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Summary

¢ Decades of studies have demonstrated links between biodiversity and ecosystem function-
ing, yet the generality of the relationships and the underlying mechanisms remain unclear,
especially for forest ecosystems.

e Using 11 tree-diversity experiments, we tested tree species richness—community productiv-
ity relationships and the role of arbuscular (AM) or ectomycorrhizal (ECM) fungal-associated
tree species in these relationships.

¢ Tree species richness had a positive effect on community productivity across experiments,
modified by the diversity of tree mycorrhizal associations. In communities with both AM and
ECM trees, species richness showed positive effects on community productivity, which could
have resulted from complementarity between AM and ECM trees. Moreover, both AM and
ECM trees were more productive in mixed communities with both AM and ECM trees than in
communities assembled by their own mycorrhizal type of trees. In communities containing
only ECM trees, species richness had a significant positive effect on productivity, whereas spe-
cies richness did not show any significant effects on productivity in communities containing
only AM trees.

e Our study provides novel explanations for variations in diversity—productivity relationships
by suggesting that tree-mycorrhiza interactions can shape productivity in mixed-species for-
est ecosystems.
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Introduction

Global environmental changes affect the diversity, composition,
and functioning of ecosystems, invoking research to evaluate the
relationship between biodiversity and ecosystem functioning
(BEF; Loreau et al, 2001; Hooper et al, 2005; Tilman
et al., 2014). Many studies have demonstrated that greater tree
species richness can increase forest productivity (Zhang
et al, 2012; Huang et al, 2018; Ammer, 2019; Feng
et al., 2022). However, evidence is also mounting that the magni-
tude and shape of BEF relationships vary with environmental
context (Luo et al, 2017; Ratcliffe et al, 2017; van der
Plas, 2019; Luo ez al., 2022). The generality of, and mechanisms
behind, BEF relationships remains unclear, especially for forest
ecosystems that are highly contingent on tree—mycorrhiza inter-
actions (Eisenhauer et al., 2022; S. Luo et al., 2023). This lack of
understanding hampers our ability to predict the response of for-
est ecosystem functioning to biodiversity loss and the effective-
ness of mixed-species tree plantations in restoring ecosystem
functioning.

To explain BEF relationships, two classes of biodiversity effects
have been proposed, complementarity and selection effects calcu-
lated using an additive partitioning method (Loreau & Hec-
tor, 2001; Forrester & Bauhus, 2016). The complementarity
effect refers to niche complementarity and interspecific facilita-
tion that increase species functioning in mixtures. The selection
effect is caused by the dominance of one or few species with high
functional contributions (Loreau & Hector, 2001). In addition
to plant species interactions, positive biodiversity effects can
result from positive trophic interactions (Cook-Patton
et al., 2014; Laforest-Lapointe er al., 2017; Li er al., 2023) or
reduced density-dependent pathogen effects in diverse commu-
nities (Schnitzer et al, 2011; Mommer et al, 2018; Liang
et al., 2019). Moreover, there is emerging evidence that mycor-
rhizal fungi play important roles in regulating the relationship
between tree species diversity and community productivity (Luo
et al, 2018; Deng et al, 2023; Dietrich er al, 2023; Fahey
et al., 2023; S. Luo et al., 2023; Mao et al., 2023). For example,
mycorrhizal fungi can promote complementarity effects among
tree species through soil nitrogen partitioning (Luo e al., 2018).
While biodiversity effects have been shown to be influenced by
abiotic environmental conditions (Forrester, 2014; Jucker
et al., 2014; Luo et al., 2017; Ratcliffe ez al, 2017), much less is
known about how biotic interactions between trees and mycor-
rhizal fungi modify biodiversity effects and tree species richness—
community productivity relationships (Luo er 4/, 2018; Eisen-
hauer et al., 2022; Dietrich et al., 2023).

Most tree species primarily form symbiotic associations with
either arbuscular mycorrhizal (AM) or ectomycorrhizal (ECM)
fungi (Tedersoo et al., 2020), which can facilitate nutrient uptake
of plants in exchange for carbon (Read, 1991; van der Heijden
et al., 2015) and alter biogeochemical responses to other major
environmental drivers (Terrer er al, 2021). This suggests that
mycorrhizal association might also mediate the impacts of plant
biodiversity loss. AM and ECM fungi differ substantially in their
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access to, and alteration of, nutrient availability (Tedersoo & Bah-
ram, 2019). ECM fungi are capable of using organic forms of
nutrients, and AM fungi mainly use mineral nutrients; therefore,
AM and ECM tree species may partition resources by utilizing dif-
ferent chemical forms of nutrients (Liu et al, 2018; Luo
et al.,2018). AM and ECM tree species can also differentially influ-
ence soil nutrient availability. For instance, some AM tree species
are N fixers that can promote the growth of ECM tree species
(Binkley ez al., 2003). Moreover, most AM tree species produce
high-quality litter that degrades more rapidly and promotes nutri-
ent mineralization, whereas most ECM trees produce low-quality
litter that degrades more slowly and inhibits nutrient mineralization
(Phillips ez al., 2013). Thus, ECM trees can favor a more conserva-
tive nutrient-use strategy than AM trees, especially in the temperate
biome (Deng er al., 2018; Zhang e al., 2018). Collectively, the
contrasting strategies of AM and ECM fungi may lead to comple-
mentary nutrient use between AM and ECM trees in communities
containing both types of trees (Eisenhauer ez al, 2022; S. Luo
et al., 2023). However, environmental changes are shifting the rela-
tive abundance of AM and ECM trees (Averill et al, 2018; Jo
et al., 2019). It has not been explicitly tested how different mycor-
thizal associations influence tree species richness-community
productivity relationships across experiments with different envir-
onmental conditions. This knowledge gap remains a major obstacle
for understanding and predicting the form and generality of BEF
relationships in forest ecosystems.

