’ that are interlinked and incorporate
different organizational and spatial ecosystem levels. For-
est stand management can manipulate tree species diver-
sity, which in turn affects stand structure and finally leads
to changes in forest functions and services. We used meta-
analyses to review 49 papers with 197 comparisons on
compositional and structural diversity between unmanaged
and managed forests as well as 53 comparisons of biomass
productivity between mixed and monoculture forests
throughout the temperate biome of Europe. Besides man-
agement impacts, for species and structural comparisons,
we took time since abandonment of forest stand manage-
ment into consideration when dealing with unmanaged
forests. For species richness and diversity, we could not
detect significant management effects; no significant
influences of time since abandonment of management
could be identified either. Structural attributes partly
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revealed considerable responses to forest stand manage-
ment. Importantly, deadwood quantity, the number of
microhabitats, and tree size diversity were reduced by
forest stand management, while no effect was found for
stand basal area and the number of living trees. Some of
these effects become more pronounced with increasing
time since abandonment. Forest productivity was signifi-
cantly enhanced by regular moderate thinning compared
with untreated stands and by tree species mixing compared
with monospecific stands. Based on these results, we dis-
cuss the role of direct and indirect silvicultural effects,
interactions between biodiversity components, the problem
of defining the unmanaged reference state, and perspectives
for forest stand management in practice.

Keywords Forest management - Biodiversity -
Composition - Structure - Function - Productivity - Meta-
analysis

Introduction

Forests cover of about 31% of the total worldwide land
area (FAO 2010). On that account forest ecosystems are a
key landscape element for maintaining and conserving
biodiversity; a fact that has been rightly underpinned by
international and national policies (Convention on Bio-
logical Diversity 2010; Forest Europe 2011). Traditionally,
many policies on sustaining forest biodiversity have a
distinct focus on protected areas. Often, the proportion of
protected areas is taken as a key indicator for the success of
conservation strategies (Elbakidze et al. 2013). However,
creating reserves alone seems not to be sufficient for sus-
taining biodiversity (Margules and Pressey 2000; Linden-
mayer and Franklin 2002). Their efficiency in doing so
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depends on a variety of factors like size, representative-
ness, and spatial connectivity (Margules and Pressey 2000;
Parviainen et al. 2000; Elbakidze et al. 2013) which cannot
be assumed to be given in an optimal configuration.
Another, possibly more important reason for the limited
contribution of forest reserves to biodiversity preservation
is the fact that most of the forest areas (87.5% worldwide
according to FAO 2010) are out of protected areas, and
there is no sign that this situation will significantly change
in future.

Given the so far limited success of policies intended to
preserve biodiversity (Butchart et al. 2010), it seems evi-
dent that future strategies must absolutely include managed
forests (Lindenmayer and Franklin 2002; Parviainen et al.
2000; Wilson et al. 2007). However, knowledge about the
effect of management in general on important biodiversity
features is often fragmented, major aspects are not yet fully
understood, and simplistic concepts do not meet what is
required. For instance, a recent synopsis of Europe-wide
simulation studies conducted by Biber et al. (2015) shows
that higher biodiversity on forest landscape level is not
inevitably coupled with less intensive management. Also,
natural forests in the temperate zone of Europe would be on
large areas dominated by European beech (Fagus sylvatica
L.) leading to homogenous forest characteristics with
comparably low diversity (Hobi et al. 2015).

Biodiversity is considered to simply equate to the ‘di-
versity of life forms’ (Hunter 1999, p. 3) which highlights
its importance but also its complexity. This all-encom-
passing wording signifies that ecosystem biodiversity
cannot be quantified by a single number. Thus, Noss (1990)
suggests to break down biodiversity into the three primary
components ‘composition’, ‘structure’, and ‘function’,
which are interlinked and incorporate different organiza-
tional and spatial ecosystem levels (Fig. 1). As these major
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Fig. 1 Relevant components of biodiversity in the context of stand
management according to Noss (1990)
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components determine a given area’s total biodiversity, the
concept is appropriate for selecting sets of feasible indi-
cator variables. Since its introduction this concept proved
its value in many studies and reviews (Hannah et al. 2002;
Hooper et al. 2005; Lindenmayer and Noss 2006) and eco-
political resolutions (Duelli and Obrist 2003; Larsson
2001). As it is underpinned by indicators of stand com-
position, structure, and functioning inferable from mostly
available forest monitoring and inventory data, it is highly
appropriate for being applied in the practice of forest
ecosystem management.

This study focuses on the forest stand level (as opposed
to the landscape scale), as it is the main operational scale of
silviculture. In a given stand, the biodiversity aspect
‘composition’ is primarily linked to species richness and
the floristic and faunistic diversity, while ‘structure’ links
to attributes like the presence or absence of microhabitats
or deadwood, and tree size diversity. The term ‘function’
relates to the number of functionally disparate species, e.g.
tree species with different levels of shade tolerance and
adaption strategies. At the same time, related indicator
variables are, in particular, affected by forest stand man-
agement practices (Assmann 1970; Pretzsch 2009) and
serve as a starting point for biodiversity preservation in
managed forest stands.

The most prominent and visible management action in a
given stand is the removal of trees (Schall and Ammer
2013), which immediately changes stand density, structure,
and potentially the tree species composition. Besides, the
direct choice of tree species when establishing new stands
or regenerating mature ones is a highly important silvi-
cultural decision, recently even more so for temperate
European forests when it is related to the question of mixed
versus monospecific stands (Pretzsch et al. 2015a, b).
Despite a multitude of additional possible stand manage-
ment operations which mostly come along in a greater or
smaller extent with any forest stand management (for
instance pruning, fertilization, underplanting, skidding trail
establishment, pesticide application), we focused this study
on these two major silvicultural aspects, tree removal and
mixed stand versus monospecific stand establishment.

In the case of tree removal, higher or lower biodiversity,
especially in terms of Noss’ categories structure and
composition, is an outcome of stand management, offering
itself to comparisons of managed versus unmanaged
stands. The decision to establish mixed stands instead of
monospecific ones can be made on very different levels of
management intensity. In any case, however, it means an a
priori decision for a higher functional (but obviously also
compositional and structural) diversity among the trees as
the structure-coining organisms in a forest stand. In this
context the relevant question for silviculturalists is whether
such an a priori chosen level of higher diversity advances
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or contradicts the fulfilment of other goals, mainly
productivity.

Forest stand management in general manipulates struc-
tural stand properties like age and size distribution, stand
density, tree species composition, stand edges, or vertical
layering (cf. Pretzsch 2009). Species variety and abun-
dance in turn are known to interact with the complex
structure of forests (McElhinny et al. 2005), which may be
more or less affected by silvicultural management mea-
sures. This keystone mechanism of preserving biodiversity
has been taken up by research asking for sustainable for-
estry emphasizing biodiversity and nature-oriented forest
stand management (Piittmann et al. 2009). Recent studies
have approached the dilemma of complexity by focusing
on special features of biodiversity like species diversity
(Paillet et al. 2010) or even subfeatures such as beetle
abundance (Toigo et al. 2013) and their alteration with
thinning activities. On the other hand, the above-mentioned
studies as well as studies with a broader focus (e.g. Ver-
schuyl et al. 2011) often entail a generalization of forest
biomes or do not differentiate between commercial and
natural forests (Burrascano et al. 2013) or between the
levels of single stands and forest landscapes. All in all,
knowledge about management effects on biodiversity is
fragmented due to its complexity and scale dependence.

