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Abstract
1.	 Global biodiversity loss has generated great interest in the role of plant commu-

nities in driving ecosystem functions. There is limited understanding of how soil 
properties, plant richness and plant community composition interact to affect 
ecosystem multifunctionality.

2.	 We conducted a constructed ecosystem experiment by simultaneously manipu-
lating soil origin (i.e. fertile farmland soil and relatively infertile bare land soil), 
plant richness and community composition (one-species monoculture, and all 
possible two-, three- and four-species combinations of five plants) to evaluate 
their influence on ecosystem multifunctionality related to the accumulation of 
biomass, carbon (C) and nitrogen (N) in plants, greenhouse gas emissions, soil 
nutrients, soil N fixation and mineralization of N and phosphorus (P).

3.	 We found that ecosystem multifunctionality was significantly affected by soil ori-
gin, plant community composition and the community-weighted mean (CWM) of 
plant biomass, but not by plant richness.

4.	 We grouped the community composition into the N-fixing group (including N-fixing 
plants) and the non-N-fixing group (excluding N-fixing plants). The N-fixing plant 
group exhibited significantly higher multifunctionality than the non-N-fixing spe-
cies group in both soil origins. For bare land soil, multifunctionality increased with 
the increasing relative abundance and biomass ratio of Albizia julibrissin (N-fixing 
species) in communities, but decreased with the biomass ratio of Platycladus ori-
entalis (non-N-fixing species). For farmland soil, multifunctionality increased with 
the abundance of Toona sinensis (non-N-fixing species) and the biomass ratio of 
Albizia julibrissin, but decreased with the abundance and biomass ratio of Morus 
alba (non-N-fixing species). These results indicate that the key species determining 
ecosystem multifunctionality vary under different soil conditions.
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1  |  INTRODUC TION

Global biodiversity loss has sparked great interest in how plant com-
munities drive ecosystem functions (Beugnon et al., 2021; Craven 
et al., 2018). In recent decades, the relationship between biodiver-
sity and ecosystem functioning (i.e. BEF) has become a prominent 
research topic (Feng et al., 2022; Hector et al., 1999). There is wide-
spread evidence that plant diversity affects ecosystem functions 
such as productivity, nutrient cycling, microbial respiration, chemical 
interactions and soil carbon (C) sequestration (Beugnon et al., 2021; 
Chen et  al.,  2022; Huang et  al.,  2018; Lange et  al.,  2015; Liang 
et al., 2016; Ristok et al., 2023). Early research on BEF mainly fo-
cused on evaluating individual ecosystem functions, while more re-
cent studies have emphasized ecosystem multifunctionality, that is, 
the ability of ecosystems to simultaneously provide multiple ecosys-
tem functions (Maestre, Quero, et al., 2012; Manning et al., 2018). 
Although many studies have provided evidence that ecosystem 
multifunctionality generally increases with plant diversity (Meyer 
et al., 2018; van der Plas, 2019), some studies have reported neg-
ative or neutral (i.e. non-significant) relationships between plant 
diversity and ecosystem multifunctionality (van der Plas,  2019). 
Furthermore, a few studies have shown that species richness is not 
the only community attribute driving multifunctionality and the spe-
cific combinations of community attributes may be required to max-
imize functioning (Liu et al., 2021; Maestre, Quero, et al., 2012). To 
date, it is still debated how plant species combine to control overall 
ecosystem multifunctionality (Liu et al., 2021).

The mass ratio hypothesis and diversity hypothesis have been 
proposed to explain the influence of plant communities on ecosystem 
functioning (Grime, 1998; Tilman, 1997). The mass ratio hypothesis 
postulates that the extent to which a plant species affects ecosys-
tem functions is closely related to its contribution to the total plant 
biomass (Grime, 1998), and thus, it explicitly considers the number, 
relative abundance and identity (through quantitative traits) of the 
species present (Garnier et  al.,  2004). It suggests that the instan-
taneous functioning of ecosystems is controlled to a great extent 
by the trait values of the dominant contributor to the plant biomass 
(Garnier et al., 2004; Grime, 1998; Grman et al., 2010). The ‘diversity 

hypothesis’ proposes that a high diversity level can enhance re-
source utilization among species and reduce negative biotic inter-
actions, thereby improving ecosystem functioning (Tilman,  1997). 
These hypotheses have been supported by some results from exper-
imentally manipulated communities or naturally assembled commu-
nities (Liu et al., 2021; Manning et al., 2015). However, the linkages 
among plant community attributes (e.g. richness, composition and 
relative abundance of species), soil properties, microbial properties 
and ecosystem multifunctionality have rarely been explored.

