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ABSTRACT

Decomposition of dead fine roots contributes signifi-
cantly to nutrient cycling and soil organic matter sta-
bilization. Most knowledge of tree fine-root
decomposition stems from studies in monospecific
stands or single-species litter, although most forests are
mixed. Therefore, we assessed how tree species mixing
affects fine-root litter mass loss and which role initial
litter quality and environmental factors play. For this
purpose, we determined fine-root decomposition of 13
common tree species in four European forest types
ranging from boreal to Mediterranean climates. Litter
incubations in 315 tree neighborhoods allowed for
separating the effects of litter species from environ-
mental influences and litter mixing (direct) from tree
diversity (indirect). On average, mass loss of mixed-
species litter was higher than those of single-species
litter in monospecific neighborhoods. This was mainly
attributable to indirect diversity effects, that is, alter-
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ations in microenvironmental conditions as a result of
tree species mixing, rather than direct diversity effects,
that is, litter mixing itself. Tree species mixing effects
were relatively weak, and initial litter quality and
environmental conditions were more important pre-
dictors of fine-root litter mass loss than tree diversity.
We showed that tree species mixing can alter fine-root
litter mass loss across large environmental gradients,
but these effects are context-dependent and of mod-
erate importance compared to environmental influ-
ences. Interactions between species identity and site
conditions need to be considered to explain diversity
effects on fine-root decomposition.

Key words: absorptive fine roots; environmental
gradient; functional trait diversity; site-specific lit-
ter; SoilForEUROPE; species identity; standard lit-
ter; tree species mixing.

HIGHLIGHTS

e Effects of tree diversity on fine-root litter mass
loss across Europe were studied

e Tree diversity accelerated overall fine-root litter
mass loss

e Initial litter quality and environmental condi-
tions further affected fine-root decomposition


http://orcid.org/0000-0002-2968-558X
https://doi.org/10.1007/s10021-021-00728-3
https://doi.org/10.1007/s10021-021-00728-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-021-00728-3&amp;domain=pdf

J. Wambsganss and others

INTRODUCTION

The decomposition of plant litter is one of the key
processes influencing carbon (C) and nutrient cy-
cling and thereby crucial for overall ecosystem
functioning (Swift and others 1979). Drivers of
decomposition rates have mainly been identified
for aboveground litter, despite the substantial
contribution of fine-root litter to total plant litter
inputs (for example, Freschet and others 2013), soil
organic matter formation (Angst and others 2021),
and nutrient availability in soils (Hobbie 2015).
Necromass of both fine roots and fungi, which are
often associated with roots, can also contribute to
the stabilization of soil organic matter, thereby
possibly increasing C residence time in soils (Co-
trufo and others 2013; Adamczyk and others 2019).
In particular, the most distal root orders have rel-
atively low life spans (McCormack and others
2012) and yet may decompose slower than higher-
order roots (for example, Xiong and others 2013).
Hence, fine roots may play a significant role in soil
C sequestration. In addition, fine-root turnover is
very important for nutrient cycling (Jackson and
others 1997; Gordon and Jackson 2000). Owing to
lower nutrient resorption, fine-root nutrient con-
centrations at senescence are likely higher than in
freshly shed leaves (Brant and Chen 2015). In
addition, trees may allocate a greater share of bio-
mass to roots than to foliage (Reich and others
2014). This further highlights the crucial role of
tree root litter for C and nutrient cycling in forests.

Several studies have shown that leaf and root
litter can decompose at different rates (Vivanco and
Austin 2006; Hobbie and others 2010; Freschet and
others 2013). Their decomposition rates are con-
trolled by distinct factors, and particularly, lignin
appears to play different roles in leaf and root litter
decomposition (Hobbie and others 2010; Sun and
others 2018). Contrasting drivers consequently
prevent a simple transfer of results from leaf litter
decomposition studies to those of fine-root litter.
Moreover, inconsistent results regarding the major
controls of fine-root decomposition have been re-
ported. Climatic variables, including mean annual
temperature (MAT) and precipitation (MAP), have
often been found to strongly affect fine-root
decomposition (for example, Zhang and others
2008; See and others 2019). Moreover, initial litter
quality (particularly root nitrogen (N), calcium
(Ca), and lignin concentrations) has also been
shown to be a strong determinant of fine-root litter
decomposition by some (Zhang and others 2008;
Zhang and Wang 2015; See and others 2019), yet,

not by others (Hobbie and others 2010; Sun and
others 2013).

Most studies of root litter decomposition
dynamics have concentrated on single species,
even though the majority of the world’s natural
forests are mixed (Bauhus and others 2017), and so
is their litter. Moreover, current management
strategies increasingly focus on promoting tree
species mixtures (Bauhus and others 2017), as they
can enhance the provision of ecosystem services
compared to their monospecific counterparts (re-
viewed by Scherer-Lorenzen 2014).

Tree diversity may alter litter decomposition
rates via several direct and indirect effects (Hector
and others 2000; Gessner and others 2010). Direct
interaction effects occur when litter properties of at
least one species in mixture alter decomposition
rates in litter of other species. These nonadditive
effects, which have been observed in 15% of litter
mixtures globally (Porre and others 2020), can be
either synergistic (accelerate) (for example, Scher-
er-Lorenzen 2008) or antagonistic (decelerate
decomposition) (for example, Grossman and others
2020). Synergistic effects may stem from comple-
mentary resource use among detritivores (for
example, Vos and others 2013), nutrient transfer
from rich to poor litter (for example, Schimel and
Hattenschwiler 2007) through fungal transport
(Tiunov 2009) or leaching (McTiernan and others
1997), or more favorable microclimatic conditions
(Makkonen and others 2013; Liu and others 2020)
in mixed vs. single-species litter. Antagonistic ef-
fects may stem from the presence of inhibitory
secondary compounds such as condensed tannins
(Hattenschwiler and Vitousek 2000; Hatten-
schwiler 2005), via the inhibitory effect of in-
creased N availability on the synthesis of lignolytic
enzymes by microorganisms or the recombination
of N with partly decomposed compounds (Berg
2014), and also altered microclimatic conditions
(Makkonen and others 2013). These interactions
are under the influence of initial species’ chemical
and physical litter traits (Liu and others 2020). As
such, a higher dissimilarity in litter traits among
species may lead to stronger synergistic or antago-
nistic mixing effects, as shown for leaf litter
(Makkonen and others 2013) or cellulose paper
(Joly and others 2017). Yet, litter trait dissimilarity
has not always been found to affect mixed leaf litter
decomposition (Barantal and others 2011; Lin and
Zeng 2018; Porre and others 2020), and functional
trait identity was further suggested to play an
important role (Grossman and others 2020), in
some cases even more than trait dissimilarity
(Schindler and Gessner 2009; Frainer and others
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2015). Whether chemical or physical trait dissimi-
larity in fine roots affects their decomposition in
mixtures has not been tested so far.

