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INTRODUCTION 

The role of biological characteristics of plants 
in the vegetation changes (Hobbs 1997) has 
become a topic of growing interest. Suites of 
morphological and physiological character-
istics at species level have been frequently 
used in models of vegetation change (Kleyer 
1999) and in the definition of plant function-
al groups (L avorel  et al. 1999). However, in 
earlier studies, some research groups advo-
cated protocols involving the exploration of 
both trait-community and trait-environment 
associations (Leishman and Westoby 
1992). For example plant growth would be 
stimulated by the presence of deciduous habit 

(Hunt  et al. 1993) and root architecture and 
reserve organs would strongly determine spe-
cies survival and species existence, especially 
in severe drought and frosty environments 
(S chulze  1982). The capacity of plants to 
cope with changing conditions was associ-
ated with high dispersal ability and rapid es-
tablishment and maturation (Grime et al. 
1988). Seed characteristics (shape and mass) 
were also predominant indicators for persis-
tence of seeds in soil banks (Thompson et 
al. 1993). 

Several studies have demonstrated the 
significant role of plant functional attributes 
in identifying the dominant ecosystem pro-
cesses (Kel ly  1996, Diaz  and Cabido 2001, 
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Ernest  and Brown 2001). However, the 
main focus of earlier experiments was to con-
sider the relationship between species traits 
and community net primary productivity. 
As shown by Hector  et al. (1999), legumes 
have a marked effect and their occurrence 
or omission could contribute a large varia-
tion of productivity of approximately 360 g 
m−2 on average. Additionally, Thompson 
et al. (2005) found that canopy height, re-
lated to competitive dominance (Hodgson 
et al. 1999), appeared to be the best predictor 
of community biomass. S chumacher  and 
Roscher  (2009) also found that there were 
significantly positive relationships between 
such functional traits as life history, leaf area, 
vegetative height of species and aboveground 
biomass. Although there has been consider-
able progress with respect to trait-productivi-
ty relationship, only a small proportion of the 
studies have explicitly addressed the effect 
of plant functional attributes on ecosystem 
stability (Weigelt  et al. 2008). Ecosystem 
stability indicates ecological dynamic charac-
teristics and also the self-adjusting ability of 
ecosystem and so need to be urgent to study.

Land management is a major factor de-
termining species dynamics of grassland veg-
etation (Duru et al. 2005). Numerous studies 
have reported responses of plant functional 
traits to land use practices. Earlier ecologists 
also found that the fertility level determined 
the pattern of biomass allocation (Campbel l 
and Grime 1989) and the response of spe-
cies to fertilizer was closely associated with 
their plasticity in above and below-ground 
morphology. In the case of nitrogen fertilizer, 
deficiency of nitrogen tended to favor the de-
velopment of branched root systems and pro-
moted the length of tertiary roots (B erendse 
and Elberse  1990). In brief, traits at the spe-
cies level tended to be used as direct predic-
tions of environmental conditions (Olff et al. 
1994) because of obvious differences in some 
specific attributes along environmental gra-
dients (Diaz  and Cabido 1997). The con-
tribution of each species to the community 
varied with environmental changes because 
of idiosyncratic trait responses of individual 
species, and thus resulted in corresponding 
shifts among population dynamics.

The nature of community response to 
fertilization was realized through change of 

plant functional traits. Plants formed differ-
ent ecological strategies under fertilization 
gradients through the changes of species 
functional traits, which could objectively ex-
press species fitness. Meanwhile fertilization 
could produce strong selection pressure on 
plant traits, and caused further species behav-
ioral change (Miao and Bazzaz  1990). Plant 
functional traits are the basis of the studies of 
population and community structure and are 
also a bridge among population, community 
and ecosystem. Species biological properties 
could better reflect plant adaptability to ex-
ternal environments (Peco et al. 2005). This 
is conducive to understanding the decisive 
mechanism of ecosystem functioning, and 
moreover analyzing community particular 
response pattern to disturbance (Lavorel and 
Garnier  2002). On the basis of significance 
of the relationship among species attributes, 
population dynamics and community struc-
ture, the predictions of particular traits to 
ecosystem functioning in various environ-
ments should be given more attentions (Mc-
Intyre  et al. 1995). 

