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Abstract

This study is a global meta-analysis of the effects of grassland plant species richness on aboveground and belowground carbon

and nitrogen dynamics. Observations from 73 studies in grasslands totaling 1385 paired observations of plant mixtures and

monocultures were compiled. Response variables included nine carbon and six nitrogen processes to plant diversity, examined

the effects of experimental types and age on the responses, and predicted the carbon and nitrogen balance following different

biodiversity loss scenario in grasslands. We found that carbon and nitrogen functions significantly enhanced in plant mixtures,

but varied with experimental types. Most of the attributes was significantly correlated with species richness and experimental

age, the relationship between species richness and carbon and nitrogen processes was interacted with experimental duration

in the field experiments, except for soil respiration, fungal biomass, and soil nitrate nitrogen. Importantly, our results showed

that the declines in soil carbon and nitrogen pool accelerated following plant diversity loss. Our meta-analysis revealed that the

plant diversity has ubiquitous impacts on carbon and nitrogen cycles in grasslands, likely driven by complementarity effects of

plant diversity on plant productivity and biomass, underlined interactive effects of plant diversity, experimental types and age,

and climate on carbon and nitrogen processes, and suggested that the reduction in carbon and nitrogen stocks in grasslands

will be larger following biodiversity loss in the future.

Introduction

Grasslands play a critical role in global carbon and nitrogen cycles (Scurlock & Hall, 1998; Suttie et al.
2005). Increasing grassland plant diversity can have positive effects on a wide range of ecosystem functions
including plant productivity (Tilman et al. 2001; Ravenek et al. 2014; Oram et al. 2018; Prieto et al.
2015), soil carbon and nitrogen storage (Lange et al.2015; Weisser et al. 2017; Leloupet al. 2018; Yang
et al.2019), and soil respiration (Chen et al. 2019). Declines in grassland plant diversity through grazing
mismanagement, land conversion, and climate change will thus likely change many aspects of the carbon
and nitrogen cycles of grassland ecosystems (Reich et al. 2012; Isbell et al. 2013; Hautier et al. 2018).

Numerous studies have shown close relationships between plant diversity and carbon and nitrogen cycling
processes in grasslands (Hector et al. 2010; Oelmannet al. 2011; Mueller et al.2013; Craven et al. 2016).
Above- and belowground biomass, soil organic carbon, and soil respiration have all been observed to increase
significantly with species richness (Tilman et al. 2001; Cowles et al. 2016; Chen & Chen 2019; Yang et al.
2019) including a number of meta-analyses showing that these are very general patterns (Weisser et al. 2017;
Chenet al. 2019; Wang et al. 2020). We expect, therefore, that carbon cycles in grasslands will be changed
significantly under biodiversity loss scenarios. Given that the nitrogen cycle is closely coupled with carbon
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cycling (Zaehle 2013; Zaehle et al. 2014), we expect similar impacts on nitrogen cycling processes (Schmid
et al.2009; Weisser et al. 2017; Faninet al. 2018).

Numerous field and controlled environment experiments have examined plant diversity impacts on the pro-
vision of ecosystem services (Fridley 2002; Prieto et al. 2015; Craven et al. 2016). Plant diversity impacts
on carbon and nitrogen cycles in these experiments may be sensitive to experimental type (i.e. field versus
controlled environment) (Roscher et al. 2004; Thompson et al. 2005; Malchair et al. 2010; Kreyling et al.
2017), experimental duration (Chen et al. 2019; Chen et al. 2020), and, in the case of field experiments,
environmental conditions (Duffy et al.2017; Chen et al. 2019). For example, after controlling for environ-
mental covariates, increases in biomass with biodiversity are stronger than has previously been documented
in experiments (Duffyet al. 2017). Interactions between plant diversity and experimental duration on carbon
processes have also been reported. For example, Tilman et al. (2001) found that the diversity effects on pro-
ductivity can become progressively stronger due to the enhancement of complementarity effects with time.
Recent meta-analyses have found that the positive effects of plant diversity on soil organic carbon, microbial
biomass, and microbial respiration are also enhanced with experimental duration (Chen et al. 2019; Chen et
al. 2020). Finally, a long-term grassland experiment suggests that the close relationships between the carbon
and nitrogen cycles (Zaehle et al. 2014) may enhance the effects of plant diversity on nitrogen processes
with time (Mueller et al. 2013). Synthesis studies of these diversity experiments have not, however, explored
either the effects of plant diversity across multiple carbon and nitrogen processes, or the interactive effects
of plant diversity and experimental type (field and greenhouse experiments) and duration.

