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Abstract

Diversity–biomass relationships (DBRs) often vary with spatial scale in

terrestrial ecosystems, but the mechanisms driving these scale-dependent pat-

terns remain unclear, especially for highly heterogeneous forest ecosystems.

This study explores how mutualistic associations between trees and different

mycorrhizal fungi, i.e., arbuscular mycorrhizal (AM) vs. ectomycorrhizal

(EM) association, modulate scale-dependent DBRs. We hypothesized that in

soil-heterogeneous forests with a mixture of AM and EM tree species, (i) AM

and EM tree species would respond in contrasting ways (i.e., positively

vs. negatively, respectively) to increasing soil fertility, (ii) AM tree dominance

would contribute to higher tree diversity and EM tree dominance to greater

standing biomass, and that as a result (iii) mycorrhizal associations would
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exert an overall negative effect on DBRs across spatial scales. To empirically

test these hypotheses, we collected detailed tree distribution and soil informa-

tion (e.g., nitrogen, phosphorus, organic matter, pH) from seven temperate

and subtropical AM–EM mixed forest megaplots (16–50 ha). Using a spatial

codispersion null model and structural equation modeling, we identified the

relationships among AM or EM tree dominance, soil fertility, tree species

diversity, and biomass and, thus, DBRs across 0.01- to 1-ha scales. We found

the first evidence overall supporting the three aforementioned hypotheses in

these AM–EM mixed forests: (i) In most forests, with increasing soil

fertility, tree communities changed from EM-dominated to AM-dominated;

(ii) increasing AM tree dominance had an overall positive effect on tree diver-

sity and a negative effect on biomass, even after controlling for soil fertility

and number of trees. Together, (iii) the changes in mycorrhizal dominance

along soil fertility gradients weakened the positive DBR observed at 0.01- to

0.04-ha scales in nearly all forests and drove negative DBRs at 0.25- to 1-ha

scales in four out of seven forests. Hence, this study highlights a soil-related

mycorrhizal dominance mechanism that could partly explain why, in many

natural forests, biodiversity–ecosystem functioning (BEF) relationships shift

from positive to negative with increasing spatial scale.

KEYWORD S
arbuscular mycorrhizal (AM) tree species, biodiversity–ecosystem functioning, biomass,
ectomycorrhizal (EM) tree species, forest dynamics plot, soil fertility, spatial scale, tree
species diversity

INTRODUCTION

Biodiversity is being lost globally (Butchart et al., 2010),
and this may have negative consequences for ecosystem
functioning (Cardinale et al., 2012; van der Plas, 2019).
However, in most studies of the relationship between bio-
diversity and ecosystem functioning (BEF), especially
those in forest ecosystems, the grain size of plots where
biodiversity and ecosystem functions are measured is rela-
tively small (<0.1 ha), even for studies carried out across
regional (e.g., Paquette & Messier, 2011) or global extents
(e.g., Liang et al., 2016). Therefore, the extent to which find-
ings of BEF studies may scale up to inform management
of “real-world” ecosystems remains debated (Manning
et al., 2019; Srivastava &Vellend, 2005;Whittaker, 2010).

BEF relationships at larger scales often differ from
small-scale patterns (reviewed in Gonzalez et al., 2020).
For example, in large forest plots around the world, the
generally positive tree diversity–biomass relationship
(DBR; one important BEF relationship) found at smaller
spatial scales (0.04 ha) is sometimes replaced by a nega-
tive relationship at larger spatial scales (≥0.25 ha;
Chisholm et al., 2013). Positive BEF relationships at small
scales are in line with theoretical expectations mostly

focusing on how interspecific interactions, including
niche complementarity and facilitation, may drive bio-
mass production and stocks (Ammer, 2019; Barry et al.,
2019). However, these mechanisms might be less impor-
tant at large spatial scales, given the negative BEF rela-
tionships often found in natural settings (Chisholm
et al., 2013; van der Plas, 2019). This raises the question
as to what mechanisms drive scale-dependent shifts in
BEF relationships (Thompson et al., 2018).

Here we propose a novel mycorrhiza-related mecha-
nism for explaining the scale-dependent relationships
between community diversity and ecosystem functioning
(e.g., standing biomass) in heterogeneous forests. Most
plant species (>80%) in terrestrial ecosystems have mutu-
alistic associations with mycorrhizal fungi (Smith &
Read, 2008; van der Heijden et al., 2015), especially with
arbuscular mycorrhizal (AM) and ectomycorrhizal (EM)
fungi. These two mycorrhizal associations greatly regu-
late belowground functional traits and niche space of
plants (Bergmann et al., 2020; Peay, 2016), community
diversity and ecosystem functioning (Tedersoo et al.,
2020; van der Heijden et al., 1998), and, thus, BEF rela-
tionships (Ferlian et al., 2018; Luo et al., 2017; Schnitzer
et al., 2011). However, a key unresolved question is
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whether and how the effects of mycorrhizae on plant
diversity and ecosystem functioning, and hence the BEF
relationships, differ among spatial scales. Furthermore,
because AM and EM tree species generally play different
roles in regulating forest community structure (Tedersoo
et al., 2020), identifying the differential effect of AM and
EM tree species on BEF relationships across scales might
also be important for the conservation of the AM–EM
mixed forests widely distributed in temperate and
subtropical biomes (Brundrett & Tedersoo, 2018; Lu &
Hedin, 2019).

Given that AM and EM fungi have distinct physiologi-
cal and morphological properties (reviewed in Tedersoo &
Bahram, 2019) and possess different nutrient foraging
trade-offs with root networks and other soil microorgan-
isms (Bahram et al., 2020; Chen et al., 2016), AM and EM
tree species differ in nutrient acquisition strategies
(Phillips et al., 2013). As a consequence, AM tree species
tend to be most dominant in pH-neutral fertile soils,
benefiting from their lower energetic costs in maintaining
mycorrhizal symbiosis and/or higher root foraging preci-
sion than EM trees (Chen et al., 2016; Mao et al., 2019). In
contrast, EM tree species have a competitive advantage in
acidic infertile soil patches, partly due to the capability of
EM fungi to directly access organic nutrients and their
greater enzymatic capabilities (Figure 1a,b; Corrales
et al., 2016; Lindahl & Tunlid, 2015; Lu & Hedin, 2019;
Phillips et al., 2013). This may have important impacts on
spatial patterns of tree diversity and biomass production
for several reasons. First, because the majority of tree
species associate with AM fungi (Brundrett, 2009),
AM-associated trees account for the vast majority of the
species pool for forests across biomes, especially in
tropical, subtropical, and temperate regions (Brundrett &
Tedersoo, 2018). Therefore, the communities dominated
by AM trees are more likely to contain more species than
EM-dominated communities assembled by fewer EM tree
species. Second, AM tree species often possess strong con-
specific negative density dependence or negative plant–soil
feedback (Bennett et al., 2017; Jiang et al., 2021; Pu et al.,
2022), promoting species coexistence and thus improving
species diversity in AM-dominated communities (Tedersoo
et al., 2020). These facts support the hypothesis that com-
munities with more AM trees (i.e., AM-dominated) tend to
possess higher species diversity, which has been proposed
by Allen et al. (1995) and supported by recent empirical
studies (e.g., Gerz et al., 2016; Jiang et al., 2021; Mao et al.,
2019; Yan, Bongers, et al., 2022; also see Deng et al., 2023
for new nutrient-acquiring strategy perspective). However,
since some other studies did not find evidence that
AM-dominated communities are more diverse (Bahram
et al., 2020; Carteron et al., 2022), this hypothesis still
needs to be tested by more empirical studies especially

including data across spatial scales, such as the present study.
Contrary to AM-associated tree species, EM-associated tree
species (e.g., Tilia, Quercus, and Pinus) often dominate the
forest canopy because of their large size and/or high abun-
dance, due to positive conspecific and con-mycorrhizal
density dependence (Averill et al., 2022; Bennett et al.,
2017; Chen et al., 2019; Jiang et al., 2021), resulting
in greater biomass and/or basal area content (Jiang et al.,
2021; Luo et al., 2023; Mao et al., 2019). Together, these
findings predict that in AM–EM mixed forests, quadrats
in fertile soils should contain more AM trees and thus
possibly higher diversity, while quadrats in infertile
soils contain more EM trees and thus greater biomass
(Figure 1a,b).

We expect that the aforementioned patterns
(Figure 1a,b) exert a consistently negative effect on the DBRs
across scales, which weakens the positive DBRs found at
smaller scales (e.g., <0.1 ha; Figure 1c) while driving a nega-
tive DBR at larger scales (e.g., >0.1 ha; Figure 1d). At smaller
scales, we expect that many processes that can drive positive
DBRs (e.g., biotic or abiotic facilitation and the effect of
stem density) would play a key role, and then positive
DBRs will still be prevalent (Barry et al., 2019; Chisholm
et al., 2013). However, because trees in more species-poor
EM-dominated quadrats are generally larger than those in
more species-richAM-dominated quadrats, we do not expect
this positive relationship to be strong. That is, AM and EM
tree dominance affect quadrat tree diversity and biomass in
contrasting directions, which weakens positive DBRs. In this
case, the observed DBR should be less positive than the DBR
of a randomly assembled community where soil-related
changes in the tree mycorrhizal dominance are excluded
(Figure 1c; and see the null model test in what follows).

As spatial scale increases, it is increasingly unlikely
that species within a quadrat directly interact, so we
do not expect that large-scale diversity would directly
affect standing biomass. Instead, other processes driving
nonrandom species compositions, such as the soil-related
changes in mycorrhizal dominance, may increasingly
influence the relationship between plant diversity and
standing biomass in a negative way (Mao et al., 2019).
Because quadrats in infertile soils often contain more EM
trees (i.e., EM-dominated) and, thus, greater biomass and
lower tree diversity than quadrats in fertile soils, a nega-
tive relationship between tree diversity and standing bio-
mass along a soil fertility gradient is expected (“all trees”
in Figure 1d). Therefore, we predict DBRs at larger spa-
tial scales (predominantly negative) to differ from those
at smaller scales (predominantly positive) in abiotically
heterogeneous AM–EM mixed forests. In other words,
while changes in mycorrhizal dominance are expected to
weaken DBRs (i.e., decrease positive DBRs or even
make DBRs negative) across scales, the effects may be
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scale-dependent to some extent. For example, if increased
species richness in AM-dominated quadrats is partly
driven by abiotic heterogeneity, then one might expect
that AM or EM tree dominance would primarily increase
or decrease species richness mainly at larger scales. As a
result, the negative effects of mycorrhizal dominance on
DBRs would be stronger at larger spatial scales, thus
partly explaining why DBRs shift from positive to nega-
tive with increasing spatial scale.

In this study, we integrated detailed soil information
and adult tree data within seven large forest dynamics
plots (16–50 ha) distributed in temperate and subtropical

regions where both AM and EM symbioses are common
(Table 1). To systematically evaluate the aforementioned
predictions (Figure 1) in these AM–EM mixed forests, we
used a spatial codispersion null model and structural
equation modeling (SEM) to test the following three
hypotheses across 0.01–1 ha scales. Hypothesis I: There is
a positive relationship between AM tree dominance and
soil fertility across scales and, hence, a negative relation-
ship between EM tree dominance and soil fertility.
Hypothesis II: AM tree dominance has a positive effect
on tree species diversity and a negative effect on biomass,
while EM tree dominance has exactly the reverse effects.

Small scale (0.04 ha) Large scale (0.25 ha)(c) (d)
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F I GURE 1 The mycorrhizal dominance mechanism about how soil fertility-related changes in tree mycorrhizal dominance

(i.e., arbuscular mycorrhizal [AM]-dominated vs. ectomycorrhizal [EM]-dominated) modulate the relationship between tree diversity and

standing biomass at different spatial scales (i.e., quadrat size) within local AM–EM mixed forests. (a) Representation of expected forest

community located in heterogeneous soil environment (background color [yellow: infertile soil; green: fertile soil]), which contains two EM tree

species (dark green) and four AM tree species (light green). In this forest, EM trees are mainly distributed in infertile soil (EM-dominated),

while AM trees are mainly distributed in more fertile soils (AM-dominated). Because the EM tree community (sensu Mao et al., 2019: “EM tree

community” represents all tree species associated with EM fungi in a local community) contains bigger trees and the AM tree community

includes more and smaller tree species, the spatial patterns of AM and EM tree species lead to the spatial variation of tree diversity and biomass

along the soil fertility gradient. (b) One 200 × 200-m2 plot abstracted from the forest described by panel (a), where the color of the point

represents types of mycorrhizal association (red: EM tree community; blue: AM tree community), and the shape and size of points represent

different tree species and tree size, respectively. Under this scenario, the tree diversity–biomass relationship (DBR) should be less positive at the

smaller spatial scales, e.g., 0.04 ha—panel (c), that is, the observed DBR (the solid ellipse) should be less strongly positive than the null DBR

(the dashed ellipse), where the mycorrhizal dominance effect is excluded. At the larger but still local scales, e.g., 0.25 ha—panel (d), since most

tree species are AM-associated, we expect that AM tree communities mainly determine tree diversity and thus range more widely along the

diversity axis. Meanwhile, EM tree communities mainly affect quadrat biomass and thus range most widely along the biomass axis. As a result,

the observed DBRs for all trees should be negative along the soil fertility gradient. (e) The conceptual structural equation modeling to test how

selected abiotic (here soil fertility) and biotic factors (mycorrhizal dominance and number of trees) contribute to tree diversity and biomass.

