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Competition and soil fungi affect the physiological and growth traits
of an alien and a native tree species
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Abstract

Competition plays an important role in the replacement of native species by alien plants. A greenhouse experiment was
conducted to investigate whether the competition pattern of alien Robinia pseudoacacia L. and native Quercus
acutissima Carr. is affected by soil sterilization. Physiological traits, such as gas-exchange parameters and chlorophyll
(Chl) content, and growth traits, such as the biomass accumulation of the two species, were examined in natural soil or
in soil sterilized with benomyl. The results show that native Q. acutissima inhibits the growth of R. pseudoacacia in
natural soil. When the two plants coexisted and competed under sterilization treatment, R. pseudoacacia was less
inhibited by Q. acutissima and the competition of R. pseudoacacia decreased the growth of Q. acutissima in terms of
biomass, Chl a, Chl b, total Chl, and Chl a/b. These results suggest that soil sterilization benefits the growth of
R. pseudoacacia and changes the competition pattern by the changed soil biota. Soil sterilization increased the biomass
of root nodules, which ultimately benefits the growth of R. pseudoacacia and root nodule bacteria may be important in
the dispersal and invasion process of nitrogen-fixing alien plants such as R. pseudoacacia.
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Introduction

Alien plants may replace native plants via competition
(Chittka and Schurkens 2001, Littschwager er al. 2010,
Shochat et al 2010). Previous studies found that
disturbance, parasitic plants, level of nutrients, and soil
biota might change the competition outcome of competi-
tion between alien and native plants (Van der Putten and
Peters 1997, Corbin and D'Antonio 2004, Liancourt et al.
2005, Xu et al. 2007, Cui and He 2009, Yu et al. 2009).
Investigations on competition of alien plants have mainly
focused on alien herbs, rarely on alien shrubs or trees.
Considering that the function traits of alien plants,
such as physiological and growth traits, are assumed to
relate to invasiveness, the traits of alien species have been
investigated to predict invasions (Kuhn et al. 2004, Kyle
and Leishman 2009, Leishman et al. 2007, Kuster et al.
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2008, Chen et al. 2011). Invasive alien species often have
higher photosynthetic ability and biomass accumulation
than native species (Pattison et al. 1998, Wang et al.
2008, Zheng et al. 2009). Higher photosynthetic ability
and biomass accumulation is beneficial for alien plants
when replacing native plants through competition.

The transformation of alien plants from relatively low
dominance in native habitats to preponderant species in
invaded habitats is frequently the process of escape from
natural enemies. In this process, alien plants escape
aboveground herbivores and harmful soil biota
(Beckstead and Parker 2003, Reinhart e al. 2003, Knevel
et al. 2004). Plants could be negatively influenced by
harmful fungi, and also be positively influenced by
beneficial arbuscular mycorrhizal (AM) fungi and root
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nodule bacteria (Niu et al. 2007, Amaya-Carpio et al.
2009, Sraj-Krzi¢ et al. 2009). Root nodule bacteria can
efficiently improve soil structure, increase the level of
organic carbon and nitrogen content in the soil, mobilize
phosphorus, and facilitate absorption by plants
(Killingbeck 1996, Dakora and Keya 1997, Dutta and
Agrawal 2002). For example, Myrica faya could alter
nitrogen cycling and it has greatly altered native plant
communities in Hawaiian ecosystems through nitrogen
fixation (Reinhart and Callaway 2006). Soil fungi might
play an important role in the competition between alien
and native plants, often facilitating the growth of alien
plants, which is one of the drivers of the invasion process
(Callaway et al. 2001, 2004; Levine et al. 2004). How-

Materials and methods

Plants and soil: R. pseudoacacia is a nitrogen-fixing,
leguminous deciduous species, considered to be one of
the 100 worst woody plant invaders worldwide (Cronk
and Fuller 1995, Von Holle ef al. 2006, Wei et al. 2009).
This species is native to North America, but it is now
distributed in Europe, Asia, and Australia (Von Holle
et al. 2006). R. pseudoacacia has invaded a wide range of
habitats, such as mountain valleys, mountain sides, rivers,
and coasts (Rice et al. 2004, Landgraf et al. 2005, Jung
et al. 2009). The harmful fungi accumulated by
R. pseudoacacia have inhibited the growth of some native
species, such as Japanese black pine (Pinus thunbergii)
and the effects of harmful fungi are beneficial to
replacement (Taniguchi et al. 2008). As a widely
distributed alien plant in China (Wang and Zhou 2000),
the influence of R. pseudoacacia on native plants and
ecological systems has rarely been studied.