Here we compile data from 73 studies examining the effects of plant diversity in grasslands (Fig. 1).
These studies report on nine ecosystem carbon processes (aboveground biomass, belowground biomass, total
biomass, soil carbon pool, soil respiration, heterotrophic respiration, microbial biomass, bacterial biomass,
and fungal biomass) and six nitrogen processes (aboveground nitrogen pool, soil nitrogen pool, soil ammo-
nium nitrogen, soil nitrate nitrogen, soil nitrogen leaching, and soil nitrogen mineralization). We specifically
test 1) how grassland plant mixtures impact carbon and nitrogen processes relative to monocultures, 2)
whether diversity effects differ between field and greenhouse experiments, and 3) how plant diversity im-
pacts change with experimental age in field experiments.

Material and methods

Data collection

We searched for all peer-reviewed publications that investigated the effects of plant diversity on carbon
and nitrogen attributes in grasslands using the ISI Web of Science (isiknowledge.com) and China National
Knowledge Infrastructure (CNKI, www.cnki.net) databases from 1980-2019. Keyword combinations such as
diversity/mixture, grassland/pasture/meadow, carbon/C, nitrogen/N, respiration, and richness were used
for the search. The following criteria were applied to select studies: 1) experiments had at least one pair of
data comparing monoculture vs. mixture, 2) the species in monoculture were included in the mixtures at the
same temporal and spatial scale, 3) response variables (means and measures of variance) were reported for at
least one carbon or nitrogen ecosystem function: aboveground biomass (AGB), belowground biomass (BGB),
total biomass (TB), soil carbon pool (SCP, %), soil respiration (Rs), heterotrophic respiration (Rh), microbial
biomass (MB), bacterial biomass (BB), fungal biomass (FB), aboveground nitrogen pool (ANP), soil nitrogen
pool (SNP, %), soil ammonium nitrogen (SAN), soil nitrate nitrogen (SNN), soil nitrogen leaching (SNL),
soil nitrogen mineralization (SNM), and 4) the diversity level (species richness), experimental duration,
and experimental type (field or greenhouse) were clearly described. Means, standard deviations/errors and
samples size were extracted when necessary from digitized graphs using GetData Graph Digitizer (ver. 2.24,
< www.getdata-graph-digitizer.com/ >). Sample sizes corresponding to each observation was derived based
on the number of independent experimental units. The data were extracted from the Worldclim database at
http://worldclim.org/ using the location information (e.g. latitude and longitude). Experimental age was
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divided into two durations: 1 (1– 4 years) and 4 (>4 years). In total, 73 studies, reporting 15 attributes,
and 1385 observations about the effects of plant diversity on carbon and nitrogen processes were selected
(Table S1).