Because the DBRs might be nonlinear, we used the ellipses rather than lines to outline the overall DBR patterns in panels (c) and (d).
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As a consequence, Hypothesis III: DBRs shift from posi-
tive to negative with increasing spatial scale in these for-
ests, and this scale-dependent pattern mainly results
from the changes in mycorrhizal dominance along the
soil fertility gradients.

MATERIALS AND METHODS

Study sites and tree species information

Seven large forest plots (16–50 ha) located in Asia and
North America were utilized in this study (Table 1),
including four temperate forest plots with latitude ranging
from 38.52� N to 48.08� N (i.e., Fenglin [FL], Tyson
Research Center [TRC], Changbaishan [CBS], and
Smithsonian Conservation Biology Institute [SCBI])
and three subtropical forests with latitude ranging
from 23.17� N to 29.81� N (i.e., Tiantongshan [TTS],
Dinghushan [DHS], and Heishiding [HSD]). All living

trees within these plots with diameter at breast height
(dbh) ≥ 1 cm were tagged, identified, measured, and
mapped following the CTFS-ForestGEO protocol
(Anderson-Teixeira et al., 2015). Given that adult trees
(dbh ≥10 cm) greatly contribute to community structure
(especially biomass carbon) and that the spatial distribu-
tions of AM and EM saplings are associated with the
mycorrhizal type of adult trees (Johnson et al., 2018), we
conducted our analyses only with adult tree data sets, as in
previous studies (e.g., Chisholm et al., 2013). For the 25-ha
TRC forest plot (Spasojevic et al., 2014), we only used the
central 16-ha (400 × 400-m2) section because detailed soil
information and tree censuses were only carried out in
the central 20-ha (480 × 420-m2) section (LaManna
et al., 2016), and the remaining part cannot be divided into
100 × 100-m2 quadrats. For the same reason, we only used
the rectangular 24-ha (400 × 600-m2) part of the 25.6-ha
SCBI forest plot (Bourg et al., 2013) to conduct our ana-
lyses. The final data set contained between 20 and 150 tree
species in each forest plot (Table 1).

TAB L E 1 Forest plot characteristics only including adult trees ≥10 cm in their diameter at breast height (i.e., dbh ≥ 10 cm).

Forest plots, with
plot dimensions
and latitude/
longitude

Province/state
and country Yeara Forest type Variables All trees AM trees EM trees

FL (600 × 500 m2;
48.08� N, 129.12� E)

Heilongjiang,
China

2009 Temperate mixed
coniferous
broadleaf forests

No. trees 11,242 2213 (19.7%) 8249 (73.4%)

Biomass (Mg/ha) 149.66 8.27 (5.5%) 135.06 (90.2%)

No. species 25 11 (44%) 11 (44%)

CBS (500 × 500 m2;
42.38� N, 128.08� E)

Jilin, China 2014 Temperate mixed
coniferous
broadleaf forests

No. trees 10,287 4179 (40.6%) 5550 (54.0%)

Biomass (Mg/ha) 298.66 87.81 (29.4%) 187.19 (62.7%)

No. species 30 17 (56.7%) 10 (33%)

TRC (400 × 400 m2;
38.52� N, 90.56� W)

Missouri, USA 2013 Temperate broadleaf
deciduous forests

No. trees 4848 1293 (26.7%) 3555 (73.3%)

Biomass (Mg/ha) 315.69 19.73 (6.2%) 295.96 (93.8%)

No. species 35 22 (62.9%) 13 (37.1%)

SCBI (400 × 600 m2;
38.89� N, 78.15� W)

Virginia, USA 2008 Temperate broadleaf
deciduous forests

No. trees 8004 4034 (50.4%) 3970 (49.6%)

Biomass (Mg/ha) 283.69 156.27 (55.1%) 127.41 (44.9%)

No. species 52 31 (59.6%) 21 (40.4%)

DHS (400 × 500 m2;
23.17� N, 112.51� E)

Guangdong,
China

2005 Subtropical broadleaf
evergreen forests

No. trees 12,945 7801 (60.3%) 3568 (27.6%)

Biomass (Mg/ha) 265.70 92.39 (34.8%) 158.43 (59.6%)

No. species 118 108 (91.5%) 4 (3.4%)

TTS (500 × 400 m2;
29.81� N, 121.78� E)

Zhejiang, China 2008 Subtropical broadleaf
evergreen forests

No. trees 14,967 10,345 (69.1%) 4459 (29.8%)

Biomass (Mg/ha) 70.95 43.76 (61.7%) 26.74 (37.7%)

No. species 107 89 (83.2%) 12 (11.2%)

HSD (1000 × 500 m2;
23.27� N, 111.53� E)

Guangdong,
China

2013 Subtropical broadleaf
evergreen forests

No. trees 37,968 27,995 (73.7%) 9459 (24.9%)

Biomass (Mg/ha) 347.50 155.76 (44.8%) 190.43 (54.8%)

No. species 148 124 (83.8%) 20 (13.5%)

Abbreviations: AM, arbuscular mycorrhizal; CBS, Changbaishan; DHS, Dinghushan; EM, ectomycorrhizal; FL, Fenglin; HSD, Heishiding; SCBI, Smithsonian
Conservation Biology Institute; TRC, Tyson Research Center; TTS, Tiantongshan.
aThe time when the census data were collected in our studied forests.
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Tree mycorrhizal association

According to the strong phylogenetic conservatism of
mycorrhizal trait (Brundrett & Tedersoo, 2018), we
assigned the mycorrhizal association for each tree species
based on their taxonomic information (mostly at species
and genus levels) referring to the available literature
(>40 literature items; see Mycorrhizal types.xlsx [Mao
et al., 2023a]). Most of the included tree species have con-
sistent mycorrhizal association information in the avail-
able global data sets, including Akhmetzhanova et al.
(2012), Soudzilovskaia et al. (2020, 2022), Wang and Qiu
(2006), and website sources such as http://mycorrhizas.
info/index.html. To avoid incorrect conclusions resulting
from the misdiagnosis of mycorrhizal types (Brundrett &
Tedersoo, 2019), some tree species were classified as
AM–EM associations (e.g., Ulmus japonica) and not
included in the AM or EM community because there were
contradictory reports of their mycorrhizal association or
they were reported as forming dual-mycorrhizal associa-
tions (Guo et al., 2008; Teste et al., 2020). Some tree species,
all with few individuals, were weakly AM-associated or
facultative AM-associated species (e.g., Myrica), which we
classified as AM species. Despite this, some species
might still be misdiagnosed (see Mycorrhizal types.xlsx
[Mao et al., 2023a] for details). To test the sensitivity of our
results to the misdiagnosis of mycorrhizal types, we also
conducted a robustness test for the DBR results after
reassigning the mycorrhizal types for these uncertain spe-
cies (see the Data analyses section for details). In total, over
85% of all tree species, containing over 90% of aboveground
biomass in each forest plot, were classified as either AM- or
EM-associated in our primary analyses (Table 1).

Tree diversity and biomass information

In this study, tree diversity and biomass were measured as
species richness and aboveground biomass, respectively.
We selected species richness because it is an easily
interpreted and the most widely used index to represent
species diversity in scale-dependent BEF studies (Chisholm
et al., 2013). Specifically, species richness for each quadrat
at each sampling scale was calculated by summing the
number of tree species with at least one individual
(dbh ≥10 cm) in the quadrat. Tree aboveground biomass
(AGB) was calculated using available species-specific (Ali
et al., 2018; Mao et al., 2019) or generic allometric regres-
sion equations (Chave et al., 2014) based on previous stud-
ies. Only for the SCBI forest plot did we calculate the AGB
based on detailed allometric equations for most tree species
in the allodb package (Gonzalez-Akre et al., 2022). AGB
stocks strongly varied among these forests, ranging from

70.95 Mg/ha in TTS to 347.50 Mg/ha in HSD (Table 1),
which was consistent with previous studies (Ali et al., 2018;
Chisholm et al., 2013).

Soil information

We collected data on soil nitrogen (N), phosphorus (P),
potassium (K), soil organic matter and carbon content,
and soil pH in the upper soil layer (0–10 cm, where the
majority of available nutrients and root biomass are con-
centrated), based on available studies with the assistance
of the principal scientists in these forest plots (LaManna
et al., 2016; Shen et al., 2016; Wang et al., 2012; see
Appendix S1: Section S1 for a detailed description). Due
to differences in soil analysis protocols, the soil data sets
were not uniform among these plots but contained at
least four soil variables (Appendix S1: Table S1). The
ordinary kriging method was used to get the soil vari-
able data at a scale of 0.01 ha (Wang et al., 2012). Then
we conducted a principal component analysis for these
data sets and used the first principal component (PC1),
which described over 45% of soil variation for most for-
est plots to map the soil fertility gradient (Appendix S1:
Figure S1). For TTS and HSD, we focused on both
PC1 and the second principal component (PC2)
because the PC2 in these two forest plots mainly
described the soil P information, which was relatively
low in content (Appendix S1: Table S1) and thus might
limit the tree distribution patterns (Fang et al., 2017).
Finally, we obtained the soil fertility gradient at 0.04-,
0.25-, and 1-ha scales by averaging the soil fertility
values of 0.01-ha quadrats. Note that we used both PC1
and PC2 variables (Appendix S1: Figure S1) in the SEM
analyses.

Data analyses

To test the scale dependence of DBRs and how these
scale-dependent DBRs are driven by mycorrhizal associa-
tions and soil fertility, we first divided each forest plot
into nonoverlapping quadrats at four spatial grains:
10 × 10 m2 (0.01 ha), 20 × 20 m2 (0.04 ha), 50 × 50 m2

(0.25 ha), and 100 × 100 m2 (1 ha), respectively. Given
the differences in plot size (16–50 ha) of our studied for-
ests, there were 1600–5000, 400–1250, 64–200, and 16–50
quadrats at 0.01-, 0.04-, 0.25-, and 1-ha scales, respec-
tively. We then quantified the quadrat information about
soil fertility, mycorrhizal dominance, species richness,
AGB, and number of trees at all scales to test our three
hypotheses. Mycorrhizal dominance was quantified
using both the proportion of AM tree individuals
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(i.e., AM tree dominance) and the proportion of EM tree
AGB (i.e., EM tree dominance) in each quadrat, given that
AM tree communities contained more trees (relative to
their AGB contribution), while EM tree communities
contained larger trees and, thus, greater biomass in most
forests (Table 1; Appendix S1: Figure S2).

Hypothesis I—Relationship between
mycorrhizal dominance and soil fertility

Our first objective was to test Hypothesis I that with
increasing soil fertility, AM tree species would become
more dominant at the cost of EM tree species. Given the
diverse heterogeneity of soil fertility in these forests
(Appendix S1: Figure S1) and the possibility of spatial
autocorrelation, we used the codispersion method to test
the relationship between AM or EM tree dominance and
soil fertility. Codispersion analysis is a nonparametric
approach to quantifying spatial covariation of two or
more spatially explicit variables (Cuevas et al., 2013),
which can directly detect the magnitude of studied rela-
tionships at different directions and distances. The details
about the codispersion method and the examples for result
interpretation can be found in Appendix S1: Section S2 and
Buckley et al. (2016). In brief, the codispersion coefficient of
AM tree dominance and soil fertility for each spatial lag
(i.e., distance between quadrats) is computed as their
semi-cross-variogram divided by the square root of the
semivariograms for each of them (Buckley et al., 2016). In
general, the value of the codispersion coefficient ranges from
−1 to 1, where positive (negative) values represent positive
(negative) covariation between studied variables, and the
strength of the covariation increases with the increasing abso-
lute value of the codispersion coefficient. Following Buckley
et al. (2016), we used the Epanechnikov kernel function to
smooth the spatial variation surface of the two data sets
(i.e., AM or EM tree dominance data set, soil fertility data set),
and the kernel bandwidth was set equal to the dimension of
the studied quadrat (e.g., 20 m for a 20 × 20-m2 quadrat).

