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Deadwood provides an important carbon source in forests and wooded

ecosystems and, accordingly, forest management strategies discuss the

enrichment of deadwood amount and diversity by different tree species.

To investigate the decomposition processes of enriched deadwood, we

simultaneously placed 3,669 size-standardized and gamma sterilized wood

specimens of 13 tree species (Populus tremula, Tilia cordata, Prunus avium,

Betula pendula, Carpinus betulus, Fraxinus excelsior, Quercus robur, Fagus

sylvatica, Acer platanoides, Larix decidua, Pinus sylvestris, Picea abies, and

Pseudotsuga menziesii) at a total of 300 forest and grassland plots in three

regions in Germany covering large gradients of management intensity and

environmental conditions. After 1 year, mass loss was calculated and its

relationship with wood traits and environmental conditions was assessed to

determine the most important factors. Mass loss was overall higher in forest

compared to grassland habitats, with wood traits as the most important

driver, followed by region and environmental factors related to microclimate.

However, management intensity was less relevant to explain the mass loss in

both habitats. Our results suggest that decomposition of enriched deadwood,

even after removal of endophytes, is influenced by the same drivers (positively

by moisture and abundance of macronutrients, negatively by lignin and

phenol concentration) as naturally occurring wood. Furthermore, due to the
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immense and standardized experimental setting, our study contributes to a

better understanding of the important drivers of mass loss in different tree

species and thus provides the basis for predictions of the carbon cycle in a

changing world.

KEYWORDS

deadwood decomposition, mass loss, forest and grassland habitats, management
intensities, region, wood traits, model averaging approach

Introduction

Temperate and boreal forests store approximately 500
megatons of carbon in above-ground biomass (Myneni et al.,
2001). After tree death, much of the carbon remains as
deadwood, which is slowly decomposed (Franklin et al., 1987).
Decomposition processes of deadwood convert carbon and
micronutrients (including nitrogen) that are mainly transferred
into the atmosphere in the form of carbon dioxide (CO2)
(Kipping et al., 2022), are incorporated into biomass (Harmon
et al., 1986) or enter the soil as organic material through
leaching (Russell et al., 2015). European forest and grassland
environments are governed by anthropogenic management
strategies that strongly influence the amounts and quality
of coarse woody debris (Josefsson et al., 2010; Ruokolainen
et al., 2018). Recent studies recommended strategies of active
deadwood enrichment with higher importance on deadwood
quality and diversity (Baber et al., 2016; Vogel et al., 2020).
Deadwood is an important habitat for saproxylic species and
changes the functional composition of these communities
(Seibold et al., 2015). Therefore deadwood enrichment promotes
the maintenance of forest biodiversity (Doerfler et al.,
2018) and studies have already shown positive effects on
biodiversity for microorganisms and beetles (Baber et al., 2016;
Vogel et al., 2020).

The main important drivers of natural deadwood
decomposition were ranked on a global scale, and tree
species had the strongest impact, followed by exogenous factors
such as climate and location-specific parameters, deadwood size
and the openness of canopies (Harmon et al., 2020). Tree species
as the main driver of decomposition process was described
frequently (Cornwell et al., 2009; Weedon et al., 2009; Freschet
et al., 2012; Pietsch et al., 2014; Hu et al., 2018; Parisi et al., 2018)
and are based on respective wood traits, which differ in their
chemical composition and morphology. Wood traits are more
important at the initial deadwood decay while their influence
fades along successional decay (Oberle et al., 2020). Wood traits
such as nitrogen, sulfur, and magnesium concentration promote
deadwood decomposition process, while higher concentrations
of extractives, lignin and phenol have an inhibitory effect
(Kahl et al., 2017).

Exogenous factors such as edaphic conditions, macro- and
microclimate have been shown to shape the occurrence of
wood dwelling organisms and deadwood decaying microbial
communities, which in turn affect the rate of deadwood decay
(Chambers et al., 2000; Zanne et al., 2015). Empirical studies
have shown that local environmental conditions, particularly
temperature and moisture, exert a strong positive effect
on the deadwood decomposition rate (Moore et al., 1999;
Kueppers and Harte, 2005). The strong positive correlation
between temperature and wood decay is directly linked to
microbial community compositions (Bradford et al., 2014),
which indirectly alters decomposition processes (Harmon et al.,
2020). Moreover, increasing decomposition rates were observed
with increasing moisture, as long as the wood moisture content
was between 20 and 80% (vol./vol.) (Cornelissen et al., 2012).
The effects of temperature and moisture were controversial
in different forest ecosystems, indicating a need for further
research. Temperature showed the strongest effect on decay
rates and tends to be more important than tree species and
decomposer diversity in subtropical forests (Pietsch et al., 2019).
In turn, moisture had a greater effect in mediterranean forests
(Criquet et al., 2002).

