
P
os

te
d

on
14

M
ar

20
24

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

71
03

76
82

.2
97

33
44

8/
v1

|T
hi

s
is

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
-r

ev
ie

w
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y. The spatial distribution of tree-tree interaction effects on soil
microbial biomass and respiration

Henriette Christel1, Helge Bruelheide2, Simone Cesarz1, Nico Eisenhauer1, Georg Hähn3,
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Abstract

The capacity of forests to sequester carbon in both above- and belowground compartments is a crucial tool to mitigate rising
atmospheric carbon concentrations. Belowground carbon storage in forests is strongly linked to soil microbial communities
that are the key drivers of soil heterotrophic respiration, organic matter decomposition, and thus nutrient cycling. However,
the relationships between tree diversity and soil microbial properties such as biomass and respiration remain unclear with
inconsistent findings among studies. It is unknown so far how the spatial configuration and soil depth affects the relationship of
tree richness and microbial properties. Here, we studied the spatial distribution of soil microbial properties in the context of a
tree diversity experiment by measuring soil microbial biomass and respiration in subtropical forests (BEF-China experiment).
We sampled soil cores at two depths at five locations along a spatial transect between the trees in mono- and heterospecific
tree pairs of the native deciduous species Liquidambar formosana and Sapindus saponaria. Our analyses showed decreasing soil
microbial biomass and respiration with increasing soil depth and distance from the tree in monospecific tree pairs. We calculated
belowground overyielding of soil microbial biomass and respiration - which is a higher microbial biomass or respiration than
expected from the monocultures - and analysed the distribution patterns along the transect. We found no general overyielding
across all sampling positions and depths. Yet, we encountered a spatial pattern of microbial overyielding with a significant
microbial overyielding close to L. formosana trees and microbial underyielding close to S. saponaria trees. We found similar
spatial patterns across microbial properties and depths that only differed in their effect size. Our results highlight the importance
of small-scale variations of tree-tree interaction effects on soil microbial communities and functions and are calling for better
integration of within-plot variability to understand biodiversity-ecosystem functioning relationships.
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Abstract

The capacity of forests to sequester carbon in both above- and belowground compartments is a crucial tool to
mitigate rising atmospheric carbon concentrations. Belowground carbon storage in forests is strongly linked
to soil microbial communities that are the key drivers of soil heterotrophic respiration, organic matter de-
composition, and thus nutrient cycling. However, the relationships between tree diversity and soil microbial
properties such as biomass and respiration remain unclear with inconsistent findings among studies. It is
unknown so far how the spatial configuration and soil depth affects the relationship of tree richness and
microbial properties. Here, we studied the spatial distribution of soil microbial properties in the context
of a tree diversity experiment by measuring soil microbial biomass and respiration in subtropical forests
(BEF-China experiment). We sampled soil cores at two depths at five locations along a spatial transect
between the trees in mono- and heterospecific tree pairs of the native deciduous species Liquidambar for-
mosana andSapindus saponaria . Our analyses showed decreasing soil microbial biomass and respiration
with increasing soil depth and distance from the tree in monospecific tree pairs. We calculated belowground
overyielding of soil microbial biomass and respiration - which is a higher microbial biomass or respiration
than expected from the monocultures - and analysed the distribution patterns along the transect. We found
no general overyielding across all sampling positions and depths. Yet, we encountered a spatial pattern of
microbial overyielding with a significant microbial overyielding close to L. formosana trees and microbial
underyielding close to S. saponaria trees. We found similar spatial patterns across microbial properties and
depths that only differed in their effect size. Our results highlight the importance of small-scale variations of
tree-tree interaction effects on soil microbial communities and functions and are calling for better integration
of within-plot variability to understand biodiversity-ecosystem functioning relationships.

Key words: belowground overyielding, soil microbial biomass, tree-tree interaction, Biodiversity-Ecosystem
Functioning

Introduction

Forest ecosystems are crucial for the planet’s health and sustainability by supporting an extensive range
of biodiversity and ecosystem services, including carbon storage, primary production, water and nutrient
cycling (Bardgett and Wardle 2011; Van Der Heijden, Bardgett, and Van Straalen 2008; Wagg et al. 2014).
The potential of carbon storage within a forest depends on the interactions with the environment and the
dominant management practices (Erb et al. 2013). Especially carbon source-sink dynamics are significantly
influenced by the interactions between soil microbes and understory plants (S. Xu et al. 2020).

Microbial-driven decomposition of organic matter and nutrient cycling is essential for maintaining ecosystem
productivity in many different biomes (Delgado-Baquerizo et al. 2016; Gottschall et al. 2019; Gougoulias
et al. 2014; Van Der Heijden et al. 2008). Microbes are the primary drivers of belowground carbon storage
in forests (Schmidt et al. 2011). They transform organic carbon into stable soil organic matter through
processes like aggregation or accumulation of microbial necromass (Buckeridge et al. 2020; Miltner et al.
2012; Wang et al. 2021). Thus, this stabilisation of the forest carbon pool provides tools to mitigate climate
change (Bastin et al. 2019; Lewis et al. 2019). Understanding the drivers of belowground carbon storage
and its relationship with biodiversity is crucial for effective forest management and carbon sequestration
(Messier et al. 2022). In particular, soil microbial biomass and respiration could serve as a proxy for nutrient
cycling and soil organic matter turnover (Crowther et al. 2019) and were shown to be correlated with soil
carbon sequestration (Beugnon, Bu, et al. 2023; Lange et al. 2015). Therefore, these soil microbial properties
together can provide important information on multiple soil ecosystem functions (Eisenhauer et al. 2018).
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Microbial properties generally vary between soil layers due to lower resource availability (e.g. nutrients and
oxygen) in the deeper soil layers leading to reduced microbial diversity and biomass (Goebes et al. 2019;
Jobbágy and Jackson, 2000). However, rhizodeposition can increase microbial activity at deeper soil layers
(Lopez et al. 2020), potentially leading to different drivers of microbial activity and biomass across soil layers
(Blume et al. 2002; Loeppmann et al. 2016).

