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Community assembly mechanisms 
and succession processes 
significantly differ among 
treatments during the restoration 
of Stipa grandis – Leymus chinensis 
communities
Ke Dong1, Guang Hao1, Nan Yang1, Jian-li Zhang1, Xin-feng Ding1, Hui-qin Ren1,  
Jun-fang Shen1, Jin-long Wang2, Lin Jiang   3, Nian-xi Zhao1* & Yu-bao Gao1

Understanding community assembly mechanisms is helpful to predict community dynamics. To explore 
which community assembly mechanism(s) drive(s) the grassland restoration in semi-arid region, we 
investigated the relationships between plant trait and species relative abundance (SRA), and estimated 
community functional diversity indices for each community under different treatments (enclosure, 
grazing and mowing treatment) in a restoration region of Stipa grandis – Leymus chinensis communities 
in the northern China from 2010 to 2012. There was a high fraction of significant relationships 
between trait value and SRA, suggesting that niche theory structured the grassland restoration in 
this region. The functional richness was higher and the functional divergence was lower in the 
enclosure community than that in the grazing or mowing community, and significantly positive plant 
height - SRA relationship was found in the enclosure community. These findings demonstrated that 
limiting similarity based on niche theory was more important in structuring the enclosure community 
and that environmental filtering based on niche theory played a more important role in driving the 
grazing or mowing community. Only the factor of year significantly affected the functional evenness 
(FEve), and the lowest FEve in 2011 implied that the relatively lower precipitation could enhance the 
effect of limiting similarity on community assembly in the semi-arid grassland.

The restoration of degraded communities is one of the most important challenges in applied ecology1. 
Understanding community assembly mechanisms during the communities’ restoration is helpful for us to know 
about and forecast the community dynamics during the secondary succession2,3. The community assembly 
mechanisms fall into niche theory (including environmental filtering and limiting similarity) and neutral the-
ory (including stochastic process). Niche theory assumes that species relative abundance (SRA) within a local 
community is driven by the performance-related traits of co-occurring species, therefore significant relation-
ships between plant trait of co-occurring species and their corresponding SRA are expected4–6. Stochastic process 
asserts that all individuals are assumed to be functionally equivalent, therefore no significant plant trait – SRA 
relationship is expected7,8. Based on plant functional traits, it is easy to infer community assembly processes based 
on niche theory. Multi-trait functional diversity (FD) indices, including functional richness (FRic), functional 
divergence (FDiv), functional evenness (FEve) and so on, have been proved to be useful in revealing species 
coexistence processes and assembly rules2,9. A restricted range of trait values of co-occurring species, such as low 
FRic, is thought of as evidence of environmental filtering3 and an over-dispersion of trait values, take a high FDiv 
as an example, is considered as evidence of limiting similarity among co-occurring species10. And, the shifts in the 
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FD could explain the consequences of environmental change on community assembly11,12. Community-weighted 
mean (CWM) trait value could help describe the central tendencies of a functional trait in a certain community13.

The community ecologist have found that the secondary succession could either converge or diverge with time 
relative to each other depending on a variety of factors including characteristics of the disturbance that initiates suc-
cession14. Traditional monitoring vegetation composition and each species’ abundance (or SRA) over time is helpful 
to judge the restoration outcomes. Not only that, estimating the response of species relative abundance (RSRA) 
through time or across treatments may provide a useful method to explore the deep reason of restoration out-
comes4,15–17. If the RSRAs through time are significantly different between the restoration community and the stable 
climax community for almost species, more time is need for the restoration community to reach the climax status16. 
Alternatively, if no climax community, monitoring the RSRAs of dominant native species and problematic species 
(invasive species, or the dominant species in the degradation community) will always be an important component of 
evaluating restoration outcomes18–20. If the RSRA through time of the dominant native species is significantly higher 
than zero while that of the problematic species is significantly lower than zero, the community is restoring but does 
not reach the climax status on the condition that these findings were not influenced by year-to-year fluctuation16.

Large areas of terrestrial habitats are degrading due to global changes, especially in the arid and semi-arid 
regions. For example, in the semi-arid Inner Mongolia Steppe in the northern China, large areas of native climax 
communities, S. grandis – L. chinensis communities, degraded due to drought caused by climate change and 
over-grazing by cattle or/and sheep, with the loss of plant diversity and the decline of ecosystem functioning 
(e.g., net primary productivity). Consequently, these communities were replaced by other communities, such as 
Cleistogenes squarrosa communities21. In response, a number of restoration treatments, including enclosure no 
disturbance, mowing, reducing grazing intensity and so on, were carried out to restore the semi-arid grassland 
vegetation. In order to explore how different restoration treatments affect the community assembly processes and 
predict the restoration processes in the semi-arid grassland, communities treated by three different restoration 
treatments (enclosure, grazing and mowing treatments) were chosen in the distribution region of S. grandis – L. 
chinensis communities in the northern China. These communities were dominated by C. squarrosa before 2003, 
and restoration treatments have been implemented and extensive human activities have been forbidden in the 
study region since 2003. Every growth season from 2010 to 2012, we investigated plant traits, traits’ response, SRA 
and RSRA for each species in each community, estimated CWM and FD indices for each community. Comparing 
with the average precipitation (263.5 mm) of the last 30 years in the study region22, 267.9 mm in 2010, 226.7 mm 
in 2011, and 511.7 mm in 2012 represent normal precipitation, low precipitation and high precipitation, respec-
tively. We explored the effects of treatment/year/species on these observed variables and tested the relationships 
between the trait values and the SRA, and between the trait responses and the RSRA across treatments/through 
time. Accordingly, these results would indicate which process(es), including stochastic process based on neutral 
theory, and environmental filtering and limiting similarity based on niche theory, played a more important role in 
affecting community assembly in the grassland restoration under each of the three different treatments.