Data analysis

We followed the methods of Hedges et al. (1999) and Gurevitch et al. (2018) to evaluate the changes in
carbon and nitrogen attributes in plant mixtures. The log response ratio (lnRR , natural log of the ratio of
the mean value of monocultures plots to that in mixtures) was calculated as below:

lnRR = ln
(
xt

xc

)
= ln

(
xt
)
− ln(xc)(1)

where xt and xc are means of the variable in all mixtures and monocultures plots respectively. Random-
effects models were used to estimate weighted average response ratios via the rma function in the metafor
package (Cooperet al. 2009) in R 3.5.1 (R Core Team, 2018). Weights for studies were estimates by sampling
variance (Hedges et al. 1999) and the between-sampling variability:

wv = (
s2t
ntx

2
t

+
s2c
ncx

2
c

+ τ2)
−1

(2)

where St, nt, Sc and nc are the standard deviation and sample size for the mixtures and monocultures
respectively, and τ2 the total amount of heterogeneity.

For each attribute, we tested the impacts of species richness (SR), experimental age (EA), and climate using
the following model:

λνΡΡ = β0 + β1 × λνΣΡ+ β2 × ΕΑ +β3 × ςλιματε +β4 × λνΣΡ ×ΕΑ+β5 × λνΣΡ ×ςλιματε +ε (3)

where β is the coefficient to be estimated; e is sampling error. We conducted the analyses using restricted
maximum likelihood estimation by the rma function with wv as the weight for each corresponding observation
(Johnson and Omland 2004; Bates et al.2015). For ease of interpretation, lnRR and the corresponding 95%
confidence intervals (CIs) were transformed to a percentage change between monocultures and mixtures as
(e lnRR-1) ×100%. To illustrate the effects of plant diversity on soil carbon and nitrogen pool with time,
we compared the lnRR when the plant diversity in mixtures was R1 (all species present) and Rα (α% lower
species richness) using the following equation (Chen et al . 2019):

Pα = (R1/Rα)
β1+β4T (4)

where Πα is the proportion of remaining soil carbon and nitrogen pool under α% lower species richness in a
period ofT. Other model terms were as described for Equation (3). Based on Equation (4), we fitted curves
to estimate the potential decrease in soil carbon and nitrogen pool over time under scenarios of 10, 20, 40,
and 80% decreases in species richness. We limited the forecasting to 30 years as that is the age of the longest
field biodiversity experiment at Cedar Creek Natural History Area, Minnesota, USA (Tilman et al.2006).

Results

Average changes of ecosystem functions in plant mixtures

In field experiments, we observed significant increases in mixtures relative to monocultures for carbon pro-
cesses including aboveground biomass (AGB, 64.6%), belowground biomass (BGB, 45.0%), total biomass
(TB, 123.1%), soil carbon pool (SCP, 13.2%), soil respiration (Rs, 10.6%), heterotrophic respiration (Rh,
18.9%), microbial biomass (MB, 16.7%), fungal biomass (FB, 16.4%), and bacterial biomass (30.0%) (BB,
Fig. 2). We observed similar increases for nitrogen processes including aboveground nitrogen pool (ANP,
26.5%), soil nitrogen pool (SNP, 7.8%), and soil ammonium nitrogen (SAN, 27.0%). Decreases occurred in
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soil nitrate nitrogen (SNN, -40.4%), soil nitrogen mineralization (SNM, -52.3%), and soil nitrogen leaching
(SNL, -76.0%) (Fig. 2).

In greenhouse experiments, we similarly observed significant increases in mixtures relative to monocultures
for measures including AGB (60.1%), BGB (53.1%), TB (49.6%), Rs (16.4%), and SNP (5.6%) (Fig. 2).
The remaining attributes showed no significant differences.

The effects of plant diversity, experimental age, and climate

Carbon and nitrogen attributes increased linearly with experimental age in the field experiments, with the
exceptions of FB and SNN (Fig. 3, Table S2), and increased logarithmically with species richness except for
FB, SAN, SNN, and SNM (Fig. 4, Table S3). Importantly, significant interactions between plant diversity
and experimental age were found for AGB, BGB, TB, SCP, Rh, MB, BB, ANP, SNP, SAN, and SNM
(Table S4), indicating stronger species diversity effects on those variables in longer-term experiments (Fig.
4, Table S5). In greenhouse experiments, AGB, BGB, FB, BB, and ANP increased logarithmically with
species richness (Fig. 5, Table S3). Few significant interactions between plant diversity and climate (mean
annual temperature and precipitation) were observed, with only BGB, FB, and BB impacted (Fig. 6).