Tree diversity was shown to enhance soil microbial diversity, abundance, and functioning, leading to improved
nutrient cycling, organic matter decomposition, and carbon storage (Beugnon et al. 2021; Gamfeldt et al.
2013; Gottschall et al. 2019; Li et al. 2019; Pei et al. 2016); primarily due to higher diversity of substrates from
litterfall and rhizodeposition as well as possible increased belowground interactions with tree species-specific
soil microbes (Beugnon, Eisenhauer, et al. 2023; Huang et al. 2017). However, other studies showed that
the tree diversity impact on soil microbial functions is non-significant, varies across functional groups such
as bacteria and fungi (Cesarz et al. 2022; Rivest, Whalen, and Rivest 2019), or is less important than tree
identity effects or abiotic conditions (Cesarz et al. 2022; Tedersoo et al. 2016; Yamamura, Schwendenmann,
and Lear 2013). There are now empirical pieces of evidence that spatio-temporal dynamics along tree diversity
gradients can drive soil microbial functions (Gottschall et al. 2022), which vary with the tree neighbourhood
(Trogisch et al. 2021).

Forest soils’ spatial structure and processes can become highly heterogeneous due to the spatial distribution
of roots and root inputs. Soil respiration, for instance, was shown to be higher at the base of mountain birch
trees compared to 150 cm away, indicating ’hot-spots’ of soil microbial activity close to the tree (Parker et al.
2017). This spatial distribution of soil functions is crucial when considering interactions between trees or with
the understory vegetation (Kuzyakov and Blagodatskaya 2015; Mao et al. 2015). Microbial communities were
found to be more active and diverse when surrounded by neighbouring trees than close to an isolated tree
(Habiyaremye et al. 2020). Especially, the effects of tree-tree interactions are expected to be maximised in the
interaction zone between the trees (Trogisch et al. 2021). This highlights the role of the neighbouring trees
on the functioning of soil microbes in forest ecosystems, especially in the context of highly diverse forests.
However, information on the spatial distribution of soil processes (e.g. soil respiration) at finer spatial scales
is missing (Friggens et al. 2020).

In this study, we aimed to understand the effects of tree-tree interactions on soil microbial biomass and
respiration and their spatial distribution. We set up small-scale transects in tree neighbourhoods in a Chinese
subtropical forest experiment (BEF-China), where we tested the following hypotheses: (H1) In monospecific
tree pairs, we expect decreasing microbial biomass and respiration with increasing distance from the trees
and with increasing soil depth, due to lower resource availability in greater distances. (H2) Due to higher
complementarity as well as quantity and diversity of resource inputs between hetero-specific tree pairs, we
expect overall higher microbial biomass and respiration than in mono-specific pairs. (H3) We expect the
interaction between trees to be maximised in the interaction zone between the two trees; thus, soil microbial
biomass and respiration are highest in the topsoil in the middle of the transect between two adjacent trees.

Material and methods

Study site

The study site was located in south-east China near the city Xingangshan, Jiangxi province (29.12°N,
117.90°E) and is part of the BEF-China experiment (Bruelheide et al. 2014). The experiment was plan-
ted in 2009, after a clear-cut of the previous commercial plantation of Pinus massoniana and Cunninghamia
lanceolata , and it covers an area of 26.7 ha, ranging in altitude from 105 to 275 m. The region has a sub-
tropical climate, with warm, humid summers and cool, dry winters. The local mean annual temperature is
16.7°C with an annual precipitation of 1,821 mm (Yang et al. 2013). The soils of this region are Cambisols
and Cambisol derivatives, with Regosols on ridges and crests (Geißler et al. 2012; Scholten et al. 2017). The
natural vegetation is characterised by species-rich, broad-leaved, subtropical forests dominated by evergreen
and deciduous species such asCastanopsis eyrei , Cyclobalanopsis glauca ,Daphniphyllum oldhamii , and
Lithocarpus glaber (Bruelheide et al. 2014; 2011).
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Study design and field sampling

We selected two plots with the same species mixture of the deciduous tree species Liquidambar formosana
and Sapindus saponaria . The selected tree species have significant and dissimilar effects on soil microbial
properties (Beugnon et al. 2021). In each plot, we selected five replicates of both monospecific pairs (L.
formosana – L. formosana , S. saponaria – S. saponaria ) and of the heterospecific pair (L. formosana –
S. saponaria ). The litter layer was removed prior to sampling. To measure the spatial distribution of soil
microbial biomass and respiration, we took five soil-cores on the transect line between each pair using 5
cm diameter soil-cores. To test for the effect of soil depth on soil microbial biomass and respiration, each
soil-core was split into the depths of 0-5 cm and 5-10 cm and sieved through a 2 mm mesh. The soil samples
were stored at -20°C. Altogether, 300 soil samples were collected from two plots, three combinations of trees
replicated five times, five positions, and two depths (Fig. 1). Additionally, the tree diameter at breast height
(DBH) was measured for each tree pair to calculate tree biomass, following (Beugnon, Bu, et al. 2023).

Soil microbial biomass and respiration measurements

We measured soil microbial biomass (Cmic) and respiration using 5 g of fresh soil on an automated O2-
micro-compensation apparatus (Scheu 1992). Soil microbial respiration was measured first, as the oxygen
consumption per hour per dry weight of soil in μl (respiration given in μl O2 g-1 dry weight h-1). This
reflects the active part of the soil microbial community at the sampling time. Afterwards, the microbial
biomass (given in μg microbial carbon g-1 dry weight) was measured by adding glucose (8 mg per gram
of dry soil) to the samples (substrate-induced respiration [SIR] method). This measurement represents the
total metabolically active biomass of soil microorganisms of the sample.

Statistical analysis

A description of all the variables used in this study can be found in Supplementary Table S1. All
data handling and statistical calculations were performed using the R statistical software version 4.2.2
(www.r-project.org), and R-scripts are provided on (https://github.com/henriettechristel/Soil-microbes -
Tree-Interaction.git), model fit and statistical assumptions can be found in Suppl. S2.

Spatial distribution of microbial biomass and respiration (H1)

To test the effects of distance to the closest tree and depth on the soil microbial biomass and respiration, we
used linear mixed-effects models and normal distribution assumptions that included plot as a random effect,
and distance and depth as fixed effects. The model was fitted on monospecific pairs and was used to predict
the soil microbial properties over a distance to the closest tree from 0 to 90 cm and a depth from 0 to 10 cm
(Suppl. S2).