Most of biodiversity experiments have 
been based on synthesized communities of 
a gradient of plant species richness, which 
were established by sowing of seed, and 
mainly excluded environmental heterogene-
ity (Thompson et al. 2005). Much of the ex-
perimental evidence has continued to docu-
ment striking discrepancy between artificial 
and natural assemblages. Thompson et al. 
(2005) showed that immature synthesized 
communities were of limited use in explor-
ing the relationship between biodiversity 
and ecosystem functioning. Additionally, 
community properties are subject to wide 
variation because different species, owing to 
functional trait differentiation, are expected 
to play different roles in terms of matter and 
energy processes in ecosystems (Huston 
1997). In view of the enormous complex-
ity and instability of individual species, plant 
functional types were considered to bridge 
the gap among plant ecological behavior, spe-
cies existence and ecosystem processes (Diaz 
and Cabido 1997). 

With these considerations we carried out 
a biodiversity experiment to investigate the 
changes of species attributes with both vary-
ing diversity levels and fertilization gradients, 
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and to explore the possible consequences for 
ecosystem functioning in some communi-
ties modified by species removal. The natural 
community, Leymus chinensis (Trin.) Tzvel. 
dominant grassland, was modified by remov-
al of different plant functional types rather 
than the removal of plant species. Through 
response patterns of species attributes, an ob-
jective of the present study was to better un-
derstand the role of the specific trait expres-
sion in maintaining of ecosystem functioning 
and to identify its contribution to the inter-
ference resistance and recovery mechanism. 
Further this could offer information about 
community ecological adaptability in an ex-
treme environment, and would ultimately 
promote the generalization of the ecological 
pattern.

MATERIALS AND METHODS

Study site

The study was carried out at the National 
Key Grassland Experiment Station located 
in the typical agro-pastoral transition region 
of Hebei Province, northern China (41°46′N, 
115°40′E, 1,380 m above sea level). Dry and 
cold winter and rainfall heavily concentrated 
to the warm season are characteristic to the 
whole region, with an average annual temper-
ature of 1°C. Mean annual rainfall amounts 
to about 350  mm and is highly seasonal 
(Huang et al. 2007). Annual precipitation 
was 331 mm in 2008, 382 mm in 2009 and 
376 mm in 2010. A potential growing season 
is from Late-April to Mid-October. This ma-
ture natural community has been excluded 
from grazing for more than 10 years. The bio-
mass and species richness are therefore likely 
to be at or near equilibrium. The study began 
in May 2008 and continued to May 2011.

The soil of the site is classified as Cam-
bids (US soil taxonomy classification system), 
young soil prone to desertification. No fertil-
izer has been applied to the area before the 
study commenced. The plant community was 
predominantly dominated by the rhizoma-
tous grass Leymus chinensis (Trin.) Tzvel. The 
other dominant species and their allocation 
to functional groups are presented in Ap-
pendix 1, together with the proportion of the 

peak biomass of each functional group form-
ing the natural community. 

