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Tree mycorrhizal association types control biodiversity-
productivity relationship in a subtropical forest
Meifeng Deng1, Shuijin Hu2, Lulu Guo1,3, Lin Jiang4, Yuanyuan Huang5,6, Bernhard Schmid7,
Chao Liu1,3, Pengfei Chang1,3, Shan Li1,8, Xiaojuan Liu1, Keping Ma1,3, Lingli Liu1,3*

Mycorrhizae are symbiotic associations between terrestrial plants and fungi in which fungi obtain nutrients in
exchange for plant photosynthates. However, it remains unclear how different types of mycorrhizae affect their
host interactions and productivity. Using a long-term experiment with a diversity gradient of arbuscular (AM)
and ectomycorrhizal (EcM) tree species, we show that the type of mycorrhizae critically controls the effect of
diversity on productivity. With increasing diversity, the net primary production of AM trees increased, but EcM
trees decreased, largely because AM trees aremore effective in acquiring nitrogen and phosphorus. Specifically,
with diversity increase, AM trees enhance both nutrient resorption and litter decomposition, while there was a
trade-off between litter decomposability and nutrient resorption in EcM trees. These results provide a mecha-
nistic understanding of why AM trees using a different nutrient acquisition strategy from EcM trees can dom-
inate in subtropical forests and at the same time their diversity enhances productivity.
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INTRODUCTION
High plant diversity often promotes primary productivity (1, 2). To
maintain their growth and productivity and thus coexist, different
species in plant communities often have complementary resource
acquisition strategies (3, 4). One of the most critical acquisition
strategies for soil resources is mycorrhizal symbiosis, which can
expand plant root surface area and thus plant access to nutrients
(5, 6). Nutrient resorption and litter decomposition provide ~90%
of the annual nitrogen (N) and phosphate (P) needs for tree growth
(7, 8). However, howmycorrhizal plants balance or coordinate these
two pathways to optimize their nutrient acquisition in high-diver-
sity ecosystems is still unknown.
There are two dominant mycorrhizal types associated with trees,

arbuscular mycorrhizae (AM) and ectomycorrhizae (EcM) (9),
which may regulate plant-soil feedbacks and drive plant diversity
(10, 11). While AM tree species generally experience negative feed-
back and dominate in high-diversity ecosystems, EcM tree species
often exhibit positive feedback and promote monodominance or fa-
milial dominance (12). This difference has largely been attributed to
different types of mycorrhizae. While AM fungi offer low root pro-
tection against soilborne pathogens and AM trees exhibit conspecif-
ic inhibition (10–12), EcM fungi form a mantle around tree roots
that better protects against pathogens and facilitates conspecific
species growth (10–12). At the same time, AM fungi have low
host specificity and complement each other spatially during nutri-
ent foraging in soils, thereby promoting plant coexistence and

productivity (13, 14). In contrast, EcM fungi have high host specif-
icity and could establish a common fungal network to transfer nu-
trients and signals between conspecific trees, which usually
promotes their dominance (15, 16). Thus, plant-soil feedback
theory may explain why AM trees are more diverse than EcM
trees, but not why AM trees with lower resistance to pathogens
should be more competitive than EcM trees in mixed subtropical
forest (10, 12). Our understanding of the drivers of AM trees’ com-
petitive advantage is still inadequate.
The contrasting nutrient acquisition strategies of AM and EcM

plants may play important roles in regulating the relationship
between plant diversity and productivity (4, 9, 17–19). Compared
to AM plants, EcM plants supposedly favor a more conservative nu-
trient strategy and are often associated with higher resorption effi-
ciency but lower litter decomposition rate (8, 20, 21). This
difference may stem from the coevolutionary history of plants
with fungi (22). The evolution from AM to EcM symbioses was ac-
companied by an increase in plant lignification and of symbiosis
with lignin-degrading fungi such as Agaricomycetes (22–24).
Therefore, EcM trees often have higher lignin concentrations and
produce more recalcitrant litter than AM trees, resulting in slower
litter decomposition and nutrient mineralization but higher soil
organic matter accumulation (20, 25). In a high-diverse ecosystem
where nutrient competition intensifies, AM trees may rely more on
rapid litter decomposition to gain inorganic nutrients (9, 25). In
contrast, EcM trees may be dependent more on EcM fungi to
mine and absorb nutrients directly from the organic matter
because EcM fungi retain degradative enzymes from their saprotro-
phic ancestors (9, 26). Also, as the decomposition capacity of EcM
fungi is lower than that of saprotrophic fungi (27), EcM plants may
have to rely on other nutrient conservation strategies, such as nutri-
ent resorption, to ensure their nutrient needs (7).
When productivity increases with diversity, plant communities

likely adjust their nutrient acquisition strategies via either physio-
logical plasticity or species reordering (28, 29). However, there is
a lack of experimental evidence regarding how trees with different
mycorrhizal symbioses regulate their nutrient resorption and litter
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decomposition for optimizing nutrient acquisition in high-diversity
ecosystems, as AM and EcM trees rarely are planted together at the
same site in subtropical areas. We used a controlled biodiversity-
ecosystem functioning (BEF) experiment in a subtropical forest in
Southeast China to study these issues.We hypothesized that as plant
nutrient demand increases with diversity, AM and EcM trees use
different strategies to increase their nutrient supply. More specifi-
cally, the acquisitive AM trees would mainly rely on inorganic nu-
trient supply to meet their growing nutrient demands via litter
decomposition, while the conservative EcM trees would enhance
aboveground nutrient resorption to alleviate their nutrient
limitation.

RESULTS
Biodiversity effects on net primary productivity controlled
by mycorrhizal types
Tree species richness positively affected the net primary productiv-
ity (NPP) of the experimental forest communities (Fig. 1A and fig.
S2A). However, after dividing the community by mycorrhizal type,
tree species richness had a positive effect on NPP of AM tree sub-
communities (Fig. 1B and fig. S2B), while it had a negative effect on
NPP of EcM tree subcommunities (Fig. 1C and fig. S2C). After 9
years, the communities initially evenly planted with AM and EcM
trees, shifted to communities dominated by AM tree biomass, ac-
counting for 57, 79, 90, and 99% of the total biomass in the 2-, 4-
, 8-, and 16-species mixtures, respectively (figs. S3 and fig. S4). NPP
of the experimental forest communities and AM subcommunities
were negatively correlated with tree species evenness (fig. S5, A
and B), while NPP of EcM subcommunities were positively corre-
lated with tree species evenness (fig. S5C).

