








aboveground tissues senesced and retranslocated
the N into root. We sampled the root in late
fall after the aboveground tissues senesced, and
thus, the N retranslocation might have further
increased the N content of the belowground tis-
sues even more and further increased the N treat-
ment effects. The tissue quality changes were
mainly caused by changes within species tissue.
This may be explained by the fact that N addition
induces an increase in fast-growing species with
high tissue N content, short-lived leaves and with

a high specific leaf and root area which is associ-
ated with lower tissue lignin.
Species richness effects on tissue quality were

stronger than either the elevated CO2 or the N
addition. Single species plots had the higher tis-
sue N and lignin contents both above- and
belowground, which supports the finding that
the tissue N content decreases with increasing
species richness (Chen et al. 2017a, b). Plot level
tissue quality changes were mainly dependent
on the species tissue quality in pant community.

Fig. 5. Loss of C and N in aboveground litter and root for in situ substrates using the means for N, plant
species richness, and year adjusted for the CO2 treatments � standard error.
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Productivity within our experiment strongly
increases with plant species richness (Reich et al.
2001a), and thus, the plant demand for N also
increases with diversity and this is likely driving
the tissue quality changes along the species

richness treatments. Do note that these tissue
quality changes were mainly between the one
species plots and all other richness level, which is
in contrast to the productivity which increases to
much higher species richness levels.

Table 4. Litter quality influence on aboveground litter and belowground root carbon and nitrogen loss of the
in situ aboveground litter and belowground roots.

Source

Carbon loss Nitrogen loss

Litter Root Litter Root

Tissue N 4.85� 36.47��� 11.14��� 37.99���

Lignin 19.33��� 35.49��� 54.56��� 30.49���

CO2 2.61 0.10 0.34 0.00
N 7.85�� 0.02 1.11 3.26
Plant richness 1.51 5.37�� 29.04��� 7.72���

Year 458.79��� 223.77��� 71.12��� 131.06���

CO2 9 N 1.93 2.48 0.60 0.02
CO2 9 Richness 0.15 0.98 0.42 3.17�

CO2 9 Year 0.21 0.62 0.22 0.96
N 9 Richness 1.34 0.73 4.02�� 0.32
N 9 Year 0.37 0.19 0.62 0.15
Richness 9 Year 1.19 0.27 1.18 0.69

Notes: Presented are the F values from a ANCOVA with as factors CO2 nested within ring (elevated and control), nitrogen
addition (elevated and control), and plant species richness (1, 4, 9, and 16 species) over 1, 2, and 4 yr of decomposition duration.
As covariates included are plant tissue, N, cellulose, and lignin (all as % of tissue dry weight).

�P < 0.05; ��P < 0.01; ���P < 0.001, all other P > 0.05.

Table 5. Plant and soil influence on aboveground litter and belowground root carbon and nitrogen loss of in situ
aboveground litter and belowground roots.

Source

Carbon loss Nitrogen loss

Litter Root Litter Root

Aboveground
biomass

1.05 4.46� 2.07 1.78

Belowground
biomass

4.56� 37.30��� 42.12��� 44.87���

Root productivity 5.43� 0.11 2.43 0.20
Soil C 0.54 4.74� 7.52�� 7.86��

Soil N 1.30 5.68� 7.40�� 7.99��

N 11.75�� 7.46�� 6.46� 1.78
Richness 3.03� 6.86��� 32.89��� 11.14���

Year 284.19��� 170.91��� 53.68��� 107.05���

CO2 9 N 0.85 5.24� 0.26 1.05
CO2 9 Richness 0.08 0.91 1.38 1.67
CO2 9 Year 0.61 0.67 0.53 0.82
N 9 Richness 1.9 3.27� 2.47 0.95
N 9 Year 0.72 0.37 1.18 0.21
Richness 9 Year 0.83 0.34 1.19 0.95

Notes: Presented are the F values from a ANCOVA with as factors CO2 nested within ring (elevated and control), nitrogen
addition (elevated and control), and plant species richness (1, 4, 9, and 16 species) over 1, 2, and 4 yr of decomposition duration.
As covariates included are soil organic C and N from 2002, 2002, and 2007 at 0–20 cm soil depth (both % of total soil dry
weight), aboveground and belowground standing plant biomass, and belowground root productivity in from 2005, 2006, and
2008 (all three in g/m2).