Furthermore, habitat structure may affect deadwood
decomposition, which is caused directly or indirectly by
habitat-related environmental factors. For example, deadwood
exposed in forest stands of the same tree species decomposes
faster than in forest stands of other tree species, as postulated
by the home-field advantage hypothesis (Ayres et al., 2009).
In addition, forests with increasing canopy openness showed
higher decomposition rates (Janisch et al., 2005; Shorohova and
Kapitsa, 2014; Harmon et al., 2020). Open canopies and open
habitats such as grasslands lead to increased photodegradation
by solar radiation (George et al., 2005) and faster alterations
of local weather situations. Few studies examined deadwood
decomposition rates across a gradient from mature forest to
open land (Dossa et al., 2020), where mass loss and termite
infestation of deadwood increased in open tropical montane
compared to closed tropical forest sites. In contrast, wood
decomposition across a gradient at a forest to shrubland ecotone
in temperate regions showed increased microbial community
activities near forests, which were decreasing with increasing
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distance (Smith and Peay, 2021). These correlative approaches
provide indications for potential mechanisms, but conclusions
about causal relationships are limited. Standardized, systematic
field experiments on wood decomposition of multiple tree
species under different environmental conditions based on a
highly replicated design would allow for a better mechanistic
understanding of wood decay but were lacking so far.

Most of Europe is dominated by deciduous broadleaved
forests or mixed coniferous and broadleaved forests, but also
grassland is partly used as pasturelands and agricultural sites,
and open woodland makes up a substantial proportion of the
cultural landscape (Bohn et al., 2000). German forests are
dominated by the tree species Picea, Pinus, Fagus, and Quercus
(BMEL, 2021), with most of these tree species and additionally
Acer, Tilia, or Ulmus occur in small proportions in grasslands
(Vera et al., 2006; Centeri et al., 2016). Majority of grasslands
are the consequence of deforestation (Feurdean et al., 2018),
and are partly used as woodland pastures or orchard meadows
where trees were left or planted for shading and fruit food source
for humans and animals (Centeri et al., 2016). As trees occur
in semi-natural grassland, wood decomposition is a relevant
process in these habitats which greatly differs from forests
in terms of environmental conditions and thus is of great
importance to understand the main drivers of carbon cycling.

In this study, we aim to investigate the degradation processes
of enriched deadwood from 13 different tree species. In
addition, we expect to gain a deeper mechanistic understanding
of natural deadwood decomposition concerning wood traits
and environmental conditions by using a highly replicated
and well-standardized experiment. This is conducted as part
of the Biodiversity Exploratories with 300 standardized field
plots in three different regions of Germany (Fischer et al.,
2010). Each region contains field plots in grassland and forest
habitats for which highly resolved data on anthropogenic
management intensity and environmental data are available.
This enabled us to analyse plot-associated factors on early stage
deadwood decomposition processes between both habitat types
(grassland and forest habitat) with the same macroclimate and
edaphic conditions and under defined gradients of management
intensity. Standardized deadwood specimens of 13 tree species
were exposed (Lasota et al., 2019; Noll et al., 2019), which
minimize the complexity of deadwood and enable a more
reliable analysis (Lasota et al., 2019) of factors that govern
deadwood mass loss. Moreover, deadwood specimens were
sterilized (hereinafter referred to as enriched wood) to eliminate
wood-inhabiting endophytes, as these have been found to
contribute to the home-field advantage hypothesis in the
early deadwood decay phase (Carroll, 1988; Song et al.,
2017). Thus, the deadwood specimens of the 13 tree species
could only be colonized by the local plot-specific decomposer
community. Therefore, we were interested in whether the
current biodiversity of each of the 300 plots is equally capable
of decomposing the deadwood and what plot-associated factors

may explain any deviations. We hypothesize that enriched
deadwood undergoes the same decomposing processes as
naturally occurring deadwood and, consequently, wood traits
are the most important driver of deadwood decay in both habitat
types, followed by environmental factors. However, we expect
mass loss to be higher in forest habitats compared to grassland
habitats, as habitat conditions like temperature, moisture, soil
conditions and the presence and abundance of saprotrophic
organisms are more favorable in forest habitats.

Materials and methods

Field plots

The study was conducted within the Biodiversity
Exploratories, a large-scale and long-term project to investigate
the relationship between biodiversity and ecosystem processes
in response to land-use intensity. In 2006–2009, three study
regions were established in different German protected areas
(Figure 1B). For these three regions, a detailed inventory of the
forest and grassland habitats was carried out, as well as the forest
management type and main tree species or the land use intensity
was determined by interviewing farmers and landowners [for
additional details, see Fischer et al. (2010)]. To study deadwood
decomposition, this work used a total of 300 study plots (100
plots per region, including 50 plots in forest of 100× 100 m each
and 50 plots in grassland of 50 × 50 m each) which provided
additional information on biodiversity and were subject to
regular environmental monitoring (Figures 1A, C). The size
differences between grassland and forest plots are based on the
selection criteria of consistency and constancy within a plot.