Nutrient acquisition strategies of AM and EcM trees
Community-level nitrogen resorption efficiency (NREc) and phos-
phorus resorption efficiency (PREc) positively correlated with tree
species richness (Fig. 2, A and D). Linear mixed-effect models
(LMMs) showed that the effects of tree species richness on
species-levelNREi and PREi varied depending on plant mycorrhizal
type (Table 1 and table S4). NREi and PREi increased with tree
species richness for AM trees (Fig. 2, B and E; figs. S6 and S7;

and table S4) but decreased with tree species richness for EcM
trees (Fig. 2, C and F; figs. S6 and S7; and table S4).
Community-level litter decomposition rate (kc) positively corre-

lated with tree species richness (Fig. 2G and fig. S8). Similarly, AM
and EcM litter decomposition rates (ki) at the species level were also
positively correlated with tree diversity (Fig. 2, H and I). LMMs
showed that the positive effect of tree species richness on litter de-
composition rates was still significant, even after accounting for var-
iations in mycorrhizal type, litter traits, and soil microbial
community (table S3). The results of phylogenetic LMMs for re-
sorption and decomposition were in broad agreement with the
results derived from LMMs (tables S6 and S7 and Supplementa-
ry Result).
The net biodiversity effect onNREc and PREc increased with tree

species richness, mainly driven by a positive selection effect (Fig. 3,
A and B), as diverse plant communities contained competitive
species that had high NREi and PREi and thus became dominant
(figs. S3 and S4). When considering how species diversity affects
the litter decomposition rate, we found that the increase of the se-
lection effect was greater than the decrease of complementarity
effects (CEs); thereby, the net biodiversity effect also increased
with tree species richness (Fig. 3C).

Functional differences between AM and EcM trees
AM trees had significantly higher NREi than EcM trees (Fig. 2 and
Table 1). Tree species richness had a negative correlation with litter
N, P, and lignin concentrations of AM trees but had a positive cor-
relation with litter N concentration and did not alter litter P and
lignin concentrations of EcM trees (fig. S9).

Soil microbial community abundance and composition
Tree species richness did not affect the microbial abundance, as in-
dicated by total phospholipid fatty acids (PLFAs; fig. S10A), but it
significantly altered soil microbial community structure. The ratio
of soil fungi (F) to soil bacteria (B) was positively correlated with
tree species richness (fig. S10B). Tree species richness altered the
relative abundance of symbiotrophs and pathotrophs but not the
relative abundance of saprotrophs (Fig. 4A) or the unclassified
group (fig. S11). The increase in tree species richness caused a de-
crease in the relative abundance of EcM fungi but had no effects on
that of AM fungi (Fig. 4A and fig. S12). The relative abundance of

Fig. 1. Effects of tree species richness on NPP. NPP as a function of species tree richness at community level (A), at AM subcommunity level (B), and at EcM subcom-
munity level (C). Solid lines indicate significant regression lines. Levels of significance and coefficient of determination (R2) for all lines are shown in plots.
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symbiotrophs in EcMmonoculture soils was much higher than that
in AM monoculture soils (Fig. 4B); the relative abundances of sap-
rotrophs in EcM monoculture soils were lower than those in AM
monoculture soils (Fig. 4B).
Canonical correspondence analysis (CCA) further showed that

soil fungal community composition varied with tree species rich-
ness (Fig. 4, C and D, and table S8). Tree species richness had a pos-
itive effect on AM fungal diversity and a negative effect on
saprotrophic fungal diversity (Fig. 4, C and D, and fig. S12). Sapro-
trophic and pathogenic fungi were dominated in AM tree–dominat-
ed communities (Fig. 4, C and D). In addition, litter decomposition
rate was positively correlated with saprotrophic fungal diversity and
with AM fungal diversity (Fig. 4D and fig. S12).

Relationships between microbial composition, litter
decomposition, and NPP
Litter decomposition rate of AM trees was negatively correlated
with litter lignin concentration (fig. S13C). However, litter decom-
position rate of EcM trees was positively correlated with litter N and
P concentrations (fig. S13, D and E) but not with litter lignin con-
centration (fig. S13C).
NPP of AM-subcommunity was positively associated with total

PLFAs, fungal diversity, and AM fungal diversity but was negatively
associated with the relative abundance of Agaricomycetes; the op-
posite associations were observed for NPP of EcM subcommunity
(Fig. 4D and fig. S14).

Fig. 2. Effects of tree species richness on NRE, PRE, and litter decomposition rate (k). NRE as a function of species tree richness at the community level (A) and at
species level for AM trees (B) and EcM trees (C). PRE as a function of species tree richness at the community level (D) and at species level for AM trees (E) and EcM trees (F). k
as a function of species tree richness at the community level (G) and at species level for AM trees (H) and EcM trees (I). Solid lines indicate significant regression lines.
Levels of significance and R2 for all lines are shown in plots.
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Effects of nutrient strategies on NPP of AM and EcM
subcommunities
A structural equation model (SEM) showed that tree species rich-
ness directly and positively affected NPP of AM subcommunities.
The increasing nutrient resorption and litter decomposition
through decreasing litter lignin concentration indirectly mediated
the significantly positive associations between tree species richness
and NPP of AM subcommunities (Fig. 5A).
In contrast with AM subcommunities, tree species richness di-

rectly negatively affected NPP of EcM subcommunities. The de-
creasing nutrient resorption and changes in microbial
community, mainly driven by increasing in fungal diversity and de-
creasing in Agaricomycetes abundance (fig. S15), indirectly medi-
ated the negative associations between tree species richness and
NPP of EcM subcommunities. Tree species richness exerted a pos-
itive effect on NPP of EcM subcommunities through increasing
litter decomposition rate (Fig. 5B).

DISCUSSION
Results from our long-term field experiment showed that as tree
species richness increased, EcM tree biomass rapidly decreased,
but AM tree biomass progressively increased, leading to the

dominance (>90%) of AM trees in the highest diversity treatment
(Fig. 1). This finding is consistent with high dominance of AM
trees in diverse tropical and subtropical forests (25, 30) where
EcM trees often account for less than 10% of tree stems (10, 12).
The high species diversity of AM trees is often attributed to conspe-
cific negative density dependence (CNDD) driven by host-specific
pests and pathogens (10, 31). However, CNDD is unable to explain
the dominance of AM over EcM trees because EcM fungi often
provide better protection against pathogens and have high mycor-
rhizal abundance (10, 12). Alternative mechanisms may underlie
the dominance of AM trees over their EcM counterparts in high-
diverse subtropical and tropical forests.
The first and foremost role of mycorrhizal symbioses is to facil-

itate plant nutrient acquisition (32, 33), which may be key to main-
taining high productivity in highly diverse ecosystems (3, 33). AM
and EcM fungi have distinct nutrient acquisition strategies: While
AM fungi are highly efficient in uptake of inorganic nutrients, EcM
fungi evolved a unique capacity to acquire nutrients directly from
organic matter (25, 34). This difference may grant competitive ad-
vantages of AM trees over EcM trees in mixed forests through
several mechanisms.
First, competition for nutrients generally intensifies as the diver-

sity increases, and AM fungi offer a competitive edge for their hosts

Table 1. Linear mixed-effect models for studying effects of tree species richness [log2(SR)] and other factors on species-level NREi and PREi. The factors
shown in the table are fixed factors (type I sum of squares). ddf, denominator degrees of freedom. F and P represent F-ratios and P values of the significance tests,
respectively. P < 0.05 are in bold. MT, mycorrhizal type of plant species; SR, species richness.