In addition, tree species diversity at the location
of litter incubation may indirectly affect root litter
decomposition. For instance, alterations in canopy
structure can affect understory species composition
(Leuschner and Ellenberg 2017), forest floor tem-
perature and moisture (Joly and others 2017) and
edaphic properties, such as soil pH or texture
(Prescott and Grayston 2013; Scheibe and others
2015; Dawud and others 2016). In turn, these
influence soil fauna (Korboulewsky and others
2016), microbial communities (Scheibe and others
2015), or priming effects via root exudation
(Zwetsloot and others 2020), consequently affect-
ing decomposition. To date, only relatively few
studies have examined such indirect diversity ef-
fects (for example, Joly and others 2017). Yet, the
separation of direct from indirect effects is a pre-
requisite for identifying the prevailing drivers of
litter decomposition at small scales (that is, litter
characteristics versus altered decomposition envi-
ronment) and would thereby greatly improve our
mechanistic understanding of diversity effects.

Globally, the occurrence, strength, and direction
of diversity effects on leaf litter decomposition are
still highly debated, as illustrated by several reviews
and meta-analyses (Gartner and Cardon 2004;
Hattenschwiler 2005; Gessner and others 2010;
Kou and others 2020; Liu and others 2020; Porre
and others 2020), potentially due to a predomi-
nance of studies suggesting rather than testing the
mechanisms behind these effects. Nonetheless, as
described above, a range of studies have demon-
strated the existence of causal links between leaf
litter traits and nonadditive effects (for example,
Schimel and Hattenschwiler 2007); Joly and others
2017). Such a mechanistic understanding remains
to be extended to the belowground decomposition
of fine-root mixtures.

The majority of studies assessing diversity effects
on fine-root litter decomposition comes from
grasslands and report both positive and negative
effects of species mixing on mass loss (Chen and
others 2017a; Prieto and others 2017). The three
studies on fine-root litter mixing in forests observed
no effects on fourth- and fifth-order roots in a
tropical tree diversity experiment (Guerrero-Ra-
mirez and others 2016), negative effects in a sub-
tropical forest (Li and others 2018), and positive
effects in a subtropical plantation (Jiang and others
2019). Based on these studies, no mechanistic
process can be identified as driving the nonadditive
effects of fine-root litter decomposition in mixtures.

Inconsistent methodologies (for example, varia-
tions in mesh size, incubation time, or root func-
tional type) can limit the comparability of studies
(Liu and others 2020). A major constraint of root
decomposition studies may be the lack of differ-
entiating between fine-root orders, which are
known to vary in chemical and physical properties
(for example, Pregitzer 2002; Beyer and others
2013) and thus also in decomposition patterns (Sun
and others 2013, 2016; Xiong and others 2013) and
thereby have different impacts on C and nutrient
cycling.

To address the mentioned knowledge gaps, we
quantified fine-root litter mass loss of 13 common
tree species in relation to tree species diversity,
initial fine-root traits, and micro- and macroenvi-
ronmental conditions in four European forest types
ranging from boreal to Mediterranean climate.
Because the very fine roots contribute significantly
to soil litter inputs (McCormack and others 2015),
we focus on the first three root orders. We
hypothesized that (i) fine-root mass loss increases
with tree species diversity, with (ii) direct diversity
effects through litter mixtures being stronger
determinants than (iii) indirect effects through
alterations of the decomposition environment. In
addition, we hypothesized that (iv) a higher func-
tional dispersion in initial litter traits enhances
diversity effects on root litter mass loss. To assess
the relative importance of these diversity effects,
we further investigated the influence of initial litter
traits and site conditions on fine-root decomposi-
tion.

METHODS
Study Design

We used a subset of study sites and plots of the
FunDivEurope project, which studies the effect of
tree diversity on ecosystem functioning in mature
European forests (Baeten and others 2013). Here,
we selected monospecific and three-species mixed
plots in four study sites comprising boreal (Fin-
land), hemiboreal (Poland), mountainous beech
(Romania), and Mediterranean thermophilous
forest (Italy). Each site had between nine and
nineteen 30 x 30 m plots with a pool of three to five
site-specific target species (Table S1). Three of the
13 target species occurred in more than one study
site (Betula pendula in Finland and Poland, Picea
abies in Finland, Poland, and Romania, and Pinus
sylvestris in Finland and Poland). In total, 21 dif-
ferent tree species combinations were studied
across all plots and sites. Plot selection was made
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following predefined criteria, including evenness of
species proportions (based on the target species’
basal areas, which made up more than 90% of the
plot’s total basal area), stand age and density, and
site factors including soil characteristics, topogra-
phy, and former management type. Besides estab-
lishing a gradient in tree species diversity, abiotic
and biotic conditions were kept as homogeneous as
possible during plot selection to minimize the
influence of confounding factors (Baeten and oth-
ers 2013). Within each plot, we selected five sub-
plots at the level of tree neighborhoods following
the triplet design of Vivanco and Austin (2008).
These triplets consisted of a triangle shaped by
three trees, of either the same species in
monospecific stands or different tree species in
mixed-species plots. For these triplets, we aimed at
selecting healthy, dominant, or co-dominant trees
of similar dimensions, and the five triplets were
ideally evenly distributed across the plot. For more
details on the selection of the triplets, see Wambs-
ganss and others (2021a, b).