Belowground overyielding between heterospecific tree pairs (H2) Belowground overyielding of soil microbial
biomass and respiration was calculated as the difference between observed soil microbial properties between
a heterospecific pair and what would be expected based on the weighted means of the monospecific pairs for
a given position between the trees (overyielding (position = i, depth = j) = observed (i, j) – ((expectedL. formosana

(i, j) + expected S. saponaria
(i, j)) / 2)), where ”i ” is the position between the trees and ”j ” is the depth. Pos-

itive results indicate soil microbial properties in mixed pairs are overyielding (i.e., producing more biomass
or respiration than expected based on monospecific pairs), and negative results indicate soil microbial prop-
erties in mixed pairs are underyielding (i.e., producing less biomass or respiration than expected based on
monospecific pairs). The expected values were predicted from the model fits from H1. We used belowground
overyielding as a response variable to test for the effect of the heterospecific pair on the aggregated soil
samples, as well as for the effect of depth using a linear mixed-effects model with plot as random effect and
pair as fixed effect. To determine differences between soil depths, we used a Tukey HSD test based on an
analysis of variance (ANOVA type 1).

Spatial distribution of belowground overyielding (H3) To test the effects of distance to the tree species and
depth on the belowground overyielding of soil microbial biomass and respiration, we used linear mixed-effects
models, which included plot as a random effect and distance in centimeters from the trees and depth as fixed

4
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effects (Suppl. S2). We fixed the positions of the trees to L. formosanabeing tree 1 and S. saponaria being
tree 2 in a mixed pair. Like this, the positioning of the trees was fixed within the data and could be analysed
in terms of a spatial gradient.

All linear mixed-effect models were fitted, using the ”lmer” function of the R package lme4 (Bates et al. 2015).
To define the quality of the model fits of all used linear mixed-effects models, the ”check model” function
of the R package performance (Lüdecke et al. 2021) was used to investigate various model assumptions,
such as normality of residuals, normality of random effects, linear relationship, homogeneity of variance, and
multicollinearity (Briggs and Cheek 1986).

Results

The analyses showed on average a high variability in soil microbial biomass (mean ± SD = 381.48 μg ±
137.02 μg Cmic g-1dry weight) and soil basal respiration (1.77 ± 0.93 μl O2 g-1 dry weight h-1) among the
samples from the investigated plots.

Spatial distribution of soil microbial biomass and respiration (H1)

Soil microbial biomass decreased significantly with increasing distance to the tree (estimate ± SE = -1.60 ±
0.57, p = 0.006) and with soil depth (-44.96 ± 8.20, p < 0.001, Fig. 2). The interaction of distance and depth
was not significant (p = 0.064). Likewise, soil microbial respiration decreased with increasing depth (-0.14 ±
0.06, p = 0.01), but distance to the tree and the interaction of distance and depth had no significant effects
(p = 0.08, p = 0.315, respectively, Fig. 2).

Spatial distribution of belowground overyielding (H2 - H3)

Our analyses showed no general belowground overyielding for microbial biomass or respiration between the
mixed tree species pairs (Fig. 3A, D). An increasing depth reduced soil microbial biomass overyielding (-
150.67 ± 42.17, p < 0.001) but increased microbial respiration overyielding (0.71 ± 0.21, p = 0.001, Fig. 3B
and E, respectively).

We studied the spatial distribution of microbial properties overyielding by testing for the interacting effects of
increasing distance toL. formosana (tree 1, i.e., closeness to tree 2) and depth. We found that an increased
distance (from L. formosana ) had a significant negative effect on the microbial biomass overyielding (-
452.51 ± 34.90, p < 0.001). The analysis showed overyielding close to L. formosana (i.e. tree 1), turning into
underyielding close to S. saponaria (i.e. tree 2, Fig. 3C). This pattern was even stronger in the shallower soil
(0-5 cm) compared to the deeper soil layer (5-10 cm), as indicated by a significant interaction effect between
distance and depth (30.01 ± 10.07, p = 0.004). We found similar results for the overyielding of microbial
respiration: increased distance to L. formosana (tree 1) decreased the microbial respiration overyielding
significantly (-0.77 ± 0.19, p< 0.001) with overyielding close to L. formosana , and underyielding close to S.
saponaria (Fig. 3F). Contrary to microbial biomass, this pattern was stronger in the deeper soil compared
to the shallower soil layer (interaction estimate ± SE = -0.38 ± 0.05,p < 0.001).

Discussion

In this study, we tested the effect of tree-tree interactions and the spatial distribution of microbial biomass
and respiration in subtropical forest soils. We did not find any significant tree-tree interaction effects on
the aggregated soil samples at the species pair level. However, there were substantial variations in tree-tree
interaction effects at the small spatial scale. In fact, effects on both soil microbial properties were spatially
distributed, ranging from overyielding near one tree species to underyielding close to the other tree species.

Spatial distribution of soil microbial biomass and respiration (H1)

Soil microbial biomass decreased with increasing distance from the trees in monospecific tree pairs. This
could be explained on the one hand by higher water availability due to stemflow near the tree base, which
can leach and transport nutrients and microorganisms from the canopy layer to the soils (Bittar et al. 2018).
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Soil moisture was shown to be important in many studies before (Cesarz et al. 2022; Schimel 2018; Serna-
Chavez, Fierer, and van Bodegom 2013). High levels of soil moisture can increase soil enzyme activities,
fluxes of soil nutrients, and oxygen availability (Brockett, Prescott, and Grayston 2012; Stark and Firestone
1995), and higher soil humidity can furthermore buffer possible negative changes in soil pH, suggesting it to
be a key driver of soil microbial biomass (Cesarz et al. 2022). On the other hand it could also be explained by
a higher rhizodeposition closer to the trees (Parker et al. 2017). Our findings would suggest the importance
of forest density in modulating soil functioning.

As expected, we also found a negative effect of soil depth on both microbial properties. This is in line with
previous findings where a lower amount of carbon and nutrients was found in deeper soil layers, as the main
decomposition happens in the leaf litter cover and top soil layers (Goebes et al. 2019; Jobbágy and Jackson,
n.d.; Prescott and Grayston 2013). Additionally, deeper soil layers often have a decreased amount of oxygen,
soil water content, and contain less plant root biomass (Engelhardt et al. 2018; Fall et al. 2012; Serna-Chavez,
Fierer, and van Bodegom 2013). Thus, the present results at the small scale are in line with previous findings
at the larger scales, where soil organic carbon decreased with increasing soil depth and distance to trees
(Rabearison et al. 2023). These similar results suggest that understanding interaction effects at small scales
have the potential to be upscaled.

