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Relationships between exotic plant invasion and environmental change including CO2 increase have been
studied, but little is known about effects of invasive plants and global change on belowground faunal
communities. Nematodes are abundant and trophically diverse soil biota, and are susceptible to envi-
ronmental changes. Alteration of their community composition can illustrate changes in belowground
ecosystems. In this study, we examined responses of nematode communities to exotic invasive plants
and native plants under current and increased CO2. We grew individual plants of two invasive and two
native species under ambient and elevated CO2 under controlled conditions. Soil nematode abundance,
the proportion of nematode trophic groups and their ecological indices were measured to determine
their responses to invasive and native plants under different CO2 conditions. Canonical correspondence
analysis (CCA) showed that elevated CO2 and invasiveness significantly affected nematode communities.
Elevated CO2 significantly increased bacteria-feeding nematode proportions under two invasive plants,
and decreased their proportion under the native Eupatorium heterophyllum. Elevated CO2 decreased the
proportion of plant-feeding nematodes under the invasive plant Chromolaena odorata, and increased the
proportion of plant-feeding nematodes under E. heterophyllum, indicating that elevated CO2 could benefit
C. odorata by reduced belowground herbivory compared to this native plant species. Ecological indices
showed that invasives had higher nematode diversity than natives. Under elevated CO2, the value of
structural index (SI) was greater than 50, while the value of enrichment index (EI) was <50 with two
invasive plants. SI and EI were <50 under two native plants, indicating that these invasive plants
developed more stable belowground ecosystems than native species, and that this could promote their
colonization under CO2 increase. Overall, our results suggested that elevated CO2 can favor particular
invasive plants over native species, and increase successful invasion by these plant species.

� 2013 Published by Elsevier Masson SAS.
1. Introduction

Exotic plant invasions and global environmental changes such
as carbon dioxide (CO2) increase both may affect global biodiver-
sity, and thus attract substantial research attention [1]. Previous
studies show that ongoing global changes could alter impacts of
invasive plants on native vegetation [2e4]. However, there is
limited knowledge about the relationships of invasive plants with
belowground faunal communities under climate change. Soil fauna
such as protozoa and nematodes have strong effects on soil
Elsevier Masson SAS.
structure and processes, and soil community composition and
functions are closely linked with plant communities [5,6]. Nema-
todes are of particular interest because they are abundant and
trophically diverse in soils [7], and have been used as sensitive
indicators of environmental changes [8]. With increasing atmo-
spheric CO2 concentration, the study of nematode communities
in response to invasive plants under elevated CO2 can illustrate
potential effects of exotic plant invasions on soil ecosystem
functioning.

Several studies have demonstrated that, in contrast to native
plants, invasives have higher net primary production and more
plant biomass [9,10] because of higher photosynthetic capacity
and resource-capture efficiency [11,12]. Thus, invasive plants
can benefit more from atmospheric CO2 concentration increases.
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Table 1
Soil nematode communities at the beginning of the experiment.

Nematode abundance
(individual g�1 dry soil)

Proportion (%) of
nematode trophic groups

TNEM 15.68 � 1.30
Ba 8.16 � 0.40 52.20 � 3.21
Fu 0.90 � 0.61 5.56 � 3.37
Pl 5.84 � 0.36 37.34 � 1.68
Om&Ca 0.70 � 0.15 4.42 � 0.62

