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Abstract

The relationship between species richness and evenness across communities remains an unsettled issue in ecology from
both theoretical and empirical perspectives. As a result, we do not know the mechanisms that could generate a relationship
between species richness and evenness, and how this responds to spatial scale. Here we examine the relationship between
species richness(S) and evenness (Pielou’s J' evenness) using a chronosequence of successional sub-alpine meadow
communities in the eastern Qinghai-Tibetan Plateau. These meadows range from natural community (never farmed), to
those that have been protected from agricultural exploitation for periods ranging from 1 to 10 years. A total of 30 sampling
quadrats with size of 0.5 mx0.5 m were laid out along two transects at each meadow. Using correlation analyses we found
a consistent negative correlation between S and J’ in these communities along the successional gradient at the sampling
scale of 0.5 mx0.5 m. We also explored the relationship between S and J’ at different sampling scales (from 0.5 mx0.5 m
to10 m x10 m) using properly measured ramet-mapped data of a10 m x10 m quadrat in the natural community. We found
that S was negatively corrected with J’ at the scales of 0.5 mx0.5 m to 2 mx2 m, but such a relationships disappeared at
relative larger scales (=2 m x4 m). When fitting different species abundance models combined with trait-specific methods,
we found that niche preemption may be the determining mechanism of species evenness along the succession gradient.
Considering all results together, we can conclude that such niche differentiation and spatial scale effects may help to
explain the maintenance of high species richness in sub-alpine meadow communities.
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Introduction

Diversity is one of the most important community attributes
which can determine stability, productivity and migration [1].
Diversity mainly includes two different aspects: species richness
and evenness. Species richness, or the number of species, is the
simplest measure of diversity and does not consider differences in
species relative abundance. Species evenness or the similarity in
species relative abundance in a community captures another
aspect of diversity by determining diversity as a standardized index
of relative species abundance [2]. The majority of studies
exploring the causes and consequences of biodiversity have used
species richness to represent diversity on account of its apparent
simplicity compared to species evenness. However many investi-
gations also indicate that species richness is a common cause of
variation in relative abundance and diversity [3]. Furthermore the
relationship between species richness and evenness can vary with
change in key ecological processes such as competition, predation,
and succession, each of which can alter proportional diversity
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through changes in evenness without any change in species
composition [4,5]. Hence some authors suggest that we should
treat the two main components of diversity separately in
investigating the determinants of diversity [3,6]. Therefore,
understanding the patterns and the mechanisms that determine
the relationship between species richness and evenness can provide
important information on biodiversity maintenance [7]. However
the relationship between species richness and evenness across local
communities remains a controversial issue in ecology because of
the wide variation in both of empirical and theoretical patterns
that have been reported [8].

Several theoretical studies have assumed that species richness
and evenness should be independent or positively correlated.
These studies date back to DeBenedictis [9] who argued that
mathematical relationships between measures of diversity such as
species richness and evenness constrain the correlations among
these measures and that they should therefore be strongly and
positively correlated. Similar predictions of strong and positive
relationships among measures of community diversity have been
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made by other theoretical studies [1,10,11]. More recent
investigations by Jost [12] suggest what DeBenedictis [9] had
earlier pointed out — that species richness and species evenness are
not independent components of community diversity and that the
correlation is constrained by the underlying mathematical
relationships. Jost [12] then proceeds to argue that we should
consider a relative measure of evenness (relative to the maximum
possible value for a given species richness) in comparative analysis
of communities. Nevertheless, many studies have assumed that
species richness and evenness are two independent indices
(13,14,15,16].

Empirical studies of the relationship between species richness
and evenness have also reported contrasting findings. Earlier
observational research suggested that species richness was
positively correlated with evenness [10]. More recently other
empirical studies indicate that species richness and evenness are
strongly negatively [1] or independently [17] associated in plant
communities. These contrasting theoretical arguments and
empirical findings cannot be easily reconciled. We there need
more research on the relationship between richness and evenness
along different geographical gradients and in different communi-
ties across the world. Here we propose to investigate the
relationship between richness and evenness in species-rich sub-
alpine meadow communities in the Qinghai Tibetan plateau.

