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bstract

Abiotic and biotic factors can alter the nature and strength of plant–plant interactions and therefore self-thinning (density-
ependent mortality), but few studies have looked at how such factors interact. We investigated how salt stress and arbuscular
ycorrhizal fungi (AMF) influence plant neighbour effects and self-thinning in experimental populations of Medicago sativa. We

btained two mycorrhizal levels by applying the fungicide benomyl (low AMF) or not (high AMF) at three salinity levels (0.05%,
.2% and 0.5%). In experiment 1, we investigated how salinity and AMF interact to influence plant interaction intensity using a
eighbour removal treatment. In experiment 2, we investigated how self-thinning dynamics vary under salinity conditions and
ifferent AMF levels at two initial plant densities (6000 and 17,500 seeds m−2). Shoot biomass and plant density were measured
0, 60 and 90 days after sowing. Standardized major axis regression was used to estimate self-thinning parameters. In experiment
, AMF increased competitive plant neighbour effects when there was no salinity stress, but this enhancement was not significant
ith increasing salinity. In experiment 2, there were effects of salinity and AMF on the self-thinning trajectory. The slope of

he log (mean shoot biomass per unit area) vs. log density relationship was significantly steeper for the high AMF treatment
han for the low AMF treatment without salinity, but the effect of AMF level on the self-thinning exponent was not significant
nder the two higher salinity levels. The effect of AMF treatments on the intercept of the self-thinning line was not significant at
.2% salinity but was significant at 0.5% salinity, higher elevation for high AMF treatment. In self-thinning populations, AMF
ecreased the survival rate without salinity, but increased the survival rate at the highest salinity level. Our results support the
ypothesis that salinity and AMF interact to influence plant neighbour effects and self-thinning. Under no-salinity conditions,
MF increased competition, steepened the self-thinning line and decreased survival rate, but these effects of AMF were not

ignificant in the presence of salinity.

usammenfassung
Abiotische und biotische Faktoren können die Natur und Stärke der Interaktionen zwischen Pflanzen verändern und daher
elbstausdünnend wirken (dichteabhängige Mortalität), aber nur wenige Untersuchungen haben darauf geschaut, wie diese Fak-

oren interagieren. Wir untersuchten wie Salzstress und arbuskuläre Mykorrhizapilze (AMF) den Einfluss der pflanzlichen
achbarn und die Selbstausdünnung bei experimentellen Populationen von Medicago sativa beeinflussen. Wir erreichten

wei Grade von Mykorrhiza, indem wir bei drei Salinitäten (0,05%, 0,2% und 0,5%) das Fungizid Benomyl anwendeten
geringe AMF) oder auch nicht (hohe AMF). In Experiment 1 untersuchten wir, wie Salinität und AMF bei der Beeinflussung

∗Corresponding author. Tel.: +86 571 88206373; fax: +86 571 88206373.
E-mail address: chen-tang@zju.edu.cn (X. Chen).
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er Intensität der Pflanzeninteraktionen interagieren, indem wir die benachbarten Pflanzen entfernten. In Experiment 2 unter-
uchten wir, wie die Dynamik der Selbstausdünnung unter Salzbedingungen und verschiedenen AMF-Graden bei zwei
nfänglichen Pflanzendichten (6000 und 17500 Samen m−2) variiert. Die Biomasse der Schösslinge und die Pflanzendichte
urden 30, 60 und 90 Tage nach der Aussaat gemessen. Um die Parameter der Selbstausdünnung abzuschätzen, wurden standar-
isierte Hauptachsenregressionen genutzt. In Experiment 1 erhöhte AMF die kompetitiven Nachbareffekte der Pflanzen, wenn
s keinen Salzstress gab, aber diese Erhöhung war bei steigender Salinität nicht signifikant. In Experiment 2 gab es Effekte der
alinität auf die Selbstausdünnungsgerade. Ohne Salinität war die Steigung der logarithmischen mittleren Schößlingsbiomasse
ro Flächeneinheit gegen die logarithmische Dichtebeziehung bei der hohen AMF-Variante im Gegensatz zur niedrigen AMF-
ariante signifikant höher. Aber der Effekt der AMF-Grade auf den Selbstausdünnungsexponenten war bei den zwei höheren
alinitätsgraden nicht signifikant. Der Einfluss der AMF-Varianten auf den Achsenabschnitt der Selbstausdünnungsgeraden war
ei 0,2% Salinität nicht signifikant, zeigte aber bei 0,5% Salinität signifikant größere Werte bei der höheren AMF-Variante. In
ich selbst ausdünnenden Populationen verminderte AMF die Überlebensrate bei fehlender Salinität, erhöhte die Überlebensrate
edoch bei den höchsten Salinitätsgraden. Unsere Ergebnisse stützen die Hypothese, dass die Salinität und AMF interagieren
nd die Nachbareffekte der Pflanzen und die Selbstausdünnung beeinflussen. Unter Bedingungen mit fehlender Salinität erhöhte
MF die Konkurrenz, führte zu einer steileren Selbstausdünnungsgeraden und verminderte die Überlebensrate. Diese Effekte
er AMF waren jedoch unter Salinitätsbedingungen nicht signifikant.