�P < 0.05; ��P < 0.01; ���P < 0.001, all other P > 0.05.
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Litter and root decomposition
Human activities have increased atmospheric

CO2 concentrations which can change litter qual-
ity and further alter litter decomposition and
nutrient cycling process in ecosystems (Coûteaux
et al. 1995, Henry et al. 2005, Iversen et al. 2012,
Garcia-Palacios et al. 2017). Our results showed
that elevated CO2 did not directly change either
litter or root decomposition, which was similar to
a number of other studies (Johnson et al. 2000,
Knops et al. 2007, de Graaff et al. 2011). However,
elevated CO2 indirectly affected the N loss of litter
and root through its effect on the litter and root
quality. Changes of N and lignin contents in litter
and root induced by elevated CO2 can better
explain the observed patterns of N loss in litter
and root. The reduction in the initial litter N con-
tent caused by the high CO2 treatment leads to a
decrease in the N loss in litter decomposition.
However, the reduction induced by elevated CO2

in the initial lignin content is more than in the ini-
tial root N, thus favoring the N release in root
decomposition (Fig. 6; Appendix S1: Table S3).
This can partly mitigate the limitation of elevated
CO2 on the soil N availability, since elevated CO2

increases plant productivity and litter production
in grasslands (Reich et al. 2001b) and restraints
the N release in litter decomposition.
Not surprising, N addition indirectly increased

the C loss and N release during the decomposition
of litter and root through its effect on the initial N
and lignin contents. The increased N deposition
can greatly modify the limitation of elevated CO2

on the available soil N and litter cycling. Our
study supplies an evidence that the N availability
is one of most important divers in litter decompo-
sition and nutrient release (Liu et al. 2010, Zhu
et al. 2016, Maaroufi et al. 2017). N addition
induced the improvement of litter quality with a
reduction in the initial lignin content and an

Fig. 6. Structural equation model showing the all pathways of elevated CO2, nitrogen addition, and plant spe-
cies on loss of C and N in litter and root. Single-headed arrows indicate paths. The exogenous unobserved vari-
ables Err account for the unexplained error. Standardized regression weights (along path) and total variance
explained as a result of all predictors pointing to that variable (top right corner of rectangle). �, ��, and ��� indicate
statistically significant paths at P < 0.05, P < 0.01, and P < 0.001, respectively.
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increase in initial N content, leads to an increase in
the C or N loss in litter decomposition. An
increase in initial root N content induced by N
addition can also favor the C and N loss in root
decomposition. These results are also agreed with
the previous studies that litter decomposition is
often strongly controlled by initial N and lignin
contents (Cotrufo et al. 1994, Knops et al. 2007,
Parton et al. 2007, Liu et al. 2010), thereby sup-
porting that the increasing litter nutrient contents
as a consequence of N addition can accelerate the
decomposition rate and N release (Liu et al. 2010,
Vivanco and Austin 2011, Li et al. 2017a, b). In
addition, the previous studies within the same
experiment have found that N addition also
induced the changes in soil microbial composition
and functioning (Chung et al. 2007, He et al.
2010), thus potentially affecting the litter or root
decomposition. However, the decreased microbial
biomass carbon (Li et al. 2013) and increased the
microbial N (Craine et al. 2007) caused by N addi-
tion may limit the litter decomposition, because
the high N availability restraints the microbes to
acquire N from the organic matter. Thus, the com-
plicated and inconsistent effect of tissue quality
and soil microbe induced by N addition on
decomposition are likely to co-occur, thereby
declining the explanation variance of decomposi-
tion caused by N addition.