Species-area relationships have clearly demonstrated the effect
of spatial scale on species richness [18,19]. Similarly, many studies
have investigated the influence of spatial scale on evenness
[20,21,22]. Since both species richness and evenness depend on
sampling area, the relationship between species richness and
evenness may vary with spatial scale. Moreover, to our knowledge,
the influence of spatial scale on the relationship between richness
and evenness has not been investigated in detail. Here we also
propose to explore the effect of spatial scale on the relationship
between richness and evenness by employing sampling quadrats at
multiple spatial scales (0.25 m? to 100 m*).

Many investigations indicate that different abundance models
combined with trait-specific methods can provide us a very
powerful tool to explore the mechanisms of community assembly
[23,24,25,26]. If species richness and evenness of a community are
related through fundamental ecological processes, then under-
standing the relationship between these two measures would shed
light on the mechanisms that determine community structure. The
trait-specific method focuses on specific functional traits [27,28] to
model the relationship between these traits and environmental
gradients (e.g., [29]). Currently different studies have used
different functional traits to test this method and to explore
different ecological properties of communities [27,28,29,30]. One
important functional trait, the specific leaf area (SLA), reduces a
fundamental axis of differentiation among species [31] from more
acquisitive (higher SLA, higher obtain of resources) to more
conservative (lower SLA, retain of resources within protected
tissues) strategies. Furthermore, many studies have shown that
SLA is highly correlated with local abundance and environmental
conditions [32,33,34,35]. Hence, we aim to explore the relation-
ship between SLA and species relative abundance in various
environments produced along the successional gradient.

Our study system, the sub-alpine plant community in the
Qinghai-Tibetan Plateau, is particularly well suited to address
important questions concerning species richness and evenness of
communities. The communities are of high diversity, and
investigations of community attributes are relatively easy [36].
Moreover meadow degradation is a serious threat to the
biodiversity of the area, mainly due to agricultural exploitation
and over-grazing in recent years [37,38]. Hence, exploring the
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relationship between richness and evenness and their underlying
mechanisms along the successional gradient can thereby provide
better understanding and possible rules for restoration of this
particular ecosystem. Therefore our specific objectives are: (1) to
test the relationship between species richness and evenness
empirically; (2) to explore the effect of varying sampling scale on
the relationship between species richness and evenness; and (3) to
investigate the mechanisms of community assembly in these
successional meadow communities.

Results

The Relationships between Empirical Species Richness (S)
and Evenness (J)

Although evenness (J') varies substantially along the succession
gradient (P value of one-way ANOVA=0.006, Table S1), all
meadows show consistent and significantly negative relationship
between S and J' at the scale of 0.5 mx0.5 m (Fig. 1). When
taking spatial scale into account, in the natural community, these
negative correlations between S and J’ are maintained at small to
medium spatial scales (=2 mx2 m). However, S does not vary
with J' at scales larger than 2 mx4 m (Fig. 2).

The Result of Model Fitting of the Observed J’

Although there are significant differences in the observed J’
along the succession gradient, only the niche-preemption model
can fit the observed J's in these successional meadows at the scale
of 0.5 m,0.5 m (Fig. 3 and Table 1).

Changes in Species Traits along the Successional
Gradient

Specific leaf area (SLA) varies significantly with successional
age. In the initial stage of succession (one-year old meadow), SLAs
were significantly negatively correlated with species relative
abundance at the scale of 0.5 mx0.5 m, while this relationship
shifted to positive in the later stages of succession (the natural
communities and the meadowlO years after abandonment)

(Table 2).

Discussion

The Relationship between Species Richness (S) and
Evenness (J')

In our study, consistent significantly negative relationships were
observed between species richness and species evenness along the
successional gradient. This is consistent with [17] which assumes
that species evenness and richness in a grassland community were
negatively related. Our results also support many investigations
which argue that species richness can be determined by species
evenness in abundance [7,39,40,41]. Therefore, investigating the
mechanisms that influence species evenness can also help us
understand maintenance of diversity [7]. Stirling and Wilsey [1]
concluded that Log(S) and J' are always negatively related and that
empirical observations could not be explained without including
indirect effects. Moreover succession itself can alter the relation-
ship between species richness and evenness [1,42]. Nevertheless,
we found a consistent negative relationship between species
richness and evenness along the successional gradient. These
results suggest that large-scale processes may dominate community
structure in our successional meadows and thus generate the
consistent pattern of the relationship between species richness and
evenness. However it is important to note that our results are
contrary to many investigations [7,9,12] which indicate that
species richness is strongly positively correlated with evenness. As
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Figure 1. The relationship between empirical species richness and evenness with successional age. p, p-value; r, correlation coefficient.
doi:10.1371/journal.pone.0049024.g001
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Figure 2. The relationship between empirical species richness and evenness at different sampling spatial scales. p, p-value; r,
correlation coefficient.
doi:10.1371/journal.pone.0049024.g002
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Table 1. The p-value of the pair-wised bootstrap
Kolmogorov-Smirnov test of the observed J’ and the five
fitting ones predicted by the six responding models in
meadows with different successional age.