2012 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.

eywords: Salinity stress; Arbuscular mycorrhizal fungi; Plant neighbour effects; Biomass–density relationship; Self-thinning trajectory;
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edicago sativa L.

ntroduction

Plant–plant interactions are among of the most important
actors regulating the dynamics of plant populations (Morris
003) and the structure of plant communities (Callaway
995). The nature and strength of plant interactions can be
ltered by the abiotic and biotic context (Agrawal et al. 2007).
n severe environments (for example arctic, alpine, desert
r salt marsh systems), facilitative plant–plant interactions
eem to be common (Callaway 1995; Brooker & Callaghan
998), whereas in more benign environments competitive
nteractions dominate. Therefore variation in environmen-
al conditions may shift the relative importance of positive
nd negative interactions and change the net outcome of
lant–plant interactions (Agrawal et al. 2007). For example,
n abiotically harsh environments, facilitation may contribute
ore than negative interactions to individual plant perfor-
ance, species distributions and community composition

e.g. Brooker & Callaghan 1998; Kikvidze et al. 2005).
Biotic factors, such as consumer pressure (Smit, Rietkerk,
Wassen 2009; Bulleri, Cristaudo, Alestra, & Benedetti-

ecchi 2011), parasitism (Grewell 2008) and symbiosis (i.e.
ycorrhiza; van der Heijden & Horton 2009) can also medi-

te plant interactions. Mycorrhiza enhanced the competitive
bility of C4 over C3 plants (Tang, Xu, Chen, & Hu 2009).
oil pathogenic fungi affected the co-existence of two tall
rass prairie species (Holah & Alexander 1999). Herbivory
ecreased intraspecific competition but increased interspe-
ific competition in two aquatic species (Center et al. 2005).
biotic and biotic factors interact in natural ecosystems.
ycorrhizal mediation of plant–plant interactions has been
hown to be dependent on physical environmental factors
uch as drought stress (Zhang, Xu, Tang, & Chen 2011),
O2 elevation (Chen et al. 2007) and nitrogen enrichment

t
A
e

Johnson, Rowland, Corkidi, Egerton-Warburton, & Allen
003). We need to investigate more of these interactions if
e are to understand plant–plant interactions in the field.
Self-thinning (density-dependent mortality) is an impor-

ant process in plant population dynamics, which is driven
y competition among individual plants. The self-thinning
rocess is usually described in terms of the trajectory of
hanges in log (mean individual mass [M]) or log (total mass
B]) of surviving plants vs. log (number of survivors per
nit area [N]; Yoda, Kira, Ogawa, & Hozumi 1963; Morris
999, 2002). Both abiotic and biotic factors can alter this
rajectory. Fertility levels or water stress is associated with
hanges in the slope of biomass–log density relationships
Morris & Myerscough 1991; Morris 2002, 2003; Deng et al.
006). Arbuscular mycorrhizal fungi (AMF) increased shoot
iomass allocation, enhanced aboveground competition, and
ade the self-thinning trajectory of Medicago sativa steeper

Zhang, Zhang, Weiner, Tang, & Chen 2011). The species
f arbuscular mycorrhizal fungi can also affect the speed of
elf-thinning by influencing plant interactions (Zhang, Tang,

Chen 2011). Few studies have investigated interactions
etween abiotic and biotic factors that influence self-thinning
ynamics (le Roux & McGeoch 2010). Here we present a
tudy about the effects of salinity stress and AMF on plant
eighbour effects and self-thinning.

AMF form symbiotic associations with roots of most
errestrial plants, affecting nutrient uptake, plant–plant inter-
ctions (Moora & Zobel 1996), population dynamics (Zhang,
hang, et al. 2011) and plant community structure (van der
eijden, Wiemken, & Sanders 2003; Vogelsang, Reynolds,
Bever 2006). Salinity is a common environmental stress
hat can affect interactions among plants (Callaway 1995).
long a gradient of increasing salinity, net plant neighbour

ffects changed from competition to facilitation (Bertness
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Shumway, 1993; Bertness & Callaway 1994). Soil salin-
ty can interact with consumer pressure to alter plant-plant
nteractions (Crain 2008). Salinity can interact with AMF
o influence physiological processes and individual perfor-

ance (Sharifi, Ghorbanli, & Ebrahimzadec 2007; Daei,
rdekani, Rejali, Teimuri, & Miransari 2009). Potential inter-

ctions between salinity and AMF on plant-plant interactions
ave not been investigated.