NREi PREi

Factor ddf F P ddf F P

MT 13.82 20.37 <0.001 12.25 0.26 0.622

Year 29.37 3.50 0.071 43.62 8.62 <0.01

Log2(SR) 17.72 0.05 0.818 52.12 1.02 0.318

MT × year 424.95 16.99 <0.001 23.08 0.01 0.914

MT × log2(SR) 107.67 18.57 <0.001 351.15 17.92 <0.001

Log2(SR) × year 34.32 0.00 0.947 51.79 0.00 0.966

Fig. 3. Net diversity, complementarity, and selection effects of tree species richness on nutrient resorption efficiency and litter mass loss.NREc (A), PREc (B), and
litter mass loss (C). Solid lines and dotted lines indicate significant and non-significant relationships, respectively. Levels of significance and R2 for all lines are shown
in plots.
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over EcM fungi in nutrient acquisition. Soils in warm and humid
subtropical and tropical regions are highly weathered and thus P
limited as most P is bound with iron (Fe) and aluminum (Al) (32,
35). Also, soils in these areas are less N limited because warm and
humid climates favor litter decomposition and nutrient mineraliza-
tion by saprotrophic microbes (36) and are conducive to biological
N fixation (37). Although AM fungi have little saprophytic ability,
they are uniquely efficient in obtaining less mobile nutrients such as
P and Fe (32). For example, AM fungi can promote P-solubilizing
bacteria, which release carboxylates and phosphatases to mobilize
soil inorganic and organic P as well as micronutrients such as
Zinc (Zn), Fe, andmanganese (Mn) (38). Increased AM fungi diver-
sity in highly diverse ecosystems could enhance nutrient acquisition
such as decomposition process, thereby promoting productivity
(Fig. 4). In contrast, EcM fungi are able to directly mine nutrients
(mainly for N) trapped in organic matter (39) but have a low ability

to acquire mineral nutrients in soil (25). Consequently, P limitation
and fast microbial decomposition of litter in high-diverse subtrop-
ical and tropical forests favor AM trees over EcM ones (Fig. 2) (40).
Second, the positive feedback between plant traits and decompo-

sition rate would benefit AM trees more than EcM trees in the
highly diverse subtropical forests (25, 41). Compared with EcM
trees, AM trees produce high-quality litter with low concentrations
of lignin and secondarymetabolites (30).With the increase in diver-
sity, lignin concentration of AM litter further decreased, leading to
an increase in AM litter decomposition (Fig. 5). The increased litter
decomposition promotes a more inorganic nutrient economy,
which would benefit AM trees and their diversity more than EcM
trees (9, 25). A recent global-scale synthesis identified decomposi-
tion rate as the primary driver of the distribution of mycorrhizal
symbioses in different climate zones (40). Our results provide

Fig. 4. Changes in three fungi trophic modes including symbiotroph, saprotroph, and pathotroph along tree species richness gradients. The relative abundance
of soil fungi taxa under tree species richness levels (A) and in AMmonoculture and EcMmonoculture (B). Sample (C) and fungal species (D) plot of CCA of the three fungi
tropic modes across 93 soil samples including 1106 fungal species. CCA axes 1 and 2 account for 17.0 and 12.2%, respectively. Arrows represent explanatory factors, and
shape symbols with different colors represent soil samples or fungi species. Symbol size indicates tree species richness (C) and fungi species relative occurrence (D). RA
represents relative abundance of Agaricomycetes. R1, R2, R4, R8, and R16 indicate 1, 2, 4, 8, and 16 tree species richness, respectively. *P ≤ 0.05, **P ≤ 0.01, and
***P ≤ 0.001. PLFAs, phospholipid fatty acids.
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direct evidence illustrating how microbial decomposition rate is
related to mycorrhizal types in (sub)tropical forests.
Another major but often overlooked mechanism affecting plant

competition is the ability of competitive species to reuse nutrients
via nutrient resorption. Nutrient resorption allows for the conser-
vation of nutrients that may be otherwise returned to the soil via
litterfall (42). Our results showed that compared with EcM trees,
AM trees have higher nutrient resorption efficiency (Fig. 2 and
fig. S5). The predicted negative trade-off between litter decomposi-
tion and nutrient resorption occurred in EcM trees but not in AM
trees. This likely is because AM plant litter decomposition is more
affected by litter lignin concentration than by litter N and P concen-
trations (Fig. 5 and fig. S13). Because leaf cell degradation is a pre-
requisite for nutrient resorption during leaf senescence (43, 44), the
decreased lignin concentration for AM trees not only increases litter
decomposition but also weakens the lignin barriers and results in
more “complete nutrient resorption” in high-diversity community
(45). Consequently, high resorption further enhances nutrient res-
ervoirs in AM trees, which allows fast growth and better competi-
tion against their EcM counterparts in a diverse community.
An unexpected finding was that EcM trees enhanced litter de-

composition but not nutrient resorption efficiency with increasing
tree species richness. One possible explanation is that, in humid and
warm subtropical forests, the decomposition pathway is always
more beneficial to plants than the resorption pathway, because re-
sorption requires plants to synthesize enzymes to degrade and re-
mobilize leaf nutrients (45). Therefore, as competition increased
with tree richness, EcM trees tended to reduce C investment in nu-
trient resorption, resulting in a lower N and P resorption. A global
meta-analysis also showed that, in contrast to boreal and temperate
ecosystems, EcM plants resorb less N than AM plants in subtropical
and tropical habitats (46).

In addition, we observed that EcM tree monoculture communi-
ties has a high abundance of symbiotic fungi but low pathogens,
whereas AM tree monoculture communities were dominated by
saprotrophic and pathogenic fungi (Fig. 4). As tree richness in-
creased, shifts in microbial communities, particularly a decrease
in the relative abundances of Agaricomycetes, most of which are
EcM fungi, corresponded with a decrease in NPP of EcM subcom-
munity but have a relatively small impact on NPP of AM subcom-
munity (Fig. 5B). These results imply that AM trees were less
dependent on their fungal partners than EcM trees for nutrient ac-
quisition and that the increasing dominance of AM trees hampered
the formation of ectomycorrhizal networks in the mixed forests (15,
47). In addition, the SEM also revealed a direct and positive effect of
tree species richness on NPP of AM subcommunities. Compared to
EcM subcommunities with the same species diversity, AM subcom-
munities in this study had a higher phylogenic diversity (table S1).
Thus, our results further confirmed the previous finding at this site
that tree species richness effects were strongly associated with phy-
logenic diversity (1). Together, our findings suggest that more effi-
cient nutrient-acquiring strategies (Fig. 6), rather than the
microbial-mediated negative plant-soil feedback, drive the domi-
nance of AM trees in high-diversity ecosystems. However, as a
large proportion of operational taxonomic units (OTUs) were un-
classified, better characterization of how mycorrhizal fungi mediate
plant-soil feedback still relies on advances in sequencing
technologies.
Our study provides direct evidence demonstrating that types of

mycorrhizae critically mediate plant interactions and the biodiver-
sity-productivity relationship in diverse forests. Our analyses
further reveal that differences in mycorrhizal nutrient acquisition
strategies, both nutrient acquisition from soil and nutrient resorp-
tion within the plant, contribute to the competitive edge of AM