Note: TNEM, total nematode numbers; Ba, bacterial-feeding nematodes; Fu, fungi-
feeding nematodes; Pl, plant-feeding nematodes; Om&Ca, omnivores and
carnivores.
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Greater accumulation of C in invasive plants also implies that C
input to soils as root turnover and root exudates may be greater
under invasive than native plants [9]. Altered C input from invasive
and native plants might affect soil nematode communities either
directly (root turnover affecting herbivory) or indirectly (root ex-
udates affecting microorganisms and with subsequent change in
bacterial feeding nematode communities) [13,14]. Based on these
ideas, we hypothesized that populations and diversity of nema-
todes would be higher in soil under invasive plants, due to
increased resource inputs to the soil. Thus, elevated CO2 may in-
crease the responses of nematodes to invasive plants. On the other
hand, invasive plant root exudates often contains more secondary
compounds than exudates from native plants [15,16]. Such com-
pounds can constrain plant-feeding nematodes, thereby reducing
populations of this trophic group and altering nematode commu-
nities [17]. Therefore elevated CO2 may have stronger negative ef-
fects on nematodes when invasive plants are present. In general,
positive or negative impact of elevated CO2 on nematodes may
depend on plant species because their root exudations (quantity
and quality) are influenced by atmospheric CO2 concentrations
[18,19].

In this study, we selected Ageratina adenophora and Chromolaena
odorata as invasive plant species because theyare aggressive invasive
perennial forbs in Yunnan Province, southwest China [11,20]. Native
Eupatorium japonicum and Eupatorium heterophyllumwere selected
in this study because they are related to the two invasive species.
These four plant species were used to investigate the response of the
nematode community (reflected by nematode abundances, trophic
group proportions and ecological indices) to invasive and native
plants underCO2 enrichment. In this study, four nematode ecological
indices (ShannoneWeaver diversity index, maturity index, enrich-
ment index, structural index) were used. They are important and
useful indices and have been applied to monitor environmental
changes [21,22]. Our objectivewas to explore potential belowground
ecological mechanisms affecting invasion success by exotic plants
under current and future conditions.

2. Materials and methods

2.1. Experimental design

The study was conducted at Ai Lao Mountain; a long-term
ecological experimental station of the Chinese Academy of Sci-
ences in Yunnan Province, China (24.32� N, 101.01� E). We indi-
vidually planted four species (a single plant in each pot) under
ambient and elevated CO2 in chambers automatically controlling
CO2 concentrations (Fig. S1). These experimental treatments were
exposed to two levels of CO2: ambient (360 mmol mol�1) and
elevated (700 mmol mol�1). Four plant species, invasive A. adeno-
phora and C. odorata, and native E. heterophyllum and E. japonicum
were planted in pots.

Soil used in this experiment was a sandy loam (brown soil),
containing 53.5% sand, 24.6% silt, and 21.9% clay. The soil had
30.84 g kg�1 of organic C, 2.51 g kg�1 of total N, 19.46 mg kg�1 NH4

þ,
and 3.13 mg kg�1 NO3

�, 198 mg kg�1 available P, and 135 mg kg�1

available K. The pH (H2O) was 6.8 at the beginning of the experi-
ment. Initial nematode communities also were identified (Table 1).

Plant seeds were broadcast evenly in humus soil mixed with
vermiculite in pots. Then, the seeds were covered with a layer of
fine soil, and were watered sufficiently. All the containers were
placed under 50% relative light intensity in an incubator. When the
seedlings had grown to 8 cm height, similarly sized and healthy
ones were selected and transplanted into pots with diameters
of 30 cm. After two weeks of incubation, all samples were moved
to the controlled chambers and exposed to different CO2
concentrations throughout the experiment as described. The plants
were watered as necessary to keep the soil moist. There were four
plant species (two invasive and two native) and two treatments
(ambient and elevated CO2). Each treatment had five replicates;
thus overall there were 40 pots. Pots were randomly arranged in
the chambers and repositioned in their chamber every month.

The seedlings were transplanted in February 2010 and har-
vested in December 2010, following a growth period of 10 months.
Finally (at the end of the growing season), all samples were har-
vested and the plant biomass (above and belowground biomass
measured separately), soil total organic carbon (TOC), total N
(Table S1) and the nematode communities were examined. Plants
were collected and dried at 80 �C to constant weight.