We hypothesize that the effects of salinity stress, reduced
rowth and increased positive neighbour effects, may be
eversed by AMF which enhance plant growth, competition
nd therefore self-thinning. We conducted two experiments
ith M. sativa L. to test this hypothesis. To establish a low-
MF treatment, we used the fungicide benomyl to reduce the
MF level. It has been demonstrated that the primary effects
f benomyl on M. sativa grown in the same soil as used in this
tudy are due to the suppressed AMF colonization (Zhang,
hang, et al. 2011). Benomyl application has been widely
sed to reduce AMF in scientific research because it appears
o have little or no direct effects on the non-mycorrhizal plant
nd bacterial community (Daleo et al. 2008).

aterials and methods

We conducted two experiments in this study. The first
xamine the response of target plants to neighbours, and the
econd addressed density-dependent mortality under various
alinity levels and AMF statuses. The soil and seeds of M.
ativa L. are described in Appendix A: SM1.

xperiment 1: neighbour effects

The experiment was a three-factor design with (i) neigh-
our treatment (with or without neighbours), (ii) two AMF
evels and (iii) three salinity levels. The salinity levels were
.05% (original soil, no salinity stress), 0.2% (medium salin-
ty stress) and 0.5% (high salinity stress). The original soil salt
ontent was considered as “no salinity stress” treatment, the
ther two salinity levels were created by adding sea salt to the
riginal soil (details provided in Appendix A: SM2). Before
nd after the experiments, electrical conductivity was mea-
ured (see Appendix A: Table 1). The AMF levels were “low
MF” (obtained by applying fungicide), and “high AMF”

no fungicide) (see Appendix A: SM2). There were four
eplicates for each treatment.

Twenty seeds were sown in each container (47.5 cm
ength × 34.5 cm width × 15.4 cm height, filled with 20 kg
f soil). One week after germination, seedlings were thinned
anually three times to obtain the “without neighbours”

reatment (solo plants) and the “with neighbour treatment”
target + 10 neighbours, see Appendix A: SM3). All micro-

osms were arranged in a completely randomized design
nder greenhouse conditions with an average air temperature
f 18–30 ◦C during the course of the experiment from April
o August. Plants were watered daily to keep soil moisture at

b
W
l
s

cology 13 (2012) 673–680 675

0–90% of water-holding capacity. No additional nutrients
ere added during the experiment.
Target plants were sampled 120 days after sowing. Shoot

iomass was measured after drying at 65 ◦C for 48 h. Root
ystems were collected and cleaned for AM colonization
etection by the gridline intersection method (Giovannetti

Mosse 1980). The presence or absence of mycorrhizal
nfection (arbuscules, vesicles, coils or hyphae) was then
valuated using a compound microscope at 200× magnifi-
ation. The AMF colonization level was calculated as: AMF
olonization (%) = (no. of intersections colonized (hyphae,
rbuscules, vesicles and hyphal coils)/total no. of intersec-
ions examined) × 100.

The relative interaction index (RII) was calculated as:
Bn − Bc)/(Bn + Bc), Where Bn and Bc are the shoot biomass
f target plants in the “with neighbours” and “without neigh-
ours” treatment, respectively. Positive values indicate that
he overall effect of neighbours on the target plant is posi-
ive (facilitation), while negative values indicate that the net
ffect of neighbours is negative (competition).

Three-way analysis of variance (ANOVA) was performed
y SPSS (V.10.0) on AMF colonization and biomass of tar-
et plants. The AMF level, neighbour treatment and salinity
evel were considered as the three factors. Two-way analysis
f variance (ANOVA) was performed on RII with the AMF
nd salinity level as the two factors. Normality tests were
erformed before ANOVA. The least significant difference
l.s.d.) at the 5% confidence level was used for comparisons.

xperiment 2: self-thinning

The experiment was a three factor design with (i) three
alinity levels, (ii) two AMF levels, and (iii) two initial plant
ensities (6000 and 17,500 seeds m−2). Three salinity lev-
ls and the AMF treatments were the same as experiment 1.
here were four replicates for each treatment.
Containers were the same as experiment 1. M. sativa seeds

ere surface sterilized with 1% NaClO and distilled water,
ixed with sand and sown with a sieve to achieve a ran-

om spatial pattern. Containers were randomly arranged in
greenhouse condition that was the same as experiment 1

rom April to August.
Sampling was carried out at 30, 60 and 90 days after sow-

ng, with 25, 36 and 100 cm2 square plots respectively, as
escribed by Shumway and Koide (1995). Detailed samp-
ing method was described in Appendix A: SM4. Shoots and
oots were oven dried at 65 ◦C for 48 h and weighed. Mean
iomass for shoots and roots was calculated by dividing the
otal biomass by the number of individuals. AMF coloniza-
ion rate of root was quantified using the grid-method as in
xperiment 1.

