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A B S T R A C T

Forest ecosystems face threats related to human-driven degradation, climate change, and biodiversity loss.
Addressing these challenges requires management strategies that combine biodiversity conservation with climate
change mitigation. Here, we aimed to identify manageable local-scale forest properties that promote biodiversity
at multiple trophic levels while also promoting carbon storage and sequestration. We combined data on the
diversity of nine taxonomic groups (plants, birds, moths, molluscs, soil fungi, active soil bacteria, cercozoan and
endomyxan soil protists, oomycotan soil protists, and nematodes), with above- and belowground carbon storage
in 150 temperate forest plots in three regions of Germany. These were dominated by European beech, Scots pine,
Norway spruce, and sessile and pedunculate oak. We then investigated the relationships between multiple forest
structure and management variables, and multiple biodiversity and carbon storage and sequestration measures.
Soil carbon did not respond to deadwood input or any other variable, except in spruce-dominated forests where a
higher proportion of other tree species had positive effects on soil carbon storage. Carbon storage in trees was
lower in pine- and spruce-dominated stands than in beech stands where it increased with mean tree diameter.
Carbon sequestration (i.e. stand uptake) in trees decreased with mean tree diameter. Mean tree diameter was
positively related to the biodiversity of multiple taxa, especially taxonomic richness of forest specialist birds; as
well as red-listed birds in pine stands. Beech-dominated stands harboured a higher taxonomic richness of many
investigated taxa compared to stands dominated by conifers (especially pine). One exception to this was the
richness of plant species and forest specialist plants, which were highest in spruce plantations. Deadwood input
had limited effects on biodiversity with few exceptions such as bacteria diversity, probably because many
deadwood dwelling organisms were not measured in this study. By showing that forests of larger trees with a
high proportion of broadleaved trees can promote both biodiversity and carbon storage, our results could help
inform sustainable local-scale forest management in Central Europe. These findings can form the basis of further
larger-scale studies investigating such relations at larger spatial scales to inform landscape-level recommenda-
tions for sustainable multifunctional forest management.
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1. Introduction

Growing concerns on the repercussions of climate change and
biodiversity loss on human well-being have led to increasing interest in
ecosystem management strategies that tackle both threats (Millennium
Ecosystem Assessment, 2005; Pettorelli et al., 2021; Turney et al., 2020;
United Nations, 2021). These two challenges are often treated sepa-
rately, but they are fundamentally connected and interact with each
other (Pettorelli et al., 2021; Pörtner et al., 2021). Climate change has
also become a key driver of biodiversity loss, e.g. in arthropods (Lister
and Garcia, 2018; Müller et al., 2023). As a result, the global community
is under increasing pressure to address both crises simultaneously
(Corlett, 2020; IPBES, 2019; Pörtner et al., 2021).

Forests, as one of the Earth’s primary carbon sinks (European Envi-
ronment Agency, 2016) and home to high biodiversity (de Lima et al.,
2020; Leuschner and Homeier, 2022) are often at the core of climate and
biodiversity protection policies. Forests are estimated to store about
45% of organic carbon worldwide (Bonan, 2008). Many forest ecosys-
tems are recognized as biodiversity hotspots (Soto-Navarro et al., 2020),
hosting most of the Earth’s terrestrial species (e.g. 80% of amphibian
species, 75% of birds and 68% of mammals (FAO and UNEP, 2020)).
Despite a high overall importance of forests for both biodiversity and
aboveground carbon storage, high levels of both do not always corre-
spond (Sabatini et al., 2019). In managed forests, stand-level forest
management often focuses on narrow objectives like timber production
(Simons et al., 2021), which can shape, depending on management
choices, species composition and potentially stand structure (Dieler
et al., 2017; Schall and Ammer, 2013). This impacts biodiversity
(Brockerhoff et al., 2008; Brunet et al., 2010; Penone et al., 2019) and
the ecosystem’s capacity to store carbon in soils and vegetation (Asbeck
et al., 2021a; Huston and Marland, 2003; Mayer et al., 2020). These
trade-offs have led to the development of multiple approaches that aim
to combine multiple goals at the scale of landscapes (Edwards et al.,
2014, Himes et al., 2022), by exploring how segregating management
styles in space can support multiple land use objectives. However,
local-scale management that combines multiple goals could complement
landscape-strategies and support the development of multi-scale man-
agement approaches.