2.2. Isolation and identification of nematodes

Nematodes were extracted from 100 g soil samples from each
pot via a modified cottonewool filter method [23], and were
counted and identified under a dissecting microscope. The
nematode trophic groups were characterized by feeding habits:
(1) bacterial-feeding nematodes (Ba), (2) fungal-feeding nema-
todes (Fu), (3) plant-feeding nematodes (Pl), and (4) omnivores
and carnivores (Om&Ca) [24]. Additionally, several ecological
indices were calculated to assess the nematode community.
These included the ShannoneWeaver diversity index H0 ¼ �P

pi
(ln pi), where pi is the proportion of individuals in the ith taxon;
maturity index MI ¼ P

(vi),(fi), where (vi) is the cep value of
taxon i according to their r and K characteristics [25], and (fi) is
the frequency of taxon i in a sample; enrichment index
EI ¼ 100 � (

P
kene/(

P
keneþ

P
kbnb)); structural index

SI ¼ 100 � (
P

ksns/(
P

ksnsþ
P

kbnb)), where kb is the weight
assigned to guilds Ba2 and Fu2, and nb represents the abundance
of nematodes in guilds Ba2 and Fu2, ke is the weight assigned to
guilds Ba1 and Fu2, ne is the abundance of nematodes in these
guilds (indicating an enriched condition of the food web), ks is the
weight assigned to guilds Ba3eBa5, Fu3eFu5, Om4eOm5, and Ca2e
Ca5; and ns is the abundance of nematodes in these guilds, rep-
resenting the structural condition of the food web [26].

2.3. Statistical analysis

There were three factors in this experiment, CO2 concentration
(ambient and elevated), invasive feature (invasive and native) and
plant species. The invasive feature had two treatments, with two
plant species in each (invasive A. adenophora and C. odorata, and
native E. heterophyllu and E. japonicum). As invasiveness was nested
within species, a three-way nested ANOVA analysis method was
used to analyze effects of elevated CO2, invasive feature and plants
on nematode abundance and ecological indices. Canonical corre-
spondence analysis (CCA) was use to compare nematode commu-
nities among treatments performedwith Canoco 4.5. MANOVAwas
used to determine whether elevated CO2 and invasive feature had
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significant effect on nematode communities. Differences in plant-
root biomass, nematode abundance, proportion of trophic groups
and ecological indices among the various plant species under the
environmental conditions were tested by one-way ANOVA. Dun-
can’s test was employed to determine if differences were significant
among treatments. The significance level was set at P < 0.05. Sta-
tistical analyses were performed with SPSS 13.0 software.

3. Results

3.1. Plant biomass and nematode communities

Under ambient or elevated CO2, root biomasses of the invasive
species were significantly lower than two native species. Elevated
CO2 significantly increased the root biomass of all the plant species
(Fig. 1). No significant difference of aboveground biomass was
observed among four plant species under ambient conditions.
Under elevated CO2, aboveground biomass of C. odorata was
significantly higher than E. heterophyllum or E. japonicum (Fig. S2).

Twenty-four nematode genera were found in this study, and
Cephalobus, Helicotylenchus, and Hirschmanniella were dominant
throughout (Table 2).

Three-way nested ANOVA results (Table 3) showed that elevated
CO2 significantly affected the ecological indices of MI, EI, and SI.
Invasive feature affected the total nematode abundance and the
abundance of fungal-feeding nematodes (Fu), plant-feeding nem-
atodes (Pl), and the ecological index H0. Plant species significantly
affected the abundance of bacteria-feeding nematode (Ba) and Pl.
Significant interaction effects between CO2 and invasive feature
were observed with the abundance of Ba, H0 and MI. Significant
interaction effects between CO2 and plant species were also
observed with Ba, MI, SI and EI.

Nematode absolute abundances were shown in Fig. S3. Nema-
tode communities were sharply different among treatments
(Fig. 2). Both CO2 and invasive feature had significant effects on
nematode communities (P < 0.001).