The self-thinning intercepts and the slopes were estimated

y the standardized major axis (SMA; SMATR Version 2.0;
arton, Wright, Falster, & Westoby 2006) regression on

og-transformed data of density and aboveground biomass of
urviving plants per unit area (Morris 2002; Zhang, Zhang,
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Fig. 1. Arbuscular mycorrhizal colonization rate of target plants
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salinity, indicating that the competition intensity decreased
in the high salt stress treatment. Mycorrhizal influence on
neighbour effect depended on the salinity treatment (Fig. 3,

Fig. 3. Plant neighbour effects (RII) under different treatments in
nder different treatments in experiment 1.

t al. 2011). We compared slopes of biomass–density rela-
ionship between the two AMF levels by using SMATR
Version 2.0). For testing difference in elevation between
MF treatments we used WALD statistic model in SMATR.
re-thinning vs. thinning data points were separated accord-

ng to the criteria of Morris (1996), and only the data
rom self-thinning populations were included in the analy-
es (Morris 2002). There are 16 data points in each group in
he analysis.

The survival rate was calculated as final plant den-
ity/initial plant density × 100%, where initial plant density
s calculated from emergence (Zhang, Tang, et al. 2011) and
nal plant density is the density of surviving plants at the

ast sampling.
SPSS (V.10.0) was used to perform a three-way analysis

f variance (ANOVA) on AMF colonization and survival rate
ith AMF level, plant density and salinity as factors. Nor-
ality tests and a homogeneity test were performed before
NOVA. The least significant difference (l.s.d.) at the 5%

onfident level was used for comparisons.

esults

xperiment 1

ycorrhizal colonization
Benomyl application and high salinity levels significantly

ecreased AMF colonization, but neighbour treatment did
ot (Fig. 1, Appendix A: Table 2). There were no signifi-
ant interaction effects between salinity and neighbours (see
ppendix A: Table 2) or between benomyl application and
eighbours (see Appendix A: Table 2) on AMF colonization,
ut salt stress and benomyl application interactively affected

n fungal colonization (see Appendix A: Table 2). e
ig. 2. Shoot biomass of target plants under different treatments in
xperiment 1.

iomass of target plants
There were significant interactions among salinity, beno-
yl application and neighbour treatment in their effects on

iomass of target plants (see Appendix A: Table 3). All 2-way
nd the 3-way interaction among these variables were highly
ignificant. Salinity, neighbour treatments and their interac-
ion exerted the strongest effects on biomass of target plant
Fig. 2, Appendix A: Table 3).

eighbour effect
The relative interaction index (RII) values were negative in

ll treatments, which means that neighbour effects were com-
etitive (Fig. 3). The RII was less negative with increasing
xperiment 1.
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Fig. 4. AMF colonization rate in experiment 2. “LM”, low AMF
(fungicide application) and “HM”, high AMF (without fungicide).
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LD”, low plant density (6000 seeds m−2) and “HD”, high plant
ensity (17,500 seeds m−2).

ppendix A: Table 4). Under low salt stress treatment, AMF
nhanced competition intensity significantly. However, under
edium and high salt stress treatment, the influences of AMF
ere not significant (Fig. 3, Appendix A: Table 4).

xperiment 2

olonization rate
AMF colonization was not significantly affected by the

nteraction of salinity, benomyl application and plant density
see Appendix A: Table 5), but was significantly influenced
y the interactions of salinity level and plant density (see
ppendix A: Table 5), salinity level and benomyl applica-

ion (see Appendix A: Table 5), benomyl application and

lant density (see Appendix A: Table 5). Benomyl application
nd salinity stress significantly decreased AMF colonization
Fig. 4, Appendix A: Table 5). Under the two higher salinity m

ig. 5. Log (shoot biomass per unit area)–log (density) relationships for
MF” treatments at 3 salinity levels (experiment 2). (A) No salinity tre

reatment (0.5%). “Low AMF” (fungicide application); “high AMF” (with
arameters of self-thinning lines fit by the standardized major axis regress
cology 13 (2012) 673–680 677

evels, AMF colonization increased with increasing plant
ensity (Fig. 4, Appendix A: Table 5).

iomass–density relationship
In the no salinity treatment, the slope of the log

iomass–log density relationship was steeper in the high
MF treatment (p = 0.0026; Fig. 5A and Table 1). The slope
f log biomass–log density relationship was not significantly
ltered at 0.2% soil salinity (p = 0.4955; Fig. 5B and Table 1)
r the 0.5% soil salinity level (for slope: p = 0.2848; Fig. 5C
nd Table 1). Only the population in the control salinity level
howed an increase in log shoot biomass as self-thinning
rogressed (Fig. 5A and Table 1). The biomass decreased
s density declined under the two high salinity levels with
ositive slopes (Fig. 5B, C and Table 1).
Testing for shifts in elevation of the self-thinning trajectory

etween groups using the Wald statistic showed a signifi-
ant elevation shift between AMF treatments at the 0.5% soil
alinity (p = 0.0406, higher elevation for the high AMF treat-
ent), but no significantly different result at the 0.2% soil

alinity (p = 0.439).