Fig. 5. Generalized multilevel path models indicating the direct and indirect pathways through which tree species richness, nutrient resorption, litter decom-
position, litter trait, and soil community drive variations in NPP of AM and EcM tree subcommunities. (A) SEMs for AM tree subcommunities, (B) SEMs for EcM tree
subcommunities. Both models werewell supported by the data (A, χ2 = 8.26, P = 0.08, SRMR = 0.06; B, χ2 = 0.52, P = 0.47, SRMR = 0.01). Multiple-layer rectangles represent
the first component from principal components analysis conducted for nutrient resorption and soil microbial properties. Nutrient resorption includes N resorption
efficiency and P resorption efficiency. Soil microbial properties includes total PLFAs, the relative abundance of Saprotrophs (Sap), pathogen (Path), Agaricomycetes
(Aga), fungal diversity (Fung), AMF diversity (AMF), and EcM fungi diversity (EcM). The arrow width is shown proportional to the standardized path coefficient and
can be used as the relative importance of each factor. Blue arrows represent positive relationships, red arrows represent negative relationships, and dashed arrows rep-
resent nonsignificant relationships.
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trees over EcM ones. These findings provide an alternative mecha-
nism for explaining why and how AM trees usually dominate in
high-diversity subtropical forests. Our results also have some impli-
cations for predicting the population dynamics and carbon balance
of forest ecosystems in subtropical and tropical regions. Deforesta-
tion, urbanization, and agricultural practice have resulted in large-
scale loss of EcM forests (48). Global changes such as N deposition
and climate warming also favor AM trees over EcM trees (40, 49).
The spread of AM trees in the future would accelerate the nutrient
cycle via promoting decomposition, which potentially increases
vegetation C sequestration at the cost of soil C stability (50, 51). To-
gether, our findings suggest that mycorrhizal responses to climate
change factors need to be considered in forest management, partic-
ularly in the selection of tree species for plantation for both timber
production and climate change mitigation.

MATERIALS AND METHODS
Study site and experimental design
The study was conducted using the BEF-China experiment, estab-
lished in a subtropical forest near Xingangshan, Jiangxi Province
(117°54′E, 29°07′N) in Southeast China (1). From 1971 to 2000,
the mean annual precipitation at the study site was 1821 mm,
while the mean annual temperature was 16.7°C. The BEF-China ex-
periment was implemented at two sites (sites A and B). The current
study was conducted in site A, containing 271 randomly distributed
plots (25.8 m by 25.8 m). On the basis of a pool of 40 broadleaved
tree species occurring in the local forests, the plots were assigned to

tree species richness gradients of 1, 2, 4, 8, and 16 species (1, 52).
Here, we selected plots with equal representation of eight AM and
eight EcM tree species (tables S1 and S2). Each plot had 400 ran-
domly planted saplings in a grid pattern (20 × 20 grid cells) at
equal distances of 1.29 m in horizontal projection, in 2009. The
number of individuals of all species was equally distributed in all
plots, and the understory vegetation between the planted trees
was weeded twice a year to remove emerging herbs and woody
species that were not part of the planting design.

Plant sampling and chemical analysis
Green leaves and fresh leaf litter were sampled from 2016 to 2018. In
August, we sampled three replicates per plot from 2016 to 2018. For
each replicate, healthy and fully expanded green leaves of each
species were randomly collected from trees near the litterfall traps
(fig. S1). In November, fresh leaf litter was collected from the traps
and separated by species. Samples from the same plot were pooled
by species. The samples of green leaves and fresh leaf litter were
oven-dried at 45°C for 48 hours. The N concentration of these
samples was analyzed using a CN elemental analyzer (Vario EL
III, Elementar Analysensysteme GmbH, Hanau, Germany).
The lignin concentration of litter was estimated using sequential

extraction in an acid-detergent solution. First, litter samples were
mixed with 72% sulfuric acid and then incubated in a 30°C water
bath for 1 hour. The acid mixture was diluted to a 4% concentration
and then autoclaved for 1 hour at 121°C. After removing the acid-
soluble lignin and carbohydrates, the remaining solids were rinsed

Fig. 6. Conceptual model of nutrient strategies of AM and EcM trees. AM trees with high leaf quality exhibit nutrient acquisition strategies and often dominate in
high-diversity communities, whereas EcM trees with low leaf quality show nutrient conservative strategies and generally dominate in monocultures. The differences in
nutrient acquiring strategy and diversity pattern between AM and EcM trees could be associated with the coevolution of trees and fungi. The onset of AM-tree symbiotic
association occurred before the emergence of lignin-degrading Agaricomycetes, making AM tree nutrient acquisition dependent on saprophytic microbes to degrade
lignin. Post-emergence of Agaricomycetes, EcM fungi evolved from humus and wood saprotrophic ancestors and retained part of their enzymatic ability. Thereby, com-
pared to AM trees, EcM trees tend to scavenge N trapped in the organic matter directly. Ma, million years.
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with fresh deionized water and dried at 105°C until constant weight.
The dry residue was determined as Klason lignin (53).

NPP and nutrient resorption efficiency
NPP was calculated by litterfall and the woody biomass changes
between two consecutive years. The woody biomass was estimated
with the basal area and height using allometric equations obtained
from 154 harvested trees from eight common species near the ex-
periment site (1). The N resorption efficiency of individual species
(NREi) was calculated as the ratio of the difference in N concentra-
tions between the green leaf and the fresh litter using the following
formula

NREi ¼ 1 �
Nl

Ng

� �

� 100 ð1Þ

where Ng and Nl represent the N concentrations of green leaves and
fresh litter, respectively.

NRE at the community level (NREc) was calculated using the fol-
lowing formula

NREc ¼ 1 �
P

NliLcRiP
NgiGcRi

� �

� 100 ð2Þ

where Nli and Ngi represent N concentrations of fresh leaf litter and
green leaves of species i, respectively. Ri represents the ratio of the
litter biomass of species i to that of the community, estimated by
using conversion factors obtained from the local allometric equa-
tions in Huang et al. (1) and Ma et al. (54), Lcrepresents the total
leaf litter biomass of the community obtained from Huang et al.
(55). Gcrepresents the total green leaf biomass of the community,
which was equal to the annual leaf litter production (56). PRE
was calculated in the same way as NRE using Eqs. 1 and 2.
The net biodiversity effect on NRE of a tree species mixture was

calculated as the difference between the community-level NREc of
the mixture and the mean NRE of the mixture species, when grown
in monoculture (here referred to as expected NREc of the mixture).
The net diversity effect was separated into CEs and selection effects
using the additive partitioning method of Loreau and Hector (57).

Leaf litter-decomposition experiment
A leaf litter-decomposition experiment was conducted in plots with
1, 2, 4, 8, or 16 tree species (fig. S1). Because the mixed litter in plots
of 16 tree species cannot be separated by species after decomposi-
tion, these plots were not included in decomposition rate analysis at
the species level. The litter samples collected during autumn in 2016
were put in 10 cm–by–20 cmmesh bags with 1-mmmesh size. Each
litter bag contained 5 g of oven-dried litter. There were 16 single-
species, 8 two-species, 4 four-species, and 2 eight-species combina-
tions. In the multispecies plots, the litter from each species was
mixed in equal proportions. The litter bags were placed back on
the forest floor in the same plots, from which the litter was
sampled in November 2016. The litter bags were retrieved after
61, 122, and 180 days of in situ incubation.
For each litter bag, we first hand removed any dirt on litter

surface and then divided the remaining litter by species, resulting
in 576 total samples (16 species × 3 replicates × 4 levels of richness
× 3 times sampling). The samples were oven-dried at 45°C to cons-
tant weight. Subsamples of dried litter were combusted at 500°C in a
muffle furnace for 5 hours, to correct for ash content. Litter

decomposition rate of individual species was calculated by the ex-
ponential decomposition model using the following formula

Ki ¼ � lnðMit=MioÞ=t ð3Þ

whereMit is the litter mass remaining of species i at time t,Mio is the
initial litter mass of species i, and Ki is the litter decomposition rate
of species i estimated by a first-order exponential decay model. The
community level litter decomposition rate (Kc) was calculated using

Kc ¼ � ln
X
ðMitRi=MioÞ

h i
=t ð4Þ

where Mit and Mio were previously defined in Eq. 3 and Ri repre-
sents the ratio of the litter biomass of species i to that of the com-
munity. The net biodiversity effect, CE, and selection effects on
litter mass loss were also calculated on the basis of the litter mass
loss of monocultures and species mixtures (57, 58).

