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Abstract

Background

Although plant diversity is postulated to resist invasion, studies have not provided consis-

tent results, most of which were ascribed to the influences of other covariate environmental

factors.

Methodology/Principal Findings

To explore the mechanisms by which plant diversity influences community invasibility, an

experiment was conducted involving grassland sites varying in their species richness (one,

two, four, eight, and sixteen species). Light interception efficiency and soil resources (total

N, total P, and water content) were measured. The number of species, biomass, and the

number of seedlings of the invading species decreased significantly with species richness.

The presence of Patrinia scabiosaefolia Fisch. ex Trev. andMosla dianthera (Buch.-Ham.

ex Roxburgh) Maxim. significantly increased the resistance of the communities to invasion.

A structural equation model showed that the richness of planted species had no direct and

significant effect on invasion. Light interception efficiency had a negative effect on the inva-

sion whereas soil water content had a positive effect. In monocultures, Antenoron filiforme
(Thunb.) Rob. et Vaut. showed the highest light interception efficiency and P. scabiosaefolia
recorded the lowest soil water content. With increased planted-species richness, a greater

percentage of pots showed light use efficiency higher than that of A. filiforme and a lower

soil water content than that in P. scabiosaefolia.

Conclusions/Significance

The results of this study suggest that plant diversity confers resistance to invasion, which is

mainly ascribed to the sampling effect of particular species and the complementarity effect

among species on resources use.
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Introduction
The pervasive impact of invasive species has motivated a considerable amount of research to
question how the characteristics of invaded communities, such as native species diversity, affect
the establishment of invasive species [1–5]. Elton [1] hypothesized that invasibility is deter-
mined by overall resource availability, which negatively relates to community diversity. Consis-
tent with the hypothesis of Elton [1], most small-scale grassland experiments have shown that
a more diverse plant community has a higher resistance to invasion by non-native plants [5–
9]. However, other small-scale experiments have found that more diverse communities were
not more resistant [10–15]. Consequently, the potential mechanisms by which plant communi-
ties resist invasion by non-native plants still need to be experimentally examined.

Resource availability and fluctuation are important factors in determining the invasion
resistance of plant communities [16–17]. Tilman points out that species that utilize resources
the least will gain advantage in competition [18]. Communities with higher species diversity
could use a greater variety of resources, which results in greater use of the limiting resources,
and hence are able to compete better with invaders [19]. Communities with higher plant diver-
sity also have a higher probability of including a highly competitive species (which most likely
has a strong demand for resources) and thus have a greater ability to resist invasion [20]. More-
over, some species have been proved to change resource conditions in a way that affects inva-
sion by non-native plants [21–24]. Although the roles of species richness, species identity, and
their effects on resource availability are central to understanding the invasion resistance of
plant communities, these factors have rarely been investigated together.

In natural communities, changes in species diversity are usually accompanied by changes in
environmental factors, which will, in turn, influence the effects of species diversity on invasion.
Artificial microcosms have constant environments among communities and are ideal ecosys-
tems for studying the mechanisms by which species diversity affects invasion. Moreover, early
successional communities are ideal model systems for studying community invasibility because
they are characterized by continuous species invasions, frequently and heavily invaded by
exotic species, and typically invaded rapidly [25]. However, in most grassland microcosm
experiments, non-native plants are introduced only once, by artificial seeding, which does not
reflect the continuous exposure of a natural community to the pressure exerted by seeds of
non-native plants. Moreover, invasions by native and non-native species do not fundamentally
differ, and the ecological principles (e.g., niche limitation and competition for resources)
underlying invasions by native and non-native species should be similar [5, 20, 25–26]. In this
study, we manipulated grassland microcosms to ensure varying levels of species richness (one,
two, four, eight, and sixteen species) and explored the resistance of communities to natural
invasion by native and non-native plants. Based on the measurement of soil resource availabil-
ity, we tested whether species diversity significantly increases the invasion resistance of com-
munities, and, if it did, we examined the mechanism by which species diversity affects invasion
resistance.