Soil properties closely interlink with ecosystem processes and 
functions by influencing the activities and interactions of plants and 
soil microorganisms (Beugnon et  al.,  2021; Wardle,  2013). For in-
stance, soil fertility strongly affects plant growth rate, C allocation, 
leaf and root biomass, nutrient absorption and nutrient accumula-
tion. Fertile soils may exhibit rapid, leaky nutrient cycles with less C 
accumulation, whereas relatively infertile soils are likely to support 
slow nutrient cycles in which nutrients are conserved and C seques-
tration is promoted (Wardle, 2013). In addition, soil microbial bio-
mass, community structure and functions are also affected by soil 
properties (Beugnon et  al.,  2021; Delgado-Baquerizo et  al.,  2017; 
Pei et al., 2016). Since ecosystem multifunctionality is determined by 
the combination of biotic and abiotic factors, the interactions among 
soil, plant and soil microbes may drive ecosystem multifunctionality 
in complex ways. To the best of our knowledge, no prior experiment 
has simultaneously manipulated the soils, plant richness and plant 
community composition to test their interactions on ecosystem 
multifunctionality.

We conducted a constructed ecosystem experiment by simul-
taneously manipulating soil origin (i.e. fertile farmland soil and 
relatively infertile bare land soil), plant richness (from one to four 
species) and community composition (one-species monoculture, all 
possible two-, three- and four- species combinations of five typical 
indigenous plants). The goal was to assess how each manipulation 
drives ecosystem multifunctionality related to the C and N accu-
mulation, greenhouse gas emissions, soil nutrients, soil N-fixing 
and mineralization rates of N and P. We hypothesized that (1) soil 
origin and plant richness would affect ecosystem multifunctional-
ity, and plant richness would be the most important factor driving 

5.	 Synthesis and applications: We propose that plant community composition and 
the relative abundance and biomass ratio of key species drive ecosystem multi-
functionality. We suggest that selecting the appropriate plant combination under 
different soil conditions should be emphasized in ecological restoration projects. 
Our study highlights the differentiated roles of key species on ecosystem func-
tions under different resource conditions. The N fixation in general plays a crucial 
role in driving ecosystem multifunctionality and the N-fixing plants can serve as 
restoration tools in nutrient-poor degraded lands.
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multifunctionality; (2) the effects of plant community attributes on 
ecosystem functions would depend on soil origin and soil microbial 
properties.

2  |  MATERIAL S AND METHODS

2.1  |  Experiment design

Farmland soil and bare land soil were collected from two adjacent 
locations (111°19′ E, 32°79′ N, a.s.l. 345 m) in Danjiangkou County, 
central China (Figure  1). These locations share the same parent 
material but are characterized by different land use. These soil ori-
gins represent the initial soil conditions of two typical pathways 
of vegetation restoration in China, that is, farmland abandonment 
and bare land revegetation. The bare land soil originated from 
the degraded land caused by soil erosion and has remained un-
vegetated for approximately 20 years. Soils were collected from a 
5–20 cm layer, mixed intensively and sieved using a 1-cm aperture 
sieve. The chemical properties of the soil were measured before 
planting (Table S1).