Focussed on the temperate zone of Europe, this study
attempts to consolidate fragmented knowledge about the
impact of important stand management measures on forest
biodiversity aspects by reviewing existing literature
reporting empirical results. We deliberately restrict our-
selves to the stand level, which is the main spatial unit of
silvicultural operations and follow Noss (1990) in con-
centrating on the biodiversity components composition,
structure, and function. In particular, our research questions
are whether managed and unmanaged stands differ in the
biodiversity aspects (1) species diversity, and (2) structural
diversity. We investigate in addition whether (3) mixed and
monospecific stands, representing two distinct stand man-
agement decisions for higher and lower functional diver-
sity, are different in terms of stand productivity.

Besides, we discuss how the three biodiversity compo-
nents might be interlinked and consequences for forest
stand management and biodiversity monitoring in the
temperate zone of Europe.

Methodology
Selection of relevant literature and data extraction
We reviewed the literature for case studies focusing on the

topics of stand structure and species composition that
compared biodiversity responses in unmanaged and

managed forest stands. Relevant literature was identified by
searching the online databases ISI web of Science and
Google Scholar using different combinations of keywords
that were: forest stand management, thinning, biodiversity,
species richness, species diversity, abundance, structure,
structural diversity, managed, unmanaged, natural, virgin,
pristine, and forest. In addition, we examined the reference
lists of articles found for further publications which were
not matched by the database searches.

The initial search was then further refined by biome as
we restricted our analyses to temperate forest biomes of
Europe. According to McGinley et al. (2011), temperate
forests can be classified into five subgroups ranging from
Mediterranean forests and dry conifer forests to broad-
leaved rainforests. In contrast to other biomes, it is char-
acterized by well-defined seasons with a distinct winter, a
growing season of 140-200 days during 4-6 frost-free
months, air temperatures between —30 to 30 °C and pre-
cipitation amounts of 750-1500 mm per year which are
comparably evenly distributed throughout the year
(McGinley et al. 2011). Our restriction to temperate forests
of Central and Western Europe—while keeping in mind
that temperate forests also occur in eastern North America
and Northeastern Asia—is due to the fact that European
forests have an extraordinary long management history and
the argument that management effects on biodiversity
might depend on this history (Biber et al. 2015). For those
cases where no explicit reference to a biome was given, we
used the aforementioned definition by McGinley et al.
(2011).

In total, we found 49 articles that reported 197 pairwise
comparisons of response variables with mean, standard
deviation and sample sizes for the reference group of
unmanaged forests and the treatment group of forest stand
management (Tables 1, 2). If reported, we also registered
the time since management had been abandoned in the
unmanaged forests in order to test its influence as a mod-
erator variable. In some cases the relevant values had to be
extracted from graphs and the standard deviation had to be
back-calculated, for instance, from standard error and
sample size, respectively. Furthermore, for studies report-
ing results relevant for the biodiversity categories ‘struc-
ture’ and ‘composition’, it was necessary to assign the
collected results to subcategories, as response variables
differed in their ecological meaning.

The list of subcategories for ‘structure’ comprises
response variables expressing (1) stand basal area, (2)
number of living trees, (3) mean tree size, maximum tree
size related variables (mostly number of large trees), (4)
tree size diversity (5) number of microhabitats, and (6) the
amount of dead wood. The response variables reported for
compositional diversity aspects range from comparably
simple measures like the total number of species or mean
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species density to more complex indicators like the Shan-
non index (Shannon and Weaver 1949) or Simpson index
(Simpson 1949). Terminology was not always used con-
sistently by authors (cf. critique of quantifying species
richness by Gotelli and Colwell 2001, similarly Spellerberg
and Fedor 2003), excluding a considerable number of
potentially interesting studies from our meta-analysis. We
concentrated on response variables belonging to the sub-
categories (1) species richness and (2) species diversity,
which were the most frequently reported in the literature.
Species richness in our context simply means the numbers
of species sampled in a given forest stand, while indicators
relating species diversity also take into account species
abundancy and the Shannon index. For both, species
richness and diversity, we did not differentiate by taxo-
nomic groups in the meta-analysis due to the limited
number of eligible studies.

When assembling study results for the meta-analysis, we
had to take care for not to introduce a lack of statistical
independence (Viechtbauer 2010). Since several papers
reported more than one equivalent response variable per
subcategory, for instance Sitzia et al. (2012) analysed
height and diameter diversity of the same experiment, we
only used the one with the highest sample size. If one study
reported different levels of a response variable (e.g. species
richness of bryophytes together with species richness of all
plants, or amount of snag deadwood together with total
deadwood amount), we always took the most aggregating
level into account (in the example: species richness of all
plants and total deadwood amount). If one study reported
analogous results from very different objects (e.g. stands,
forest areas) which were obviously independent in a sta-
tistical sense, we treated each of them like a separate study
in the meta-analysis. In doubt, however, we calculated in
such a case the sample-size-weighted mean of the response
variable across all objects together with its standard devi-
ation. We dealt this way, for example, with the results
shown by Miiller et al. (2007) who present comparisons
between different but similar thinning experiments and
unmanaged stands.

The biodiversity component “function” was addressed
by stand productivity regulated mainly by thinning and
species composition and mixing regulation. The potential
of continuous moderate thinning to increase stand pro-
ductivity by up to 20% is well corroborated by numerous
studies since the beginning of systematic forest science
(e.g. Assmann 1970; Pretzsch 2005b; Pretzsch et al. 2017;
Schwappach 1893; Wiedemann 1951). Establishment and
management of mixed species stands—as an a priori
decision for higher functional diversity (see “Introduction”
section)—is a second, but less well analysed silvicultural
measure for promoting stand productivity and functioning.
Without human influence, many Central European forest

stands would at least temporarily consist of more than one
tree species. So, tree species mixture is of special interest in
the context of this study, as it can be seen as a management
option and a diversity aspect at the same time. Data were
taken from Pretzsch et al. (2013a, b) and Pretzsch et al.
(2010) (Table 3) who present extensive results from long-
term growth and yield plots where mixed stand growth (in
terms of merchantable wood production, m® ha~' a™") is
related to the growth of pure stands. In total, the above-
mentioned studies report 53 such comparisons covering the
species combinations Norway spruce (Picea abies (L.)
Karst.)—European beech (F. sylvatica L.), European Oak
(Quercus sp. = Q. robur L. and Q. petraea (MATT.)
LiesL.)—European beech, and Norway spruce—Silver fir
(Abies alba MiLL.)—European beech. As each such com-
parison was completely independent from all others in a
statistical sense, we treated each like a separate study in the
meta-analysis.

As response variable we compared the mer-
chantable wood volume increment (rn3 ha™! afl) of mixed
and pure stands. The former is given as the observed pro-
ductivity of the mixed stand p;, (consisting of species 1
and 2). The latter is given by the productivity expected for
the mixed stand, p, ,, under the assumption that mixture
has no influence on productivity, i.e. that mixed and pure
stands are not different in terms of productivity (cf. Pret-
zsch et al. 2013a, p. 268). In detail, this expected produc-
tivity p, , was derived from the productivity of both species
in the neighbouring pure stands, p; and p,, and their mixing
portions m; and m,; in the mixed stand
(P12 = m1 X p1 + my X pp). In each comparison mixed and
pure stands are comparable in terms of site conditions and
stand age in order to minimize such confounding
influences.