The Exploratory UNESCO Biosphere Reserve Schorfheide-
Chorin (52◦47′25′′–53◦ 13′26′′N/13◦23′27′′–14◦08′53′′E,
3–140 m a.s.l.) is characterized by extensive hilly young
moraine landscape with numerous lakes, small bodies of water
and bogs, as well as dry sandy knoll with subcontinental
dry grassland. Forest range from pine-durmast-oak forest,
to mixed beech forest and beech forest. The Exploratory
National Park Hainich and surrounding Hainich-Dün area
(50◦56′14′′–51◦22′43′′N/10◦10′24′′–10◦46′45′′E, 285–550 m
a.s.l.) are one of the largest continuous deciduous forest areas
that are dominated by European beech forests. Forest areas
are surrounded by small settlements, arable land, meadows
and pastures and limestone grassland. The Exploratory
UNESCO Biosphere Reserve Swabian-Alb (48◦20′28′′–
48◦32′02′′N/9◦10′49′′–09◦35′54′′E, 460–860 m a.s.l.) is
located on sub-montane and montane plateaus. This region is
characterized by small-scale mosaic of forests with in-between
meadows, sheep pastures and semi-arid grasslands. Forest
types range from natural old beech forests, mixed beech-spruce
forests and beech or spruce monocultures.
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FIGURE 1

Range of environmental factors (A) and region (B) of the Exploratories Schorfheide-Chorin, Hainich-Dün, and Swabian-Alb in Germany. Each
region consists of 50 forest and 50 grassland plots, which are structured in a similar pattern, each with a climate station where all wood
specimens were placed (see Supplementary Figure 1) and additional stations for monitoring and assessment (C). LUI, land-use intensity, ForMI:
forest management intensity. Details for the indices can be found in Table 1 and Supplementary Tables 2, 3 and the definition of indices by
Blüthgen et al. (2012), Kahl and Bauhus (2014).

Sample collection

In total, 3,900 deadwood specimens [50
(longitudinal) × 25 × 15 mm] from 13 different tree species
were prepared from the outer part of the corresponding tree
trunk without bark. To eliminate potential endophytes, all
specimens were sterilized in airtight packages by gamma
radiation of 70 kGy (Gammaservice, Radeberg, Germany)
as outlined earlier (Muszynski et al., 2021). Thereafter each
deadwood specimen was precisely weighed under kiln-dried
conditions (48 h at 103◦C) to record its initial mass (see mass
loss). In April 2017, wood specimens (13 tree species × 50
grassland plots and 50 forest plots × 3 regions) were placed
above ground so that the transverse surface was exposed to both
soil and air. For safety and recovery, the samples were covered
with a net (mesh size of 0.5 cm, please see Supplementary
Figure 1) and exposed for approximately 1 year in the region
Schorfheide-Chorin (397 days), Hainich-Dün (460 days), and
Swabian-Alb (414 days). However, 3,669 deadwood specimens
were recovered after exposure from a total of 300 specimens per
tree species (Populus tremula (n = 280), Tilia cordata (n = 286),
Prunus avium (n = 285), Betula pendula (n = 285), Carpinus
betulus (n = 293), Fraxinus excelsior (n = 285), Quercus robur
(n = 280), Fagus sylvatica (n = 279), Acer platanoides (n = 286),
Larix decidua (n = 276), Pinus sylvestris (n = 277), Picea abies
(n = 270), and Pseudotsuga menziesii (n = 287) (for details see
Supplementary Tables 2, 3).

Mass loss

After exposure, each deadwood specimen was collected from
each plot and cleaned of adhering soil and/or fungal mycelium
with a brush. Each wood specimen was then separately packed,
transported to the laboratory, dried for over 48 h in a climatic
chamber at 103 ± 2◦C, and then placed in a desiccator (Lasota
et al., 2019). Thereafter, the weight of wood specimen was
measured, and drying was repeated until a weight constancy was
revealed. The percentage mass loss was determined by dividing
the dry weight after exposure from the initial dry weight from
every single wood specimen.

Environmental factors

Since the beginning of the Biodiversity Exploratories,
environmental factors have been recorded on each plot in all
three regions (Figure 1). Each plot contains a 3 × 3 m weather
documentation system (climate station) in the plot center,
where all weather data were collected and also our deadwood
specimens were placed (see Figure 1C). These weather data
included relative air humidity (%, vol/vol) at 2 m above
ground, soil moisture (%, wt/wt) at 10 cm below surface, air
temperature (◦C) at 10 cm above surface, soil temperature
(◦C) at 10 cm below surface and soil pH. The average value
of each environmental factor per plot was calculated for our
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exposure year and used for further statistical analyses (see
Figure 1 for macroclimate and Supplementary Data Sheet 2 for
microclimate).

