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Obligate aerobic AMF taxa have high species richness under waterlogged conditions, but their ecological role remains unclear. Here
we focused on AM fungal mediation of plant interactions in a marshland plant community. Five cooccurring plant species were
chosen for a neighbor removal experiment in which benomyl was used to suppress AMF colonization. A Phragmites australis
removal experiment was also performed to study its role in promoting AMF colonization by increasing rhizosphere oxygen
concentration. Mycorrhizal fungal effects on plant interactions were different for dominant and subdominant plant species. AMF
colonization has driven positive neighbor effects for three subdominant plant species including Kummerowia striata, Leonurus
artemisia, and Ixeris polycephala. In contrast, AMF colonization enhanced the negative effects of neighbors on the dominantConyza
canadensis and had no significant impact on the neighbor interaction to the dominant Polygonum pubescens. AM colonization was
positively related to oxygen concentration. P. australis increased oxygen concentration, enhanced AMF colonization, and was thus
indirectly capable of influencing plant interactions. Aerobic AM fungi appear to be ecologically relevant in this wetland ecosystem.
They drive positive neighbor interactions for subdominant plant species, effectively increasing plant diversity.We suggest, therefore,
that AM fungi may be ecologically important even under waterlogged conditions.

1. Introduction

The arbuscular mycorrhiza, which is a mutualistic symbiosis
between plants and arbuscular mycorrhizal (AM) fungi, may
enhance plant nutrient acquisition, protect host plants from
abiotic (e.g., drought) and biotic (e.g., pathogen) stresses,
and mediate plant-plant interactions [1].Themajority of eco-
logical studies on arbuscular mycorrhizas have concentrated
on the distribution (∼80% of land plant species) and the
role of AM fungi in terrestrial ecosystems, as the fungi are
considered to be obligate aerobes [2, 3]. Waterlogged soils are
generally anoxic [4] and plants under such conditions have
traditionally been regarded as nonmycorrhizal [5]. However,
mycorrhizal colonization has been reported in waterlogged
plants [6–9]. For example, AM colonization does not seem

to be significantly disrupted during short-term waterlogging
events [10]. Although flooding [8] and redox potential values
[11] can influence AM spore numbers and mycorrhizal col-
onization, molecular technique revealed that aquatic plants
may harbor as high an AM fungal species richness as
terrestrial plants [8]. However, despite the examination of
the existence or prevalence of arbuscular mycorrhiza fungi
under waterlogged conditions, more information regarding
the ecological significance of AMF in this habitat is still
very much needed. In this study we focused on arbuscular
mycorrhizal fungal mediation of plant-plant interactions
under waterlogged conditions.

Plant-plant interactions are important in driving plant
population dynamics [12], plant community structure [13],
and ecosystem functions [14]. Beside the long concerned
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resource competition (negative interaction), the so-called
“nurse plant” may benefit the performance of neighboring
plant (i.e., positive interaction), through the accumulation
of nutrients, provision of shade, amelioration of disturbance,
or protection from herbivores [15]. The outcome of plant-
plant interactions reflects the balance of negative and positive
effects acting simultaneously [16], and the inability to predict
the nature of species interactions under various environmen-
tal contexts is a major gap in our ecological understanding
[17]. Plant interactions are known to be influenced by both
abiotic (e.g., the stress gradient hypothesis) [18] and biotic
(e.g., herbivores and mycorrhizal fungi) [19, 20] factors.
Because of their widespread distribution, fungal mediation
of plant interactions by mycorrhizal fungi is of increasing
interest.

There is a great deal of variation in the magnitude
and direction of the effects of mycorrhizal fungi on plant-
plant interactions. In a review paper, van der Heijden and
Horton [20] proposed that the mycorrhizal network is very
important in ameliorating competition in natural ecosystems.
Mycorrhizal fungi also tended to reduce plant competition
under saline conditions [21] or enhance positive neighbor
effects in severe drought [22]. On the other hand, other
studies have shown that mycorrhizal fungi increase plant
competition [23–27]. For example, mycorrhizal networks
were found to amplify size inequality which was originated
from intraspecific competition [26, 27].

Although AMF are not generally characterized as being
host specific, AMF species can display host preferences [28–
31]. The effect of AM mutualism ranges along a mutualism-
parasitism continuum depending on plant species, the life
history, and ecological conditions [32, 33]. Then AMF alter
plant community structure by affecting the relative abun-
dance of plant species and plant-species diversity [34–37].
AMF could promote plant coexistence by increasing the
competitive ability of less competitive species [38, 39] or
reduce coexistence by reinforcing competitive dominance of
the dominant plant species [40]. In wetland systems, Wolfe
et al. [41] and Daleo et al. [42, 43] show that marsh plant
zonation and community structure may be dependent on
mycorrhizal fungi in these wetland systems. But we still need
more studies to obtain a better understanding onmycorrhizal
effects in wetland systems.

Here we chose five cooccurring species differing in their
competitive ability and environmental optima to evaluate
possible AM fungal mediation of neighbor effects in marsh-
land plant community. We also asked whether AM fungal
mediation on plant interactions was dependent on oxygen
concentration. AM fungal spores are usually abundant in
waterlogged ecosystems but fail to develop because of these
stressful conditions [8]. A field experiment at the Mar
Chiquita coastal lagoon in Argentina demonstrates that
fungal colonization is dependent on crab burrowing that
can oxygenate soils [43]. Aerenchyma formation in aquatic
macrophytes is one of the most obvious adaptive plant
responses to flooding [44]. A well-developed aerenchyma in
a plant would ensure an efficient exchange of gases between
the atmosphere and the soil environment, and some of the
oxygen transported through the aerenchyma may leak out

Table 1: Density of the studied species.