Spatial distribution of belowground overyielding (H2 - H3)

Our study showed no overyielding across all soil core positions and depth layers. However, we found significant
differences between the soil layers for both soil microbial functions. Microbial biomass showed, on average,
higher overyielding in the shallower soil (0-5 cm), whereas microbial respiration showed higher overyielding
in the deeper soil (5-10 cm). The BEF-China experimental Site A was established in 2009 after a clear-cut
of the previous plantation (Yang et al. 2013). Plant diversity effects on soil organic matter have been shown
to become stronger in the topsoil layer over time (Lange et al. 2023). These findings from experimental
grasslands could suggest that the soil microbial biomass in forests is strongly related to the organic matter
content in the topsoil layer (Beugnon, Eisenhauer, et al. 2023) and that positive plant diversity effects could
get stronger with stand age (Huang et al. 2018; Perles-Garcia et al. 2021). The increased microbial respiration
in the deeper soils could suggest increased carbon sequestration by adding soil microbial necromass to the
carbon pool (Buckeridge et al. 2020; Schmidt et al. 2011).

We expected heterospecific tree-tree interactions effects to be maximised in the middle between the planted
trees. Contrary to our hypothesis (H3), we found an overyielding of soil microbial biomass and respiration
close to L. formosana and underyielding close toS. saponaria , showing that microbes in mixed pairs perform
better than expected close to L. formosana but less well than expected close to S. saponaria. The gradient
from over- to underyielding of microbial respiration was less pronounced in the shallower soil than in the
deeper soil. This could indicate that the presence of S. saponaria had a positive effect on microbes close to L.
formosana and it is stronger in the deeper soil layer (5-10 cm), possibly through fine root exudates (Zheng,
Wei, and Zhang 2017). Microbial respiration was less affected from the mixture than microbial biomass
in the topsoil layer (0-5 cm). It was shown that the balsam of L. formosana contains acidic compounds,
which were reported to be inhibitory for fungi (Chien et al. 2013). These could also be present in the leaf
litter or root exudates (Öztürk et al. 2008) and inhibit microbial respiration more than microbial biomass.
Together with a spatial distribution of litter in the heterospecific pairs (Beugnon, Eisenhauer, et al. 2023),
this might lead to a small-scale change of soil pH. Soil pH was found to be a strong driver of microbial growth
(Fierer and Jackson 2006), and additional pH measurements should be performed in future studies to better
understand the opposing species identity effects of S. saponaria and L. formosana . It was shown that soil
fungi and bacteria react differently to changes in soil pH: bacterial growth decreased with a more acidic pH,
whereas fungal growth was shown to increase (Rousk, Brookes, and B̊åath 2009). This might also explain the
significant negative effect of L. formosana on microbial respiration in this experiment (Suppl. S2: Fig. S2).
To better understand distribution patterns of microbial properties, belowground tree traits (e.g. specific root
length, root diameter) should be taken into account. Recent studies could link them to carbon exudation
and fine root density (Bergmann et al. 2020; Sun et al. 2021), as well as soil organic matter decomposition

6
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(Adamczyk et al. 2019).

The positive tree-tree interaction effect of the heterospecific tree pair on soil microbial biomass and respiration
shows that neighbourhood effects are acting at small spatial scales, which could explain the inconsistencies
of BEF relationships reported in previous forest studies (Beugnon et al. 2021; Cesarz et al. 2022; Li et al.
2019; Pei et al. 2016). Our results stress the need to standardize sampling methods by considering small-scale
interactions to understand the mechanisms behind tree-soil interactions. In addition, measurements of soil
microbial properties across a wider range of species transects are now needed to better understand tree-tree
interactions in space and their biological drivers.

Conclusion

In the present study, we were able to show in a subtropical tree diversity experiment (BEF-China) that
soil microbial biomass and respiration show a fine spatial pattern in the tree-tree interaction zone, both
vertically and horizontally. Whereas aggregated soil samples were not affected by tree-tree interactions, tree-
tree interactions ranged from overyielding close to Liquidambar formosana to underyielding close to Sapindus
saponaria . Our findings suggest that tree-tree interactions are driving soil functioning when zooming to the
appropriate spatial scale. Therefore, in order to understand relationships between trees and soil processes,
future research should focus on fine-scale spatial variability (Eisenhauer et al. 2023).
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Mari Pihlatie, Hannu Fritze, Andreas Richter, and Jussi Heinonsalo. 2019. ‘Plant Roots Increase Both De-
composition and Stable Organic Matter Formation in Boreal Forest Soil’. Nature Communications 10 (1):
3982. https://doi.org/10.1038/s41467-019-11993-1.

Bardgett, Richard D., and David A. Wardle. 2011. ‘Aboveground-belowground Linkages: Biotic Interactions,
Ecosystem Processes, and Global Change’. Eos, Transactions American Geophysical Union 92 (26): 222–
222. https://doi.org/10.1029/2011EO260011.

Bastin, Jean-Francois, Yelena Finegold, Claude Garcia, Danilo Mollicone, Marcelo Rezende, Devin Routh,
Constantin M. Zohner, and Thomas W. Crowther. 2019. ‘The Global Tree Restoration Potential’. Sci-
ence365 (6448): 76–79. https://doi.org/10.1126/science.aax0848.

Bergmann, Joana, Alexandra Weigelt, Fons van der Plas, Daniel C. Laughlin, Thom W. Kuyper,
Nathaly Guerrero-Ramirez, Oscar J. Valverde-Barrantes, et al. 2020 ‘The Fungal Collaboration
Gradient Dominates the Root Economics Space in Plants’. Science Advances 6 (27): eaba3756.
https://doi.org/10.1126/sciadv.aba3756.

Beugnon, Remy, Wensheng Bu, Helge Bruelheide, Andrea Davrinche, Jianqing Du, Sylvia Haider, Matthias
Kunz, et al. 2023. ‘Abiotic and Biotic Drivers of Tree Trait Effects on Soil Microbial Biomass and Soil
Carbon Concentration’. Ecological Monographs 93 (2): e1563. https://doi.org/10.1002/ecm.1563.