The constructed ecosystem experiment was conducted in an 
experimental field of Wuhan Botanical Garden (Figure 1). We used 
square PVC pots with a bottom inner area of 19 cm, upper area of 
25 cm, height of 16 cm and small holes in the bottom. Each pot was 
filled with 5 kg of soil. The PVC pots were placed in waterproof 
plastic basins (Figure  1). Five plant species were selected for the 
experiment: Albizia julibrissin (AJ), Toona sinensis (TS), Morus alba 
(MA), Platycladus orientalis (PO) and Pinus tabuliformis (PT). The five 
species are typical indigenous plants in the study region, known to 
form communities together in abandoned farmlands and bare lands 

(Cheng et  al.,  2013). The broad-leaved A. julibrissin is an N-fixing 
plant. T. sinensis is a broad-leaved non-N-fixing plant. M. alba is a 
broad-leaved plant that hosts arbuscular mycorrhiza fungi. P. orien-
talis is a coniferous plant with endotrophic mycorrhiza. P. tabuliformis 
is a coniferous plant with ectomycorrhiza (Flora of China Editorial 
Committee, 2018).

There were 30 plant treatments (i.e. community composi-
tion) in each soil origin: one-species monoculture treatments (AJ, 
TS, MA, PO and PT), all possible two-species combination treat-
ments (AJ+TS, AJ+MA, AJ+PO, AJ+PT, TS+MA, TS+PO, TS+PT, 
MA+PO, MA+PT and PO+PT), all possible three-species combina-
tion treatments (AJ+TS+MA, AJ+TS+PO, AJ+TS+PT, AJ+MA+PO, 
AJ+MA+PT, TS+MA+PO, TS+MA+PT, TS+PO+PT, MA+PO+PT 
and AJ+PO+PT) and all possible four-species combination treat-
ments (AJ+TS+MA+PO, AJ+TS+MA+PT, TS+MA+PO+PT, 
AJ+MA+PO+PT and AJ+TS+PO+PT). In addition, a blank control 
(i.e. unplanted) was set for each soil origin. Totally, 248 constructed 
ecosystems, that is, 2 soil origins × 31 treatments (plant treat-
ments + unplanted) × 4 replicates, were established in our experi-
ment (Figure 1c, Figure S1). We grouped the community composition 
in two different ways according to plant traits: one is N-utilization-
type, that is, the N-fixing plant group (including N-fixing plant) and 
non-N-fixing plant group (not including N-fixing plant), and the other 
is leaf type, that is, broad-leaved, coniferous, and mixed (mixed 
community of coniferous and broad-leaved species) groups. The 
seeds were surface sterilized with 0.5% NaClO solution and sown 
in September 2019. During the first month, the seeds were germi-
nated, and the plants were thinned or replanted to ensure that there 
were 12 individuals in each pot (Table  S2). Each experimental pot 
contained 12 individual plants arranged in three rows and four col-
umns with a spacing of 5 cm (Figure 1b, Figure S1).

F I G U R E  1  The experiment design and plant treatments. (a) Sampling sites of two origins of soil. (b) Image showing the constructed 
ecosystem experiment and the planting design. Except for the unplanted control, each ecosystem contained 12 individual plants arranged 
in three rows and four columns with a spacing of 5 cm (Figure S1). (c) Plant species richness and composition. AJ (Albizia julibrissin), TS (Toona 
sinensis), MA (Morus alba), PO (Platycladus orientalis), PT (Pinus tabuliformis).
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2.2 | Measuring ecosystem 
properties and functions

Plant growth occurred from September 2019 to January 2021, and 
ecosystem properties and functions were measured thereafter. 
Prior to soil and plant sampling, greenhouse gas fluxes (CO2, CH4 
and N2O fluxes) were measured by static transparent chamber 
(Diameter = 70 cm, Height = 100 cm) and gas chromatography. All 
constructed ecosystems were moved to an artificial weather room 
to maintain a constant temperature for gas sampling. Gas samples 
were collected from the chamber every 10 min over a 40-min period.