Species Density
Phragmites australis 19.3 ± 7.04

Polygonum pubescens 25 ± 6.24

Kummerowia striata 5 ± 1.33

Leonurus artemisia 3.5 ± 0.97

Ixeris polycephala 2.3 ± 0.95

Conyza canadensis 12.3 ± 4.27

0.50m × 0.50m sampling quadrats were randomly arranged in April, before
the waterlogging season, and the number of individuals of every species in
each quadrat was counted. Data represent means ± SD (𝑛 = 10 for each
species).

of root pores into the surrounding soil [45]. The resulting
thick layer of oxygenated soil around individual roots may
maintain aerobic microbes. Then these plants may play a
“nursing” role on the neighbor individuals with supporting
aerobic, beneficial mycorrhizal fungi. Along the Yangtze
River in China, marshland is characterized by the dominant
plant species, Phragmites australis, a large perennial grass
commonly found in wetlands. Vegetative organs of Phrag-
mites australis have advanced aerenchyma [46], with two field
neighbor removal experiments.

We tested the hypothesis that (1) AM fungal symbiosis
may show host preference in plant growth promotion and
neighbor interaction among the five chosen plant species and
(2) P. australis existence promotes AM fungal colonization
of marsh plant roots by oxygenating waterlogged soils and,
in turn, this interaction positively affects the AM fungal
mediation of plant interactions.

2. Materials and Methods

2.1. Site Description. The field experiment was conducted
in a freshwater marshland located in Anqing City, Anhui
Province (116∘5927 E, 30∘2808N), which possesses a
subtropical, monsoon climate. Mean annual precipitation is
1500mm and mean annual temperature is 16.7∘C. The site is
near the Yangtze River. This marsh typically suffered from
immersion from May to the middle of August because of
microtides.The vegetation is composedmainly of Phragmites
australis (Cav.) Trin. ex Steud., Polygonum pubescens Blume,
Kummerowia striata (Thunb.) Schindl., Leonurus artemisia
(Lour.) S. Y. Hu, Ixeris polycephala Cass., and Conyza
canadensis (Linn.) Cronq.

2.2. AMF Mediation of Plant Interactions (Experiment 1). A
field experiment was conducted from April 2012 to August
2012. Five cooccurring plant species differing in their envi-
ronmental optima and distribution densities were chosen
(Table 1). For each plant species, forty 0.5m × 0.5m quadrats
were established in the field in the middle of April. The 40
quadrats per species were divided into 10 blocks. For each
block, quadrats were then randomly assigned to one of the
combinations of the following two factors: (1) two levels of
AMF: benomyl application versus control and (2) two levels
of neighbor treatment: neighbor removal versus neighbor
present.
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The neighbor removal treatment was used to assess plant-
plant interactions by comparing the performance of target
plants with or without neighbors [47–49]. At the beginning of
the growing season (April), individuals of the same shoot size
and number of leaves (within species) were selected for each
of the five target plants. Plant pairs were located within 1–3
meters of each other to minimize differences in microclimate
but far apart enough to minimize the influence of a nearby
pair. After random selection of the target individuals, neigh-
boring plants within the neighbor absent treatment were
removed by cutting the aboveground part.

In the benomyl application treatment, the fungicide
benomyl (2 g material, with 50% active ingredient, dissolved
in 2 L of tap water) was applied to the soil in each quadrat of
that treatment to suppress AM colonization [50]. The same
amount of tap water without fungicide was added to the
control quadrats. Benomyl was not applied since the study
site (marsh) suffered from immersion fromMay to themiddle
of August, because of microtides and the benomyl cannot be
constrained within the treatment quadrats.

Target plants were harvested at the end of the experiment
on September 10, after a season’s waterlogging. Shoots were
separated from roots and were oven-dried at 80∘C for 48 h
and then weighed. Relative interaction intensity (RII) was
used to reflect the nature and strength of plant interactions.
RII was calculated as RII = (Xe − Xr)/(Xe + Xr), which
is defined as in [51], where Xe and Xr are target biomasses
on the existence and removal of neighbors, respectively. RII
is defined with limits [−1, +1]. Positive RII values indicate
that facilitation prevails; negative RII values indicate that
competition prevails.

To evaluate the effectiveness of the fungicide benomyl,
roots of the target plantswere sampled for testingmycorrhizal
colonization. Root colonization by AMF was determined by
the gridline intersection method modified by Giovannetti
and Mosse [52]. Briefly, roots were cleaned in 10% KOH
(w/v), stained in acid fuchsin, and then scored for the
presence or absence of mycorrhizal infection (arbuscules,
vesicles, coils, or hyphae) under a compound microscope at
×200 magnification. AM colonization level was calculated as
AMF colonization (%) = number of intersections colonized
(hyphae, arbuscules, vesicles, and hyphal coils)/total number
of intersections examined × 100%.

To evaluate possible side effects of the fungicide on soil
nutrient and soil microbe [53], soil samples from control
and fungicide application plots were taken. Soil nitrogen
and phosphorus, enzyme activity, and culturable fungal units
weremeasured (see supporting information formore detailed
information in the Supplementary Material available online
at http://dx.doi.org/10.1155/2014/923610).