Soil sampling and soil microbial community
In August 2017, soil samples were collected in triplicates near the
place of litter bags at the depth of 0 to 10 cm. After removing
stones and roots, soil samples were stored at the laboratory at
−80°C for microbial analyses. The fungal DNA from 0.5 g of soil
was extracted using the Soil DNA Isolation Kit (Omega Bio-tek,
Norcross, GA, USA) following the manufacturer’s protocol. The
quality and size of the extracted DNA were checked on agarose
gels. For fungi, the internal transcribed spacer (ITS) regions were
amplified via polymerase chain reaction (PCR) using the primers
ITS1F and ITS2F (GeneAmp 9700, ABI, USA). As ITS region is
highly variable for AM fungi, we used primer pair AMV4.5NF-
AMDGR, which has high, genus-level resolution for AM fungi
communities (59), to characterize AM fungi community composi-
tion. The PCR products were extracted from agarose gels and puri-
fied using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA). The purified amplicons were
sent to Majorbio Inc. (Shanghai, China) for analysis on the Illumi-
na’s MiSeq platform (San Diego, CA. USA).
Raw reads were demultiplexed, quality-filtered, and analyzed

using Quantitative Insights Into Microbial Ecology. OTUs were
clustered with 97% similarity cutoff with UPARSE. The chimeric
sequences were identified and removed using UCHIME. In total,
4,263,869 fungal effective sequences were acquired with the
ITS1F/ITS2F primer sets, and 4,223,423 AM fungi effective se-
quences were acquired with the AMV4.5NF-AMDGR primer pair
from the 93 soil samples in 31 plots. The taxonomy of each gene
sequence was determined on the basis of the UNITE database
(UNITE 7.0) for fungi and the Maarjam081 database for AM
fungi using a confidence threshold of 70%. We used FUNGuild
for assigning fungal sequencing data into three trophic groups,
namely, symbiotroph, saprotroph, and pathotroph (60). The sym-
biotroph OTUs were classified into EcM fungi, AM fungi, endo-
phytes, lichenized fungi, and other symbiotic fungi. The
saprotroph and pathotroph OTUs were mainly classified into four
phyla, namely, Basidiomycota, Ascomycota, Chytridomycota, and
Zygomycota. Sequences that were assigned more than one trophic
strategy in FUNGuild were excluded from our analysis. For each soil
sample, the fungal richness and their relative abundance were cal-
culated for each trophic group, and specialist and generalist se-
quences were identified within each trophic group. The Shannon-
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Wiener index was used to evaluate the diversity of the fungal com-
munity of each sample.
We also measured PLFAs in the soil samples using a procedure

described by Bååth and Anderson (61). Soil samples were extracted
in a mixture of chloroform, methanol, and citrate buffer. The phos-
pholipids were separated from the extracted mixture on a silicic acid
column, then methylated, and detected with gas chromatography.
Bacterial biomass was identified by the fatty acids: i-14:0, i-15:0,
a-15:0, i-16:0, 16:1ω9, i-17:0, a-17:0, 17:0-cyclo, 18:1ω9, and 19:0-
cyclo. The fatty acids 18:2ω6 were used to represent fungal
biomass. The fungal-to-bacterial ratio was calculated as the relative
abundance of these two groups.

Statistical analyses
We used LMMs to assess the effects of tree species richness and
other variables on N resorption efficiency, considering tree
species richness (log2-transformed), year, mycorrhizal type, and
their interactions as fixed effects and tree species identity, plot,
and the interaction between plot and year (factor with three
levels) as random effects. The litter decomposition rates for each in-
dividual species were also analyzed using a mixed-effect framework,
considering log2(tree species richness), mycorrhizal type, litter N
concentration, litter lignin concentration, AM fungi diversity, soil
saprophytic fungi richness, and interactions as the fixed effects
and species identity and plot as random effects. The litter decom-
position rate was squared-rooted transformed to improve the nor-
mality of model residuals. LMMs were fitted using the lme4
package. In addition, we tested for phylogenetic signals in NRE,
PRE, and litter decomposition rate of the 16 tree species using
Blomberg’s K and Pagel’s λ (62). Phylogenetic generalized LMMs
were further used to evaluate the response of NRE, PRE, and litter
decomposition rate to tree species richness using the phyr
package (63).
Tukey-Kramer tests were used to compare the mean relative

abundances of fungal OTUs among tree species richness levels. Stu-
dent’s t tests were used to compare the mean relative abundances of
fungal OTUs between AM monocultures and EcM monocultures.
To extract the differences between fungal community compositions
and evaluate the relationship between three fungi trophic commu-
nities (symbiotrophs, saprotrophs, and pathotrophs), nutrient ac-
quiring strategies, and NPP, we also analyzed the fungal
community data by ordinations with CCA with CANOCO 5. Vari-
ations in fungal community composition were visualized, and the
statistical significance of the model was assessed by Monte Carlo
permutation tests.
Principal components analyses (PCAs) were conducted with nu-

trient resorption (NRE and PRE) and soil microbial properties
pooled. The first PCA axis explained 80 and 41% of the total vari-
ance for nutrient resorption and soil microbial properties, respec-
tively (fig. S15). Thus, the scores of the first PCA axis were used as a
proxy for nutrient resorption and microbial properties in correla-
tion analyses and SEM.
SEM was used to investigate how tree diversity, nutrient resorp-

tion, litter chemistry, litter decomposition, andmicrobial properties
influenced NPP of AM and EcM plants. The variables were log-
transformed to satisfy normality requirements and linearize rela-
tionships between variables when necessary. The lavaan package
in R software was used for our SEM analyses. We used chi square
test and comparative fit index (CFI) (CFI > 0.95) to judge model

prediction accuracy. Standardized independent variables and esti-
mated coefficients were used to compare the relative influence of
each variable. Statistical tests were defined as significant at
P < 0.05. All statistical analyses in this study were done with the R
statistical software package (version 4.1.2).