3.2. Proportion (%) of nematode trophic groups in invasive and
native plants under elevated CO2

Comparing proportions (%) of nematode trophic groups among
the four plant species (Fig. 3) showed that under ambient CO2, the
A.a C.o E.h E.j
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Fig. 1. Root biomass of four plant species under ambient and elevated CO2 conditions.
Lowercase letters indicates significant differences (P < 0.05) among plant species
under ambient CO2. Capital letters indicates the significant difference among different
plant species under elevated CO2 condition. Asterisk indicates the significant difference
between different CO2 treatments in the same plant species. A.a, Ageratina adenophora;
C.o, Chromolaena odorata; E.h, Eupatorium heterophyllum; and E.j, Eupatorium japoni-
cum. Error bars represent standard errors (n ¼ 5).
proportion of Ba with C. odorata treatment was significantly higher
than that with the three other plant species, and the proportion of
Ba with E. heterophyllum and E. japonicum was significantly higher
than A. adenophora. The proportion of Fu with C. odorata was
significantly lower than with the three other plant species. The
proportion of Pl with A. adenophora was significantly higher than
that with C. odorata. The proportion of O&C with A. adenophorawas
significantly higher than that with E. heterophyllum. Under elevated
CO2, the proportion of Ba was highest with C. odorata, and was
lowest with E. heterophyllum among the four plant species. How-
ever, the proportion of Pl was lowest with C. odorata and highest
with E. heterophyllum. The proportion of Om&Ca with C. odorata
was significantly higher than that with the other plant species.

In terms of plant species and invasiveness (Fig. 3), elevated CO2
strongly increased the proportion of Ba in both invasive plant
species but decreased the proportion of Ba with E. heterophyllum
significantly. Elevated CO2 also significantly decreased the pro-
portion of Fu with A. adenophora. In addition, the proportions of Pl
and Om&Ca were affected significantly by elevated CO2. Plant-
feeding nematodes were decreased significantly with C. odorata
and increased significantly with E. heterophyllum. Om&Ca were
decreased significantly with A. adenophora.

3.3. Nematode ecological indices in invasive and native plant under
elevated CO2

Differences in nematode ecological indices among the four
plant species were compared in Fig. 4. Under ambient CO2, no
significant difference was observed in H0. The values of MI and
SI with A. adenophora were significantly higher than that
with E. heterophyllum. The value of EI with A. adenophora and
E. heterophyllumwas significantly higher than that with C. odorata.
Under elevated CO2, the value of H0 with A. adenophora was
significantly higher than that with E. japonicum, and the value of
H0 with C. odorata was significantly higher than that with
E. heterophyllum and E. japonicum. No significant differences were
observed among plant species for MI, or SI. The value of EI with E.
japonicum was significantly higher than that with A. adenophora
and E. heterophyllum.

In terms of plant species and invasiveness (Fig. 4), elevated CO2
increased the value of H0 with C. odorata significantly, but sub-
stantially decreased the value of H0 with two native plant species. It
also significantly decreased the value of MI in all the treatments
except in E. heterophyllum. In addition, elevated CO2 significantly
increased the value of EI with C. odorata and E. japonicum, but
decreased the value of SI with A. adenophora.

4. Discussion

4.1. Nematode communities with invasive and native plant species
under ambient and elevated CO2

At the beginning of the experiment, bacterial-feeding nema-
todes were the dominant trophic group and they represented 52.2%
of the total nematode numbers (Table 1). However, at the end of the
experiment, plant-feeding nematodes replaced bacterial-feeding
nematodes as the dominant trophic group (Fig. S2). These results
indicated that plant roots significantly stimulated the growth of
plant-feeding nematodes. Plant-root biomass and TOC results
indicated that elevated CO2 significantly increased the allocation of
C to the soil (Fig. 1) (Table S1) [27,28]. However, increased resource
allocation did not significantly increase the total number of nem-
atodes under elevated CO2, indicating that the total number of
nematodes may not simply follow a pattern of increase with
belowground C allocation [29].



Table 2
Nematode functional guilds and genera present in this study (individuals per 100 total nematode).