Q. acutissima is the main deciduous broad-leaved
species in northern China, widely distributed on moun-
tains and hills in northern China (Wang and Zhou 2000).
Q. acutissima has high plasticity and stress tolerance to
light, water, and other environmental factors, and coexists
with R. pseudoacacia in multiple habitats in North China
(Woo et al. 2003, Noh et al. 2007).

Mature seeds of R. pseudoacacia were collected near
the Fanggan Research Station of Shandong University in
November 2008 and stored at 0—4°C throughout the
winter. They were sterilized by soaking in 3% H,O, for
30 min and then soaked in distilled water for 24 h to
stimulate germination. The seeds were germinated on
moist pledgets, and then healthy and uniform germinated
seeds were selected and sown in 9-L plastic pots (32 cm %
29 cm, height x diameter) on June 15" 2009. The
Q. acutissima seedlings, which germinated this year,
were gathered in the Q. acutissima forest near the
Fanggan Research Station of Shandong University on
June 24™ The seedlings were gathered on similar size of
germinated R. pseudoacacia seedlings. Q. acutissima and
R. pseudoacacia were planted alone and together in 9-L
plastic pots on June 25" Quercus acutissima and
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ever, the relationship between soil fungi and the physio-
logical traits of alien and native plants is rarely studied.

In the present study, a greenhouse experiment is
conducted to investigate the effects of soil fungi on the
competition pattern between alien R. pseudoacacia L. and
native Q. acutissima Carr. Physiological traits, such as
gas-exchange parameters and Chl content, and growth
traits, such as the biomass accumulation of R. pseudo-
acacia and Q. acutissima, are investigated. We aim to
answer the following questions: (/) Whether competition
affects the physiological and growth traits of the alien
R. pseudoacacia and the native Q. acutissima and (2)
whether soil sterilization affects the physiological and
growth traits of R. pseudoacacia and Q. acutissima?

R. pseudoacacia competed with each other in the same
plastic pots until November 2™. Before planting into the
plastic pots, the Q. acutissima seedlings were sterilized
by soaking in 3% H,O, for 2 min.

All the seedlings were cultivated in the greenhouse of
the Fanggan Research Station. The average photosyn-
thetic active radiations (PAR) measured once an hour
from 07:00 to 16:00 h was 361 + 17 yumol m*s™' in the
greenhouse. The mean temperature in the greenhouse was
32.4 + 0.4°C. Each pot was given 400 ml of water every
afternoon during the period of the experiment. At the end
of the experiment, the mean heights of R. pseudoacacia
and Q. acutissima were 40—-60 cm and 15-20 cm, respec-
tively, the mean number of leaves of R. pseudoacacia and
Q. acutissima were 150-230 and 10-20, respectively.

The soil in the experiment was collected near the
Fanggan Research Station of Shandong University. A
5-mm sieve was used to remove rocks and the remains of
plants and animals. Given that the effects of soil biota on
plant interaction might vary with resource availability
(Johnson et al. 1997, Simard et al. 1997), no additive
nutrient solutions were added in the experiment. The
mixture weighed about 9.5 kg of dry mass per pot, and
the chemical properties were as follows: organic matter
8.53gkg’!, pH 7.05, total N 0.38 g kg ', total P
0.76 g kg, and total K 24.82 g kg ™.

Experimental design: The soil was divided into two
treatments: sterilized and unsterilized soil. Sterilization of
the soil was done by applying 50 mg (benomyl) kg ' (soil)
in 100 ml of water per pot on July 20" according to
previous studies (Hetrick et al. 1989, Callaway et al.
2003). Sterilization of the soil was carried out every two
weeks until November 2™. There were 14 replicates in
every treatment.

Benomyl is a systemic fungicide used worldwide to
sterilize harmful fungi. Benomyl inhibits fungal cell
growth during mitosis of the cell cycle (Smith ez al. 2000,
Gupta et al. 2004), and has minimal direct effect on
plants (Paul et al. 1989, 2001). Benomyl is widely used
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to investigate the effect of soil fungi on the interaction of
alien and native plants in the dispersal process of alien
plants (Callaway et al. 2001, 2003, 2004).