In Germany, forests cover 32% of the land and provide employment
for more than 1.1 million people (DFWR, 2022). Almost half (~ 48%) of
the forest area is privately owned. The other half is owned by the federal
states (~29%), communities (~ 19%) and the federal government with
~ 4% (BMEL, 2018). German forests have been shaped by a long history
of forest management (DFWR, 2022; Spathelf and Ammer, 2015).
Without human intervention, it is estimated that 92% of German forest
area would be dominated by European beech (Fagus sylvatica) and, to a
much lesser extent, oak (Quercus petraea and Quercus robur) (Bohn et al.,
2007; DFWR, 2022). However, from the 18th up to the late 20th century,
conifer monocultures of Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies) were strongly promoted in Central Europe (Heinrichs et al.,
2019; Knoke et al., 2008), resulting in the current national forest
composition, dominated by four genera: spruce, pine, beech, and oak
(BMEL, 2018). In the last few decades, the German forestry system has
been moving away from a production-focused forestry, towards a
multi-objective management system. Current guidelines aim to develop
‘ecologically and economically valuable forests’ through ‘clos-
e-to-nature’ forest management practices. This includes favouring
structurally diverse and mixed stands and long management cycles
(DFWR, 2022) and promoting and retaining habitat trees (Dörfler et al.,
2020), with the expectation that this will promote biodiversity. For
instance, retaining deadwood and habitat trees in uneven-aged and
mixed forests promotes biodiversity at the stand scale (Penone et al.,
2019), while large trees provide numerous microhabitats (Asbeck et al.,
2021b; Paillet et al., 2019; Vuidot et al., 2011). Deadwood left in the
stand is also thought to serve as a habitat and nutrition source for a wide
range of species (Dittrich et al., 2014; Löfroth et al., 2023; Oettel et al.,

2020; Sandström et al., 2019; Scott and Brown, 2008; Siitonen, 2001;
Stokland et al., 2012). The impact of the dominant tree species, though,
varies across taxa (Edelmann et al., 2022; Leidinger et al., 2021), but
broad-leaved dominated forests seem to be preferred by more species
overall (e.g. Abele et al., 2014; Penone et al., 2019; Russ and Mont-
gomery, 2002). This knowledge has accumulated in a piecemeal fashion,
with studies focusing on either a few taxonomic groups (e.g. Leidinger
et al., 2020) or a few stand characteristics or management regimes
(Sandström et al., 2019; Schulze, 2018). Further, the relationship be-
tween biodiversity and carbon, and their joint response to stand features
and management, has also not been fully assessed. This means that a
comprehensive assessment of trade-offs and synergies between the di-
versity of multiple taxa and carbon storage across multiple forest types
has not been performed in Germany. A more complete assessment of
how these management practices affect the diversity of multiple taxa, as
well as forest potential for climate mitigation, could help assess the
suitability of current management guidelines and support the sustain-
able use and conservation of German forests, e.g. by providing infor-
mation on which tree-planting or stand management strategies to
increase carbon storage in forests would also benefit biodiversity.

In this study, we investigate how forest structure affects synergies
and trade-offs between biodiversity and carbon storage and sequestra-
tion in German forests. We combine data on the taxonomic diversity of
above- and below-ground taxa from nine taxonomic groups, carbon
storage and sequestration, and forest structure and management vari-
ables collected in 150 forest plots differing in their management and
stand variables, located in three regions of Germany. We created indices
combining either biodiversity- or carbon-related variables (Multidiversity
and Carbon indices) and assessed the impacts of forest structure and
management variables on each of these two dimensions, as well as their
joint response, using linear models. We hypothesised that (1) above-
ground carbon storage is higher in forests composed of larger trees (2)
deadwood input rate contributes positively to soil carbon storage, (3)
biodiversity is higher in stands with larger trees and abundant dead-
wood, and in mixed or broad-leaved forests than in coniferous forests,
and (4) bothMultidiversity and Carbon indices are higher in broadleaved
than coniferous stands and both increase in stands of larger trees. If these
hypotheses are supported, it would indicate that local-level forest
management that lengthens rotation cycles and promotes structural
diversity might concurrently promote carbon storage and biodiversity
conservation at the stand level.

2. Methods

2.1. Study sites and design

This study is part of the Biodiversity Exploratories project (biodi-
versity-exploratories.de), a large-scale and long-term project located in
three regions of Germany: Schwäbische Alb in the south-west, Hainich-
Dün in the centre, and Schorfheide-Chorin in the north-east. Each region
comprises 50 forest plots (100m × 100m) selected to span the typical
range of local tree species composition and management types. One plot
in the Hainich region was changed in 2016 and is not used in this study,
resulting in 149 plots in total. The regions were selected to be typical of
the major climate and geology types within Germany and are also
broadly representative of the most common forest types of Central
Europe (Fischer et al., 2010). While we outline the main methods here,
further details on methods and data acquisition can be found in
Table S1.