Predicted responses of soil carbon and nitrogen pool

We utilized the differences in species richness and experimental age effects in the field experiments to predict
the impacts of long-term diversity declines (Fig. 7). A 10% decrease in species richness (from 100 to 90%)
over one year reduced SCP and SNP by 0.5 and 1.1% respectively (Fig. 7). An 80% decrease in species
richness (from 100 to 20%) over one year led to 2.3 and 4.8% reductions in SCP and SNP respectively (Fig.
7). The declines in SCP and SNP in response to the decrease in species richness became amplified with time.
For example, a 10% decrease in species richness (from 100 to 90%) over five years led to a 2.4 and 5.2%
reduction in SCP and SNP, respectively (Fig. 7).

Discussion

Many studies have explored the responses of carbon and nitrogen processes to increasing plant diversity from
both experiments and meta-analysis (Tilman et al. 2001; Roscher et al. 2004; Ma and Chen 2016; Chen
et al. 2019; Chen et al. 2020). Three aspects of our study distinguish it from previous syntheses studies.
First, our study is the first to compare across a large number of carbon and nitrogen processes. Second, our
study attempts to reconcile the effects of experimental type by exploring the differences between field and
greenhouse experiments. Third and most importantly, we show that there are important interactions between
plant diversity and experimental age in field experiments, with the effects of plant diversity becoming more
pronounced with time.

Carbon and nitrogen cycle changed significantly in plant mixtures

We generally found support for the hypothesis that more diverse plant mixtures positively affect the provision
of many carbon and nitrogen ecosystem services in grasslands. Overyielding in aboveground biomass (AGB),
belowground biomass (BGB), and total biomass (TB) in plant mixtures has been commonly observed due
to complementary plant interactions (Tilman et al. 1997; Ma & Chen 2016; Wang et al. 2020); the strong
general effects of diversity found here demonstrate that these mechanisms are broadly important in grassland
ecosystems. Further, we observed positive relationships between the soil carbon pool (SCP) response and
BGB, suggesting that the higher SCP frequently observed in plant mixtures can be caused by complementary
in BGB (Fig. S1a). Higher microbial biomass (MB), fungal and bacterial biomass, and heterotrophic
respiration (Rh) in plant mixtures are likely also attributable to the effects of higher productivity on the
carbon and nutrient inputs to the soil ecosystem (Bartelt-Ryser et al.2005; Eisenhauer et al. 2010). Soil
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respiration (Rs) combines Rh and root metabolism (Luo & Zhou 2008), so there is likely both Rh and plant
BGB impacts in mixtures on Rs.

Positive plant diversity effects were also observed for nitrogen attributes. These can be attributed to the
positive relationship between aboveground nitrogen pool (ANP) and AGB (Fig. S1b), and again demon-
strate the general importance of diversity complementary effects in grasslands. Positive relationships were
found between soil nitrogen stock (SNP) and SCP (Fig. S1c), and thus the higher SNP in plant mixtures
may be induced by overyielding in above- and belowground biomass. Larger carbon accumulations in soils
could provide more exchange sites for ammonium (Mueller et al. 2013), which may cause the observed
higher soil ammonium under plant mixtures. Soil nitrate and nitrogen leaching in plant mixtures was lower
than monocultures probably due to greater N uptake capacity in a diverse mixtures (Mueller et al. 2013;
Leimer et al. 2016). Stoichiometric theory shows that net N mineralization was positively related to root N
concentration (Manzoni et al. 2008), and reduction in root N concentration (Mueller et al. 2013) may lead
to a decrease in soil nitrogen mineralization in plant mixtures.