urvival rate
The survival rate of M. sativa decreased with increasing

alinity and initial plant density treatments (Fig. 6, Appendix
: Table 6). Benomyl increased the survival rate during self-

hinning under no salinity, whereas it decreased survival rate
t the highest salinity level (Fig. 6, Appendix A: Table 6). The
urvival rate was not significantly affected by the interaction
f salinity, density and benomyl application (see Appendix
: Table 6), and the interaction of benomyl application and

eedling density, but was significantly affected by the interac-
ions of initial density and salinity treatment (see Appendix
: Table 6), and by benomyl application and salinity (see
ppendix A: Table 6).
Both experiments showed that the application of beno-
yl suppressed AMF colonization (Figs. 1 and 4). As in our

Medicago sativa populations grown under “high AMF” and “low
atment; (B) medium salinity treatment (0.2%); (C) high salinity
out fungicide). Data are for populations undergoing self-thinning.
ion are given in Table 1.
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Table 1. Regression parameter estimates (standardized major axis regression) of log (shoot biomass) on log density in populations of Medicago
sativa L. undergoing self-thinning under “high AMF” and “low AMF” treatments along a salinity gradient. “Low AMF” was obtained with
fungicide application and “high AMF” without fungicide.

AMF treatment Salinity treatment n Intercept Slope 95% CI of slope R2

“High AMF” No stress 16 5.11985 −0.6857 (−0.9021, −0.5213) 0.765
“Low AMF” 16 4.24367 −0.416 (−0.7114, −0.2432) 0.036
“High AMF” Medium stress 16 0.46727 0.5762 (0.3357, 0.9893) 0.021
“Low AMF” 16 −0.06765 0.7067 (0.4170, 1.1975) 0.072
“High AMF” High stress 16 −0.5173
“Low AMF” 16 −0.5434

Fig. 6. Survival rates of Medicago sativa L. populations grown
under different treatments (experiment 2). “LM”, low AMF (fungi-
cide application) and “HM”, high AMF (without fungicide). “LD”,
l
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above the one for low AMF. Mycorrhizal mediation of plant
ow plant density (6000 seeds m−2) and “HD”, high plant density
17,500 seeds m−2).

revious studies (Zhang, Xu, et al. 2011; Zhang, Zhang, et al.
011), suppression of AMF colonization decreased growth of
. sativa, supporting the use of fungicide as a way to decrease
MF colonization.
Our results support the stress gradient hypothesis, which

olds that plant interactions become less negative along a gra-
ient of increasing environmental stress (Maestre, Bautista,

Cortina 2003; Lortie & Callaway 2006). In experiment
, shoot biomass of target plants decreased as salinity stress
ncreased regardless of the presence of neighbours or AMF
evels, but the magnitude of this decrease was lower with
eighbours regardless of AMF levels. Plant neighbour effects
ecame less negative as salinity stress increased regardless
f AMF levels, although they never became positive in the
resent study.

Results from experiment 1 support our hypothesis that
alinity stress and AMF interact to affect plant neighbour
ffects. Although high AMF enhanced biomass of solo
lants at all salinity levels, a strong negative neighbour

ffect due to high AMF only occurred without salinity. The
implest explanation for this is that AMF increases plant
rowth rate and therefore the effects of competition, but it

n
t
p

6 0.8212 (0.6103, 1.105) 0.724
5 0.8032 (0.6543, 0.986) 0.87

annot do this in the presence of salinity. Mycorrhizae usu-
lly increase aboveground competition for light among plants
y enhancing plant growth (Smith & Read 2008). High
MF can also increase allocation of biomass to shoots at
given biomass, resulting in increased aboveground compe-

ition (Zhang, Zhang, et al. 2011). An alternative explanation
s that mycorrhizal fungal hyphae can form a belowground
etwork, connect neighbouring plants and share soil nutrient
mong the connecting individuals, and this can decrease neg-
tive and increase positive effects from neighbouring plants
van der Heijden & Horton 2009).