2.2. Data acquisition

All data manipulation and analysis were conducted with R version
4.3.1 (R Core Team, 2023). All data used were existing data from the
Biodiversity Exploratories project.
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2.3. Forest structure and management data

Forest structure and management variables were measured during
two comprehensive forest inventories between 2008–2014 and
2014–2018, respectively. In each plot, all trees with a diameter at breast
height (DBH) > 7 cm were surveyed. We focused on five forest structure
and management variables (see Table S1 for details): total deadwood
input per year (which represents supply rate of deadwood to con-
sumers), mean tree diameter at breast height (DBH), the identity of the
dominant genera (beech, spruce, oak and pine), and a forest mixture
index. The mixture index was calculated as 1 minus the proportion of the
most abundant genus based on crown projection area; thus it decreased
with increasing dominance of the main genus. When multiple layers
were present, they were combined for the calculation of forest structure
variables.

There were 14 missing values for deadwood input. Because dead-
wood input was used as an explanatory variable in all models described
below, we imputed missing values with the average of deadwood input
for stands with the same dominant genus.

2.4. Carbon storage

We calculated two indicators of the capability of a forest to store
carbon: C storage was estimated from carbon storage in soil and in the
above-ground tree biomass. C sequestration was estimated from the
annual increment of C in the trees (above-ground only). We use the
terms storage and sequestration for consistency with widely accepted
climate policy terminology, but these terms can be considered broadly
equivalent to C stocks and accumulation rates, respectively, in
ecosystem ecology. C storage in deadwood and C fluxes from soils and
vegetation were not considered as these are difficult to estimate accu-
rately over meaningful timescales across many plots.

Soil organic carbon storage was measured in 2014 in the topsoil
(0–10 cm depth; total soil depth ranged from 10 to 161 cm) using the dry
combustion analysis, as the product of soil C concentration and bulk
density. We focused on topsoil storage for comparability across plots and
because it is the most responsive to the part most likely to have
responded to recent forest management and current stand properties.
We calculated the tree carbon storage from standing wood volume,
measured between 2014 and 2018. To obtain the aboveground C storage
for each plot, we summed up the C storage for all tree species recorded in
the plot. We calculated C sequestration by using the annual wood
increment measured between first and second inventories. The total
volume and volume increment was then multiplied by the plot’s average
wood density, then multiplied by 0.5 to represent the proportion of mass
that is carbon, and summed up per plot to obtain plot-level carbon
sequestration. The average wood density used in this approach was
calculated from the percentage of basal area occupied by each species in
the plot and multiplied by species-specific wood densities from de Vries
et al. (2003).

2.5. Biodiversity

We considered nine taxonomic groups; vascular plants (hereafter:
plants), birds, moths, molluscs, soil fungi, soil bacteria (active fraction
only), soil protists of Cercozoa and Endomyxa, soil protists of Oomycota,
and nematodes, to represent a comprehensive picture of the taxonomic
diversity of below- and aboveground groups. The taxonomic richness of
individual groups was measured at different time points during the
2015–2018 sampling period (see details in supplementary material
Table S1). Taxonomic resolution was at species level for moths, birds,
plants, molluscs, OTU for protists (both groups) and bacteria, ASV for
fungi and family for nematodes. When multiple sampling years were
available, taxonomic richness (hereafter richness) was calculated as the
total number of taxa found in a given plot across years. There were
missing values for molluscs (11 plots), cercozoan and endomyxan

protists (3), moths (3), birds (1), oomycotan protists (1) and nematodes
(1). These were not imputed.

In addition, we selected indicators of biodiversity representing high
conservation value. We calculated the taxonomic richness of red-listed
bird species in Germany (including category 1 (Critically Endangered),
2 (Endangered) and 3 (Vulnerable) (Grüneberg et al., 2016)) and the
richness of birds and plant forest specialists (Table S2). Plant forest
specialists were classified as plant species only found in forests,
including open areas in forests (Schmidt et al., 2011). For birds, we used
the European forest bird specialists of the list by Gregory et al. (2007).
All species considered of high conservation value are listed in Table S2.

2.6. Correction for environmental covariates

The study regions differ greatly in climatic and geological conditions
and the effect of these on biodiversity and carbon storage could mask
that of local forest management. To assess the effect of forest structure
and management variables independently of environmental covariates,
we first corrected for environmental covariates. To do so, we selected
environmental covariates that represent soil, climatic and topographic
conditions: elevation, soil pH, mean annual temperature, mean annual
precipitation, soil depth, proportion of clay in the soil, the Topographic
Wetness Index (Moeslund et al., 2013) and the region as a factor vari-
able. To avoid collinearity, we then excluded variables that were too
collinear, removing most collinear variables first (based on the variance
inflation factor, with a threshold of GVIF1/2*Df < 3). The region, soil pH,
mean annual temperature, soil depth and proportion of clay were
retained. We fitted individual regressions for each response variable
(carbon storage and sequestration; taxonomic richness for each group)
with these five environmental covariates as well as the region as
explanatory variables. When appropriate, generalised linear models
with Poisson family were used: this was the case for all richness vari-
ables except for groups with very high species numbers (fungi, bacteria,
both protist groups). Otherwise, we used linear regressions with
Gaussian error as the data was not bounded. To ensure normal error
distributions and a homogeneous variance, we applied a transformation
y = log(x+1) to deadwood input before fitting the model. We then
extracted the residuals from each model, which represent the variation
of the response variables after “removing” variation associated with
environmental covariates. These residual values were then used in all
further analyses.