Management intensities

The forests of the Biodiversity Exploratories include three
main management groups: (1) unmanaged, mature forests,
which are not used and mostly protected for at least 60 years, (2)
uneven-aged selection cutting forest where trees are harvested
selectively, and (3) age-class forests, where harvest occur at
80 years intervals for coniferous forests and 100–120 years
intervals for beech forests (Table 1). For anthropogenic
management intensity calculation, the forest plots were
characterized by the combined forest management index ForMI
(Kahl and Bauhus, 2014), and its components: proportion of
harvested wood volume (Iharv), proportion of tree species that
are not part of the natural community (Inonat), and proportion
of deadwood including saw cuts (Idwcut). Each component
was ranked in a range between 0 (no sign of management)
and 1 (intensive management) and then summarized to the
ForMI.

Grasslands are divided into three main categories of land
use: (1) meadows, (2) pastures and (3) mown pastures, and were
characterized by the combined land-use intensity index LUI
(Blüthgen et al., 2012). The LUI summarizes the standardized
intensity of the components of total grazing, total mowing, and
total fertilization.

Tree species-specific wood traits

As part of the Biodiversity Exploratories, Kahl et al.
(2017) analysed the wood properties of the 13 tree species
used in this study (Kahl et al., 2017). To test the potential
effect of wood traits in detail, concentrations of carbon,
nitrogen, phosphorous, sulfur, potassium, calcium, magnesium,
manganese, organic extractives, phenol, and lignin were taken
from Kahl et al. (2017), which calculated the average value
per tree species (Supplementary Table 1). In addition, initial
wood density was analysed within this study (see above section
“Sample collection”) by measuring the weight of each deadwood
specimen before and after exposure at kiln-dried conditions.
Our wood density findings were in line with previous findings
(Fengel and Wegener, 2011).

Statistical analyses

The statistical analyses and data visualization were
performed using R v4.0.2 (R Core Team, 2016). In the first
step (Model 1), we tested for the total effect of tree species,

habitat type (forest and grassland), region (Schorfheide-
Chorin, Swabian-Alb, and Hainich-Dün), and anthropogenic
management intensities (LUI and ForMI) on mass loss.
Therefore, we conducted linear mixed effects models using the
lmer function in lmerTest package (Kuznetsova et al., 2017).
For the first model, mass loss was used as response factors.
Tree species, habitat type, region and management intensity
and their interaction were used as fixed factors and PlotID as
random factor. Anthropogenic management intensity values
in forest and grassland habitats were normalized within each
habitat type to achieve comparable scales. Continuous factors
were standardized (scaled to zero mean and unit variance) using
the decostand function in the vegan package (Oksanen et al.,
2017). The first model results were presented as type III ANOVA
(analysis of variance) table with p-values for F-tests after single
term deletions (drop1 function) and by using Satterthwaite’s
method for denominator degrees of freedom. Based on these
model results, the adjusted mean effect size and corresponding
95% confidence intervals, were additionally generated with
emmeans function in the package emmeans (Lenth et al., 2018)
and illustrated with the field observed data using the ggplot2
package (Wickham et al., 2016). Associated significances were
also performed using the emmeans function and denominator
degrees of freedom are determined based on Satterthwaite’s
method.

To examine in detail the influencing drivers underlying
the overall effects, the second step (Model 2) assessed the
importance of wood traits, environmental factors, region,
and management intensity for mass loss to subsequently
determine their estimated effect size. Accordingly to the strong
influence of habitat types, all of the following analyses of
the second model were conducted separately for forest and
grassland habitats. To avoid multicollinearity, we first evaluated
the Spearman correlations among all fixed-effect factors and
excluded one of each factor pair with a correlation >0.7
(Tabchnick and Fidell, 1996). As potassium and sulfur, calcium
and phosphorus, and carbon and phosphorus concentration
were highly correlated (0.91, 0.73, and −0.78, respectively)
only sulfur, calcium and carbon concentrations were kept for
subsequent analyses. Thereafter, we used all selected variables
and conducted separate models based on the combined
management intensities ForMI/LUI and its components. These
separate models resulted in the following variables used in
the global model: ForMI (Iharv, Inonat, Idwcut)/LUI (grazing,
mowing, fertilization), main tree species, wood density, carbon,
nitrogen, sulfur, calcium, magnesium and lignin concentration,
soil pH, relative air humidity, soil moisture, air temperature, and
soil temperature. In a second step, we applied the multimodel
inference approach as proposed by Grueber et al. (2011)
based on a global model (lmer) including all selected and
standardized (see above) fixed-effect factors with mass loss as a
dependent factor and PlotID and TreeSpecies as random effects.
We conducted automated model selection with subsets of the
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TABLE 1 Number of individual plots with contrasting land-use and management types for grassland and forest habitats in three regions.