Globally distributed tree-diversity experiments, capturing
major variation in species compositions and environmental con-
ditions, hold the potential to improve our mechanistic under-
standing of BEF relationships (Verheyen et al., 2016; Paquette
et al., 2018). By combining 11 tree-diversity experiments, we
tested the effects of tree species richness and mycorrhizal associa-
tions on tree community productivity. Species-rich communities
can have a greater chance of including more productive species
and a more complete utilization of resources than species-poor
communities (Tilman, 1999). Our first hypothesis was that tree
species richness—community productivity relationships would be
generally positive. Given the functional differences between AM
and ECM fungi and the potential niche complementarity
between AM and ECM tree species (Liu er al, 2018; Luo
et al., 2018), it is conceivable that the composition of mycorrhizal
functional groups (mixed AM—ECM vs only AM or ECM) may
modify tree species richness—community productivity relation-
ships. Our second hypothesis was that communities containing
both AM and ECM trees (i.e. mixed AM—ECM tree commu-
nities) would show stronger species richness—productivity rela-
tionships than communities containing only AM or ECM trees.
Moreover, AM and ECM trees have dissimilar functional roles in
nutrient cycling (Phillips et 4/, 2013), and differ in resistance
against and response to abiotic and biotic stresses and resources
(Augé, 2001; Tedersoo & Bahram, 2019; Tedersoo ez al., 2020;
Terrer et al, 2021; Eisenhauer ez al., 2022; Yi et al., 2024). Our
third hypothesis was that a stronger BEF relationship in mixed
AM-ECM tree communities would be mostly due to comple-
mentarity between AM and ECM trees.

© 2024 The Authors
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Materials and Methods

Data acquisition and description of tree-diversity
experiments

Long-term tree-diversity experiments were identified through the
global network TreeDivNet (Verheyen ez al., 2016; heep://www.
treedivnet.ugent.be/). In these experiments, gradients in tree spe-
cies richness are created by planting monoculture stands as well
as stands of different species richness and composition, allowing
us to investigate the relationship between tree diversity and eco-
system functioning (Verheyen ez al., 2016; Paquette et al., 2018).

Experiments were included if (1) trees had been planted in the
field for at least 5 yr, and (2) basal area data were available at
the species level. Our study included nine experiments with
basal-area data from two points in time from different years and
two experiments with basal-area data from a single time point
(see Table 1). Basal area (m*>ha™?') of each species on each plot
was calculated using Eqn 1:

Y DBH?
4a

Basal area =1 *

Eqn 1

where DBH is the diameter at breast height (m), and # is the area
of the plot (ha). Basal area was calculated using diameter at the
stem base instead of DBH for the Agua Salud, B-TREE,
BEF-China, FORBIO-Zedelgem, IDENT-Cloquet, IDENT-
Freiburg, IDENT-SSM, and MyDiv experiments. While the
basal area calculated at breast height will be lower than the one
calculated for the stem base due to stem tapering, it should not
influence the detection of the effects of tree species richness and
mycorrhizal associations within each experiment.

We used the nine experiments with data from two time points
to calculate annual increment of basal area at the plot level using
Eqn (2):

Table 1 List of tree-diversity experiments included in the analysis.

Research

TBA,—TBA,
=T,

Annual increment of basal area = Eqn 2

where TBA, and TBA, are the total basal area of all species
within a plot at time 2 (73) and time 1 (77), respectively. We
considered annual increment of basal area as a proxy of commu-
nity productivity (Guerrero-Ramirez ez al, 2017; Schnabel
et al., 2019; Bongers ez al., 2020) and used community produc-
tivity in the following text for consistency. The two experiments
without repeated measurements of basal area were only used to
test the relationship between tree species richness and accumu-
lated basal area of communities (Supporting Information
Table S1; Fig. S1). Accumulated basal area was calculated as the
total basal area of all species within a plot at the latest time point
of acquired data for the 11 experiments. Since accumulated basal
area was strongly correlated with stand age, we focused on com-
munity productivity throughout the main text.

Mycorrhizal type (i.e. AM and ECM) for each tree species was
assigned based on a recently published database (Steidinger
et al., 2019). All species in our dataset are either AM or ECM
trees (see Dataset S1 for a list of species). To quantify mycorrhizal
composition of tree communities, we calculated relative AM tree
abundance of each plot by dividing the number of planted trees
belonging to AM tree species by the total number of planted
trees. Six out of 109 species in our dataset are nitrogen (N)-fixing
species, including four species in the Agua Salud experiment and
two species in the EFForTS-BEE experiment.

Statistical analysis

Effects of tree species richness and mycorrhizal associations on
community productivity We tested the effects of tree species
richness and mycorrhizal associations on tree community produc-
tivity. In all models, community productivity was square-root
transformed to achieve homoscedasticity and normality of

MAP MAT Planted Tree Tree distance  Tree species richness AM tree

Experiment Biome Country  (mm) (°0) year age (m) treatments abundance
Agua Salud Tropical Panama 2712 25.5 2008 5,11 1,2,5,6 1.00

BEF-China Subtropical China 1762 17.2 2009 59 1.29 1,2,4,8,16,24 0.00-1.00
BIOTREE-Species Temperate Germany 693 7.4 2004 14,19 2 1,2,3,4 0.00

Kaltenborn

B-Tree Temperate  Austria 624 9.7 2013 8,10 1 1,2, 4 0.00-1.00
EFForTS-BEE Tropical Indonesia 2491 26.8 2013 8,9 2 1,2,3,6 0.00-1.00
FORBIO-Zedelgem Temperate Belgium 713 10.1 2010 3,9 1.5 1,2,3,4 0.00

IDENT-Cloquet Temperate USA 762 3.7 2009 6,12 04 1,2,6 0.00-1.00
IDENT-SSM Temperate Canada 916 3.7 2013 59 0.4 1,2,4,6 0.00-1.00
MyDiv Temperate Germany 493 8.9 2015 1,6 1 1,2, 4 0.00-1.00
BiodiversiTREE? Temperate USA 1068 13.2 2013 8 2.4 1,4,12 0.00-1.00
IDENT-Freiburga Temperate  Germany 841 10.5 2013 7 0.45 1,2,4,6 0.00-1.00

MAP, mean annual precipitation; MAT, mean annual temperature; Tree age, ages of trees in acquired data; Tree distance, the planting distance between
trees; AM tree abundance, range of relative abundance of AM trees (based on the number of planted trees). Experiments also differ in their species pools

(see Supporting Information Dataset S1).

*Tree DBH was only measured once for BiodiversiTREE and IDENT-Freiburg in the data we obtained; we therefore excluded these two experiments when

calculating community productivity.