Supplementary Materials
This PDF file includes:
Texts S1 and S2
Figs. S1 to S15
Tables S1 to S8

REFERENCES AND NOTES
1. Y. Huang, Y. Chen, N. Castro-Izaguirre, M. Baruffol, M. Brezzi, A. Lang, Y. Li, W. Härdtle, G. von

Oheimb, X. Yang, X. Liu, K. Pei, S. Both, B. Yang, D. Eichenberg, T. Assmann, J. Bauhus,
T. Behrens, F. Buscot, X.-Y. Chen, D. Chesters, B.-Y. Ding, W. Durka, A. Erfmeier, J. Fang,
M. Fischer, L.-D. Guo, D. Guo, J. L. M. Gutknecht, J.-S. He, C.-L. He, A. Hector, L. Hönig, R.-
Y. Hu, A.-M. Klein, P. Kühn, Y. Liang, S. Li, S. Michalski, M. Scherer-Lorenzen, K. Schmidt,
T. Scholten, A. Schuldt, X. Shi, M.-Z. Tan, Z. Tang, S. Trogisch, Z. Wang, E. Welk, C. Wirth,
T. Wubet, W. Xiang, M. Yu, X.-D. Yu, J. Zhang, S. Zhang, N. Zhang, H.-Z. Zhou, C.-D. Zhu,
L. Zhu, H. Bruelheide, K. Ma, P. A. Niklaus, B. Schmid, Impacts of species richness on pro-
ductivity in a large-scale subtropical forest experiment. Science 362, 80–83 (2018).

2. P. Balvanera, A. B. Pfisterer, N. Buchmann, J.-S. He, T. Nakashizuka, D. Raffaelli, B. Schmid,
Quantifying the evidence for biodiversity effects on ecosystem functioning and services.
Ecol. Lett. 9, 1146–1156 (2006).

3. S. Yachi, M. Loreau, Does complementary resource use enhance ecosystem functioning? A
model of light competition in plant communities. Ecol. Lett. 10, 54–62 (2007).

4. S. Luo, B. Schmid, G. B. De Deyn, S. Yu, Soil microbes promote complementarity effects
among co-existing trees through soil nitrogen partitioning. Funct. Ecol. 32,
1879–1889 (2018).

5. H. Lambers, F. Albornoz, L. Kotula, E. Laliberté, K. Ranathunge, F. P. Teste, G. Zemunik, How
belowground interactions contribute to the coexistence of mycorrhizal and non-mycor-
rhizal species in severely phosphorus-impoverished hyperdiverse ecosystems. Plant and
Soil 424, 11–33 (2018).

6. M. G. A. van der Heijden, F. M. Martin, M.-A. Selosse, I. R. Sanders, Mycorrhizal ecology and
evolution: The past, the present, and the future. New Phytol. 205, 1406–1423 (2015).

7. C. C. Cleveland, B. Z. Houlton, W. K. Smith, A. R. Marklein, S. C. Reed, W. Parton, S. J. Del
Grosso, S. W. Running, Patterns of new versus recycled primary production in the terrestrial
biosphere. Proc. Natl. Acad. Sci. U.S.A. 110, 12733–12737 (2013).

8. M. Deng, L. Liu, L. Jiang, W. Liu, X. Wang, S. Li, S. Yang, B. Wang, Ecosystem scale trade-off in
nitrogen acquisition pathways. Nat. Ecol. Evol. 2, 1724–1734 (2018).

9. L. Tedersoo, M. Bahram, Mycorrhizal types differ in ecophysiology and alter plant nutrition
and soil processes. Biol. Rev. Camb. Philos. Soc. 94, 1857–1880 (2019).

10. J. A. Bennett, H. Maherali, K. O. Reinhart, Y. Lekberg, M. M. Hart, J. Klironomos, Plant-soil
feedbacks and mycorrhizal type influence temperate forest population dynamics. Science
355, 181–184 (2017).

11. M. Semchenko, J. W. Leff, Y. M. Lozano, S. Saar, J. Davison, A. Wilkinson, B. G. Jackson,
W. J. Pritchard, J. R. De Long, S. Oakley, K. E. Mason, N. J. Ostle, E. M. Baggs, D. Johnson,
N. Fierer, R. D. Bardgett, Fungal diversity regulates plant-soil feedbacks in temperate
grassland. Sci. Adv. 4, eaau4578 (2018).

12. F. P. Teste, P. Kardol, B. L. Turner, D. A. Wardle, G. Zemunik, M. Renton, E. Laliberte, Plant-soil
feedback and the maintenance of diversity in Mediterranean-climate shrublands. Science
355, 173–176 (2017).

13. C. Wagg, J. Jansa, M. Stadler, B. Schmid, M. G. A. van der Heijden, Mycorrhizal fungal
identity and diversity relaxes plant-plant competition. Ecology 92, 1303–1313 (2011).

14. R. T. Koide, Z. Kabir, Extraradical hyphae of themycorrhizal fungus Glomus intraradices can
hydrolyse organic phosphate. New Phytol. 148, 511–517 (2000).

15. M. Liang, D. Johnson, D. Burslem, S. Yu, M. Fang, J. D. Taylor, A. F. S. Taylor, T. Helgason,
X. Liu, Soil fungal networks maintain local dominance of ectomycorrhizal trees. Nat.
Commun. 11, 2636 (2020).

16. S. van der Linde, L. M. Suz, C. D. L. Orme, F. Cox, H. Andreae, E. Asi, B. Atkinson, S. Benham,
C. Carroll, N. Cools, B. De Vos, H.-P. Dietrich, J. Eichhorn, J. Gehrmann, T. Grebenc,
H. S. Gweon, K. Hansen, F. Jacob, F. Kristöfel, P. Lech, M. Manninger, J. Martin,
H. Meesenburg, P. Merilä, M. Nicolas, P. Pavlenda, P. Rautio, M. Schaub, H.-W. Schröck,
W. Seidling, V. Šrámek, A. Thimonier, I. M. Thomsen, H. Titeux, E. Vanguelova, A. Verstraeten,

Deng et al., Sci. Adv. 9, eadd4468 (2023) 18 January 2023 9 of 11

SC I ENCE ADVANCES | R E S EARCH ART I C L E



L. Vesterdal, P. Waldner, S. Wijk, Y. Zhang, D. Žlindra, M. I. Bidartondo, Environment and
host as large-scale controls of ectomycorrhizal fungi. Nature 558, 243–248 (2018).

17. C. Averill, J. M. Bhatnagar, M. C. Dietze, W. D. Pearse, S. N. Kivlin, Global imprint of my-
corrhizal fungi on whole-plant nutrient economics. Proc. Natl. Acad. Sci. U.S.A. 116,
23163–23168 (2019).

18. P. B. Adler, A. Fajardo, A. R. Kleinhesselink, N. J. B. Kraft, Trait-based tests of coexistence
mechanisms. Ecol. Lett. 16, 1294–1306 (2013).

19. L. Poorter, C. V. Castilho, J. Schietti, R. S. Oliveira, F. R. C. Costa, Can traits predict individual
growth performance? A test in a hyperdiverse tropical forest. New Phytol. 219,
109–121 (2018).

20. M. G. Midgley, E. Brzostek, R. P. Phillips, Decay rates of leaf litters from arbuscular mycor-
rhizal trees are more sensitive to soil effects than litters from ectomycorrhizal trees. J. Ecol.
103, 1454–1463 (2015).

21. A. B. Keller, R. P. Phillips, Leaf litter decay rates differ between mycorrhizal groups in
temperate, but not tropical, forests. New Phytol. 222, 556–564 (2019).

22. F. Lutzoni, M. D. Nowak, M. E. Alfaro, V. Reeb, J. Miadlikowska, M. Krug, A. E. Arnold,
L. A. Lewis, D. L. Swofford, D. Hibbett, K. Hilu, T. Y. James, D. Quandt, S. Magallon, Con-
temporaneous radiations of fungi and plants linked to symbiosis. Nat. Commun. 9,
5451 (2018).