Overall, we expected a positive covariation between
AM tree dominance and soil fertility and a negative
covariation between EM tree dominance and soil fertility
across scales of 0.01–1 ha (Figure 1). To verify the signifi-
cance of covariation between AM or EM tree dominance
and soil fertility, we performed a null model test of the
codispersion analysis under a scenario in which trees are
randomly assembled within the plot. Specifically, we
permutated the entire community of AM trees and EM
trees, respectively, in a random distance and direction, and
then combined the new AM and EM tree communities
into one null community (i.e., a mycorrhiza-dependent
toroidal shift model; Appendix S1: Figure S3). We repeated

this process 199 times to generate 199 null communities
using the spatstat package in R (Baddeley & Turner, 2005).
Theoretically, in these randomly assembled communities,
the AM and EM tree species are distributed independently
with respect to each other and the soil fertility gradients
(Wiegand & Moloney, 2014), so the soil-related changes in
AM or EM tree dominance were removed. Then, using
these 199 null community data sets, we conducted a
codispersion analysis as described earlier for the observed
data sets and compared the observed patterns with the
199 null patterns. Specifically, we first used our observed
codispersion value minus the expected value (i.e., mean
values) of the 199 simulated results at each spatial lag to
get a new codispersion map showing whether observed
relationships were more positive or negative than the
null relationships. Then the observed value was com-
pared with the 195th and fifth null values at each spatial
lag, and we deemed the observed relationship signifi-
cantly differed from the expected relationship at p < 0.05
when the observed value ≥195th or ≤ fifth null value
(i.e., a two-tailed test).

Hypothesis II—Effect of mycorrhizal
dominance on tree species diversity and
biomass

Our second objective was to test Hypothesis II, that AM
tree dominance has a positive effect on tree species diver-
sity and a negative effect on biomass, while EM tree dom-
inance has exactly the reverse effects. Specifically, we
conducted a SEM analysis to test how AM and EM tree
dominance affected species richness and AGB when
accounting for other biotic (i.e., number of trees) and abi-
otic factors (i.e., soil fertility; Figure 1e). We included
“number of trees” as one of the SEM variables because
many empirical studies (e.g., Chisholm et al., 2013) and
theoretical mechanisms (e.g., more-individual hypothe-
sis; Storch et al., 2018) have highlighted the importance
of “number of trees” in driving BEF relationships. Given
the ongoing debate on the causal relationship between
biomass production and tree diversity (e.g., Craven et al.,
2020), both directions were checked when we parameter-
ized the SEMs, and the final direction was determined by
the best fitted model. While we are aware of reciprocal rela-
tionships between soil fertility and AM or EM tree domi-
nance (i.e., plant–soil feedback; Bennett et al., 2017; van der
Putten et al., 2016), we presented the results about the direc-
tion “soil fertility (both PC1 and PC2)” ! “AM or EM tree
dominance” because this direction was more relevant to
our proposed framework (Figure 1). Given that there
were only 16–50 independent quadrats at the 1-ha scale
within each forest, we mainly conducted the SEM
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analysis at scales of 0.01–0.25 ha to ensure a sufficient
sample size to build the SEM paths.

Prior to analyses, species richness and AGB were
log-transformed, and all other predictors were standard-
ized to have a mean of 0 and a standard deviation of 1 in
order to improve the interpretability of regression coeffi-
cients (i.e., Z-score standardization; Schielzeth, 2010). To
construct the initial SEM structure, we selected all possi-
ble paths among these variables (Figure 1e) and parame-
terized them at each scale in each plot. Then, to test
other possible reduced models sharing the same causal
structure with the initial model, we eliminated nonsignif-
icant paths one by one and compared the overall perfor-
mance of the model fit between reduced models and the
initial model. The performances of the structural equa-
tion models were determined by several criteria:
(i) p > 0.05 in chi-square test; (ii) the standardized root
mean square residual was less than 0.05; (iii) Bentler’s
comparative fit index was larger than 0.9; and (iv) the
root mean square error of approximation was less than
0.05. Finally, we selected the best model from all satisfac-
tory models by their Akaike Information Criterion (AIC)
value. The indirect effects of the predictors in the final
model (i.e., soil PC1, soil PC2, number of trees, and EM
tree dominance or AM tree dominance) were calculated
by multiplying the coefficients of all paths linking these
variables to tree diversity or AGB, and the total effects
equaled the sum of all direct and indirect effect coeffi-
cients (Appendix S1: Tables S2 and S3). Note that we
retained both species richness and AGB in all final struc-
tural equation models even if their paths were nonsignifi-
cant. We did this for two reasons. First, these models can
better show how AGB and tree diversity affected each
other when accounting for other variables, which is
important given the focus of our study on DBRs. Second,
all these models had good performance in all criteria and
were thus adequate.

Hypothesis III—Effect of tree mycorrhizal
dominance together with soil fertility on
scale-dependent DBRs

Our third objective was to test Hypothesis III, that soil
fertility-related shifts in the dominance of AM- versus
EM-associated tree species contribute to the scale depen-
dence of DBRs. To this end, as a first step, we quantified
the relationship between quadrat AGB (dependent vari-
able) and species richness (independent variable) at
multiple spatial scales (0.01–1 ha), using generalized least
squares (GLS) methods. The quadrat species richness
and AGB were log-transformed prior to analysis.
Following Chisholm et al. (2013), these paired data sets

(i.e., log [AGB]–log [species richness]) were used to fit
the linear models with and without a spherical autocorre-
lation structure to detect the DBR while accounting for spa-
tial autocorrelation. In this case, the slope and intercept of
the final linear model quantify the effect of tree species rich-
ness on AGB based on the nonlinear power function form:
AGB = Exp (intercept) × (species richness)slope (Chisholm
et al., 2013; Liang et al., 2016). We then compared the AIC
of the separate models and selected the model with the low-
est AIC score as the optimal model (Appendix S1: Table S4).
Finally, the parameters of the optimal models were
extracted to show the DBR at different scales. Given the
generally hump-shaped relationships between species rich-
ness and biomass production (Fraser et al., 2015), it is worth
noting that the positive or negative DBRs in our study
showed positive or negative relationships within the data
range observed.

Second, we conducted a codispersion null model anal-
ysis to test how DBRs were influenced by soil-related
changes in AM and EM tree dominance at each scale and
thereby how mycorrhizal associations influenced the
scale dependence of DBRs. Here, we repeated the
codispersion null model analysis introduced earlier when
testing Hypothesis I. We first quantified the covariation
patterns between species richness and AGB in each
observed community (i.e., spatial DBRs, which showed
the DBRs in different directions and distances). Then,
199 null communities were created in which associations
between soil fertility and tree mycorrhizal dominance
were removed (Appendix S1: Figure S3), and the spatial
DBRs were quantified in each null community. Finally,
we compared the observed DBRs with those expected
(i.e., generated by null model) DBRs across scales using
the same procedure as described earlier when testing
Hypothesis I. This allowed us to verify (1) whether, at
each scale, observed DBRs were negatively affected by
soil-related changes in mycorrhizal dominance
(i.e., whether the expected DBRs were less negative
and/or more positive than the observed DBRs); and
(2) whether this negative effect was strong enough to
explain the scale dependence of DBRs (i.e., whether the
scale dependence of DBRs observed in these forests
disappeared in the null communities).

Finally, we conducted a robustness test to assess
the sensitivity of our analyses to the misdiagnosis of mycor-
rhizal types. To this end, we reassigned the species with
insufficient genus-level mycorrhizal evidence or facultative
AM-associated type (i.e., “AM–NM” type in Mycorrhizal
types.xlsx [Mao et al., 2023a]) as “Other,” and these species
were not included in the AM or EM community in our sensi-
tivity analysis. For the species with contradictory reports
(i.e., AM vs. EM), we reassigned their mycorrhizal
types opposite to the recommended types in our primary
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analysis (e.g., AM ! EM). For some trees without species
information that were identified as “sp” (e.g., Fraxinus sp in
Mycorrhizal types.xlsx [Mao et al., 2023a]), we also
reassigned their mycorrhizal type as “Other” in the robust-
ness test. In total, we found that mycorrhizal associations of
68 out of the 415 studied species needed to be reassigned in
the robustness test, which contained many rare species
accounting for 10.96% of total biomass and 13.68% of total
abundance. Using this reassigned data set, we conducted the
codispersion null model analysis and checked the mycorrhi-
zal dominance effects on scale-dependent DBRs again.

All statistical analyses were performed in R version
3.6.1 (R Core Team, 2019), and the SEM test was
performed using the lavaan package (Rosseel, 2012).

RESULTS

Across our study plots, AM tree species represented
44%–92% of species versus 4%–44% for EM tree species. AM
trees ranged from 20%–74% of the total numbers of individ-
uals, compared to 25%–74% of individuals that belong to
EM-associated species. Also, AM trees accounted for
6%–62% of the total biomass, versus 38%–94% for EM trees

(Table 1). Thus, as expected, there were more AM tree spe-
cies in these forests, while EM tree species contained more
large trees and greater biomass (Appendix S1: Figure S2),
except in the SCBI and TTS forest plots. There were obvi-
ous soil fertility gradients in our study plots, where the
more fertile soils often contained more nitrogen, phospho-
rus, and other nutrients and were pH-neutral in most cases
(Appendix S1: Figure S1; PC1).

Hypothesis I: Relationships between
mycorrhizal dominance and soil fertility

We used the codispersion method to test the spatial
covariation between AM or EM tree dominance and soil
fertility. The results indicated that AM tree dominance
(in abundance) showed a consistent positive covariation
(i.e., detecting a significant positive signal in more than
half spatial lags) with soil fertility, while EM tree domi-
nance (in AGB) had a negative covariation with soil fer-
tility across scales in five forests, but not in two of the
subtropical forests (i.e., TTS and HSD; Figure 2;
Appendix S1: Figure S4). That is, in most forests, the
AM-dominated quadrats mainly occurred in fertile soils
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and EM-dominated quadrats tended to occupy the infer-
tile soils, which supported our Hypothesis I. In TTS, how-
ever, the significant covariation between mycorrhizal
dominance and soil fertility was only observed when
using soil PC2 (mainly about soil P content and pH;
Appendix S1: Figure S1) at scales smaller than 0.25 ha
(Figure 2). In HSD, there was no obvious relationship
between mycorrhizal dominance and soil fertility at mul-
tiple scales (Figure 2; Appendix S1: Figure S4).

Hypothesis II: Effect of mycorrhizal
dominance on tree species diversity and
biomass

We conducted a SEM test to clarify how AM and EM tree
dominance affected species richness and AGB when con-
trolling for other factors (i.e., soil fertility and number of
trees). All the final models had good performance in statisti-
cal criteria, and the selected variables explained over 20% of
the variation in AGB or species richness in most forests
(Appendix S1: Figure S5). When combining the significant
paths of these structural equation models into one inte-
grated SEM framework, we found that EM tree dominance
(quantified by EM tree AGB proportion) had negative effects
on tree diversity and positive effects on biomass, but not
at all the studied scales (Figure 3b). In contrast, AM
tree dominance (quantified by AM tree abundance
proportion) positively affected tree diversity and nega-
tively affected biomass across scales of 0.01–0.25 ha
(Figure 3a) after controlling for other factors (i.e., soil
fertility and number of trees; direct and total effects in
Appendix S1: Table S2). All these SEM results
supported our Hypothesis II, that AM tree dominance
contributes to higher tree diversity and EM tree domi-
nance contributes to greater standing biomass.

We also found nonlinear relationships between AM
tree dominance and tree diversity or biomass, especially
at scales of 0.01–0.04 ha (Appendix S1: Figure S6). These
indicated that tree diversity was not always maximized in
quadrats with maximal AM tree dominance at smaller
scales, although in the majority of cases the greatest tree
diversity was found in quadrats with above-average AM
tree dominance. Similarly, standing biomass was not
maximized in quadrats with minimal AM tree domi-
nance at smaller scales. Nevertheless, in the four forests
with a scale-dependent DBR (i.e., TRC, CBS, SCBI, and
DHS; Figure 4), tree diversity and biomass showed oppo-
site trends along the AM tree dominance gradient
(Appendix S1: Figure S6). Therefore, at least in those four
forests, these opposite trends (regardless of nonlinearity)
supported our Hypotheses II about the opposite effects of
mycorrhizal dominance on tree diversity and biomass.