Harvested plants were sorted by species and the soil in each 
pot was collected and thoroughly mixed. The leaves, stems and 
roots of each species in each pot were oven-dried at 80°C and 
weighed to determine C and N concentrations (vario MACRO cube, 
Germany). Stocks were calculated by multiplying biomass and the 
C or N concentration in the leaves, stems and roots. Fresh soil sam-
ples from each pot were used for analyses including phospholipid 
fatty acid (PLFA) profile, N-fixation rates, rates of N and P net min-
eralization, microbial biomass C (MBC), microbial biomass N (MBN) 
and chemical properties. Freeze-dried soil (4 g) was used to extract 
the PLFAs following a standard protocol (Prasanna et  al.,  2016). 
The total microbial biomass for each soil sample was summed from 
all identified PLFAs. Soil MBC and MBN were determined using 
chloroform fumigation extraction (Vance et al., 1987). Soil pH was 
measured at soil water suspension (soil: water suspension = 1:2.5) 
with a pH electrode. Soil organic C (TOC) and total N (TN) concen-
trations were determined using an element analyser. The soil net 
mineralization rates of N (Nmin) and P (Pmin) were measured in a 
28-day laboratory incubation procedure using the methods of Tian 
et al.  (2017). Briefly, fresh soil equivalent to 30 g dry weight was 
incubated in a 250-mL glass bottle. Concentrations of NO3

−-N and 
NH4

+-N and dissolved inorganic P were measured before and after 
incubation. Soil N-fixation rates were measured using the acety-
lene reduction method described by Li et al. (2018) with acetylene 
reduction activity (nmol C2H4 g−1 dry mass day−1) representing soil 
N-fixation rates.

Ecosystem multifunctionality index was calculated using the 
method of Byrnes et  al.  (2014) and Maestre, Castillo-Monroy, 
et al. (2012) which standardizes the scale of a multifunctional index 
by a maximum value. Ecosystem multifunctionality was evaluated 
based on the unweighted average of 17 ecosystem function vari-
ables, including plant biomass, plant N stock, plant C stock, CO2 
emission, CH4 emission, N2O emission, soil net N mineralization 
rate, soil net P mineralization rate, soil N-fixation rate, soil microbial 
biomass, MBC, MBN and the concentrations of soil organic C, soil 
total N, NO3

−-N, NH4
+-N and available P. We divided each function 

variable by its maximum value to scale all functions. Additionally, we 
employed the multiple threshold approach to investigate the effects 
of plant species richness on multifunctionality index across the full 
range of possible thresholds (from 5% to 99% at one percent inter-
vals; Figure S2; as Chen et al., 2023).

2.3  |  Statistical analyses

To test the diversity hypothesis and mass ratio hypothesis, the 
CWM (i.e. community-weighted mean) of plant biomass was calcu-
lated based on the abundance and biomass of each species under 
each soil origin using the R package ‘FD’ (as Mammola et al., 2021). 
Linear mixed-effects models were used to test the effect of soil 
origin, plant species richness, the CWM of plant biomass and their 
interactions on ecosystem multifunctionality (Figure  2), using the 
R packages ‘lme4’ (Bates et  al.,  2015) and ‘lmerTest’ (Kuznetsova 
et al., 2017). Soil origin, plant species richness or the CWM of plant 
biomass and their interactions were included as fixed effects. Plant 
community composition (categorical variable, levels = 30) and spatial 
block (i.e. the replicate of plant community composition, Figure S1) 
were used as random effects, but the model results failed to con-
verge. Therefore, the random effect structure was simplified (as Barr 
et al., 2013), including only plant community composition as a ran-
dom effect, leading to a convergent model result. We tested the sig-
nificance of fixed effects and interactions through model reduction 
using likelihood ratio tests and confirmed their importance using 
Akaike information criteria (AIC), inspected residual plots to ensure 
the assumptions of heteroscedasticity and normality were met, 
and fit the final model with restricted maximum likelihood (Mack 
et al., 2021). The conditional R2