Materials and Methods

Ethics Statement
The experiments, conducted within the campus of Taizhou University, were pot based and
therefore required no specific permission. The species defined as exotic in the present study
were either natives or common exotic species that had already established local populations in
the mountain area around Taizhou city, where Taizhou University is located. Consequently,
none of the plant species used in this study is either endangered or protected.
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Experimental Materials
Sixteen common native species in the mountain area of Taizhou city in Zhejiang province of
China were selected for the experiment (Table 1), and their seeds were collected in November
2012. Plastic containers (72 cm × 64 cm × 42 cm) were filled with yellow soil collected from the
mountains (total N = 763.2 ± 103.69 mg kg−1) and the top 10 cm was filled with a mix contain-
ing equal proportions of the yellow soil and nutrient soil (mix ratio 1:1, total
N = 4612.37 ± 456.23 mg kg−1). The plastic containers were used as experimental pots.

Experimental Design
In March 2013, 204 grassland pots with different levels of species richness (one, two, four,
eight, and sixteen) were established. All the sixteen species used in the experiment were grown
in monocultures without replication. Ten mixtures, each with a different species composition,
were established to represent species richness levels of two, four, and eight species, and one
mixture, replicated five times, represented a species-richness level of sixteen species (S1 Table).
The species assigned to each mixture were chosen by a separate random draw of the appropri-
ate number of species from the species pool. We introduced 800 seeds into each pot, and the
number of seeds (and later the number of seedlings) for each species was determined by divid-
ing 800 by the number of species per pot. The plant density in each pot was maintained at 32
seedlings. One month after germination, excess seedlings were removed, retaining the more
vigorous seedlings. Seedlings of the same species were not adjacent, and 32 seedlings were
evenly distributed in the pot. The complete experiment design was replicated four times, each
replication constituting a block. Seedlings of non-target species were removed to maintain the
original composition of the community. As frequent removal of seedlings was a disturbance,
they were removed before they were large enough to influence the community. Besides natural
rainfall, each block received the same amount of water through sprinkler irrigation every 4
days during dry spells.

Table 1.

Serial number Names of planted species Life form

1 Antenoron filiforme (Thunb.) Rob. et Vaut. Perennial

2 Achyranthes aspera L. Perennial

3 Solanum nigrum L. Annual

4 Penthorum chinense Pursh Perennial

5 Sesbania cannabina (Retz.) Poir. Annual

6 Patrinia scabiosaefolia Fisch. ex Trev. Perennial

7 Eclipta prostrata (L.) L. Annual

8 Polygonum chinense L. Perennial

9 Bidens pilosa L. Annual

10 Perilla frutescens (L.) Britt. var. acuta (Thunb.)Kudo Annual

11 Mosla dianthera (Buch.-Ham. ex Roxburgh) Maxim. Annual

12 Rostellularia procumbens (L.) Nees Annual

13 Polygonum lapathifolium L. var. salicifolium Sibth. Annual

14 Lolium perenne L. Perennial

15 Cichorium intybus L. Perennial

16 Medicago sativa L. Perennial

The names of planted species

doi:10.1371/journal.pone.0141559.t001
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Invasion Experiment
One year later, in March 2014, the non-target seedlings were removed for the last time from
each pot, and the invaders were recorded then on as the seedlings emerged from the soil seed
bank or from seeds outside the experimental pots. In order to avoid the influence of interactive
invasion between pots, any seedlings of the sixteen experimental species that had not been
included originally in each pot were removed every week during the invasion experiment. In
September 2014, the number of seedlings of each non-target native species (native species that
were not among the sixteen planted species) and exotic species was counted. The total biomass
of all living seedlings was sorted according to each non-target species, dried to a constant mass
at 80°C for 48 h, and weighed.

