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Abstract

The decline in global plant diversity has raised concerns about its implications
for carbon fixation and global greenhouse gas emissions (GGE), including carbon
dioxide (CO,), nitrous oxide (N,0) and methane (CH,). Therefore, we conducted
a comprehensive meta-analysis of 2103 paired observations, examining GGE,
soil organic carbon (SOC) and plant carbon in plant mixtures and monocultures.
Our findings indicate that plant mixtures decrease soil N,O emissions by 21.4%
compared to monocultures. No significant differences occurred between mixtures
and monocultures for soil CO, emissions, CH, emissions or CH, uptake. Plant
mixtures exhibit higher SOC and plant carbon storage than monocultures. After
10years of vegetation development, a 40% reduction in species richness decreases
SOC content and plant carbon storage by 12.3% and 58.7% respectively. These
findings offer insights into the intricate connections between plant diversity, soil
and plant carbon storage and GGE—a critical but previously unexamined aspect
of biodiversity—ecosystem functioning.
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INTRODUCTION

The interface between the atmosphere and terres-
trial biosphere is vital for carbon (C) exchange (Galy
et al., 2015). Previous research shows that the loss of
plant diversity can have comparable effects on ecological
processes as other driving forces of global environmen-
tal change, such as drought or elevated carbon dioxide
(CO,; Cardinale et al., 2012; Duffy et al., 2017; Hooper
et al., 2012), and thus the potential to affect the global
C cycle. Plant diversity is a key driver of soil and plant
C dynamics (Chen et al., 2023; Isbell et al., 2017), which,
in turn, influences greenhouse gas emissions (GGE)
(Loreau et al., 2023). However, the relationship between
biodiversity and ecosystem functioning in this context
has not previously been explored.

The emission of greenhouse gases, including CO,,
nitrous oxide (N,0O) and methane (CH,), is responsible
for about 90% of anthropogenic warming (Kammann
et al., 2012). These emissions are strongly influenced
by environmental conditions but may also be related
to plant diversity through its effects on plant and soil
C pools. Specifically, research indicates that compared
to monocultures, plant mixtures have beneficial effects
on soil fertility, such as soil organic carbon (SOC),
plant litter and microbial activity, with these positive
effects becoming more pronounced with higher plant
species richness and plot age (duration in an experi-
mental plot or the estimated age of a non-experimental
plot), leading to increased soil CO, emissions (Chen
et al., 2019; Peng & Chen, 2021). Moreover, plant mix-
tures can boost plant productivity, facilitating greater
uptake of soil nitrate nitrogen (NO; ) and reducing soil
N,O emissions (Furey & Tilman, 2021). These effects of
plant diversity may interact with environmental con-
ditions, particularly soil moisture, to influence CH,
fluxes, which involves the activity of methanogenic
and methane-oxidizing bacteria (Feng et al., 2020;
Tate, 2015; Zhou, Zhang, et al., 2021; Zhou, Zuo, &
Smaill, 2021). Wetland soils, characterized by high
moisture and methanogenic bacteria dominance, tend
to emit CH,, whereas well-aerated soils in forests and
grasslands often serve as CH, sinks (Feng et al., 2020;
Zhou, Zhang, et al., 2021). Increased plant residues,
root exudates and microbial metabolites in mixed plant
communities provide additional C substrates (Han
et al., 2019; Zelnik & Carni, 2013), potentially elevating
CH, emissions. Nitrogen (N) deposition, drought and
soil type can also influence soil N and water availabil-
ity (Lubbers et al., 2011; Smith et al., 2000) and plant
growth, thereby modifying the effects of plant mixtures
on GGE. For instance, N deposition could enhance
plant litter inputs and accelerate plant litter decompo-
sition, generating diverse C and N substrates that pro-
mote CO,, N,O and CH, emissions (Chang et al., 2014;
Niklaus et al., 2016).
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Prior meta-analyses have focused on the effects of plant
mixtures on plant productivity, C, N storage and micro-
bial biomass (Chen et al., 2020, 2021; Chen & Chen, 2019,
2021). However, there remains a gap in understanding
how C fluxes between soil, plants and the atmosphere
may affect GGE differently between plant mixtures and
monocultures. We compiled a comprehensive dataset
from 272 papers, encompassing 2103 paired soil C, plant
C and GGE measurements in plant mixtures and cor-
responding monocultures to address this gap (Table S1).
Building upon existing knowledge, we hypothesize that
(1) increased plant species richness and plot age enhance
soil C content and plant growth (quantified by plant C),
stimulating CO, and CH,, emissions while reducing N,O
emissions, conversely, species loss will have the opposite
effects; (2) environmental variables such as N applica-
tion, soil type and aridity influence the effects of plant
mixtures on plant and soil C storage and GGE.