At each triplet, a set of litter bags filled with
different litter species was deployed in the center of
the triangle. See Figure 1 for a description of the
design and composition of litter bags to test the four
hypotheses. We incubated site-specific root litter,
that is, of species occurring in the triplet, and in
addition two standard litter species, that is, Pinus
sylvestris and Carpinus betulus, to clearly separate
environmental influences from initial litter quality
effects. The standard litter species were deployed at
all sites and selected owing to their dissimilarity in
root traits (thick- vs thin-rooted, different chemical
composition, and mycorrhization intensity).

Root Collection and Preparation of Litter
Bags

Root material of the 13 species was collected in fall
2017 from the surface soil (top 15 cm) of pure
stands in Southwest Germany (that is, the midpoint
of our pan-European latitudinal gradient) and Italy
(for the species not present in Germany, that is,
Ostrya carpinifolia, Quercus ilex, and Q. cerris). We
sampled additional roots for each species by tracing
roots back to tree stems and used them as reference
material for further sorting of roots. To extract
roots, soil was washed carefully over a sieve cas-
cade in the laboratory. In contrast to leaf litter
decomposition studies, where freshly senesced or
shed leaves are typically used, fine-root decompo-
sition experiments inevitably include fresh fine
roots because of difficulties associated with sam-

pling recently senesced, but yet undecomposed
roots (for example, Hobbie and others 2010).

After removing roots from soil, we separated
fresh fine roots of the target species according to
their function into the first three-order (absorptive)
roots and higher-order (transport) roots2 mm
according to McCormack and others (2015). Dead
roots (hollow, dark stele, breakable, not elastic)
were discarded. Representative subsamples of live
absorptive and transport roots were taken and kept
frozen (— 20 °C) until trait analyses could be per-
formed. Roots of each target species were air-dried
to constant mass and stored at room temperature.
Before filling the litter bags with dried roots, the
root samples of each species were well mixed, and
three subsamples of 50 mg, respectively, were ta-
ken to determine the initial moisture content
(oven-dried at 105 °C for 48 h) and subsequent ash
content (in a muffle furnace at 850 °C for 2 h). The
samples’ air-dry moisture content was on average
10.2£0.15% and ash content on average 9.04=+
0.09%. In total, 1,330 litter bags were filled with
50 mg each. For the three-species mixture bags,
each species represented one-third of that mass.
Mesh bags consisted of precision woven synthetics
monofilament fabrics (Sefar Nitex) with a mesh
size of 100 um, which only allows small organisms,
including fungal hyphae, to enter the bags but
excludes roots and larger soil fauna. Hence, this
study focused on microbial decomposition, which is
presumably more important in soils than for
aboveground leaf litter decomposition (Silver and
Miya 2001). All bags were labeled, and those placed
at the same microsite were tied together with a
wire while ensuring a distance of several centime-
ters between bags.

Root Incubation and Harvest

Litter bags were incubated at the beginning of
spring 2018 at different dates along the North—
South gradient (Table S1). Bags were moistened
before inserting them vertically in the upper 10 cm
of the topsoil (below the organic horizon) by cre-
ating an incision in the soil using a shovel and
gently pressing the soil around the bag. The closed
incision was covered again with on-site leaf litter.
Litter bags were retrieved after about 365 days and
subsequently dried at 40 °C. The adhering soil was
carefully brushed off, and hyphae growing inside
the bags were removed. To account for mineral
particle contamination, the ash content was
determined for each root litter sample incubated at
the Italian and Romanian site, which had high soil
clay contents (Table S1). The air-dried mass of each
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Figure 1. Tllustration of the study design for testing diversity effects on root litter mass loss after one year of incubation.
For each of the overall 62 plots across the four sites, five tree triplet microsites were selected. In monospecific stands, these
triplets consisted of three tree individuals of the same species, whereas in the mixed plots, three different tree species
shaped a triplet. To test tree species mixing effects (Hypothesis i), site-specific fine-root litter matching the canopy was
incubated in the center of each of the five triplets, and mass loss was compared between both diversity levels. To test litter
mixing effects (Hypothesis ii), single-species root litter of the component species was also incubated in mixed neighborhoods
and compared with mixed litters in the same stand (homogeneous environmental conditions). The site-specific single-
species litter in mixed and monospecific stands was also used to test the microenvironmental diversity effect (Hypothesis iii). In
addition, two standard litter species, that is, Carpinus betulus and Pinus sylvestris, were deployed in single-species litter bags
in both monospecific and mixed stands to test Hypothesis iii. The role of functional trait diversity in fine-root litter

decomposition (Hypothesis iv) was assessed for overall effects.

sample was corrected for initial water and mineral
content. For sites in Finland and Poland (sandy
soils), we only corrected for initial water content, as
mineral particle contamination could be excluded
(which was confirmed by quantifying the ash
content of a subset of representative samples). We
quantified decomposition as mass loss in % of the
initial mass after one year of incubation.

Root Trait Selection and Measurements

Based on a literature search, we considered the
following traits as most crucial for the decomposi-
tion of the most distal fine-root orders: root C/N
ratio as a proxy for litter quality (Silver and Miya
2001; Zhang and Wang 2015), ectomycorrhizal
(EcM) colonization intensity (Langley and others
2006), root N, Ca (Silver and Miya 2001; Zhang
and Wang 2015), K (Chen and others 2017b), Mg
(Berg 1984), Mn (Keiluweit and others 2015), and