© 2024 The Authors
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residuals. First, we used linear mixed-effects models to assess how
tree species richness influenced community productivity across
nine experiments (M1):

Community productivity ~ richness * experiment + age M1
+ block + composition

We included tree species richness, experiment, and their inter-
action as fixed effects (factorial indicated with operator ‘¥’ in
M1), and stand age as a covariate. We defined stand age as the
age of trees at Time 2. Tree species richness was the planted rich-
ness. We included both linear and factorial terms of richness to
test for linearity and deviation from linearity (Hector et al,
1999). Significance of factorial richness when fitted after linear
richness would indicate a nonlinear effect of richness in addition
to the linear relationship. We included experiment and its inter-
action with richness as fixed-effects terms to test whether
richness—productivity relationships changed across experiments.
Random effects were blocks within experiment and species com-
position (which could sometimes be identical between experi-
ments). To check the robustness of our results, we ran the same
model after excluding communities with more than eight species
of the BEF-China experiment, making its richness levels compar-
able to that of the other eight experiments. Second, we tested
whether tree mycorrhizal associations modified the effects of tree
species richness on community productivity. We changed the
above model (i.e. M1) by adding relative AM tree abundance
(linear and quadratic terms to account for a potentially unimodal
relationship with community productivity; total abundance of
AM and ECM trees based on basal area as defined in Eqn 1) and
its interactions with species richness (linear and factorial terms)
and experiment (M2, interactions indicated with operator X’):

Community productivity ~ (linear AM + quadratic AM)
* richness + experiment + (linear AM + quadratic AM)

X experiment + richness X experiment + age
+ block + composition M2

A unimodal relationship between AM tree abundance and pro-
ductivity was expected under the assumption that mixtures of
AM and ECM trees had higher productivity than communities
with low or high relative abundance of AM trees (S. Luo
et al. 2023). We included the interactions between AM tree
abundance and experiment as fixed-effects terms to test whether
relationships between AM tree abundance and productivity chan-
ged across experiments.

In addition, we tested how tree species richness and mycorrhi-
zal associations influenced community productivity for each of
the nine experiments separately. Note that the significance of dif-
ferences in tree species richness and mycorrhizal effects on pro-
ductivity across experiments were tested using interaction terms
as error s (i.e. richness X experiment, linear AM X experiment,
and quadratic AM X experiment) in the above models. First, to
assess how species richness influenced community productivity,
we used linear mixed-effects models, with linear and factorial
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richness as fixed-effects terms and block and species composition
as random-effects terms (M3):

Community productivity ~ linear richness M3
+ factorial richness + block + composition

Second, for six experiments containing both AM and
ECM tree species (i.e. BEF-China, B-Tree, EFForTS-BEE,
IDENT-Cloquet, IDENT-SSM, and MyDiv), we used linear
mixed-effects models to test whether tree mycorrhizal associations
modified the effects of species richness on community productiv-
ity in each experiment. The fixed-effects terms were relative AM
tree abundance (linear and quadratic), species richness (linear
and factorial), and their interactions, while the random-effects
terms were block and species composition (M4):

Community productivity ~ (linear AM + quadratic AM)
* (linear richness + factorial richness) + block
+ composition

M4

We excluded communities with more than eight species of the
BEF-China experiment, making its richness levels comparable to
that of the other five experiments. Third, for these six experi-
ments we tested how mycorrhizal associations influenced
richness—productivity relationships across experiments and in
individual experiments. We divided communities into three
groups based on the composition of tree mycorrhizal associations,
namely communities containing both AM and ECM tree species
(i.e. mixed AM—ECM tree communities, 7z = 288), communities
containing only ECM tree species (i.e. ECM tree communities,
n=393), and communities containing only AM tree species (i.e.
AM tree communities, 7= 243). We fitted linear mixed-effects
models for each community group, with linear and factorial spe-
cies richness as fixed-effects terms. We included experiment,
block, and species composition as random-effects terms (M5):

Community productivity ~ linear richness

+ factorial richness + experiment + block + composition

M5

For each experiment, we also divided communities into three
groups based on the composition of tree mycorrhizal associations.
We fitted linear mixed-effects models for each group of each
experiment, with linear and factorial species richness as fixed-
effects terms and block and species composition as random-

effects terms (MO6):

Community productivity ~ linear richness M6
+ factorial richness + block + composition

Effects of tree species richness and mycorrhizal associations on
community productivity via complementarity and selection
effects For four experiments (i.e. BEF-China, IDENT-Cloquet,
IDENT-SSM, and MyDiv) showing significant overall species

© 2024 The Authors
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richness—community productivity relationships, we also tested
how tree species richness influenced community productivity via
complementarity effects and selection effects, respectively. We
excluded communities with more than eight species of the
BEF-China experiment as above. We partitioned net biodiversity
effects (NEs) into complementarity effects (CEs) and selection
effects (SEs) using additive partitioning (Loreau & Hector, 2001).
Calculations were based on the difference between the observed
yield of each species in the mixture and mean monoculture yield
of that species for the specific experiment and block. Yield was
quantified by annual increment of basal area (i.e. productivity).
Absolute values of NEs, CEs, and SEs were square-root trans-
formed, with the transformed values preserving their original
signs for analysis (Loreau & Hector, 2001). We used hierarchical
ANOVA (i.e. the classical form of mixed-model analysis, see
Schmid ez al., 2017) by including linear and factorial species rich-
ness, stand age, experiment, and the interaction between richness
and experiment as fixed-effects explanatory terms for NE, CE,
and SE in separate models. We included block, the interactions
between richness and block, and species composition as random-
effects error terms. We also tested whether the overall means of
the NE, CE, and SE were different from zero by listing the signif-
icance of the intercept in corresponding ANOVAs (M7):

NE, CE or SE ~ intercept + (linear richness
+ factorial richness) * experiment + age + block M7

+ richness X block + composition

The Fvalues for species richness and richness-by-experiment
interactions were calculated with the mean square of species com-
position and richness-by-block interaction as error terms, respec-
tively; the Fovalues for the experiment were calculated with the
mean square of the block as error term.