2.7. Calculation of aggregated indices

Since the main objective of the study was to identify the conditions
that simultaneously maximise biodiversity and carbon storage/seques-
tration, we created indices combining multiple carbon and/or biodi-
versity variables (Fig. 1).

We first calculated aMultidiversity index from the taxonomic richness
of all considered groups. Multidiversity is calculated as the average
scaled richness per taxonomic group, where the richness of each group is
scaled between 0 and 1 across all plots (Allan et al., 2014). An advantage
of the multidiversity metric over total taxonomic richness is the equal
weighting of the taxa, thus preventing the index from being driven by
species-rich groups. As a result, plot-level multidiversity values vary
between 0 (all groups simultaneously have their lowest observed rich-
ness) and 1 (all groups simultaneously have their highest observed
richness) (Allan et al., 2014). Because all groups, including groups with
high conservation priority, were included, this index captures both the
overall diversity and the uniqueness of the community to forest
ecosystems.

We took a similar approach for carbon-related variables. Carbon
storage in trees, soil and carbon sequestration in trees were scaled be-
tween 0 and 1 to ensure equal weighting in the final index, as we lacked
information of which properties were prioritized by conservation man-
agers (Manning et al., 2018). They were then averaged to calculate a
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Carbon index.
Finally, the Combined index was calculated as the average of Carbon

and the Multidiversity indices (Fig. 1).

2.8. Statistical analysis

We fitted multiple linear regressions between each response variable
(all shown in Fig. 1: richness of each individual group and carbon-
related variables after correction for environmental covariates (see
above), or aggregated indices) and forest structure and management
variables (dominant genus, mean DBH, mixture index, deadwood input)
as explanatory variables. We included interactions between the domi-
nant genus and the other explanatory variables (mixture index, mean
tree diameter, deadwood input), as we expected that these variables
could have contrasting effects in different stand types. We did not
include other interactions to avoid overfitting the models. We checked
for multicollinearity in the main explanatory variables (excluding in-
teractions): all variance inflation factors were below 2. We then per-
formed model selection using the step function (based on model AIC) to
select the most parsimonious models. Linear models were chosen
because we did not have clear expectations for non-linear relationships;
we checked model residuals visually and did not find a clear departure
from the assumptions of normality. Finally, we calculated standardised
effect sizes (i.e., the beta parameter divided by standard deviation) and
their confidence intervals for all explanatory variables in each model,
and represented them as forest plots using the sjPlot package. Results are
shown with no correction for multiple testing. In the results, model re-
sults are presented as standardised effect size with beech-dominated
stands as the reference. This reference was chosen because beech
stands were the most common among our study sites.

To assess the effect of using the correction for environmental cova-
riates described above, we also ran models including all response vari-
ables as well as these environmental covariates, with the uncorrected
values as response variables. The results were mostly similar to those
presented here (see Figs. S1–3). In these models, the relative importance
(package relaimpo) of environmental covariates was on average 24 % of
the total variance (ranging from 5 % (tree carbon stocks) to 51 %
(bacteria richness)) while the relative importance of forest structure and
management variables and their interactions was on average 29 % of the
total variance (see Figure S4).

3. Results

3.1. Forest structure and management variables

European beech was dominant in 70 % of the plots (105 plots), fol-
lowed by Scots pine (~13 %; 19 plots), and Norway spruce (~11 %; 16
plots). Oak species were dominant in nine plots (Quercus robur and
Quercus petraea, ~6 %). Table S3 shows the variation of forest structure
and management variables across dominant genera. The mixture index
was on average 0.17 ± 0.16. Forests dominated by oak and spruce
tended to have a higher mean DBH (mean 35.1 cm± sd 8.5 and 32.2 cm
± 6.3, respectively) than forests dominated by beech and pine (27.5 cm
± 11.9 and 27.4 cm ± 8.4, respectively), but this was not significant
(Tukey test: p > 0.15). Mean DBH was also lower in mixed forests
(correlation between mean DBH and mixture index: r = -0.33, p <

0.001). Plots with the highest average DBH also had the largest indi-
vidual trees (correlation between mean DBH and maximum DBH:
Pearson r = 0.34, p < 0.001) and lower deadwood input (Pearson r =
-0.19, p = 0.02).