P concentrations (See and others 2019), root
diameter (Hobbie and others 2010), and root tissue
density (RTD, Jiang and others 2020). Five repre-
sentative subsamples were used to quantify initial
functional traits for each root species of the live or
air-dried fine-root material (Table S2). Healthy tips
and tips colonized by EcM were visually identified
and counted under a binocular to determine root
tip density (total number of tips per root length,
n cm ') and EcM colonization rate (proportion of
infected vs total number of tips in %). Infected tips
were identified for 12 of the 13 tree species based
on the presence of a fungal sheath (Acer pseudo-
platanus associates with arbuscular mycorrhizae).
The first three-order fine-root samples were scan-
ned in water with a flat-bed scanner (resolution
800 dpi). Scans were analyzed with the software
WinRhizo (Regents Instruments, Quebec, Canada,
2009) to obtain root length, area, volume, and
diameter. Root volume and (average) diameter
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values were recalculated based on individual
diameter classes to avoid bias resulting from the
global values calculated by WinRhizo assuming
constant root diameter (Freschet and others 2020).
Samples were dried (40 °C, > 72 h) and weighed.
For chemical analysis, the dried root samples were
ground to fine powder with a Retsch MM400 mixer
mill (Retsch GmbH, Germany). Total organic C and
N in this homogenized material were determined
by dry combustion with a Vario El Cube Elementar
analyzer (Elementar Analysesysteme GmbH, Ger-
many). To measure initial macronutrient (N, P, K,
Ca, Mg) and micronutrient (Mn, Cu, Zn) concen-
trations, 75 mg of root material was mixed with
1.5 ml distilled H,O, 1.5 ml H,O, (30%), and 3 ml
HNO; (> 65%). Microwave digestion was applied
for 12 min (CEM Discover SP-D, CEM Corporation,
USA), and subsequently, solutions were filtered
and diluted with distilled H,O to 25 ml. An optical
emission spectrometer with inductively coupled
plasma (ICP-OES, SPECTROBLUE, SPECTRO Ana-
lytical Instruments GmbH, Germany) was used to
determine element concentrations.

Environmental Data

Macroclimate, soil, and forest floor data were ob-
tained from the FunDivEurope database (https://data.
botanik.uni-halle.de/fundiveurope). Soil parameters
were measured at the plot level in 2012 (Dawud and
others 2017), while forest floor properties were de-
rived from samples taken in 2017 at the same subplots
used in this study (Gillespie and others 2021).
Microclimate variables were measured throughout
the incubation period, with recordings every 15 min
using TMS-4 data loggers (TOMST, Prague, Czech
Republic). These loggers were installed in each plot
center, measuring soil temperature, soil moisture (at
10 cm depth), and air temperature (1 m above the
ground). Mean values for the year and the growing
season (daily mean temperatures > 5 °C) were cal-
culated for each plot. For soil moisture, daily mini-
mum values were used instead of means, as water
accumulated around the sensors after rain events,
possibly distorting mean values.

Data Analysis

All statistical analyses were performed using R
version 3.5.1. (R Core Team 2018), and significance
levels were set at P=0.05.

Diversity Effects

To assess diversity effects on root decomposition,
we calculated the proportional deviation from the

expected mass loss, according to Loreau (1998). We
did this for (i) (overall) tree species mixing effects,
(ii) direct litter mixing effects, and (iii) indirect
diversity effects on the microenvironment.

The following equation was used to quantify
these diversity effects at the plot level (Loreau
1998; Palmborg and others 2005):

O—-E

Dmix = E

(1)
where D,y is calculated, respectively, as:

(i) Tree species mixing effects (=combined direct
and indirect effects)

O is the observed mass loss of mixed-species litter
located in tree species mixtures, and E equals the
expected mass loss of mixed-species litter, derived
from the mean of mass loss of the component sin-
gle-species root litter in monospecific plots.

(ii) Litter mixing effects (=direct effects)

where O is the observed mass loss of mixed-species
litter located in tree species mixtures and E equals
the expected mass loss of mixed-species litter, de-
rived from the mean of mass loss of the component
single-species root litter in mixed plots.

(ii) Microenvironmental diversity effects (=indi-
rect effects)

where O is the observed mass loss of single-species
litter located in tree species mixtures and E equals
the expected mass loss based on the component
single-species root litter mass loss in monospecific
plots.

In cases in which D,,;, significantly differs from
zero, effects are nonadditive; when D,,;, does not
differ from zero, effects are additive. We used
Wilcoxon signed-rank tests or t-tests to test whe-
ther Dp,ix significantly differed from zero. Non-
parametric tests were used in case data distribution
was not normal, even after transformation.

(iv) Functional trait dissimilarity

To quantify dissimilarity in initial fine-root traits for
mixed-species litter, we used the functional dis-
persion (FDis) index by Laliberté and Legendre
(2010) based on species’ mean initial trait values (R
package, FD, Laliberté and others (2014)). First, we
calculated multidimensional trait divergence of a
combination of eight morphological, chemical, and
microbial initial root traits including root tissue
density (RTD), specific root length (SRL), EcM
colonization intensity, Ca, K, N, Mg, and Mn. These
traits were selected after testing correlation coeffi-
cients among the measured initial root traits (Fig-


https://data.botanik.uni-halle.de/fundiveurope
https://data.botanik.uni-halle.de/fundiveurope

Tree Diversity, Initial Litter Quality, and Site Conditions Drive Early-Stage Fine-Root

ure S1). We also calculated an alternative FDis in-
dex replacing initial RTD by P and N by C/N. We
additionally quantified FDis indices for single traits.
To account for the nested study design, we used
linear mixed-effects models (LMMs) to test whe-
ther diversity effects were driven by FDis indices (R
packages LME4, Bates and others 2015). In case of
violations of the LMMs’ assumptions, response
variables were transformed (R package bestNormal-
ize, Peterson, 2017). Marginal and conditional R?
values for all models were retrieved using the R
package r2gimm (Jaeger 2017). Fixed effects were
scaled, and collinearity among variables was tested
using variance inflation factors (vif), considering
vif > 5 as threshold for collinearity (R package car,
Fox and Weisberg 2011). All models were fit with
random slopes and intercepts and nested random
effect structures. Here, we fitted FDis of single traits
and FDis of all eight traits combined, respectively,
in response to tree species mixing effects of site-
specific litter (for details on the model structures,
see caption of Table S3). Model selection using
dredge and subsequently averaging using mod.avg
were employed to obtain the most parsimonious
model (R package MuMIn, Barton 2019). These
functions allow for a ranking of all possible models
based on the lowest Akaike information criteria
(AIC) and subsequently select a subset of models
with a AAIC <4 based on a 95% confidence set,
which are then averaged (Burnham and Anderson
2002).

Relative importance of diversity, initial litter quality,
and site conditions

Mean mass loss rates of each species were calcu-
lated based on data from single-species litter bags.
To test whether mean mass loss differed among
sites, Kruskal-Wallis and post hoc tests (Dunn)
were used.