In addition, we tested whether AM tree abundance modified
the effects of tree species richness on NE, CE, and SE using
mixed-effects models (M8):

NE, CE or SE ~ (linear AM + quadratic AM)
* (linear richness 4 factorial richness)
+ experiment + (linear AM + quadratic AM) X experiment
+ age + block + composition
MS8

We further tested how the effects of species richness on
NE, CE, and SE differed among the three groups of com-
munities with different mycorrhizal associations (i.e. mixed
AM-ECM tree communities, ECM tree communities, AM
tree communities) by fitting linear mixed-effects models for
each group. We included linear species richness as a fixed-
effects term and dropped factorial species richness from our
final models due to small deviation from linearity. We
included experiment, block,
random-effects terms (M9):

and species composition as

© 2024 The Authors
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NE, CE or SE ~ linear richness + experiment
+ block + composition M9

Relative yield of AM and ECM tree species in mixed AM—-ECM
communities vs AM or ECM communities To gain further
insights into the performance of AM and ECM trees in mixtures,
we tested whether AM or ECM tree species were more productive
in mixed AM—ECM communities than in communities contain-
ing only AM or ECM trees. We calculated the relative yield for
62 of 79 species occurring in the six experiments with both AM
and ECM trees (i.e. BEF-China, B-Tree, EFForTS-BEE,
IDENT-Cloquet, IDENT-SSM, and MyDiv). We excluded the
remaining 17 species due to missing data in monocultures or
mixtures. The relative yield of a species (RY) is the quotient of
the yield of a species in mixture and the mean yield of this species
in monocultures. The mean monoculture yield of a species was
calculated within a specific experiment and block. Again, yield
was quantified by annual increment of basal area (i.e. productiv-
ity). We then calculated mean RY of each AM (or ECM) tree
species within community groups based on the composition of
mycorrhizal associations: mixed AM—ECM communities vs AM
(or ECM) communities. We used mixed-effects models to test
whether species mean RY was influenced by community mycor-
rhizal composition (mixed mycorrhizal types vs single mycorrhi-
zal type), mycorrhizal type (AM vs ECM tree species), and the
interaction between them. The random-effects terms were experi-
ment, block, and species composition (M10):

RY ~ mycorrhizal compositon * mycorrhizal type M0
+ experiment + block + composition

We did not include stand age in our final model, because it
did not show any significant effects. In this analysis, only the
EFForTS-BEE experiment included two AM tree species that
had N-fixing ability. Therefore, we did not have enough data to
test whether ECM tree species performed differently when mix-
ing with N-fixing or non-N-fixing AM tree species. Nevertheless,
we can refer to Feng et al. (2022) who did not find any differ-
ences in tree-diversity effects on productivity when mixing N-
fixing or non-N-fixing species only or when mixing N-fixing with
non-N-fixing species.

Where not otherwise stated, we used restricted maximum likeli-
hood estimation for linear mixed-effects models and assessed the
significance of the fixed effects using type-I ANOVA and Ftests
with adjusted error terms and the Satterthwaite approximation of
denominator degrees of freedom. ‘LME4” and ‘GGPLOT2’ packages
were used and all statistical analyses were conducted in R v.4.2.1.

Results

Effects of tree species richness on community productivity

Tree species richness showed positive, but relatively modest,
effects on tree community productivity (Fig. 1; Table 2;
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Fig. 1 Relationships between tree species richness and community
productivity. Lines indicate significant (P < 0.05) relationships between
richness and productivity in mixed-effects models, which were fitted
separately for each experiment. Productivity (square-root transformed)
was quantified by annual increment of basal area. See Supporting
Information Table S3 for statistical results.

estimate = 0.022 £ 0.012, Fj 58953 = 8.80, and P=0.003 for
linear richness (LSR); £ 311,30 = 43.70 and P < 0.001 for factor-
ial richness (FSR)). The significance of factorial richness when
fitted after linear richness indicated deviation from linearity. That
is, the rate at which productivity increased from one richness level
to the next was not constant across richness levels. Similarly, spe-
cies richness had significant positive effects on accumulated basal
area (Fig. S1; Table S1; estimate = 0.243 £ 0.087, F 43170 =
5.71, and P=10.017 for LSR; Fs 35558 = 8.80 and P < 0.001 for

New
Phytologist

ESR). Positive species-richness effects remained significant after
excluding communities with more than eight tree species (see
sensitivity analysis in Table S2). However, the effects of species
richness on productivity differed between experiments (Fig. 1;
Table 2; Fs 46075 = 3.36 and P=0.001 for experiment X LSR).
Specifically, tree species richness showed significant positive
effects on productivity in four out of nine experiments and non-
significant effects in the rest of experiments (Fig. 1; Table S3). In
experiments with significant positive richness—productivity rela-
tionships, net biodiversity effects and complementarity effects
were significantly positive (Table S4: P < 0.001 for Intercept),
whereas selection effects tended to be negative (Table S4:
P=10.086 for Intercept). Moreover, net biodiversity effects and
complementarity effects were positively related to species richness
(Fig. S2; Table S4; Fi 505 = 14.29 and P < 0.001; F; 505 =7.28
and P=0.008). Consistently, the correlations between species
richness and net biodiversity effects differed between experiments

(Table S4: F5 1, = 6.72 and P=0.007 for LSR X experiment).

Effects of mycorrhizal associations on tree species
richness—community productivity relationships

The relative abundance of AM trees exhibited an overall
concave-negative (i.e. unimodal) relationship with tree commu-
nity productivity, with its linear and quadratic terms showing
overall positive and negative effects, respectively (Table 3:
Fi 9580 =149.27 and P<0.001 for linear AM; Fj 19664 =
102.87 and P < 0.001 for quadratic AM). Therefore, mixtures of
AM and ECM trees had higher productivity than did commu-
nities with low or high relative abundance of AM trees. However,
the effects of AM tree abundance on productivity differed
between experiments (Table 3: Fs 4714 = 3.64 and P=0.003
for linear AM X experiment), including concave-negative, linear
negative, linear positive, and nonsignificant effects (Fig. S3).
After accounting for those varying effects of AM tree abundance

Table 2 Summary of mixed-effects ANOVA testing the effects of tree species richness on tree community productivity.

Tree community productivity

Fixed terms numDF denDF F P

Linear species richness (LSR) 1 289.58 8.80 0.003
Factorial species richness (FSR) 7 311.30 43.70 < 0.001
Stand age 6 58.53 86.20 < 0.001
Experiment 3 78.66 4.27 0.008
Experiment x LSR 8 460.75 3.36 0.001
Experiment x FSR 10 531.35 1.33 0.212
Random terms Variance
Block 0.025
Species composition 0.353
Residual 0.614

The explanatory terms include tree species richness (linear richness and factorial richness), stand age, experiment, and the interactions between tree species
richness and experiment as fixed-effects terms and block and species composition as random-effects terms. Productivity, which was quantified by annual
increment of basal area, was square-root transformed. numDF, degrees of freedom of term; denDF, degrees of freedom of error term (which can be
fractional in residual maximum likelihood analysis); F, variance ratio; P, probability of Type I error. Blocks are labeled continuously across all experiments.