For other factors, the SEM results suggested that
number of trees had a very strong positive effect (mean
standardized coefficients >0.4; Figure 3; Appendix S1:
Tables S2 and S3) on both species richness and AGB at
scales of 0.01 and 0.04 ha but not at the 0.25-ha scale.
Finally, soil factors defined by the first two principal
components (i.e., soil PC1 and soil PC2) had significant
direct and indirect effects (via the number of trees and
mycorrhizal dominance) on AGB and species richness
across scales (Figure 3; Appendix S1: Figure S5), and
many indirect effects were stronger than direct effects
(Appendix S1: Tables S2 and S3).

Hypothesis III: Effect of tree mycorrhizal
dominance together with soil fertility on
scale-dependent DBRs

The DBRs depended on the spatial grain size in most of
the forests studied (Figure 4; Appendix S1: Table S4).
Specifically, species richness showed a significant positive
relationship with standing biomass at the 0.01-ha scale in
all forest plots (log-transformed linear models: p < 0.05).
At the 0.04-ha scale, relationships between species rich-
ness and standing biomass were mixed across sites.
Finally, at the 0.25- and 1-ha scales, relationships were
negative or nonsignificant at p < 0.05 in most forests
(Figure 4). In four out of seven studied AM–EM mixed
forests (i.e., TRC, CBS, SCBI, and DHS), as expected
(Figure 1c,d), there were obvious positive-to-negative shifts
in DBRs with increasing spatial scale. The codispersion
results further verified that these positive-to-negative DBRs
were spatially stationary within these four forests, as the
codispersion values between species richness and AGB in
these forests were consistent in nearly all directions and
distances (Figure 5a).

When removing the directional changes in AM and
EM tree dominance along the soil fertility gradient
(Figure 2) using a mycorrhiza-dependent toroidal shift
model (Appendix S1: Figure S3), we found that the nega-
tive covariation between species richness and AGB
(i.e., negative DBR) originally observed in those four for-
ests at scales >0.04 ha disappeared (Figure 5a,b). This
suggests that the negative large-scale DBRs observed in
these forests were mainly attributed to changes in mycor-
rhizal dominance. Notably, a significant negative effect of
changes in mycorrhizal dominance on DBRs at multiple
scales was directly affirmed by comparing the observed
covariation with expected covariation of 199 randomized
communities (p < 0.05; Figure 5c). These results are
robust to the uncertainties of mycorrhizal assignation
because very similar patterns were observed in a sensitiv-
ity analysis with mycorrhizal type-reassigned data set
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(Appendix S1: Figure S7). All these findings support our
Hypothesis III that the soil-related changes in mycorrhi-
zal dominance weakened the positive DBRs at smaller
scales while driving a negative DBR at larger scales
(Figure 1c,d), even though many negative effects at larger
scales were nonsignificant at p < 0.05 (Figure 5c).

As visible evidence, the soil-related DBR patterns
for AM, EM, and all trees (Figure 1d) were directly
observed in those four plots with a positive-to-negative
shift in DBRs (i.e., TRC, CBS, SCBI, and DHS;
Appendix S1: Figure S8). In contrast, there was no
soil-related DBR pattern in the other three plots
(i.e., FL, TTS, and HSD; Appendix S1: Figure S8) with-
out a positive-to-negative shift in DBRs (Figures 4 and
5). Together, this further suggested that in those four
forests, the positive-to-negative shifts in DBRs with
increasing spatial scale were mainly attributed to the
soil-related changes in mycorrhizal dominance.

DISCUSSION

Our study provides the first evidence for our hypotheses
that in AM–EM mixed forests, the soil-related changes in
mycorrhizal dominance negatively affect DBRs across
scales and, thus, underpin negative DBRs especially at
larger scales (Figure 1). In particular, we found that EM
tree dominance decreased along the soil fertility gradient,
while AM tree dominance increased along the local soil
fertility gradient in most studied forests (Figure 2).
Moreover, AM tree dominance generally affected quadrat
tree diversity and biomass in contrasting directions when
controlling for other factors (Figure 3; Appendix S1:
Figure S5), with positive effects on tree diversity and nega-
tive effects on biomass. Together, the changes in AM and
EM tree dominance along the soil fertility gradient exert
an overall negative effect on the DBRs across spatial scales
(Figure 5), which weakens the positive DBRs at scales of
0.01–0.04 ha while driving negative DBRs at scales of
0.25–1 ha, thereby causing positive-to-negative shifts in
DBRs across scales within some forests (Figure 4).

Relationships between mycorrhizal
dominance and soil fertility: Temperate
versus subtropical forests

Experimental and observational evidence is mounting
that AM and EM tree species have contrasting responses
to differences in soil fertility, which is consistent with our
Hypothesis I for AM–EM mixed forests. For instance,
both species-focused (e.g., Oreomunnea mexicana and
Gilbertiodendron dewevrei; Corrales et al., 2016; Hall et al.,
2020) and community-focused studies (Mao et al., 2019;
Weemstra et al., 2020) have found that EM tree dominance
increases (or AM tree dominance decreases) with
decreasing soil fertility, in line with the mechanism of
mycorrhizal-associated nutrient economy (Corrales
et al., 2016; Phillips et al., 2013). Recently, regional
observations also gave support to the superiority of
EM-dominated forests in infertile soils (Lu & Hedin,
2019; Peay, 2016), but these patterns may depend on for-
est type (Gomes et al., 2019). In this study, we examined
the relationships between mycorrhizal dominance and
soil fertility in seven forests belonging to three forest
types (Table 1). In four temperate forests (i.e., temperate
mixed coniferous broadleaf forests (FL and CBS) and
temperate broadleaf deciduous forests (TRC and SCBI)),
AM tree dominance has a significant positive relation-
ship with soil fertility, while EM tree dominance pos-
sesses a negative relationship with soil fertility across
scales of 0.01–1 ha. By contrast, there is a weaker signal
in subtropical forests compared with temperate forests
on the relationship between mycorrhizal dominance and
soil fertility because the significant and scale-consistent
patterns were only observed in one (i.e., DHS) out of
three subtropical broadleaf evergreen forests.

There are multiple possible causes of the aforementioned
differences between temperate and subtropical forests.
In general, the response of mycorrhizal dominance to soil
fertility should originate from the physiological and func-
tional differences between AM and EM symbionts
(e.g., exudation, enzyme activities, associated root traits;
Bergmann et al., 2020; Tedersoo & Bahram, 2019), through

F I GURE 3 Significant paths in structural equation modeling test for the seven forest plots. The mycorrhizal dominance is represented

by AM tree dominance (AM domi; a) or EM tree dominance (EM domi; b). The arrow thickness is proportional to the “mean effects”
between variables defined by the average of the absolute values of significant (at p < 0.05) standardized coefficients in corresponding paths

across forests (Appendix S1: Figure S5). The numbers in parentheses show how many positive and negative effects in corresponding paths

were significantly detected in our SEM analysis (positive: negative; Appendix S1: Figure S5). The color of each path represents the difference

in frequency of positive versus negative effects, with blue representing at least three more positive effects than negative effects and red

representing at least three more negative effects than positive effects. The italic numbers around the blue and red paths show their “mean

effects.” R 2
M values are the average of the R 2 for species richness or aboveground biomass (AGB) in individual SEM results across the seven

forests. The bidirectional arrows between species richness and AGB indicate there are paths in both directions in our best-fitted models. We

used the dashed lines to represent the effects of Soil PC1 and Soil PC2 because the soil variables used to conduct these two principal

components were different across forests (Appendix S1: Figure S1, Table S1).
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which AM and EM tree species adapt and modulate sur-
rounding soil conditions (Yan, Freschet, et al., 2022).
However, because of the differences in climate properties
(e.g., temperature, precipitation), environment context
(e.g., N limitation vs. P limitation), and species pools
(e.g., deciduous vs. evergreen) (Keller & Phillips, 2019;
Netherway et al., 2021; Seyfried et al., 2021; Steidinger
et al., 2019), the physiological and functional properties of
AM and EM tree species might be different between temper-
ate and subtropical/tropical ecosystems. For instance,
although great functional differences between AM and EM
groups have been reported in temperate and boreal ecosys-
tems, such as plant nutrient traits (acquisitive
vs. conservative), leaf litter and fine root decomposition
rates, and soil acid–base chemistry, these differences do not
necessarily occur in subtropical and tropical ecosystems
(Averill et al., 2019; Keller & Phillips, 2019; Lin et al., 2022;
See et al., 2019; Seyfried et al., 2021). Consequently, the rela-
tionship between mycorrhizal dominance and soil fertility
should be more robust in temperate compared with sub-
tropical forests.

Other site properties not considered in our analyses
(e.g., topography, disturbance, stand age) could also have
contributed to the mixed patterns in our subtropical forests,
although this still needs more site-specific evidence. In the

50-ha HSD plot, for instance, the environmental filtering
effect defined by topographical and soil variables is not
obvious, because AM and EM tree species are more likely to
co-occur in root neighborhoods of each other rather than
separately distribute in habitat patches (Luo et al., 2021).
Alternatively, the mixed AM–EM patterns along soil gradi-
ents in these subtropical forests might result from AM ver-
sus EM partitioning of different nutrients (e.g., N and P) or
nutrient sources (e.g., inorganic vs. organic) in the same soil
patches (Lin et al., 2018; Liu et al., 2018). Nevertheless, to
further understand the distribution patterns of AM and EM
tree species (and thus their relative dominance) within local
forests, future studies should compare the effect of soil con-
ditions (both resource content and resource composition
[e.g., N:P]) and other abiotic factors in temperate and sub-
tropical forests separately.

Effect of tree mycorrhizal dominance on
community diversity and standing biomass

In most studied forests, we found that AM tree dominance
had a positive effect on tree diversity and a negative effect
on biomass, while EM tree dominance had exactly the
reverse effects (Figure 3). This finding supported our

CBS SCBITRC DHS TTS HSDFL

Species richness

0.01 ha

0.04 ha

0.25 ha

1 ha

A
G

B
 (

M
g/

ha
)

p < 0.001
S = 1.26[1.18,1.33]

5
50

50
0

1 2 4 7

p < 0.001
S = 0.55[0.41,0.68]10

50
20

0

2 4 8

p = 0.51080
12

0
20

0

7 9 11 14

p = 0.040
S = 0.58[0.03,1.13]10

0
14

0
18

0

11 14 18

p < 0.001
S = 0.94[0.82,1.06]5

50
50

0

1 2 4 8

p = 0.77120
10

0
50

0
2 4 8

p = 0.023
S = –0.21[–0.39,–0.03]20

0
30

0
45

0

7 9 12 16

p < 0.001
S = 1.38[1.29,1.46]

5
50

50
0

1 2 4 7

p = 0.004
S = 0.20[0.06,0.35]50

15
0

50
0

4 6 9

p = 0.032

S = –0.32[–0.61,–0.03]

26
0
30

0
35

0

13 16 20

p < 0.001
S = 0.95[0.85,1.05]5

50
50

0

1 2 4 7

p = 0.14840
15

0
60

0

2 4 8

p = 0.006
S = –0.31[–0.52,–0.09]15

0
25

0
40

0

9 12 16 22

p = 0.012

S = –0.56[–0.99,–0.13]22
0

28
0
35

0
18 24 30

p < 0.001
S = 0.93[0.85,1.01]10

10
0
15

00

1 2 4 8

p = 0.188

50
20

0
90

0

4 8 16

p = 0.45712
0

25
0
50

0

15 21 30

p < 0.001
S = 0.93[0.86,0.99]1

10
10

0

1 2 4 8

p < 0.001
S = 0.51[0.39,0.64]15

40
10

0

5 8 12 18

p = 0.912

40
60

90

22 30 40

p = 0.173

55
65

80

40 50 60

p = 0.013

S = –0.22[–0.39,–0.05]

20
0
28

0
40

0
7 9 12 16

p < 0.001
S = 1.18[1.13,1.23]

8
80

80
0

1 2 4 8

p < 0.001
S = 0.81[0.70,0.91]20

80
40

0

4 8 16

p = 0.465

16
0

30
0

55
0

25 35 50

p = 0.213

21
0

30
0

42
0

60 70 80

p = 0.062

18
0

28
0

44
0

30 40 55

p = 0.301

25
0

30
0

37
0

13 16 20

F I GURE 4 Log-transformed linear relationship between aboveground biomass (AGB) and species richness. The abbreviations of the

seven forest plots are consistent with Figure 2. The lines show the fitted linear models using generalized least-squares methods, and dashed

lines represent statistically insignificant slopes (p ≥ 0.05; Appendix S1: Table S4). The slope with 95% CIs (only for significant models) and

p-value of fitted models are presented. The points represent the information of AGB and species richness in each quadrat (see Materials and

Methods section for the number of quadrats at each scale). Abbreviations: CBS, Changbaishan; DHS, Dinghushan; FL, Fenglin;

HSD, Heishiding; SCBI, Smithsonian Conservation Biology Institute; TRC, Tyson Research Center; TTS, Tiantongshan.
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Hypothesis II about the opposite effects of AM or EM tree
dominance on tree diversity and standing biomass across
scales, although the strength of these effects varied across
forests and scales (Appendix S1: Figure S5). Interestingly,
we found a scale-dependent effect of EM tree dominance
(in AGB) on tree diversity in most forests, that is, an insig-
nificant (direct effects; Figure 3b) or even positive effect
(total effects in Appendix S1: Table S3) at the 0.01-ha scale
and a negative effect at the 0.25-ha scale (Figure 3b). In
contrast, the effects of AM tree dominance (in abundance)
on tree diversity and biomass are scale-independent
(Appendix S1: Table S2). Thus, in these forests, the propor-
tion of individuals (rather than AGB) of AM versus EM

tree species has a consistent effect on both tree diversity
and standing biomass across scales, although the scale-
dependent diversity effects of EM tree dominance were
also expected. Nevertheless, increasing EM tree dominance
in AGB had a very strong positive effect on quadrat bio-
mass in many forests (mean standardized coefficients
>0.4; Appendix S1: Table S3), supporting our prediction
that mainly EM tree species would determine standing
biomass (Figure 1).