All pots were randomly arranged in the same green-
house. To avoid the effects of possible environmental
patchiness within the greenhouse, all pots were rotated
every month so each pot experienced all possible
conditions.

Gas-exchange measurements: Leaf gas exchange was
measured during sunny days between 9:30 and 11:30 h,
and 13:30 and 15:00 h from 17" to 19" October. Stomatal
conductance (g;), net photosynthetic rate (Py), transpira-
tion rate (F), intercellular CO, concentration (Cj), and
ambient CO, concentration (C,) were measured with a
portable leaf gas-exchange system (GFS-3000, Walz
GmbH, Effeltrich, Germany) at a PPFD of 1,000 umol
m s (a saturated light derived from a pre-experiment).
The ambient CO, concentration (C,) was about 360 umol
mol . Three fully expanded fresh leaves were selected in
each pot and alternately measured between treatments.
Instantaneous water-use efficiency (WUE) was calculated
as P\/E, and stomatal limitation (L) was calculated as
1 — C/C, for each leaf sampled (He and Dong 2003).
During the measurement, mean air temperature and
relative humidity inside the chamber were 30.6°C and
60.2%, respectively.

Chl analysis: Six seedlings per treatment were chosen to

Results

The effects of soil sterilization on the physiological
and growth traits of R. pseudoacacia and Q. acutis-
sima: The sterilization of soil treatments significantly
affected the biomass of the root nodules and the total

determine leaf Chl content. Ten leaf disks from each
plant were removed with a cork-borer 1 ¢cm in diameter,
and 20 ml ethanol (95%, v/v) in a labeled vial was used to
extract Chl. The samples were kept in the dark for 24 h
before Chl analysis when the leaf surfaces were comple-
tely white. The absorption spectra of the supernatant
liquid was spectrophotometrically measured at wave-
lengths of 665 and 649 nm to calculate Chl ¢ and Chl b
concentrations, as described by Lichtenthaler and
Wellburn (1983). The Chl a/b ratio was calculated as
Chl a/b = Chl a/Chl b.

Biomass measurement: At the end of the experiment, all
the seedlings were harvested. The roots were washed
thoroughly and carefully with tap water. Root nodules
were separated from the roots of R. pseudoacacia. All the
plant parts were dried at 85°C for 48 h and weighed.

Statistical analysis: The data were subjected to two-way
ANOVA for each species, where competition and sterili-
zation were considered fixed factors with Type III Sum of
Squares. One-way ANOVA and Duncan’s Significant Dif-
ference tests were performed to determine the differences
among treatments in each species. The differences were
considered significant at P<0.05 in all the tests. All statis-
tical analyses were performed using SPSS /3.0 software
package (SPSS Inc., IL, USA). All graphs were drawn
using Origin 7.5 (OriginLab Co., Massachusetts, USA).

biomass accumulation of R. pseudoacacia (Table 1). The
biomass of the root nodules and the whole R. pseudo-
acacia plant with or without Q. acutissima in the
sterilization treatment (ST) were significantly greater

Table 1. Results of two-way ANOVA on biomass accumulation, gas exchange, and chlorophyll content of Robinia pseudoacacia and
the biomass of Rhizobium, with competition (C) and soil sterilization (ST) treatments as fixed factors. Py — net photosynthetic rate;
E — transpiration rate; g, — stomatal conductance; C;— intercellular CO, concentration; L; — stomatal limitation; WUE — instantaneous
water-use efficiency; Chl a — chlorophyll a; Chl b — chlorophyll b; total Chl — Chl (a + b); Chl a/b — Chl a/Chl b. F — F values of
ANOVA; P — the significance levels. The effects are significant at the P<0.05 level.