Region Schorfheide-Chorin Hainich-Dün Swabian-Alb

Components of the land use intensity (LUI) of grassland plots

Meadows

fertilized 7 7 18

unfertilized 11 – 4

Pastures

fertilized – 2 2

unfertilized 22 18 17

Mown pastures

fertilized 3 15 9

unfertilized 7 8 –

Components of the forest management intensity (ForMI) of forest plots

Unmanaged forest 5 13 5

Age class forest

Fagus (Beech) 16 24 33

Quercus (Oak) 7 – –

Picea (Spruce) – 4 12

Pinus (Pine) 22 – –

Selection forest (trees harvested selectively) – 9 –

global model by the dredge function based on AICc (small-
sample-size corrected version of Akaike information criterion)
in the R package MuMIn (Barton, 2020). We subsequently
selected the best models based on 1AIC < 2 (substantial
support) and 1AIC < 4 and 1AIC < 7 (some support)
as suggested by Burnham et al. (2011) using the get.models
function. The relative importance of each independent factor
was assessed by calculating the cumulative Akaike weights of
models containing a particular predictor. In the last step, we
used all factors with an importance value >0.75 in a final model
with a model structure like the global model to calculate their
estimated effect size. The model estimates of the important fixed
effects were plotted using the package sjPlot (Lüdecke, 2020).
Additionally, to determine the predictive capacity of all models,
the R-Squared was calculated by using r2_nakagawa function
(Lüdecke et al., 2020).

Results

Decay rate of 13 different tree species
differed in grassland and forest plots
(model 1)

Mass loss differed significantly among tree species
(Figure 2). Region, tree species identity and habitat type, and the
interactions with tree species were the important drivers of mass
loss (Table 2). The effect of tree species identity on mass loss

strongly depended on region, habitat type, and anthropogenic
management intensity (Table 2), indicating that the effect of tree
species was affected by these environmental factors to varying
degrees. Moreover, anthropogenic management intensity alone
did not show a significant effect on mass loss (Table 2), nor
the interaction of habitat type and management intensity
(Table 2). In summary, the first model after single-term deletion
had a prediction capacity of 65%, including the interactions
(Supplementary Table 5).

Mass loss of all tree species was significantly higher in forest
than in grassland habitats (Figure 2). The four gymnosperms
L. decidua, P. sylvestris, P. abies, and P. menziesii had a much
lower mass loss in grassland as well as in forest habitats than
the majority of angiosperm trees (Figure 2 and Supplementary
Table 4). In addition, Q. robur and P. menziesii had the lowest
mass loss in forest and grassland habitats, respectively. In
contrast, A. platanoides and C. betulus had the highest mass
loss in grassland habitats, while C. betulus, A. platanoides and
B. pendula had the highest mass loss in forest habitats.

Degree of mass loss in each habitat
type is linked to region, plot specific
and tree species-specific traits
(model 2)

After reducing the variables following a model average
procedure separately for each habitat, we investigated important
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FIGURE 2

Mass loss of deadwood of 13 temperate tree species exposed in 150 grassland and 150 forest habitats (n = 3,669). Gray dots indicates measured
field observation data and yellow/blue symbols the model-adjusted mean and 95% confidence intervals of each mean. Plot details were
summarized in materials and methods section. Significant differences in mass loss within, between grassland and forest habitats and regions
based on linear mixed effect model using Satterthwaite’s method (***p ≤ 0.001). Tree species-specific phylogenetic information (above mass
loss) was taken from Kahl et al. (2017). For detailed significance results see Table 2 and Supplementary Table 4.

TABLE 2 Results of linear mixed effect model for regions (Schorfheide-Chorin, Swabian-Alb, and Hainich-Dün), habitat types (grassland and forest),
management intensity (LUI, land use intensity index or ForMI, forest management intensity) and their interactions on the mass loss of deadwood
from 13 temperate tree species (Model 1; n = 3669).