C and marginal R2
M were used to rep-

resent the proportion of variance explained by the fixed effects with 
and without the random effects, respectively, using the package 
‘MuMIn’ (Li et al., 2022). The pairwise comparison of marginal mean 
intercepts and slopes for soil origin was tested using a Bonferroni 
post hoc analysis in the ‘emmeans’ package (Mack et al., 2021). We 
also used nested ANOVA to test the effects of the soil origin, CWM 
of plant biomass, plant richness and plant community composition 
on ecosystem multifunctionality (Table S4; as Keith et al., 2008). The 
plant community composition was nested within species richness 
(Keith et al., 2008). We used one-way ANOVA to compare the mean 
values of individual functions and multifunctionality index under dif-
ferent soil origins, as well as the unplanted versus planted groups. To 
further explore the detailed effects of plant community composi-
tion, one-way ANOVA was used to assess how the different groups 
differed in individual ecosystem function and the multifunctional-
ity index. The Bonferroni correction was applied for multiple com-
parisons among groups if the effect was significant. We used linear 
mixed-effects models to test the relationships between plant spe-
cies relative abundance or the proportion of various species in total 
biomass and the multifunctionality index, as well as the relationship 
between soil microbial properties and the multifunctionality index 
(excluding unplanted pots) (package ‘lme4’).

A piecewise structural equation model (SEM) was used to evaluate 
the direct and indirect relationships among the plant species composi-
tion (principal component analysis was performed based on the plant 
abundance in each pot, and the scores from the first PCA axis were 
used to represent plant species composition; as Fukami et al., 2005), 
N-utilization-type (0 for non-N-fixing plant group and 1 for N-fixing 
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plant group), soil properties (i.e. soil NH4
+-N, NO3

−-N, available P, 
total N and total organic C were combined as composite variable), 
ecosystem processes (i.e. Plant C-stock, Nmin, Pmin, soil N-fixing 
rates, CO2, CH4 and N2O emissions were combined as composite vari-
able), soil microbial properties (i.e. total microbial biomass, microbial 
biomass C and N were combined as composite variable) and the multi-
functionality index in two soil origins (Liu et al., 2022). Composite vari-
ables were calculated by the coefficients from multiple regressions: (i) 
using the maximum-likelihood fitting function to choose parameter 
estimates for each predictor (each composite variable) that maximize 
the likelihood of observing the response (multifunctionality index); 
(ii) those parameter values serve as the loadings for the indicators of 
the composite variable; (iii) the data for each indicator are multiplied 
by their loading and summed to generate the factor scores for the 
composite variable, which is then used in the structural model (Grace 
et al., 2010). The hypothetical SEM model was based on the results of 
our statistical analysis (i.e. linear mixed-effects models and ANOVA), 

the model structures of previous work (Beugnon et  al.,  2021; Liu 
et al., 2022) and the underlying hypotheses (Table S5). Then, the pos-
sible paths of the model were tried and simplified by eliminating the 
pathways with p > 0.1 (Figure  S8; Zhang et  al.,  2021). The iterative 
model optimization was conducted to improve the goodness of the 
modelling results according to Fisher's C statistic, AIC and whole-
model p-value (Lefcheck, 2016).

3  |  RESULTS

3.1  |  Effects of plant richness, composition and soil 
origin on ecosystem multifunctionality

Ecosystem multifunctionality was significantly affected by soil origin, 
plant species composition and the CWM of plant biomass, but not by 
plant richness (Figure 2; Tables S3 and S4). There was no significant 

F I G U R E  2  Relationships of (a) plant species richness and (b) CWM (community- weighted mean) of plant biomass with multifunctionality 
index based on linear mixed effect model (LMM) in bare land soil and farmland soil, and (c) the linear mixed effect model results of 
multifunctionality. Fit lines represent the fixed effect. The significant fit lines are shown in solid lines and the non-significant fit lines are 
shown in dashed lines. The shaded area shows 95% confidence interval of the fit. The random intercept model includes plant species 
compositions (level = 30) as a random effect in both models. Estimates represent the effect size relative to the intercept or slope. Marginal 
R2(R2