age=1 age=3 age=7 age=9 age=10 natural

Uneven 1.87E-13 1.11E-15 1.87E-13 1.87E-13 <2.20e-16 6.88E-14
TNBD 3.24E-06 6.53E-09 3.00E-14 3.00E-14 8.25E-12 4.93E-13
Log-series 0.05 0.02 2.37E-05 0.01 0.05 0.02
Niche- 0.95 0.96 0.39 0.59 0.59 0.25

preemption
3.24E-06 1.97E-07 5.59E-11 3.27E-10 4.40E-08 3.30E-12
Even 1.87E-13 1.87E-13 1.87E-13 1.87E-13 1.87E-13 6.88E-14

Broken-stick

doi:10.1371/journal.pone.0049024.t001

Stirling and Wilsey [1] pointed out, the discrepancy between the
empirical explorations and the theoretical expectation may due to
the lack of detailed empirical ecological processes in the latter [1].
They also suggested that the positive relationship between species
richness and evenness In animal communities can switch to
negative ones in plants and fungi [1]. In addition, successional
changes can easily generate different patterns of the relationship
between species richness and evenness.

The Effect of Spatial Scale on the Relationship between
Species Richness and Evenness

Our results clearly demonstrate that the strength of the
relationship between species richness and evenness weakens with
increase in spatial scale. Species richness and evenness are
negatively corrected at relatively small scales (0.5 mx0.5 m to
2 mx2 m), but this negative relationship vanishes at larger scales
(=2 mx4 m). These results are in line with many previous
investigations which indicate that scale can influence the
measurement of species diversity and can therefore alter the
observed relationship between species richness and evenness
[21,22,43,44,45,46]. However it’s important to note that, the
negative relationship between species richness and species
evenness at relatively small scales suggests that small scale
disturbance such as selective foraging can have important effects
on the structure of the plant communities of sub-alpine meadows.

Species Evenness along the Successional Gradient

Our model fitting results indicate that among the models we
tested, the niche-preemption model is the best predictor of the
observed J' along the successional gradient. Niche-preemption
predicts that superior competitors tend to access greater amounts
of limiting resources such as N and light and that other species
adapt to the presence of a superior competitor by switching to an
alternative, less-used resource [11,47,48,49]. Many investigations

Species Richness and Evenness in Meadows

Table 3. the species-abundance models which have different
evenness in abundance.
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doi:10.1371/journal.pone.0049024.t003

have suggested that niche-preemption is the main mechanism of
partitioning resources across the whole process of succession
[50,51,52,53,54]. At the early stage of succession, due to a sparse
canopy enough light is likely to be available, so light is not typically
the limiting resource at early stages. Hence species with small
seeds, rapid growth rate and short life-span are likely to invade and
dominate communities, until other resources such as N, and
moisture availability become limiting [55,56,57,58]. As succession
proceeds, the amount of light reaching the ground, available soil
nutrients, and decomposition of branches and leaves all decline
[50,59,60]. Abundant species in late successional communities are
predicted to be superior competitors for these limiting resources
[61]. Hence, abundant species in meadows of late successional
stages are those with high SLA to maximize light capture [62].
Our model fitting results, together with the variation in species
SLA along the successional gradient, suggest that niche-preemp-
tion induced dominating plasticity in resource use along the
successional gradient may be the shaping mechanism of species
evenness and its negative correlation with species richness. This
mechanism may also explain the high diversity in sub-alpine
meadows.