Divergent response between field and greenhouse experiments

Our comparison of field and greenhouse experiments demonstrates that diversity effects were generally
stronger in field experiments than in the greenhouse. Duration and experimental size constraints in green-
house experiments likely explain much of the difference. The maximum diversity for individual measures in
the greenhouse was 3-16 species compared to 16-60 in the field. Similarly, greenhouse experiments older than
3 years were rare (Fig. S2) while many field experiments had run for a decade or more. Given the experi-
mental age by diversity interactions identified in the field experiments (discussed below), it is not surprising
that field experiments show stronger effects than greenhouse studies. Mechanisms important in longer exper-
iments that would not be detected in the greenhouse could include the accumulation of dead plant material
with time (Bartelt-Ryser et al. 2005; Eisenhauer et al. 2010; Chen et al. 2019). Further, we found no
significant diversity – climate interactions, suggesting that the stronger responses in field experiments was
not induced by the greater range of climate conditions in the field.

Species richness - experimental age interactions

We show that the effects of plant diversity on carbon and nitrogen processes increased with experimental
age in the field experiments. Increases in the magnitude of complementary effects with time have been
observed (Cardinale et al. 2007; Ravenek et al. 2014; Wang et al. 2020). The likely mechanism behind
these time effects is the accumulation of plant biomass and soil carbon with time (Khlifa et al. 2017).
Positive interactions between plant diversity and experimental age on ANP and SNP may also be caused by
the enhancement of complementary effects with time. However, There is a time lag in microbial processes
response to changes in plant communities due to the accumulation of dead plant materials was needed before
their response (Bartelt-Ryser et al. 2005; Eisenhauer et al. 2010), and thus the effects of plant diversity on
microbial biomass, respiration, soil nitrate, and soil nitrogen mineralization, which are likely caused by the
accumulation of primary production (Janssens et al. 2010; Mueller et al. 2013), was more pronounced at
longer experimental duration.

Long-term impacts of diversity loss in grasslands

Our model shows that a 10% (from 100 to 90%) decrease in plant species richness could cause a small decline
in SCP and SNP over one year, but cumulatively much larger declines are likely. The diversity of many
plant communities worldwide is thought to be declining due to factors including global warming (Tilman &
Lehman 2001; Tylianakis et al. 2008). The negative effects of plant diversity loss on carbon storage may
generate positive feedbacks that could accelerate global warming. Nitrogen limitation of primary production
in grasslands (Fayet al. 2015; Wieder et al. 2015), the positive interactive effects of plant diversity loss and
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time on SNP could aggravate the deficiency of nitrogen in grasslands, which substantially exacerbate the
shortage of forage production.

Conclusions

Our meta-analysis provides comprehensive evidence that plant diversity increases have a positive effect on
multiple carbon and nitrogen processes in grasslands. We show that the effects of plant diversity on carbon
and nitrogen cycles are enhanced in field experiments relative to greenhouse studies, and that the effects
increase with experimental duration. Prediction models based on the field experiments showed soil carbon
and nitrogen release in grasslands following plant diversity loss was faster with time, which indicate that
global warming and forage production shortage might be exacerbate with continuous plant diversity loss.
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Figure Legends

Figure 1 Global distribution of grassland study sites used in the meta-analysis. Red circles and blue triangles
indicate study sites in the field and greenhouse experiments. Source data are provided as a Source Data file.