Influence of Initial Root Traits on Mass Loss (Site-
Specific Litter) The role of initial root traits on
fine-root litter mass loss was assessed using site-
specific root litter data, that is, root litter bags filled
with litter material matching the triplet tree com-
position (single-species litter bags in monospecific
triplets and mixed-species litter bags in mixed tri-
plets). We used LMMs to test selected variables (see
previous section on Root trait selection and measure-
ments) as predictors of the fine-root mass loss after
checking variance inflation. Subsequently, RTD,
root N, and root diameter were excluded from the
model owing to their higher vif factors. Model
selection and averaging were used to obtain the

most parsimonious model. Subsequently, a syn-
thesis model including all significant predictors
(Table S5) and tree species diversity was fitted to
determine the relative importance of predictor
variables.

The final model for the site-specific litter was as
follows:

orderNorm(mass loss) ~ tree diversity
+ initial root C/N + initial root P conc.
+ initial root Mg conc. + random(Site; Plot)

Influence of Environmental Conditions on Mass Loss
(Standard Litter) The role of site conditions on
fine-root litter mass loss was tested with LMMs
using the standard litter data, as this dataset al-
lowed us to disentangle the effects of substrate
quality from environmental conditions on litter
mass loss.

For the topsoil (pH, bulk density, C/N, clay %)
and forest floor (P, lignin, mass, N) variables, we
performed a principal component analysis (PCA) to
summarize the variables and prevent model over-
fitting (Figure S2). The respective axes of the two
PCAs were extracted and tested as explanatory
variables in the respective models (see below). Soil
PCA axis 1 indicates a physicochemical gradient
from sandy, acidic soils to denser, clay-rich, and
less acidic soils. Soil PCA axis 2 represents a gradi-
ent ranging from low to high soil fertility, repre-
sented by high and low soil C/N, respectively.
Forest floor PCA axis 1 describes a gradient of
properties linked to herbivory defense strategies,
ranging from the dominance of chemical defense
indicated by high phenol and lignin concentrations
to more structural/physical strategies indicated by
high lignin concentrations. Forest floor PCA axis 2
represents a gradient from more favorable, that is,
higher forest floor P and N, to more adverse con-
ditions for decomposition, that is, low forest floor P
and N. For the microclimate variables, we consid-
ered mean annual soil temperature and moisture
and for macroclimate variables MAT and MAP.

To avoid model overfitting, a hierarchical mod-
eling approach was used following Joly and others
(2017). In a first step, we separately tested the ef-
fects of the selected soil and forest floor PCs and
macroclimatic and microclimatic variables on litter
mass loss. Hence, we fitted three separate models,
that is, (i) soil and forest floor model, (ii) micro-
climate model, and (iii) macroclimate model. We
again applied model selection and averaging and
kept the individual models’ significant predictor
variables (Tables S6-S8).
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Consequently, the final model for the standard
litter was as follows:

Sqrt(mass loss) ~ tree diversity + species * soil PC1
+ species * soil PC2 + species * forest floor PC2
+ species * MAT + species * MAP
+ random(Site; Plot; Triplet)

Model selection and averaging were applied
again to find the most parsimonious model. To
estimate the relative importance of each fixed ef-
fect, coefficients of determination (R?) were de-
rived (r2g/mm package in R using the Nakagawa
and Schielzeth approach, Nakagawa and Schielzeth
2013).

REsuLTS

Mass Loss by Forest Type and Tree
Species

Overall, mass loss of fine roots varied among forest
types (Figure S3). Across sites, mean mass loss of
site-specific litter decreased in the following order:
Mediterranean thermophilous forest (Italy, 16+
0.7%) > hemiboreal forest (Poland, 13£0.9%) >
boreal forest (Finland, 12+1.7%) > mountainous
mixed beech forest (Romania, 11+0.8%).

Fine-root litter mass loss further varied among
site-specific litter species (Figure 2, left panel). Fine
roots of Pinus sylvestris in boreal forests showed the
slowest mass loss during the one-year incubation
period, losing on average 8+0.8% of the initial
litter mass, while roots of Quercus petraea in
Mediterranean thermophilous forests decomposed
the fastest, with 22+£1.3% of the initial mass lost.

Fine-root mass loss of the two standard species
also differed significantly. Across all sites, roots of
Carpinus betulus showed significantly faster mass
loss (14£0.6% of initial mass) than those of Pinus
sylvestris (10+0.4% of initial mass) (Figure S4). In
addition, root mass loss of both standard litter
species varied among sites, and differences between
sites were considerably higher in C. betulus (Fig-
ures 2, S4).

Diversity Effects

Across all four sites, tree species mixing effects on fine-
root litter mass loss were significantly positive (P=
0.01); that is, single-species litter in monospecific
stands decomposed slower than mixed-species litter
in mixed-species stands (Figure 3). Within mixed
stands, mass loss of single-species litter did not
significantly differ from mixed-species litter, indi-

cating no [itter mixing effects (Figure 3). Moreover,
tree diversity tended to accelerate mass loss
through a change in the decomposition environ-
ment, as shown by higher decomposition of site-
specific single-species fine-root litter in mixed
stands compared to single-species fine-root litter in
monospecific stands (microenvironmental diversity ef-
fect, P=0.03), though mass loss of standard species
litter did not significantly differ between mixed and
monospecific stands.

Diversity effects differed among sites (Figure 3).
Tree species mixing effects tended to be positive in
mountainous beech forest (P=0.09), while they
were significantly positive in hemiboreal forests (P
=0.03, Figure 3) and additive in thermophilous
deciduous and boreal forests. In contrast, [litter
mixing effects did not occur at any of the four sites
(Figure 3). Moreover, positive microenvironmental
diversity effects on site-specific root litter were sig-
nificant in mountainous beech forests (P < 0.01) as
well as in hemiboreal forests (P=0.03). We also
observed a tendency for a positive microenviron-
mental diversity effect on the two standard litter
species (P=0.08), despite no such effect across all
sites.

Functional Trait Dissimilarity

Neither the multidimensional trait divergence
based on eight initial root traits, nor the divergence
in single root traits, except for initial root N, pre-
dicted tree species mixing effects of root litter mass loss
across the four sites (Figure S5, Tables S3&S4). The
dissimilarity in initial root N concentrations had a
negative but weak (P=0.05, mR*=0.14) effect on
tree species mixing effects (Figure S5b).