Data of arbuscular mycorrhizal fungal colonization,
shoot biomass, and RII were analysed using randomized-
block ANOVA, where four treatments in each replicate were
blocks. Normality of model residuals and homogeneity of
variance between groups were checked for each analysis.

2.3. AMF Dependence on Soil Oxygen and the Role of P.
Australis (Experiment 2). I. polycephalawas chosen as model
plant here to test whether the effect of AMF was dependent

on soil oxygen concentration and whether existence of P.
australismay increase soil oxygen concentration andpromote
the role of AMF. Growth of I. polycephala was highly
dependent on AMF (unpublished data; see also Figure 2),
and I. polycephala has a high interspecies association with P.
australis [54]. Another reason for choosing I. polycephala is
that the vertical distribution of its root system overlaps with
that of P. australis (both are primarily distributed between
0.1m and 0.3m).

To quantify the relationship between the oxygen concen-
tration and mycorrhizal status, soil oxygen concentrations
were monitored and root samples of I. polycephala were
taken from 30 quadrats (1m × 1m) randomly placed in the
low marsh (nearly inundated daily, c.0.3m above mean low
tide) in September 2012. To collect roots, we excavated the
soil to a depth of 0.2m and transported the whole plant
to the laboratory. To avoid the mixture of roots of other
plant species, only the roots that were obviously connected
to shoots were used to quantify AM fungal colonization.
Concentrations of O

2
were measured by gently pushing a

Clark type glass microelectrode (500 𝜇m tip, Unisense A/S
Aarhus N, Denmark) into the sediment. The microelectrode
was positioned by amicromanipulator and the sensor current
was measured with a picoammeter (PA2000, Unisense A/S).
The microelectrode was calibrated with both air-saturated
and oxygen-free N

2
-saturated water at the same temperature

as the sediment.
To quantify the relationship between P. australis density

and the oxygen concentration, in September 2012, P. australis
densities were determined within 30 quadrats (1m × 1m)
randomly placed in the low marsh (almost daily inundated,
c.0.3m above mean low tide). Soil oxygen concentrations
were measured as above.

To experimentally test for the effects of P. australis
on soil oxygen concentration and AMF colonization of I.
polycephala, a separate field experiment was conducted (April
2012 to September 2012) to evaluate if the presence of P.
australis affected the oxygen concentration and mycorrhizal
status of I. polycephala. Twenty 1m × 1m random plots were
selected in an area of themarsh. In 10 of these plots,P. australis
was removed by cutting the aboveground in April. After 5
months, the microelectrode was positioned in the center of
the plot and near the root of I. polycephala to measure oxygen
concentration. Roots of I. Polycephala were collected from
each plot and AMF association was quantified as described
previously.

To examine the hypothesis that P. australis affects I.
polycephala growth by affecting mycorrhizal mutualism, a
factorial experiment was conducted (from April 2012 to
September 2012). Forty 0.5m × 0.5m quadrats were estab-
lished in the field in the middle of April. The 40 quadrats
were divided into 10 blocks. For each block, quadrats were
then randomly assigned to one of the combinations of the
following two factors: (1) two levels ofAMF: benomyl applica-
tion versus control and (2) two levels of neighbor treatment:
all neighbors removal versus neighbors removal but with
P. australis existing. Benomyl application was manipulated
as in experiment 1. In all neighbors removal treatment,
individual of I. polycephala was chosen as target plant, and

http://dx.doi.org/10.1155/2014/923610
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all the neighbors were removed by cutting the aboveground
part, while for the P. australis neighbor present treatment, P.
australis individuals were kept in the plot and all neighbors of
the other species were removed, and then the neighbor effect
reflected the interaction from the P. australis neighbor. Target
I. polycephala individuals were harvested in September for
weighting shoot biomass and measuring AMF colonization.

Linear correlations between oxygen concentration and
mycorrhizal status and between P. australis density and
oxygen concentration were conducted using SAS software
(SAS Institute Inc., NC, USA). t-test was done for testing P.
australis removal on soil oxygen and AMF colonization on
I. polycephala. The GLM procedures were used for compar-
isons of AMF colonization and shoot biomass of target I.
Polycephala in the two-factor design.

3. Results

3.1. AMF Mediation on Plant Interactions (Experiment 1)

3.1.1. AMF Colonization Rate. AM fungal colonization rates
were significantly different among five plant species (df = 4,
𝐹 = 141.67, and 𝑃 < 0.0001; Figure 1(a)). Benomyl applica-
tion significantly decreased total AMF colonization of roots
(df = 1, 𝐹 = 3579.95, and 𝑃 < 0.0001). Interaction between
benomyl application and plant species was significant (df = 4,
𝐹 = 131.22, and 𝑃 < 0.0001; Figure 1(a)). Neighbor removal
also affected AMF colonization rate significantly (df = 1,
𝐹 = 4.78, and 𝑃 = 0.031), while this effect was dependent
on plant species (df = 4, 𝐹 = 3.25, and 𝑃 = 0.014) and
benomyl application (df = 1, 𝐹 = 6.22, and 𝑃 = 0.0138).
Interactive effect of plant species, benomyl application and
neighbor removal was significant (df = 4, 𝐹 = 2.45, and
𝑃 = 0.049).