It is worth noting that we mainly assessed the linear
effects of tree mycorrhizal dominance on tree diversity
and biomass after considering soil fertility and number of
trees. We did this because (1) both soil fertility and

(a) Observed spatial DBRs

(b) Spatial DBRs without mycorrhizal dominance effect (null results)

(c) Mycorrhizal dominance effect (observed null)
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F I GURE 5 Codispersion results for the covariation between species richness and aboveground biomass. The abbreviations of the seven

forest plots are consistent with Figure 2. (a) The observed results for each forest and the color of each cell represent whether observed

covariation is positive (i.e., positive DBR; red) or negative (i.e., negative DBR; blue). (b) The expected results of null forests (199 times) where

soil-related changes in the tree mycorrhizal dominance are excluded, and the color of each cell represents the same meaning as in panel (a).

(c) Significance test for mycorrhizal dominance effect using observed—null results, where the color of each cell represents whether the

observed covariation is significantly more positive (i.e., positive effect, brown) or more negative (i.e., negative effect, blue) at the p < 0.05

level relative to the null expectation of the 199 null communities. Abbreviations: CBS, Changbaishan; DBR, diversity–biomass relationship;

DHS, Dinghushan; FL, Fenglin; HSD, Heishiding; SCBI, Smithsonian Conservation Biology Institute; TRC, Tyson Research Center; TTS,

Tiantongshan.
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number of trees are important drivers of tree diversity
and biomass production (Chisholm et al., 2013; van der
Sande et al., 2018); (2) this allowed us to compare the
effects of mycorrhizal dominance with the effects of other
factors on tree diversity and biomass and, thus, DBRs,
which is important given the focus of our study on DBRs
(see subsequent discussion). However, given the general
unimodal relationships between mycorrhizal dominance
and tree diversity or biomass especially at smaller scales
(Appendix S1: Figure S6), the linear models we used may
have underestimated some nonlinear variation of the
mycorrhizal dominance effects on tree diversity and bio-
mass (Carteron et al., 2022).

Despite these nonlinear relationships, we observed
overall opposite trends between tree diversity and bio-
mass along the AM tree dominance gradient in four for-
ests with a positive-to-negative shift in DBRs (i.e., TRC,
CBS, SCBI, and DHS) but not in the other three forests
(Appendix S1: Figure S6). Thus, in these four forests, the
opposite effects of AM tree dominance on tree diversity
and biomass (Hypothesis II) greatly contribute to the
negative effects of mycorrhizal dominance on DBRs
(Hypothesis III; Figure 5c), which supports the linkage
between our Hypotheses II and III. Given the different
contributions of AM and EM tree species to ecosys-
tem functions (e.g., carbon stocks) and community
diversity in global forests (Soudzilovskaia et al., 2019;
Steidinger et al., 2019; Zhong et al., 2021), future
studies should continue to assess the effects of tree
mycorrhizal dominance on community diversity and
ecosystem functions.

Understanding scale-dependent BEF
patterns via mycorrhizal functions:
Mycorrhizal dominance mechanism

Although recent biodiversity experiments suggested that
mycorrhizal functions can drive the positive BEF patterns
in different ecosystems (Deng et al., 2023; Dietrich
et al., 2023; Ferlian et al., 2018; Luo et al., 2017; Schnitzer
et al., 2011), these findings were obtained under highly
controlled environmental conditions and might not be
informative for BEF observations in field studies (Hagan
et al., 2021). Given the scale-dependent property of BEF
patterns in natural forests (Chisholm et al., 2013), the fact
that most mycorrhiza-related BEF studies have been
conducted at one individual scale (actually often at scales
smaller than 0.1 ha) limits the practical value of mycor-
rhizal functions for managing “real-world” forests
(Manning et al., 2019).

Our study contributes to filling these knowledge gaps
by proposing our main hypothesis that in AM–EM mixed

forests, the changes in mycorrhizal dominance along soil
fertility gradients can exert a negative effect on the DBRs
across spatial scales (Figure 1). Overall, there are two
remarkable findings relevant to this hypothesis. First, we
found a positive-to-negative shift in DBRs, and we found
that this shift mainly occurred at scales between 0.04 and
0.25 ha. Because previous global studies focusing on tree
diversity–biomass and productivity relationships also
found the same shift at scales between 0.04 and 0.25 ha
(Chisholm et al., 2013), we propose that future BEF observa-
tions in forest ecosystems should cover a corresponding
range of spatial grain sizes (Gonzalez et al., 2020).
Further, by breaking the directional change in mycorrhizal
dominance along the soil fertility gradient while controlling
for the effect of other important ecological processes
(e.g., dispersal limitation; Wiegand et al., 2017), the
mycorrhiza-dependent toroidal shift model (Appendix S1:
Figure S3) confirmed that these positive-to-negative shifts in
DBRs can be explained by the negative effects of soil-related
changes in mycorrhizal dominance, which supported our
Hypothesis III. The finding that the negative effects of
mycorrhizal dominance on DBRs were consistent across
scales is particularly surprising given that our null model
randomizes species co-occurrence patterns. In real-world
communities, species that coexist are expected to be better
able to partition resources than random species combina-
tions (HilleRisLambers et al., 2012) and, hence, to give rise to
complementarity effects that often drive positive DBRs
(Cardinale et al., 2007). Hence, one might expect that origi-
nally positive DBRs would disappear in null models where
communities are randomly assembled. Our findings that,
instead, DBRs in null communities are more positive or less
negative than in observed communities (Figure 5) therefore
suggest strong negative effects of mycorrhizal dominance,
across scales. Unlike other mycorrhiza-related BEF studies
thatmostly suggested a positive effect ofmycorrhizal associa-
tions on BEF relationships (e.g., Dietrich et al., 2023; Ferlian
et al., 2018), we presented the first multiscale evidence
for the negative effect of mycorrhizal dominance on BEF
relationships, which we propose as a novel mycorrhizal
dominancemechanism (Figure 1). However, we acknowl-
edge that as a new explanation for the observed scale-
dependent BEF relationships, this mycorrhizal domi-
nance mechanism still needs more sequent studies to be
fully tested (see followingDiscussion section).

Second, to further assess the extent to which the mycor-
rhizal associations determined the observed DBRs across
scales, we compared the effect of mycorrhizal dominance
(together with soil fertility) with the effects of other factors
(i.e., number of trees or stem density effect in Chisholm
et al., 2013). Overall, the SEM results suggested that at small
spatial scales (0.01 and 0.04 ha), the number of trees should
be more important than mycorrhizal dominance in driving
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both tree diversity and AGB (Figure 3) and, hence, driving
the positive DBR (Chisholm et al., 2013). This is partly
because each individual positively contributes to total AGB,
and abundance may promote diversity via a statistical or
sampling effect at the scales where a tree community is far
from being saturated by species (Appendix S1: Figure S9a;
Fung et al., 2020; Godlee et al., 2021). Actually, many previ-
ously described mechanisms (e.g., complementarity and
selection effect) that can drive positive BEF relationships
mainly work at small spatial scales (Luo et al., 2019). When
the spatial scale is larger than 0.04 ha, however, AGB and
tree diversity and number of trees have relatively low varia-
tion (i.e., coefficient of variation <50%; Appendix S1:
Figure S9b), so that more individuals do not necessarily
translate to increased AGB or diversity (Figure 3). Instead,
the factors determining species distribution (e.g., soil
fertility) and species attributes (e.g., mycorrhizal association
and tree size) are more influential in determining BEF pat-
terns at larger scales (Luo et al., 2019; Mao et al., 2019;
Mensah et al., 2020; Figure 5). Therefore, the mycorrhizal
dominance effect should be a relatively minor driver at
smaller scales and a major determinant at larger scales of
DBRs (and maybe other BEF relationships) in AM–EM
mixed forests.

Beyond effects driven by mycorrhiza highlighted in this
study, our study may also yield insights on other processes
driving the scale dependence of DBRs. Interestingly, we
found that mycorrhizal dominance had negative effects on
DBRs across spatial scales, due to opposite effects on spe-
cies richness and biomass. Thus, factors other than mycor-
rhiza that drive species richness and biomass production
in opposite ways might also drive scale-dependent patterns
in DBRs. For example, invasive plant species typically have
higher growth rates than native species (van Kleunen
et al., 2010), so they have the ability to promote biomass
production. At the same time, they negatively affect
plant diversity, and these negative effects are strongest
at small spatial scales (Powell et al., 2013). This suggests
that in communities where invasive plant species play a
key role, they may also negatively affect DBRs, particu-
larly at smaller spatial scales, and this negative effect
will be weakened with increasing spatial scale. As a
result, the DBRs in these communities should be less
positive or more negative than the null expectation at
smaller spatial scales compared with larger spatial
scales. We therefore welcome future studies that test
these predictions.

There are also some findings inconsistent with the
mycorrhizal dominance effects proposed in this study that
could be resolved by future experimental and theoretical
studies. For instance, because the dominant AM tree spe-
cies (i.e., Liriodendron tulipifera) greatly contributes to bio-
mass (43.7%) in the SCBI forest (Bourg et al., 2013), in this

plot, AGB is mainly determined by AM tree species
(Table 1; Appendix S1: Figure S2). This challenges our
assumption that EM tree species mainly determine the
AGB patterns (Figure 1), possibly because the warmer cli-
mate, N deposition, and the relative fertile soils stabilize
and strengthen the predominance of AM tree species at
this site (Anderson-Teixeira et al., 2015; Jo et al., 2019).
Furthermore, given that SCBI is a secondary forest with
the majority of dominant canopy trees having established
around 1900 following a history of mixed land uses (Bourg
et al., 2013), this might also be related to the land-use his-
tory. Nevertheless, the directional changes in AM and EM
tree dominance along the soil fertility gradient in the SCBI
(Figure 2) still greatly contribute to the positive-to-negative
trends in DBR with increasing spatial scale (Figure 5),
suggesting a strong effect of mycorrhizal dominance.
Given this exception, we deem our framework (Figure 1) a
potential, but not universally applicable, scenario regard-
ing the mycorrhizal dominance mechanism, and we
call for subsequent theoretical studies to propose more
alternative scenarios to complete this mechanism. Also,
more detailed knowledge about the biological processes
(e.g., plant resource economics strategies; Weemstra et al.,
2020) determining the relationship between mycorrhizal
dominance and soil fertility will be particularly necessary
for future experimental studies in AM–EM mixed forests,
because we found that the forests without this relationship
(e.g., HSD) often had no signal of mycorrhizal dominance
effect and, thus, no positive-to-negative shift in DBRs
across scales (Figures 2 and 5).