Experimental design  
and treatments

The experimental layout had three large repli-
cate blocks, each containing three functional 
group mixtures. These three functional group 
mixtures were randomly assigned within each 
block. Each functional group mixture had an 
area of 43.5 square meters (3 m × 14.5 m) and 
represented a particular diversity-level com-
munity of given functional group combina-
tion. The functional group mixtures were: 
i) An undisturbed natural community con-
taining forbs, legume, bunchgrass and rhi-
zomatous grasses functional groups (NAT); 
ii) Forbs, legume and bunchgrass functional 
groups (FLB); iii) Rhizomatous grass func-
tional group alone (RRR). To establish these 
functional group mixtures, plants that did 
not belong to the functional group commu-
nity were selectively trimmed aboveground 
and their roots were dug out 5 cm deep be-
lowground. This removal was repeated ap-
proximately half-monthly from early May to 
early October in 2008 and 2009. Further, five 
fertilizer plots, each 3 m × 2.5 m in area, were 
assigned to each functional group mixture. 
The fertilizer treatments were 6 g N for NLow, 
35 g N for NHigh, 0.4 g P for PLow, 6 g P for PHigh 
m-2 year-1 and no fertilizer for CK. All these 
plots were separated by 0.5 m wide aisles to 
reduce potential edge effects. Fertilizer was 
applied in early May in experimental years 
by application of CO(NH2)2 for nitrogen and 
Ca(H2PO4)2 for phosphorus treatments. With 
three replications, the experimental layout of 
three diversity levels and five fertilizer treat-
ments had a total of 45 plots. 

Data collection 

Previous study has shown that one-time static 
measurement of particular functional traits 
for a mature plant is unsatisfactory (D yer 
et al. 2001). Therefore, species relevant traits 
were observed every 10 days from May to 
October in 2010 (Appendix 2). We mainly 
studied morphological, regenerative and 
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reproductive traits, as previous studies have 
shown that the correlations between these 
traits are weak (Grime et al. 1988, Leish-
man and Westoby 1992). Moreover, they 
have some functional associations with veg-
etation dynamics (Hobbs 1997, Weiher  et 
al. 1998, L avorel  et al. 1999). 

In order to truly reflect intra-species varia-
tion in each combination of diversity and fer-
tilizer treatment, the traits were observed for 
each 3 m × 2.5 m plot because there were differ-
ent responses of traits to micro-environment 
(Chapin 1991, D yer  et al. 2001). The varia-
tion in intra-species traits was primarily due 
to plasticity of plant species (Huston 1997). 
Species responses to the conditions were more 
sensitively expressed by the morphological 
changes. In choosing key traits, therefore, we 
selected cespitose habit, clonal growth, vegeta-
tive plant height, root depth, and mean seed 
mass (Appendix 2). Trait variables were ex-
pressed as either nominal or ordinal because 
of their different measurement scales and stan-
dards. Before analysis, all traits were square-
root transformed to produce more symmetric 
distribution and simultaneously standardized 
to have a mean of 0 and variance of 1.

In each of the 45 plots, we harvested 
all above-ground vegetation from four 
0.5 m × 0.5 m quadrats from 15 to 17 August 
2010. All harvested vegetation was sorted 
into species, and oven-dried and weighed 
(80°C, 48 h). Additionally, two cuboids sized 
0.5 m × 0.5 m × 1 m were dug in each plot 
in late August 2010. We classified sampled 
plants into aboveground and belowground 
parts and their relevant functional attributes 
were recorded (Appendix 2).

Data analyses

The coefficient of variation (CV) is used as an 
opposite assessment of spatial stability (Mc-
Cann 2000). 

CV = δ/μ
So the spatial stability (SS) was calculated 

as follows:

SS = μ/δ
Where SS is the spatial stability of com-

munity biomass, μ is the mean of biomass 

and δ is the standard deviation of biomass 
(Lehman and Ti lman 2000).

Additionally, specific functional trait m 
diversity was calculated as:

2

1 1
( )

s s

m im jm
i j

D X X
= =

= −∑∑
Where Dm is specific functional trait m di-

versity in a given community, and s is the to-
tal numbers of species in a community, i and 
j are discretionary two species in a commu-
nity, and m refers to certain functional trait at 
the species level between species i and j. Xim 
and Xjm are the trait values of specific traits 
m for species i and j in a community.

The biomass response of different func-
tional communities to the fertilizer treatment 
was analyzed by univariate analysis of vari-
ance. In order to test the predictive power of 
different functional traits to spatial stability, 
the relationship between plant traits and the 
CV of community biomass was analyzed by 
regression of curve estimation to determine 
the respective contribution of each trait. Stan-
dardized regression coefficient (ß′) is used to 
explain the magnitude of contribution of trait 
m to the spatial stability. Data was analyzed 
using SPSS 20.0. 