Parameter C ST
F P F P

Total biomass [g] 9.940 0.003 11.548 0.001
Rhizobium [g] 9.818 0.003 11.850  0.001
Py [umol m?s™'] 7.824 0.006  3.440  0.066
E [mmol m?s™] 8.120 0.005 3270  0.073
gs [mmol m2s'] 0.569 0.452  3.825  0.052
C; [umol mol™] 0.740 0391  11.765  0.001
Ly [%] 0.628 0.429 11.046  0.001
WUE [mmol mol™"]  8.706 0.004 0536  0.465
Chla [mg g™'] 4.268 0.054 2768  0.113
Chl b [mg g™'] 0.777 0390 0490  0.493
Total Chl [mg g™'] 4.442 0.049 0552  0.467
Chl a/b 0.001 0980 2408  0.138

CxST

F P
0.001 0.972
0.040 0.843
5.191 0.024
5.383 0.022

10.893 0.001
0.287 0.593
0.003 0.960
9.877 0.002
6.704 0.019
0.131 0.721
4.576 0.046
0.182 0.675
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Fig. 1. Biomass of Robinia pseudo-
acacia (A) and Quercus acutissima
(B) in response to the competition and
soil sterilization treatments. The diffe-
rent lowercase letters represent signi-
ficant differences among treatments in
each species (P<0.05, Duncan’s test).
Error bars indicate one standard error
0 of the mean. n = 11-13 for nonsteri-
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Fig. 2. Biomass of Rhizobium in the roots of Robinia pseudo-
acacia in response to the competition and soil sterilization
treatments. The different lowercase letters represent significant
differences among treatments (P<0.05, Duncan’s test). Error
bars indicate one standard error of the mean (n = 11-13).

than those in the nonsterilization treatment (NST)
(Figs. 1, 2). Soil sterilization benefited the growth of
R. pseudoacacia, whether it competed with Q. acutissima
or not. The C; and L; of R. pseudoacacia were signifi-
cantly affected by the soil sterilization, and the effect of
sterilization on Py, E, and g, were approximately signifi-
cant (Table 1). When R. pseudoacacia grew alone, its Py,
E, g, and L in ST were significantly greater than those in
the NST (Fig. 3). While its C; in ST was significantly
lower than that in NST (Fig. 3). Sterilization had no
significant effect on Chl a, Chl b, total Chl, and Chl a/b
of R. pseudoacacia.

Soil sterilization had no significant effect on the total
biomass of Q. acutissima (Table 2). Sterilization
significantly affected the C;, Chl b, and Chl a/b of
Q. acutissima (Table 2). When Q. acutissima competed
with R. pseudoacacia, its C; in ST was profoundly lower
than that in NST. When Q. acutissima grew alone, its
Chl b in the ST was apparently greater than that in NST
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and the Chl a/b of Q. acutissima in ST was apparently
lower than that in NST (Fig. 5).

The effect of competition on the physiological and
growth traits of R. pseudoacacia and Q. acutissima:
Competition had a significant effect on the biomass
of root nodules and biomass accumulation of R. pseudo-
acacia (Table 1). In both soil treatments, the biomass of
the root nodules and the whole R. pseudoacacia that grew
alone, were distinctly greater than those of the R. pseudo-
acacia that competed with Q. acutissima (Fig. 1). The Py,
E, and WUE of R. pseudoacacia were significantly
affected by the competition of Q. acutissima (P<0.05)
(Table 1). In NST, the Py and E of R. pseudoacacia with
Q. acutissima were significantly greater than those of the
R. pseudoacacia without Q. acutissima and the WUE of
the R. pseudoacacia with Q. acutissima was significantly
lower than that of the R. pseudoacacia without
0. acutissima (Fig. 3). In the ST, the Py, E, C;, L, and
WUE of the R. pseudoacacia with and without Q. acutis-
sima were not significantly different. The total Chl
of R. pseudoacacia was significantly affected by the
competition, and the competition effect of Q. acutissima
on the Chl a of R. pseudoacacia was approximately
significant (Table 1). In the NST, the total Chl and Chl a
of the R. pseudoacacia with Q. acutissima were greater
than those of the R. pseudoacacia without Q. acutissima
(Fig. 4). In ST, the Chl a, Chl b, total Chl, and Chl a/b of
the R. pseudoacacia with and without Q. acutissima had
no significant differences.