Despite these remaining questions, our study repre-
sents one key step toward a cross-scale empirical under-
standing on the ecological effects of changes in AM and
EM tree dominance on forest ecosystems, together with
some recent regional-scale studies focusing on the mycor-
rhizal dominance effect on tree diversity (Carteron
et al., 2022) and stable states of the forest mycobiome
(Averill et al., 2022). All these findings are especially rele-
vant due to increases in AM tree dominance at the
expense of decreasing EM tree dominance in some regions
(e.g., North America), under ongoing climate change and
anthropogenic impacts (Averill et al., 2018; Jo et al., 2019).
Furthermore, recent studies have reported that current
carbon-focused conservation schemes might fail to protect
some biodiversity hotspots in both temperate and tropical
forests (Ferreira et al., 2018; Sabatini et al., 2019).
In our study, we found that forests located in fertile soils
had different diversity and biomass properties compared
to those located in nearby infertile soils (Appendix S1:
Figure S8), partly due to opposite soil fertility effects on
(or response to) AM and EM tree dominance. Hence, we
propose to develop site-specific forest conservation pro-
jects (e.g., carbon-focused vs. biodiversity-focused) that
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prioritize in situ feedbacks among plants, soil organisms,
and abiotic soil conditions (Gottschall et al., 2022;
Pugnaire et al., 2019).

CONCLUSIONS

Our findings support the idea that scale-dependent DBRs
are common in abiotically heterogeneous forests with a
mixture of AM and EM tree species. We introduced a
novel mechanism related to soil-related changes in the rel-
ative dominance of AM- and EM-associated tree species
that in part helps understand these scale-dependent rela-
tionships. Although we only focused on temperate and
subtropical forests in this study, mixed forests dominated
by both AM and EM trees are also common in some tropi-
cal regions (e.g., forests in central Africa and southeast
Asia; Lu & Hedin, 2019), and there is evidence that
AM- and EM-dominated tropical forests sometimes differ
in soil fertility (Corrales et al., 2016, 2018). Thus, regard-
less of the biome, future forest management and BEF stud-
ies should pay more attention to the coupling effects of
soil conditions and tree mycorrhizal associations.

AUTHOR CONTRIBUTIONS
Xugao Wang and Zikun Mao conceived the study.
Kristina J. Anderson-Teixeira, Norman A. Bourg,
Chengjin Chu, Zhanqing Hao, Guangze Jin, Juyu Lian,
Fei Lin, Buhang Li, Wenqi Luo, William J. McShea,
Jonathan A. Myers, Guochun Shen, Xihua Wang,
En-Rong Yan, Ji Ye, Wanhui Ye, and Zuoqiang Yuan col-
lected the data on forest censuses and soil information.
Zikun Mao and Adriana Corrales identified the mycor-
rhizal association types of tree species. Zikun Mao, Fons
van der Plas, Adriana Corrales, and Xugao Wang wrote
the first draft and carried out most statistical analyses.
All authors contributed to revisions of the manuscript.

ACKNOWLEDGMENTS
We are grateful to Jean-Philippe Lessard, Kerri Crawford,
Maarja Öpik, Leho Tedersoo, Nico Eisenhauer, Olga
Ferlian, Jonathan Chase, Daniel Johnson, Mingyue Jin, and
all participants of the 2019 Smithsonian ForestGEO
Workshop in Singapore and the anonymous reviewers for
their helpful comments and suggestions in improving this
manuscript. We also thank the Smithsonian ForestGEO
network and field workers who collected data in the plots
used here. This work was financially supported by the
National Natural Science Foundation of China (Grant
31961133027), the Strategic Priority Research Program of
the Chinese Academy of Sciences (Grant XDB31030000),
the Key Research Program of Frontier Sciences, Chinese
Academy of Sciences (Grant ZDBS-LY-DQC019), the

K. C. Wong Education Foundation, the General Program of
China Postdoctoral Science Foundation (2021M703397), the
Special Research Assistant Project of the Chinese Academy
of Sciences (2022000056), and the Major Program of the
Institute of Applied Ecology, Chinese Academy of Sciences
(IAEMP202201). Chengjin Chu was funded by the National
Natural Science Foundation of China (31925027). Zuoqiang
Yuan was funded by the National Natural Science
Foundation of China (32171581). Funding for the data col-
lections was provided by many organizations, including the
Smithsonian Institution, the National Science Foundation
(DEB 1557094), the National Zoological Park, the HSBC
Climate Partnership, the International Center for Advanced
Renewable Energy and Sustainability (I-CARES) at
Washington University in St. Louis, and the Tyson
Research Center.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data sets (Mao et al., 2023a) supporting the results are
available in the Dryad digital repository at https://doi.org/
10.5061/dryad.612jm646w. R codes (Mao et al., 2023b) to
perform the data analyses are archived in Zenodo at
https://doi.org/10.5281/zenodo.7549401.

ORCID
Zikun Mao https://orcid.org/0000-0002-7035-9129
Kristina J. Anderson-Teixeira https://orcid.org/0000-
0001-8461-9713
Guochun Shen https://orcid.org/0000-0001-9853-6062
En-Rong Yan https://orcid.org/0000-0002-8064-3334

REFERENCES
Akhmetzhanova, A. A., N. A. Soudzilovskaia, V. G. Onipchenko,

W. K. Cornwell, V. A. Agafonov, I. A. Selivanov, and J. H.
Cornelissen. 2012. “A Rediscovered Treasure: Mycorrhizal
Intensity Database for 3000 Vascular Plant Species across the
Former Soviet Union.” Ecology 93(3): 689–90.

Ali, A., M. Lohbeck, and E. R. Yan. 2018. “Forest Strata-Dependent
Functional Evenness Explains Whole-Community Aboveground
Biomass through Opposing Mechanisms.” Forest Ecology and
Management 424: 439–47.

Allen, E. B., M. F. Allen, D. J. Helm, J. M. Trappe, R. Molina,
and E. Rincon. 1995. “Patterns and Regulation of
Mycorrhizal Plant and Fungal Diversity.” Plant and Soil
170: 47–62.

Ammer, C. 2019. “Diversity and Forest Productivity in a Changing
Climate.” New Phytologist 221(1): 50–66.

Anderson-Teixeira, K. J., S. J. Davies, A. C. Bennett, E. B.
Gonzalez-Akre, H. C. Muller-Landau, S. J. Wright, K. A. Salim,
A. M. A. Zambrano, A. Alonso, et al. 2015. “CTFS-ForestGEO:
A Worldwide Network Monitoring Forests in an Era of Global
Change.” Global Change Biology 21(2): 528–49.

ECOLOGICAL MONOGRAPHS 17 of 21

 15577015, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecm

.1568 by W
ashington U

niversity School, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5061/dryad.612jm646w
https://doi.org/10.5061/dryad.612jm646w
https://doi.org/10.5281/zenodo.7549401
https://orcid.org/0000-0002-7035-9129
https://orcid.org/0000-0002-7035-9129
https://orcid.org/0000-0001-8461-9713
https://orcid.org/0000-0001-8461-9713
https://orcid.org/0000-0001-8461-9713
https://orcid.org/0000-0001-9853-6062
https://orcid.org/0000-0001-9853-6062
https://orcid.org/0000-0002-8064-3334
https://orcid.org/0000-0002-8064-3334


Averill, C., J. M. Bhatnagar, M. C. Dietze, W. D. Pearse, and S. N.
Kivlin. 2019. “Global Imprint of Mycorrhizal Fungi on
Whole-Plant Nutrient Economics.” Proceedings of the National
Academy of Sciences, USA 116(46): 23163–8.

Averill, C., M. C. Dietze, and J. M. Bhatnagar. 2018.
“Continental-Scale Nitrogen Pollution Is Shifting Forest
Mycorrhizal Associations and Soil Carbon Stocks.” Global
Change Biology 24(10): 4544–53.

Averill, C., C. Fortunel, D. S. Maynard, J. van den Hoogen, M. C.
Dietze, J. M. Bhatnagar, and T. W. Crowther. 2022.
“Alternative Stable States of the Forest Mycobiome Are
Maintained through Positive Feedbacks.” Nature Ecology and
Evolution 6: 375–82.

Baddeley, A., and R. Turner. 2005. “Spatstat: An R Package for
Analyzing Spatial Point Patterns.” Journal of Statistical
Software 12(6): 1–42.

Bahram, M., T. Netherway, F. Hildebrand, K. Pritsch, R. Drenkhan,
K. Loit, S. Anslan, P. Bork, and L. Tedersoo. 2020. “Plant
nutrient-acquisition strategies drive topsoil microbiome struc-
ture and function.” New Phytologist 227(4): 1189–99.

Barry, K. E., L. Mommer, J. van Ruijven, C. Wirth, A. J. Wright,
Y. F. Bai, J. Connolly, et al. 2019. “The Future of
Complementarity: Disentangling Causes from Consequences.”
Trends in Ecology and Evolution 34(2): 167–80.

Bennett, J. A., H. Maherali, K. O. Reinhart, Y. Lekberg, M. M. Hart,
and J. Klironomos. 2017. “Plant–Soil Feedbacks and
Mycorrhizal Type Influence Temperate Forest Population
Dynamics.” Science 355(6321): 181–4.

Bergmann, J., A. Weigelt, F. van der Plas, D. C. Laughlin, T. W.
Kuyper, N. Guerrero-Ramirez, O. J. Valverde-Barrantes, et al.
2020. “The Fungal Collaboration Gradient Dominates the Root
Economics Space in Plants.” Science Advances 6(27): eaba3756.

Bourg, N. A., W. J. McShea, J. R. Thompson, J. C. McGarvey, and
X. Shen. 2013. “Initial Census, Woody Seedling, Seed Rain,
and Stand Structure Data for the SCBI SIGEO Large Forest
Dynamics Plot.” Ecology 94(9): 2111–2.

Brundrett, M. C. 2009. “Mycorrhizal Associations and Other Means
of Nutrition of Vascular Plants: Understanding the Global
Diversity of Host Plants by Resolving Conflicting Information
and Developing Reliable Means of Diagnosis.” Plant and Soil
320: 37–77.

Brundrett, M. C., and L. Tedersoo. 2018. “Evolutionary History of
Mycorrhizal Symbioses and Global Host Plant Diversity.” New
Phytologist 220(4): 1108–15.

Brundrett, M. C., and L. Tedersoo. 2019. “Misdiagnosis of
Mycorrhizas and Inappropriate Recycling of Data Can Lead to
False Conclusions.” New Phytologist 221(1): 18–24.

Buckley, H. L., B. S. Case, J. K. Zimmerman, J. Thompson, J. A.
Myers, and A. M. Ellison. 2016. “Using Codispersion Analysis to
Quantify and Understand Spatial Patterns in
Species-Environment Relationships.” New Phytologist 211(2):
735–49.

Butchart, S. H. M., M. Walpole, B. Collen, A. van Strien, J. P. W.
Scharlemann, R. E. A. Almond, J. E. M. Baillie, et al. 2010.
“Global Biodiversity: Indicators of Recent Declines.” Science
328(5982): 1164–8.

Cardinale, B. J., J. E. Duffy, A. Gonzalez, D. U. Hooper, C. Perrings,
P. Venail, A. Narwani, et al. 2012. “Biodiversity Loss and its
Impact on Humanity.” Nature 486: 59–67.

Cardinale, B. J., J. P. Wright, M. W. Cadotte, I. T. Carroll,
A. Hector, D. S. Srivastava, M. Loreau, and J. J. Weis. 2007.
“Impacts of Plant Diversity on Biomass Production Increase
through Time because of Species Complementarity.”
Proceedings of the National Academy of Science of the
United States of America 104(46): 18123–8.

Carteron, A., M. Vellend, and E. Laliberté. 2022. “Mycorrhizal
Dominance Reduces Local Tree Species Diversity across US
Forests.” Nature Ecology and Evolution 6: 370–4.

Chave, J., M. Réjou-Méchain, A. Búrquez, E. Chidumayo, M. S.
Colgan, W. B. C. Delitti, A. Duque, et al. 2014. “Improved
Allometric Models to Estimate the Aboveground Biomass of
Tropical Trees.” Global Change Biology 20(10): 3177–90.

Chen, L., N. G. Swenson, N. Ji, X. Mi, H. Ren, L. Guo, and K. Ma.
2019. “Differential Soil Fungus Accumulation and Density
Dependence of Trees in a Subtropical Forest.” Science
366(6461): 124–8.

Chen, W., R. Koide, T. S. Adams, J. L. DeForest, L. Cheng, and
D. M. Eissenstat. 2016. “Root Morphology and Mycorrhizal
Symbioses Together Shape Nutrient Foraging Strategies of
Temperate Trees.” Proceedings of the National Academy of
Sciences, USA 113(31): 8741–6.

Chisholm, R. A., H. C. Muller-Landau, K. A. Rahman, D. P. Bebber,
Y. Bin, S. A. Bohlman, N. A. Bourg, et al. 2013.
“Scale-Dependent Relationships between Tree Species
Richness and Ecosystem Function in Forests.” Journal of
Ecology 101(5): 1214–24.