Bacterial feeders A.a C.o E.h E.j

Ambient Elevated Ambient Elevated Ambient Elevated Ambient Elevated

Ba1
Mesorhabditis 0.23 � 0.45 0.90 � 0.81 0.91 � 1.17 0.87 � 0.72 0 � 0 0.46 � 0.93 0.44 � 0.88 0.95 � 1.09
Panagrolaimus 0 � 0 0 � 0 0 � 0 0 � 0 0.18 � 0.36 0 � 0 0.21 � 0.43 0 � 0
Protorhabditis 0 � 0 0.44 � 0.88 0.63 � 0.73 1.74 � 0.72 0.57 � 0.70 0 � 0 0.21 � 0.43 0.47 � 0.55
Ba2
Cephalobusa 5.74 � 0.48 10.28 � 3.27 14.70 � 2.16 19.19 � 1.77 11.22 � 2.48 3.63 � 2.66 8.31 � 3.21 12.80 � 1.74
Acrobeles 0 � 0 0.43 � 0.51 0.31 � 0.60 1.52 � 1.09 0.24 � 0.49 0.68 � 0.86 0.22 � 0.44 0.48 � 0.56
Chiloplacus 0 � 0 0.60 � 0.79 0.63 � 0.73 0.66 � 0.85 0.21 � 0.43 0 � 0 0.22 � 0.44 0 � 0
Eucephalobus 1.19 � 0.42 1.59 � 1.58 4.09 � 1.31 4.79 � 3.62 1.98 � 0.75 2.92 � 0.88 0.87 � 0.70 1.88 � 1.31
Prismatolaimus 1.15 � 0.86 0 � 0 0.92 � 0.62 1.29 � 1.65 3.51 � 0.58 1.53 � 1.47 4.81 � 1.51 0.24 � 0.47
Tylocephalus 0 � 0 0 � 0 0 � 0 0.22 � 0.44 0.24 � 0.49 0 � 0 0.22 � 0.44 0 � 0
Ba4
Alaimus 1.23 � 0.95 0.82 � 0.68 4.05 � 1.54 4.35 � 1.85 1.25 � 0.93 1.59 � 1.16 2.18 � 1.09 2.36 � 1.82
Fungal feeders
Fu2

Aphelenchoides 1.94 � 0.84 3.19 � 0.73 1.51 � 1.18 1.52 � 0.43 3.09 � 0.77 1.59 � 1.37 1.55 � 1.51 5.53 � 2.66
Aphelenchus 1.47 � 0.99 0.60 � 0.78 0.33 � 0.65 0.66 � 0.84 2.12 � 0.88 1.61 � 2.19 1.74 � 1.23 0.97 � 1.33
Fu4

Leptonchus 3.99 � 2.63 1.19 � 0.97 2.79 � 1.15 0.65 � 0.82 7.57 � 2.25 4.12 � 4.68 3.46 � 3.02 0.25 � 0.50
Plant feeders
Pl2
Filenchus 5.77 � 4.07 5.13 � 2.85 10.29 � 2.17 4.14 � 0.86 8.94 � 1.65 7.55 � 3.38 7.02 � 1.32 3.15 � 1.20
Paratylenchus 0.92 � 0.74 3.10 � 1.43 1.60 � 1.67 8.49 � 2.53 0.28 � 0.57 4.27 � 0.99 1.31 � 1.13 3.61 � 0.37
Tylenchus 0.76 � 0.95 1.32 � 1.24 0.91 � 1.17 1.09 � 0.42 0.24 � 0.49 0.90 � 1.04 0.88 � 0.72 0.45 � 0.90
Pl3
Helicotylenchusa 33.04 � 3.34 25.46 � 5.66 8.16 � 1.78 4.14 � 1.09 38.92 � 8.08 52.22 � 7.27 35.65 � 2.06 42.75 � 10.01
Hirschmanniellaa 31.91 � 5.81 31.33 � 11.17 42.78 � 2.01 33.15 � 4.02 19.44 � 7.85 16.36 � 3.70 22.38 � 7.01 19.61 � 4.97
Pratylenchus 2.66 � 0.60 9.01 � 5.66 0.61 � 1.22 3.91 � 2.25 0.78 � 1.07 0.45 � 0.51 2.20 � 2.10 0.24 � 0.47
Rotylenchus 0.70 � 0.87 0.58 � 0.72 0 � 0 0 � 0 0.57 � 0.70 0 � 0 0 � 0 0 � 0
Tylenchorhynchus 0.78 � 1.01 1.07 � 0.85 0.6 � 0.70 1.54 � 0.86 0.24 � 0.49 0.68 � 0.45 0.88 � 1.25 0.93 � 1.28
Omnivores and Carnivores
O&C4