3.2. Forest structure and management for a high Carbon index

Overall, the Carbon index ranged between 0.27 and 0.82 and tended
to be higher in stands with large mean DBH (Fig. 3, Table S6). The
component variables of the Carbon index differed in their respective
responses to the explanatory variables (model results shown in
Table S4). Soil carbon did not respond statistically significantly to any of
the forest structure and management variables, except in spruce-
dominated stands where the mixture index had a positive effect (p =

0.005) (in beech-dominated-stands: 0.16 ± 0.10, p = 0.09; this estimate
and all following estimates are provided as standardised effect sizes, p-
values are extracted from corresponding multivariate regressions. Slope
in pine and oak stands not significantly different from beech). Tree
carbon storage increased with mean DBH (0.82 ± 0.06, p < 0.001), as
expected from its calculation from tree volume, which itself depends on
tree size and density. When controlling for all other management and
structure variables, high tree carbon storage was also associated with
high deadwood input (0.12 ± 0.05, p = 0.03). Finally, tree carbon
storage was lower in pine-dominated (-1.0 ± 0.15, p < 0.001) and
spruce-dominated (-0.43 ± 0.19, p = 0.02) stands compared to beech
stands, likely due to lower wood densities and typically lower DBH in
coniferous stands. Carbon sequestration in trees decreased with mean

Fig. 1. : Schematic illustration showing the calculation of the Combined index. All the variables and intermediate indices were adjusted for environmental covariates
and scaled between 0 and 1. Multidiversity was calculated according to Allan et al. (2014). Black arrows indicate scaling and averaging of variables into the next level
of aggregation.
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DBH (-0.29 ± 0.09, p = 0.002) but was higher in spruce- than beech-
dominated stands (0.67 ± 0.31, p = 0.035). The mixture index had a
positive effect on carbon sequestration, but only in pine stands (0.64 ±

0.29, p = 0.029). These results support our hypothesis 1, since carbon
storage in trees was higher in forests with a higher mean DBH, and re-
jects hypothesis 2 that deadwood input contributes to soil carbon stor-
age, since we could not identify a significant relation between deadwood

input and soil carbon storage.

3.3. Forest structure and management for a high Multidiversity index

The taxonomic richness of individual taxa showed contrasting re-
sponses to forest structure and management variables, but increased
with mean DBH and decreased in pine-dominated stands compared to

Fig. 2. : Effect of forest structure and management variables on carbon-related variables. Plots show standardised effect sizes along with 95 % confidence intervals
estimated for the selected structure and management variables affecting taxonomic richness of individual groups. Left: main effects. Right: interaction effects. The
results are shown with beech as the reference genus. * Deadwood input was transformed (log(x) +1) before analysis.

Fig. 3. : Effect of forest structure and management variables on biodiversity. Plots show standardised effect sizes along with 95 % confidence intervals estimated for
the selected structure and management variables affecting taxonomic richness of individual groups. Left: main effects. Right: interaction effects. The results are
shown with beech as the reference genus. * Deadwood input was transformed (log(x+1)) before analysis.
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beech-dominated stands for many taxa (Fig. 3). Individual responses of
the taxonomic richness of all considered groups can be found in Fig. 3,
and Table S5. Mean DBH positively affected red-listed birds in pine more
so than in beech stands (0.93 ± 0.31, p = 0.003). It also positively
affected the richness of cercozoan and endomyxan protists (0.18± 0.08,
p = 0.022) as well as oomycotan protists (0.18 ± 0.09, p = 0.044). The
forest mixture index positively affected the richness of soil fungi (0.42±

0.11, p < 0.001). Deadwood input positively affected bacteria richness
(0.15 ± 0.07, p = 0.04) and molluscs richness (0.16 ± 0.08, p = 0.044).

There were also important but contrasting effects of the dominant
tree genus on different taxonomic groups. Spruce stands had lower
bacteria (-1.19 ± 0.24, p < 0.001), nematode (-0.60 ± 0.26, p = 0.024)
and mollusc (-0.81 ± 0.5, p = 0.002) richness, but higher plant (1.70 ±

0.31, p < 0.001) and forest plant specialist richness (1.26 ± 0.25, p <

0.001) compared to beech-dominated stands. Pine stands had a strongly
negative impact on biodiversity compared to beech stands, with nega-
tive impacts on the richness of bacteria (-0.87 ± 0.22, p < 0.001),
endomyxan and cercozoan protists (‑1.14 ± 0.25, p < 0.001), nema-
todes (-0.65 ± 0.24, p = 0.008) and molluscs (-0.90 ± 0.28, p = 0.001).
We did not find significant differences in taxonomic richness between
oak and beech stands.