RESULTS

Particular trait variables

Diversity in plant vegetative height was found 
to increase the spatial stability of the N fer-
tilized NAT community and the P fertilized 
FLB community. Diversity in clonal growth 
was also found to increase the spatial stabil-
ity of the unfertilized NAT community. How-
ever, diversity in root depth, cespitose habit, 
and seed mass were instability triggers for the 
N fertilized RRR community (Table 1). 

Community biomass

As shown by univariate analysis of variance, 
the NAT community biomass averaged for 
all the fertilizer treatments was significantly 
higher and RRR community was secondly sig-
nificantly higher than the FLB community. The 
overall fertilizer effect was significant and the 
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interaction between diversity and fertilization 
also indicated that there were different com-
munity biomass responses to fertilizer applica-
tions (Table 2). This response is clearly shown 
in Fig. 1. Application of P clearly increased the 
biomass of the FLB community, but decreased 
the biomass of the NAT community. Biomass 
increases occurred for the N fertilized NAT 
and RRR communities.

DISCUSSION  
AND CONCLUSIONS

There is a growing consensus that the effect of 
diversity on ecosystem processes was largely 

due to the functional traits of individual spe-
cies (Grime 1997, Diaz  and Cabido 2001, 
Naeem and Wright  2003, Moui l lot  et al. 
2005). Our results are consistent with this 
consensus. For instance, diversity in vegeta-
tive plant height for both the P fertilized FLB 
community and the N fertilized NAT com-
munity enhanced stability. A combination 
of large-statured and small-statured vegeta-
tive plants might better exploit light niche in 
the plant canopy (Rüger  et al. 2009). Finke 
and Snyder  (2008) stated that differentia-
tion in resource-use pattern was expected to 
intensify resource extraction. Development 
of a vegetative plant canopy that involved 
plants of differing stature could enhance the 

Table 1. Regression relationships of curve estimation between plant traits and the coefficient of varia-
tion (CV) of community biomass for each community. Codes see the text and Fig. 1. Values for stan-
dardized regression coefficient (ß′) and the probability of the significance (P) are shown. Bold font 
means statistical results reach significant level.