The numbers in bold indicate significant effects (P < 0.05).
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Table 3 Summary of mixed-effects ANOVA testing the effects of arbuscular (AM) tree abundance and tree species richness on tree community

productivity.

Tree community productivity
Fixed terms numDF denDF F P
Linear AM tree abundance (AM) 1 95.80 149.27 <0.001 +
Quadratic AM tree abundance (AM2) 1 196.64 102.87 <0.001 -
Linear species richness (LSR) 1 373.61 0.80 0.372
Factorial species richness (FSR) 7 314.41 37.24 < 0.001
Stand age 6 62.77 83.11 < 0.001
Experiment 3 81.75 3.01 0.035
AM x LSR 1 424.06 9.73 0.001
AM X FSR 6 547.10 4.75 < 0.001
AM2 x LSR 1 682.87 5.08 0.024
AM2 x FSR 5 717.46 0.81 0.546
AM X Experiment 5 471.42 3.64 0.003
AM2 x Experiment 5 476.96 0.07 0.997
LSR x Experiment 8 428.82 0.86 0.549
FSR x Experiment 9 511.47 0.42 0.923
Random terms Variance
Block 0.025
Species composition 0.343
Residual 0.616

The explanatory terms include relative AM tree abundance (linear and quadratic), tree species richness (linear and factorial), stand age, experiment, the
interactions between AM tree abundance and experiment, and the interactions between tree species richness and experiment as fixed-effects terms and
block and species composition as random-effects terms. Productivity (square-root transformed) was quantified by annual increment of basal area. numDF,
degrees of freedom of term; denDF, degrees of freedom of error term (which can be fractional in residual maximum likelihood analysis); F, variance ratio;
P, probability of Type I error; + or — besides the P-values represents the direction of effects. Blocks are labeled continuously across all experiments. The

numbers in bold indicate significant effects (P < 0.05).

across experiments, the effects of species richness on productivity
did not show significant differences between experiments
(Table 3: Fg 428,80 = 0.86 and P=0.549 for LSR X Experiment;
Fos511.47=0.42 and P=0.923 for FSR X experiment). There-
fore, the variation in richness—productivity relationships across
experiments may be attributable to the differential effects of AM
tree abundance on productivity. Moreover, AM tree abundance
had significant interactive effects with species richness on produc-
tivity (Table 3: F| 42406 =9.73 and P=0.001 for linear AM X
LSR; F 68287 =5.08 and P=0.024 for quadratic AM X LSR),
indicating that the composition of tree mycorrhizal associations
modified species richness—productivity relationships. These
results were robust after excluding communities with more than
eight species (see sensitivity analysis in Table S5).

Across six experiments containing both AM and ECM tree
species, there was a significant positive richness—productivity
relationship in ECM tree communities (Fig. 2a; Table S6;
estimate = 0.115 £ 0.058, Fj 19340 = 4.44, and P=0.038 for
LSR). As predicted, productivity also significantly increased with
increasing richness in mixed AM-ECM tree communities
(Fig. 2b; Table S6; estimate = 0.099 & 0.021, £ 107.54 = 25.93,
and P<0.001 for LSR). However, richness—productivity rela-
tionship was not significant in AM tree communities (Fig. 2¢;
Table S6; F; 7115 =2.70 and P=0.105 for LSR). Moreover, in
five out of six experiments, productivity consistently increased
with increasing richness in mixed AM—ECM communities, but
not in AM- or ECM-only communities (Fig. 3; Table S7).

© 2024 The Authors
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Effects of mycorrhizal associations on community
productivity via complementarity and selection effects

Although tree species richness and AM tree abundance did not
show any significant interactive effects on net biodiversity
effects, they interactively influenced complementarity and selec-
tion effects (Fig. 4a—c; Table S8; Fi 16493 =6.13 & P=0.014
and Fj 17054 =06.28 & P=0.013 for linear AM X LSR on
complementarity and selection effects, respectively). This was
consistent with that tree species richness and AM tree abun-
dance had significant interactive effects on productivity, sug-
gesting that the composition of tree mycorrhizal associations
modified the effects of species richness on productivity by
modulating complementarity and selection effects. In mixed
AM-ECM tree communities, species richness was positively
related to complementarity effects (Fig. 4h; Table S8;
Fi 10086 =06.71 and P=0.011), leading to a positive correla-
tion between richness and net biodiversity effects (Fig. 4g;
Table S8; Fj 9447 =21.27 and P<0.001). In mixtures with
only ECM trees, biodiversity effects did not further increase
with increasing species richness (beyond the increase from
monoculture to mixtures; Fig. 4d—f; Table S8; £ 0975 =0.76
and P=0.383 for net biodiversity effect). In mixtures of only
AM trees, complementarity effects decreased and selection
effects increased with increasing species richness (Fig. 4k,l;
Table S8; Fj 4411 =06.42 and P=0.015 for complementarity
effect; Fjgssy=11.97 and P<0.001 for selection effect),
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Fig.2 Tree species richness—community productivity relationships in communities with different compositions of tree mycorrhizal associations:
communities containing only ectomycorrhizal (ECM) tree species (a; n = 393); communities containing both arbuscular (AM) and ECM tree species (b;

n = 288); communities containing only AM tree species (c; n = 243). Lines are mixed-effects model fits for community groups. Only experiments (i.e. BEF-
China, B-Tree, EFForTS-BEE, IDENT-Cloquet, IDENT-SSM, and MyDiv) containing both AM and ECM tree species were included in the analysis. See
Supporting Information Table S6 for statistical results. BEF, biodiversity and ecosystem functioning.

resulting in a constantly positive net biodiversity effect across

mixtures (Fig. 4j; Table S8; £ 3943 = 1.06 and P=0.310).