Figure 2 Comparison of carbon and nitrogen attributes between plant mixtures and monocultures in grass-
lands. The effects represent the increase or decrease (%) of a given attribute compared to the corresponding
mean of monocultures at the mean plant diversity in mixtures (see Methods). Values are mean ± 95%
confidence intervals of the percentage effects between the plant mixtures and monocultures. The number
of observations for each attribute is displayed in parentheses. Abbreviations: AGB, aboveground biomass;
BGB, belowground biomass; TB, total biomass; SCP, soil carbon pool; Rs, soil respiration; Rh, heterotrophic
respiration; MB, microbial biomass; FB, fungal biomass; BB, bacterial biomass; ANP, aboveground nitrogen
pool; SNP, soil nitrogen pool; SAN, soil ammonium nitrogen; SNN, soil nitrate nitrogen; SNM, soil nitrogen
mineralization; SNL, soil nitrogen leaching. Different colors represent different experimental types.
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Figure 3 Relationships between experimental age and the response ratios (RR) for carbon and nitrogen
attributes in the field experiments. Plots show aboveground biomass (a), belowground biomass (b), total
biomass (c), soil carbon pool (d), soil respiration (e), heterotrophic respiration (f), microbial biomass (g),
fungal biomass (h), bacterial biomass (i), aboveground nitrogen pool (j), soil nitrogen pool (k), soil ammonium
nitrogen (l), soil nitrate nitrogen (m), and soil nitrogen mineralization (n). The size of the bubble is the
relative weight of the response ratio (lnRR ) in the random-effects meta-regression. Larger bubbles indicate
study outcomes that contributed a greater overall weight in random-effects meta-regression. Solid lines
represent significant relationships. Shaded areas show 95% confidence intervals.

Figure 4 Interactions between species richness in plant mixtures and experimental duration in field experi-
ments. Plots show aboveground biomass (a), belowground biomass (b), total biomass (c), soil carbon pool
(d), soil respiration (e), heterotrophic respiration (f), microbial biomass (g), fungal biomass (h), bacterial
biomass (i), aboveground nitrogen pool (j), soil nitrogen pool (k), soil ammonium nitrogen (l), soil nitrate
nitrogen (m), and soil nitrogen mineralization (n). Blue, green, and red lines indicate experimental durations
of 1 year, 4 years, and mean experimental duration across all observations; points with different shapes
indicate experimental durations. The size of the bubble is the relative weight of the response ratio (lnRR
) in the random-effects meta-regression. Larger bubbles indicate study outcomes that contributed a greater
overall weight in the random-effects meta-regression. Shaded areas show 95% confidence interval of the fit.

Figure 5 Relationships between species richness and the response ratios (RR) in the greenhouse experiments.
Plots show the aboveground biomass (a), belowground biomass (b), total biomass (c), soil carbon pool (d),
soil respiration (e), heterotrophic respiration (f), microbial biomass (g), fungal biomass (h), bacterial biomass
(i), aboveground nitrogen pool (j), soil nitrogen pool (k), soil ammonium nitrogen (l), soil nitrate nitrogen
(m), and soil nitrogen mineralization (n). The size of the bubble is the relative weight of the response ratio
(lnRR ) in the random-effects meta-regression. Larger bubbles indicate study outcomes that contributed
a greater overall weight in random-effects meta-regression. Solid lines represent significant relationships.
Shaded areas show 95% confidence interval of the fit.

Figure 6 Interactions between species richness in plant mixtures and climate in the field experiments (β5
). Values are mean ± 95% confidence intervals. Plots show mean annual temperature (a) and precipitation
(b). Abbreviations: AGB, aboveground biomass; BGB, belowground biomass; TB, total biomass; SCP, soil
carbon pool; Rs, soil respiration; Rh, heterotrophic respiration; MB, microbial biomass; FB, fungal biomass;
BB, bacterial biomass; ANP, aboveground nitrogen pool; SNP, soil nitrogen pool; SAN, soil ammonium
nitrogen; SNN, soil nitrate nitrogen; SNM, soil nitrogen mineralization. Data for TB comes from only one
study site thus the interactive effects of species richness and climate cannot be tested.

Figure 7 Predicted responses of soil carbon (a) and nitrogen (b) pools to a range of plant species richness
reduction in grasslands through field experiments. Plots show the plant species richness reduction at 10%,
20%, 40%, and 80%. Lines with different colors represent different species richness levels.

Figures

Figure 1
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