Factor Sum Sq Mean Sq NumDF DenDF F value Pr(>F) Significance

Habitat type 71.19 71.193 1 293.4 270.0129 <2.2 x 10−16 ***

LUI / ForMI 0.52 0.518 1 295.2 1.9660 0.16192

Region 7.52 3.762 2 293.2 14.2680 1.22 x 10−6 ***

Tree species 1150.64 95.887 12 3318.5 363.6672 <2.2 x 10−16 ***

Habitat type x LUI/ForMI 0.03 0.026 1 294.8 0.1001 0.751877

Tree species x Habitat type 62.27 5.189 12 3318.6 19.6805 <2.2 x 10−16 ***

Tree species x LUI/ForMI 7.41 0.617 12 3318.5 2.3408 0.005508 **

Tree species x Region 12.04 0.502 24 3318.7 1.9025 0.005082 **

ANOVA is based on Satterthwaite’s method (Sum Sq, Sum of square; Mean Sq, Mean of square; Num DF, Numerator degrees of freedom; Den Df, Denominator degrees of freedom). The
LUI and ForMI index was standardized for this purpose. Significance-values ≤0.05 are shown with *; Significance-values ≤0.01 are shown with **; and Significance-values ≤0.001 are
shown with ***.

factors of regions, tree species-specific traits as well as
plot-associated environmental factors (weather and edaphic
conditions) as the main drivers of mass loss in both habitat
types (Figures 3, 4). Based on 1AIC < 2 region, relative air
humidity, soil pH, wood density and concentration of lignin,
carbon, calcium, sulfur and phenol showed high importance
in forests, whereas region, soil moisture, and concentration
of lignin, carbon, calcium and sulfur were most important in
grassland habitats (Figure 3 and Supplementary Figures 2–5).
Based on the second model including these factors, mass loss
was positively affected by the wood traits such as carbon,
sulfur and calcium concentrations in a similar pattern for both
habitat types (Figure 4 and Table 3). Moreover, high phenol

concentrations and wood density were positively associated with
mass loss, but negatively with soil pH in forest habitats (Figure 4
and Table 3). In addition, mass loss was positively associated
with soil moisture in grasslands and relative air humidity in
forest habitats. In both habitat types, mass loss was negatively
affected by lignin concentration, and was lower in the regions
Hainich-Dün and Schorfheide-Chorin compared to Swabian-
Alb. Mass loss in Hainich-Dün was higher than in Schorfheide-
Chorin in grasslands, but lower in forests (Figures 2, 4 and
Table 3). The final model had a predictive capacity of 62 and 61%
for grassland and forest habitats, respectively (Supplementary
Table 5).
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FIGURE 3

Importance factors (assessed by the cumulative Akaike information criterion (AIC) weights of models containing a particular predictor) of fixed
variables in explaining decay rates of the 13 different tree species based on model averaging with 1AIC < 2. Values are shown separately for
grassland and forest habitat and used with an importance value > 0.75 in a final model (Figure 4). For details see Supplementary Figures 2–5 in
the Supplementary material.

FIGURE 4

Model estimates of the final linear mixed effect model (Model 2) to elucidate drivers of mass loss in forest and grassland habitats.
Model-averaging procedure based on Akaike information criterion (AIC) and calculation for selection of importance factors (value > 0.75;
details see Supplementary Figures 2–5). Effect mean size and confidence intervals are indicated for the parameters included in the model set
(all models included). Detailed results of the final model are shown in Table 3.
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TABLE 3 Results of final models for importance variables of tree species traits, environmental factors and land-use intensity on mass loss (Model 2).

Forest

Variable Estimate Standard error Degrees of freedom T value P value Significance

Region

(Intercept) 2.516 0.08 12.56 33.32 1.23 x 10−13 ***

Hainich-Dün −0.304 0.06 147.51 −5.11 9.67 x 10−7 ***

Schorfheide-Chorin −0.468 0.07 146.58 −6.36 2.39 x 10−9 ***

Environmental factors

Relative air humidity 0.070 0.02 146.92 2.96 0.0035 **

Soil pH −0.100 0.03 147.52 −3.30 0.0012 **

Wood traits

Lignin −0.350 0.07 5.99 −4.65 0.0035 **

Wood density 0.145 0.08 6.00 1.75 0.1304

Calcium concentration 0.177 0.09 6.00 2.00 0.0919

Carbon concentration 0.255 0.10 6.00 2.52 0.0456 *

Phenol concentration −0.277 0.07 6.00 −3.80 0.0090 **

Sulfur concentration 0.371 0.08 6.00 4.52 0.0040 **

Grassland

Variable Estimate Standard error Degree of freedom T value P value Significance

Region

(Intercept) 1.808 0.06 18.75 27.95 9.63 x 10−17 ***

Hainich-Dün −0.286 0.06 145.01 −4.99 1.73 x 10−6 ***

Schorfheide-Chorin −0.058 0.06 141.44 −1.03 0.3060

Environmental factors

Soil moisture 0.139 0.02 140.08 5.83 3.57 x 10−8 ***

Wood traits

Lignin −0.276 0.06 7.98 −4.518 0.0012 **

Calcium concentration 0.355 0.07 7.99 5.14 0.0009 ***

Carbon concentration 0.354 0.08 7.99 4.47 0.0021 **

Sulfur concentration 0.498 0.06 7.98 7.91 4.83 x 10−5 ***

Analysis was performed separately for different habitats (150 grassland plots, 150 forest plots) containing deadwood specimens of 13 tree species (total: 1806 grassland plots and 1863
forest plots). Calculation of fixed effects based on weights by Akaike information criterion (AIC) and selection of all variables with an importance value > 0.75 (see Supplementary
Figures 2–5).