Beugnon, Remy, Jianqing Du, Simone Cesarz, Stephanie D. Jurburg, Zhe Pang, Bala Singavarapu, Tesfaye
Wubet, Kai Xue, Yanfen Wang, and Nico Eisenhauer. 2021. ‘Tree Diversity and Soil Chemical Properties
Drive the Linkages between Soil Microbial Community and Ecosystem Functioning’.ISME Communications
1 (1): 41. https://doi.org/10.1038/s43705-021-00040-0.

Beugnon, Remy, Nico Eisenhauer, Helge Bruelheide, Andrea Davrinche, Jianqing Du, Sylvia Haider, Georg
Hahn, et al. 2023. ‘Tree Diversity Effects on Litter Decomposition Are Mediated by Litterfall and Microbial
Processes’. Oikos , July, e09751. https://doi.org/10.1111/oik.09751.

Bittar, Thais B., Preston Pound, Ansley Whitetree, L. Dean Moore, and John T. Van Stan. 2018. ‘Estima-
tion of Throughfall and Stemflow Bacterial Flux in a Subtropical Oak-Cedar Forest’. Geophysical Research
Letters 45 (3): 1410–18. https://doi.org/10.1002/2017GL075827.

Blume, E., M. Bischoff, J.M. Reichert, T. Moorman, A. Konopka, and R.F. Turco. 2002. ‘Surface and
Subsurface Microbial Biomass, Community Structure and Metabolic Activity as a Function of Soil Depth
and Season’. Applied Soil Ecology 20 (3): 171–81. https://doi.org/10.1016/S0929-1393(02)00025-2.

Briggs, Stephen R, and Jonathan M Cheek. 1986. ‘The Role of Factor Analysis in the Development and
Evaluation of Personality Scales’.Journal of Personality 54 (1): 106–48. https://doi.org/10.1111/j.1467-
6494.1986.tb00391.x.

Brockett, Beth F. T., Cindy E. Prescott, and Sue J. Grayston. 2012. ‘Soil Mois-
ture Is the Major Factor Influencing Microbial Community Structure and Enzyme Activi-
ties across Seven Biogeoclimatic Zones in Western Canada - ScienceDirect’. January 2012.
https://www.sciencedirect.com/science/article/abs/pii/S003807171100335X.

Bruelheide, Helge, Martin Bohnke, Sabine Both, Teng Fang, Thorsten Assmann, Martin Baruffol, Jurgen
Bauhus, et al. 2011. ‘Community Assembly during Secondary Forest Succession in a Chinese Subtropical
Forest’. Ecological Monographs 81 (1): 25–41. https://doi.org/10.1890/09-2172.1.

Bruelheide, Helge, Karin Nadrowski, Thorsten Assmann, Jurgen Bauhus, Sabine Both, Francois Buscot,
Xiao-Yong Chen, et al. 2014. ‘Designing Forest Biodiversity Experiments: General Considerations Illustrated
by a New Large Experiment in Subtropical C Hina’. Edited by Helene Muller-Landau. Methods in Ecology
and Evolution 5 (1): 74–89. https://doi.org/10.1111/2041-210X.12126.

8



P
os

te
d

on
14

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

03
76

82
.2

97
33

44
8/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Buckeridge, Kate M., Kelly E. Mason, Niall P. McNamara, Nick Ostle, Jeremy Puissant, Tim Goodall,
Robert I. Griffiths, Andrew W. Stott, and Jeanette Whitaker. 2020. ‘Environmental and Microbial Controls
on Microbial Necromass Recycling, an Important Precursor for Soil Carbon Stabilization’. Communications
Earth & Environment 1 (1): 36. https://doi.org/10.1038/s43247-020-00031-4.

Cesarz, Simone, Dylan Craven, Harald Auge, Helge Bruelheide, Bastien Castagneyrol, Jessica Gutknecht,
Andy Hector, et al. 2022. ‘Tree Diversity Effects on Soil Microbial Biomass and Respiration Are Context
Dependent across Forest Diversity Experiments’. Edited by Xiaofeng Xu.Global Ecology and Biogeography
31 (5): 872–85. https://doi.org/10.1111/geb.13461.

Chien, Shih-Chang, Jun-Hong Xiao, Yen-Hsueh Tseng, Yueh-Hsiung Kuo, and Sheng-Yang Wang. 2013.
‘Composition and Antifungal Activity of Balsam from Liquidambar Formosana Hance’. Hfsg 67 (3): 345–
51. https://doi.org/10.1515/hf-2012-0086.

Crowther, T. W., J. Van Den Hoogen, J. Wan, M. A. Mayes, A. D. Keiser, L. Mo, C. Averill, and D. S.
Maynard. 2019. ‘The Global Soil Community and Its Influence on Biogeochemistry’. Science 365 (6455):
eaav0550. https://doi.org/10.1126/science.aav0550.

Delgado-Baquerizo, Manuel, Fernando T. Maestre, Peter B. Reich, Thomas C. Jeffries, Juan J. Gai-
tan, Daniel Encinar, Miguel Berdugo, Colin D. Campbell, and Brajesh K. Singh. 2016. ‘Microbial
Diversity Drives Multifunctionality in Terrestrial Ecosystems’. Nature Communications 7 (1): 10541.
https://doi.org/10.1038/ncomms10541.

Eisenhauer, Nico, Gerrit Angst, Ana E B Asato, Remy Beugnon, Elisabeth Bonisch, Simone Cesarz, Peter
Dietrich, et al. 2023. ‘The Heterogeneity–Diversity–System Performance Nexus’. National Science Review ,
April, nwad109. https://doi.org/10.1093/nsr/nwad109.

Eisenhauer, Nico, Jes Hines, Forest Isbell, Fons Van Der Plas, Sarah E Hobbie, Clare E Kazanski, Anika
Lehmann, et al. 2018. ‘Plant Diversity Maintains Multiple Soil Functions in Future Environments’. eLife7
(November): e41228. https://doi.org/10.7554/eLife.41228.

Engelhardt, Ilonka C., Amy Welty, Steven J. Blazewicz, David Bru, Nadine Rouard, Marie-Christine Breuil,
Arthur Gessler, et al. 2018. ‘Depth Matters: Effects of Precipitation Regime on Soil Microbial Activity upon
Rewetting of a Plant-Soil System’. The ISME Journal 12 (4): 1061–71. https://doi.org/10.1038/s41396-
018-0079-z.