Definition of stand management practices

Not all of the studies we considered in our meta-analyses
did give a clear definition of what practices they considered
to be management. However, harvest operations, or more
specifically thinnings, were mentioned most often as typi-
cal management manifestations. Thinning, in contrast to
final felling, is the selective removal of trees from a pre-
mature forest stand without the purpose of demounting the
stand and thereby creating space for the next forest gen-
eration. In general, the purpose of thinnings can be to steer
the remaining stand’s development, and/or to gain eco-
nomic profit extracting commercial wood from premature
stands. It is widely accepted to define a thinning by the
three parameters kind of thinning, severity, and intensity
(Assmann 1970; Abetz and Mitscherlich 1969). The kind
of thinning comprises the concept which is behind
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selecting the removal trees like thinning from below,
thinning from above, or selective thinning. Thinning
severity addresses the amount of wood volume which is
removed during one thinning activity. Finally, the thinning
intensity characterizes the time interval between two
thinning activities, e.g. short (like, e.g. 3 years) or rather
long (e.g. 15-20 years).

The thinning or harvest types reported in the studies
covering structural diversity and species composition
comprised methods like selective thinning, thinning from
below, shelterwood concepts, group selection logging, or
selection forest systems. However, the amount of usable
study results was too small to test the influence of such
different silvicultural practices. In addition, the available
treatment definitions often did not allow unambiguous
distinctions. Thus, we had to stick to the coarse distinction
between managed and unmanaged forest and, however,
partly with the possibility to take into account how long
ago management had been abandoned.

Our data concerning the biodiversity component
“function”—represented by aboveground biomass pro-
ductivity—do not contain any differentiation between
managed and unmanaged forest stands. Here, we compare
and interpret the cultivation of mixed species stands as
opposed to monospecific stands as two different silvicul-
tural options which require different ways of stand estab-
lishment as well as different thinning concepts, e.g. for
reducing interspecific competition in mixed stands.

Statistical analyses

If several studies i = 1, ..., k are to be combined in a
meta-analysis, the effect y; observed in the ith study can be
seen as the sum of the unknown true effect 0; and the
sampling error e; which is assumed to be normally dis-
tributed with a mean of zero and the sampling variance v;
(e; ~ N(O, v,), cf. Viechtbauer 2010):

yi=0;+e; (1)

The goal of the meta-analysis is to estimate the average
true effect. As the studies probably differ in terms of
methods, sample characteristics, etc., heterogeneity among
the true effects has to be taken into account

0; = p+u (2)

The average true effect in Eq. 2 is u, and u; is a study-
specific random effect taking into account the above-
mentioned heterogeneity (u; ~ N(O, 12)).

Equation 2 was the basic model we applied in order to
test for a significant management effect (managed vs.
unmanaged) on species diversity and selected aspects of
structural diversity. We also used it for testing the effect
of species mixture (mixed vs. pure) on productivity. If,

when testing the effect of managed versus unmanaged, the
time since management abandonment, TSA, was reported
in a part of the studies, we conducted a second analysis
based on those studies including TSA as a moderator
variable:

0; = Py+ b, - TSA; + u; (3)

A significant deviation of f; from 0 indicates a significant
influence of TSA on the average true effect. As Viecht-
bauer (2010) states, u; represents the residual heterogeneity
among the true effects, in this case.

As the effect size for all analyses in this study, we used
the log-transformed ratio of means (Hedges et al. 1999).
Assume, study i reports a mean outcome m, for the refer-
ence category (unmanaged or pure stands) and a mean
outcome m, for the treatment category (managed or mixed
stands), then the study’s effect y; (cf. Eq. 1) results as:

w=m(%) @

Thus, our meta-analyses test for significant relative devi-
ations of (1) diversity measures of managed related to
unmanaged forests, and (2) productivity of mixed related to
pure stands. We conducted the analysis with the free
software package R (R Core Team 2015), namely the
package metafor (Viechtbauer 2010).

Results

Response of species richness and species diversity
to forest stand management

As indicated by the pairwise comparisons of the entire data
set (Fig. 2), the single study outcomes were very hetero-
geneous; species richness (without any differentiation by
taxonomic groups, n = 29 comparisons) and diversity
(n = 15 comparisons) were decreased, balanced, or
increased in managed compared with unmanaged stands. In
total, for the delogarithmized effect size R (R = ¢’, with y
being the effect size of Eq. 4), a range of R = 0.43-1.86
(richness) and 0.13-3.39 (diversity), respectively, was
given. On average, the overall estimate for R was 0.96 for
species richness and 1.0 for species diversity with no sig-
nificant deviation from 1.0 (p > 0.05, see Fig. 2). Thus, we
could not detect any clear relationship of compositional
diversity with forest stand management.

Based on the studies which reported time since aban-
donment of management (species richness: n = 28; spe-
cies diversity: n = 14), the global effect of time since
abandonment of management was significant neither for
species richness nor for species diversity (p > 0.05,
Table 4).
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Species Richness

Author(s) and Year Ratio Managed / Unmanaged [95% CI]

Paillet et al. 2010
Burrascano et al 2008
Sitzia et al. 2012
Czeszczewik et al. 2014
Friedel et al. 2006

Boch et al 2013
Oheimb et al. 2004
Laiolo et al. 2004
Puratong et al. 2014
Czeszczewik et al. 2014
Friedel et al. 2006

Boch et al 2013

Boch et al 2013
Oheimb et al. 2004
Winter et al. 2005
Puratong et al. 2014
Czeszczewik et al. 2014
Sabatini et al. 2010
Durak 2012

Durak 2012

Chumak et al. 2015
Sitzia et al. 2012

Boch et al 2013
Erdmann et al. 2006
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Durak 2012

Durak 2012

Blaser etal. 2013

Durak 2012 -

Durak 2012 Lo 2.36
RE Model . .96[0.88,1.05]

0.14 037 1.00 272

Ratio Managed / Unmanaged

Fig. 2 Meta-analysis outcomes for species richness (/eff) and species
diversity (right). Ratio managed/unmanaged is the delogarithmized
effect size of Eq. 4. The bottom line shows the estimated overall
effect size and its 95% confidence interval (CI) as a rhomb. If this

Table 4 Meta-analysis outcomes for species richness and species
diversity including time since abandonment of management (TSA)
according to Eq. 3

Category N Intercept iy (=SE) Slope f; (£SE)
Species richness 28 —0.062 + 0.078 0.000 £ 0.001™*
Species diversity 14 —0.197 £ 0.204 0.004 + 0.003™*

The slope f; is, in both cases nonsignificantly different from zero

(n.s.)