3.1.2. Shoot Biomass. Plant shoot biomass was significantly
different among five plant species (df = 4, 𝐹 = 303.61,
and 𝑃 < 0.0001; Figure 1(b)). Benomyl application decreased
shoot biomass significantly (df = 1, 𝐹 = 24.54, and 𝑃 <
0.0001), while this effect was dependent on plant species (df =
4, 𝐹 = 2.98, and 𝑃 = 0.022): for the two dominant plant
species P. pubescens and C. canadensis, fungicide application
had no significant effect on plant shoot biomass (Figure 1(b)),
and for the three subdominant plant species, fungicide appli-
cation decreased shoot biomass significantly (Figure 1(b)).
Effect of neighbor removal had no significant effect on plant
shoot biomass (df = 1, 𝐹 = 2.86, and 𝑃 = 0.093), but its
interactive effect with plant species (df = 4, 𝐹 = 3.11, and
𝑃 = 0.018) was significant, showing a species-specific plant
response to neighbor removal. Two-way interaction between
benomyl application (df = 1, 𝐹 = 2.60, and 𝑃 = 0.109) and
three-way interaction of plant species, neighbor removal, and
benomyl application (df = 4, 𝐹 = 1.35m, and 𝑃 = 0.253)
were not significant.

3.1.3. Relative Interaction Intensity. Plant interaction intensity
was significantly different among five plant species (df = 4,
𝐹 = 49.64, and 𝑃 < 0.0001). Benomyl application signifi-
cantly affected plant interaction intensity (df = 1, 𝐹 = 44.39,
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Figure 1: Arbuscular mycorrhizal colonization rate and shoot
biomass of target plants under different treatments in the experi-
ment. Data are means ± SD. Different letters represent significant
difference among treatments. PP: Polygonum pubescens; KS: Kum-
merowia striata; LA: Leonurus artemisia; IP: Ixeris polycephala; CC:
Conyza canadensis.

and 𝑃 < 0.0001). Interaction between plant species and
benomyl application was significant (df = 4, 𝐹 = 19.38,
and 𝑃 < 0.0001). Benomyl application decreased positive
neighbor effect on the three subdominant plant species,Kum-
merowia striata, Leonurus artemisia, and Ixeris polycephala,
increased negative neighbor effect onConyza canadensis, and
had no significant effect on the neighbor effect of P. pubescens
(Figure 2).

3.2. AMF Dependence on Soil Oxygen and the Role of P.
australis (Experiment 2). Field surveys revealed that the pro-
portion of potential root tissue occupied by AMF increased
with increasing oxygen concentration (𝑅2 = 0.4; 𝑃 <
0.0001; Figure 3(a)), and oxygen concentrationwas positively
correlated with P. australis density (𝑅2 = 0.32; 𝑃 = 0.0011;
Figure 3(b)).

In the experiment designed to test the effect of P. australis
existence on soil oxygenation, removal of P. australis led to a
decrease in oxygen availability (df = 18, 𝑡 = −6.26, and 𝑃 <
0.001; Figure 4(a)) and AMF colonization on I. polycephala
(df = 18, 𝑡 = −4.67, and 𝑃 < 0.001; Figure 4(b)).
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In the experiment designed to examine the hypothesis
that P. australis affects I. polycephala growth by affectingmyc-
orrhizal fungi, benomyl application led to a sharp reduction
in the proportion of potential root tissue occupied by AMF
(df = 1, 𝐹 = 253.23, and 𝑃 < 0.0001; Figure 5(a)). Neighbor
removal also decreased AMF colonization (df = 1, 𝐹 =
7.91, and 𝑃 = 0.0079; Figure 5(a)). The interaction between
neighbor removal and benomyl application was significant
(df = 1, 𝐹 = 12.71, and 𝑃 = 0.001; Figure 5(a)). Shoot
biomass of I. polycephala was also decreased by benomyl
application (df = 1, 𝐹 = 63.28, and 𝑃 < 0.0001; Figure 5(b)).
Neighbor removal also decreased shoot biomass (df = 1,
𝐹 = 19.07, and 𝑃 = 0.0001; Figure 5(b)). Interaction between
neighbor removal and benomyl application was significant
(df = 1, 𝐹 = 14.18, and 𝑃 ≤ 0.0006; Figure 5(b)).

4. Discussion

4.1. Effects of Fungicide. Benomyl application suppressed AM
fungal colonization. Although some experiments have shown
that pathogenic fungi [55] and other soil organisms such as
root-feeding nematodes [56] can also be affected by benomyl,
others reported that benomyl application had little or no
effect on nonmycorrhizal plant and bacterial communities
[42]. This is supported by the observation that benomyl
application caused no difference in plant growth compared to
pasteurized soil with an other soilmicroflora added back [57].
Because there is no method that only allows the elimination
of AMF in a field setting, benomyl application may be one
of the best options to suppress AMF in the field compared to
other methods [43, 57]. If benomyl affects pathogenic more
than mycorrhizal fungi, plant growth should be promoted,
not suppressed [57]. We have previously shown that the
benomyl effect on Medicago sativa L. was mainly due to

suppressing mycorrhizal colonization [21, 58]. Here we made
soil nutrient analysis with soil enzyme activity and culturable
fungal unit measurement. We are confident that our results
are actually due to AMF suppression as we found that
benomyl application did not have significant effect on soil
total nitrogen and mineralizable N, total P and available P,
soil urease activity, acid phosphomonoesterase activity, and
culturable fungal unit (see supporting information). These
results suggest minimal experimental artefacts of benomyl
application. Benomyl application led to a much reduced
mycorrhizal colonization and decreased plant growth of
the three subdominant plant species. Benomyl application
did not affect growth of the two dominant plant species,
suggesting that the dominant species are less dependent on
mycorrhizal colonization than the subdominants.