Trait Community
Fertilizer treatments

CK N P

Plant vegetative 
height

NAT ß′= - 0.031 
P=0.023

ß′= - 0.003 
P=0.049

ß′=0.054 
P=0.261

FLB ß′=0.036 
P=0.230

ß′= - 0.009 
P=0.001

ß′=-0.336 
P=0.686

RRR ß′=0.063 
P=0.553

ß′=0.082 
P=0.164

ß′=-0.036 
P=0.553

Clonal growth

NAT ß′= - 0.849
P=0.132

ß′= - 0.013 
P=0.659

ß′=0.001 
P=0.401

FLB ß′= - 0.003 
P=0.658

ß′= - 0.536 
P=0.197

ß′=0.006 
P=0.606

RRR ß′=0.005 
P=0.780

ß′=0.267 
P=0.363

ß′= - 0.007 
P=0.131

Root depth

NAT ß′= - 0.006 
P=0.054

ß′= - 0.042 
P=0.775

ß′=0.001 
P=0.513

FLB ß′=0.677 
P=0.191

ß′= - 0.518 
P=0.414

ß′= - 3.496 
P=0.131

RRR ß′=0.008
P= 0.667

ß′=0.158
P= 0.000

ß′=0.005
P= 0.380

Cespitose habit

NAT ß′=0.006 
P=0.558

ß′=0.001 
P=0.838

ß′=0.001 
P=0.475

FLB ß′= - 0.006
P=0.627

ß′=-0.445 
P=0.297

ß′=0.124 
P=0.356

RRR - ß′=0.027 
P=0.020 -

Seed weight

NAT ß′= - 1.046 
P=0.200

ß′= - 0.006 
P=0.432

ß′=0.001 
P=0.562

FLB ß′=0.078 
P=0.861

ß′= - 0.407
P=0.389

ß′= - 0.143 
P=0.800

RRR ß′=0.012 
P=0.368

ß′=0.063 
P=0.020

ß′= - 0.004 
P=0.549

“-“ indicated that the independent variable diversity value was equal to 0, unable to regression analysis.
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photosynthetic fixation of C. The transfer of 
photosynthetic C to roots might promote the 
capture and exploitation of phosphate patch-
es, a conversion process that was particularly 
demanding of photosynthetic C supply (Cui 
and Caldwel l  1997). This facilitative ac-
tion might have allowed the P fertilized FLB 
community to more comprehensively occupy 
above and below-ground niches to enhance 
biomass (Fig. 1; Table 1), and thus enhance 
stability.

Soil nitrogen supply markedly increased 
leaf nitrogen content and leaf area (Harpole 
et al. 2007, Gast ine  et al. 2003), allowing the 

interception of more light for photosynthesis. 
Thusdifferences in height of vegetative plants 
and their leaf properties could have jointly 
enhanced photosynthetic C fixation when the 
NAT community was fertilized with nitro-
gen, leading to increased biomass production 
(Fig. 1; Table 1) and thus possibly increased 
stability. According to Lehman and Ti lman 
(2000), increased stability can be achieved by 
either an increase in mean productivity or a 
decrease in variation of productivity. 

Diversity in clonal growth was shown 
to enhance the stability of the unfertilized 
NAT community (Table 1). Clonal plants 
were able to distribute nutrients through all 
the ramets of a clone (Stuefer  et al. 1996) 
and thus buffered local environmental het-
erogeneity by clonal division and physiologi-
cal integration to ultimately stabilize a com-
munity. Non-clonal plant species might also 
quickly establish seedlings in small patches to 
increase their populations and decrease bio-
mass variability, although seedling recruit-
ment was supposed to be a rare but general 
event that influenced both species diversity 
and rejuvenation of populations (Thomp-
son et al. 1996, Er iksson and Er iksson 
1997). Our study indicated that diversity in 
clonal growth better stabilized the unfertil-
ized NAT community because the unfertil-
ized soil tended to have greater heterogeneity.
The stability of the N fertilized RRR commu-
nity was reduced by greater variation of cespi-
tose habit, seed mass and root depth (Table 
1). Cespitose species had larger individual 
plant size than other species and this habit 
was likely to generate high variability of com-
munity biomass by either largely occupying 
or being absent from sample quadrats. This 
agreed with observations by Weigelt  et al. 
(2008) who indicated that large individual 
plant size tended to cause high variability 
of community biomass because of presence 
or absence in a given quadrat. Although the 
analysis of clonal structure demonstrated that 

Table 2. Univariate analysis of variance of the biomass responses of different communities to fertilizer 
treatments. Statistically significant effect is given in bold. 
Source of variation Sum of squares Df Mean square F P
Fertilizer 27667.543 4 6916.886 2.626 0.041 
Community 755365.474 2 377682.737 143.391 0.000 
Fertilization ×Community 70270.977 8 8783.872 3.335 0.003 

Fig. 1. Relationship between the biomass (mean ± 
SE) of different communities and fertilizer treat-
ments. Functional group mixtures: NAT (un-
disturbed natural community containing forbs, 
legume, bunchgrass and rhizomatous grasses 
functional groups), FLB (Forbs, legume and 
bunchgrass functional groups), RRR (only the rhi-
zomatous grass functional group). Fertilizer treat-
ments: CK: no fertilizer applied; NH: (CO(NH2)2) 
applied at the rate of 35 g N m-2 year-1; NL: 
(CO(NH2)2) applied at the rate of 6 g N m-2 year-1; 
PH: (Ca(H2PO4)2) applied at the rate of 6 g P m-2 

year-1; PL: (Ca(H2PO4)2 ) applied at the rate of 0.4 
g P m-2 year-1. 
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the spatial distribution pattern of Leymus chi-
nensis clones was one of the ‘guerilla’ archi-
tecture, the increasing density and volume of 
tillering plants from the same tillering node 
could cause ramets to cluster behavior, and 
thus to increase light competition. Soil nitro-
gen improved the asexual reproduction abil-
ity of Leymus chinensis (L i  2014) and further 
aggravated light competition. Hence, cespi-
tose habit acted to reduce the stability of the 
N fertilized rhizomatous grass community 
(RRR) because of competitive exclusion. 