MATERIALS AND METHODS
Data collection

We used the Web of Science (https://www.webofscien
ce.com/wos/alldb/basic-search), Google Scholar (http://
scholar.google.com) and China National Knowledge
Infrastructure (https://www.cnki.net) to search for pub-
lished papers up to 1 September 2023 using the search
terms (“species diversity” OR “species richness” OR
“species mixture” OR “intercrop” OR “pure” OR “poly-
culture” OR “monoculture”) AND (“greenhouse gas”
OR “carbon dioxide” OR “CO,” OR “nitrous oxide”
OR “N,0” OR “methane” OR “CH,”) AND (“soil car-
bon”) AND (“plant carbon” OR “aboveground carbon”
OR “belowground carbon” OR “shoot carbon” OR
“root carbon” OR “litter carbon” OR “leaf carbon”).
The search followed the “Preferred Reporting Items for
Systematic Reviews and Meta-Analyses” (PRISMA)
protocol (Moher et al., 2009; Figure S1). The identified
publications were screened to meet the following crite-
ria: (1) study aimed to examine the effects of plant mix-
tures on GGE (CO,, N,O or CH,), SOC content (SOC
mass per mass of dry soil), plant tissue C concentration
or plant C storage (plant tissue C concentration mul-
tiplied by plant biomass); (2) included plant mixture
treatments and corresponding monocultures (all spe-
cies presented in mixtures; mostly manipulative experi-
ments); (3) compared monocultures and mixtures from
the same site; (4) monocultures and mixtures had the
same plot age; (5) included plant species, plant density
and replications. Data duplication was avoided, and
plant mixtures with varying species numbers were con-
sidered distinct observations (Chen et al., 2020). Most
studies that met these criteria were manipulative experi-
ments (Table S1), but we also identified a few studies that
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compared naturally assembled plant communities (e.g.
Diaz-Pinés et al. (2014); see Table Sl). In cases where
data were presented only in figures, we used Engauge
Digitizer (Free Software Foundation, Inx., Boston, MA,
USA) to extract data. For each study and species rich-
ness level, we extracted the mean, standard deviation/
standard error (where available), and number of repli-
cates for GGE (CO,, N,O, CH,), SOC content and plant
C concentration and storage (included aboveground and
root part).

From each paper, we also extracted measures of plant
species richness, plot age, soil type (FAO), soil depth
(midpoint of soil depth interval; Chen et al., 2020),
ecosystem type (cropland, grassland, planted forest,
natural forest, wetland), N fertilizer application (yes/
no), plant group (legume/no legume), plant C parts (e.g.
aboveground, root), technical method (e.g. for CO,, in-
frared gas analyser and gas chromatography; for soil
C, elemental analyser and K,Cr,0, method), latitude,
longitude and country. Additionally, we collected data
on soil NO;, NH," and total available inorganic ni-
trogen (N03_+NH4+) in monoculture and plant mix-
tures from identified publications meeting the above
criteria. Mean annual temperature (MAT;°C) was
also extracted from the paper or interpolated from the
WorldClim version 2 dataset (Fick & Hijmans, 2017)
when not provided, while the aridity index (calculated
by the ratio of the mean annual precipitation to mean
annual potential evapotranspiration; low values for
arid soils and high values for wet soils) was obtained
from the Global Aridity and PET Database (Zomer
et al., 2008). In total, metadata were obtained from 272
articles with 2103 observations spanning 39 countries
(Table SI). Figure 1 shows the distribution of study
sites.
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Data analysis
Relative effect size measurement