We argue that the relationships we found had to be inherently
strong given that we obtained strong statistical significance despite
the low power of our statistical tests. All relationships between
species richness and evenness, and between SLA and species
relative abundance along the successional gradient were explored
in only 6 meadows of different successional ages, yet the
differences in meadow successional age show clear consistent
negative relationship between species richness and evenness
(Fig. 1). Our results should therefore present strong evidence on
the relationship between species richness and species evenness and
also on the mechanisms of assembly of communities of high species
diversity in the Qinghai-Tibetan Plateau.

Table 2. The Spearman correlation coefficients (r) and p-value (p) of the Spearman correlation analysis of the relationship between
SLA and species relative abundance along the succession gradient.

age=1 age=3 age=7 age=9 age=10 natural
r p r p r p r p r p r p
—0.66 0.043 —0.02 0.94 0.01 0.97 0.19 043 0.60 0.01 0.49 0.01

doi:10.1371/journal.pone.0049024.t002
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Considered together, our results demonstrate that niche-
preemption is an important mechanism that influences the pattern
of the relationship between species evenness and richness along the
successional gradient in sub-alpine meadows, and that this
relationship is sensitive to the spatial scale of observation.
However, stronger tests using field manipulative experiments
and more detailed observations are needed to understand the
mechanisms that determine species richness and community
assembly in these alpine plant communities.

Materials and Methods

Ethics Statement
No permits were required to carry out this study.

Study Site

A series of quadrat sampling were conducted in the sub-alpine
meadow located in the eastern part of the Qinghai-Tibetan
plateau, Hezuo, China (34°55'N, 102°53'E; 2900 m a.s.l) in
2010. Mean annual precipitation of 530 mm is mainly distributed
in the summer, and the mean annual temperature is 2.4°C. The
vegetation at the study site is typical species-rich sub-alpine
meadows, which is dominated by herbaceous species such as
Elymus nutans Griseb, Kobresia humilis (C.A. Mey.) serg. and
Thermopsis lanceolate R. Br [36]. Soils are classified as alpine
meadow soils [36].

Sampling Methods

Sampling was performed in year 2010 in one control meadow
(no cropping) and three previously cropped meadows that had
been abandoned 1, 3, 7, 9, and 10 years ago, with one meadow of
each ‘age’ sampled. All meadows were located within an area of
4000 ha. We use the term ‘successional age’ to refer to the time
since each meadow was protected from cropping. Meadows were
selected so that meadows with similar successional ages were not
closer to each other than to meadows with dissimilar ages. The
area of each meadow was at least 120 ha, and had similar
orientation, aspect and slope position. An area of 100 mx100 m
plot was randomly selected in each meadow. Thirty
50 cm x50 cm quadrats were regularly arranged along the two
transects, with 5 m intervals between adjacent quadrats. Grasses
were sampled within quadrats in August during the peak of the
growing season. In each quadrat, we recorded the number of
ramets of each species and species richness.

One 10 mx10 m plot was installed in August during the peak of
the growing season in 2011 in the control meadow. We divided
each plot regularly into 100 squares of size 1 mx1 m using thin
wires. Sampling was conducted at the scale of 0.05 mx0.05 m
sub-quadrats. We collected the data of occurrence of species in the
sub-quadrats to approximate each ramet of every species.

Statistical Methods

Empirical test of the relationship between species
richness and evenness. Here we calculate Pielou’s evenness
J' [63], which is expressed by the Shannon information scaled by
the maximum information, to measure species evenness for each
community:

where H' represents the observed value of Shannon index, and S
is the total number of species observed. The reasons for choosing
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Pielou’s evenness J' as the evenness index are twofold. First, it is
the most widely used in ecology, and second, it is has been
demonstrated in a study on a tropical forest that species richness
predicted by species-abundance models increases with increasing
evenness measured by J' [7].The value of J' ranges from 0 to 1,
with larger values representing more even distributions in
abundance among species. Jost [12] has shown that Pielou’s J' is
a good measure of ‘relative evenness’ and that relative evenness is
the correct measure given the non-independence of richness and
evenness. We use one-way ANOVA to test whether there exists
significant variation in evenness (J') along the successional gradient
based on 30 samples in each meadow. Then we perform
Spearman correlation analysis to explore the relationship between
empirical S and J' along the successional gradient.