Overall, theMultidiversity index varied between 0.34 and 0.81. It was
highest when mean DBH was high (0.20 ± 0.09 p = 0.039), and lowest
in pine-dominated stands (-0.61 ± 0.25, p = 0.002). The positive effect
of DBH was higher in pine and spruce than beech-dominated stands (p<

0.05). These results mostly confirm our hypothesis 3, although contrary
to our expectations deadwood input did not significantly affect
Multidiversity.

3.4. Forest structure and management for biodiversity conservation and
climate mitigation

Our analysis revealed trade-offs between carbon storage (maximised
at high mean DBH) and sequestration (maximised at low mean DBH),
and between some biodiversity groups. For instance, plant richness was
the highest in spruce stands, where the diversity of many other groups
was low. When aggregated into the Carbon and Multidiversity indices,
responses were relatively consistent, and the Combined index (ranging
from 0.39 to 0.74) followed similar trends to its components (see

Table S6): it increased with mean DBH (0.26 ± 0.09, p = 0.003), and
even more so in spruce than beech stands (0.99 ± 0.39, p = 0.01). The
Combined index was lower in pine- than beech-dominated stands (-0.58
± 0.24, p = 0.017, Fig. 4; Table S6). It increased with the mixture index
in spruce stands only (1.17 ± 0.35, p < 0.001). This partially confirms
our hypothesis 4 that the Combined index is maximised by a higher mean
DBH and is lower in pine-dominated stands, if not those of spruce.

4. Discussion

Our results show that carbon storage and multidiversity are typically
simultaneously higher in beech- rather than pine- dominated stands and
in stands with larger trees. However, beyond this simple conclusion
more nuanced relations between individual forest, carbon and biodi-
versity variables were observed. In the discussion, we assess the relation
of several forest structure and management variables to carbon and
biodiversity, and discuss how these can be influenced by management.

4.1. Forest structure and composition promoting carbon storage and
biodiversity

In this study, we relate stand properties to biodiversity and carbon.
While it is clear how some of these properties relate to management, e.g.
stand composition, which can be planted or modified via selective log-
ging, other features, e.g. tree size, have a more complex relationship
with management. Many stand structural properties vary naturally, and
across stand development stages, as well as with management factors
such as thinning and extraction rates. Further, management is often
applied at scales larger than that studied here, e.g. via the fraction of
forest stands in different developmental stages. We therefore suggest
that managers think carefully about how their actions may affect the
stand properties of interest when assessing the results discussed below.

The dominant tree genus was an important driver that significantly
influenced most of the variables included in the Multidiversity and Car-
bon indices. Differences were the strongest between pine- and beech-
dominated stands, with pine-dominated stands having lower values of
four of the taxonomic richness measures, and lower tree carbon storage.
Spruce dominance was negatively related to three out of nine taxonomic
richness measures and positively related to three, in particular plant

Fig. 4. : Effect of forest structure and management variables on the Multidiversity, Carbon and Combined indices. Plots show standardised effect sizes along with 95 %
confidence intervals estimated for the selected structure and management variables affecting taxonomic richness of individual groups. Left: main effects. Right:
interaction effects. The results are shown with beech as the reference genus. *Deadwood input was transformed (log(x+1)) before analysis.
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taxonomic richness and forest plant specialist richness. Higher plant
taxonomic richness in spruce stands is consistent with previous studies
showing that the plant taxonomic richness of German forests can be
relatively high in coniferous stands (Boch et al., 2013; Budde et al.,
2011) and may be due to a higher openness in the spruce canopies of our
study compared to those of the beech stands (Boch et al., 2013), thus
allowing higher understorey light availability and more favourable
microclimatic conditions (Dormann et al., 2020; Penone et al., 2019;
Wagner et al., 2011). Oak-dominated stands did not significantly differ
from beech stands in terms of taxonomic diversity, thus differing from
previous studies in Germany that found oak forests to be the most
favourable to biodiversity (Carvalho-Santos et al., 2016; Müller et al.,
2021). Indeed, oaks have likely been in the study regions for centuries,
and thus likely have a higher co-evolved and co-accumulated diversity
(Brändle and Brandl, 2001) than e.g. pine which has been cultivated
beyond its natural range, and more recently, since about 1850. Oaks can
also have higher microhabitat availability and dead branch accumula-
tion than pines (Paillet et al., 2019). This might promote resource
availability for insectivorous birds and provide more microhabitats for
molluscs (Abele et al., 2014). The lack of any detectable oak effect in our
study was probably due to a relatively low sample size for oak stands
(nine plots) and the inclusion of other variables (DBH, deadwood input)
which might underlie responses observed in previous studies. Besides,
the mixture index tended to have positive impacts (especially on the
Carbon index) only in pine- and spruce-dominated stands, suggesting
that increased proportions of other genera, such as broadleaved trees,
has a favourable impact on carbon storage in coniferous stands.