We tested the effect of plant mixtures on GGE, SOC
and plant C concentration/storage compared to mono-
cultures. We subsequently analysed whether the effect of
plant mixtures was influenced by species richness, plot
age and environmental conditions. For each observa-
tion (GGE, SOC and plant C concentration /storage (the
aboveground and root plant C concentration and storage
were analysed respectively)), we estimated the effect size
of plant mixtures relative to monocultures using the nat-
ural log of the response ratio (InRR; Hedges et al., 1999)
calculated according to Equation (1) and (2):

InRR = In(X,) — In(X,) =In(X,/ X,) (1)

=

Xe= Y (pixm;) ®

where X, is the observed value in a mixture, X, is the ex-
pected value based on the weighted average of the com-
ponent species in monoculture (eliminating the selection
effect, retaining the complementarity effect) (Loreau &
Hector, 2001), n is the number of component species in
monoculture and p; and m, are the proportional density in
mixtures and the observed value in monoculture of species
i respectively.

As not all studies provided standard errors, we could
not calculate the sampling variances for response variables.
Therefore, we used the number of replicates for weight-
ing associated with each /mRR observation (Balvanera
et al., 2006; Chen et al., 2019, 2021; Chen & Chen, 2021):

FIGURE 1 Sample sites of plant diversity studies testing the effects of plant mixtures on greenhouse gas emissions and plant and soil

carbon sequestration used in the meta-analysis.
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Wrz(NcXNt)/(Nc"'Nt) 3

where W is the weight associated with each /nRR observa-
tion, N_ is the number of replications in monoculture and
N, is the number of replications in plant mixtures.

We performed 9999 iterations of bootstrapping using
MetaWin 2.1 software to generate 95% confidence in-
tervals (CI) and weighted mean effect sizes (/nRR)
(Rosenberg et al., 2000).

Model selection

Plants in pot experiments often undergo controlled tem-
perature and soil moisture adjustments, differing from
the natural conditions experienced by plants in the field.
Consequently, accurately determining the effects of mean
annual temperature and aridity index for these experi-
ments is not possible. Thus, we excluded pot data from
our meta-regression analysis to explore the effects of spe-
cies richness, plot age and other environmental variables
on the response of GGE, SOC and plant C concentration
/storage to the mixtures. We fitted the meta-regression
with a mixed-effects regression model, separately ana-
lysing mixture effect sizes for CO,, N,O, CH, emissions,
CH, uptake, SOC content, plant C concentration and
plant C storage. We evaluated linear and logarithmic
functions to assess potential relationships between indi-
vidual predictors (species richness, plot age, soil depth)
and /nRR; logarithmic species richness and plot age had
lower (or similar) AIC values than linear species rich-
ness and plot age, while linear soil depth had lower AIC
values than logarithmic soil depth (Table S3). Based on
these findings, we used logarithmic species richness (R),
logarithmic plot age (A), linear soil depth (D, specifi-
cally for SOC content) and environmental covariates (E,
ecosystem type, mean annual temperature and aridity
index) as fixed-effect terms in Equation (4). Additionally,
to address variations between different studies, we incor-
porated a random effects term in Equation (4) to account
for autocorrelation among observations.

INRR=Py+pIn(R)+ p,In(A)+ 3D+ pL,E

+ f5In(R) X In(A)+ fgIn(R)X D+ p,in(R)X E
+B(A)YX D+ Boln(A)X E + f1oDX E

+B11In(R)X In(A)X D + B1,In(R)x In(A) x E @
+B13In(R)X DX E + B14In(A) X DX E
+B1s(R)X IN(A)X DX E + 7 4 + €

where f and ¢ are the coefficient and sampling error, re-
spectively, and Typudy ATC random effects accounting for
the potential effects of variation at different study sites.
The nime package was used for the analysis with varFunc
(~1/W) as weights (W =weight associated with each nRR
observation) and ImeControl (sigma=1) to fix the scale pa-
rameter (Heisterkamp et al., 2017; Pinheiro et al., 2017). We
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scaled all predictors (observed values minus mean, divided
by standard deviation), including species richness, plot age
and soil depth (Cohen et al., 2014).