Erb, Karl-Heinz, Thomas Kastner, Sebastiaan Luyssaert, Richard A. Houghton, Tobias Kuemmerle, Pontus
Olofsson, and Helmut Haberl. 2013. ‘Bias in the Attribution of Forest Carbon Sinks | Nature Climate
Change’. 25 September 2013. https://www.nature.com/articles/nclimate2004.

Fall, Dioumacor, Diegane Diouf, Alzouma Mayaki Zoubeirou, Niokhor Bakhoum, Aliou Faye, and Saidou
Nourou Sall. 2012. ‘Effect of Distance and Depth on Microbial Biomass and Mineral Nitrogen Content
under Acacia Senegal (L.) Willd. Trees’. Journal of Environmental Management95 (March): S260–64.
https://doi.org/10.1016/j.jenvman.2011.03.038.

Fierer, Noah, and Robert B. Jackson. 2006. ‘The Diversity and Biogeography of Soil Bacterial Communities’.
Proceedings of the National Academy of Sciences 103 (3): 626–31. https://doi.org/10.1073/pnas.0507535103.

Friggens, Nina L., Thomas J. Aspray, Thomas C. Parker, Jens-Arne Subke, and Philip A. Wookey. 2020.
‘Spatial Patterns in Soil Organic Matter Dynamics Are Shaped by Mycorrhizosphere Interactions in a Treeline
Forest’. Plant and Soil 447 (1–2): 521–35. https://doi.org/10.1007/s11104-019-04398-y.

Gamfeldt, Lars, Tord Snall, Robert Bagchi, Micael Jonsson, Lena Gustafsson, Petter Kjellander, Maria C.
Ruiz-Jaen, et al. 2013. ‘Higher Levels of Multiple Ecosystem Services Are Found in Forests with More Tree
Species’. Nature Communications 4 (1): 1340. https://doi.org/10.1038/ncomms2328.

Geissler, C., P. Kuhn, M. Bohnke, H. Bruelheide, X. Shi, and T. Scholten. 2012. ‘Splash
Erosion Potential under Tree Canopies in Subtropical SE China’. CATENA 91 (April): 85–93.

9



P
os

te
d

on
14

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

03
76

82
.2

97
33

44
8/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

https://doi.org/10.1016/j.catena.2010.10.009.

Goebes, Philipp, Karsten Schmidt, Steffen Seitz, Sabine Both, Helge Bruelheide, Alexandra Erfmeier,
Thomas Scholten, and Peter Kuhn. 2019. ‘The Strength of Soil-Plant Interactions under Forest Is Re-
lated to a Critical Soil Depth’. Scientific Reports 9 (1): 8635. https://doi.org/10.1038/s41598-019-45156-5.

Gottschall, Felix, Simone Cesarz, Harald Auge, Kyle R. Kovach, Akira S. Mori, Charles A. Nock, and
Nico Eisenhauer. 2022. ‘Spatiotemporal Dynamics of Abiotic and Biotic Properties Explain Biodiversity–
Ecosystem-functioning Relationships’. Ecological Monographs 92 (1). https://doi.org/10.1002/ecm.1490.

Gottschall, Felix, Sophie Davids, Till E. Newiger-Dous, Harald Auge, Simone Cesarz, and Nico Eisenhauer.
2019. ‘Tree Species Identity Determines Wood Decomposition via Microclimatic Effects’. Ecology and
Evolution 9 (21): 12113–27. https://doi.org/10.1002/ece3.5665.

Gougoulias, Christos, Joanna M. Clark, and Liz J. Shaw. n.d. ‘The Role of Soil Microbes in the Global Car-
bon Cycle: Tracking the Below-ground Microbial Processing of Plant-derived Carbon for Manipulating Car-
bon Dynamics in Agricultural Systems - Gougoulias - 2014 - Journal of the Science of Food and Agriculture
- Wiley Online Library’. Accessed 24 July 2023. https://onlinelibrary.wiley.com/doi/full/10.1002/jsfa.6577.

Habiyaremye, Jean de Dieu, Kezia Goldmann, Thomas Reitz, Sylvie Herrmann, and Francois Buscot. 2020.
‘Tree Root Zone Microbiome: Exploring the Magnitude of Environmental Conditions and Host Tree Impact’.
Frontiers in Microbiology 11 (April): 749. https://doi.org/10.3389/fmicb.2020.00749.

Huang, Yuanyuan, Yuxin Chen, Nadia Castro-Izaguirre, Martin Baruffol, Matteo Brezzi, Anne Lang, Ying
Li, et al. 2018. ‘Impacts of Species Richness on Productivity in a Large-Scale Subtropical Forest Experiment’.
Science 362 (6410): 80–83. https://doi.org/10.1126/science.aat6405.

Huang, Yuanyuan, Yinlei Ma, Ke Zhao, Pascal A. Niklaus, Bernhard Schmid, and Jin-Sheng He.
2017. ‘Positive Effects of Tree Species Diversity on Litterfall Quantity and Quality along a Sec-
ondary Successional Chronosequence in a Subtropical Forest’. Journal of Plant Ecology10 (1): 28–35.
https://doi.org/10.1093/jpe/rtw115.

Jobbagy, Esteban G, and Robert B Jackson. n.d. ‘The Distribution of Soil Nutrients with Depth: Global
Patterns and the Imprint of Plants’.

Kuzyakov, Yakov, and Evgenia Blagodatskaya. 2015. ‘Microbial Hotspots and Hot Moments in Soil: Concept
& Review’. Soil Biology and Biochemistry 83 (April): 184–99. https://doi.org/10.1016/j.soilbio.2015.01.025.

Lange, Markus, Nico Eisenhauer, Hongmei Chen, and Gerd Gleixner. 2023. ‘Increased Soil Carbon Storage
through Plant Diversity Strengthens with Time and Extends into the Subsoil’. Global Change Biology ,
March, gcb.16641. https://doi.org/10.1111/gcb.16641.

Lange, Markus, Nico Eisenhauer, Carlos A. Sierra, Holger Bessler, Christoph Engels, Robert I. Griffiths,
Perla G. Mellado-Vazquez, et al. 2015. ‘Plant Diversity Increases Soil Microbial Activity and Soil Carbon
Storage’. Nature Communications 6 (1): 6707. https://doi.org/10.1038/ncomms7707.