Results
Responses of plant traits.  In these communities, eleven species were common in 2010 and 2012, and only 
nine species were common in 2011 (Table 1). The plant height and the SLA were significantly (P < 0.01) affected 
by year (Y), treatment (T), species (S) and their interactions, and the one thousand grain weight was significantly 
(P < 0.05) affected by year, species and their interaction (Tables 1, 2).

Species FG

Seed 
diaspore 
type

One thousand 
grain weight (g) Density (ramets/m2) Plant height (cm) Specific leaf area (SLA) (cm2/g)

2010 2011 2012

2010 2011 2012 2010 2011 2012 2010 2011 2012

En- Gr- Mo- En- Gr- Mo- En- Gr- Mo- En- Gr- Mo- En- Gr- Mo- En- Gr- Mo- En- Gr- Mo- En- Gr- Mo- En- Gr- Mo-

Stipa grandis PG Caryopsis 9.54 8.58 10.01 221 111 264 54 233 100 173 156 236 48.4 47.7 58.9 28.0 26.3 27.9 38.3 33.6 41.2 72.7 70.2 82.3 102.0 112.9 152.3 102.9 95.6 96.8

Leymus  
chinensis PG Caryopsis 2.04 1.94 2.10 89 36 23 452 199 83 282 236 145 29.4 23.4 26.5 32.4 21.0 22.3 36.4 29.5 39.9 77.0 89.4 73.8 95.5 111.2 184.8 116.9 138.5 106.6

Agropyron 
cristatum PG Caryopsis 2.19 2.23 2.10 161 116 220 118 70 198 68 106 185 24.1 26.1 25.5 29.4 30.4 19.3 29.7 26.5 35.1 96.0 78.0 74.8 74.2 104.3 155.8 134.2 138.3 134.1

Cleistogenes 
squarrosa PG Caryopsis 0.62 0.66 0.60 402 610 517 102 604 498 93 379 195 10.9 10.6 11.5 8.6 9.1 10.8 13.1 15.5 15.4 165.1 165.9 194.6 195.1 195.9 263.6 194.6 194.0 206.8

Artemisia  
frigida PF Achene 0.10 0.10 0.10 3 4 3 0 3 4 2 2 4 20.2 25.0 13.3 18.6 16.7 9.9 25.9 29.12

Serratula 
centauroides PF Achene 7.68 7.23 7.92 3 4 1 4 3 3 3 3 4 36.0 30.2 43.6 26.0 12.1 12.8 44.2 31.1 41.7 89.7 88.9 76.6 100.7 102.2 155.1 120.0 114.5 108.7

Carex  
korshinskyi PF Caryopsis 2.15 1.94 2.26 30 12 18 68 25 35 109 66 36 9.8 8.7 9.3 11.0 11.7 8.5 19.6 18.0 18.8 128.0 133.7 129.6

Allium 
tenuissimum PF Seed 2.17 1.95 2.27 7 9 9 10 17 10 2 12 77 21.7 21.6 22.9 13.0 17.5 21.8 20.0 26.6 29.7 122.9 101.6 121.9 137.5 171.8 229.1 197.6 165.2 187.5

Salsola  
collina A Seed 0.15 0.14 0.16 43 80 20 0 3 1 11 38 12 22.1 22.5 19.9 9.5 7.0 12.8 23.7 27.4

Chenopodium 
glaucum A Seed 0.47 0.49 20 14 13 254 21 116 16.5 15.3 14.6 29.6 18.0 34.2 162.0 130.4 165.2 141.2 172.4 143.6

Chenopodium 
strictum A Seed 0.21 0.22 2 5 2 59 7 28 7.8 11.8 16.7 33.6 17.5 33.8 158.2 159.5 216.8 173.1 208.4 194.1

Table 1.  The species density, seed mass, plant height and specific leaf area of common species under three treatments 
during 2010 to 2012. (FG: functional group; PG: perennial graminoids; PF: perennial forbs; A: annuals plants).

https://doi.org/10.1038/s41598-019-52734-0


3Scientific Reports |         (2019) 9:16289  | https://doi.org/10.1038/s41598-019-52734-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

Both the Ln RR (the natural-log-transformed response ratio) and the plasticity of plant height across treat-
ments were significantly (P < 0.05) affected by species and Y × S interaction. Both the Ln RR and the plasticity of 
plant height through time were significantly (P < 0.05) affected by year, species and T × S interaction, and the Ln 
RR of plant height through time was also significantly (P < 0.05) affected by Y × S interaction. Both the Ln RR and 
the plasticity of SLA across treatments were significantly (P < 0.05) affected by all these factors (year, treatment, 
species and their interactions) except T × S interaction. Both the Ln RR and the plasticity of SLA through time 
were significantly (P < 0.01) affected by all these factors (year, treatment, species and their interactions) except the 
factor of year and Y × T × S interaction (Tables 1, 2).

The CWM of plant height was significantly (P < 0.001) affected by treatment, year and their interaction. It 
was significantly (P < 0.05) lower within the grazing community than that within any of the other two commu-
nities in 2010 and 2012, and was significantly (P < 0.05) higher within the enclosure community than that within 
any of the other two communities in 2011 (Fig. 1a). The CWM of SLA was significantly (P < 0.001) affected by 
treatment, year and their interaction, and it was significantly (P < 0.05) lower within the enclosure community 
than that within any of the other two communities in any observation year. Compared with the CWM of SLA 
within the mowing community in the same year, the performance within the grazing community was signifi-
cantly (P < 0.05) lower in 2011 and significantly higher in 2012 (Fig. 1b). The effects of treatment, year and their 
interaction on the CWM of one thousand grain weight was not significant (P > 0.05) (Fig. 1c).