To prevent overfitting in Equation (4), the most parsi-
monious model selected from all alternative models was
selected using the ‘dredge’ function of the muMIn pack-
age by comparing AICs (Barton, 2009). Potential models
were defined as those models with a AAIC <2 compared
to the best model with the highest weight value. If these
potential models included species richness, plot age and
their interaction, we prioritized retaining these variables
as they aligned with our core hypotheses for evaluating
the effects of species richness and plot age in plant mix-
tures. Terms including E were excluded in the final par-
simonious models of Equations (5) and (6). Equation (5)
was used to determine the /nRR for CO, emissions, N,O
emissions, CH, emissions, CH, uptake and plant C con-
centration and storage, and Equation (6) was used for
SOC content.

InRR = By + B1In(R) + B,In(A) + fsIn(R) X In(A) + m . + € (5)

INRR = iy + BiIn(R) + foln(A) + B3D + fsIn(R) X In(A) + filn(A) X D+ 70 + € (6)

The car package was used to calculate variance infla-
tion factors (VIF) (Fox et al., 2007), and Egger's regres-
sion test was used to evaluate publication bias. We did
not find a multicollinearity problem in any model, with
all factors having VIFs <2 (Table S1), nor did we find
any significant publication bias based on Egger's regres-
sion (Table S4). We used Shapiro—Wilk's test on the final
model residuals in Equations (5) and (6), and found that
the final models deviated from the normality assump-
tion. Therefore, we bootstrapped the fitted coefficients
by 1000 iterations with the Imeresampler package. In ad-
dition, we obtained marginal and conditional R? values
and estimates and p-values for explanatory variables
(Table S1).

The effect size measure /nR R was converted into a per-
centage change to facilitate the interpretation of results:

(e"RR—1) x 100% @)
Measurement of species loss effects

We focused particularly on the interaction effects be-
tween species richness and plot age, as these are crucial
drivers of ecosystem functioning under plant mixtures.
When we found a significant interaction between species
richness and plot age, we provided a more easily inter-
pretable illustration of the potential effects of plant spe-
cies richness losses on our mixture effect size response
variables. We aimed to determine the effect of species
richness on mixture effect sizes while accounting for its
interaction with plot age. We assumed that R, was the
maximum species richness observed in our dataset (64;
Table S1), and R, represented plant species richness
after a percentage of o of species richness loss from the
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maximum (e.g. 50% species richness loss corresponds to
R,=32). We incorporated R, and R into Equations (5)
and (6) to obtain the largest effect size for response vari-
ables under maximum species richness (/nRR,) and after
species richness loss (/nRR)). Using InRR, and InRR,, we
calculated the remaining effect size after species richness
loss (Chen et al., 2019, 2021) as follows:

InRR, — InRR, = (P, + Bsin(A)) x (InR, — InR;) (8)

In(RR,/RR;) = ln((Ra/RRl)ﬂﬁﬁsln(A)) ©)

We removed the natural log of Equation (9) and set
X, ,and X, , as the observed values for maximum spe-
cies richness and a% loss of maximum species richness
in a mixture respectively. The response ratio (RR) is X,
divided by X . Assuming that X, did not change with
species loss, we obtained Equation (10) (Chen et al., 2019,
2021):

P,=RR,/RR = (X, ,/X.)/ (X, /X.) = (R,/R,)"*""" (10)

where P is the proportion of remaining greenhouse gases,
SOC content or plant C concentration and storage and
RR, and RR,; are the response ratio of the effect of plant
mixtures relative to monoculture with a% loss of maxi-
mum species richness and no loss of maximum species
richness respectively.

Effects of environmental covariates

To further test the effects of environmental covariates
(E) on GGE, SOC and plant C concentration or storage,
we modelled the mixture effect sizes as follows:

lnRR=ﬁ0+ﬁ1E+ﬂ'Site+6 (11)

where E included ecosystem type, mean annual tempera-
ture, aridity index, soil type, plant parts, N application,
plant group and technical method (Table S2). All statistical
analyses were performed in R 4.1.1 (R Core Team, 2013).