Self-thinning dynamics can be affected by abiotic factors,
uch as fertility, water availability (Morris 2002, 2003;
eng et al. 2006; Chu et al. 2010) and biotic factors such

s mycorrhizal fungi and consumers (Crain 2008; Bulleri
t al. 2011; Zhang, Xu, et al. 2011; Zhang, Zhang, et al.
011). Mycorrhizal symbiosis is an important biotic factor
hat can increase shoot branching, canopy radius, above-
round biomass, and allometric growth (Shumway & Koide
995; Zhang, Zhang, et al. 2011). The mycorrhiza-induced
nhancements of individual plant growth and canopy occu-
ation increase aboveground competition among individual
lants within a population, and can result in a steeper self-
hinning line (Zhang, Zhang, et al. 2011). Our results from
xperiment 2 demonstrate that the self-thinning trajectory
as also influenced by an interaction between salinity and
ycorrhiza. From the controls to the highest salinity level,

here is a progression in slope and relative position of the
elf-thinning lines for the two AMF treatments. In the
bsence of salinity, biomass per unit area increased with
ecreasing plant density, and the position of the self-thinning
ine of high AMF was below that of low AMF (Fig. 5A). At
he 0.2% treatment the slope and relative position of the two
elf-thinning lines shifted so that the line for the high AMF
reatment lay above that for the low AMF treatment, but the
ffect was not significant (Fig. 5B). At 0.5% salinity, the shift
n slope and relative position of self-thinning lines became

ore obvious: biomass per unit area decreased with decreas-
ng plant density under both AMF levels, and the position
f the self-thinning line for high AMF was significantly
eighbour effects point us towards new hypotheses to explain
he dynamics of plant populations. In our study, a steeper
lant self-thinning line with high AMF and no salinity stress
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ould be due to mycorrhizal enhancement of growth and
herefore negative neighbour effects, because the strength of
ompetition at a given density increases with plant growth.
onversely, the positive slopes of the self-thinning lines
nder the two levels of salinity stress may result because
ycorrhiza did not increase the negative neighbour effect.
oreover, root colonization in the high AMF treatment

ncreased with plant density at the higher salinity treatments,
ut not in the no salinity control. These results support the
ypothesis that the plant–AMF relationship changes along a
alinity gradient, and that AMF can play a positive role and
educe the intensity of competition in self-thinning stands.

The survival rate in self-thinning populations also conveys
nformation about plant population dynamics. Experiment

indicates that AMF and salinity also affect plant survival
ate by altering neighbour effects. In the no salinity control,
he AMF increased the growth of plants, leading to more

ortality per unit time. The effect of increased growth on
elf-thinning has been shown in previous work on soil fertil-
ty levels (Morris 1999). This phenomenon can be explained
y the mediation of mycorrhiza on plant competition. In a
elf-thinning population, mortality originates from intraspe-
ific competition for limiting resources especially light
Westoby and Howell 1981; Lonsdale and Watkinson 1982).
s argued above, at a given density, the larger the plants

re, the more intense is competition for limiting resources
Morris 2003). In our experiment 1, mycorrhiza increased
lant growth and enhanced negative neighbour effects in the
bsence of salinity, resulting in earlier and higher mortality.
t the higher salinity levels, although mycorrhiza increased

hoot biomass somewhat, they did not increase negative
eighbour effects, resulting in a higher survival rate.

Mycorrhizal effects on plant mortality under various envi-
onmental stresses could have long-term consequences for
lant population dynamics. In our experiments, mycorrhizae
romote self-thinning in the absence of salinity. During self-
hinning, it is the smallest individuals that die first because
hey tend to suffer more from competition (Weiner 1986;

einer et al. 2001; Weiner and Damgaard 2006; Zhang, Tang,
t al. 2011). This process would lead to a plant population
ith fewer large individuals. Some genes that may be crucial

or surviving under stressed conditions could be lost dur-
ng this self-thinning process. Under salinity stress, however,

ycorrhiza help to maintain a higher survival rate, suggest-
ng that mycorrhiza may be beneficial for the maintenance
f size and gene diversity of plant population under stressed
onditions.

onclusion

In the absence of salinity, AMF enhanced competi-

ive neighbour effects, steepened the self-thinning line and
ecreased survival rate. These mycorrhizal effects were
educed or reversed with increasing salinity. At the higher
alinity levels there were no significant effects of mycorrhiza
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n plant–plant interactions or the self-thinning trajectory, but
ycorrhiza increased plant survival.

cknowledgements

This work was supported by the National Natural Science
oundation of China (NSFC, Nos. 30870405 and 31070389)
nd the Key Laboratory of Ministry of Agriculture of the
eople’s Republic of China (No. KYJD09021). We thank the
nonymous reviewers for extensive, helpful comments on the
anuscript.

ppendix A. Supplementary data

Supplementary data associated with this article can
e found, in the online version, at http://dx.doi.org/10.
016/j.baae.2012.09.009.

eferences

grawal, A. A., Ackerly, D. D., Adler, F., Arnold, A. E., Cáceres,
C., Doak, D. F., et al. (2007). Filling key gaps in population and
community ecology. Frontiers in Ecology and the Environment,
5, 145–152.

ertness, M. D., & Callaway, R. (1994). Positive interactions in
communities. Trends in Ecology and Evolution, 9, 191–193.