Dorylaimus 4.57 � 0.95 1.12 � 0.88 2.53 � 1.82 3.06 � 1.84 1.20 � 0.87 1.10 � 0.84 3.06 � 1.14 2.17 � 0.90
Mononchus 0.72 � 0.48 0.77 � 1.05 0.33 � 0.66 0.43 � 0.49 0.24 � 0.49 0.66 � 0.83 0 � 0 0.47 � 0.55
O&C5

Aporcelaimus 1.23 � 0.60 2.96 � 0.96 3.45 � 0.68 2.60 � 1.55 3.26 � 0.86 0.88 � 0.70 2.18 � 1.52 0.70 � 0.87

a Indicates the dominant genera. Bax, Fux, Plx, O&Cx (where x ¼ 1e5) represent the nematode functional guilds: Bacterial-feeding nematodes, Fungi-feeding nematodes,
Plant-feeding nematodes, and Omnivores and Carnivores, respectively; and x represents the colonizerepersister (c-p) value according to their r and K characteristics following
Bongers [25]. A.a, Ageratina adenophora; C.o, Chromolaena odorata; E.h, Eupatorium heterophyllum; E.j, Eupatorium japonicum.
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Elevated CO2 and plant invasive status significantly changed
nematode communities (Fig. 2). This result was consistent with the
previous studies [29e31]. Three-way nested ANOVA results
showed that elevated CO2 mainly affected nematode ecological
indices (MI, SI and EI). Invasive feature affected both nematode
trophic group and ecological indices (Fu, Pl and H0), while plant
species only affected nematode trophic group (Ba and Pl). Single
factors (elevated CO2 or invasive feature) had no significant effect
on Ba (Table 3). However, significant interaction effects between
Table 3
Summary of three-way nested analysis of variance (ANOVA) to test the effects of
elevated CO2, invasive feature and plants on nematode abundance and ecological
indices.

TNEM Ba Fu Pl Om&Ca H0 MI EI SI

C ns ns ns ns ns ns ** ** **
F ** ns * ** ns ** ns ns ns
F(P) ns ** ns ** ns ns ns ns ns
C*F ns ** ns ns ns ** * ns ns
C* F(P) ns * ns ns ns ns * ** *

Note: C indicates the elevated CO2 effect. F indicates invasive feature. P indicates
different plant species. TNEM is the total number of nematodes; Ba refers to
bacterial-feeding nematodes; Fu indicates the fungi-feeding nematodes; Pl refers to
plant-feeding nematodes; Om&Ca indicates the omnivores and carnivores; H0 is the
ShannoneWeaver diversity; MI is the maturity index; EI is the enrichment index; SI
is the structure index. ** and * indicate significance at P < 0.01 and P < 0.05,
respectively; ns indicates no significant difference.