23. D. Floudas, M. Binder, R. Riley, K. Barry, R. A. Blanchette, B. Henrissat, A. T. Martínez, R. Otillar,
J. W. Spatafora, J. S. Yadav, A. Aerts, I. Benoit, A. Boyd, A. Carlson, A. Copeland,
P. M. Coutinho, R. P. de Vries, P. Ferreira, K. Findley, B. Foster, J. Gaskell, D. Glotzer, P. Górecki,
J. Heitman, C. Hesse, C. Hori, K. Igarashi, J. A. Jurgens, N. Kallen, P. Kersten, A. Kohler,
U. Kües, T. K. A. Kumar, A. Kuo, K. L. Butti, L. F. Larrondo, E. Lindquist, A. Ling, V. Lombard,
S. Lucas, T. Lundell, R. Martin, D. J. M. Laughlin, I. Morgenstern, E. Morin, C. Murat, L. G. Nagy,
M. Nolan, R. A. Ohm, A. Patyshakuliyeva, A. Rokas, F. J. Ruiz-Dueñas, G. Sabat, A. Salamov,
M. Samejima, J. Schmutz, J. C. Slot, F. S. John, J. Stenlid, H. Sun, S. Sun, K. Syed, A. Tsang,
A. Wiebenga, D. Young, A. Pisabarro, D. C. Eastwood, F. Martin, D. Cullen, I. V. Grigoriev,
D. S. Hibbett, The paleozoic origin of enzymatic lignin decomposition reconstructed from
31 fungal genomes. Science 336, 1715–1719 (2012).

24. F. M. Martin, S. Uroz, D. G. Barker, Ancestral alliances: Plant mutualistic symbioses with
fungi and bacteria. Science 356, eaad4501 (2017).

25. R. P. Phillips, E. Brzostek, M. G. Midgley, The mycorrhizal-associated nutrient economy: A
new framework for predicting carbon-nutrient couplings in temperate forests. New Phytol.
199, 41–51 (2013).

26. I. Ayuso-Fernández, F. J. Ruiz-Dueñas, A. T. Martinez, Evolutionary convergence in lignin-
degrading enzymes. Proc. Natl. Acad. Sci. U.S.A. 115, 6428–6433 (2018).

27. S. Perotto, S. Daghino, E. Martino, Ericoid mycorrhizal fungi and their genomes: Another
side to the mycorrhizal symbiosis? New Phytol. 220, 1141–1147 (2018).

28. D. A. Fornara, D. Tilman, Ecological mechanisms associated with the positive diversity–
productivity relationship in an N-limited grassland. Ecology 90, 408–418 (2009).

29. C. Roscher, S. Thein, B. Schmid, M. Scherer-Lorenzen, Complementary nitrogen use among
potentially dominant species in a biodiversity experiment varies between two years. J. Ecol.
96, 477–488 (2008).

30. T. Sun, S. E. Hobbie, B. Berg, H. Zhang, Q. Wang, Z. Wang, S. Hättenschwiler, Contrasting
dynamics and trait controls in first-order root compared with leaf litter decomposition.
Proc. Natl. Acad. Sci. U.S.A. 115, 10392–10397 (2018).

31. L. Chen, N. G. Swenson, N. Ji, X. Mi, H. Ren, L. Guo, K. Ma, Differential soil fungus accu-
mulation and density dependence of trees in a subtropical forest. Science 366,
124–128 (2019).

32. H. Lambers, J. A. Raven, G. R. Shaver, S. E. Smith, Plant nutrient-acquisition strategies
change with soil age. Trends Ecol. Evol. 23, 95–103 (2008).

33. G. Zemunik, B. L. Turner, H. Lambers, E. Laliberté, Diversity of plant nutrient-acquisition
strategies increases during long-term ecosystem development. Nat. Plants 1,
1–15050 (2015).

34. F. Martin, A. Kohler, C. Murat, C. Veneault-Fourrey, D. S. Hibbett, Unearthing the roots of
ectomycorrhizal symbioses. Nat. Rev. Microbiol. 14, 760–773 (2016).

35. P. M. Vitousek, S. Porder, B. Z. Houlton, O. A. Chadwick, Terrestrial phosphorus limitation:
Mechanisms, implications, and nitrogen–phosphorus interactions. Ecol. Appl. 20,
5–15 (2010).

36. W. Parton, W. L. Silver, I. C. Burke, L. Grassens, M. E. Harmon,W. S. Currie, J. Y. King, E. C. Adair,
L. A. Brandt, S. C. Hart, B. Fasth, Global-scale similarities in nitrogen release patterns during
long-term decomposition. Science 315, 361–364 (2007).

37. L. O. Hedin, E. N. J. Brookshire, D. N. L. Menge, A. R. Barron, The nitrogen paradox in tropical
forest ecosystems. Annu. Rev. Ecol. Evol. Syst. 40, 613–635 (2009).

38. W. Ding, W. F. Cong, H. Lambers, Plant phosphorus-acquisition and -use strategies affect
soil carbon cycling. Trends Ecol. Evol. 36, 899–906 (2021).

39. I. Ayuso-Fernández, J. Rencoret, A. Gutiérrez, F. Javier Ruiz-Dueñas, A. T. Martínez, Perox-
idase evolution in white-rot fungi follows wood lignin evolution in plants. Proc. Natl. Acad.
Sci. U.S.A. 116, 17900–17905 (2019).

40. B. S. Steidinger, T. W. Crowther, J. Liang, M. E. Van Nuland, G. D. A. Werner, P. B. Reich,
G. J. Nabuurs, S. de-Miguel, M. Zhou, N. Picard, B. Herault, X. Zhao, C. Zhang, D. Routh,
K. G. Peay; GFBI consortium, Climatic controls of decomposition drive the global bio-
geography of forest-tree symbioses. Nature 569, 404–408 (2019).

41. S. E. Hobbie, Plant species effects on nutrient cycling: Revisiting litter feedbacks. Trends
Ecol. Evol. 30, 357–363 (2015).

42. A. N. Brant, H. Y. H. Chen, Patterns and mechanisms of nutrient resorption in plants. Crit.
Rev. Plant Sci. 34, 471–486 (2015).

43. K. T. Killingbeck, Nutrients in senesced leaves: Keys to the search for potential resorption
and resorption proficiency. Ecology 77, 1716–1727 (1996).

44. M. Estiarte, J. Peñuelas, Alteration of the phenology of leaf senescence and fall in winter
deciduous species by climate change: Effects on nutrient proficiency. Glob. Change Biol.
21, 1005–1017 (2015).

45. P. O. Lim, H. J. Kim, H. G. Nam, Leaf senescence. Annu. Rev. Plant Biol. 58, 115–136 (2007).
46. H.-Y. Zhang, X.-T. Lü, H. Hartmann, A. Keller, X.-G. Han, S. Trumbore, R. P. Phillips, Foliar

nutrient resorption differs between arbuscular mycorrhizal and ectomycorrhizal trees at
local and global scales. Glob. Ecol. Biogeogr. 27, 875–885 (2018).

47. C. Averill, C. Fortunel, D. S. Maynard, J. van den Hoogen, M. C. Dietze, J. M. Bhatnagar,
T. W. Crowther, Alternative stable states of the forest mycobiome are maintained through
positive feedbacks. Nat. Ecol. Evol. 6, 375–382 (2022).