M) represents the variance explained by the fixed effects and conditional R2(R2
C) represents the variance explained by fixed and random 

effects. The interaction between soil origin and plant richness or CWM of plant biomass for multifunctionality was included in the final 
model. The sum of squares type is type III.
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relationship between plant species richness and multifunctionality 
in both soil origins (Figure  2a). The ecosystem multifunctionality 
increased significantly with the increasing CWM of plant biomass 
in both soil origins (Figure 2b). The ecosystem multifunctionality of 
the N-fixing plant group was significantly higher than that of the 
non-N-fixing species group in both soil origins (Figure  3a). There 
was no significant difference among the broad-leaved, coniferous 
and mixed groups in either soil origins (Figure 3b). In bare land soil, 
ecosystem multifunctionality increased significantly with the abun-
dance of the N-fixing species A. julibrissin (R2

M = 0.21, Figure  4a). 
Multifunctionality increased significantly with the increasing pro-
portion of A. julibrissin biomass (i.e. Biomass of A. julibrissin/Total 
biomass of plant community; Figure 4k), but decreased with the pro-
portion of P. orientalias biomass (Figure 4n). For farmland soil, multi-
functionality increased significantly with the abundance of T. sinensis 
(Figure 4g), but decreased with the abundance of M. alba (Figure 4h). 
Ecosystem multifunctionality increased with the increasing propor-
tion of A. julibrissin biomass (Figure 4p), but decreased with the pro-
portion of M. alba biomass (Figure 4r) in farmland soil.

The results of the multiple threshold approach confirmed that 
the effects of increasing plant richness on ecosystem multifunction-
ality were not significant in farmland soil, and the influences of the 
plant richness manipulation were significant only when considering 
low and moderate levels of functioning in bare land soil (Figure S2).

3.2  |  Response of individual function to plant 
community composition and soil origin

The total plant biomass and C and N stock in plants were greater in 
the N-fixing group than those in the non-N-fixing group in both soil 
origins (Figure S4a,c,e). The plant N stock in the coniferous group 
was lower than that in the broad-leaved and mixed groups in farm-
land soil (Figure  S4f). The plant biomass and plant C stock in the 
coniferous group was lower than that in the mixed group in farmland 
soil (Figure S4b,d).

The presence of plants increased the total microbial biomass, 
bacteria biomass, fungal biomass and arbuscular mycorrhizal fungi 

biomass, and their values in farmland soil were significantly higher 
than those in bare land soil (Figure S5c,f,i,l). Bacterial biomass, fungal 
biomass and arbuscular mycorrhizal fungal biomass of the N-fixing 
plant group were higher than those of the non-N-fixing species 
group in bare land soil (Figure S5d,g,j), whereas there was no signif-
icant difference between the two groups in farmland soil. For the 
farmland soil, total microbial biomass and bacterial biomass were 
higher in the coniferous and mixed groups than those in the broad-
leaved group (Figure S5b,e), whereas for the bare land soil, bacterial 
biomass was higher in the broad-leaved group than those in the co-
niferous and mixed groups (Figure S5e).

In farmland soil, the net N mineralization rate of the non-N-fixing 
species group was significantly higher than that of the N-fixing plant 
group (Figure S6a), and the net N mineralization rate of the conif-
erous group was significantly higher than that of broad-leaved and 
mixed groups (Figure S6b). In bare land soil, the net N mineralization 
rate of the coniferous group was significantly lower than that of the 
broad-leaved and mixed groups (Figure S6b). The NH4

+-N concen-
tration of the N-fixing species group was higher than that of the non-
N-fixing plant group in the bare land soil (Figure S7a).

3.3  |  Pathways of N-utilization-type and plant 
species composition mediating multifunctionality

The N-utilization-type indirectly affected multifunctionality by me-
diating ecosystem progresses. In addition, the N-utilization-type 
directly affected multifunctionality and indirectly influenced it by 
mediating soil properties in bare land soil (Figure 5a). Plant species 
composition indirectly affected multifunctionality by mediating soil 
properties in farmland soil (Figure 5b).

Microbe indirectly affected multifunctionality by influencing 
ecosystem processes in bare land soil (Figure 5a). Ecosystem mul-
tifunctionality was positively correlated with soil microbial biomass 
(R2

M = 0.39, Figure 6a) and the biomasses of bacteria, fungi and ar-
buscular mycorrhizal fungi (Figure S5b–d), and negatively correlated 
with ratios of bacteria/fungi and Gram-positive/gram-negative bac-
teria (Figure S5e,g).