Response of species relative abundance (RSRA).  The SRA and the RSRA across treatments were sig-
nificantly (P < 0.05) affected by species, Y × S, T × S and Y × T × S interactions (Table 2). There were four species, 
S. grandis, C. squarrosa, Allium tenuissimum and Salsola collina, whose RSRA to grazing (grazing vs enclosure) 
was significantly positive in at least one observation year or no difference with zero. There were three species, L. 
chinensis, Carex korshinskyis and Chenopodium glaucum, whose RSRA to grazing was significantly negative in at 
least one observation year or no difference with zero. The RSRA of Artemisia frigida to grazing was significantly 
positive in 2011, significantly negative in 2010, and no difference with zero in 2012. The significantly positive 
RSRAs to mowing (mowing vs enclosure) were shown by Agropyron cristatum, C. squarrosa, and A. frigida in 
2011 and 2012, and Allium tenuissimum in 2011. The significantly negative RSRAs to mowing were shown by L. 
chinensis in any observation year, Carex korshinskyi, Salsola collina and Ch. glaucum in 2010 (Table 3).

The RSRA through time was significantly (P < 0.001) affected by treatment, species, T × S and Y × T × S 
interactions. The significantly (P < 0.05) positive RSRAs to low precipitation (2011 vs 2010) were shown by S. 
grandis under the grazing treatment and L. chinensis under the enclosure or grazing treatment. The significantly 
(P < 0.05) negative RSRAs to low precipitation were shown by S. grandis and C. squarrosa under the enclosure 
treatment, Ch. glaucum and Ch. strictum under any of these treatments (Table 3). The significantly (P < 0.05) 
positive RSRAs to high precipitation (2012 vs 2010) was shown by L. chinensis under any of these treatments, Ch. 
glaucum under the enclosure or mowing treatment, and Ch. strictum under the enclosure treatment. The RSRAs 
of C. squarrosa to high precipitation was significantly (P < 0.05) negative under any of these treatments (Table 3).

Relationship between plant trait and SRA.  There were significantly (P < 0.05) positive relationships 
between the plant height and the SRA in the enclosure community in 2011 and 2012. The relationships between 
the SLA and the SRA were significantly (P < 0.05) positive in the grazing community in 2010 and 2011 and in 

Factor Year (Y)
Treatment 
(T)

Species 
(S) Y × T Y × S T × S Y × T × S

Species level

Species relative abundance (SRA) 2.364 0.834 95.55*** 0.788 16.077*** 15.365*** 5.359***

Plant height 59.634*** 6.187*** 73.505*** 4.726** 11.331*** 2.7*** 1.854**

Special leaf area (SLA) 151.22*** 72.156*** 190.4*** 55.778*** 10.273*** 3.022*** 3.01***

One thousand grain weight 3.448* — 83.174*** — 6.459*** — —

Across treatments

Ln RR of SRA (RSRA) 2.747 0.015 15.348*** 1.412 6.158*** 2.112* 2.500**

Ln RR of plant height 2.074 6.168* 2.561* 2.663 3.293*** 1.004 1.439

Plasticity of plant height 1.943 5.462* 2.397* 1.836 3.275*** 0.827 1.702

Ln RR of SLA 69.415*** 32.359*** 3.477** 31.668*** 6.399*** 1.751 2.266*

Plasticity of SLA 79.796*** 44.128*** 4.395*** 41.379*** 7.266*** 1.498 2.609**

Through time

Ln RR of SRA (RSRA) 0.477 7.971*** 22.627*** 1.6 1.591 5.484*** 3.615***

Ln RR of plant height 50.278*** 1.797 13.06*** 1.653 2.441* 3.584*** 0.621

Plasticity of plant height 14.162*** 3.149 10.622*** 0.682 0.501 5.25*** 0.307

Ln RR of SLA 0.127 27.766*** 14.651*** 37.076*** 7.875*** 6.188*** 1.24

Plasticity of SLA 0.394 23.109*** 8.885*** 25.155*** 3.896** 3.5*** 1.136

Table 2.  Summary of F-value and significance of different factors on the values and the response of species 
relative abundance, plant height, specific leaf area (SLA) and one thousand grain weight by general linear model. 
*, ** and *** indicate the significant effect on variables at the 0.05, 0.01 and 0.001 level, respectively.
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the mowing community in 2011, and significantly (P < 0.05) negative in the enclosure community in 2012. No 
significant relationship was found between the one thousand grain weight and the SRA in this study (Table 4).

Relationship between response of plant trait and RSRA.  The Ln RR of plant height was significantly 
(P < 0.05) positively correlated with the RSRA to grazing in 2010 and 2012, with the RSRA to mowing in 2011 and 
2012, with the RSRA to low precipitation under the enclosure treatment, and with the RSRA to high precipitation 
under any of these treatments. The plasticity of plant height was significantly (P < 0.05) positively correlated 
with the RSRA to grazing in 2012, with the RSRA to mowing in 2011, and with the RSRA to high precipitation 
under any of these treatments. Both the Ln RR and the plasticity of SLA were significantly (P < 0.05) negatively 
correlated with the RSRA to grazing in 2011, with the RSRA to mowing in 2011, and with the RSRA to high pre-
cipitation under the enclosure treatment (Table 5).

Community functional diversity.  The functional richness and functional divergence were significantly 
(P < 0.05) affected by treatment, year and their interaction. The functional richness was significantly (P < 0.05) 

Figure 1.  Results of analysis of variance on the community-weighted mean (CWM) of plant height (a), specific 
leaf area, SLA (b) and one thousand grain weight (c) in this study. NS indicates non-significant effect on the 
variable at the 0.05 level, and *, ** and *** indicate the significant effect on variables at the 0.05, 0.01 and 0.001 
level, respectively. The values of Mean ± SE within each variable followed by the same letter are not significantly 
different at 0.05 level.