48. N. A. Soudzilovskaia, P. M. van Bodegom, C. Terrer, M. V. Zelfde, I. McCallum, M. Luke Mc-
Cormack, J. B. Fisher, M. C. Brundrett, N. C. de Sá, L. Tedersoo, Global mycorrhizal plant
distribution linked to terrestrial carbon stocks. Nat. Commun. 10, 5077 (2019).

49. C. Averill, M. C. Dietze, J. M. Bhatnagar, Continental-scale nitrogen pollution is shifting
forest mycorrhizal associations and soil carbon stocks. Glob. Chang. Biol. 24,
4544–4553 (2018).

50. L. Cheng, F. L. Booker, C. Tu, K. O. Burkey, L. Zhou, H. D. Shew, T. W. Rufty, S. Hu, Arbuscular
mycorrhizal fungi increase organic carbon decomposition under elevated CO2. Science
337, 1084–1087 (2012).

51. Y. Wu, M. Deng, J. Huang, S. Yang, L. Guo, L. Yang, J. Ahirwal, Z. Peng, W. Liu, L. Liu, Global
patterns in mycorrhizal mediation of soil carbon storage, stability, and nitrogen demand: A
meta-analysis. Soil Biol. Biochem. 166, 108578 (2022).

52. H. Bruelheide, K. Nadrowski, T. Assmann, J. Bauhus, S. Both, F. Buscot, X.-Y. Chen, B. Ding,
W. Durka, A. Erfmeier, J. L. M. Gutknecht, D. Guo, L.-D. Guo, W. Härdtle, J.-S. He, A.-M. Klein,
P. Kühn, Y. Liang, X. Liu, S. Michalski, P. A. Niklaus, K. Pei, M. Scherer-Lorenzen, T. Scholten,
A. Schuldt, G. Seidler, S. Trogisch, G. von Oheimb, E. Welk, C. Wirth, T. Wubet, X. Yang, M. Yu,
S. Zhang, H. Zhou, M. Fischer, K. Ma, B. Schmid, Designing forest biodiversity experiments:
General considerations illustrated by a new large experiment in subtropical China.Methods
Ecol. Evol. 5, 74–89 (2014).

53. T. Osono, Decomposition of grass leaves by ligninolytic litter-decomposing fungi. Grassl.
Sci. 56, 31–36 (2010).

54. L. Ma, F. J. Bongers, S. Li, T. Tang, B. Yang, K. Ma, X. Liu, Species identity and composition
effects on community productivity in a subtropical forest. Basic Appl. Ecol. 55,
87–97 (2021).

55. Y. Huang, K. Ma, P. A. Niklaus, B. Schmid, Leaf-litter overyielding in a forest biodiversity
experiment in subtropical China. For. Ecosyst. 5, 38 (2018).

56. D. Hertel, G. Moser, H. Culmsee, S. Erasmi, V. Horna, B. Schuldt, C. Leuschner, Below- and
above-ground biomass and net primary production in a paleotropical natural forest (Su-
lawesi, Indonesia) as compared to neotropical forests. For. Ecol. Manage. 258,
1904–1912 (2009).

57. M. Loreau, A. Hector, Partitioning selection and complementarity in biodiversity experi-
ments. Nature 412, 72–76 (2001).

58. I. T. Handa, R. Aerts, F. Berendse, M. P. Berg, A. Bruder, O. Butenschoen, E. Chauvet,
M. O. Gessner, J. Jabiol, M. Makkonen, B. G. Mc Kie, B. Malmqvist, E. T. H. M. Peeters, S. Scheu,
B. Schmid, J. van Ruijven, V. C. A. Vos, S. Hättenschwiler, Consequences of biodiversity loss
for litter decomposition across biomes. Nature 509, 218–221 (2014).

59. R. Kusakabe, T. Taniguchi, A. Goomaral, J. Undarmaa, N. Yamanaka, M. Yamato, Arbuscular
mycorrhizal fungal communities under gradients of grazing in Mongolian grasslands of
different aridity. Mycorrhiza 28, 621–634 (2018).

60. N. H. Nguyen, Z. Song, S. T. Bates, S. Branco, L. Tedersoo, J. Menke, J. S. Schilling,
P. G. Kennedy, FUNGuild: An open annotation tool for parsing fungal community datasets
by ecological guild. Fungal Ecol. 20, 241–248 (2016).

61. E. Bååth, T.-H. Anderson, Comparison of soil fungal/bacterial ratios in a pH gradient using
physiological and PLFA-based techniques. Soil Biol. Biochem. 35, 955–963 (2003).

62. C. J. LeRoy, A. L. Hipp, K. Lueders, J. J. Follstad Shah, J. S. Kominoski, M. Ardón, W. K. Dodds,
M. O. Gessner, N. A. Griffiths, A. Lecerf, D. W. P. Manning, R. L. Sinsabaugh, J. R. Webster,

Deng et al., Sci. Adv. 9, eadd4468 (2023) 18 January 2023 10 of 11

SC I ENCE ADVANCES | R E S EARCH ART I C L E



Plant phylogenetic history explains in-stream decomposition at a global scale. J. Ecol. 108,
17–35 (2019).

63. T. D. Li, R. Dinnage, L. A. Nell, M. R. Helmus, A. R. Ives, Phyr: An R package for phylogenetic
species-distribution modelling in ecological communities. Methods Ecol. Evol. 11,
1455–1463 (2020).

Acknowledgments:We thank BEF-China staff for measuring biomass data at the field site. We
also thank Zhejiang Qianjiangyuan Forest Biodiversity National Observation and Research
Station for permission to use the field site. Funding: This study was financially supported by
the Strategic Priority Research Program of the Chinese Academy of Science(XDA23080301) and
the National Natural Science Foundation of China (32125025, 32271625, 31988102, and
31700420). Author contributions: L.L. and M.D. conceived the study. M.D. collected and

analyzed the data. M.D. and L.L. wrote the manuscript. S.H., L.J., Y.H., and B.S. commented on
the details of the manuscript drafts. All authors helped improve the readability of the
manuscript drafts. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. The data supporting the
findings of this study are available at https://zenodo.org/record/7341024#.Y3tCwnZBy3A.

Submitted 13 June 2022
Accepted 20 December 2022
Published 18 January 2023
10.1126/sciadv.add4468

Deng et al., Sci. Adv. 9, eadd4468 (2023) 18 January 2023 11 of 11

SC I ENCE ADVANCES | R E S EARCH ART I C L E

https://zenodo.org/record/7341024#.Y3tCwnZBy3A

	INTRODUCTION
	RESULTS
	Biodiversity effects on net primary productivity controlled by mycorrhizal types
	Nutrient acquisition strategies of AM and EcM trees
	Functional differences between AM and EcM trees
	Soil microbial community abundance and composition
	Relationships between microbial composition, litter decomposition, and NPP
	Effects of nutrient strategies on NPP of AM and EcM subcommunities

	DISCUSSION
	MATERIALS AND METHODS
	Study site and experimental design
	Plant sampling and chemical analysis
	NPP and nutrient resorption efficiency
	Leaf litter-decomposition experiment
	Soil sampling and soil microbial community
	Statistical analyses

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