RESULTS

The comparison between plant mixtures and monocul-
tures revealed notable differences in GGE fluxes, soil C
and plant C, irrespective of species richness in the mix-
ture. Specifically, plant mixtures (with a species richness
range of 2-64) had 21.4% lower N,O emissions than aver-
age monocultures, but 3.1%, 3.8% and 11.2% higher SOC
content (gkg™' soil), plant C concentration and plant C
storage respectively (Figure 2). No significant differences
in CO, emissions, CH, emissions and CH, uptake were
observed between plant mixtures and monocultures.
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20 0 40 80

The effect size of plant mixture (%)

FIGURE 2 Mixture effect sizes (log-response ratios of plant
mixtures relative to monoculture averages) on carbon dioxide

(CO,) emissions, nitrous oxide (N,O) emissions, methane (CH,)
emissions, CH, uptake, soil organic carbon (SOC) content and plant
community C (carbon) concentration and storage. CH, emission
data were derived from wetland ecosystems, while CH, uptake data
were derived from grassland, farmland and forest ecosystems. Dots
and horizontal error bars represent means and 95% confidence
intervals for plant mixture effects when compared to the averages for
monocultures. Colours in orange, blue and grey indicate a decrease,
increase and insignificant values respectively. The number of
observations is shown, with the number of studies in parentheses.

No significant relationships occurred between spe-
cies richness and the effect sizes of mixtures on N,O
emissions, CH, emissions or CH, uptake, indicating
no further changes with increasing species richness
beyond the transition from monocultures to mixtures
(Table SI). However, species richness did enhance mix-
ture effect sizes on CO, emissions and SOC content from
Zero in species-poor mixtures to positive in species-rich
mixtures (Figure 3; Table SI). Plot age did not signifi-
cantly impact mixture effect sizes on CH, emissions,
CH, uptake, plant C concentration and plant C stor-
age (Table S1). However, plot age did increase mixture
effect sizes on CO, emissions, N,O emissions and SOC
content (Figure 3; Table S1). That is, for each of these
variables, the difference between monocultures and mix-
tures was larger on average in older plots. Upon dividing
plant species richness into four groups (2, >2-5, >5-10,
>10), higher species richness consistently increased CO,
emissions, SOC content and plant C storage (Figure S4),
affirming the robustness of these findings. The impact
of plant species richness on plant C concentration could
not be assessed because data on plant C concentration
almost exclusively came from monocultures and two-
species mixtures.
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FIGURE 3 Mixture effect sizes (log-response ratios of plant mixtures relative to monoculture averages) on carbon dioxide (CO,) emissions
and soil organic carbon (SOC) content in relation to single variables: (a) CO, emissions—species richness, (b) SOC content—species richness, (c)
CO, emissions—plot age, (d) SOC content—plot age. The influence of single variables on the mixture effect sizes was derived from Equations (5)

and (6) in the Methods section.

Plot age and soil depth affected some of these relation-
ships. For example, mixture effect sizes on SOC content
and plant C storage increased more with species richness
in older plots compared to younger ones (Figure 4a,b;
Table S1). The interaction between soil depth and plot
age significantly affected mixture effect sizes for SOC
content, indicating a more pronounced positive effect
of plant mixtures on SOC content in deeper soils with
increasing plot age (Figure 4c; Table S1). N application
resulted in larger mixture effect sizes on CO,, N,O and
CH, emissions compared to scenarios with no N ad-
dition (Figure 5a—d). There was a positive correlation
between mixture effect sizes on CO, emissions and
mixture effect sizes on SOC content, while positive cor-
relations were observed between mixture effect sizes on
soil NO;  and mixture effect sizes on N,O emissions
(Figure 5e.f). Additionally, mixture effect sizes on CH,
emissions were negative under high aridity (low aridity
index) but approached zero at low aridity (high aridity
index; Figure 5g). Mixture effect sizes on GGE, SOC
and plant C concentration or storage did not signifi-
cantly differ across different ecosystem types, annual
average temperatures, plant types (presence or absence
of legumes), technical methods, plant parts or soil types
(Table S2). However, Eutric Fluvisols had significantly
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larger mixture effect sizes on plant C storage than other
soil types (Figure S3).