Corrales, A., T. W. Henkel, and M. E. Smith. 2018. “Ectomycorrhizal
Associations in the Tropics – Biogeography, Diversity Patterns
and Ecosystem Roles.” New Phytologist 220(4): 1076–91.

Corrales, A., S. A. Mangan, B. L. Turner, and J. W. Dalling. 2016.
“An ectomycorrhizal nitrogen economy facilitates mono-
dominance in a neotropical forest.” Ecology Letters 19(4):
383–92.

Craven, D., M. T. van der Sande, C. Meyer, K. Gerstner, J. M.
Bennett, D. P. Giling, J. Hines, et al. 2020. “A Cross-Scale
Assessment of Productivity–Diversity Relationships.” Global
Ecology and Biogeography 29(11): 1940–55.

Cuevas, F., E. Porcu, and R. Vallejos. 2013. “Study of Spatial
Relationships between Two Sets of Variables: A Nonparametric
Approach.” Journal of Nonparametric Statistics 25(3): 695–714.

Deng, M., S. Hu, L. Guo, L. Jiang, Y. Huang, B. Schmid, C. Liu,
et al. 2023. “Tree Mycorrhizal Association Types Control
Biodiversity–Productivity Relationship in a Subtropical
Forest.” Science Advances 9: eadd4468.

Dietrich, P., O. Ferlian, Y. Huang, S. Luo, J. Quosh, and
N. Eisenhauer. 2023. “Tree Diversity Effects on Productivity
Depend on Mycorrhizae and Life Strategies in a Temperate
Forest Experiment.” Ecology 104: e3896. https://doi.org/10.
1002/ecy.3896.

Fang, X., G. Shen, Q. Yang, H. Liu, Z. Ma, D. C. Deane, and
X. Wang. 2017. “Habitat Heterogeneity Explains Mosaics of
Evergreen and Deciduous Trees at Local-Scales in a
Subtropical Evergreen Broad-Leaved Forest.” Journal of
Vegetation Science 28(2): 379–88.

Ferlian, O., S. Cesarz, D. Craven, J. Hines, K. E. Barry, H. Bruelheide,
F. Buscot, et al. 2018. “Mycorrhiza in Tree Diversity–Ecosystem
Function Relationships: Conceptual Framework and
Experimental Implementation.” Ecosphere 9(5): e02226.

18 of 21 MAO ET AL.

 15577015, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecm

.1568 by W
ashington U

niversity School, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ecy.3896
https://doi.org/10.1002/ecy.3896


Ferreira, J., G. D. Lennox, T. A. Gardner, J. R. Thomson,
E. Berenguer, A. C. Lees, R. M. Nally, et al. 2018.
“Carbon-Focused Conservation May Fail to Protect the Most
Biodiverse Tropical Forests.” Nature Climate Change 8: 744–9.

Fraser, L. H., J. Pither, A. Jentsch, M. Sternberg, M. Zobel,
D. Askarizadeh, S. Bartha, et al. 2015. “Worldwide Evidence of
a Unimodal Relationship between Productivity and Plant
Species Richness.” Science 349(6245): 302–5.

Fung, T., S. Xiao, and R. A. Chisholm. 2020. “Spatial Scaling of
Species Richness–Productivity Relationships for Local
Communities: Analytical Results from a Neutral Model.”
Theoretical Ecology 13: 93–103.

Gerz, M., C. G. Bueno, M. Zobel, and M. Moora. 2016. “Plant
Community Mycorrhization in Temperate Forests and
Grasslands: Relations with Edaphic Properties and Plant
Diversity.” Journal of Vegetation Science 27(1): 89–99.

Godlee, J. L., C. M. Ryan, D. Bauman, S. J. Bowers, J. M. B.
Carreiras, A. V. Chisingui, J. P. G. M. Cromsigt, et al. 2021.
“Structural Diversity and Tree Density Drives Variation in the
Biodiversity–Ecosystem Function Relationship of Woodlands
and Savannas.” New Phytologist 232(2): 579–94.

Gomes, S. I. F., P. M. van Bodegom, V. S. F. T. Merckx, and N. A.
Soudzilovskaia. 2019. “Global Distribution Patterns of
Mycoheterotrophy.” Global Ecology and Biogeography 28(8):
1133–45.

Gonzalez, A., R. M. Germain, D. S. Srivastava, E. Filotas, L. E. Dee,
D. Gravel, P. L. Thompson, et al. 2020. “Scaling-up
Biodiversity–Ecosystem Functioning Research.” Ecology
Letters 23(4): 757–76.

Gonzalez-Akre, E., C. Piponiot, M. Lepore, V. Herrmann, J. A.
Lutz, J. L. Baltzer, C. Dick, et al. 2022. “Allodb: An R Package
for Biomass Estimation at Globally Distributed Extratropical
Forest Plots.” Methods in Ecology and Evolution 13: 330–8.

Gottschall, F., S. Cesarz, H. Auge, K. R. Kovach, A. S. Mori, C. A.
Nock, and N. Eisenhauer. 2022. “Spatiotemporal Dynamics of
Abiotic and Biotic Properties Explain Biodiversity–Ecosystem-
Functioning Relationships.” Ecological Monographs 92(1):
e01490.

Guo, D., M. Xia, X. Wei, W. Chang, Y. Liu, and Z. Wang. 2008.
“Anatomical Traits Associated with Absorption and
Mycorrhizal Colonization Are Linked to Root Branch Order in
Twenty-Three Chinese Temperate Tree Species.” New
Phytologist 180(3): 673–83.

Hagan, J. G., B. Vanschoenwinkel, and L. Gamfeldt. 2021. “We
Should Not Necessarily Expect Positive Relationships between
Biodiversity and Ecosystem Functioning in Observational
Field Data.” Ecology Letters 24(12): 2537–48.

Hall, J. S., D. J. Harris, K. Saltonstall, V. P. Medjibe, M. S. Ashton,
and B. L. Turner. 2020. “Resource Acquisition Strategies
Facilitate Gilbertiodendron Dewevrei Monodominance in
African Lowland Forests.” Journal of Ecology 108(2): 433–48.

HilleRisLambers, J., P. B. Adler, W. S. Harpole, J. M. Levine, and
M. M. Mayfield. 2012. “Rethinking Community Assembly
through the Lens of Coexistence Theory.” Annual Review of
Ecology, Evolution, and Systematics 43: 227–48.

Jiang, F., J. A. Lutz, Q. Guo, Z. Hao, X. Wang, G. S. Gilbert, Z. Mao,
et al. 2021. “Mycorrhizal Type Influences Plant Density
Dependence and Species Richness across 15 Temperate
Forests.” Ecology 102(3): e03259.

Jo, I., S. Fei, C. M. Oswalt, G. M. Domke, and R. P. Phillips. 2019.
“Shifts in Dominant Tree Mycorrhizal Associations in
Response to Anthropogenic Impacts.” Science Advances 5(4):
eaav6358.

Johnson, D. J., K. Clay, and R. P. Phillips. 2018. “Mycorrhizal
Associations and the Spatial Structure of an Old-Growth
Forest Community.” Oecologia 186: 195–204.

Keller, A. B., and R. P. Phillips. 2019. “Leaf Litter Decay Rates
Differ between Mycorrhizal Groups in Temperate, but Not
Tropical, Forests.” New Phytologist 222(1): 556–64.

LaManna, J. A., M. L. Walton, B. L. Turner, and J. A. Myers. 2016.
“Negative Density Dependence Is Stronger in Resource-Rich
Environments and Diversifies Communities when Stronger
for Common but Not Rare Species.” Ecology Letters 19(6):
657–67.

Liang, J., T. W. Crowther, N. Picard, S. Wiser, M. Zhou, G. Alberti,
E.-D. Schulze, et al. 2016. “Positive Biodiversity–Productivity
Relationship Predominant in Global Forests.” Science
354(6309): aaf8957.

Lin, G., M. E. Craig, I. Jo, X. Wang, D.-H. Zeng, and R. P. Phillips.
2022. “Mycorrhizal Associations of Tree Species Influence Soil
Nitrogen Dynamics Via Effects on Soil Acid–Base Chemistry.”
Global Ecology and Biogeography 31(1): 168–82.

Lin, G., D. Guo, L. Li, C. Ma, and D.-H. Zeng. 2018. “Contrasting
Effects of Ectomycorrhizal and Arbuscular Mycorrhizal
Tropical Tree Species on Soil Nitrogen Cycling: The Potential
Mechanisms and Corresponding Adaptive Strategies.” Oikos
127(4): 518–30.

Lindahl, B. D., and A. Tunlid. 2015. “Ectomycorrhizal Fungi –
Potential Organic Matter Decomposers, Yet Not Saprotrophs.”
New Phytologist 205(4): 1443–7.

Liu, X., D. F. R. P. Burslem, J. D. Taylor, A. F. S. Taylor, E. Khoo,
N. Majalap-Lee, T. Helgason, and D. Johnson. 2018.
“Partitioning of Soil Phosphorus among Arbuscular and
Ectomycorrhizal Trees in Tropical and Subtropical Forests.”
Ecology Letters 21(5): 713–23.

Lu, M., and L. O. Hedin. 2019. “Global Plant-Symbiont
Organization and Emergence of Biogeochemical Cycles
Resolved by Evolution-Based Trait Modelling.” Nature Ecology
and Evolution 3: 239–50.

Luo, S., G. B. D. Deyn, B. Jiang, and S. Yu. 2017. “Soil Biota Suppress
Positive Plant Diversity Effects on Productivity at High but Not
Low Soil Fertility.” Journal of Ecology 105(6): 1766–74.

Luo, W., R. Lan, D. Chen, B. Zhang, N. Xi, Y. Li, S. Fang, et al. 2021.
“Limiting Similarity Shapes the Functional and Phylogenetic
Structure of Root Neighborhoods in a Subtropical Forest.” New
Phytologist 229(2): 1078–90.

Luo, W., J. Liang, R. C. Gatti, X. Zhao, and C. Zhang. 2019.
“Parameterization of Biodiversity–Productivity Relationship
and its Scale Dependency Using Georeferenced Tree-Level
Data.” Journal of Ecology 107(3): 1106–19.

Luo, Y.-H., L.-L. Ma, S. Seibold, M. W. Cadotte, K. S. Burgess,
S.-L. Tan, L.-J. Ye, et al. 2023. “The Diversity of
Mycorrhiza-Associated Fungi and Trees Shapes Subtropical
Mountain Forest Ecosystem Functioning.” Journal of
Biogeography 50(4): 715–29.

Manning, P., J. Loos, A. D. Barnes, P. Bat�ary, F. J. J. A. Bianchi,
N. Buchmann, G. B. D. Deyn, et al. 2019. “Transferring
Biodiversity–Ecosystem Function Research to the Management

ECOLOGICAL MONOGRAPHS 19 of 21

 15577015, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecm

.1568 by W
ashington U

niversity School, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



of ‘Real-World’ Ecosystems.” Advances in Ecological Research
61: 323–56.

Mao, Z., A. Corrales, K. Zhu, Z. Yuan, F. Lin, J. Ye, Z. Hao, and
X. Wang. 2019. “Tree Mycorrhizal Associations Mediate Soil
Fertility Effects on Forest Community Structure in a
Temperate Forest.” New Phytologist 223(1): 475–86.

Mao, Z., F. van der Plas, A. Corrales, K. J. Anderson-Teixeira, N. A.
Bourg, C. Chu, Z. Hao, et al. 2023a. “Scale-Dependent
Diversity–Biomass Relationships Can be Driven by Tree
Mycorrhizal Association and Soil Fertility.” Dryad, Dataset,
https://doi.org/10.5061/dryad.612jm646w.

Mao, Z., F. van der Plas, A. Corrales, K. J. Anderson-Teixeira, N. A.
Bourg, C. Chu, Z. Hao, et al. 2023b. “Scale-Dependent
Diversity-Biomass Relationships Can be Driven by Tree
Mycorrhizal Association and Soil Fertility.” Zenodo, https://
doi.org/10.5281/zenodo.7549401.

Mensah, S., V. K. Salako, and T. Seifert. 2020. “Structural
Complexity and Large-Sized Trees Explain Shifting Species
Richness and Carbon Relationship across Vegetation Types.”
Functional Ecology 34(8): 1731–45.

Netherway, T., J. Bengtsson, E. J. Krab, and M. Bahram. 2021.
“Biotic Interactions with Mycorrhizal Systems as Extended
Nutrient Acquisition Strategies Shaping Forest Soil
Communities and Functions.” Basic and Applied Ecology 50:
25–42.