Response of structural features to forest stand
management

While the single studies differ considerably in their out-
comes (Fig. 3), five out of seven investigated stand struc-
ture features respond significantly to management
(Table 5). We obtained the strongest effect for deadwood
with the estimated delogarithmized effect size R (=ratio
managed/unmanaged) amounting to  0.19  only
(p < 0.0001). Strong effects were also found for the
number of microhabitats (R = 0.51, p < 0.0001) and
maximum tree size indicators (R = 0.54, p < 0.003). For
size diversity, the estimate of R is 0.77 (p < 0.0001) and
0.79 for mean tree size (p = 0.03). Stand basal area and
number of living trees per unit area do not show any
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Species Diversity

Author(s) and Year Ratio Managed / Unmanaged [95% CI]

Paillet et al. 2010

0.13[0.04,0.38]

Winter et al. 2005 l 0.68[0.62,0.76 ]
Puratong et al. 2014 l 0.83[0.72,0.94]
Laiolo et al. 2004 L 0.84[0.74,0.97 ]
Czeszczewik et al. 2014 l 0.90[0.84,0.96]
Czeszczewik et al. 2014 l 0.91[0.87,0.96]
Puratong et al. 2014 l 0.96[0.85,1.08]
Erdmann et al. 2006 »l- 1.00[0.76, 1.32]
Czeszczewik et al. 2014 l 1.00[0.94 ,1.06]
Durak 2012 [ | 1.03[0.98, 1.08]
Durak 2012 u 1.05[1.00, 1.10]
Durak 2012 r-~ 1.23[0.85,1.80]
Durak 2012 'l- 1.36[0.99, 1.86]
Durak 2012 w 1.51[1.14,2.00]
Durak 2012 i ~=—339[184,624]
RE Model 0 1.00[0.86, 1.15]
N I T B I
0.02 0.14 1.00 7.39

Ratio Managed / Unmanaged

shape does not touch the dashed 1.0-line, this indicates a significant
(p < 0.05) management effect. The lines above show the single
comparison-wise results together with their CI

significant effect. In other words, especially structural
features which are often considered to be positively linked
to biodiversity, like tree size, its diversity, the number of
microhabitats, and deadwood amount are considerably
lower in managed forests. This is not the case for tradi-
tional measures of stand density as basal area and number
of living trees.

Not all of the studies taken into account reported time
since abandonment of management (TSA). Thus, only a
subset of the available studies on structural features could
be used in this context. The meta-analyses according to
Eq. 3 yielded significant results (p < 0.01) for the global
TSA effect in the case of mean tree size and maximum size
(Table 6). Time since abandonment of management
activities had a negative effect on both covariates. Thus,
the more time elapsed after management had been aban-
doned in unmanaged stands, the smaller they are in man-
aged forests relative to unmanaged ones.

Tree species mixing and productivity

The following meta-analytical review of the primary effect
of mixing on productivity is based on an analysis of long-
term experimental plots along ecological gradients in
Central Europe (Pretzsch et al. 2010, 2013a, b). As
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Stand Basal Area

Author(s) and Year Ratio Managed / Unmanaged [95% Cl]

Author(s) and Year

Tree Size Diversity

Deadwood

Author(s) and Year Ratio Managed / Unmanaged [95% Cl]

Ratio Managed / Unmanaged [95% Cl]

Oheimb et al. 2004 - : 0.03[0.02,005]
Oheimd etal. 2004 029[016.053] Oheimb et al. 2004 —-— : 0.05[0.03,0.09]
i : X
Motta et al. 2015 0.69[067,071] Czeszczewik et al. 2015 - : 0.05[0.04,008]
Vuidot et al. 2011 0.71[050,1.02] Bilek etal. 2011 042(032,056] Bilek et al. 2011 —— 0.05[0.03,0.10]
Vuidot et al. 2011 073[0.58,0.92] pach & Podiaski 2015 - 056(051.062] Winter and Méller 2008 HH : 0.06[0.04,0.09]
P—— 075[055.102] Oheimb et al. 2004 - : 0.06(0.04,0.10]
Merino et al. 2007 0.781065,094] Mota et al. 2015 - 0.661063,069] 3‘":"(‘”(“’?‘;;‘? 2005 - : g % { g g: ; g g :
uidot et al - :
Visnic etal. 2012 084[076,093] Oheimb et al. 2004 —_— 070[042,1.18] Oheimb et al. 2004 —_— 0.13{007,025]
Oheimb et al. 2004 0.85[0.79,091] Bitler and Lachat 2009 - 0.14[0.11,0.18]
Pailet et al. 2015 085[0.79,082] Oheimb et al. 2004 — 072[055,095] Debeljak 2006 .— 015(0.10,025]
Vuidot etal. 2011 087[0.72,1.06] Oheimb et al. 2004 -— 0.16[0.10,025]
8 tal. 2008 — 0.78(068,0.88 :
Tolgo etal. 2013 090[0.76.,1.06] urrascano et al [ 1 Maller et al. 2007 —— : 0.18[0.09,034]
Oneimb ot o 2004 0911081 103 Christensen et al. 2005 .— 019(0.11,031]
eimb et al 1081,1.03] Oheimb et al. 2004 - 0.81[0.70,0982] Pailet et al. 2015 -— 023(0.15,0.37]
Larrieu et al. 2014 0.92[077,1.10] Paillet and Satre 2010 —— 0.24[0.12,045]
Paillet and Satre 2010 095[0.75,1.19] Oheimd et al. 2004 - 084[089,1.03] Vuidot etal. 2011 —_— 0.24[0.06,099]
Vuidot et al. 2011 0.95[0.75,1.20] Laiolo et al. 2004 086[073,102] Czeszczewik et al. 2015 HH E 0.24[0.17,0.32]
Bilek et al. 2011 0.97[0.78,1.19] Burrascano et al. 2008 —_— ; 0.27[0.16,045]
Friedel et al. 2006 1.00[0.87,1.15] Laiolo et al. 2004 —-— 089[075,105] Lareu etal. 2012 - 034[029.040]
) Caeszczewik et al. 2015 - 0.35[0.30,041]
Sizia etal. 2012 1081088, 1331 Merino et al. 2007 i 0:89[0.76. 1.04] Vuidot et al. 2011 —— 0.43[0.18,1.02]
Vuidot et al. 2011 1.09[0.85,1.40] H Blaser et al. 2013 HH 0.55[0.39,0.79)
Pach & Podlaski 2015 122[1.07,140] Oheimb et al. 2004 . 100{0.89,1.12] Toigo etal. 2013 . 061[0.38,096]
Commarmot et al. 2005 125[1.16,1.36] m Sitzla et al. 2012 - 064[049.084)
Sitzia et al. 2012 105[0.96,1.15 ;
Burrascano et al. 2008 128(1.10.149] itzia et al [ 1 Christensen et al. 2005 HH 0.75[0.51,1.09]
Oheimb et al. 2004 1310110156 Vuidot et al. 2011 —-— 1.29[0.64,262)
eimb et al. [1.10,156] Vuidot et al. 2011 ——— 150[053,4.24]
RE Model 092[0.84,1.01] RE Model -> 077068.088] RE Model - 020[0.14,029]
T
014 037 1.00 022 037 100 165 002 014 100 739

Ratio Managed / Unmanaged

Fig. 3 Meta-analysis outcomes for selected structural traits: stand
basal area, tree size diversity, and deadwood. Ratio managed/
unmanaged is the delogarithmized effect size of Eq. 4. The bottom
line shows the estimated overall effect size and its 95% CI as a

Table 5 Meta-analysis outcomes for all investigated structural traits

Category N R 95% CI p value
Mean tree size 9 079 064 098 0.030
Stand basal area 23 092 0.84 1.01 0.072
Number of living trees 13 1.16 091 1.48 0.224
Maximum size 7 054 037 081 0.003
Number of microhabitats 7 051 036 072 <0.0001
Tree size diversity 13 077 068 0.88 <0.0001
Deadwood 28 020 0.14 029 <0.0001

N number of study results included, R estimated overall delogarith-
mized effect size (ratio managed/unmanaged), 95% CI upper and
lower bound of R’s 95% CI

Significant R values are printed in bold

measure for mixing effects, we compare the productivity of
the mixed stand as a whole with the performance of pure
stands of the same area proportions (see “Methodology”
section and Pretzsch et al. 2017).