Due to the unavailability of SOC content data for the
entire soil depth profile and potential differences in soil
depth between monocultures and mixtures, we did not
calculate the absolute effects of mixtures on SOC stor-
age. However, based on our predictions, a 40% reduction
in species richness in forests and grasslands decreased
SOC content and plant C storage by 3.12% and 8.41%
after 1year and 12.3% and 58.7% after 10years respec-
tively. Similarly, a 60% decrease in species richness (from
100% to 40%) decreased SOC content and plant C stor-
age by 4.38% and 8.91% after 1 year and 17.0% and 61.3%
after 10years respectively (Figure 6).

DISCUSSION
Effect of plant mixtures on soil carbon

Experiments and observational studies over the last 30years
have shown that plant diversity often has strong effects on
vegetation biomass and productivity across a range of eco-
system types (Chen et al., 2023; Huang et al., 2018; Isbell
et al., 2017; Tilman et al., 1996). Our results show that these
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FIGURE 4 Mixture effect sizes (log-response ratios of plant mixtures relative to monoculture averages) on soil organic carbon (SOC)
content and plant community carbon (C) storage in relation to two interacting variables: (a) SOC content—species richness x plot age, (b) plant ¢
storage—species richness x plot age, ¢) SOC content—plot age x soil depth. The influence of the two interacting variables on mixture effect sizes
was derived from Equations (5) and (6) in the Methods section. ns indicates p>0.05.

plant diversity effects also translate to important processes
affecting climate, namely the storage of C in soils and emis-
sions of greenhouse gases. Plant species mixtures have
higher SOC contents than monocultures, with plant species
richness, plot age and soil depth modifying this effect (see
Figures 2 and 4). This finding highlights the crucial role of
plant diversity in maintaining soil C reservoirs, a factor also
affected by various environmental parameters. Soil Cis more
than three times that of plants and the atmosphere (Hicks
Pries Hicks Pries Caitlin et al., 2017), emphasizing the im-
portance of even slight changes in SOC for global GGE dy-
namics (Chen et al., 2018). Compared to monocultures, plant
mixtures enhance C inputs to soils through litter decompo-
sition and root exudation, contributing to increased soil C
content (Chen et al., 2018, 2020). This process is crucial in
absorbing atmospheric CO, and mitigating climate change.
However, our inability to quantify the absolute amounts of
SOC per unit area due to insufficient data on soil depth and
soil bulk density poses a limitation. The positive correla-
tion between species richness and SOC content is consistent
with the well-established relationship between higher spe-
cies richness and increased plant productivity (Balvanera
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et al., 2006; Hector et al., 1999; Spehn et al., 2000; Tilman
et al, 1996; Van Ruijjven & Berendse, 2005). Enhanced
productivity results in greater C export from plant resi-
dues to soil, elevating SOC content (Chen et al., 2020; Liu
et al., 2018). Moreover, the influx of plant root exudates
and litter into the soil tends to increase with plot age (Chen
et al., 2020; Forrester et al., 2013), further augmenting SOC
content over time. These processes likely help explain our
finding of higher SOC in more diverse plant plots.

Effect of plant mixtures on plant carbon

Plant mixtures exhibit higher plant C concentrations
and storage than monocultures, with the magnitude of
the mixture effect on plant C storage positively correlat-
ing with the species richness of mixtures and plot age (see
Figures 2 and 4b). This indicates a progressive increase in
the capture of atmospheric CO, over time by more species-
rich plant communities. The underlying mechanism for
this phenomenon may lie in the higher community leaf
area index observed in plant mixtures (Ibanez et al., 2021),
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respectively.

enhancing light interception (Manevski et al., 2017) and
photosynthetic rates (Dong et al., 2004), ultimately fa-
cilitating plant C concentration and storage (Veryard
et al., 2023). The complementarity of resource use among
species has been proposed as a key driver of increased pro-
ductivity in species-rich, decade-old grassland ecosystems
(Van Ruijven & Berendse, 2005). With plot age increasing,
plant communities with higher species richness tend to ac-
cumulate more plant biomass by absorbing CO, and soil
nutrients, such as N and phosphorus, subsequently increas-
ing plant C storage (Furey & Tilman, 2021; Klironomos
et al., 2000; Siemann, 1998; Tilman et al., 1996).