RSRA to grazing
(Grazing vs enclosure)

RSRA to mowing 
(Mowing vs enclosure)

RSRA to low 
precipitation
(2011 vs 2010)

RSRA to high 
precipitation
(2012 vs 2010)

2010 2011 2012 2010 2011 2012 En- Gr- Mo- En- Gr- Mo-

Stipa grandis NS ↑ NS NS NS NS ↓ ↑ NS NS NS NS

Leymus chinensis ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ NS ↑ ↑ ↑

Agropyron cristatum NS NS NS NS ↑ ↑ NS NS NS NS NS NS

Cleistogenes squarrosa ↑ ↑ ↑ NS ↑ ↑ ↓ NS NS ↓ ↓ ↓

Artemisia frigida ↓ ↑ NS NS ↑ ↑ NS NS NS NS NS NS

Serratula centauroides NS NS NS NS NS NS NS NS NS NS NS NS

Carex korshinskyi ↓ NS ↓ ↓ NS NS NS NS NS NS NS NS

Allium tenuissimum NS ↑ ↑ NS ↑ NS NS NS NS NS NS NS

Salsola collina ↑ NS ↑ ↓ NS NS NS NS NS NS NS NS

Chenopodium glaucum NS ↓ ↓ NS NS ↓ ↓ ↓ ↑ NS ↑

Chenopodium strictum NS NS NS NS NS ↓ ↓ ↓ ↑ NS NS

Table 3.  The results of the response of species relative abundance (RSRA) across treatments or through time 
calculated by one sample t-test with zero as test value. The ↑, ↓ and NS in the table indicate a significantly 
positive response, a significantly negative response and a non-significant response at the 0.05 level, respectively.
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higher in 2011 than that in 2012, and the highest functional richness and the lowest functional divergence were 
found within the enclosure community in 2011. Only the factor of year significantly (P < 0.05) affected the func-
tional evenness, and the lowest functional evenness was found in 2011 (Fig. 2).

Discussion
The present study found that the percentage of significant plant trait - SRA relationships was higher than random 
expectation (5%), indicating that niche theory played more important role in affecting the community restora-
tion in the study region. The environmental adaptability or tolerance of these co-occurring species could provide 
evidence that not all individuals were functionally equivalent and support the niche theory. The RSRAs across 
treatments were significantly different among the co-occurring species, implying the difference of adaptability 
and tolerance to disturbance among these species, which could cause different restoration outcomes due to the 
change of competition superiority of co-occurring species17,23.

In the enclosure community, the relative abundance of S. grandis or L. chinensis was significantly higher than 
that (<5%) before 2003, and the relative abundances of S. grandis and L. chinensis were the first two highest 
among all these species in 2012 (Table 1), implying the dominance of S. grandis and L. chinensis in this commu-
nity. That is to say, the composition and structure in the enclosure community was close to the climax community 
in this region. The CMW of SLA was lower within the enclosure community than that within any of the other 
communities, and the SLA of the dominant native species, S. grandis and L. chinensis, was relatively lower than 
that of any of the other species, implying that the relatively lower SLA has the higher functional adaptability in 
this region. In semi-arid region, species with low SLA and therefore long-lived leaves can accumulate a greater 
mass of leaf, and long mean residence time of nutrients, made possible by leaf longevity, permits a progressively 
larger share of nitrogen pools to be sequestered24.

However, in the grazing/mowing community, the abundance of C. squarrosa was highest (>30%) among all 
these species (except in the mowing community in 2012), indicating that C. squarrosa but not S. grandis or L. 
chinensis was the dominant species. More time was needed for the grazing or mowing community to reach the 
status of S. grandis - L. chinensis community. The significant differences of RSRAs through time with zero sug-
gested that these communities were more dynamic, or hysteresis may be occurring in response to the grazing/

Year Treatment
Plant 
height

Specific leaf 
area (SLA)

One thousand 
grain weight

2010

Enclosure 0.056 0.075 0.096

Grazing −0.196 0.472* −0.111

Mowing 0.111 0.158 0.139

2011

Enclosure 0.475* −0.219 −0.343

Grazing −0.122 0.607** −0.029

Mowing −0.087 0.602** −0.17

2012

Enclosure 0.388* −0.458* 0.067

Grazing −0.117 0.079 0.022

Mowing 0.11 −0.126 0.304

Table 4.  Pearson correlations between values of plant traits and their species relative abundance (SRA) 
under each treatment in each observation year. *, ** indicate significant relationships at the 0.05, 0.01 level, 
respectively.

Ln RR of plant 
height

Plasticity of plant 
height

Ln RR of specific 
leaf area (SLA)

Plasticity 
of SLA

Response to grazing (Grazing vs enclosure)

2010 0.275* 0.240 −0.099 −0.112

2011 0.278 0.298 −0.395* −0.410*

2012 0.591*** 0.479*** −0.230 −0.218

Response to mowing (Mowing vs enclosure)

2010 0.166 0.145 −0.101 −0.096

2011 0.381* 0.371** −0.388* −0.359*

2012 0.258* 0.200 −0.037 −0.053

Response to low precipitation (2011 vs 2010)

Enclosure 0.406* 0.342 −0.108 −0.129

Grazing 0.002 −0.144 0.168 0.181

Mowing 0.156 0.134 0.240 0.230

Response to high precipitation (2012 vs 2010)