Paquette, A., and C. Messier. 2011. “The Effect of Biodiversity on
Tree Productivity: From Temperate to Boreal Forests.” Global
Ecology and Biogeography 20(1): 170–80.

Peay, K. G. 2016. “The Mutualistic Niche: Mycorrhizal Symbiosis
and Community Dynamics.” Annual Review of Ecology,
Evolution, and Systematics 47: 143–64.

Phillips, R. P., E. Brzostek, and M. G. Midgley. 2013. “The
Mycorrhizal-Associated Nutrient Economy: A New
Framework for Predicting Carbon–Nutrient Couplings in
Temperate Forests.” New Phytologist 199(1): 41–51.

Powell, K. I., J. M. Chase, and T. M. Knight. 2013. “Invasive Plants
Have Scale-Dependent Effects on Diversity by Altering
Species-Area Relationships.” Science 339(6117): 316–8.

Pu, X., M. Weemstra, G. Jin, and M. N. Umaña. 2022. “Tree
Mycorrhizal Type Mediates Conspecifc Negative Density
Dependence Efects on Seedling Herbivory, Growth, and
Survival.” Oecologia 199: 907–18.

Pugnaire, F. I., J. A. Morillo, J. Peñuelas, P. B. Reich, R. D.
Bardgett, A. Gaxiola, D. A. Wardle, and W. H. van der Putten.
2019. “Climate Change Effects on Plant–Soil Feedbacks and
Consequences for Biodiversity and Functioning of Terrestrial
Ecosystems.” Science Advances 5(11): eaaz1834.

R Core Team. 2019. R: A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical
Computing.

Rosseel, Y. 2012. “Lavaan: An R Package for Structural
Equation Modeling.” Journal of Statistical Software 48(2): 1–36.

Sabatini, F. M., R. B. de Andrade, Y. Paillet, P. Ódor, C. Bouget,
T. Campagnaro, F. Gosselin, et al. 2019. “Trade–Offs between
Carbon Stocks and Biodiversity in European Temperate
Forests.” Global Change Biology 25(2): 536–48.

Schielzeth, H. 2010. “Simple Means to Improve the Interpretability
of Regression Coefficients.” Methods in Ecology and Evolution
1(2): 103–13.

Schnitzer, S. A., J. N. Klironomos, J. HilleRisLambers, L. L. Kinkel,
P. B. Reich, K. Xiao, M. C. Rillig, et al. 2011. “Soil Microbes
Drive the Classic Plant Diversity–Productivity Pattern.”
Ecology 92(2): 296–303.

See, C. R., M. L. McCormack, S. E. Hobbie, H. Flores-Moreno,
W. L. Silver, and P. G. Kennedy. 2019. “Global Patterns
in Fine Root Decomposition: Climate, Chemistry,
Mycorrhizal Association and Woodiness.” Ecology Letters
22(6): 946–53.

Seyfried, G. S., J. W. Dalling, and W. H. Yang. 2021. “Mycorrhizal
Type Effects on Leaf Litter Decomposition Depend on Litter
Quality and Environmental Context.” Biogeochemistry 155:
21–38.

Shen, X., N. A. Bourg, W. J. McShea, and B. L. Turner. 2016.
“Long-Term Effects of White-Tailed Deer Exclusion on the
Invasion of Exotic Plants: A Case Study in a Mid-Atlantic
Temperate Forest.” PLoS One 11(3): e0151825.

Smith, S. E., and D. J. Read. 2008. Mycorrhizal symbiosis. London:
Academic Press and Elsevier.

Soudzilovskaia, N. A., J. He, S. Rahimlou, K. Abarenkov, M. C.
Brundrett, and L. Tedersoo. 2022. “FungalRoot v.2.0 –
An Empirical Database of Plant Mycorrhizal Traits.” New
Phytologist 235(5): 1689–91.

Soudzilovskaia, N. A., S. Vaessen, M. Barcelo, J. He, S. Rahimlou,
K. Abarenkov, M. C. Brundrett, S. I. F. Gomes, V. Merckx, and
L. Tedersoo. 2020. “FungalRoot: Global Online Database of
Plant Mycorrhizal Associations.” New Phytologist 227(3):
955–66.

Soudzilovskaia, N. A., P. M. van Bodegom, C. Terrer,
M. van’t Zelfde, L. McCallum, M. L. McCormack, J. B. Fisher,
M. C. Brundrett, N. C. de S�a, and L. Tedersoo. 2019. “Global
Mycorrhizal Plant Distribution Linked to Terrestrial Carbon
Stocks.” Nature Communications 10: 5077.

Spasojevic, M. J., E. A. Yablon, B. Oberle, and J. A. Myers. 2014.
“Ontogenetic Trait Variation Influences Tree Community
Assembly across Environmental Gradients.” Ecosphere 5(10):
129. https://doi.org/10.1890/ES14-000159.1.

Srivastava, D. S., and M. Vellend. 2005. “Biodiversity–Ecosystem
Function Research: Is it Relevant to Conservation?” Annual
Review of Ecology, Evolution, and Systematics 36: 267–94.

Steidinger, B. S., T. W. Crowther, J. Liang, M. E. van Nuland,
G. D. A. Werner, P. B. Reich, G. Nabuurs, et al. 2019.
“Climatic Controls of Decomposition Drive the Global
Biogeography of Forest-Tree Symbioses.” Nature 569: 404–8.

Storch, D., E. Bohdalkov�a, and J. Oike. 2018. “The More-Individuals
Hypothesis Revisited: The Role of Community Abundance in
Species Richness Regulation and the Productivity–Diversity
Relationship.” Ecology Letters 21(6): 920–37.

Tedersoo, L., and M. Bahram. 2019. “Mycorrhizal Types Differ in
Ecophysiology and Alter Plant Nutrition and Soil Processes.”
Biological Reviews 94(5): 1857–80.

Tedersoo, L., M. Bahram, and M. Zobel. 2020. “How Mycorrhizal
Associations Drive Plant Population and Community Biology.”
Science 367(6480): eaba1223.

Teste, F. P., M. D. Jones, and I. A. Dickie. 2020. “Dual-Mycorrhizal
Plants: Their Ecology and Relevance.” New Phytologist 225(5):
1835–51.

Thompson, P. L., F. Isbell, M. Loreau, M. I. O’Connor, and
A. Gonzalez. 2018. “The Strength of the Biodiversity–Ecosystem

20 of 21 MAO ET AL.

 15577015, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecm

.1568 by W
ashington U

niversity School, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5061/dryad.612jm646w
https://doi.org/10.5281/zenodo.7549401
https://doi.org/10.5281/zenodo.7549401
https://doi.org/10.1890/ES14-000159.1


Function Relationship Depends on Spatial Scale.” Proceedings of
the Royal Society B: Biological Sciences 285(1880): 20180038.

van der Heijden, M. G. A., J. N. Klironomos, M. Ursic,
P. Moutoglis, R. Streitwolf-Engel, T. Boller, A. Wiemken,
and I. R. Sanders. 1998. “Mycorrhizal Fungal Diversity
Determines Plant Biodiversity, Ecosystem Variability and
Productivity.” Nature 396: 69–72.

van der Heijden, M. G. A., F. M. Martin, M.-A. Selosse, and
I. R. Sanders. 2015. “Mycorrhizal Ecology and Evolution:
The Past, the Present, and the Future.” New Phytologist
205(4): 1406–23.

van der Plas, F. 2019. “Biodiversity and Ecosystem Functioning in
Naturally Assembled Communities.” Biological Reviews 94(4):
1220–45.

van der Putten, W. H., M. A. Bradford, E. P. Brinkman, T. F. J.
van de Voorde, and G. F. Veen. 2016. “Where, when and how
Plant–Soil Feedback Matters in a Changing World.”
Functional Ecology 30(7): 1109–21.

van der Sande, M. T., E. M. M. Arets, M. Peña-Claros, M. R.
Hoosbeek, Y. C�aceres-Siani, P. van der Hout, and L. Poorter.
2018. “Soil Fertility and Species Traits, but Not Diversity,
Drive Productivity and Biomass Stocks in a Guyanese Tropical
Rainforest.” Functional Ecology 32(2): 461–74.

van Kleunen, M., E. Weber, and M. Fischer. 2010.
“A Meta-Analysis of Trait Differences between Invasive
and Non-invasive Plant Species.” Ecology Letters 13(2):
235–45.

Wang, B., and Y. L. Qiu. 2006. “Phylogenetic Distribution and
Evolution of Mycorrhizas in Land Plants.” Mycorrhiza 16:
299–363.

Wang, X., L. S. Comita, Z. Hao, S. J. Davies, J. Ye, F. Lin, and
Z. Yuan. 2012. “Local-Scale Drivers of Tree Survival in a
Temperate Forest.” PLoS One 7(2): e29469.

Weemstra, M., K. G. Peay, S. J. Davies, M. Mohamad, A. Itoh,
S. Tan, and S. E. Russo. 2020. “Lithological Constraints on
Resource Economies Shape the Mycorrhizal Composition of
a Bornean Rain Forest.” New Phytologist 228(1): 253–68.

Whittaker, R. J. 2010. “Meta-Analyses and Mega-Mistakes: Calling
Time on Meta-Analysis of the Species Richness–Productivity
Relationship.” Ecology 91(9): 2522–33.

Wiegand, T., and K. A. Moloney. 2014. A Handbook of Spatial Point
Pattern Analysis in Ecology. Boca Raton: CRC Press.

Wiegand, T., M. Uriarte, N. J. B. Kraft, G. Shen, X. Wang, and
F. He. 2017. “Spatially Explicit Metrics of Species Diversity,
Functional Diversity, and Phylogenetic Diversity: Insights
into Plant Community Assembly Processes.” Annual Review
of Ecology, Evolution, and Systematics 48: 329–51.

Yan, G., F. J. Bongers, S. Trogisch, Y. Li, G. Chen, H. Yan,
X. Deng, K. Ma, and X. Liu. 2022. “Climate and Mycorrhizae
Mediate the Relationship of Tree Species Diversity and
Carbon Stocks in Subtropical Forests.” Journal of Ecology
110(10): 2462–74.

Yan, H., G. T. Freschet, H. Wang, J. A. Hogan, S. Li, O. J.
Valverde-Barrantes, X. Fu, et al. 2022. “Mycorrhizal Symbiosis
Pathway and Edaphic Fertility Frame Root Economics Space
among Tree Species.” New Phytologist 234(5): 1639–53.

Zhong, Y., C. Chu, J. A. Myers, G. S. Gilbert, J. A. Lutz, J.
Stillhard, K. Zhu, et al. 2021. “Arbuscular Mycorrhizal
Trees Influence the Latitudinal Beta-Diversity Gradient of
Tree Communities in Forests Worldwide.” Nature
Communications 12: 3137.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Mao, Zikun, Fons van
der Plas, Adriana Corrales, Kristina
J. Anderson-Teixeira, Norman A. Bourg,
Chengjin Chu, Zhanqing Hao, et al. 2023.
“Scale-Dependent Diversity–Biomass Relationships
Can Be Driven by Tree Mycorrhizal Association
and Soil Fertility.” Ecological Monographs 93(2):
e1568. https://doi.org/10.1002/ecm.1568

ECOLOGICAL MONOGRAPHS 21 of 21

 15577015, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecm

.1568 by W
ashington U

niversity School, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ecm.1568

	Scale-dependent diversity-biomass relationships can be driven by tree mycorrhizal association and soil fertility
	INTRODUCTION
	MATERIALS AND METHODS
	Study sites and tree species information
	Tree mycorrhizal association
	Tree diversity and biomass information
	Soil information
	Data analyses
	Hypothesis I-Relationship between mycorrhizal dominance and soil fertility
	Hypothesis II-Effect of mycorrhizal dominance on tree species diversity and biomass
	Hypothesis III-Effect of tree mycorrhizal dominance together with soil fertility on scale-dependent DBRs


	RESULTS
	Hypothesis I: Relationships between mycorrhizal dominance and soil fertility
	Hypothesis II: Effect of mycorrhizal dominance on tree species diversity and biomass
	Hypothesis III: Effect of tree mycorrhizal dominance together with soil fertility on scale-dependent DBRs

	DISCUSSION
	Relationships between mycorrhizal dominance and soil fertility: Temperate versus subtropical forests
	Effect of tree mycorrhizal dominance on community diversity and standing biomass
	Understanding scale-dependent BEF patterns via mycorrhizal functions: Mycorrhizal dominance mechanism

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