Fig. 2. Canonical correspondence analysis (CCA) of the nematode communities under
ambient and elevated CO2. A.a-a, Ageratina adenophora under ambient CO2; C.o-a,
Chromolaena odorata under ambient CO2; E.h-a, Eupatorium heterophyllum under
ambient CO2; E.j-a, Eupatorium japonicum under ambient CO2. A.a-e, Ageratina ade-
nophora under elevated CO2; C.o-e, Chromolaena odorata under elevated CO2; E.h-e,
Eupatorium heterophyllum under elevated CO2; E.j-e, Eupatorium japonicum under
elevated CO2.
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elevated CO2 and invasive feature were observed with the abun-
dance of Ba, which indicated that invasive plants can significantly
affect Ba under elevated CO2.

The changes on the proportion of different nematode trophic
groups is much more informative than that the changes on their
absolute abundances [22]. Under ambient CO2, the proportion of Ba
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ambient and elevated CO2. Lowercase letters indicate significant differences (P < 0.05)
among plant species under ambient CO2. Capital letters indicates the significant dif-
ference among different plant species under elevated CO2. Asterisks indicates signifi-
cant differences between CO2 treatments in the same plant species. H0 , Shannone
Weaver diversity; MI, maturity index; EI, enrichment index; SI, structure index. A.a,
Ageratina adenophora; C.o, Chromolaena odorata; E.h, Eupatorium heterophyllum; E.j,
Eupatorium japonicum. Error bars represent standard errors (n ¼ 5).
was highest, but Pl was lowest with the invasive plant C. odorata. A
high proportion of Ba may be favorable to C. odorata because it
could promote the mineralization of soil nutrients, thereby
increasing nutrient access [32,33]. Meanwhile, as Pl feed on plant
roots, a lower proportion of Pl could reduce damage to C. odorata
roots. Under elevated CO2, this trend became more pronounced,
indicating that higher levels of CO2 may strengthen interactions
between C. odorata and soil nematodes. Soil C/N (Table S1) was also
consistent with nematode results. Soil C/N with C. odorata was
lower than that with other plant species. This may be the reason
why C. odorata have higher proportion of Ba because lower C/N
favors the bacteria-feeders [32e34]. Although A. adenophora is also
an invasive species, the abundance and proportion of Pl in the soil
planted with it did not change with elevated CO2 in this study. This
result suggested that the response of nematodes to plants under
elevated CO2 was species-specific.

Elevated CO2 significantly decrease Pl proportion with
C. odorata, suggesting that elevated CO2 had a negative effect on
Pl with invasive C. odorata. Previous studies have demonstrated
that many invasive plants excrete allelochemicals into the soil as
root exudates that could impede the growth of soil fauna,
including nematodes [15,16]. For example, C. odorata excretes
flavonoids and alkaloids that have strong allelopathic effects on
soil biota [35]. Plant-feeding nematodes are most closely associ-
ated with plant roots and thus potentially most sensitive to
allelochemicals. For this reason they may suffer stronger sup-
pression by C. odorata. Furthermore, some defensive chemical
compounds in invasive plants may have anti-herbivore properties
in addition to allelopathic [36]. As a result, invasive plants can
experience less root herbivory [37] and gain advantage in
competition with native plant species. Engelkes et al. [38] also
suggested that successful range-expanding plants such as in-
vasives often experience less belowground herbivory compared
with native species due to their defensive characteristics. On the
contrary, a significant increase in the proportion of Pl with
E. heterophyllum indicated that elevated CO2 had more positive
effects on Pl with the native plant E. heterophyllum. This is
consistent with our hypothesis that positive or negative impact of
elevated CO2 through plants on nematodes depends on plant
species. Overall, our results suggested that invasive plant
C. odorata benefited from elevated CO2, which was consistent
with the findings of other studies [39,40].

Elevated CO2 increases the C allocation from plants to soil,
usually increasing the abundance of fungi [27,41]. However, in
our study, fungal-feeding nematodes did not significantly in-
crease under elevated CO2. In contrast, elevated CO2 significantly
decreased the proportion of fungi-feeding nematodes with
A. adenophora. Elevated CO2 significantly decreased the abun-
dance and proportion of Om&Ca with A. adenophora as well. This
agrees with the findings of Neher et al. [30], who found that the
predatory nematode abundance and omnivore biomass declined
substantially with elevated CO2 in Sweet Gum soils.