Test of the effect of spatial scale on the relationship
between species richness and evenness. To explore the
effect of spatial scale on the relationship between species richness
and evenness, we use Spearman correlation analysis to determine
the relationship between S and J' at different sampling scales in the
10 mx10 m plot. The data of species richness and evenness at a
given spatial scale was sampled by continuously locating quadrats
of different sizes on the 10 mx10 m plot in the control (natural
meadow without farming) meadow. We selected 6 quadrat sizes
which increase exponentially in area: 0.5 mx0.5 m (400 quadrats
were sampled), 0.5 mx1 m (200), 1 mx1 m (100), 1 mx2 m (50),
2 mx2 m (25), 2 mx4 m (10).

The mechanism regulating species evenness in
abundance along the successional gradient. Tor fitting
species abundance models which have different evenness in
abundance, we firstly created a set of communities ranging from
the most even one where all the species share the same abundance,
to the most uneven one in which the first species has abundance
one less than the community size (N—S—1), and all other species
(S—1) have only one ramet. Here Vis the total number of ramets
and §'is the total number of species in the community. After that,
for each successional meadow we set each of the 30 sampling
quadrats (each of 0.5 mx0.5 m) as an objective community and
then we use the species abundance data in the quadrat to estimate
the parameters of four well-known species relative abundance
models - the log-series, niche-preemption, TNBD (Truncated
Negative Binomial Distribution), and broken-stick models (Table 3)
and calculate the corresponding J' of these six models for each
quadrat in each meadow. Our species abundance data are from
quadrats sampling, so this type of data is not entirely continuous.
Hence here we use the bootstrap Kolmogorov-Smirnov test to
compare the goodness-of-fit of the J' values predicted by these
models and the observed ones to test the mechanism of the
observed J' along the succession gradient theoretically. Also,
analyses of the relationship between species-specific traits and
relative abundance were conducted to test the occurrence of
similar patterns for the best-fit model predictions and observed
relationships between species traits and abundance along the
successional gradients. This will help to determine whether the
mechanisms invoked by the best-fit model can be applied to
explain community assembly along the successional gradient. To
carry out this test, we first log-transformed species’ relative
abundances and specific leaf area to normalize the data and then
we used Spearman correlation analysis to determine if there was a
significant relationship between a species’ trait value and its
relative abundance along the successional gradient. By these two
analyses, we attempt to understand the processes that influence
species evenness along the succession gradient. All above analysis
are performed using package “biodiversity R [64] and R ver.
2.12 (R Development Core Team).
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variation of evenness along the successional age.

(DOCX)

Acknowledgments

This work was done in the Research Station of Alpine Meadow and
Wetland Ecosystems of Lanzhou University.

References

1.

2.

6.
. He F, Legendre P (2002) Species diversity patterns derived from species-area

28.
29.
30.

31.

32.

Stirling G, Wilsey B (2001) Empirical relationships between species richness,
evenness, and proportional diversity. The American Naturalist 158: 286-299.
Krebs C (1999) Ecological methodology, Benjamin-Cummings. San Francisco,
CA.

. Magurran AE (1988) Ecological diversity and its measurement: Princeton

University Press Princeton, NJ.

. McNaughton SJ (1977) Diversity and stability of ecological communities: a

comment on the role of empiricism in ecology. American Naturalist 111: 515—

525.

. Wilsey BJ, Potvin C (2000) Biodiversity and ecosystem functioning: importance

of species evenness in an old field. Ecology 81: 887-892.
Legendre P, Legendre L (1998) Numerical ecology: Elsevier, Oxford.

models. Ecology 83: 1185-1198.

Soininen J, Passy S, Hillebrand H (2011) The relationship between species
richness and evenness: a meta-analysis of studies across aquatic ecosystems.
Occologia 107: 1-7.

. DeBenedictis PA (1973) On the correlations between certain diversity indices.

American Naturalist 107: 295-302.

. Hill M (1973) Diversity and evenness: a unifying notation and its consequences.

Ecology 54: 427-432.

. May RM, Arthur RHM (1972) Niche overlap as a function of environmental

variability. Proceedings of the National Academy of Sciences 69: 1109-1103.

. Jost L (2010) The relation between evenness and diversity. Diversity 2: 207-232.
. Gosselin I (2006) An assessment of the dependence of evenness indices on

species richness. Journal of theoretical biology 242: 591-597.

Symonds MRE, Johnson CN (2008) Species richness and evenness in Australian
birds. The American Naturalist 171: 480-490.