4.2. AM Fungi and Plant Interactions under Waterlogged
Conditions. Plant growth may be either dependent or not
dependent on mycorrhizal colonization, and AM fungal
colonization and variation in AM fungal taxa both may
alter interactions among plants in a variety of plant com-
munities [20, 38, 57, 59–62]. To our knowledge, only a few
studies have been concerned with the role of AM fungi in
plant communities experiencing waterlogging. Daleo et al.
[42] reported that mycorrhizal fungi influenced interactions
between Spartina densiflora and S. alterniflora and affected
salt-marsh plant community structure. Here we showed that
AM fungal colonization is an important contributor to plant
growth and neighbor interactions in a plant community
experiencing seasonally waterlogged, anaerobic conditions.
Three of the five plant species, K. striata, L. Artemisia,
and I. polycephala, showed growth dependence on mycor-
rhizal colonization. Facilitative neighbor effect on these three
species was enhanced by mycorrhizal colonization, while
mycorrhizal colonization on C. canadensis enhanced the
competitive neighbor effect.

Recently studies showed that cooccurring species with
different stress tolerance and ecological optima may show
differential responses to the same neighbors in a given
community [49]. For example, the magnitude of positive
neighbor effects among species was negatively correlatedwith
the density of target plant species in an alpine meadow of the
Qing-Hai Tibet Plateau [63]. Choler et al. [64] also showed
negative neighbor effects on the target plants in the most
favorable part of the niche and positive interactions in its
most constrained part. Here we show that type (competitive
or facilitative) of interspecific neighbor effect was dependent
on species when the plant community was waterlogged;
neighbor effects were negative or neutral for dominant plant
species and facilitative for subdominant plant species.

These species-specific neighbor effects were mainly
driven by AMF. In this study we demonstrated that plant
species vary in the degree to which they respond to AM fungi
and plant neighbors. The dominant species P. pubescens and
C. canadensis exhibited neutral or negative response to AMF
and plant neighbors, while the three subdominant species
exhibit positive responses to AMF and plant neighbors. The
species-specific responsiveness to AMF as a mechanism in
which AM fungi influenced plant community structure was
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Figure 3: Relationship between the proportion of potential root tissue occupied by mycorrhizal fungus and oxygen concentration (a) and
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Figure 4: Effect of P. australis removal on soil oxygen concentration (a) and AMF colonization on I. polycephala (b). CK: control. 𝑃 values
are from t-test between fungicide application and no fungicide treatments.

first proposed by Bergelson and Crawley [65]. van der Heij-
den [66] suggested that the number and relative abundance of
mycorrhizal-dependent plant species in the species pool can
be used to predict how AM fungi affect communities. Here
the ability of the three subdominant plant species to coexist
with other plant species could therefore be highly dependent
on AM fungal symbiosis. In contrast, C. canadensis was
negatively affected by AM symbiosis and P. pubescens would
not be directly affected by AM fungi. This high dependence

of subdominant plant species onmycorrhiza has been proved
to maintain high plant species richness and diversity [67].

It is interesting to note the asymmetry in the delivery
of benefit between plant and AM fungi; the two dominant
plant species maintain high mycorrhizal colonization but
apparently receive little or no growth promotion, while
growth and neighbor effects of subdominant plant species
were promoted by reduced mycorrhizal colonization. The
AM symbiosis may be largely nonspecific, but the extent of
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Figure 5: Effect of P. australis removal and benomyl application on AMF colonization of I. polycephala (a) and shoot biomass (b). Different
letters represent significant difference among treatments.

plant growth promotion by AM fungi and plant resource
allocation to AMF may vary strongly among species [68].
The ecological importance of this interaction can be broadly
appreciated; symmetric benefit transfer between plant host
and AMF (positive feedback) may cause a decline in species
diversity [69], while asymmetric benefit (negative feedback)
may contribute to the coexistence of competing plant species
[70]. Here the resulting dynamic may contribute to plant
species coexistence.The dominant plant species are predicted
to support growth and survival of subdominant species
by providing mycorrhizal inoculum during the waterlogged
season.

While positive interactions among plants have been
reported in wetland ecosystems, the mechanisms are mainly
explained as protection from abiotic stress [13]. Our surveys
and experiments show a strong positive effect of P. australis
on soil oxygen availability, the major physical factor limiting
the development of AMF in wetlands [71], and a positive
association between P. australis and the proportion of I.
polycephala roots associated with AM fungi. Field experi-
ments demonstrate that P. australis removal leads to large
decreases in AMF colonization, confirming that P. australis
facilitates the presence of AM fungi. We also showed that
experimental removal (both by fungicide application and P.
australis exclusion) of AM fungi leads to large reductions
in I. polycephala biomass, while, in the benomyl application
treatment, neighbor removal did not decrease plant biomass,
showing that the primary mechanism by which P. australis

augments I. polycephala plant growth is the facilitation of
mycorrhizal association.