Figure 4 shows that all analysed species mixtures
revealed the same pattern, as on trial level positive, neutral,
or even negative mixing reactions were evident. Overall,
the relative gain of productivity in mixed stands ranged
between —29 and +153% depending on species combi-
nation with a clear tendency towards higher production in
mixed stands. Thus, estimated overall delogarithmized

Ratio Managed / Unmanaged

Ratio Managed / Unmanaged

rhomb. If this shape does not touch the dashed 1.0-line, this indicates
a significant (p < 0.05) management effect. The lines above show the
single comparison-wise results together with their CI

effect sizes R (=ratio mixed/pure) showed significant pos-
itive deviations (R > 1.0) for the comparison between
mixed and pure stands (p < 0.05). In detail, the mixture of
oak and beech exceeded the productivity of the respective
pure stands with R = 1.24, those of spruce and beech with
R = 1.19 and the three species mixture fir/spruce/beech
with R = 1.20.

Besides, the dataset also revealed with one exception
(silver fir in the mixture Norway spruce/silver fir/European
beech) that also at species level the mixture positively
deviates on average from the productivity of the same
species in the neighbouring pure stands. Our previous
analyses along ecological gradients revealed the tendency
that productivity gains by mixing are at maximum on poor
sites, medium on mediocre sites, and lowest on fertile sites
(Pretzsch et al. 2013a, b) which can explain part of the
variation shown in Fig. 4. Thus, behind the seemingly
contradictory findings about mixing effects on single
comparison level may be simply differences in the envi-
ronmental conditions.

The results so far were based on fully stocked pure and
mixed stands and may be modified when thinning and
small-scale disturbances are taken into consideration
(Assmann 1970). To our knowledge, the data compiled
from Fig. 4 are the most comprehensive in terms of pri-
mary or direct mixing effects.
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Table 6 Meta-analysis

. . Categor N Intercept o (=SE) Slope f; (£SE)
outcomes for all investigated o1y pLp pe f
structural traits including time Mean tree size 8 —0.040 + 0.116 —0.002 + 0.001%*
since abandonment of Stand basal 21 0.104 £ 0.085 0.001 £ 0.001™
. tand basal area —0. . X R
management (TSA) according
to Eq. 3 Number of living trees 13 —0.214 £ 0.317 0.006 £ 0.005™*
Maximum size 5 0.501 £ 0.407 —0.018 + 0.006**
Number of microhabitats 7 —0.508 + 0.380 —0.004 + 0.007™*
Tree size diversity 11 —0.192 £ 0.197 0.000 £ 0.003™*
Deadwood 24 —1.083 £ 0.391 —0.011 & 0.007™*
Significant values of the slope f3; are printed in bold, significance level ** means p < 0.01
Oak-Beech Spruce-Beech Spruce-Fir-Beech
Trial Ratio Mixed / Pure [95% ClI] Trial Ratio Mixed / Pure [95% CI] o
Trial Ratio Mixed / Pure [95% CI]
Concise —.— 073[060,088] Ehingen 51 '—-—-' 087[0.72,1.05]
Waldbrunn 106 . 084[081,087] Wiedemann 1942 il 095[0.85.1.06] Kreuth 120 - 071[0.64,079]
Gryfino 35 - 086(079,094] Miterteich 101 - 098[0.94,1.02] s ; 075[051,1.11]
. Westerhof 131637 E 0.99[0.91,1.07] :
Dhronecken - 0.85(081.1.12] : Kreuth 125 .— 0.85(0.74,0.98)
Gryfino 33 - 0.96(0.86,1.07] Westerhof 131631 —— 0.99[081,121] :
Corach 132 : 0571075, 125] Wieda 114 - 1.05[1.00,1.10] Ruhpolding 113 - 099[0.95, 1.03]
Waldbrunn 105 v 1.00{0.90,1.11] Zwiesel 111 - 1.07[0.89.1.16) Kreuth 123 —— 1010077.1:32]
. Uslar 57 [ - 1.11[0.84,131] :
Main-Tauber 86 [ ] 1.04[099,1.09] : Ruhpolding 116 —_— 121[071,2.05]
. Daun 1207 —— 1.13[0.93,1.37] .
Jossgrund 151 HH 112[1.02,123] H H
H Zwiesel 134 H-— 114[095,1.37] Kreuth 126 —— 1.22(0.98,151]
Bbrach 133 - 12310961581 Knobben 44 1/2 Em 114[1.05,124] :
Hochstift 619 . 124[1.07,1.43] : o Kreuth 124 . 1:34(130.1.38)
: Oderhaus 602 - 1.15[1.03,1.28] :
Schiuechtern 56 —— 127[095,169] H Freyung 129 L 148[1.34,163]
: Daun 1206 — 118[1.04.1.34] :
Hochstift 618 i 1300119, 142] Zwiesel 135 e 1191113, 1.25] Bodenmais 130 Y 1.48(1.37,1.60]
Balmis . 142[1.33, 1.2 Geislingen 76 [—— 125[1.00,1.56] Kreuth 122 [— 1.49(118,1.89]
Hochstift 617 - 148[1.35,163] Motbach 1501 130(099.172]
Eichbuehl 3 —_— 180[1.30.249] Freising 813 : 1591130, 195] Kreuth 824 :0—-—1 1.49([1.07,2.08]
Rothenbuch 801 H —— 224[1.88,267] Nordhalben 811 : —.— 170[ 149, 1.93] Traunstein 147 HH 1.58(1.45,1.72]
Kelheim 804 243[196.301] Murten 20 —— 2.00[168.2.38] Marquartstein 108 : - 169[1.50,1.91]
Rohrbrunn 314 : —_— 253[190,337] Schongau 814 —_— 202[150,271] :
RE Model - 1.24[1.06,1.45] RE Model 1.1901.08,1.31] RE Model 0 120[1.03,1.40]
: : ]
037 061 100 165 272 448 061 1.00 1.65 272 0.37 0.61 1.00 1.65 272
Ratio Mixed / Pure Ratio Mixed / Pure Ratio Mixed / Pure

Fig. 4 Meta-analysis outcomes for productivity of mixed versus pure
stands. Ratio mixed/pure is the delogarithmized effect size of Eq. 4.
The bottom line shows the estimated overall effect size and its 95% CI
as a rthomb. If this shape does not touch the dashed 1.0-line, this

Discussion

Biodiversity and ecosystem functioning in relation
to forest management

Species diversity (composition)