Relative yield of AM and ECM tree species in mixed
AM-ECM communities vs AM or ECM communities

AM tree species had higher relative yield than ECM tree species
(Fig. 5; Table S9; F g47.15 = 32.95 and P < 0.001 for mycorrhi-
zal type), although both of them were on average more produc-
tive in mixtures than monocultures (Fig. 5; relative yield > 1).
Both AM and ECM tree species had higher relative yield in
mixed AM—ECM communities than communities assembled by
species of their own mycorrhizal type (Fig. 5; Table S9;
Fi 22029 =5.31 and P=0.022 for community mycorrhizal com-
position), suggesting that both of them were on average more
productive when mixed with trees of the other mycorrhizal type.
However, relative yield of AM tree species increased to a greater
extent from AM communities to mixed AM—ECM communities
when compared with ECM tree species (Fig. 5; Table S9;
F 47400 =4.44 and P=0.036 for interaction mycorrhizal com-
position X mycorrhizal type).

Discussion

We found an overall positive tree species richness—community pro-
ductivity relationship across a range of tree diversity experiments,
but the strength of richness—productivity relationships varied
between experiments. We also found that tree mycorrhizal

New Phytologist (2024) 243: 1205-1219
www.newphytologist.com

associations modified richness—productivity relationships. Specifi-
cally, mixed AM—ECM communities showed a significant positive
richness—productivity relationship that was driven by complemen-
tarity effects. Both AM and ECM tree species were more produc-
tive in mixed AM-ECM communities than in communities
assembled by species of their own mycorrhizal type. In ECM tree
communities, species richness had a significant positive effect on
productivity and net biodiversity effects did not further increase
from monoculture to mixtures. By contrast, AM tree communities
showed a nonsignificant richness—productivity relationship. Our
study indicates that tree mycorrhizal associations can modify
species-diversity effects on the functioning of forest ecosystems.

Tree species richness—community productivity relationships

Tree species richness had positive, but relatively modest, effects
on community productivity across experiments. Increasing spe-
cies richness was correlated with increased net biodiversity effects
and complementarity effects. This supports our first hypothesis
that species richness—community productivity relationships
would be positive. It also suggests that already during the early
establishment phase (c. 10 yr on average), tree communities can
benefit from increased species richness, potentially via species
complementarity in resource use and enhanced by greater func-
tional diversity of fungal symbiont partners. It is conceivable that
species differences in aboveground and belowground functional
traits can increase resource-use efficiency, which promotes com-
plementarity effects and productivity in diverse communities
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Fig. 3 Tree species richness—community productivity relationships in communities with different compositions of tree mycorrhizal associations: ‘ECM',
communities containing only ECM tree species; ‘Mixed', communities containing both arbuscular (AM) and ectomycorrhizal (ECM) tree species; ‘AM’,
communities containing only AM tree species. Six experiments are included: BEF-China (a), B-Tree (b), EFForTS-BEE (c), IDENT-Cloquet (d), IDENT-SSM
(e), and MyDiv (f). Lines are mixed-effects model fits for community groups. Lines indicate significant (P < 0.05) relationships between richness and
productivity. Productivity (square-root transformed) was quantified by annual increment of basal area. See Supporting Information Table S7 for statistical

results. BEF, biodiversity and ecosystem functioning.

(Van de Peer ez al., 2018; Bongers ez al., 2021; Jing et al., 2021;
Urgoiti et al., 2022; Deng et al., 2023; Ray er al., 2023). How-
ever, individual experiments were variable in the strength of
richness—productivity relationships. Five out of nine experiments
did not show significant richness—productivity relationships when
tested individually. This could be at least partly attributed to a
lack of statistical power of individual experiments when analyzed
separately. Environmental or experimental context may also
explain the relatively weak richness—productivity relationship
(e.g. Luo et al., 2017; Ratcliffe ez al., 2017; van der Plas, 2019).
For instance, soil nutrient deficiency may have limited tree
growth and complementarity among tree species in one experi-
ment (i.e. Agua Salud; Mayoral ez al., 2017, 2019). The duration
of experiments was still short, and species-diversity effects (espe-
cially via complementarity) grow stronger with time during eco-
system development (Reich ez al, 2012; Huang et al, 2018;
Urgoiti er al, 2022). In cases with greater planting distances

© 2024 The Authors
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between individuals or species (e.g. 2m in BIOTREE),
species-diversity effects may take longer to develop (Table S10:
P <0.001 for tree density and tree density X LSR in Model A).
Nevertheless, we expect positive BEF relationships to strengthen
over time since those experiments are still at the early developing
phase (Guerrero-Ramirez et al, 2017; Bongers et al, 2021;
Urgoiti ez al., 2022).

Effects of mycorrhizal associations on tree species
richness—community productivity relationships

There was an overall significant concave-negative relationship
between AM tree abundance and community productivity, sug-
gesting that mixing AM and ECM trees had positive effects on
productivity (S. Luo et al, 2023). When fitted after AM tree
abundance in the same model, tree species richness did not show
any significant effects on community productivity. However, this

New Phytologist (2024) 243: 1205-1219
www.newphytologist.com

'VﬂBGQVI

85U8017 SUOLULLIOD @A 18810 3|cedl[dde 8Ly Aq peusenob ke sajoife YO ‘8sn JO S9N 10} ARiqiT8UIIUO AB|IM UO (SUOTHPUOO-PU.-SWLBH 00" A8 1M AJe.d]1|Bu[UO//:SANL) SUORIPUOD PUe Swie | 8u1a8S " [720z/20/2T] uo AriqiTauliuo Aim ‘ouig ul AisieAlun ppus i AQ 6886T YdU/TTTT'OT/I0p/L00 A8 1M AIqipul|uoyduy/Sdiy Wwoy papeojumoq ‘g



21 St

New
Phytologist
ECM Mixed AM
(a) (d) (9) (1))
E E 5.01 LSR *** 2
© 0.75; E | s
® 25 °| 25 H HL 8 .
&= 0.50 0 O —
) O R0 T AR R — — o o . B
D 0.25 LSR *** 00
= FSR™ | —25 1
0.004 e s -25
ECM Mixed AM 2 4 6 2 4 6 8 2 4 8
0
o (b e h K
g 19 (e) 20_( ) (k)
o 15 LSR* 4 LSR *
Soo| |
= 10+
©
= 0.6 E 5
GE) 0.3 :
. LSR* O e Ld
9 AM®% x LSR * 0 .................................................
Q‘O 0 ................................................
e ' .' :
8 ECM Mixed AM 2 4 6 2 4 6 8 2 4 8
(c) (f) 0] a (U]
1] LSR ***
3 N I T
u: 0 2 L 2 0_.|| ............. G !’ ............... 2-
() _5/ o
S [ 0] R e 0
= -101 -107 -
2-0.2 FSR *
o) AM% x LSR*|  _151
o : ; , 20! -4
ECM Mixed AM 2 4 6 2 4 6 8 2 4 8