Enclosure 0.549** 0.559*** −0.341* −0.308*

Grazing 0.410*** 0.394*** 0.094 0.055

Mowing 0.331** 0.300** −0.167 −0.125

Table 5.  Pearson correlations between responses of plant height or specific leaf area and the corresponding 
RSRAs across treatments or through time. *, ** and *** indicate significant relationships at the 0.05, 0.01 and 
0.001 level, respectively.
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mowing disturbance25,26. The RSRAs of L. chinensis to grazing or mowing were significantly lower than zero while 
the RSRAs of C. squarrosa to grazing or mowing were significantly higher than zero except one that was no differ-
ence with zero, implying the relatively higher tolerance of C. squarrosa to grazing/mowing than L. chinensis. It has 
been reported that C. squarrosa showed higher tolerance to environmental disturbance or stress than S. grandis in 
the Inner Mongolia Steppe27. As a result, the relatively lower recovery (competitiveness) of L. chinensis population 
and the relatively higher competitiveness of C. squarrosa population in the grazing or mowing community than 
in the enclosure community. A disturbance could damage or destroy some vegetations, reducing the uptake of 
light, water and nutrient. Once resource uptake goes down for a time in an ecosystem, there will be more resource 
available and the competition among co-occurring species will decrease, thus the community is particularly vul-
nerable so that invasion or the dominant species replaced by high resource-capture species happens very easily28. 
Contrary to species with low SLA, species with high SLA, take C. squarrosa as an example, can capture resource 
rapidly, in sequence, become a superiority to occupy the gaps in a disturbance community such as a grazing or 
mowing community. Consequently, the disturbance could lead to increasing the competition superiority of C. 
squarrosa, and then increasing its SRA. In fact, when there is no disturbance, C. squarrosa is an inferior compet-
itor; and even if disturbance exists, C. squarrosa is still an inferior competitor in high precipitation year29, as the 
results in Table 3 showed in this study. The significantly different of characteristic (adaptability, tolerance, SLA, 
plant height and so on) between C. squarrosa and S. grandis or L. chinensis could explain not only the degradation 
processes in this study region but also the restoration processes under different treatments.

Even though niche theory affected the community assembly in this region, the limiting similarity based on 
niche theory was more important in structuring the enclosure community and the environmental filtering based 
on niche theory played a more important role in driving the grazing or mowing community3,10,30. The FRic within 
the grazing/mowing community was lower than that within the enclosure community or that reported by other 
researchers31,32, therefore, it could be viewed as evidence of environmental filtering affecting the grazing/mowing 
community3. While the relatively higher FDiv within the enclosure community could be considered as evidence 
of limiting similarity among co-occurring species10. Moreover, the significantly positive plant height - SRA rela-
tionships in the enclosure community demonstrated that the higher species had more advantage, supporting that 
light competition was the driving force as community height and canopy density increased over years of enclosure 
and that limiting similarity and niche differentiation by light competition affected the community structure and 
processes in the enclosure community33. However, the dramatic inter-annual changes of the correlation coeffi-
cient or significance under the grazing/mowing treatment emphasized the importance of environmental filtering 
by inter-annual climatic changes in driving the community assembly34. For example, in the mowing community, 
the correlation coefficient between the SLA and the SRA was 0.602 and more higher than zero in 2011 but −0.126 
in 2012 (Table 4), and similar results have been reported by many researchers4,35. From the restoration outcomes 
under different treatments, we conjectured that the limiting similarity played more important role in community 
closer to the climax community in the study region.

The present findings indicated that the factor of year was a significant factor interacting with restoration treat-
ments in affecting the community dynamics in the semi-arid grassland. However, only the factor of year signifi-
cantly affected the FEve, and the lowest FEve was found in 2011. According to viewpoint of Pakeman11, low level 
of FEve can be indicative of sites where the limiting similarity may be important in structuring the communities. 
Our finding implied that the relatively lower precipitation in 2011 enhanced the effect of limiting similarity on 
community assembly. Seed mass is quite a good indicator of a cotyledon-stage seedling’s ability to survive various 
hazards, representing a species’ chance of successful dispersing a seed into an establishment opportunity36. The 
relationship between one thousand grain weight and SRA was negative in 2011 but positive in 2012, suggesting 
the trend of community succession and the important effect of year-to-year (climatic) fluctuation on recruitment.

Our results supported that the restoration succession of the semi-arid grassland in northern China was sensi-
tive to environmental conditions, including restoration treatments or year-to-year fluctuation, and demonstrated 
that long-term consecutive observations of plant traits and estimating FD indices are vital for understanding 

Figure 2.  Results of analysis of variance on functional richness, FRic (a), functional evenness, FEve (b) and 
functional divergence, FDiv (c). NS indicates non-significant effect on the variable at the 0.05 level, and *, ** 
and *** indicate the significant effect on variable at the 0.05, 0.01 and 0.001 level, respectively. The values of 
Mean ± SE within each variable followed by the same letter are not significantly different at 0.05 level.
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community assembly mechanisms. RSRAs across treatments or through time are helpful to calculate trajectories 
of community process and judge community state. Our findings provided a more comprehensive understanding 
of why some species are more abundant in one particular habitat but less abundant in another habitat, but also 
demonstrated the complexity of community assembly mechanisms and processes of grassland restoration in the 
northern China.

Methods
Study region.  The study region (44°10′~44°20′N, 116°20′~116°30′E, 1110~1154 m a.s.l.) located at Xilingol 
League, the middle of Inner Mongolia Steppe of China where S. grandis – L. chinensis community is the typical 
and climax vegetation type. Before 2003, S. grandis – L. chinensis community in this region degraded heavily due 
to overgrazing by cattle or/and sheep, the relative abundance of C. squarrosa was more than 30% while that of S. 
grandis or L. chinensis was less than 5%. That is to say, C. squarrosa community replaced S. grandis – L. chinen-
sis community. The soil type is typical chestnut soil (Chinese Soil Taxonomy System) and Calcic luvisol (FAO-
UNESCO). The mean annual temperature is 0.8 °C, ranging from −39.9 °C in January to 37.4 °C in July, with 
approximately 106 frost-free days per year. Mean annual precipitation measured over the last 30 years is 263.5 
mm22, falling mainly from July to September.