The compositional aspect of biodiversity according to Noss
(1990) reflects the occurrence and abundance of organisms
within the taxonomic level of interest. In general, species
richness and species diversity vary between ecosystems and
biomes. A major driving factor for this variation is repre-
sented by variation in environmental conditions, whereas,
in temperate climates, the diversity—productivity relation
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indicates a significant (p < 0.05) effect of species mixing on stand
productivity. The lines above show the single comparison-wise results
together with their CI

follows mainly a unimodal optimum curve (Zobel and
Pirtel 2008). Species diversity in Central European forest
ecosystems depends on the stability of biogeophysical
factors in a given region. Recurring disturbances like peri-
odical fires may cause fluctuations in the composition of
functional groups, thereby altering the status of diversity
(Moretti et al. 2006; Schnitzler and Borlea 1998). The same
forest ecosystems may reveal different levels of species
composition depending on the successional status after
disturbances (von Oheimb et al. 2007; Smith and Smith
2009). Forest stand management may interact with species
diversity in various respects. In Central Europe’s forests, a
broad variety of silvicultural concepts are found ranging
from age class plantation systems using alien tree species to
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close-to-nature forestry attempting to mimic natural forest
dynamics. Clearly, such different concepts lead to different
levels of impact of forest stand management on species
diversity triggered directly by changing tree species com-
position, successional status and structural characteristics.

In comparing managed and unmanaged forests, a
holistic view on species diversity including all faunal and
floral taxa is virtually impossible. Most studies dealing
with species diversity in managed and unmanaged forests
therefore focus on selected taxa of plants, fungi, bryo-
phytes, lichens, or animals, functional groups of species,
e.g. carnivorous, phytophagous omnivorous ground beetles
cf. Toigo et al. (2013), or habitats, e.g. soil, stems, tree
crowns.

Structural diversity

Structural diversity displays high relevance in the frame of
biodiversity. According to McElhinny et al. (2005) it
mainly provides two key functions: First, forest charac-
teristics deliver a basis for identification of habitat and key
structures. Second, high variability or abundance of struc-
tures generally equals high diversity of species and plants.
While past research has mainly focused on the former
point, more and more studies have established links
between structural attributes and taxonomic biodiversity
(Bréndle and Brandl 2001; Winter and Moller 2008; Miiller
et al. 2009, 2014).

Forest stand management primarily impacts on the fol-
lowing structural attributes: tree size and age distribution
and variation, stand density, microhabitats, and deadwood
availability. Tree age, stem diameter at breast height (dbh),
stem height, basal area or stand density are basic parame-
ters to describe stand structure in its entirety (Pretzsch
1997) and are commonly collected by recurrent forest
inventories. Beside their direct importance for stand man-
agement, these values are known to correlate in their
absolute magnitude with measures like species richness,
habitat abundance, or other biodiversity indicators (Vuidot
et al. 2011; Larrieu and Cabanettes 2012; Jacob et al.
2013). For instance, the number of species inhabiting a tree
or particular habitat qualities increase with dbh (Friedel
et al. 2006), and deadwood quantity is positively correlated
with wood-living fungal or saproxylic beetle species rich-
ness (Gao et al. 2015). But also their relative characteris-
tics, within the literature often reported as diameter and
height diversity (McElhinny et al. 2005; Motz et al. 2010),
are important indicator variables. According to the ‘habitat
heterogeneity hypothesis’ (cf. Tews et al. 2004), an
increased structural variability leads to an increase in
habitats and therefore to an increase in species richness and
diversity. A varying number of structures are equal to a
large number of niches and environmental resources. The

same applies for measures of tree microhabitats and
deadwood. Microhabitats are specific structures on trees,
such as cavities, bark pockets, broken branches or others,
and are highly interlinked with the abundance of many
taxonomic species (Michel and Winter 2009; Winter and
Moller 2008). In particular, the amount of deadwood is a
crucial component in forest ecosystems as a host for flora
and fauna richness and as it guarantees ecosystem func-
tions (Grove 2002; Larrieu et al. 2014). However, in con-
trast to diversity indicators, those can be used as surrogates
for specific habitats and hence distinct species or species
groups (Brindle and Brandl 2001; Ulyshen 2011; Gao et al.
2015).

Ecosystem functioning and biodiversity

Ecosystem functioning is an important but not yet ade-
quately considered feature strongly connected to biodi-
versity (e.g. Hooper et al. 2005). By ecosystem functioning
on stand level, e.g. the biomass production, nutrient
cycling, and natural stand regeneration is addressed. While
the stand composition and structure (at forest stand level
and during a stand’s life) are commonly used aspects for
monitoring, quantifying and indicating as well as ranking
of biodiversity, ecosystem functioning is an often neglected
aspect of biodiversity (cf. Noss 1990).

Functioning certainly has strong feedbacks with biodi-
versity: the amount of biomass produced per unit area and
time, for example, determinates the food supply and exis-
tence of the fauna, while the quality and quantity of cycling
nutrients affect the flora (Foster and Bhatti 2002). The
natural regeneration process contributes to ecosystem per-
sistence. Besides, contradictory views exist about the
diversity—productivity relation. According to Srivastava
and Lawton (1998) and Potter and Woodall (2014), there is
evidence that more productive sites positively alter species
richness, whereas Zobel and Pirtel (2008), as mentioned
above, argue that in temperate climates the diversity-pro-
ductivity-relation follows mainly a unimodal optimum
curve (Zobel and Pirtel 2008).

Biomass and volume productivity is a core indicator of
ecosystem functioning at stand level. Productivity of trees
makes up to 80-90% of the primary productivity in tem-
perate forests (Larcher 2003). The long-term performance
of a stand in terms of matter production represents more
than just the potential harvest volume: It reflects the site
fertility, the potential primary production which serves all
other community members as nutrition, and it determinates
the annual turnover which is essential for soil formation or
water storage (Assmann 1970; Pretzsch 2009).

When we consider the effect of management on biodi-
versity, also the effect of management on productivity has
to be taken into account. There are many different aspects
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Fig. 5 Stand growth can be
higher in moderately thinned
than in unmanaged and the
growth resilience can be more
pronounced in mixed compared
with pure stands. Schematic
representation of the stand
structure (above) and the stand
density—productivity
relationship (below). The course

even-aged, pure
(a)

even-aged, mixed

Wi iy

of the curve can be quantified by
the origin (filled circle both
relative density and

. rel. stand productivity

productivity = 1.0), the
culmination point of the curve
(filled triangle), and the point of
critical density (filled square)

n rel. stand productivity

where the productivity losses 108 - - - - - __ —1_L-> 10F--c =3 - - ---—-———¢
arrive at 5% of the maximum ’
stand productivity
0.0 r r - 0.0 - -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

of stand management that effect stand productivity as
component of biodiversity, for instance species mixing,
thinning, natural stand regeneration, and fertilization
(Assmann 1970). Other interference by management as the
application of pesticides, pruning or others are treated just
briefly as they are less relevant in Central Europe or
already covered by the main effects.

A high productivity alone is not necessarily beneficial
for biodiversity. For example, a Norway spruce plantation
on a fertile site can be highly productive (if disturbances
stay away), but poor in biodiversity due to shortage of
compositional and structural elements. Subsequently, we
focus on the effect of thinning and tree species mixing on
stand productivity. From our point of view, mixing is an
actively promoted silvicultural treatment compared to the
formerly preferred monocultures.