Lewis, Simon L., Charlotte E. Wheeler, Edward T. A. Mitchard, and Alexander Koch. 2019.
‘Restoring Natural Forests Is the Best Way to Remove Atmospheric Carbon’. 2 April 2019.
https://www.nature.com/articles/d41586-019-01026-8.

Li, Yin, Helge Bruelheide, Thomas Scholten, Bernhard Schmid, Zhenkai Sun, Naili Zhang, Wensheng Bu,
Xiaojuan Liu, and Keping Ma. 2019. ‘Early Positive Effects of Tree Species Richness on Soil Organic
Carbon Accumulation in a Large-Scale Forest Biodiversity Experiment’.Journal of Plant Ecology 12 (5):
882–93. https://doi.org/10.1093/jpe/rtz026.

Loeppmann, Sebastian, Evgenia Blagodatskaya, Johanna Pausch, and Yakov Kuzyakov. 2016. ‘Enzyme
Properties down the Soil Profile - A Matter of Substrate Quality in Rhizosphere and Detritusphere - Sci-
enceDirect’. December 2016. https://www.sciencedirect.com/science/article/abs/pii/S0038071716302036.

10



P
os

te
d

on
14

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

03
76

82
.2

97
33

44
8/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Lopez, Severine, Antony Ent, Sukaibin Sumail, John B. Sugau, Matsain Mohd Buang, Zarina Amin, Guil-
laume Echevarria, Jean Louis Morel, and Emile Benizri. 2020. ‘Bacterial Community Diversity in the
Rhizosphere of Nickel Hyperaccumulator Plant Species from Borneo Island (Malaysia)’.Environmental Mi-
crobiology 22 (4): 1649–65. https://doi.org/10.1111/1462-2920.14970.

Ludecke, Daniel, Mattan Ben-Shachar, Indrajeet Patil, Philip Waggoner, and Dominique Makowski. 2021.
‘Performance: An R Package for Assessment, Comparison and Testing of Statistical Models’. Journal of
Open Source Software 6 (60): 3139. https://doi.org/10.21105/joss.03139.

Mao, Zhun, Laurent Saint-Andre, Franck Bourrier, Alexia Stokes, and Thomas Cordonnier. 2015. ‘Modelling
and Predicting the Spatial Distribution of Tree Root Density in Heterogeneous Forest Ecosystems’.Annals
of Botany 116 (2): 261–77. https://doi.org/10.1093/aob/mcv092.

Miltner, Anja, Petra Bombach, Burkhard Schmidt-Brucken, and Matthias Kastner. 2012.
‘SOM Genesis: Microbial Biomass as a Significant Source’.Biogeochemistry 111 (1–3): 41–55.
https://doi.org/10.1007/s10533-011-9658-z.

Ozturk, Munir, Ali Celik, Aykut Guvensen, and Ergin Hamzaoğlu. 2008. ‘Ecology of Ter-
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Soil Properties in the Huoditang Area of the Qinling Mountains, China’. Ecosphere 8 (3): e01732. htt-
ps://doi.org/10.1002/ecs2.1732.

Figure captions

Figure 1: Sampling Design. Overview of the BEF-China experimental Site A (panel A) with the two
sampled plots (green) representing two-species mixture plots. Plot tree planting grid pattern with a marked
tree pair, here only a small section of the 20x20 trees plot was drawn. Positions of the five soil cores between
the tree pair with the in-core division of the depths. Tree species combinations are shown in panel B.

Figure 2: Distance to tree and depth effects on microbial biomass (top) and respiration (bottom)
in monospecific tree pairs.Effects are predicted from the model (soil properties ˜ depth * distance to tree
) with plot as random effect. Distance to tree reports the distance to the closest tree from monospecific tree
pairs. Microbial biomass coloured blue (low) to red (high), microbial respiration coloured purple (low) to
orange (high). The significance levels were standardised across the panels (p<0.05: *, p<0.01: **, p<0.001:
*** ).

Figure 3: Distance to tree and depth effects on microbial biomass (top) and respiration (bottom)
overyielding in heterospecific tree pairs. The mean value (grey square) of overyielding for microbial
biomass (A) and respiration (D) across all depths and positions, for each depth (microbial biomass: B, yellow
circle for 0-5 cm; brown triangle for 5-10 cm, and microbial respiration: E, light blue circle for 0-5 cm; dark
blue triangle for 5-10 cm), and for each sampling point by depth (microbial biomass: C and respiration: F).
Confidence intervals were predicted from models using the “ggpredict” function of the R package ggeffects .
The significance levels were standardised across the panels (p<0.05: *, p<0.01: **, p<0.001: *** ).
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Supplementary Material 1 

The spatial distribution of tree-tree interaction effects on soil microbial biomass 

and respiration 

Henriette Christel, Helge Bruelheide, Simone Cesarz, Nico Eisenhauer, Georg J. A. Hähn and 

Rémy Beugnon 

 

Table S1: Description of variables 

Variables  Code Unit Calculation 
Tree variables 

Plot plot none Treatment 

Diameter at breast height dbh m Measured 

Basal Area ba m2 
𝑏𝑎 =  

(𝑑𝑏ℎ)2

4𝜋
 

Distance to closest tree close_distance cm Measured 

Diameter of closest tree close_dbh cm Measured 

Biomass of closest tree close_biomass kgcarbon Estimated from ba 

Closest tree species close_species none Measured 

Distance to tree 1 distance_T_1 cm Measured 

Distance to tree 2 distance_T_2 cm Measured 

Distance to each tree with soil core 3 
as the center point 

dist.T1.center cm Measured 

Distance to closest L. formosana dist.liqu cm Measured 

Distance to closest S. mukorossi dist.sapi cm Measured 

Tree species combination of the tree 
pair 

species_mix none Measured 

Soil microbial community 

Soil microbial biomass cmic µg Cmicrobial g-1 
dry weight 

Measured 

Soil microbial biomass overyielding cmic_over 
 

Calculated from 
observed cmic 

Soil microbial respiration bas_res µl O2 g-1 dry 
weight h-1 

Measured 

Soil microbial respiration 
overyielding 

bas_over 
 

Calculated from 
observed bas_res 

Environmental variables 

Soil depth  depth cm Measured 

Root biomass  root_biomass g m-3 Measured from soil 
cores 

Distance to closest understory plant plant_distance cm Measured 

Soil water content rh % Measured 
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Supplementary Material 2
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Figure S1: Correlation matrix
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Figure S1: A correlation matrix of the variables used. Brown colour indicates negative correlation, green
colour indicates positive correlation.
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Section S2: Microbial respiration (H1)