Soil type can also influence the response of plant C
storage to plant species richness. For example, Eutric
Fluvisols, characterized by higher nutrient content (N
and phosphorus) than other soil types (Nachtergaele
et al., 2009), show greater mixture effects on plant C
storage than Dystric Cambisols, Ferralic Arenosols and
Ferralsols (see Table S2, Figure S3). In these nutrient-rich
soils (e.g. Eutric Fluvisols), plant mixtures would promote
C fixation through photosynthesis, increasing plant C
storage (Chen & Chen, 2021; Forrester & Bauhus, 2016).

Effect of plant mixtures on greenhouse
gas emissions

The effect of plant mixtures on emissions varies across
different greenhouse gases. Soil N,O emissions are 21.4%
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lower in plant mixtures than monocultures (see Figure 2),
indicating a beneficial influence of plant mixtures on
mitigating N,O emissions. This reduction is attributed
to the decrease in soil NO," levels in plant mixtures (see
Figure 5), as soil NO; is a precursor to N,O emissions
(Han et al., 2019). Plant mixtures absorb more available
soil NO;  than monocultures (Furey & Tilman, 2021),
potentially explaining the observed decrease in N,O
emissions (see Figure 2). In contrast with hypothesis,
the increase in plant species richness within mixtures
does not lead to further reductions in N,O emissions (see
Table S1), possibly due to the lack of statistical power
as most mixtures in our dataset have low species rich-
ness, or to a balance between NO,  absorption and N
mineralization with increasing plant species richness.
Increasing species richness in plant mixtures can also
increase soil NO;  absorption (Furey & Tilman, 2021).
Moreover, plant mixtures accumulate soil total N, im-
proving N mineralization and increasing NO,  produc-
tion (Chen et al., 2021, 2023). Thus, NO; absorption and
production may reach an equilibrium. Furthermore, the
build-up of total N in soil under long-term plant mixtures
could promote soil NO; production (Chen et al., 2021),
which may explain the observed positive correlation be-
tween plot age and mixture effect size on N,O emissions
in our study (see Table SI).

While soil CO, emissions do not increase on aver-
age under plant mixtures, higher plant species richness
and older plots are associated with positive effects of
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plant mixtures on soil CO, emissions. However, the
higher plant species richness and older plots are likely
correlated with high CO, uptake, reflected in the high
plant and soil C storage (Figure 3). The increased C
would stimulate microbial activity (Chen et al., 2019)
and CO, emissions (Chen & Chen, 2019). Thus, the in-
creased soil CO, emissions in species-rich, old plots do
not necessarily reflect increased net CO, emissions,
as it may be offset by increased CO, uptake through
photosynthesis or other mechanisms. One study re-
ports that the positive effect of plant mixtures on SOC
content and subsequent increase in SOC decomposi-
tion only partially offset the positive impact of species
richness on CO, uptake (Stocker et al., 1999). In our
study, the positive effect of mixtures on SOC is rela-
tively larger than the positive effect on CO, emissions
in species-rich, old plots (see Figures 4a,b and 5), sug-
gesting a potentially negative effect of plant species
richness and plot age on net CO, emissions for these
ecosystems.

Overall, plant mixtures have similar CH, emission
and uptake levels as monocultures, independent of spe-
cies richness in mixtures and plot age. This minimal
impact of plant mixtures on soil CH, sources and sinks
contradicts our hypothesis. However, a review focusing
on constructed wetlands also reports a negligible over-
all impact of mixtures on soil CH, emissions (Maucieri
et al.,, 2017). Additionally, alterations in microbial
community structure associated with CH, emissions
under plant mixtures are not contingent upon varia-
tions in plant species richness (Maucieri et al., 2017;
Zhang et al., 2010). Nonetheless, further research is
needed to elucidate the mechanisms governing the
response of soil CH, emissions and uptake to plant
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mixtures (see Figure 2; Table SI). We find a positive
relationship between effect of mixtures on CH, emis-
sions and aridity index, indicating that plant mixtures
are more conducive to promoting CH, emissions under
more humid conditions. A recent study reveals that
plant mixtures exhibit enhanced productivity in humid
regions (Jactel et al., 2018), potentially stimulating in-
creased litterfall and elevating the amount of substrate
for CH, emissions.