Relative Importance of Diversity, Initial
Litter Quality, and Site Conditions

Initial Litter Quality (Site-Specific Litter)

The overall positive tree diversity effect across sites
accounted only for 2% of the data variation (P=
0.047). LMM analysis showed that, besides an ef-
fect of tree species diversity, mass loss of site-
specific fine-root litter was mainly determined by
initial root litter chemistry, that is, initial root C/N,
Mg, and P concentrations (Table 1). Initial root Mg
concentrations had the strongest (negative) effect
on site-specific litter mass loss (P <0.001, mR*=
0.14), followed by initial root P concentrations,
which had a positive influence on mass loss across
sites (P <0.001, mR*=0.11). Moreover, root C/N
had a significant positive but weak effect on mass
loss (P <0.01, mR*=0.06).
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Figure 2. Mean mass loss (£SE) of the site-specific (left panel) and standard litter species (right panel) by site. Mean
values were derived from mass loss data of single-species litter bags. Data points of standard litter species only include data
from plots where these species were not represented in the tree triplets. Colors indicate common phylogenetic background
(family): Fagaceae (green), Betulaceae (orange), Pinaceae (blue), Sapindaceae (yellow).
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Figure 3. Mean diversity effects (£ SE) across sites (upper panels) and by site (lower panels), respectively, for tree species
mixing (single-species litter in monospecific stands vs. mixed-species litter in mixed stands), litter mixing (single-species
litter in mixed stands vs. mixed-species litter in mixed stands), microenvironmental diversity effects (single-species litter in
monospecific stands vs. single-species litter in mixed stands) for site-specific (left) and standard litter species (right).
Asterisks indicate significant difference from zero (+ P <0.1, * P <0.05).

Environmental Influences (Standard Litter)

The synthesis model showed that MAP and the

species identity of root litter

were the most

important predictors of mass loss across the four
sites (P=0.01, mR*=0.08 and P<0.001, mR*=
0.07, respectively) (Table 1). Topsoil properties (soil
PC1) significantly affected mass loss of standard

species’ litter (P <0.01), yet only explained 4% of
the variation, whereas forest floor properties (forest
floor PC2) had only a marginal effect (P=0.04, mR*
=0.01). Significant interactions between species
and MAP and MAT, respectively, further indicate
that mass loss of the two species was differently
affected by macroenvironmental conditions. In the
most parsimonious model, tree species diversity
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Table 1.

Results of Syntheses Models for Site-specific and Standard Root Litter

Fixed effects Estimate | #-value | P | R?> [ Uppercl | Lower cl

Mass loss (% initial) of site-specific litter
Tree diversity 0.28 2.04 | <0.05 | 0.02 0.06 0.00
Root C/N 0.54 3.47 <0.01 | 0.06 0.13 0.02
Root Mg —0.56 | -3.88 | <0.001 | 0.14 0.22 0.07
Root P 0.57 426 | <0.001 | 0.11 0.17 0.03
mR? 0.18 0.18 0.28 0.11
cR? 0.55

Mass loss (% initial) of standard litter

Tree diversity
Species =048 | -6.73 | <0.001 | 0.07 0.11 0.03
Soil PC1 —0.27 | -3.11 | <0.01 | 0.04 0.08 0.01
Soil PC2
Forest floor PC2 —0.11 -2.13 0.04 | 0.01 0.04 0.00
MAT -0.19 | -1.20 0.29 | 0.01 0.40 0.0
MAP 0.65 3.64 0.01 | 0.08 0.13 0.04
Species * Forest floor PC2
Species * Soil PC1
Species * Soil PC2
Species * MAT 0.37 3.93 | <0.001 | 0.02 0.06 0.01
Species * MAP —0.56 | -6.03 | <0.001 | 0.06 0.10 0.02
mR? 0.16 0.16 0.22 0.11
cR? 0.31

Bold letters indicate significant effects

The predictor variables included in these models were selected based on a series of previous models and applying model selection and averaging (Tables S5-S8). The response
variables were transformed to comply with model assumptions (orderNorm for site-specific litter mass loss and square root for standard litter mass loss). Marginal and
conditional coefficients of determinations (mR” and cR?) indicate the variation explained by the fixed effects (mR?) and fixed and random effects combined (cR?), respectively.
Coefficients of determinations (R°) for each fixed effect, including upper and lower confidence limits (C), were derived using the Nakagawa and Schilzeth approach. Red and
green shaded areas indicate negative and positive slopes, respectively. Gray-shaded cells indicate variables that were dropped after model selection and averaging. MAT Mean

annual temperature, MAP mean annual precipitation, PC principal component.

was dropped as a predictor variable for standard
species’ mass loss. Similarly, microclimate variables
did not affect standard litter mass loss across sites
and were not included in the synthesis model
(Table S7).

DiscussioN

In this study, we tested the decomposition of
absorptive fine roots of site-specific and standard
tree species in response to species mixing across a
broad environmental gradient. Across all sites, we
observed positive but rather weak overall tree
species mixing effects on fine-root litter mass loss.
Indirect effects through tree diversity at litter
incubation sites contributed more to this accelera-
tion of litter mass loss than direct litter species
mixing effects. The dissimilarity in initial root traits
contributed little to explain diversity effects. The
differences among forest types and between litters
(site-specific versus standard litter) indicate inter-

actions between regional-scale conditions and litter
species influencing diversity effects. Overall, initial
root substrate quality and site effects played a
stronger role in root litter mass loss than tree
diversity.

Diversity Effects on Fine-Root Litter Mass
Loss Across Sites

In accordance with our first hypothesis, tree
diversity effects on fine-root litter mass loss were
overall nonadditive and positive across the four
forest types and 21 litter mixture compositions
(Figure 3). These results corroborate findings of
two recent meta-analyses reporting generally pos-
itive diversity effects for leaf litter decomposition
across biomes (Kou and others 2020; Liu and others
2020).

Our study design allowed us to separate tree
species mixing effects into those attributable to
litter species mixing (direct species interactions,
Hattenschwiler 2005) and those related to
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microenvironmental changes in mixed-species
compared to monospecific plots (indirect effects,
Hector and others 2000). A positive microenvi-
ronmental diversity effect and the lack of a litter
mixing effect are not in line with our second and
third hypothesis and indicate that the tree species
mixing effects were mainly attributable to indirect
drivers (Figure 3).