F I G U R E  3  Effects of the N-utilization-type (i.e., N-fixing plant group and non-N-fixing plant group) (a), leave-type (i.e., broad-leaved, 
coniferous, and mixed groups) (b), and planting (c) on ecosystem multifunctionality based on one-way ANOVA.
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4  |  DISCUSSION

We provide the first evidence that ecosystem multifunctionality is 
significantly affected by soil origin, plant species composition and 

the CWM of plant biomass, but not by plant richness (Figure  2; 
Tables  S3 and S4). Ecosystem multifunctionality of the N-fixing 
plant group was higher than that of the non-N-fixing species group 
in both soil origins, and multifunctionality increased significantly 

F I G U R E  4  Relationships of plant species relative abundance (a–j) and the proportion of various species in total biomass (k–t) with 
multifunctionality index in bare land soil (a–e, k–o) and farmland soil (f–j, p–t). Only significant fitted lines are displayed on the graphs. The 
shaded area shows 95% confidence interval of the fit. TBP, total biomass of plant community.

F I G U R E  5  Direct and indirect drivers of ecosystem multifunctionality. (a) Bare land soil, (b) farmland soil. Piecewise SEM accounting for 
the direct and indirect effects of N-utilization-type, species composition, soil properties, microbe and ecosystem processes as predictors of 
ecosystem multifunctionality (Figure S8, Table S5). Solid blue arrows represent positive paths (p < 0.05), solid red arrows represent negative 
paths (p < 0.05) and dotted grey arrows represent non-significant paths (p > 0.05).
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with the increasing relative abundance and biomass ratio of A. ju-
librissin (N-fixing species) in communities (Figures  3 and 4). This 
partly supports the mass ratio hypothesis that more dominant 
species will have a greater impact on the ecosystem, proportional 
to their biomass (Grime, 1998). We found that ecosystem multi-
functionality increased significantly with the increasing CWM of 
plant biomass in two soil origins (Figure  2b), which is consistent 
with the prediction of the mass ratio hypothesis. In bare land soil, 
characterized by low N and low SOC, the N-fixing species A. ju-
librissin emerged as the key-species determining multifunctional-
ity (Figure 4). These results demonstrated that N-fixing plants play 
important roles in driving ecosystem multifunctionality and have 
the potential to serve as ecological restoration tools in nutrient-
poor degraded lands. Our results also indicated that the key-
species determining ecosystem multifunctionality varied under 
different soil conditions. For example, M. alba was the key-species 
influencing multifunctionality in the farmland soil, but was not in 
the bare land soil (Figure 4m,h).

Interestingly, we found that species richness did not affect eco-
system multifunctionality (Figure  2b), which is in contrast to the 
diversity hypothesis. Specifically, broad-leaved and coniferous spe-
cies are capable of partitioning space within the canopy structure 
(Ishii & Asano, 2010), and broad-leaved and evergreen species can 
segregate along temporal gradients (Lu et  al.,  2016). Thus, these 
partitioning strategies can alleviate competition for resources and 
promote ecosystem functions. However, we found that there was no 
significant difference in multifunctionality among the broad-leaved, 
coniferous and mixed groups in both soil origins (Figure 3b).

Plant species composition and N-utilization-type regulate 
multifunctionality through different pathways in different soils 