Tree community composition

Tree species richness

Fig. 4 Biodiversity effects in experiments showing significant richness—productivity relationships. Four experiments were included in the analysis (i.e. BEF-
China, IDENT-Cloquet, IDENT-SSM, MyDiv). (a—c) Biodiversity effects split into net, complementarity, and sampling effects per community group: 'ECM’
represents communities containing only ECM tree species; ‘Mixed' represents communities containing both arbuscular (AM) and ectomycorrhizal (ECM)
tree species; 'AM’ represents communities containing only AM tree species. Biodiversity effects per species-richness level are shown for communities
containing only ECM tree species (d-f), communities containing both ECM and AM tree species (g-i), and communities containing only AM tree species
(j-1). Black dots and red dots represent means (+ SE) calculated from observed values, whereas gray dots represent observed values. Asterisks indicate the
significant effects of tree species richness (linear species richness (LSR); factorial species richness (FSR)) and the interactions between richness and relative
AM tree abundance (LSR x AM) on biodiversity effects: *, P < 0.05; ***, P < 0.001. See Supporting Information Table S8 for statistical results.

does not necessarily mean that species richness had no effects on
community productivity, because communities with higher rich-
ness were also more likely to contain both mycorrhizal types. In
our dataset, AM tree abundance was created by manipulating
species richness and can represent some variation in functional
traits of the component species (Averill er al., 2019). Therefore,
the impacts of species richness on productivity may have been
partially explained by AM tree abundance represented in the stu-
died communities.

Nevertheless, species richness and AM tree abundance (both
linear and quadratic terms) had significant interactive effects on
community productivity. This suggests that AM tree abundance
can modify species richness—community productivity relation-
ships. Specifically, in mixed AM—ECM tree communities, species
richness was positively related to productivity across experiments

New Phytologist (2024) 243: 1205-1219
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and in five out of six experiments. In ECM tree communities,
species richness showed significant positive effects on productiv-
ity when tested across six experiments, but no such significant
effects were found in AM tree communities. This supports our
second hypothesis that communities containing both AM and
ECM trees would have stronger richness—productivity relation-
ships than those communities containing only AM trees. These
patterns were unlikely influenced by tree planting density in
experiments, as planting density did not show any significant
effects on productivity after accounting for the effects of AM tree
abundance (Table S10: P> 0.05 for tree density and tree den-
sity X LSR in Model B). Therefore, our study provides experi-
mental evidence for recent findings in natural forests that mixed
stands containing AM and ECM trees achieve higher productiv-
ity than stands dominated by a single type of mycorrhizal
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Fig.5 Mean relative yield of arbuscular (AM) and ectomycorrhizal (ECM)
tree species in communities with mixed mycorrhizal types (AM + ECM) or
single mycorrhizal type (only AM or ECM). In the upper panel, symbols are
means (£ SE), calculated from raw data, in the lower panel symbols are
observed values. The dashed line marks a relative yield equal to 1, with
dots above the line indicating overyielding. n per treatment level is shown
in parentheses. Statistically significant factors in mixed-effects ANOVA are
marked with **": *, P < 0.05; *** P < 0.001 (see Supporting Information
Table S9 for statistical results).

association (S. Luo ez 4/, 2023), and that monodominance of
AM trees can weaken positive tree species richness—community
biomass relationships (Mao ez al., 2023).

In mixed AM—ECM tree communities, species richness was
positively related to complementarity effects and thus net biodi-
versity effects. In support of the complementarity effects, both
AM and ECM tree species were more productive in mixed AM—
ECM communities than in communities assembled by species of
their own mycorrhizal type. This is consistent with our third
hypothesis that the positive richness—productivity relationship in

© 2024 The Authors
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mixed AM—ECM tree communities was mainly driven by com-
plementarity between AM and ECM tree species. It is also consis-
tent with a previous experiment showing that mixtures of AM
and ECM trees can promote complementarity effects and thus
community productivity, because AM and ECM trees may pre-
ferentially use different chemical forms of nitrogen and phos-
phorus (Liu et al., 2018; Luo ez al., 2018). Therefore, AM and
ECM tree species may have complementary resource niches that
can enhance the nutrient uptake efficiency of mixed AM—ECM
tree communities. Although we did not directly test whether N-
fixing or non-N-fixing AM trees differentially influenced ECM
trees, the presence of N-fixing AM trees and AM tree abundance
did not show any significant interactive effects on community
productivity (Table S11: P=0.804 and P=0.192 for linear
AM X presence of N fixers and quadratic AM X presence of N
fixers, respectively). This suggests that the effects of AM tree
abundance on productivity were independent of the N-fixing
ability of AM trees in our dataset. In other words, the positive
richness—productivity relationship in mixed AM—ECM tree com-
munities was unlikely a result of the ‘fertilization effect’ of N-
fixing AM trees. Similarly, in a large-scale global study, Feng
et al. (2022) did not find any difference in tree-diversity effects
when mixing N-fixing or non-N-fixing species only or when mix-
ing N-fixing with non-N-fixing species. In addition to resource
partitioning, other processes could contribute to complementar-
ity between AM and ECM trees, such as biotic feedbacks
mediated by mycorrhizal fungi (Barry er al, 2019; Yang
er al., 2022; Yi et al, 2024). For instance, different types of
mycorrhizal fungal partners can complement each other in pro-
tecting their host plants against pathogens and herbivores (Teder-
soo et al., 2020), which should benefit mixed AM—-ECM tree
communities (Tedersoo & Bahram, 2019), and they may provide
better protection against abiotic stresses like drought (Augé, 2001;
Eisenhauer ez al., 2022). We also suspect that mixed AM—ECM
tree communities are likely to elevate nutrient levels in circulation
(Bonisch ez al., 2024). These processes may have collectively led
to complementarity between AM and ECM trees and driven the
positive richness—productivity relationship in mixed AM—-ECM
tree communities.