Indirect Effects

Several indirect effects may explain the accelerated
mass loss of root litter in mixed compared to
monospecific  neighborhoods. Changes in
microenvironmental conditions, such as modifica-
tions of the tree canopy in mixtures compared to
monospecific stands, may be drivers of these non-
additive effects. This was suggested by another
study across the FunDivEUROPE plot network
reporting a tendency for accelerated cellulose paper
mass loss rates in response to tree species richness
(Joly and others 2017). Such indirect effects may
also entail changes in edaphic conditions in mixed
compared to monospecific stands (Vesterdal and
others 2013; Dawud and others 2016), which could
be associated with changes in soil fauna (Hatten-
schwiler and Gasser 2005) and microbial commu-
nity composition (Scheibe and others 2015). Higher
P concentrations and lower C/N in forest floor in
mixed than in monospecific plots across our sites
(Gillespie and others 2021) could indicate more
favorable conditions for decomposers (Hobbie and
Vitousek 2000).

During the incubation year and its vegetation
period, soil temperature tended to be lower in
mixtures than in monospecific stands (Table S9).
During the severe summer drought of 2018, the
lower soil temperatures may have created more
favorable conditions for decomposer organisms.
Linked to this could be lower fluctuations in tem-
perature and soil moisture under a denser canopy
in mixed stands, as speculated by Joly and others
(2017) who reported positive effects of leaf area
index on cellulose decomposition across European
forests. Higher canopy density was indeed observed
with increasing species richness across the same
plot network (Jucker and others 2015). Changes in
soil microbial community structure, for example,
higher abundance or diversity of decomposing
microbes in response to higher tree diversity, could
have also accelerated decomposition rates (Chap-
man and others 2013). The higher mycorrhizal
fungi diversity reported for mixed compared to
monospecific stands across our sites (Wambsganss

and others 2021b) may indeed substantiate this
speculation.

Interestingly,  overall,  microenvironmental
diversity effects were only significant for site-
specific but not standard root litter species (Fig-
ure 3), implying that these effects depend on con-
text and litter type. For instance, this observation
could suggest that the microbial decomposer com-
munities present may have the capacity to
decompose certain (recalcitrant) root litter com-
pounds present in the site-specific litter species but
not in the standard litter species, following the
home-field advantage hypothesis (Ayres and others
2009).

Direct Effects

The lack of a litter mixing effect suggests that under
the same canopy, mass loss of mixed-species litter
can be predicted from the component single-species
mass loss. Such additive effects under homoge-
neous conditions (that is, canopy) have also been
reported for root litter in studies in subtropical (Li
and others 2018) and tropical forests (Guerrero-
Ramirez and others 2016). However, these bulk
additive effects cannot be interpreted as the ab-
sence of interaction among the different species.
Since we did not determine mass loss of the indi-
vidual species in the mixed-litter bags, we cannot
exclude the possibility that both synergistic and
antagonistic interactions among litter species oc-
curred simultaneously, resulting in an overall
neutral effect (Hattenschwiler and others 2005). To
account for such divergent patterns, future studies
should attempt to separate component species from
mixed-litter bags, possibly using indirect methods
of species identification in the fragmented and
partly decomposed material (Gruselle and Bauhus
2010).

Role of Root Trait Dissimilarity

The dissimilarity in initial root traits (FDis) did not
predict tree species mixing effects on fine-root litter
mass loss across sites (Figure S5a), contradicting
our fourth hypothesis but corroborating a range of
other studies on leaf litter mixing (Chapman and
others 2013; Tardif and Shipley 2015; Lin and Zeng
2018). Here, these findings may be linked to the
weak diversity effects and could point to the
omission of key chemical traits, including lignin or
condensed tannins (Sun and others 2018). Another
explanation may entail the absence of soil macro-
fauna due to the litter-bag approach, which can
determine the magnitude of positive litter trait
dissimilarity effects (Barantal and others 2014),
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likely owing to complementary resource use by
detritivores (Vos and others 2013). A possibly bet-
ter soil nutrient availability in mixtures could also
reduce the importance of (microbial) nutrient
transfer among litter species, as a result of a suffi-
cient supply of nutrients to microbes (Frainer and
others 2015).

Interestingly, litter mixtures that varied most in
initial N concentrations showed the lowest mass
loss compared to observations from single-species
litter (Figure S5b). Such negative effects of litter
functional diversity, including several chemical
traits, were also observed for leaf litter decomposi-
tion (Grossman and others 2020), including N (Kou
and others 2020). Though the negative effect de-
tected here was rather weak, it points to a complex
interplay of litter interaction effects with environ-
mental conditions (Lummer and others 2012).

Mean Mass Loss

In general, mass loss of both site-specific and
standard litter species varied among sites and was
extremely low (Figures 2, S3) in face of the
decomposition rates reported by related global
meta-analyses for roots<2 mm in diameter (0.69+
0.17 y ', Silver and Miya 2001; 0.75+0.04 y ',
Zhang and Wang 2015). This is especially true gi-
ven that decomposition rates in early-stage
decomposition phases may even be higher than
those during later stages (Sun and others 2018).
Nevertheless, findings by others focusing on lower-
order roots (k of 0.1140.01 y ' in temperate cli-
mates, Sun and others (2018) or 0.002-0.085 y ',
in temperate and subtropical tree roots, Xiong and
others (2013)) also reported comparably low
decomposition rates.

Yet, in view of the relatively short life spans
(much less than one year) and high turnover rates
of the most distal root orders (McCormack and
others 2012), this extremely low mass loss is pre-
sumably highly underestimated. It suggests unre-
alistically high fine-root necromass values in soils
exceeding fine-root biomass values by several or-
ders of magnitudes. This is unrealistic, as the
average fine-root necromass across European for-
ests was estimated to be only slightly higher than
the fine-root biomass (379 vs. 332 g m 2 year ', for
the bulk of roots<2 mm in diameter) (Neumann
and others 2021).