Experimental design.  In 2003, over-grazing was forbidden and three different restoration treatments were 
carried out in the study region. One-third was grazing plot, where light grazing was performed with approx-
imately 3 sheep/ha from May to October. Two-thirds area was enclosed, and separated into enclosure plot 
and mowing plot. In the enclosure plot, there was no human-being disturbance; and in the mowing plot, the 
aboveground plants was mowed once in every autumn, leaving stubble height about 3~5 cm. In June 2010, eight 
40 m × 200 m sampling belt were set up with 100-m interval, with each sampling belt covering the area of enclo-
sure, mowing and grazing plot.

Data collection.  From 2010 to 2012, a sampling plot (5 m × 8 m) was set up per treatment per sampling belt 
at the end of July, avoiding any overlap with the sampling plots set up before. Four 1 m × 1 m quadrats per sam-
pling plot were randomly arranged with the constraint that it was at least 0.5 m from the edge to avoid marginal 
effect, totalling 288 sampling quadrats during these three years.

The species were not present at all quadrats, species that appeared in higher than 10% sampling plots were 
thought of as common species and the functional traits of common species were collected for further analy-
sis. These species presented more than 80% of the total above-ground biomass and vegetation cover, therefore, 
according to the viewpoint of Cornelissen et al.37, the result may provide useful information to scale-up the trait 
values from species to the community level.

A database of functional traits for each species observed during the plant composition surveys using stand-
ard methods38. We measured two traits from plants in the sampling plot (plant height and SLA), one trait in 
the study region (seed mass), and two categorical traits from literature (functional groups [perennial grami-
noids, perennial forbs and annual plants] and seed diaspore type [seed, caryopsis and achene]). We selected these 
traits because they are main predictors for RSRA across treatments or through time2,36. The plant species density 
and the plant height of 3~5 mature individuals per species were recorded within each quadrat. Mature, fully 
expanded leaves of each species were collected to measure SLA which was calculated as the ratio of leaf area to 
dry leaf mass37, three replicates per sampling plot. The leaves were scanned for measuring leaf area before being 
dried at 80 °C for 48 h and weighed for biomass to the nearest 10−4 g. For species with needle-like leaves or small 
leaves, four to six full leaves were thought of as one sample. The SLA values of both A. frigida and Carex korshin-
skyi showed a high random error, therefore, they were not used for further analysis. Fresh diaspores (referring to 
the seed and dispersal structures) were collected from May to September in 2010–2012. Diaspores were collected 
from as many individuals as possible (n > 20) in the study region. Structures having the function of contributing 
to dispersal were not included as part of seed mass39. One thousand grain weight was measured for each species 
as the characteristic of seed mass, ten replicates per year. We did not measure the one thousand grain weight by 
treatment, because there were not enough diaspores within the grazing community.

Data analysis.  Based on data collected from the same sampling plot, the mean values of plant height and SLA 
were calculated for each species, and the SRA of each species was calculated as the ratio of a given species’ density 
to the total species’ density. The CWM trait value was calculated with equation, = ∑ =CWM SRA Tj i

n
ij ij1 , where 

SRAij is the SRA of the species i in sampling plot j, Tij is the mean trait value of the species i in sampling plot j, and 
CWMj is the community-weighted trait of sampling plot j. The Multi-trait FD indices, including FRic, FEve and 
FDiv, were calculated based on the species abundance and the ‘Gower’ distance matrices of the five traits (species 
functional group, diaspore type, plant height, SLA and one thousand grain weight). FRic represents the amount 
of functional space occupied by a species assemblage. FEve corresponds to how regularly species abundances are 
distributed in the functional space. FDiv defines how far high species abundances are from the center of the func-
tional space. These three facets of FD are complementary and, taken together, describe the distribution of species 
and their abundances within the functional space30. If a plant trait is absent from one sampling plot, it is treated 
as missing data. If a species is absent from one sampling plot, it had a value of zero. These indices were calculated 
by using the ‘FD’ package40 in R.

The RSRA across treatments (grazing vs. enclosure treatment, mowing vs. enclosure treatment) or through 
time (2011 vs. 2010, 2012 vs. 2010) for each species was calculated by natural-log-transformed response ratio 
(Ln RR)4: Ln RR = Ln [SRA(G or M)/SRAE] or Ln [SRA(L or H)/SRAN]. SRAG, SRAM and SRAE were SRA of species i 
calculated in the same sampling belt in the same year in the grazing, mowing and enclosure plots, respectively; 
and SRAL, SRAH and SRAN were SRA of species i calculated in the same sampling belt under the same treatment 
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in 2011, 2012 and 2010, respectively. Comparing with the average precipitation (263.5 mm) of the last 30 years22, 
267.9 mm in 2010, 226.7 mm in 2011 and 511.7 mm in 2012 reflect the same, relatively lower and relatively higher 
precipitation, respectively. Therefore, the RSRA of 2011 vs 2010 and that of 2012 vs 2010 could be considered as 
the RSRA to low precipitation and to high precipitation, respectively.

The responses of plant height or SLA across treatments or through time were calculated for each species by 
two indices, LnRR (=Ln [T(G or M)/TE] or Ln [T(L or H)/TN])4 and trait plasticity (=[T(G or M) − TE]/TE or [T(D or W) 
− TE]/TE)41. TG, TM and TE were the performance of plant height or SLA of species i measured in the same sam-
pling belt in the same year in the grazing, mowing and enclosure plots, respectively; and TL, TH and TN were the 
performance of plant height or SLA of species i calculated in the same sampling belt under the same treatment in 
2011, 2012 and 2010, respectively.