Sheldon AL (1969) Equitability indices: dependence on the species count.
Ecology 50: 466-467.

Smith B, Wilson JB (1996) A consumer’s guide to evenness indices. Oikos 1: 70—
82.

. Wilsey BJ, Chalcraft DR, Bowles CM, Willig MR (2005) Relationships among

indices suggest that richness is an incomplete surrogate for grassland biodiversity.

Ecology 86: 1178-1184.

. Connor EF, McCoy ED (1979) The statistics and biology of the species-area

relationship. The American Naturalist 113: 791-833.

. Gleason HA (1922) On the relation between species and area. Ecology 3: 158

162.

. Hamer K, Hill J (2000) Scale-Dependent Effects of Habitat Disturbance on

Species Richness in Tropical Forests. Conservation Biology 14: 1435-1440.

. Reitalu T (2008) Plant species diversity in semi-natural grasslands. Effects of

scale, landscape structure and habitat history 23: 41-51.

. Wilson JB, Steel JB, King WMG, Gitay H (1999) The effect of spatial scale on

evenness. Journal of Vegetation Science 10: 463-468.

. Allen JC, McCoy CW (1979) The thermal environment of the citrus rust mite.

Agricultural Meteorology 20: 411-425.

. McGill B (2003) Strong and weak tests of macroecological theory. Oikos 102:

679-685.
Stanley Harpole W, Tilman D (2006) Non-neutral patterns of species abundance
in grassland communities. Ecology Letters 9: 15-23.

. Wootton JT (2005) Field parameterization and experimental test of the neutral

theory of biodiversity. Nature 433: 309-312.

. McGill BJ, Enquist BJ, Weiher E, Westoby M (2006) Rebuilding community

ecology from functional traits. Trends in Ecology & Evolution 21: 178-185.
Shipley B, Lechowicz MJ, Wright I, Reich PB (2006) Fundamental trade-offs
generating the worldwide leaf economics spectrum. Ecology 87: 535-541.
Kraft NJB, Valencia R, Ackerly DD (2008) Functional traits and niche-based
tree community assembly in an Amazonian forest. Science 322: 580-582.
Shipley B, Vile D, Garnier E (2006) From plant traits to plant communities: a
statistical mechanistic approach to biodiversity. Science 314: 812-814.

Diaz S, Lavorel S, De Bello F, Quétier F, Grigulis K, et al. (2007) Incorporating
plant functional diversity effects in ecosystem service assessments. Proceedings of
the National Academy of Sciences 104: 20684-20689.

Burns K (2004) Patterns in specific leaf area and the structure of a temperate
heath community. Diversity and Distributions 10: 105-112.

. Cingolani AM, Posse G, Collantes MB (2005) Plant functional traits, herbivore

selectivity and response to sheep grazing in Patagonian steppe grasslands.
Journal of Applied Ecology 42: 50-59.

PLOS ONE | www.plosone.org

Species Richness and Evenness in Meadows

Author Contributions

Conceived and designed the experiments: SZ HZ. Performed the
experiments: HZ JY CC GD. Analyzed the data: HZ ZP. Wrote the
paper: SZ HZ R]J.

34.

36.

37.

38.

39.

40.

41.

42.

43.
44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

Dabhlgren JP, Eriksson O, Bolmgren K, Strindell M, Ehrlén J, et al. (2006)
Specific leaf area as a superior predictor of changes in field layer abundance
during forest succession. Journal of Vegetation Science 17: 577-582.

. Douma JC, de Haan MWA, Aerts R, Witte JPM, van Bodegom PM, et al.

(2011) Succession-induced trait shifts across a wide range of NW European
ecosystems are driven by light and modulated by initial abiotic conditions.

Journal of Ecology 2: 366-380.

Chu CJ, Wang YS, Du GZ, Maestre FT, Luo Y]J, et al. (2007) On the balance
between niche and neutral processes as drivers of community structure along a
successional gradient: insights from alpine and sub-alpine meadow communities.
Annals of botany 100: 807-812.

Li XL, Gao J, Brierley G, Qiao YM, Zhang ], et al. (2011) Rangeland
degradation on the Qinghai-Tibet plateau: Implications for rehabilitation. Land
Degradation & Development 10: 13-27.