Discussion

This study serves to investigate decomposition of enriched
deadwood and validate reported drivers of mass loss by
using a highly replicated experimental setting. The experiment
was carried out in all three regions during the same time
frame, so that seasonal cycle was similar for all samples. The
results revealed, that the rate of enriched deadwood decay
is most strongly affected by tree species due to different
respective wood traits, regardless of habitat type, i.e., forest
and grassland and region. In addition, mass loss is shaped by
environmental factors differing between habitat type and region.
In contrast, management intensity was less important for mass
loss (Table 2). These findings indicate similar decomposing
processes for enriched and naturally occurring deadwood

and support previous observational studies conducted in
forest habitats. Furthermore, it shows their generalizability of
processes across habitats and regions and thus contributes
substantially to a better mechanistic understanding of the
drivers of deadwood decomposition.

Globally, microbes are the key deadwood decay agents
(Lee et al., 2020) and they are already partly present as
endophytes in many tree species (Magaudda et al., 2001; Song
et al., 2017; Purahong et al., 2019). Gamma sterilization was
applied to all standardized deadwood specimens, which is a
very effective treatment to inactivate all endophytes and other
wood inhabiting organisms (Sharman and Smith, 1970; Freitag
and Morrel, 1998). Therefore, the decomposing substrates were
only exposed to saprotrophic communities without any prior
presence of endophytes. Cline and colleagues showed that the
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effect of endophytes was more pronounced in the early stage
of deadwood decay than in the late stage (Cline et al., 2018),
indicating the priority effect of pivotal importance in the early
stage of deadwood decay. Since our study addresses the early
stages of decay, gamma radiation ensured a valuable method to
establish equal initial conditions.

Early stage deadwood degradation was more efficient in
forest than in grassland habitats (Figure 2 and Table 2),
indicating that the functional guilds for deadwood decay were
also present in grassland, but more abundant or with increased
activity in forest habitats as described earlier in the same
environments (Kaiser et al., 2016). According to the home-
field advantage hypothesis tree species-specific decomposer
communities were more frequent in forests with the same tree
species identity than in forests of other tree species identities
(Purahong et al., 2019), indicating that the presence and
abundances also in forest habitats are unequally distributed.
Moreover, a recent study revealed that these 13 tree species
were mainly resource-specific colonized by a defined set of fungi
and prokaryotes as revealed by bipartite interaction networks in
forest habitats (Moll et al., 2021). The presence of specialized
deadwood decaying fungi is of higher importance for deadwood
decay than respective accompanying prokaryotic community
compositions (Moll et al., 2021). Therefore, the colonization
patterns of deadwood decomposing microorganisms are of
pivotal importance for mass loss. While the effect of the
deadwood decaying fungal communities during the conversion
from forest habitats to grassland habitats by diebacks (Fukasawa
et al., 2019) or after wildfires (Molinas-González et al.,
2017) has been studied, knowledge on deadwood decay in
grassland, which is less connected to the forest source of wood
decomposing organisms, is so far scarce. Recently a study on the
same Swabian-Alb plots showed that fungi were superior in the
colonization of mineral grassland plots. These fungi were more
efficient to incorporate dead root-derived carbon into their
biomass compared to bacterial community members (Kandeler
et al., 2019). Therefore, a broad diversity of fungal decomposing
community members is also present in these grassland habitats
but less productive in the deadwood decomposition. However,
to assess these decomposing microorganisms exact relevance
and productivity in grassland, further studies for phylogenetic
identity and productivity are required.

The variance in deadwood mass loss within tree species
across plots was much higher in the forest habitats than in
the grassland habitats (Figure 2). As the experimental setting
was similar for all sterilized deadwood specimens, this can
be mainly attributed to plot-specific colonization patterns
of deadwood decomposing microorganisms and their biotic
interactions (Figure 4). Interestingly the variability in mass loss
of gymnosperms was lower compared to angiosperms in both
habitat types (except for Q. robur) (Figure 2), which is in line
with the annual decay rate of similar wood logs exposed at the
same plots (Kahl et al., 2017).