In AM tree communities, community productivity did not
increase with increasing species richness, whereas selection effects
did. Consistently, one study in a subtropical ecosystem reported
increased selection effects in diverse AM tree communities (Deng
et al., 2023). This may be attributable to the dominance of gener-
ally fast-growing AM tree species with acquisitive nutrient strate-
gies (Phillips ez al., 2013; Averill ez al., 2018; Deng ez al., 2023).
Beside mycorrhizal associations, soil fertility can mediate the
strength of richness—productivity relationships directly and indir-
ectly by interacting with mycorrhizal associations (Luo
et al., 2017; Ma et al., 2023; Mao et al., 2023). For instance, it
has been shown that the positive association between species rich-
ness and biomass of AM trees weakened with increasing soil ferti-
lity in a subtropical forest (Ma ez al, 2023). Therefore, we
suggest that testing the generality of our findings requires
long-term studies across a broad range of environmental condi-
tions (Guerrero-Ramirez ez al., 2017). In ECM tree communities,
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species richness showed a significant positive effect on productivity,
but nonsignificant effects on complementarity and selection
effects. Because the latter can only be assessed for mixtures, we
conclude that the diversity effects of ECM trees on productivity
were mainly due to a difference between monocultures and mix-
tures. This is consistent with the findings that species richness of
ECM trees was positively related to aboveground biomass of ECM
trees in subtropical forest ecosystems (Y. Luo et al, 2023; Ma
et al., 2023). We suspect that positive species-diversity effects of
ECM trees are likely to strengthen over time (Guerrero-Ramirez
et al., 2017; Bongers et al., 2021; Ma ez al., 2023), as there is evi-
dence that complementarity effects can emerge and increase over
time in communities assembled from ECM tree species (Jucker
et al., 2020). By contrast, a previous study found that species rich-
ness of ECM trees had a negative association with the biomass of
ECM trees at large (50-m), but not small (10-m), spatial scale in a
subtropical forest (Ma et al, 2023). Therefore, the form of tree
species richness—productivity in ECM-dominated communities
remains inconclusive between experimental and observational stu-
dies, which is not unusual (Schmid, 2002). In observational
studies, the causality of an association between species richness of
ECM trees and productivity is unknown and likely to vary with
spatial scales and environmental conditions, such as soil fertility
(Guerrero-Ramirez et al, 2017; Ma et al, 2023). Overall, our
study suggests that the magnitude of, and mechanisms behind, tree
species diversity—productivity relationships depended on mycorrhi-
zal associations (Deng ez al, 2023; Dietrich er al, 2023; Mao
et al., 2023), with mixed AM—ECM tree communities showing a
stronger relationship with complementarity effects and community
productivity than communities with only AM or ECM trees.

Implications for biodiversity—ecosystem functioning
research

Although BEF relationships in natural forests are strongly posi-
tive overall (Liang ez al,, 2016), they are highly variable among
forests (Scherer-Lorenzen, 2014; van der Plas, 2019), ranging
from positive (Ammer, 2019) to nonsignificant (Wu et al., 2015)
or even negative (Szwagrzyk & Gazda, 2007). While previous
studies have shown how abiotic factors can explain some of the
variation in the strength of BEF relationships across different for-
est ecosystems (Forrester, 2014; Jucker er al., 2014, 2016; Rat-
cliffe ez al., 2017; Feng er al., 2022), our study provides novel
insights into such variation by suggesting that tree species
richness—community productivity relationships can be modified
by the composition of tree mycorrhizal associations. To better
understand the mechanisms underlying BEF relationships, the
next step would be disentangling the effects of differences in
mycorrhizal traits and differences in other traits between AM-
and ECM-associating tree species on complementarity effects.

Potential biases of the dataset

We acknowledge that the dataset used here has potential biases.
First, our dataset does not represent all regions of the globe
equally, with nine experiments located in the temperate biome
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and only two experiments in the (sub-) tropical biome. In addi-
tion, it does not cover experiments in the boreal biome. The lim-
ited number of experiments in the (sub-) tropical biome has
restricted our ability to test the generality of species
richness—community productivity relationships, especially for
AM tree-dominated communities. While our study has provided
novel explanations for variation in BEF relationships, we suggest
that efforts are needed to acquire data from long-term
tree-diversity experiments in underrepresented regions to further
test the generality of these relationships (Paquette er al., 2018).
Second, some experiments have unequal number of AM and
ECM tree species in their design, which could have limited the
statistical power when comparing the effects of different tree
mycorrhizal associations on species richness—community pro-
ductivity relationships. Third, there are not many high-richness
plots for the AM- or ECM-only communities, in other words,
tree species richness and mycorrhizal-type richness are con-
founded (cor = 0.075 and P = 0.007 for the correlation between
richness and AM tree abundance). In this case, the effects of AM
tree abundance on productivity may partly represent species-
richness effects, and this applies the same to the effects of richness
on productivity. However, the gradient of AM tree abundance,
which was created by manipulating species richness in our data-
set, may represent some variation in traits of communities that
can influence plant resource use and productivity. Therefore, we
cannot fully distinguish tree-diversity effects derived from the
gradient of AM tree abundance from that driven by the designed
gradient of species richness. More standardized tree diversity
experiments (e.g. the MyDiv experiment) that directly manipu-
late tree mycorrhizal compositions within species-richness levels
will help address this point (Tobner er al, 2014; Ferlian
et al., 2018), once they are sufficiently well established. Finally,
our study focused on aboveground community productivity due
to the lack of data on belowground productivity. Martin-Guay
et al. (2020) showed contrasting above- and belowground bio-
mass responses to tree species diversity at one of the experimental
sites used in this synthesis. AM tree species can allocate more bio-
mass to root tissues than ECM tree species (Jevon & Lang, 2022);
we therefore suggest that exploring the response of belowground
productivity to tree species diversity and mycorrhizal associations
may further improve our understanding of forest ecosystem func-
tioning.

Conclusions

In conclusion, we show that tree species richness can promote com-
munity productivity via complementarity effects, but the strength
of this relationship is contingent upon the diversity of
tree mycorrhizal associations. Communities with a mixture of
AM and ECM tee species species
richness—community productivity relationships across experiments,
which were driven by complementarity effects. Consistently, both
AM and ECM tree species were more productive in mixed AM—
ECM communities than in communities assembled by species of

showed  positive

their own mycorrhizal type. This indicates that complementarity
between AM and ECM tree species is likely to enhance community
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productivity under varying environmental conditions. Therefore,
our study provides novel insights into mechanisms underlying the
context dependency in BEF relationships by suggesting that tree—
mycorrhiza interactions can modify BEF relationships.
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