The RSRAs across treatments or through time obtained for each species are symmetric around zero. The 
difference significance with 0 for each species’ RSRA was examined by t-test, where a significantly higher value 
than zero, a significantly lower value than zero and no difference with 0 indicate a positive response, a negative 
response and a non-significant response across treatments or through time, respectively. In addition, the effects 
of treatment, year, species and their interactions on plant traits, traits’ responses, SRA and RSRA were analyzed by 
linear mixed model restricted maximum likelihood (REML) with species as a fixed factor, treatment and year as 
random factors. The REML analyses allow the specification of fixed and random model structures for the analysis 
of unbalanced data set. Four variables, including SRA, plant height, SLA and one thousand grain weight, were 
log-transformed to meet the normality. Moreover, the effects of year, treatment and their interaction on the three 
FD indices (FRic, FEve and FDiv) and the CWM of each trait were analyzed by general linear model - univariate 
analysis with treatment and year as fixed factors and the FRic being log-transformed. At last, the relationships 
between each plant trait (plant height, SLA and one thousand grain weight) and the SRA, and between responses 
of plant height or SLA and RSRA were analyzed by Spearman correlation analysis. All these analyses were per-
formed by using SPSS 21.0 (IBM, Chicago, IL, USA).

Received: 18 December 2018; Accepted: 22 October 2019;
Published: xx xx xxxx

References
	 1.	 Suding, K. N. Toward an era of restoration in ecology: successes, failures, and opportunities ahead. Annu. Rev. Ecol. Evol. Syst. 42, 

465–487 (2011).
	 2.	 Karadimou, E., Tsiripidis, I., Kallimanis, A. S., Raus, T. & Dimopoulos, P. Functional diversity reveals complex assembly processes 

on sea - born volcanic islands. J. Veg. Sci. 26, 501–512 (2015).
	 3.	 Cornwell, W. K., Schwilk, D. W. & Ackerly, D. D. A trait-based test for habitat filtering: convex hull volume. Ecology 87, 1465–1471 

(2006).
	 4.	 Niu, K., Zhang, S., Zhao, B. & Du, G. Linking grazing response of species abundance to functional traits in the Tibetan alpine 

meadow. Plant Soil 330, 215–223 (2010).
	 5.	 Vandermeer, J. H. Niche theory. Annu. Rev. Ecol. Syst. 3, 107–132 (1972).
	 6.	 Niu, K., Schmid, B., Choler, P. & Du, G. Relationship between reproductive allocation and relative abundance among 32 species of a 

Tibetan alpine meadow: Effects of fertilization and grazing. Plos One 7, e35448 (2012).
	 7.	 Bell, G. The distribution of abundance in neutral communities. Am. Nat. 155, 606–617 (2000).
	 8.	 Hubbell, S. P. Neutral theory in community ecology and the hypothesis of functional equivalence. Funct. Ecol. 19, 166–172 (2005).
	 9.	 Mason, N. W. H., Mouillot, D., Lee, W. G. & Wilson, J. B. Functional richness, functional evenness and functional divergence: the 

primary components of functional diversity. Oikos 111, 112–118 (2005).
	10.	 Stubbs, W. J. & Bastow Wilson, J. Evidence for limiting similarity in a sand dune community. J. Ecol 92, 557–567 (2004).
	11.	 Pakeman, R. J. Functional diversity indices reveal the impacts of land use intensification on plant community assembly. J. Ecol 99, 

1143–1151 (2011).
	12.	 Mason, N. W. H., Bello, F. D., Mouillot, D., Pavoine, S. & Dray, S. A guide for using functional diversity indices to reveal changes in 

assembly processes along ecological gradients. J. Veg. Sci. 24, 794–806 (2013).
	13.	 Sandel, B., Corbin, J. D. & Krupa, M. Using plant functional traits to guide restoration: A case study in California coastal grassland. 

Ecosphere 2, 1–16 (2011).
	14.	 Li, Y. & Shipley, B. Community divergence and convergence along experimental gradients of stress and disturbance. Ecology 99, 

775–781 (2018).
	15.	 Lankau, R. A. & Strauss, S. Y. Newly rare or newly common: Evolutionary feedbacks through changes in population density and 

relative species abundance, and their management implications. Evol. Appl 4, 338–353 (2015).
	16.	 Maire, V. et al. Habitat filtering and niche differentiation jointly explain species relative abundance within grassland communities 

along fertility and disturbance gradients. New Phytol. 196, 497–509 (2012).
	17.	 Mangan, S. A. et al. Negative plant-soil feedback predicts tree-species relative abundance in a tropical forest. Nature 466, 752–755 

(2010).
	18.	 Ogden, J. A. E. & Rejmánek, M. Recovery of native plant communities after the control of a dominant invasive plant species, 

Foeniculum vulgare : Implications for management. Biol. Conserv. 125, 427–439 (2005).
	19.	 Wilsey, B. J. Productivity and subordinate species response to dominant grass species and seed source during restoration. Restor. Ecol 

18, 628–637 (2010).
	20.	 Smith, A. M., Reinhardt Adams, C., Wiese, C. & Wilson, S. B. Re-regetation with native species does not control the invasive Ruellia 

simplex in a floodplain forest in Florida, USA. Appl. Veg. Sci. 19, 20–30 (2016).
	21.	 Pan, Q. et al. Effects of functional diversity loss on ecosystem functions are influenced by compensation. Ecology 97, 2293–2302 

(2016).
	22.	 He, Z. J. Precipitation variation characteristics of Xilinhot City for 50 years. Chin. Agric. Sci. Bull 28, 271–278 (2012).
	23.	 Reich, P. B. et al. Geographic range predicts photosynthetic and growth response to warming in co-occurring tree species. Nat. Clim. 

Change 5, 148–152 (2015).
	24.	 Aerts, R. & Van der Peijl, M. J. A simple model to explain the dominance of low-productive perennials in nutrient-poor habitats. 