Growing N pollution is another major axis of global
change (Matson et al., 2002). We find that N addition en-
hances the mixture effects on CO,, N,O and CH, emis-
sions (see Figure 5a—c), consistent with earlier findings
that N fertilization can alleviate soil nutrient deficien-
cies, providing better support for the growth of plant
mixtures (LeBauer & Treseder, 2008). Enhanced N uti-
lization by plant mixtures facilitates the contributions of
plant litter and root exudates to soil fertility (Barneze
et al., 2020; Niklaus et al., 2016), and intensified root-
driven nutrient mineralization intensifies the produc-
tion of N and amino acids (Barneze et al., 2020; Chang
et al., 2014), precursors for CO,, N,O and CH,, and thus
promoting GGE. Therefore, mitigating N deposition
in natural ecosystems may be beneficial for offsetting
GGE.

Implications for potential consequences of
climate change

The insights from experimental biodiversity studies,
like the German Jena Experiment and the US BioDIV
project, are considered reliable for understanding real-
world ecosystems (Jochum et al., 2020). Small-scale
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investigations into the impact of plant diversity on soil
Cand N (Chenetal., 2020, 2021), supported by evidence
from larger natural ecosystems (Chen et al., 2023), sug-
gest that meta-analyses of such experiments can offer
valuable insights into factors influencing global-scale
GGE. As ecosystem services and functioning are
linked directly to plant diversity (Isbell et al., 2015), our
study's findings underscore the potential of preserving
and promoting plant diversity as a nature-based solu-
tion for mitigating climate change consequences, simi-
lar to Mori et al. (2021). The consistent effects of plant
mixtures on GGE, soil C and plant C fixation across
various ecosystem types and environmental conditions,
such as soil type, aridity and temperature, support the
general validity of these findings. Similar studies have
reported the consistent influence of plant mixtures
on aboveground and belowground plant biomass (Ma
& Chen, 2016; Zhang et al., 2012), soil microbial bio-
mass (Chen et al., 2019), soil N (Chen et al., 2021) and
phosphorus (Chen et al., 2022) across diverse ecosys-
tem types and environmental conditions. However,
increases in species richness within mixtures and plot
age amplify the effects of plant mixture effects on C
fluxes in ecosystems, further emphasizing the impor-
tance of long-term preservation of plant diversity for
climate change mitigation.

The observed decline in C storage when convert-
ing plant mixtures to monocultures raises concerns.
Estimated global SOC decreases by 25% following the
conversion of forests to cropland, resulting in a 32%
increase in C emissions (Don et al., 2011). Human-
induced habitat destruction and loss of plant diversity
exacerbate global C emissions (Isbell et al., 2015; Portner
et al., 2023). Our findings highlight that even a moderate
(40%) decrease in plant species richness over a decade in
forests and grasslands could lead to substantial losses in
SOC content (12.3%) and plant C storage (58.7%) over the
course of decades (Figure 6). Given the ongoing global
decline in plant diversity (Butchart et al., 2010), terres-
trial ecosystems are at risk of losing C storage capacity,
particularly as plot age increases.

CONCLUSION

Our study synthesizes existing data on the role of plant di-
versity in regulating soil and plant C storage and, conse-
quently, its impact on GGE. We find that plant mixtures
decrease soil N,O emissions relative to average monocul-
tures while enhancing soil and plant C storage. The wide-
spread cultivation of plant monocultures threatens the
mitigation capacity of terrestrial ecosystems in the face
of climate change. Preserving species richness and older
ecosystems emerges as a crucial strategy to increase C
storage and reduce GGE. Furthermore, our analysis of-
fers valuable insights for refining land surface models to
predict global C cycles and GGE more accurately.
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