In this study, Helicotylenchus and Hirschmanniella were the
dominant Pl taxa in the soil (Table 2). However, we found few
Helicotylenchus in soil planted with C. odorata. This result was
similar to that reported by Van der Putten et al. [37], who found
that in newly colonized areas, the invasive plant Ammophila are-
naria had fewer feeding-specialist nematodes Heterodera sp. than
did native plants there. We speculate that C. odorata may secrete
chemical compounds that inhibit the growth of Helicotylenchus.
Additionally, Helicotylenchus was generally more abundant than
other Pl taxa; thus it may feed on more plant roots and subse-
quently cause greater damage to plants. C. odorata inhibits the
growth of Helicotylenchus and so avoids their herbivory, which may
be related to its success as an invasive species.
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4.2. Nematode ecological indices under ambient and elevated CO2

Elevated CO2 significantly affected the ecological indices of MI,
EI, and SI. Invasive feature affected the ecological index H0. Signif-
icant interaction effects between elevated CO2 and invasive feature
were also observed with H0. Here, H0 is an ecological index for
nematode diversity. Under elevated CO2, the value of H0 with
A. adenophorawas significantly higher than that with E. japonicum,
and the value of H0 with C. odorata was significantly higher than
two native species, indicating that invasive plants can increase
nematode diversity. Previous studies have also reported that
invasive plants had higher belowground biological diversity
compared with native plants [31,42,43]. Generally, invasive plants
reduce aboveground plant diversity. Why do these invasive plants
cause higher belowground biodiversity than native plants under
elevated CO2? Our explanation is that higher belowground biodi-
versity can enhance the stability of soil functions [44,45]. Addi-
tionally, Elton’s classic hypothesis considered that diversity
increases the resistance ability of ecosystem to alien species inva-
sion [46]. Thus, it is reasonable to infer that invasive species in-
crease belowground biological diversity, thereby promoting their
own colonization.

Changes in MI, SI, and EI reflect changes in the nematode food-
web structure and the extent of soil disturbance [26]. Under
elevated CO2, MI levels with the four plant species were decreased,
which indicated that soil food-web structures in all treatments
were altered. Bongers and Ferris [21] found MI to be reduced in
soils contaminated by heavymetals. EI and SI less than 50 indicated
the highest level of disturbance. EI greater than 50 and SI less than
50 indicated intermediate disturbance. Both EI and SI greater than
50 indicated a slightly disturbed level, while EI less than 50 and SI
greater than 50 indicated an undisturbed level [26,47]. Our results
(see Fig. 4) showed that under elevated CO2, EI was less than 50 and
SI was greater than 50 in the treatments with invasive plants. Both
SI and EI were less than 50 in the treatments with native plants,
indicating that the soil food web structure in native-plant treat-
ments was more disturbed than that in the invasive-plant treat-
ments. This supports our hypothesis that invasive plants created
more stable belowground ecosystems in our experiments.

5. Conclusions

Although limited in scope, this study showed that nematode
communities were significantly affected by elevated CO2 and
plants invasive characteristics. Elevated CO2 significantly decreased
the proportion of Pl with invasive plant C. odorata, but strongly
increased the proportion of Pl with native plant E. heterophyllum.
Thus, elevated CO2 exacerbated the effects of invasive plant
C. odorata on the belowground ecosystem, which might lead to an
advantage by causing the invasive to experience less belowground
herbivory in competition with native-plant species. Nematode
ecological indices demonstrated that soil nematode diversity was
higher with invasives than with native plants under elevated CO2.
The results of EI and SI indicated that, compared with native plants,
invasive plants developed more stable belowground ecosystems
that improved their colonization success under CO2 enrichment. If
invasive plants more strongly benefit from elevated CO2, their ef-
fects on belowground ecosystems may further increase their
success.
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