Light and Soil Water
Photosynthetically active radiation (PAR) was measured using a PAR ceptometer (GLZ-C,
Zhejiang Top Instrument Co. Ltd., Nibo, China). To avoid edge effects, three points were ran-
domly selected in the central area (0.4 m × 0.4 m) of each pot and the electronic fisheye sensor
was covered with a black cloth. The top 1 cm was left uncovered. We took measurements dur-
ing 11:30–13:00 when the sun was more or less overhead and the pots received rays that were
near vertical. On cloud-free days in April, June, and August 2014, PAR above the community
canopy and that at ground level were measured in triplicate at each of the three points. The
light interception efficiency (LIE) of the pot was estimated as follows:

LIE ¼ ðPARabove � PARgroundÞ=PARground

The average LIE of the three points measured in triplicate was used as the LIE of each pot.
Before surveying the non-target native and exotic species, a water treatment experiment was

conducted. The water content of each pot was determined 3 days after they had been irrigated.
The water content (%, m3/m3) at each of the three points was measured at 15:00–16:00 using a
ProCheck (Decagon, Pullman, Washington, USA) analyzer. The average water content of the
three points measured in triplicate was used as the water content for each pot.

Total N and Total P
In March 2014, five soil cores (0–20 cm) were randomly collected and pooled to make one
sample. The soil sample was air-dried, homogenized, sieved (<2 mm) to remove plant roots
and small stones, and used for determining the total N and total P in the soil. For these deter-
minations, 1.0 g of the K2SO4 catalyst mixture and 5 mL of concentrated H2SO4 were added to
0.5 g of air-dried natural or mine tailing soil in 100-mL digestion tubes. After heating the mix
to a milky white color, 20 mL of distilled water was added to the digestion tube. Total N was
determined using the Berthelot reaction method and total P using the molybdenum blue
method [27]. The total N and total P were measured in three replications per pot.

Statistical Analyses
We analyzed two types of invader species: non-target native species and exotic species. Non-
target native species are species that were known to grow in the region but were not among the
sixteen native species chosen for the experiment whereas exotic species are species that never
grew in the region before and were invaders from other places. Total invaders in each pot com-
prised all the non-target native species and the exotic species. The number of species, biomass,
and the number of seedlings of total and exotic invaders were analyzed using a general linear
model (GLM) with block as a random factor and species richness as a fixed factor. The
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relationship between these variables and planted diversity was determined by including
planted-species richness as a factor in a regression analysis combined with curve estimation.
The effects of particular species were determined in two steps. First, differences in invasibility
between monocultures were determined using a GLM with block as a random factor and spe-
cies identity as a fixed factor. Second, we selected species that differed markedly from other
species according to those tests and included the presence of these species as covariates in the
extended GLMmodel. The interaction term between richness and the presence of particular
species were also included in the extended GLMmodel. This procedure was repeated for six
variables: the number of species, biomass, and the number of seedlings of both total and exotic
invaders.

Structural equation modeling (SEM) is a multivariate method that allows explicit testing of
direct and indirect dependencies and is therefore well suited for assessing the direct and indi-
rect effects of species richness, species composition, and resources on invasion (Fig 1). Prior to
the SEM, all variables were normalized by subtracting the mean and dividing by the standard
deviation. We assessed whether the values derived from SEM fitted the data by a series of good-
ness-of-fit tests, which compared the observed covariance matrix with that derived from the
model [28]. First, we performed a χ2 test to evaluate the goodness-of-fit of our model. We also
performed goodness-of-fit tests, such as the goodness-of-fit index (GFI) and the Bentler–
Bonett normed-fit index (NFI) [28–29]; both range between 0 and 1, with values greater than
0.90 indicating a good fit.