(Figure 5), and the relationships between the abundance of key-
species and multifunctionality showed different patterns under 
different soil origins (Figure  4), indicating that the linkages be-
tween plant community and ecosystem multifunctionality depend 
on soil origin or soil properties. Our findings emphasize the impor-
tance of selecting the appropriate plant combinations for differ-
ent soil conditions in ecological restoration projects. In our study, 
farmland soil is fertile, while bare land soil is relatively infertile; 
thus, the two soils represented different resource conditions and 
may have different impacts on the relationships between plant 
community and multifunctionality. There are two potential expla-
nations for the impacts of soil conditions (Agren et al., 2012). The 
first is that, when soil is in deficient in a particular element, the 
growth and functions of all plants in the community may be lim-
ited by that element (Agren et al., 2012; Chaer et al., 2011), thus 
reducing the role of plant biodiversity. The second explanation is 
that some plant species have a greater capacity for absorbing or 
utilizing certain elements, allowing them to grow well under low-
concentration conditions and thus dominate plant community 
function (Chaer et al., 2011). Our results showed that ecosystem 
multifunctionality was regulated by the relative abundance and 
biomass ratio of A. julibrissin (N-fixing species) in communities in 
low-N bare land soil (Figure  4), supporting the second explana-
tion. Previous studies have shown that soil N availability and total 
carbon increased with the proportion of Albizia falcataria (Kaye 
et al., 2000), which is similar to our findings (Figure S7a,j).

Our results show that the N-fixing plant group had higher plant 
N-stock in both soil origins (Figure S4e,f), indicating the important role 
of the N-fixing plant in driving N accumulation in ecosystems. This was 
expected as N-fixing plants are known to provide large quantities of 

F I G U R E  6  Ecosystem multifunctionality in relation to the microbial biomass (a), bacteria biomass (b), fungi biomass (c), arbuscular 
mycorrhizal (AM) fungi biomass (d), ratio B/F (e) and ratio G+/G– (f). Light green points represent farmland soil in experiment, and light red 
points represent bare land soil. Shaded area shows 95% confidence interval of the fit.
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new N to ecosystems (Menge et al., 2019; Zhang et al., 2020). We also 
found that the plant N-stock of the coniferous group was lower than 
that of the broad-leaved and mixed groups in farmland soil (Figures S4f), 
suggesting that coniferous species had lower N accumulation rates. 
This result supports the conclusion of previous meta-analyses show-
ing that conifers and broad-leaved trees display different N accumula-
tion patterns and the coniferous trees are characterized by lower N/
biomass ratio (Zhang et al., 2018, 2020). In addition, the mixed group 
displayed higher plant biomass and C-stock than that of the coniferous 
group in farmland soil (Figure S4b,d,f), indicating that the mixing of 
coniferous and broad-leaved plants can increase the accumulation of 
biomass and C-stock in ecological restoration. However, this pattern 
was not observed for the bare land soil (Figure S4b,d,f), suggesting 
that the mixing effect depends on soil conditions.

Our results showed that soil microbial properties differed among 
N-utilization-type groups and leaf-type groups (Figure  S5). This 
pattern is expected as previous studies showed that plant species 
identity and neighbouring plant species can shape microbial richness 
and composition (Hu et  al.,  2023; Yang et  al.,  2019). Microbes in-
directly affected multifunctionality by influencing ecosystem pro-
cesses in bare land soil (Figure 5a), demonstrating the importance 
of soil microbes in driving ecosystem multifunctionality (Beugnon 
et al., 2021). Previous studies have reported that microbes can di-
rectly or indirectly drive ecosystem processes such as productivity 
(Van Der Heijden et al., 2008), soil N mineralization and N availability 
(Li et al., 2019). In addition, we found that microbes mediated eco-
system processes in bare land soil, suggesting that microorganisms 
have the potential to drive the ecological restoration of degraded 
lands (Coban et al., 2022).

5  |  CONCLUSIONS

Plant community composition and the relative abundance and bio-
mass ratio of key species drive ecosystem multifunctionality. Plant 
species composition indirectly affects ecosystem multifunctionality 
by mediating soil properties. Our study highlights the differentiated 
roles of key species on ecosystem functions under varying resource 
conditions and has implications for optimizing ecological restoration 
strategies. Our findings suggest that selecting the appropriate plant 
combination for different soil conditions should be emphasized in eco-
logical restoration projects. For fertile lands, the mixing of coniferous 
and broad-leaved plants can increase the accumulation of plant bio-
mass, C- and N-stocks. For infertile lands, the introduction of N-fixing 
species is a key step. The N fixation in general plays a role in driving 
ecosystem multifunctionality and N-fixing plants have the potential to 
serve as ecological restoration tools in nutrient-poor degraded lands.
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