Species mixing affects the ecosystem biodiversity in
manifold ways: different tree species contribute directly to
the species diversity because of their holobiontic depen-
dants as, e.g. small mammals, birds, lichens, miroorgan-
isms (Cavard et al. 2011). Mixing also often increases
structural heterogeneity and productivity (Dieler and Pret-
zsch 2013, 2014; Morin et al. 2011; Pretzsch 2014; Pret-
zsch and Schiitze 2008; Vandermeer 1989; Zhang et al.
2012). In addition, it may have an effect on persistence of
structure and productivity by reduction of risk (Griess and
Knoke 2011; Griess et al. 2012; Knoke et al. 2005).

As the unimodal relationship between growth and stand
density achieved the status of a general rule by Assmann’s
(1970) extensive analyses, we refrain from redoing a meta-
analysis (see also overarching analysis by Pretzsch 2005b).
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rel. stand density rel. stand density

The relationship between stand density and productivity as
shown in Fig. 5 is most relevant as silvicultural interfer-
ence primarily means stand density reduction. In temperate
forests, there is a unimodal relationship between stand
density and productivity which may have a different course
in homogeneous compared with heterogeneous stands
(Fig. 5a, b). The two density growth relationships are
unimodal, i.e. with lowest productivity level at low den-
sities, increasing productivity when stand density increases,
and a slight decrease in productivity when approaching
maximum stand density. However, while the patterns are
similar in principle, the position and extent of the curves’
saddle is rather different.

In the schematic example (Fig. 5a) a maximum relative
productivity of rpp.x = 1.25 (i.e. 125% of the productivity
in fully stocked pure stands) is achieved at a relative stand
density of rd,.x = 0.80 (i.e. 20% below the maximum
stand density). The critical relative density where only 95%
of the maximum productivity are achieved (i.e. density
reduction causes a productivity loss of 5%) amounts to
rd.i = 0.7. With other words, maximum productivity can
be assumed not for maximum but below-maximum stand
density conditions (Assmann 1970, pp. 227-235).

In contrast, in the mixed stand (Fig. 5b), a relative stand
productivity of rpm.x = 1.20 is achieved at a relative
density of rpphax = 0.60. The critical stand density causing
productivity losses of 5% amounts to rd.; = 0.4. The
relative density and productivity of both the maximum
productivity and critical productivity characterize growth
resilience with is relevant for system understanding and
regulation (Mitscherlich 1948, 1975; Pretzsch 2005a, b).
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Interpretation of the meta-analysis’ results

Mainly moderate effects of silviculture on the three
components of biodiversity

The studies included in our meta-analyses revealed that
differences between managed and unmanaged forest stands
in Central Europe in terms of species richness and species
diversity are not distinct in general. This view is also
supported by other studies that could not be included into
the meta-anaylses due to missing indication of mean and
SD values. For example, Miiller et al. (2007) report lower
diversity of wood-inhabiting fungi in managed forests,
while no negative effect of forest management on the
diversity of soil fungi was found by Wubet et al. (2012).
Higher diversity in managed forest was observed for bats
(Obrist et al. 2011), herb vegetation (Brunet et al. 1996),
and ground-dwelling beetles (Lange et al. 2014). Opposite
effects of management on the diversity of epiphytic and
dead wood-dwelling lichens have been described by
Nascimbene et al. (2013).

Obviously, however, differences in certain structural
traits seem to be triggered by forest management leading to
a reduced or at least altered structural diversity in managed
forest stands compared to unmanaged ones. This effect was
the stronger, the longer ago forest management had been
abandoned in the unmanaged stands. Assuming that a
reduced structural diversity leads to a lower provision of
habitats, we might also assume that in managed forest
stands the composition of functional groups is also modi-
fied (e.g. Sabatini et al. 2010) but not necessarily species
diversity in general (e.g. Toigo et al. 2013; Gossner et al.
2013). The situation may become more complex when
moving from the stand level to larger scales (which is not
the focus of this study): silvicultural interventions leading
to a broad range of microclimatic conditions on the land-
scape scale (e.g. by applying the shelterwood system) can
harbour higher biodiversity than selection systems resulting
in high within but low between stand heterogeneity (Schall
et al. 2017). Gossner et al. (2014) also pointed out that
single structural stand characteristics have weak explana-
tory power for overall species diversity, while they rather
have, if the diversity of subgroups is considered. This
might well explain our outcome that management signifi-
cantly changes stand structure but not compositional
features.

Positive interactions between components of biodiversity
point the way for silviculture

Silvicultural measures, which aim at improving biodiver-
sity by enhancing positive interactions between two or
more components of biodiversity, are of special interest.

Stand volume growth of mixed stands

150 in relation to monocultures (%)

125 {- - - - A

100

1 2 3 4 5
Tree species richness

Fig. 6 Degressive increase in the stand productivity with increasing
tree species richness in temperate forests (schematic representation
taken from Pretzsch 2016, also according to Liang et al. 2016). This
productivity increase effect is enhanced by species complementarity
through niche efficiency (Liang et al. 2016; Pretzsch et al. 2013a, b).
The shaded area shows maximum overyielding of 35% or just 15% if
very complementary species or very similar species are mixed,
respectively. In contrast to subtropical or tropical regions data from
stands with more than five species are rare in Central Europe

This applies, e.g. for the relationship between tree species
richness and stand productivity. Worldwide the depletion
of tree species richness should be stopped as it is the main
cause for a loss of forest productivity (Naeem et al. 2012).
In regions like Central Europe, where forestry has replaced
mixed forests by monocultures in the past (Pretzsch
2005a), the biodiversity—productivity relationship (BPR)
shows the potential of increasing productivity by transition
from monocultures to mixed-species stands. This is one
reason, why presently many stand management guidelines
strive for assemblages of at least 2-3 species when estab-
lishing new and regulating existing forest stands (see, e.g.
Bayerische Staatsforsten 2015).

Several individual studies showed that stand productiv-
ity increases degressively with species richness (Paquette
and Messier 2011; Pretzsch 2013; Ruiz-Benito et al. 2014).
This productivity increase effect is enhanced by species
complementarity through niche efficiency (Liang et al.
2016; Pretzsch et al. 2013a, b). The most comprehensive
study of the BPR by Liang et al. (2016) was based on forest
inventories from 777,126 permanent sample plots that
contain more than 3,000,000 trees from 8325 species and
cover most of the global terrestrial biomes. At landscape,
country, ecoregion, and global level, this study found a
degressively increasing BPR as shown in Fig. 6. Liang
et al. (2016) stress that globally a 10% loss of tree species
richness corresponded on average to a 6-7% decline in
productivity and the rate of this decline increased expo-
nentially with further reduction of tree species diversity.
However, those findings also encourage the transformation
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of monocultures into two- or three-specie polycultures that
presently is promoted especially in Europe but also in
many other parts of the world, where monocultures domi-
nate. So, turning away from monocultures has the potential
to increase both, species (at least tree species) richness and
diversity as well as forest productivity and functioning.