Plant richness changes strongly affected the C
and N loss in both litter and root decomposition,
and this result did not change when we included
either litter quality, soil C or N, or plant and root
biomass as covariant. Thus, as compared to ele-
vated CO2 and N addition, plant richness changes
are the more important in driving litter and root
decomposition (Szanser et al. 2011, Chen et al.
2017a, b), which is in contrast to several other
studies that plant diversity has the much smaller
effects on decomposition (Hector et al. 2000,
Knops et al. 2007). However, our results suggest
that the root decomposition and N release do not
mirror those of aboveground litter, indicating that
no consistent effects of plant richness on decom-
position occur between litter and root. Our results
are agreed with the previous study that increasing
plant richness may increase the litter decomposi-
tion rates (Szanser et al. 2011, Jones and Swan
2016, Li et al. 2017a, b). This may be explained by
the fact that the initial lower lignin content caused
by increasing plant richness can accelerate the

litter decomposition rate. In addition, the species-
rich plant communities have the higher herbivory
rates of arthropods (Ebeling et al. 2014) and the
higher activity of microbial community (Chung
et al. 2007), which further enhances the litter
decomposition, because the higher plant biomass
resulting from the higher plant richness can host
the decomposing arthropods and structures soil
microbial communities. In contrast to the increas-
ing aboveground litter decomposition, our results
also support the finding that a decrease in root N
content with increasing richness may slow the
root decomposition (Chen et al. 2017a, b). This
can be interpreted by the fact that although the
increasing plant richness decreases the initial N
and lignin contents of root, the effect of N content
change on root decomposition is the higher than
the lignin contents, which leads the net effect of
increasing plant richness on the root decomposi-
tion and N release is negative. Thus, our study
fully supports that both of the N and lignin con-
tents are often identified as the important factors
in mediating the effect of plant diversity changes
on the decomposition (Hobbie 2000, Zhao et al.
2014, Chen et al. 2017a, b).
Our results from the ANCOVAs are agreed with

other studies that changes in vegetation and envi-
ronmental factors induced by elevated CO2, N
additions, and changes in plant species richness
can indirectly influence litter decomposition (Corn-
well et al. 2008, Huttunen et al. 2009, Siegenthaler
et al. 2010, He et al. 2012, Chen et al. 2017a, b).
However, the final best SEM showed that global
change factors did not affect the decomposition of
litter and root via changes in changes in vegetation
and soil. This may be explained by the fact that ele-
vated CO2, N addition, and plant richness changes
can affect the decomposition more indirectly
through tissue quality, microbial communities, and
microclimate (Adair et al. 2011, Allison et al. 2013,
Garcia-Palacios et al. 2013b). In our study, the pre-
vious studies showed that the productivity or bio-
mass within this experiment increased in response
to elevated CO2, N addition, and increased plant
richness (Reich et al. 2001a). It is plausible that the
heterotrophic microbial communities would expe-
rience the greater substrate availability, potentially
increasing soil respiration, microbial activity which
further accelerate litter and root decomposition
(Chung et al. 2007). Alternatively, the higher pro-
ductivity can enhance soil C and N accumulation
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through the high litter production (Fornara and
Tilman 2008), which further affect the soil respira-
tion and water content. Thus, changes in soil
microclimate linked to plant and root biomass
may also affect the litter and root decomposition in
grasslands (Adair et al. 2011).

In conclusion, our study clearly demonstrates
that global change factors such as elevated CO2,
N deposition, and biodiversity loss do lead to the
significant changes in litter and root quality. Both
of the N and lignin contents may mediate the
effect of global change factors on the decomposi-
tion and nutrient release in litter and root. Global
change factors have the different influencing con-
sequence on the C or N loss between litter and
root decomposition through their effects on tissue
quality. Elevated CO2 is an important constraint
on the available soil N, while N addition modifies
the limitation of elevated CO2 on soil N availabil-
ity. As compared the indirect effects of elevated
CO2 and N addition, the biodiversity loss tends to
drive any potential alterations in C and N cycling
in grassland ecosystems. Climate change-induced
alterations in species compositions are likely
much more important in determining feedbacks
through decomposition and N cycling. However,
the root decomposition and nutrient release do
not mirror those of aboveground litter among dif-
ferent plant richness treatment. This study pro-
vides the insight into the influencing mechanism
of global change factors on the decomposition
and nutrient release in litter and root, which is
helpful to improve our understanding of the effect
of global change factors on biogeochemical cycles
in grassland ecosystems.
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Appendix S1 