The light interception efficiency of mixtures was compared to that of the monoculture with
the highest light interception efficiency, and the soil water content of mixtures was compared
to that of the monoculture with the lowest soil water content. The analysis addressed the fol-
lowing question: Does the percentage of pots with light interception efficiency greater than the
highest light interception efficiency or that of pots with soil water content lower than the lowest
value increase with the species richness? The relationships between the percentage of pots and
species richness was analyzed using bivariate correlation analysis. All analyses were performed
using SPSS ver. 20.0 for Windows and the SEM analysis was conducted using AMOS ver. 20.0,
which is part of SPSS 20.0 (Amos Development Corp., Mount Pleasant, South Carolina, USA).

Fig 1. A priori structural equation model representing hypothesized relationships among the species
richness, species composition, resources (light, soil water content, total N and total P) and invasion
characters (species number, biomass and seedling number of total and exotic invaders).

doi:10.1371/journal.pone.0141559.g001
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Results
The survey of invader species found six exotic species and 23 non-target native species (S2
Table). The species number, biomass, and seedlings number of both total and exotic invaders
were strongly affected by the planted-species richness (Table 2). The biomass of the total and
exotic invaders decreased linearly with planted-species richness (Fig 2A and 2B). The species
number (Fig 2C and 2D) and the seedlings number (Fig 2E and 2F) of total and exotic invaders
decreased non-linearly with the planted-species richness.

Invasibility differed greatly between monocultures of planted species (Fig 3A–3F). The
monocultures of P. scabiosaefolia andM. dianthera were not invaded by the exotic and non-
target native species and these two species had the highest invasion resistance. The presence or
absence of P. scabiosaefolia andM. dianthera was additionally included in the GLMmodel.
The species number, biomass, and the seedlings number of total and exotic invaders were nega-
tively affected by the presence of P. scabiosaefolia andM. dianthera (Table 3), but a significant
negative effect of planted-species richness remained. The interaction between planted-species
richness and the presence of P. scabiosaefolia andM. dianthera had no significant effect on the
invasion by exotic and non-target native species.

For the SEM models, the χ2 test was not significant at P> 0.05, and GFI and NFI values
were higher than 0.90, indicating the goodness-of-fit to the data. In the SEMmodels, species
richness had no effect on the characteristics of the invasion (Fig 4). Except for the biomass of
exotic invaders, light interception efficiency negatively affected all the characteristics of inva-
sion. Except for the plants of total and exotic invaders, soil water content positively affected the
number and biomass of total and exotic invaders. Except for the biomass of exotic invaders,
species composition significantly affected all the characteristics of invaders, probably because
of the effect of particular species on light interception efficiency and soil water content. The
presence of P. scabiosaefolia andM. dianthera significantly increased the light interception effi-
ciency (P. scabiosaefolia: t = 2.898, n = 202, P = 0.004;M. dianthera: t = 2.142, n = 202, P =
0.042) but significantly decreased the soil water content (P. scabiosaefolia: t = −3.870, n = 202,
P< 0.001;M. dianthera: t = −5.185, n = 202, P< 0.001).

The negative effect of P. scabiosaefolia andM. dianthera on invasion suggests a sampling
effect, and the complementary effect was also investigated based on resource use. The species
with the highest light interception efficiency as a monoculture was A. filiforme. The species
with the lowest soil water content as a monoculture was P. scabiosaefolia (Fig 5). We used the
light interception efficiency values from the monocultures of A. filiforme and the soil water
content values from the monocultures of P. scabiosaefolia as cut-off values. We calculated for
each species-diversity treatment the percentage of pots with light interception efficiency above
the cut-off value and the percentage of pots with soil water content below the cut-off (Fig 6).
We found that as planted-species richness increased, there was a highly significant increase in

Table 2.