ertness, M. D., & Shumway, S. W. (1993). Competition and facil-
itation in marsh plants. American Naturalist, 142, 718–724.

rooker, R. W., & Callaghan, T. V. (1998). The balance between
positive and negative plant interactions and its relationship to
environmental gradients: A model. Oikos, 81, 196–207.

ulleri, F., Cristaudo, C., Alestra, T., & Benedetti-Cecchi, L. (2011).
Crossing gradients of consumer pressure and physical stress on
shallow rocky reefs: A test of the stress-gradient hypothesis.
Journal of Ecology, 99, 335–344.

allaway, R. M. (1995). Positive interactions among plants. Botan-
ical Review, 61, 306–349.

enter, T. D., Van, T. K., Dray, F. A., Franks, S. J., Rebelo, M. T.,
Pratt, P. D., et al. (2005). Herbivory alters competitive interac-
tions between two invasive aquatic plants. Biological Control,
33, 173–185.

hen, X., Tu, C., Burton, M. G., Watson, D. M., Burkey, K. O., &
Hu, S. J. (2007). Plant nitrogen acquisition and interactions under
elevated carbon dioxide: Impact of endophytes and mycorrhizae.
Global Change Biology, 13, 1238–1249.

hu, C. J., Weiner, J., Maestre, F. T., Wang, Y. S., Morris, C., Xiao,
S., et al. (2010). Effects of positive interactions, size symmetry
of competition and abiotic stress on self-thinning in simulated
plant populations. Annals of Botany, 106, 647–652.

rain, C. M. (2008). Interactions between marsh plant species vary
in direction and strength depending on environmental and con-

sumer context. Journal of Ecology, 96, 166–173.

aei, G., Ardekani, M. R., Rejali, F., Teimuri, S., & Miransari,
M. (2009). Alleviation of salinity stress on wheat yield, yield
components, and nutrient uptake using arbuscular mycorrhizal

http://dx.doi.org/10.1016/j.baae.2012.09.009
http://dx.doi.org/10.1016/j.baae.2012.09.009


6 pplied E

D

D

G

G

H

J

K

l

L

L

M

M

M

M

M

M

M

S

S

S

S

T

v

v

V

W

W

W

W

W

Y

Z

Z

Mycorrhiza, 21, 269–277.
80 Z.X. Yu et al. / Basic and A

fungi under field conditions. Journal of Plant Physiology, 166,
617–625.

aleo, P., Alberti, J., Canepuccia, A., Escapa, M., Fanjul, E., Silli-
man, B. R., et al. (2008). Mycorrhizal fungi determine salt-marsh
plant zonation depending on nutrient supply. Journal of Ecology,
96, 431–437.

eng, J. M., Wang, G. X., Morris, E. C., Wei, X. P., Li, D. X., Chen,
B. M., et al. (2006). Plant mass–density relationship along a
moisture gradient in north-west China. Journal of Ecology, 94,
953–958.

iovannetti, M., & Mosse, B. (1980). An evaluation of techniques
for measuring vesicular–arbuscular mycorrhizal infection in
roots. New Phytologist, 84, 489–500.

rewell, B. J. (2008). Hemiparasites generate environmental het-
erogeneity and enhance species coexistence in salt marshes.
Ecological Applications, 18, 1297–1306.

olah, J. C., & Alexander, H. M. (1999). Soil pathogenic fungi have
the potential to affect the co-existence of two tallgrass prairie
species. Journal of Ecology, 87, 598–608.

ohnson, N. C., Rowland, D. L., Corkidi, L., Egerton-Warburton, L.
M., & Allen, E. B. (2003). Nitrogen enrichment alters mycor-
rhizal allocation at five mesic to semiarid grasslands. Ecology,
84, 1895–1908.

ikvidze, Z., Pugnaire, F. I., Brooker, R. W., Choler, P., Lortie,
C. J., Michalet, R., et al. (2005). Linking patterns and pro-
cesses in alpine plant communities: A global study. Ecology,
86, 1395–1400.

e Roux, P. C., & McGeoch, M. A. (2010). Interaction intensity
and importance along two stress gradients: Adding shape to the
stress-gradient hypothesis. Oecologia, 162, 733–745.

onsdale, W. M., & Watkinson, A. R. (1982). Light and self-
thinning. New Phytologist, 90, 431–445.

ortie, C. J., & Callaway, R. M. (2006). Re-analysis of meta-
analysis: Support for the stress-gradient hypothesis. Journal of
Ecology, 94, 7–16.

aestre, F. T., Bautista, S., & Cortina, J. (2003). Positive, nega-
tive, and net effects in grass–shrub interactions in Mediterranean
semiarid grasslands. Ecology, 84, 3186–3197.

oora, M., & Zobel, M. (1996). Effect of arbuscular mycorrhiza on
inter- and intraspecific competition. Oecologia, 108, 79–84.