The underestimation of mass loss may partially
be attributable to the litter-bag technique and the
artificial decomposition environment it creates
(Dornbush and others 2002; Beidler and Pritchard
2017). The small mesh size used here excludes

meso- and macrofauna (Song and others 2020),
essentially affecting decomposition of root litter
(Bradford and others 2002). Potential intraspecific
changes in root morphological and chemical char-
acteristics between mixed- and monospecific stands
as well as among sites (Wambsganss and others
2021b), which could have altered the quality of
root litter and possibly accelerated decomposition
rates, were not taken into account in this study, as
the site-specific litter material did not actually
originate from the respective sites. In addition, the
severe summer drought in 2018 across Europe
could have further hampered microbial decompo-
sition at our sites. Consequently, the generally very
low mass loss measured here could be partially
responsible for the lack of strong diversity effects
and overall relatively low variation explained by
the predictor variables.

Differences Among Forest Types

The relatively weak tree species mixing effects
across sites and thereby among forest types (Fig-
ure 3) further corroborate findings of context
dependency of tree diversity effects for above-
ground litter decomposition (Kou and others 2020;
Liu and others 2020; Zhou and others 2020). Yet,
this stands in contrast to reports of no changes in
the magnitude of diversity effects on root decom-
position under variable environmental conditions
(for example, soil fertility) (Guerrero-Ramirez and
others 2016).

In hemiboreal forests (Poland), where the tree
species mixing effects were strongest, a previous
study reported increasing forest floor pH values
with increasing tree species diversity (Dawud and
others 2016), thereby likely improving conditions
for microbial decomposition. The weak (and not
significant) negative tree species mixing effects on
fine-root decomposition in boreal forests (Finland)
support findings from a meta-analysis on leaf litter
(Liu and others 2020) and may be explained by the
generally lower decomposer activity in these cli-
mates. A slightly lower soil temperature in mix-
tures compared to monospecific stands during the
vegetation period 2018 (Table S9) could have had a
particularly large (negative) effect on the activity of
decomposing microorganisms (Pietikdinen and
others 2005; Conant and others 2011) in boreal
forests, as soil and air temperatures in these forests
are generally much lower during the year than in
the other forest ecosystems studied here. By con-
trast, in thermophilous deciduous forests (Italy), a
slightly lower annual soil and air temperature in
mixed than monospecific stands could have had a
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positive effect on decomposers, as high tempera-
tures coupled with low soil moisture during sum-
mer months could hamper decomposition at these
sites.

Besides contrasts in environmental conditions
among sites, the different litter species’” pools
incubated at the four sites (and thereby different
interactions of the different litter types with envi-
ronmental conditions), likely also influenced the
occurrence and magnitude of the diversity effects.

Relative Importance of Influences
on Mass Loss

The analyses of site-specific and standard root litter
showed that both initial litter quality and site
conditions determined fine-root litter mass loss
more strongly than tree diversity. The variability of
diversity effects across sites is largely responsible for
this overall low influence of tree diversity on
decomposition, yet these findings are consistent
with other studies (Schindler and Gessner 2009;
Frainer and others 2015; Zhou and others 2020).
The positive effect of initial root P on mass loss has
been pointed out in a global meta-analysis (See and
others 2019), whereas the positive relationship of
root C/N with mass loss does not seem straight-
forward. While initial C/N may be a good predictor
of leaf litter decomposition rates, it may not take
the same role for the decomposition of first-order
roots (Sun and others 2018) as, for example,
incubation of freshly killed rather than senesced
roots elude the C and nutrient resorption processes
(Freschet and others 2020). A high EcM coloniza-
tion, which was the case for many of the incubated
roots here (Table S2), can slow down litter mass
loss, despite a relatively low C/N ratio (Langley and
others 2006), owing to the presence of N-rich
chitin from the fungus (Langley and others 2006).
The negative effect of initial root Mg concentration
on fine-root litter mass loss contrasts most other
studies (Beidler and Pritchard 2017; Chen and
others 2017b; Sun and others 2018), yet has been
observed before (Goebel and others 2011; Sun and
others 2013; Jiang and others 2020). The chemical
composition of EcM could also play a role here, as
speculated by Jiang and others (2020).

Yet, the large number of root traits investigated
here did not contribute much to predict mass loss.
Altogether, the relatively low variance explained
by these root traits may indicate the omission of
key traits in our study influencing the decomposi-
tion process of fine roots. For the most distal root
orders, these may include lignins, condensed tan-

nins, and non-structural carbohydrates (Sun and
others 2018).

MAP and species’ identity were the most
important predictors among the variables included
in our models of standard root litter mass loss across
sites (Table 1). In particular for the finest root or-
ders, initial litter quality may be the primary
determinant of fine-root litter mass loss, and
thereby more important than environmental con-
ditions, including macroclimate (Silver and Miya
2001; Zhang and Wang 2015). In contrast, topsoil
and forest floor properties only explained a mar-
ginal proportion of the variation in root litter mass
loss (Table 1). This contradicts another study of
standard root litter in forests (Solly and others
2014), but is in line with findings from grasslands,
where soil abiotic conditions did also not affect root
litter decomposition (Chen and others 2017b). Still,
we acknowledge that other environmental vari-
ables, such as edaphic factors and decomposer
community composition, that were not included in
the models but that may have been highly corre-
lated with macroclimatic variables, could have
played an important role in driving standard root
litter mass loss rates. Furthermore, the significant
interactions of litter identity with MAP and MAP
(Table 1), respectively, point to the complex
interplay of macroenvironmental conditions,
affecting decomposer organisms, with initial litter
quality. The study of such interactions is likely key
to interpret the context dependency of plant
diversity effects on decomposition over large spatial
scales.

CONCLUSIONS

Overall, our results extend the findings of other
studies of mixture effects on leaf litter decomposi-
tion. Also in fine roots, the environmental context
and initial litter chemistry can be more important
predictors of litter decomposition than species
mixing. Nonetheless, litter diversity effects differed
strongly across forest types and in interaction with
macroclimate variables, suggesting that incorpo-
rating diversity effects and their context depen-
dency in ecological models of carbon and nutrient
cycling is likely to be crucial to avoid biased out-
comes. Future studies should, therefore, investigate
further the interplay of forest characteristics and
the decomposer community in mixed-species for-
ests. In addition, expanding the list of functional
fine-root traits to include relevant properties such
as lignins and condensed tannins could also im-
prove our mechanistic understanding of diversity
effects.
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