Until recently, AMF were considered to be unimportant
in wetland communities [41], but our results demonstrate
their potential importance in driving plant interactions in
a marshland of the Yangtze River. The fact that AM fungi
influence neighbor interactions involving subdominant plant
species suggests that AMF could be critical in maintaining
host plant species richness in this marshland community.
However, as only five species were evaluated, establishing
the generality of these results requires further substantiation.
Further research will also be required to explore the response
of AM fungal communities to waterlogging and their feed-
back to plant interactions and plant community structure and
to quantify the relative importance of AM fungi to abiotic
factors (e.g., waterlogging) as a driver of community structure
and species diversity in marshlands.
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submerged Isoëtes species,” Aquatic Botany, vol. 94, no. 4, pp.
183–187, 2011.

[10] S. Sah, S. Reed, K. Jayachandran, C. Dunn, and J. B. Fisher, “The
effect of repeated short-term flooding on mycorrhizal survival
in snap bean roots,” HortScience, vol. 41, no. 3, pp. 598–602,
2006.

[11] A. G. Khan, “The influence of redox potential of formation of
mycorrhizae in trees from wetland and waterlogged areas of
New South Wales, Australia,” in Proceedings of the 9th North
America Conference onMycorrhizae, p. 18, University of Guelph,
Guelph, Canada, 1993.

[12] E. C.Morris, “How does fertility of the substrate affect intraspe-
cific competition? Evidence and synthesis from self-thinning,”
Ecological Research, vol. 18, no. 3, pp. 287–305, 2003.

[13] R. M. Callaway, “Positive interactions among plants,” Botanical
Review, vol. 61, no. 4, pp. 306–349, 1995.

[14] Z. Kikvidze, F. I. Pugnaire, R. W. Brooker et al., “Linking
patterns and processes in alpine plant communities: a global
study,” Ecology, vol. 86, no. 6, pp. 1395–1400, 2005.

[15] M. D. Bertness and R. Callaway, “Positive interactions in
communities,” Trends in Ecology and Evolution, vol. 9, no. 5, pp.
191–193, 1994.

[16] F. T. Maestre, S. Bautista, and J. Cortina, “Positive, negative,
and net effects in grass-shrub interactions in Mediterranean
semiarid grasslands,” Ecology, vol. 84, no. 12, pp. 3186–3197,
2003.

[17] A. A. Agrawal, D. D. Ackerly, F. Adler et al., “Filling key gaps in
population and community ecology,” Frontiers in Ecology and
the Environment, vol. 5, no. 3, pp. 145–152, 2007.

[18] R. M. Callaway, R. W. Brooker, P. Choler et al., “Positive
interactions among alpine plants increase with stress,” Nature,
vol. 417, no. 6891, pp. 844–848, 2002.

[19] K. E. Veblen, “Season- and herbivore-dependent competition
and facilitation in a semiarid savanna,” Ecology, vol. 89, no. 6,
pp. 1532–1540, 2008.

[20] M. G. A. van der Heijden and T. R. Horton, “Socialism in soil?
The importance of mycorrhizal fungal networks for facilitation
in natural ecosystems,” Journal of Ecology, vol. 97, no. 6, pp. 1139–
1150, 2009.

[21] Z. X. Yu, Q. Zhang, H. S. Yang, J. J. Tang, J.Weiner, and X. Chen,
“The effects of salt stress and arbuscular mycorrhiza on plant
neighbor effects and self-thinning,” Basic and Applied Ecology,
vol. 13, pp. 673–680, 2012.

[22] I. A. Dickie, R. T. Koide, and K. C. Steiner, “Influences of
established trees on mycorrhizas, nutrition, and growth of
Quercus rubra seedlings,” Ecological Monographs, vol. 72, no. 4,
pp. 505–521, 2002.

[23] R. T. Koide, “Density-dependent response tomycorrhizal infec-
tion inAbutilon theophrastiMedic,”Oecologia, vol. 85, no. 3, pp.
389–395, 1991.

[24] N. Allsopp and W. D. Stock, “Density dependent interactions
between VA mycorrhizal fungi and even-aged seedlings of two
perennial Fabaceae species,” Oecologia, vol. 91, no. 2, pp. 281–
287, 1992.

[25] E. Facelli, J. M. Facelli, S. E. Smith, and M. J. Mclaugh-
lin, “Interactive effects of arbuscular mycorrhizal symbiosis,
intraspecific competition and resource availability on Trifolium
subterraneum cv.Mt. Barker,”New Phytologist, vol. 141, no. 3, pp.
535–547, 1999.

[26] R. L. Ayres, A. C.Gange, andD.M.Aplin, “Interactions between
arbuscular mycorrhizal fungi and intraspecific competition
affect size, and size inequality, of Plantago lanceolata L,” Journal
of Ecology, vol. 94, no. 2, pp. 285–294, 2006.

[27] J. Weremijewicz and D. P. Janos, “Common mycorrhizal net-
works amplify size inequality in Andropogon gerardiimonocul-
tures,” New Phytologist, vol. 198, pp. 203–213, 2013.

[28] N. C. Johnson, D. Tilman, and D. Wedin, “Plant and soil
controls on mycorrhizal fungal communities,” Ecology, vol. 73,
no. 6, pp. 2034–2042, 1992.

[29] J. D. Bever, J. B. Morton, J. Antonovics, and P. A. Schultz, “Host-
dependent sporulation and species diversity of arbuscular
mycorrhizal fungi in a mown grassland,” Journal of Ecology, vol.
84, no. 1, pp. 71–82, 1996.