Of the forest structure and management variables we assessed, mean
DBH was strongly related to tree carbon storage, carbon sequestration
rates and the biodiversity of multiple groups. Carbon sequestration was
lower in forests with high mean DBH, likely due to slower growth rates
in larger trees (Meyer et al., 2021). This represents a classic trade-off in
forest carbon management as stands with higher mean DBH have a
higher tree carbon storage, although stand and wood density also play a
role. Soil carbon storage did not respond to most management variables.
In the case of deadwood input this might be consistent with previous
studies which show that deadwood promotes the relatively small frac-
tion of soil dissolved organic carbon (Shannon et al., 2022) but has little
effect on overall soil organic carbon stocks (Kahl et al., 2012). This lack
of response might have been due to the predominance of other factors
not included in the analysis, such the stand history. We suggest that the
positive effect of DBH on the richness of many taxonomic groups may be
due to three related factors. First, there is likely to be a higher abun-
dance and diversity of microhabitats in larger trees (Martin et al., 2022;
Michel and Winter, 2009; Vuidot et al., 2011; 2022), including a higher
provision of suitable structures for bird and arthropod cavity dwelling
species (Remm et al., 2006). Second, there is an overall higher resource
availability where trees are larger and tree biomass is high, that may
cascade across the food web allowing larger and healthier populations to
thrive. Finally, forests with larger trees are also likely to be older, and so
provide a continuous and stable habitat for the accumulation of many
populations of many tree-dwelling species. Some of our results were
more surprising, such as the positive association betweenmean DBH and
protist diversity, which we could not explain, but which may be asso-
ciated with either high resource inputs over time, and/or the presence of
a stable and long-lived habitat in which microbial diversity may accu-
mulate. Other research from grasslands in the same three regions in-
dicates that the nearby presence of permanent forest areas increases
diversity of some soil protist groups, supporting these ideas (Le Provost
et al., 2021). The benefits of habitat heterogeneity for biodiversity are
also likely to drive the positive relationship between forest mixture and
some of the biodiversity variables such as the richness of soil fungi
(Leidinger et al., 2021, Heidrich et al., 2020).

Deadwood is an important structural element in forests as it offers
resources for biodiversity (Seibold et al., 2017) by storing large amounts
of water, providing energy and nutrients to soil micro- and

macro-organisms, and supplying habitats to saproxylic species (Oettel
et al., 2020; Scott and Brown, 2008). It has been estimated that 20 - 25 %
of all forest-dwelling species are dependent on deadwood (Siitonen,
2001). Although our analysis did not include saproxylic species, which
are expected to respond most strongly to deadwood (Sandström et al.,
2019), and we found no significant effect on multidiversity, we found a
limited but positive effect of deadwood input on the richness of bacteria
and molluscs, confirming its importance for multiple groups.

4.2. Implications for German forest management

German forests are the product of a long history of forest manage-
ment (DFWR, 2022). In the last centuries, conifer monocultures were
promoted in Central Europe (Heinrichs et al., 2019; Knoke et al., 2008;
Penone et al., 2019), leading to the current national forest composition,
with almost 75 % of the total forest area dominated by four genera:
spruce (25 %), pine (23 %), beech (16 %), and oak 10 % (BMEL, 2018).
Compared to this national average, in our study beech was over-
represented (70 % stands), while spruce was underrepresented, but
overall, our study plots covered most of the main forest stand types
found in Germany.

Current guidelines adopted in Germany aim to develop ‘ecologically
and economically valuable forests’ through ‘close-to-nature’ forest
management practices. These include the promotion of structurally
diverse and mixed stands and long cycles (DFWR, 2022). As part of this,
spruce and pine forests are being converted into mixed stands (Ammer,
2019; Ammer et al., 2008; Heinrichs et al., 2019; Knoke et al., 2008; von
Lüpke et al., 2004), and broad-leaved tree cover has increased steadily
(+7 % between 2002 and 2012, BMEL, 2018). Our results show that
these changes are likely to provide moderate gains to both biodiversity
and carbon storage through both decreased coniferous (especially pine)
cover and a switch from monocultures to mixed forests with larger
resource heterogeneity (Heinrichs et al., 2019). Longer forest cycles and
thus forest in late development stages, are also becoming more common
(BMEL, 2018), meaning that larger trees could become more prevalent.
Overall, our results confirm the idea that young stands with small trees
will allow for new carbon storage to be sequestered, but that a consid-
erable number of old stands with larger trees should be kept as long as
possible, to promote both carbon storage and diversity of taxa that
require late forest developmental stages.