Li Y, Fu B, Wei W, Yu X, Sun R, et al. (2011) Major Ecosystems in China:
Dynamics and Challenges for Sustainable Management. Environmental
Management 1: 1-15.

Armesto J, Pickett S (1985) Experiments on disturbance in old-field plant
communities: impact on species richness and abundance. Ecology 9: 230-240.

Bazzaz FA (1975) Plant species diversity in old-field successional ecosystems in
southern Illinois. Ecology 85: 485-488.

Crawley MJ (1997) The structure of plant communities. Plant Ecology 11: 475—
531.

Rainey PB, Travisano M (1977) Adaptive radiation in a heterogeneous
environment. Nature (London) 394: 69-72.

Arrhenius O (1921) Species and area. Journal of Ecology 9: 95-99.

Grime J (1997) The humped-back model: a response to Oksanen. Journal of
Ecology 85: 97-98.

. Harms KE, Wright SJ, Calderon O, Hernandez A, Herre EA, et al. (2000)

Pervasive density-dependent recruitment enhances seedling diversity in a
tropical forest. Nature 404: 493-495.

Tokeshi M (1993) Species abundance patterns and community structure.
Advances in ecological research 24: 111-186.

Abrams PA (2006) The Prerequisites for and Likelihood of Generalist-Specialist
Coexistence. The American Naturalist 167: 329-342.

Ashton IW, Miller AE, Bowman WD, Suding KN (2010) Niche complemen-
tarity due to plasticity in resource use: plant partitioning of chemical N forms.
Ecology 91: 3252-3260.

Hector A, Schmid B, Beierkuhnlein C, Caldeira M, Diemer M, et al. (1999)
Plant diversity and productivity experiments in European grasslands. Science
286: 1123-1127.

Garnier E, Cortez J, Billes G, Navas ML, Roumet C, et al. (2004) Plant
functional markers capture ecosystem properties during secondary succession.
Ecology 85: 2630-2637.

Gibson DJ, Middleton BA, Foster K, Honu YAK, Hoyer EW, et al. (2005)
Species frequency dynamics in an old-field succession: Effects of disturbance,
fertilization and scale. Journal of Vegetation Science 16: 415-422.

Kardol P, Souza L, Classen AT (2012) Resource availability mediates the
importance of priority effects in plant community assembly and ecosystem
function. Oikos 10: 121-129.

Tognetti PM, Chaneton EJ (2005) Invasive exotic grasses and seed arrival limit
native species establishment in an old-field grassland succession. Biological
Invasions 11: 1-14.

Young TP, Chase JM, Huddleston RT (2001) Community succession and
assembly. Ecological Restoration 19: 5-18.

. Berendse F (1990) Organic matter accumulation and nitrogen mineralization

during secondary succession in heathland ecosystems. The Journal of Ecology
78: 413-427.

Gleeson SK, Tilman D (1990) Allocation and the transient dynamics of
succession on poor soils. Ecology 71: 1144-1155.

Knops JMH, Tilman D (2000) Dynamics of soil nitrogen and carbon
accumulation for 61 years after agricultural abandonment. Ecology 81: 88-98.
Mellinger MV, McNaughton S (1975) Structure and function of successional
vascular plant communities in central New York. Ecological Monographs 45:
161-182.

Inouye RS, Huntly NJ, Tilman D, Tester JR, Stillwell M, et al. (1987) Old-field
succession on a Minnesota sand plain. Ecology 68: 12-26.

Odum EP (1969) The strategy of ecosystem development. Science 164: 262-270.

November 2012 | Volume 7 | Issue 11 | e49024



61. Tilman D (1994) Competition and biodiversity in spatially structured habitats.
Ecology 75: 2-16.

62. Wilson PJ, Thompson K, Hodgson JG (1999) Specific leaf area and leaf dry
matter content as alternative predictors of plant strategies. New Phytologist 143:
155-162.

PLOS ONE | www.plosone.org

63.
64.

Species Richness and Evenness in Meadows

Piclou EC (1975) Ecological diversity: Wiley New York.

Kindt R, Coe R (2005) Tree diversity analysis: A manual and software for
common statistical methods for ecological and biodiversity studies: World
Agroforestry Centre Eastern and Central Africa Program.

November 2012 | Volume 7 | Issue 11 | e49024