[30] K. O. Reinhart, G. W. T. Wilson, and M. J. Rinella, “Predicting
plant responses to mycorrhizae: integrating evolutionary his-
tory and plant traits,” Ecology Letters, vol. 15, pp. 689–695, 2012.

[31] P. Gosling, A. Mead, M. Proctor, J. P. Hammond, and G. D.
Bending, “Contrasting arbuscular mycorrhizal communities
colonizing different host plants show a similar response to a soil
phosphorus concentration gradient,” New Phytologist, vol. 198,
pp. 546–556, 2013.

[32] N. C. Johnson, J. H. Graham, and F. A. Smith, “Functioning
of mycorrhizal associations along the mutualism-parasitism
continuum,” New Phytologist, vol. 135, no. 4, pp. 575–586, 1997.

[33] M. D. Jones and S. E. Smith, “Exploring functional definitions
ofmycorrhizas: aremycorrhizas alwaysmutualisms?”Canadian
Journal of Botany, vol. 82, no. 8, pp. 1089–1109, 2004.

[34] J. P. Grime, J. M. L. Mackey, S. H. Hillier, and D. J. Read,
“Floristic diversity in a model system using experimental
microcosms,” Nature, vol. 328, no. 6129, pp. 420–422, 1987.

[35] A. C. Gance, V. K. Brown, and L. M. Farmer, “A test of
mycorrhizal benefit in an early successional plant community,”
New Phytologist, vol. 115, no. 1, pp. 85–91, 1990.



The Scientific World Journal 9

[36] I. R. Sanders and R. T. Koide, “Nutrient acquisition and
community structure in co-occurring mycotrophic and non-
mycotrophic old-field annuals,” Functional Ecology, vol. 8, no.
1, pp. 77–84, 1994.

[37] M. G. A. van der Heijden, J. N. Klironomos, M. Ursic et al.,
“Mycorrhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity,” Nature, vol. 396, no.
6706, pp. 69–72, 1998.

[38] M. Zobel and M. Moora, “Interspecific competition and
arbuscular mycorrhiza: importance for the coexistence of two
calcareous grassland species,” Folia Geobotanica, vol. 30, no. 2,
pp. 223–230, 1995.

[39] M. Moora and M. Zobel, “Effect of arbuscular mycorrhiza on
inter- and intraspecific competition of two grassland species,”
Oecologia, vol. 108, no. 1, pp. 79–84, 1996.

[40] H. M. West, “Influence of arbuscular mycorrhizal infection on
competition between Holcus lanatus and Dactylis glomerata,”
Journal of Ecology, vol. 84, no. 3, pp. 429–438, 1996.

[41] B. E. Wolfe, P. A. Weishampel, and J. N. Klironomos, “Arbus-
cular mycorrhizal fungi and water table affect wetland plant
community composition,” Journal of Ecology, vol. 94, no. 5, pp.
905–914, 2006.

[42] P. Daleo, J. Alberti, A. Canepuccia et al., “Mycorrhizal fungi
determine salt-marsh plant zonation depending on nutrient
supply,” Journal of Ecology, vol. 96, no. 3, pp. 431–437, 2008.

[43] P. Daleo, E. Fanjul, A. M. Casariego, B. R. Silliman, M.
D. Bertness, and O. Iribarne, “Ecosystem engineers activate
mycorrhizal mutualism in salt marshes,” Ecology Letters, vol. 10,
no. 10, pp. 902–908, 2007.

[44] S. H. F. W. Justin and W. Armstrong, “The anatomical char-
acteristics of roots and plant response to soil flooding,” New
Phytologist, vol. 106, no. 3, pp. 465–495, 1987.

[45] H. K. Kludze, R. D. Delaune, and W. H. Partick, “Aerenchyma
formation and methane and oxygen exchange in rice,” Soil
Science Society of America Journal, vol. 57, pp. 386–391, 1993.

[46] D. Y. Hong, L. J. Zhang, and L. J. Wang, “Comparative
anatomical studies on vegetative organs of Phragmites australis
in Northeast of China,” Journal of Jilin Agricultural University,
vol. 30, pp. 161–165, 2008.

[47] Z. Kikvidze, L. Khetsuriani, D. Kikodze, and R. M. Callaway,
“Facilitation and interference in subalpine meadows of the
central Caucasus,” Journal of Vegetation Science, vol. 12, no. 6,
pp. 833–838, 2001.

[48] Z. Kikvidze, L. Khetsuriani, D. Kikodze, and R. M. Callaway,
“Seasonal shifts in competition and facilitation in subalpine
plant communities of the central Caucasus,” Journal of Vegeta-
tion Science, vol. 17, no. 1, pp. 77–82, 2006.

[49] P. Liancourt, E. Corcket, and R. Michalet, “Stress tolerance abil-
ities and competitive responses in a watering and fertilization
field experiment,” Journal of Vegetation Science, vol. 16, no. 6,
pp. 713–722, 2005.

[50] T.Helgason, J.W.Merryweather, J. P.W. Young, andA.H. Fitter,
“Specificity and resilience in the arbuscularmycorrhizal fungi of
a natural woodland community,” Journal of Ecology, vol. 95, no.
4, pp. 623–630, 2007.

[51] C. Armas, R. Ordiales, and F. I. Pugnaire, “Measuring plant
interactions: a new comparative index,” Ecology, vol. 85, no. 10,
pp. 2682–2686, 2004.