4.3. Future directions

Our results provide evidence that the current management trends in
German forestry should promote more biodiverse and climate-friendly
forests at the local stand level. However, other elements need to be
assessed for a more comprehensive understanding of the impact of forest
management on wider scale biodiversity, on other aspects of carbon
cycling, and on other ecosystem services. More specifically, young
stands may become more prevalent in the future due to increasing rates
of disturbance due to bark beetles, wind and drought (Seidl et al., 2014;
Senf and Seidl, 2021). The above-described trade-off between carbon
storage and sequestration means that these stands of small trees will
accumulate carbon rapidly but will take time to store significant
amounts of carbon. Our results add to this by showing that stands of
small trees, which are likely to be young, may also take time to reach the
high biodiversity values of forests with larger trees, which are likely to
be old - although they may support their own distinct biota. This high-
lights the importance of old forests, which can also act as biodiversity
reservoirs from which species can colonise younger stands. The specific
tree species (and associated management practices) being promoted will
also influence the outcome, considering the role of the dominant tree
genus on both biodiversity and carbon storage shown above (Felton
et al., 2010).

In this study, we considered the impact of stand management on just
tree and topsoil carbon storage. For a more complete picture, it is also
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important to account for carbon in deeper soil layers. Indeed, carbon
storage in deeper soil layers can be driven by other, longer-term, factors
such as soil development stage and past land uses. Thus, the impact of
dominant tree genera might differ, and be weaker, when considering
total rather than topsoil carbon storage (Hüblová and Frouz, 2021).
Assessing overall forest carbon storage would also require accounting
for carbon stored in deadwood, which represents a significant carbon
pool globally (FAO and UNEP, 2020), though in these managed forests,
where deadwood inputs are low and removal is common, it may be of
lesser importance. Considering the fate of harvested wood carbon (e.g.
whether firewood or timber) could also affect the conclusions, as if these
fractions are large then the main drivers may differ from those identified
here. The inclusion of other greenhouse gases would also provide a more
complete assessment of climate impacts. Similarly, while our biodiver-
sity data is comprehensive, the inclusion of other taxa, e.g. saproxylic
beetles or other arthropods associated with deadwood, could alter our
conclusions, as such groups might respond differently to stand structural
properties and composition. Finally, we only assessed the impact of
forest structure and management on biodiversity and climate change
mitigation. Yet, forests provide a wider range of ecosystem services such
as the production of timber, the regulation of water and air quality, and
they also have cultural and recreational value (Führer, 2000; Neyret
et al., 2023). Different ecosystem services might be favoured by different
forest types to those that favour carbon and biodiversity (Felipe-Lucia
et al., 2018), and their consideration could alter local management
recommendations. While our results suggest a single set of forest stand
properties for promoting a wide range of local-scale biodiversity and
carbon features, we also showed that individual taxa require diverse
conditions (Savilaakso et al., 2021; Schall et al., 2018, 2020) which are
not always aligned with maximising carbon storage. This is consistent
with previous results by Sabatini et al. (2019), who highlighted that
stand-level management prioritising either biodiversity or carbon stor-
age could be balanced by maintaining forest diversity and heterogeneity
at the landscape level, thus promoting different objectives at different
locations. This may also help promote landscape-level multi-
functionality, whereby different forest stands simultaneously provide
biodiversity protection, climate mitigation options, economic benefits,
as well as cultural values (van der Plas et al., 2016).

5. Conclusion

Simultaneously promoting biodiversity protection and climate
change mitigation is a key challenge of local-scale forest management.
Here, we identified several forest structure and management variables
that may support these goals in German forests: large average tree
diameter and avoiding dominance of certain species, particularly pine.
Of course, these guidelines should be adapted to local contexts by
choosing species adapted to local soil types or climatic conditions. The
importance of large trees highlights the need to pay special attention to
old forests, where such trees are more likely to be found, due to their
importance for biodiversity and carbon storage. Further research should
build on our results to assess the resilience of old forests to future cli-
mates as well as the role of forests with different compositions than
those assessed here. As the demand for preserving both climate and
biodiversity grows stronger, approaches such as that presented here can
help support management decisions and forest management policies,
and thus promote more sustainable and multifunctional forests.
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Chatzinotas, A., Christ, S., Daniel, R., Diekötter, T., Fischer, C., Friedl, T., Glaser, K.,
Fischer, M., 2014. Interannual variation in land-use intensity enhances grassland
multidiversity. Proceedings of the National Academy of Sciences 111 (1), 308–313.
https://doi.org/10.1073/pnas.1312213111.

Ammer, C., 2019. Beech regeneration under spruce canopy growth and carbon storage
performance of regeneration stands in long-term regeneration cycles. Allgemeine
Forst- und Jagdzeitung 190 (3–14), 73–89. https://doi.org/10.23765/afjz0002039.
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