 

Table S1. Specific litter quality changes caused by CO2, N and plant species richness treatments Presented are the F values from ANOVA’s for the 

quality of aboveground litter and belowground root with as quality aspects; N (%), soluble (%), hemicellulose (%), cellulose (%) and lignin (%) 

and as independent factors CO2, N and plant species richness treatments. * denotes P<0.05, ** P<0.01, *** P<0.001, all others are p>0.05 
 

Source N (%) Soluble (%) Hemicellulose (%) Cellulose (%) Lignin (%) 
Aboveground 

litter 
Root Aboveground 

litter 
Root Aboveground 

litter 
Root Aboveground 

litter 
Root Aboveground 

litter 
Root 

CO2 13.11* 2.27  0.15  7.45  0.90  6.32   0.25  0.57  0.20  10.21* 
N  3.63  4.71* 0.17  0.26  1.97  0.24   0.19  1.92  7.28**  1.41  
Richness 11.68*** 4.55** 0.77  1.00  0.77  0.61  10.97*** 0.25  4.03**  8.01** 

Given are the F values from a GLM with as factors CO2 nested within ring, N and plant species richness. N, nitrogen; GLM, general linear 

model. * P< 0.05; ** P< 0.01; *** P < 0.001; Measured, actual measured value; Expected, calculated expected value. 
 



Table S2. Correlation coefficients of the C or N loss, CO2, N, plant species richness, soil C, soil N, aboveground biomass, belowground biomass, 
root productivity and tissue quality. 

 CO2 N Plant 
richness Year %C-loss %N-

loss 
Soil- 
Carbon  

Soil- 
Nitrogen 

Aboveground  
total biomass 

Total root  
biomass % Nitrogen % cellulose % lignin 

CO2 1             

N 0.006 1            

Plant richness 0 0.003 1 0          

Year 0 0 0 1          

%C-loss -0.061 0.051 0.069* 0.709** 1         

%N-loss -0.062* 0.001 0.203** 0.337** 0.569** 1        

Soil-Carbon 0.001 0.052 0.307** 0.307** 0.195** 0.097** 1       

Soil-Nitrogen 0.008 0.029 0.249** 0.111** 0.049 0.049 0.865** 1      

Aboveground biomass 0.114** 0.101** .459** -
0.213** -0.138** 0.038 0.143** 0.160** 1     

Root biomass 0.130** 0.255** .512** -0.035 -0.006 -.095** 0.238** 0.173** 0.374** 1    

% Nitrogen -0.153** 0.126** -.232** 0 -0.106** 0.178** -
0.164** 

-
0.108** -0.204** -0.382** 1   

% cellulose 0.026 -0.011 0.293** 0 0.019 0.036 0.079** 0.093** 0.208** 0.383** -0.411** 1  

% lignin -0.044 -0.105** -
0.102** 0 -0.149** 0.272** -

0.145** -.093** 0.045 -0.450** 0.484** -0.184** 1 

 
 
 
 
 
 



Table S3. Direct, indirect and total effects of CO2, N and plant species richness on of 
the C or N loss in litter or roots based on standardized values of statistically significant 
SEM paths (P< 0.05). 

 Pathway 
Predictor and effect 

CO2 N Richness 
C loss in 
litter  Direct NS NS 0.053 
 Indirect NS 0.015 0.015 
 Total NS 0.015 0.068 
N loss in 
litter  Direct NS NS 0.257 
 Indirect -0.037 0.03 -0.056 
 Total -0.037 0.03 0.201 
C loss in 
roots Direct NS NS NS 
 Indirect NS 0.025 -0.004 
 Total NS 0.025 -0.004 
N loss in 
roots Direct NS NS NS 
 Indirect 0.01 0.026 -0.005 
 Total 0.01 0.026 -0.005 

C, carbon; N, nitrogen. NS, non-significant relationships. 
 