The effect of competition affected the biomass
accumulation of Q. acutissima significantly (Table 2). In
ST, the biomass of the Q. acutissima that grew alone was
significantly greater than that with R. pseudoacacia
(Fig. 1). The Pn, E, g, C, L, and WUE of the
Q. acutissima were not affected by the competition effect
of R. pseudoacacia. Chl a, Chl b, and total Chl of the
Q. acutissima were significantly affected by competition
with R. pseudoacacia (Table 2). In NST, Chl a, Chl b,
total Chl, and Chl a/b of the Q. acutissima with and
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Fig. 3. Gas-exchange parameters (4—F) of
Robinia pseudoacacia in response to the
competition and soil sterilization treatments.
A: net photosynthetic rate (Py); B: transpira-
tion rate (E); C: stomatal conductance (g);
D: intercellular CO, concentration (Cj);
E: stomatal limitation (L); F: instantaneous
water-use efficiency (WUE). The different
lowercase letters represent significant diffe-
rences among treatments (P<0.05, Duncan’s
test). Error bars indicate one standard error
of the mean (n = 33-39 for the nonsterili-
zation and fungicide treatments).

Table 2. Results of two-way ANOVA on biomass accumulation, gas exchange, and chlorophyll content of Quercus acutissima, with
competition (C) and soil sterilization (ST) treatments as fixed factors. Py — net photosynthetic rate; E — transpiration rate;
g, — stomatal conductance; C;— intercellular CO, concentration; L; — stomatal limitation, WUE — instantaneous water-use efficiency;
Chl a — chlorophyll a; Chl b — chlorophyll b; total Chl — Chl (a + b); Chl a/b — Chl a/Chl b. F — F values of ANOVA; P — the
significance levels. The effects are significant at the P<0.05 level.

Parameter C ST CxST
F P F P F P

Total biomass [g] 10.580 0.002 0.004  0.951 0.376 0.543
Py [pmol m2s7™"] 1.826 0.178 1.817  0.179 12.949 <0.001
E [mmol m s 1.447 0.231 2819  0.095 13.145 <0.001
g, [mmol m?2s™'] 2.474 0.118 1.159 0283 6.752 0.010
C; [umol mol '] 0.862 0.354 5.085  0.025 0.922 0.338
L, [%] 0.569 0.452 3.194  0.076 1.339 0.249
WUE [mmol mol™']  1.375 0.243 3115 0.079 13.130 <0.001
Chla [mg g™'] 14.118 0.001 0.000  0.993 0.856 0.366
Chl b [mg g™'] 19.086  <0.001 5726  0.027 6.318 0.021
Total Chl [mg g™'] 18.586  <0.001 0.698  0.413 2431 0.135
Chl a/b 3.599 0.072 13.780  0.001 2.725 0.114

without R. pseudoacacia had no significant differences.
In ST, Chl a, Chl b, and total Chl of the Q. acutissima
with R. pseudoacacia were significantly lower than those

of the Q. acutissima without R. pseudoacacia while the

Chl a/b of the Q. acutissima with R. pseudoacacia were
significantly greater than that of the Q. acutissima
without R. pseudoacacia (Fig. 5).
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Discussion

The effects of soil sterilization on the root nodules of
R. pseudoacacia: The root nodule biomass of R. pseudo-
acacia with or without competition with Q. acutissima in
ST was greater than that in NST. Many fungi have the

The results suggest that the more intense competition
effect of R. pseudoacacia on Q. acutissima in ST was
caused by the greater growth of R. pseudoacacia, which
was benefited by soil sterilization.
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Fig. 4. Chlorophyll (Chl) content of Robinia pseudoacacia in response to the competition and soil sterilization treatments. The
different lowercase letters (A,C) represent significant differences among treatments (P<0.05, Duncan’s test). Error bars indicate one

standard error of the mean (n = 18 for the nonsterilization and fungicide treatments).

Fig. 5. Chlorophyll (Chl) content of Quercus acutissima in response to the competition and soil sterilization treatments. The different
lowercase letters represent significant differences among treatments (P<0.05, Duncan’s test). Error bars indicate one standard error of