[52] M. Giovannetti and B. Mosse, “An evaluation of techniques for
measuring vesicular-arbuscular mycorrhizal infection in roots,”
New Phytologist, vol. 84, pp. 489–500, 1980.

[53] M. D. Smith, D. C. Hartnett, and C. W. Rice, “Effects of long-
term fungicide applications on microbial properties in tallgrass
prairie soil,” Soil Biology and Biochemistry, vol. 32, no. 7, pp. 935–
946, 2000.

[54] Y. Y. Sun, L. H. Wang, and C. L. Huang, “Study on the botanical
diversity in marshland poplar plantations in the middle and
lower reaches of Yangtze River,” Anhui University of Science and
Technology, vol. 38, pp. 3–6, 2012.

[55] R. M. Callaway, G. C. Thelen, S. Barth, P. W. Ramsey, and J.
E. Gannon, “Soil fungi alter interactions between the invader
Centaurea maculosa and North American natives,” Ecology, vol.
85, no. 4, pp. 1062–1071, 2004.

[56] W. H. van der Putten, P. W. T. Maas, W. J. M. Van Gulik,
and H. Brinkman, “Characterization of soil organisms involved
in the degeneration of Ammophila arenaria,” Soil Biology and
Biochemistry, vol. 22, no. 6, pp. 845–852, 1990.

[57] D. C. Hartnett and G. W. T. Wilson, “Mycorrhizae influence
plant community structure and diversity in tallgrass prairie,”
Ecology, vol. 80, no. 4, pp. 1187–1195, 1999.

[58] Q. Zhang, L. Xu, J. Tang, M. Bai, and X. Chen, “Arbuscular
mycorrhizal mediation of biomass-density relationship ofMed-
icago sativaL. under twowater conditions in a field experiment,”
Mycorrhiza, vol. 21, no. 4, pp. 269–277, 2011.

[59] P. J. O’Connor, S. E. Smith, and F. A. Smith, “Arbuscular
mycorrhizas influence plant diversity and community structure
in a semiarid herbland,”New Phytologist, vol. 154, no. 1, pp. 209–
218, 2002.

[60] T. R. Scheublin, R. S. P. van Logtestijn, and M. G. A. van
der Heijden, “Presence and identity of arbuscular mycorrhizal
fungi influence competitive interactions between plant species,”
Journal of Ecology, vol. 95, no. 4, pp. 631–638, 2007.

[61] M. S. Schroeder-Moreno and D. P. Janos, “Intra- and inter-
specific density affects plant growth responses to arbuscular
mycorrhizas,” Botany, vol. 86, no. 10, pp. 1180–1193, 2008.

[62] C. D. Collins and B. L. Foster, “Community-level consequences
of mycorrhizae depend on phosphorus availability,” Ecology,
vol. 90, no. 9, pp. 2567–2576, 2009.

[63] Y.Wang, C. Chu, F. T. Maestre, and G.Wang, “On the relevance
of facilitation in alpine meadow communities: an experimental
assessment with multiple species differing in their ecological
optimum,” Acta Oecologica, vol. 33, no. 1, pp. 108–113, 2008.

[64] P. Choler, R. Michalet, and R. M. Callaway, “Facilitation and
competition on gradients in alpine plant communities,”Ecology,
vol. 82, no. 12, pp. 3295–3308, 2001.

[65] J. M. Bergelson and M. J. Crawley, “Mycorrhizal infection and
plant species diversity,” Nature, vol. 334, no. 6179, p. 202, 1988.

[66] M. G. A. van der Heijden, “Arbuscular mycorrhizal fungi
as a determinant of plant diversity: in search of underlying
mechanisms and general principles,” in Mycorrhizal Ecology.
Ecological Studies,M.G. A. van derHeijden and I. Sanders, Eds.,
vol. 157, pp. 243–265, Springer, Berlin, Germany, 2002.

[67] C. Urcelay and S. Dı́az, “The mycorrhizal dependence of
subordinates determines the effect of arbuscular mycorrhizal
fungi on plant diversity,” Ecology Letters, vol. 6, no. 5, pp. 388–
391, 2003.

[68] J. D. Bever, S. C. Richardson, B. M. Lawrence, J. Holmes, and
M.Watson, “Preferential allocation to beneficial symbiont with
spatial structure maintains mycorrhizal mutualism,” Ecology
Letters, vol. 12, no. 1, pp. 13–21, 2009.

[69] Q. Zhang, R. Yang, J. Tang, H. Yang, S. Hu, and X. Chen, “Pos-
itive feedback between mycorrhizal fungi and plants influences



10 The Scientific World Journal

plant invasion success and resistance to invasion,” PLoS ONE,
vol. 5, no. 8, Article ID e12380, 2010.

[70] J. D. Bever, “Negative feedback within a mutualism: host-
specific growth of mycorrhizal fungi reduces plant benefit,”
Proceedings of the Royal Society B, vol. 269, no. 1509, pp. 2595–
2601, 2002.

[71] K. G. Mukerji and K. Mandeep, “Mycorrhizal relationship of
wetlands and rivers associated plants,” in Ecology of Wetlands
and Associated Systems, S. K. Majumdar, E. W. Miller, and F. J.
Brenner, Eds., pp. 240–257, Pennsylvania Academy of Science,
Easton, Pa, USA, 1998.