orris, E. C. (1996). Effect of localized placement of nutrients on
root competition in self-thinning populations. Annals of Botany,
78, 353–364.

orris, E. C. (1999). Density-dependent mortality induced by low
nutrient status of the substrate. Annals of Botany, 84, 95–107.

orris, E. C. (2002). Self-thinning lines differ with fertility level.
Ecological Research, 17, 17–28.

orris, E. C. (2003). How does fertility of the substrate affect
intraspecific competition? Evidence and synthesis from self-
thinning. Ecological Research, 18, 287–305.

orris, E. C., & Myerscough, P. J. (1991). Self-thinning and com-

petition intensity over a gradient of nutrient availability. Journal
of Ecology, 79, 903–923.

harifi, M., Ghorbanli, M., & Ebrahimzadec, H. (2007). Improved
growth of salinity-stressed soybean after inoculation with salt

Z

Available online at www.s
cology 13 (2012) 673–680

pre-treated mycorrhizal fungi. Journal of Plant Physiology, 164,
1144–1151.

humway, D. L., & Koide, R. T. (1995). Size and reproductive
inequality in mycorrhizal and nonmycorrhizal populations of
Abutilon theophrasti. Journal of Ecology, 83, 613–620.

mit, C., Rietkerk, M., & Wassen, M. J. (2009). Inclusion of biotic
stress (consumer pressure) alters predictions from the stress gra-
dient hypothesis. Journal of Ecology, 97, 1215–1219.

mith, S. E., & Read, D. J. (2008). Mycorrhizal symbiosis. San
Diego: Academic Press.

ang, J. J., Xu, L. M., Chen, X., & Hu, S. J. (2009). Interaction
between C4 barnyard grass and C3 upland rice under elevated
CO2: Impact of mycorrhizae. Acta Oecologica, 35, 227–235.

an der Heijden, M. G. A., & Horton, T. R. (2009). Socialism in soil?
The importance of mycorrhizal fungal networks for facilitation
in natural ecosystems. Journal of Ecology, 97, 1139–1150.

an der Heijden, M. G. A., Wiemken, A., & Sanders, I. R. (2003).
Different arbuscular mycorrhizal fungi alter coexistence and
resource distribution between co-occurring plant. New Phytolo-
gist, 157, 569–578.

ogelsang, K. M., Reynolds, H. L., & Bever, J. D. (2006). Mycor-
rhizal fungal identity and richness determine the diversity and
productivity of a tallgrass prairie system. New Phytologist, 172,
554–562.

arton, D. I., Wright, I. J., Falster, D. S., & Westoby, M. (2006).
Bivariate line-fitting methods for allometry. Biological Reviews,
81, 259–291.

einer, J. (1986). How competition for light and nutrients affects
size variability in Ipomoea tricolor populations. Ecology, 67,
1425–1427.

einer, J., & Damgaard, C. (2006). Size-asymmetric competition
and size-asymmetric growth in a spatially explicit zone-of-
influence model of plant competition. Ecological Research, 21,
707–712.

einer, J., Stoll, P., Muller-Landau, H., & Jasentuliyana, A. (2001).
The effects of density, spatial pattern and competitive symme-
try on size variation in simulated plant population. American
Naturalist, 158, 438–450.

estoby, M., & Howell, J. (1981). Self-thinning: The effect of
shading on glasshouse populations of silver beet (Beta vulgaris).
Journal of Ecology, 69, 359–365.

oda, K., Kira, T., Ogawa, H., & Hozumi, K. (1963). Self-thinning in
overcrowded pure stands under cultivated and natural conditions.
Journal of Biology, Osaka City University, 14, 107–129.

hang, Q., Tang, J. J., & Chen, X. (2011). Plant mortality varies
with arbuscular mycorrhizal fungal species identities in a self-
thinning population. Biology Letters, 7, 472–474.

hang, Q., Xu, L. M., Tang, J. J., & Chen, X. (2011). Arbuscular
mycorrhizal mediation of biomass–density relationship of Med-
icago sativa L. under two water conditions in a field experiment.
hang, Q., Zhang, L., Weiner, J., Tang, J. J., & Chen, X.
(2011). Arbuscular mycorrhizal fungi alter plant allometry
and biomass–density relationships. Annals of Botany, 107,
407–413.

ciencedirect.com

http://www.sciencedirect.com/science/journal/14391791

	The effects of salt stress and arbuscular mycorrhiza on plant neighbour effects and self-thinning
	Introduction
	Materials and methods
	Experiment 1: neighbour effects
	Experiment 2: self-thinning

	Results
	Experiment 1
	Mycorrhizal colonization
	Biomass of target plants
	Neighbour effect

	Experiment 2
	Colonization rate
	Biomass-density relationship
	Survival rate


	Discussion
	Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