Species number of
total invaders

Species number of
exotic invaders

Biomass of total
invaders

Biomass of
exotic invaders

Seedling number of
total invaders

Seedling number of
exotic invaders

Block 1.973ns, α 2.629ns 0.896ns 1.501ns 2.519ns 2.502ns

Species
richness

12.807*** 10.708*** 5.145*** 4.52** 5.592*** 5.508***

The effects of block and species richness on species number, biomass and seedling number of total and exotic invaders.
α Significant terms are indicated by asterisks (**, P < 0.01; ***, P < 0.001) and unsignificant terms are indicated by “ns”.

doi:10.1371/journal.pone.0141559.t002
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Fig 2. The dependence of species number (A, B), biomass (C, D) and seedling number (E, F) of total and exotic invaders on species richness.

doi:10.1371/journal.pone.0141559.g002
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Fig 3. The species number, biomass and seedling number of total and exotic invaders in monocultures.Data showmeans ± SE. The serial number of
planted species is seen in Table 1. Monocultures had not at least one same letter indicate significant difference.

doi:10.1371/journal.pone.0141559.g003
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Table 3.

Species number of
total invaders

Species number of
exotic invaders

Biomass of total
invaders

Biomass of exotic
invaders

Seedling number of
total invaders

Seedling number of
exotic invaders

Block 2.197ns, α 2.353ns 0.911ns 1.517ns 2.362ns 2.137ns

Species richness
(SR)

9.143#β, *** 8.103#*** 3.904#** 5.067#** 3.674#* 4.221#**

P.scabiosaefolia 15.867#*** 13.765#*** 4.299#* 4.019#* 6.628#* 4.658#*
M.dianthera 30.795#*** 23.104#*** 7.715#** 5.839#* 12.191#** 8.303#**
SR×P.
scabiosaefolia

2.235ns 2.463ns 0.859ns 0.818ns 0.966ns 0.868ns

SR×M.dianthera 2.226ns 2.019ns 0.602ns 0.506ns 0.993ns 1.289ns

Results of General Linear Model (type III SS) on six separate variables (Species number, biomass and seedling number of total and exotic invaders).

Block and species richness was included as a factor. For the presence of P. scabiosaefolia and M. dianthera dummy variables were created. Values could

either be zero (absent) or one (present). Dummy variables were also included as covariates.
α Significant terms are indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001) and unsignificant terms are indicated by “ns”.
β # indicates had positive effect.

doi:10.1371/journal.pone.0141559.t003

Fig 4. The final structural equationmodels for species number (A, B), biomass (C, D) and seedling number (E, F) of total and exotic invaders.
Values on arrows represent standardized regression coefficients. Continuous arrows, in the structural part of the model, are significant relationships
(P < 0.05); The arrows not significant are eliminated (P > 0.05). The size of the arrows is proportional to the strength of the path. The significant relationships
of species composition only indicate significant effect on invasion, and the “-” did not indicate a negative effect.

doi:10.1371/journal.pone.0141559.g004
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the percentage of pots with light interception efficiency higher than that A. filiformemonocul-
ture (Fig 6, r = 0.664, n = 16, P = 0.005) and also the percentage of pots with soil water content
lower than that in P. scabiosaefoliamonoculture (r = 0.553, n = 16, P = 0.033).

Discussion
Our results are consistent with earlier invasion experiments, which have shown negative effects
of species richness on invasion [5, 9, 20, 30–33]. The extended GLMmodels showed that
planted-species richness had significant negative effects on invasion, which indicates that after
taking into account the presence of suppressive species (P. scabiosaefolia andM. dianthera),
other mechanisms related to plant diversity still decreased the invasion. The negative effect of
diversity is often explained by increased resource use, whereby complementarity of resource

Fig 5. Light interception efficiency and soil water content in monocultures.Data showmeans ± SE. The serial number of planted species is seen in
Table 1. Monocultures had not at least one same letter indicate significant difference.

doi:10.1371/journal.pone.0141559.g005

Fig 6. Percent of pots with light interception efficiency higher than that of A. filiformemonocultures and percent of pots with soil water content
lower than that of P. scabiosaefoliamonocultures.