In this context Verschuyl et al. (2008) found a positive
correlation between stand structure and bird diversity
modified by site quality. Site quality was quantified by the
available radiation and other factors related to primary
productivity such as water and nutrient supply. They show
that the relation between (bird) species richness and
available energy is an optimum curve with lower diversity
at the extremes and an optimum in between. This could be
confirmed across the northwestern USA, however, on
landscape level, due to a narrower spectrum of available
energy, only parts of this optimum curve can be detected.
In energy-limited landscapes, the relation between species
richness and energy was positive or hump-shaped, and, in
contrast, flat or negative in energy-rich landscapes. How-
ever, in energy-rich-landscapes, forest structure explained
more of the variations in bird diversity richness. Similar
trends are reported from Goldmann et al. (2015) who found
lower diversity in fungal operational taxonomic units in
unmanaged beech stands on a higly productive site than on
a mediocre site. This implies that strategies for enhancing
biodiversity in forest landscapes should depend on the
conditions of energy supply. In energy-rich landscapes
disturbances like thinnings can increase forest diversity
effectively by breaking the competitive dominance of a few
plant species. Thus, structure-creating thinnings on land-
scape level are likely to enhance bird diversity in high-
energy environments. In comparably poor landscapes
where structure is not such a strong driver for diversity,
Verschuyl et al. (2008) consider such area-wide measures
not as effective. They recommend to concentrate structure-
creating management on local high-energy hotspots and to
base harvest decisions from other considerations in the
remaining places.

Ishii et al. (2004) review works from a north American
and a Japanese canopy research site, each in a temperate
natural forest, in order to scrutinize relationships among
canopy structure, stand productivity and biodiversity. The
authors point out that the diversity of canopy-dwelling
organisms clearly increases with more complex three-di-
mensional canopy structures in a stand. Concerning the
trade-off between diversity and productivity they argue that
complex canopy structures lead to a more pronounced
niche differentiation among tree species which in turn
increases stand productivity.

As a consequence, thinnings, which can be seen as
artificial disturbances of stand structure do not impair and
might even enhance biodiversity in some regards,
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although our results show that they may have a homog-
enizing effect on stand structure. However, a positive
effect of thinnings on biodiversity seems to be most
pronounced on productive sites and least on poor sites.
Thus, management for biodiversity is more promising on
good sites because here, stand structure is more closely
linked to biodiversity. In mixed stands, productivity is
much less affected by thinning. This means that in mixed
stands there are more options for enhancing diversity by
creating structure without losing production than in pure
stands. However, and this is an actual trade-off,
overyielding effects by tree species mixture are most
pronounced on poor sites, while on good sites even
underyielding may occur.

Indirect effects even less known than direct effects

All included studies concentrated on the direct effect of
silviculture on the components of biodiversity. By direct
effects of silvicultural interference on stand productivity,
we reflect those effects which are always and inherently
coupled with a silvicultural operation (species mixing,
thinning, natural regeneration, fertilization). For example,
mixing of tree species with complementary ecological
traits directly causes competition reduction, facilitation,
and overyielding. Heavy thinning from above causes
temporary growth reduction due to the release of future
crop trees. Natural regeneration buffers growth losses due
to temporary clearing by maintaining a continuous forest
cover (Pretzsch et al. 2015a, b). Indirect effects of silvi-
cultural treatment, in contrast, may have effect in future
depending on possibly changing environmental conditions.
For instance, mixing of adapted species may stabilize and
increase productivity compared with pure stands under
climate change (Thurm et al. 2016). Thinning may increase
the mechanical stem stability and avoid tree and produc-
tivity losses due to windthrow or snow damage. Natural
regeneration under overstory may prevent treeless phases
and several years’ productivity in case of loss of the
overstory by bark beetle or storm damage. Beyond the
temporary pulse of resources and growth, fertilization may
cause a sustainable improvement in resource supply and
resource storage capacity and productivity of previously
poor and low-growing ecosystems. Notice, that the indirect
effects are even less known and predictable than the here
addressed direct effects.

Conclusions
Our results emphasize that forest management per se not

necessarily has a negative impact on biodiversity. The
contrasting results of the included studies rather require a
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more comprehensive view when evaluating management
activities in the frame of biodiversity. Diversity of species,
structural traits and functions need to be addressed as well
as the specific impact of the applied silvicultural system in
particular on forest structure has to be taken into account.
In this context Brunet et al. (2010) describe the sensitivity
of different functional groups on different silvicultural
concepts for the management of beech forests in Europe. In
terms of classifying the intensity of forest management
activities more generally Schall and Ammer (2013) provide
a promising approach.

Although we focussed on forest stand level and did not
consider the patchiness of forest stands and its effect on
biodiversity on landscape level (cf. Wells et al. 2011), our
results contribute to the open debate, whether segregative
forestry or integrative approaches aiming at ‘close-to-na-
ture’ forestry better promotes biodiversity issues. This is a
relevant question as biodiversity is one important compo-
nent of a broad set of ecological, economical, and socioe-
conomical forest functions and services. A segregative
approach may promote various functions and services on
the expense of others, better fulfilled by an integrative
approach. So, it is of high interest, how the integrative
approach, which considers humans and their disturbances
as part of a system comes off in terms of biodiversity
maintenance compared with the unmanaged forest result-
ing from a segregative concept.

In summary, we conclude that biodiversity (species
composition, structure, functioning) changes only moder-
ately from unmanaged to managed forests as long as also
the anthropogenic disturbances inferred by management
remain moderate, e.g. when applying the selection forest,
shelterwood, or femel-coupe system. One reason for this
might be that the unmanaged stands in the analysed studies
often constitute a questionable reference; often they were
managed in the past and they still are directly or indirectly
influenced by anthropogenic impacts such as climate
change, dry deposition, browsing due to predator elimina-
tion. Beyond the actual scope of this study, on larger spatial
units than single stands, gamma diversity can be promoted
by different silvicultural regimes that create high within-
stand heterogeneity on the landscape scale (Schall et al.
2017). In contrast, many unmanaged forest in Central
Europe, which were only recently set aside, tend to become
more homogenous for at least some decades unless dis-
turbances create substantial structural heterogeneity.

Furthermore, disturbances like fires, bark beetle infes-
tations, or storm damages were and still are mostly pre-
vented or mitigated even in unmanaged forests in order to
protect humans and their property, but are drivers for
biodiversity in many forest ecosystems (Beudert et al.
2015). Thus, many of the included unmanaged forests lack
large scale disturbances.

The differences between managed and unmanaged forests
are also vague, as disturbances by silvicultural treatment are
important for creating heterogeneous structures and habitats.
Modern silviculture emulates natural disturbances, e.g. by
femel, or selection coupes in the lowland forests, or gap
coupes in the mountain forests. So, the differences get
blurred, as unmanaged forests are hardly pristine and man-
aged forests tend towards close-to-nature approaches.

In densely populated regions like Central Europe really
pristine, unmanaged forests are hardly to find for both,
science and conservation. And it may be argued, that
humans are part of ecosystems in this area since millennia
and a segregative management approach might be unreal-
istic and unreasonable. Advantages of the integrative
approach are the need for integration, participation,
understanding the needs of all forest users, including
plants, animals, fungi, microbes, and humans. Certainly,
integration requires enhanced knowledge about the biodi-
versity—management relationship at the stand and higher
levels of organization. This is relevant for the design of
multipurpose forests that may be expressed by various
management strategies like retention forestry (Mori and
Kitagawa 2014), selection systems or reduced impact
selective logging (Chaudhary et al. 2016). Understanding
and sustainably using all the values forest ecosystems
provide may contribute to a higher appreciation and
responsible and cautious forest stewardship.
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