Oikos, 144–147 (1993).
	25.	 Beisner, B. E., Haydon, D. T. & Cuddington, K. Alternative stable states in ecology. Front. Ecol. Environ. 1, 376–382 (2003).
	26.	 Buma, B., Bisbing, S., Krapek, J. & Wright, G. A foundation of ecology rediscovered: 100 years of succession on the William S. 

Cooper plots in Glacier Bay, Alaska. Ecology 98, 1513–1523 (2017).

https://doi.org/10.1038/s41598-019-52734-0


9Scientific Reports |         (2019) 9:16289  | https://doi.org/10.1038/s41598-019-52734-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

	27.	 Gao, S. et al. Drought and grazing drive the retrogressive succession by changing the plant–plant interaction of the main species in 
Inner Mongolia Steppe. Ecol. Evol. 11954–11963 (2018).

	28.	 Davis, M. A., Grime, J. P. & Thompson, K. Fluctuating resources in plant communities: A general theory of invasibility. J. Ecol. 88, 
528–534 (2000).

	29.	 Yuan, F. et al. Spatial patterns of soil nutrients, plant diversity, and aboveground biomass in the Inner Mongolia grassland: Before 
and after a biodiversity removal experiment. Landscape Ecol. 30, 1737–1750 (2015).

	30.	 Mouchet, M. A., Villéger, S., Mason, N. W. H. & Mouillot, D. Functional diversity measures: An overview of their redundancy and 
their ability to discriminate community assembly rules. Funct. Ecol 24, 867–876 (2010).

	31.	 Niu, K., Messier, J., He, J. S. & Lechowicz, M. J. The effects of grazing on foliar trait diversity and niche differentiation in Tibetan 
alpine meadows. Ecosphere 6, 1–15 (2015).

	32.	 Laughlin, D. C. et al. The hierarchy of predictability in ecological restoration: Are vegetation structure and functional diversity more 
predictable than community composition? J. Appl. Ecol. 54, 1058–1069 (2017).

	33.	 Li, J., Zheng, Z., Xie, H., Zhao, N. & Gao, Y. Increased soil nutrition and decreased light intensity drive species loss after eight years 
grassland enclosures. Sci. Rep 7, 44525 (2017).

	34.	 Díaz, S. et al. Plant trait responses to grazing - a global synthesis. Glob. Change Biol. 13, 313–341 (2007).
	35.	 De Bello, F., LepŠ, J. & SebastiÀ, M. T. Predictive value of plant traits to grazing along a climatic gradient in the Mediterranean. J. 

Appl. Ecol 42, 824–833 (2005).
	36.	 Westoby, M. A leaf-Height-Seed (LHS) plant ecology strategy scheme. Plant Soil 199, 213–227 (1998).
	37.	 Cornelissen, J. H. C. et al. A handbook of protocols for standardised and easy measurement of plant functional traits worldwide. 

Aust. J. Bot. 51, 335–380 (2003).
	38.	 Pére-Zharguindeguy, N. et al. New handbook for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 61, 

167–234 (2013).
	39.	 Leishman, M. R., Westoby, M. & Jurado, E. Correlates of seed size variation: A comparison among five temperate floras. J. Ecol. 

517–529 (1995).
	40.	 Laliberté, E., Legendre, P. & Shipley, B. Measuring functional diversity (FD) from multiple traits and other tools for functional 

ecology: R Package Version 1 (2014).
	41.	 da Silveira Pontes, L. et al. The role of plant traits and their plasticity in the response of pasture grasses to nutrients and cutting 

frequency. Ann. Bot 105, 957–965 (2010).

Acknowledgements
National Key Research and Development Program of China (2016YFC0500706); National Natural Science 
Foundation of China (31770505, 31570427); China Scholarship Council (201606205032); Young and Middle-
aged Backbone Innovative Talent Training Plan in Tianjin. We thank the researchers and workers in Maodeng 
Pasture for invaluable help with field management and sampling.

Author contributions
K. Dong, G. Hao, N. Yang and J.L. Zhang. collected experimental data and participated in data analysis, drafted 
and revised the manuscript. X.F. Ding, H.Q. Ren, J.F. Shen and J.L. Wang. participated in the design of the study 
and collected experimental data. N.X. Zhao. participated in the design of the study and data analysis, drafted and 
revised the manuscript. L. Jiang and Y.B.Gao. participated in the design of the study and revised the manuscript. 
All authors reviewed the manuscript and gave final approval for publication.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.-x.Z.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52734-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Community assembly mechanisms and succession processes significantly differ among treatments during the restoration of Stip ...
	Results

	Responses of plant traits. 
	Response of species relative abundance (RSRA). 
	Relationship between plant trait and SRA. 
	Relationship between response of plant trait and RSRA. 
	Community functional diversity. 

	Discussion

	Methods

	Study region. 
	Experimental design. 
	Data collection. 
	Data analysis. 

	Acknowledgements

	Figure 1 Results of analysis of variance on the community-weighted mean (CWM) of plant height (a), specific leaf area, SLA (b) and one thousand grain weight (c) in this study.
	Figure 2 Results of analysis of variance on functional richness, FRic (a), functional evenness, FEve (b) and functional divergence, FDiv (c).
	Table 1 The species density, seed mass, plant height and specific leaf area of common species under three treatments during 2010 to 2012.
	Table 2 Summary of F-value and significance of different factors on the values and the response of species relative abundance, plant height, specific leaf area (SLA) and one thousand grain weight by general linear model.
	Table 3 The results of the response of species relative abundance (RSRA) across treatments or through time calculated by one sample t-test with zero as test value.
	Table 4 Pearson correlations between values of plant traits and their species relative abundance (SRA) under each treatment in each observation year.
	Table 5 Pearson correlations between responses of plant height or specific leaf area and the corresponding RSRAs across treatments or through time.