Besides, mass loss at the early decay stage showed region-
based differences. The mean mass loss and estimated effect
size were higher in both forest and grassland habitats of
Swabian-Alb than those of Schorfheide-Chorin or Hainich-
Dün, but was more similar to each other in grassland habitats
(Figures 2, 4). Swabian-Alb had the highest precipitation
rates, followed by Hainich-Dün and Schorfheide-Chorin
leading to higher soil moisture and air humidity. As the
region Schorfheide-Chorin is placed on sandy soils with
moraines, the water holding capacity is lower compared to
Hainich-Dün or Swabian-Alb. Soil moisture in grassland
and air humidity in forest habitats were positive drivers
of mass loss (Figure 4), which is in line with previous
studies as increased moisture content had a linear or
almost linear relationship to mass loss of deadwood
(Kubartová et al., 2015; Zelinka et al., 2020). Moreover,
increasing soil pH was a negative driver for mass loss in forest
habitats, which was attributed in another study for leaching
from phenolic compounds of silver fir and beech deadwood
(Stutz et al., 2017).

Surprisingly, anthropogenic management intensity showed
no effect in the early decay stages, neither overall nor
separately for forest or grassland habitats (Figure 4 and
Table 2). Because fresh wood is usually colonized by a
large set of organisms and biodiversity is directly affected by
management intensity (Bässler and Müller, 2010), we expected
a biodiversity-based effect of management intensity. Moreover,
the decomposition rate is strongly affected by microbial
activity in the early stage of deadwood decay, which in turn
depends on environmental factors (Kueppers and Harte, 2005).
Therefore, even if the biodiversity was not changed in each
plot an activity-based effect of management intensity was
expected subordinate effect. It is possible, that these effects
would be minimized by prior sterilization of the deadwood
samples.

As tree species was an important driver of mass loss
(Table 2), the majority of tree species-specific traits were also
significantly correlated to mass loss (Figure 4 and Table 3),
which was shown previously (Kahl et al., 2017). Lignin
concentration was negatively correlated to mass loss in both
habitat types (Figure 4), supporting early research on deadwood
decomposition (Meentemeyer, 1978). Lignin is a recalcitrant
carbon compound and requires specific enzymatic cleavage for
its degradation, which is mainly produced by members of the
division Basidiomycota (Janusz et al., 2017). Also, the quality
of lignin addressed as phenol concentration was negatively
correlated in forest habitats (Figure 4), which is in line with
previous findings (Talbot et al., 2012; Kahl et al., 2017). In
turn, carbon concentration was positively correlated to mass
loss in both habitats (Figure 4). As deadwood decomposing
communities gain their energy by carbon metabolism, a positive
correlation to carbon concentration is evident. In the early
stages of decomposition, readily degradable and accessible
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carbon compounds are primarily degraded, promoting a
positive correlation with total carbon concentration. Lignin,
on the other hand, is degraded less rapidly and conversion
rates are known to be low, explaining the opposite effects of
lignin content on mass loss. In addition, other macronutrients
such as sulfur and calcium also had a positive effect on
mass loss. Sulfur and compounds like cysteine, sulfonates and
sulfate are known to increase fungal mycelium growth and
proliferation, which could support a higher decomposition rate
(Schmalenberger et al., 2011; Kahl et al., 2017), but further
information is required to fully understand the underlying
processes. An increased calcium concentration contribute to
enzyme activities and osmoregulation in microorganisms,
indicating that these concentrations are rate-limiting for
deadwood decay. As deadwood is composed of a large set
of abiotic tree species-specific traits, single parameters can
hardly be disentangled from each other. Additionally, mass
loss in forest habitats correlated positively with wood density
(Figure 4), as already found previously (Kahl et al., 2017; Hu
et al., 2018). Such relationship between mass loss and high
wood density changes during decomposition stages (Oberle
et al., 2020). Since the higher mass loss in forest habitats
is associated with advancing decomposition, the positive
relationship with wood density could already be observed here,
while nothing was yet visible in grassland. In general, mass
loss was lower in grassland than in forest habitats, but was
influenced by similar wood traits as well as environmental
factors.

Conclusion

The paradigm that tree species-specific wood traits are
of pivotal importance for decay and hence mass loss (Lee
et al., 2020; Oberle et al., 2020) is supported and extended
by our study to more tree species and more habitats, i.e.,
forest and grassland plots. Therefore, the generalized findings
from forest habitats can also be used to predict mass
loss in grassland habitats, which was to the best of our
knowledge, not addressed in such a highly replicated study
so far.

In addition, a detailed analysis of decomposition drivers
revealed the same direction of influence factors for enriched
deadwood compared to naturally occurring deadwood (Kahl
et al., 2017). Environmental factors such as temperature and
moisture and wood traits such as macronutrients were positively
related to accelerated deadwood decay, while lignin and phenol
were negatively related. Future research should clarify which
microbial communities are able to colonize enriched deadwood
to link phylogenetic identity to ecosystem service productivity,
which will help predict future management strategies in a world
with biodiversity loss and climate change.
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