doi:10.1371/journal.pone.0141559.g006
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use between species results in lower levels of available resources at high diversity, thus inhibit-
ing invasion [33–36]. In the analysis of SEM, species richness had no direct effect on invasion,
whereas light interception efficiency affected the invasion negatively and soil water content
affected the invasion positively. Moreover, the presence of P. scabiosaefolia andM. dianthera
significantly increased light interception efficiency and decreased soil water content, which led
to the significant effect of species composition on invasion. Therefore, our results suggest that
in this study the ability of plant communities to efficiently consume light and soil water should
be a key factor determining the invasion resistance of communities. Total N (seen in methods)
and total P most likely increased because of the addition of nutrient soil in our study, and most
probably the increase eliminated any significant effect of plant communities on total N and
total P. Because the limiting resource should be the key factor affecting invasion [18], it was lit-
tle affected by total N and total P.

Our extended GLMmodels revealed that plant identity is an important factor that influ-
ences the invasibility of communities [32, 37–39]. In this study, P. scabiosaefolia andM. dia-
nthera had the highest invasion resistance among the sixteen monocultures. A decrease in
invasion with an increase in planted-species richness might be a result of the increased fre-
quency of P. scabiosaefolia orM. dianthera in pots from monoculture to the richness level rep-
resented by the sixteen species, which suggests a strong sampling effect that contributes to
invasion resistance in diverse communities. Although A. filiforme had the highest light inter-
ception efficiency, the presence A. filiforme had no negative effect on invasion. P. scabiosaefolia
andM. dianthera simultaneously had high light interception efficiency and low soil water con-
tent (Fig 5), which suggest that invasion resistance might be an overall result of the constraints
on the availability of different resources.

In addition to the sampling effect, we detected a clear signature of the complementarity
effect: the overuse of light and soil water. Such overuse occurs when species-diverse pots use
resources more efficiently than the best species in a monoculture, indicating a complementarity
effect of plant diversity on resource use [40]. Stachowicz et al. [41] and Fargione and Tilman
[20] also found that the percentage of pots with invader biomass lower than the lowest invader
biomass in monocultures increased with diversity. This demonstrates that increasing species
richness will increase the invasion resistance of communities beyond what can be achieved
even by the strongest competitor alone (e.g., P. scabiosaefolia andM. dianthera in this study).
As the use of light and of soil water were the key factors affecting resistance to invaders in this
study, its results indicate that interspecific complementarity in resource use in diverse pots
contributes to greater inhibition of invaders.

Plant litter may be an important factor that influences invasion [42], and has been shown to
constrain the germination of invader seeds [43–44]. In the present study, L. perenne andM.
sativa shed their leaves in late May, whereas other planted species did not shed their leaves
before the survey. We did not collect data on litter composition, but we observed that most of
the L. perenne litter remained in the pots until the survey and that most ofM. sativa litter dis-
appeared within 1 month. Moreover, L. perennemonoculture has a high invasion resistance,
whileM. sativa has a low invasion resistance (Fig 2). The presence of L. perenne also signifi-
cantly decreased the species number, biomass, and the seedlings number of all invaders, and
the number of species of exotic invaders (data not shown). Consequently, litter accumulation
may be also an important factor influencing invasion resistance.

The evidence presented in this study suggests that the sampling and complementarity effects
are strong mechanisms of diversity that influence invasion resistance. Moreover, species com-
position is also an important factor influencing invasibility of communities. Consequently, the
loss of plant diversity and key species may greatly decrease the ability of communities to resist
invasion. Although the non-target native species were included in our study to illustrate the
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effect of plant diversity on invasion resistance, the establishment of non-target native species
and the invasion of exotic species are to a large extent affected by the same mechanisms [20,
26]. Therefore, plant diversity may have similar effects on invasion by exotic species [45].
Although we examined the establishment of invader species only for 1 year, seedling establish-
ment is a key life-stage for invaders [46–48]. Understanding the effect of such initial environ-
mental ‘filters’ on invasion may aid in the control of natural or human-induced invasions.

Supporting Information
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(DOC)

S2 Table. The name of non-target native and exotic species.
(DOC)
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