Ecologists have generally believed that 
seedlings from large-seeded species had 
higher probability of survival than those from 
small-seeded species in both natural condi-
tions (Dal l ing and Hubbel l  2002, Moles 
and Westoby 2004) and synthetic experi-
mental conditions (Leishman and Westo-
by 1994, Turnbul l  et al. 1999). The RRR 
community had high tiller density. When N 
was applied to this community, a further in-
crease of this density would reduce gaps for 
seedling establishment. Additionally, stressful 
conditions were further complicated by both 
an increase in shade as a result of leaf area 
index increase and a decrease in soil mois-
ture, both resulting from application of N 
(Z avaleta  et al. 2003, Harpole  et al. 2007). 
Therefore, species with heavier seeds, rather 
than various seeds, were better colonizers of 
gaps under such intensively competitive situ-
ations and thus stabilized communities by a 
regeneration niche mechanism.

The evidence that diversity in root depth 
was a biomass-destabilizing driver for the 
N fertilized rhizomatous grass communi-
ty (RRR), was not consistent with the idea 
that niche partitioning raised resource ex-
ploitation (Finke and Snyder  2008) and 
promoted species persistence in grasslands 
(Fargione and Ti lman 2005). However, 
the negative pattern of spatial stability in re-
sponse to different root depths was in this case 
possibly driven by the morphological proper-
ties of rhizomatous grass. Rhizomatous grass 
grew quickly after disturbance caused by 
the extraction of forbs, legumes and bunch-
grasses and formed a continuously horizontal 
network of rhizomes when nutrient availabil-
ity, particularly of N fertilizer, was increased 
(Harpole  et al. 2007). The root web of thick 
and interweaved below-ground rhizomes had 

a stronger stabilizing effect than variation of 
root depth. So a role of variation of root depth 
in community stability might have been over-
whelmed in the N fertilized rhizomatous 
grass community (RRR).

In summary, study about the adaptability 
of plant functional traits to fertilization and 
their ecological countermeasures to simu-
lated diversity reduction is a breakthrough 
from describing surface to internal biological 
mechanisms in ecological study. Species trait 
assembly pattern could explain the process of 
species niche differentiation and the develop-
ment of community building under different 
disturbance gradients (Diaz  et al. 2007, de 
B el lo  et al. 2009). Such understanding would 
help predict vegetation distribution to future 
land use and further open up new area of ex-
ploration of community response patterns 
(Westoby and Wright  2006, Castro et al. 
2010).
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Appendix 2. 
The list of species traits expressed at the individual level.

Species traits Variable type Description of classes in matrix
Morphological traits
(1) caespitose nominal (0) non caespitose; (1) caespitose

(2) height of vegetative plant ordinal (1) up to 10 cm; (2) up to 20 cm; (3) up to  
30 cm; (4) up to 40cm; (5) >40cm

(3) root depth ordinal (1) <5 cm; (2) <10 cm; (3) <20 cm; (4) <40 cm; 
(5) <60 cm; (6) <100 cm; 
(7) >100 cm

Regenerative trait

(4) capacity to lateral 
spread by vegetative growth ordinal 

(0) no lateral spread; (1) over short distances 
(short stolons rhizomes commonly <5cm); (2) 
over longer distances (creeping stems above- 
and below-ground stolons)

Reproductive trait 
(5) mean 1,000 seed weight (g) ordinal (1 <0.5 g; (2) <1 g; (3) <1.5 g; (4) <2 g; (5) >2 g
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