Model summary

lmer(formula = bas_res ~ close_distance * depth + (1|plot), data = df)

Estimate Std. Error t-value p-value
(Intercept) 2.3262195 0.4764510 4.882389 0.0767479
close_distance -0.0068739 0.0039270 -1.750412 0.0817317
depth -0.1427127 0.0563661 -2.531891 0.0121907
close_distance:depth 0.0011358 0.0011281 1.006858 0.3153398
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Section S3: Microbial biomass (H1)

Model summary

lmer(formula = cmic ~ close_distance * depth + (1|plot), data = df)

Estimate Std. Error t-value p-value
(Intercept) 515.8788176 36.9323184 13.968222 0.0000562
close_distance -1.5954273 0.5709665 -2.794257 0.0057580
depth -44.9601154 8.1995370 -5.483250 0.0000001
close_distance:depth 0.3061849 0.1640985 1.865861 0.0636699
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Section S4: Overyielding microbial respiration (H2)

Model summary

lmer(bas_over ~ depth + (1|plot), data = df)

Estimate Std. Error t-value p-value
(Intercept) -0.0142504 0.6264277 -0.0227487 0.9853692
depth 0.1416237 0.0428361 3.3061788 0.0013700

Figure 3 Tukey test - depth

Sum Sq. Mean Sq. f-value p-value
depth %>% as.factor 9.283579 9.283579 6.564345 0.0120856
Residuals 125.867631 1.414243 NA NA

Diff Lower Upper p-value
5-0 0.6391505 0.1434713 1.13483 0.0120856
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Model fit

0.0

0.1

0.2

0.3

0.4

−5.0 −2.5 0.0 2.5 5.0

bas_over

D
en

si
ty

Observed data Model−predicted data

Model−predicted lines should resemble observed data line
Posterior Predictive Check

−2

0

2

−0.5 0.0 0.5 1.0

Fitted values

R
es

id
ua

ls

Reference line should be flat and horizontal
Linearity

0.5

1.0

1.5

−0.5 0.0 0.5 1.0

Fitted values

|S
td

. r
es

id
ua

ls
|

Reference line should be flat and horizontal
Homogeneity of Variance

60
67

50

62

63

0.7

0.7

−4

0

4

0.00 0.01 0.02 0.03

Leverage (hii)

S
td

. R
es

id
ua

ls

Points should be inside the contour lines
Influential Observations

−2

0

2

−2 −1 0 1 2

Standard Normal Distribution Quantiles

S
am

pl
e 

Q
ua

nt
ile

s

Dots should fall along the line
Normality of Residuals

−0.5

0.0

0.5

−0.6 −0.3 0.0 0.3 0.6

Theoretical Quantiles

R
E

 Q
ua

nt
ile

s

Dots should be plotted along the line
Normality of Random Effects (plot)

6



Section S5: Overyielding microbial biomass (H2)

Model summary

lmer(cmic_over ~ depth + (1|plot), data = df)

Estimate Std. Error t-value p-value
(Intercept) 128.57173 29.616232 4.341259 0.0161693
depth -30.13394 8.433534 -3.573110 0.0005736

Figure 3 Tukey test - depth

Sum Sq. Mean Sq. f-value p-value
depth %>% as.factor 516533.2 516533.20 12.77892 0.000569
Residuals 3597445.0 40420.73 NA NA

Diff Lower Upper p-value
5-0 -150.7629 -234.5623 -66.96356 0.000569
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Model fit
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Section S6: Spatial distribution of microbial respiration overyielding (H3)

Model summary

lmer(bas_over ~ dist.T1.center * depth + (1|plot), data = df)

Estimate Std. Error t-value p-value
(Intercept) -0.0229950 0.6296411 -0.0365208 0.9766871
dist.T1.center -0.7741122 0.1876610 -4.1250569 0.0000853
depth 0.1445341 0.0236760 6.1046629 0.0000000
dist.T1.center:depth -0.3759578 0.0541292 -6.9455595 0.0000000

Model fit

0.0

0.1

0.2

0.3

0.4

−2 0 2 4

bas_over

D
en

si
ty

Observed data Model−predicted data

Model−predicted lines should resemble observed data line
Posterior Predictive Check

−1

0

1

−2 0 2

Fitted values

R
es

id
ua

ls

Reference line should be flat and horizontal
Linearity

0.5

1.0

1.5

−2 0 2

Fitted values

|S
td

. r
es

id
ua

ls
|

Reference line should be flat and horizontal
Homogeneity of Variance

60

56

13
24

67

0.8

0.8

−10

−5

0

5

10

0.000 0.025 0.050 0.075 0.100

Leverage (hii)

S
td

. R
es

id
ua

ls

Points should be inside the contour lines
Influential Observations

1

2

3

5

10

depth dist.T1.center dist.T1.center:depth

V
ar

ia
nc

e 
In

fla
tio

n
Fa

ct
or

 (
V

IF
, l

og
−

sc
al

ed
)

Low (< 5)

High collinearity (VIF) may inflate parameter uncertainty
Collinearity

−1

0

1

−2 −1 0 1 2

Standard Normal Distribution Quantiles

S
am

pl
e 

Q
ua

nt
ile

s

Dots should fall along the line
Normality of Residuals

−0.5

0.0

0.5

−0.6 −0.3 0.0 0.3 0.6

Theoretical Quantiles

R
E

 Q
ua

nt
ile

s

Dots should be plotted along the line
Normality of Random Effects (plot)

9



Section S7: Spatial distribution of microbial biomass overyielding (H3)
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Figure S2: Abiotic and biotic drivers of soil microbial biomass and respiration
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Figure S2: Overview of small scale drivers of microbial biomass and respiration. Effects of tree size and
species identity on microbial biomass (A) and respiration (B). Effects of root biomass and distance to
understory plants were non-significant on microbial biomass (C, E, respectively) or respiration (D, F,
respectively). Positive effect of relative soil water content on microbial biomass (G) and respiration (H).
Positive correlation of microbial biomass and respiration (I). Significant effects in colour.
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