I alone

the mean (n = 18 for the nonsterilization and fungicide treatments).
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ability to secrete metabolites that have antibacterial
effects to decrease bacteria content, so after sterilization,
the fungi in the soil decreased and the root nodules,
which are constituted by various bacteria, increased
because of less antibacterial fungal metabolites (Zhang
et al. 2008a, Zhang et al. 2008b, Zhao and Zhou 2008,
Popova et al. 2009, Qi et al. 2009, de Boer et al. 2010,
Karaman et al. 2010). In both soil treatments, the root
nodule biomass of R. pseudoacacia that grew alone was
greater than that of the R. pseudoacacia that competed
with Q. acutissima. This finding indicates that the effect
of competition with Q. acutissima on R. pseudoacacia
inhibited root nodule growth. The tendency of root
nodule biomass was in accordance with total biomass of
R. pseudoacacia in different treatments. It is generally
considered that nitrogen fixation plays an important role
in nutrient absorption and in increasing growth rate
of leguminous plants. The restriction length fragment
polymorphism (RFLP) analysis and the sequencing
of 16S rRNA of bacteria in the root nodules isolated from
the R. pseudoacacia distributed in China show that the
root nodule bacteria were not diffused from America or
Europe, but Chinese local bacteria that formed root
nodules by specific adaption (Wei et al. 2009). The alien
plant R. pseudoacacia in China might benefit from the
local bacteria that constitute root nodules. Competition
with Q. acutissima and sterilization affected the local root
nodules, which ultimately influenced the growth of
R. pseudoacacia.

The effects of soil sterilization on R. pseudoacacia and
0. acutissima: Although the biomass of the R. pseudo-
acacia in ST was greater than that in NSTs, its Chl
content had no significant differences with that of the
R. pseudoacacia without Q. acutissima in NSTs. Soil
sterilization benefited the growth of root nodules, which
provided more nutrients that contributed to the formation
of Chl. Ultimately, R. pseudoacacia attained relatively
higher photosynthetic activity to accumulate biomass.

The biomass of Q. acutissima with or without
R. pseudoacacia in ST had no differences with those in
NST, which suggests that the change in soil biota caused
by the sterilization had no evident effect on the growth of
Q. acutissima. When Q. acutissima grew alone, its Chl b
in ST was greater than that in NST. This result is in
agreement with that of R. pseudoacacia, and it indicates
that after sterilization, the nutrient supply to plants is
more abundant.

The different responses of R. pseudoacacia and
Q. acutissima to sterilization support the finding that soil
sterilization has no direct effect on the growth of plants,
which is in agreement with previous studies and the
sterilization increased the biomass of root nodules, which

ultimately benefited nutrient absorption and the growth of
R. pseudoacacia (Paul et al. 1989, 2001). The symbiosis
of R. pseudoacacia with Rhizobium made it more sensi-
tive to alteration of soil biota than Q. acutissima.

The competition between R. pseudoacacia and Q. acu-
tissima: In NST, the existence of Q. acutissima decreased
the growth of R. pseudoacacia, suggesting that Q. acutis-
sima had evident inhibition effects on R. pseudoacacia in
natural conditions. After sterilization of the soil, the
existence of Q. acutissima still decreased the growth of R.
pseudoacacia in terms of biomass, suggesting that the
inhibition effect of Q. acutissima on R. pseudoacacia was
not decreased even with the helpful effect of the
sterilization on R. pseudoacacia.

After soil sterilization, the effect of competition with
R. pseudoacacia decreased the growth of Q. acutissima in
terms of biomass, Chl a, Chl b, and total Chl of Q. acutis-
sima. This finding showed that after sterilization, the
existence of R. pseudoacacia had an obvious inhibition
effect on Q. acutissima and affected biomass accumula-
tion and formation of Chl. The more intense competition
effect of R pseudoacacia after the sterilization was
caused by the greater growth of R. pseudoacacia, which
was benefited by sterilization of the soil.

The investigation of the effect of soil biota on the
competition pattern of R. pseudoacacia and Q. acutissima
was conducted in a greenhouse, thus, spatial space was
limited. However, in the field, Robinia pseudoacacia, as
a clonal plant, can produce massive clonal ramets and has
the ability of clonal integration to explore resources in
greater space (Zhang et al. 2006). The competition effect
of R. pseudoacacia on Q. acutissima may be more
intense in nature.

Conclusion: This study found the different responses
of R. pseudoacacia and Q. acutissima to sterilization,
which indicated that symbiosis of R. pseudoacacia with
Rhizobium made it more sensitive than Q. acutissima
to alteration of soil biota. Native Q. acutissima had
a negative effect on the growth and dispersal of
R. pseudoacacia in natural soil. However, after
sterilization of the soil, R. pseudoacacia was less inhi-
bited by Q. acutissima, and the competition of R. pseudo-
acacia decreased the growth of Q. acutissima. The more
intense effect of competition after sterilization was
caused by the greater growth of R. pseudoacacia, which
was benefited by the soil sterilization. Soil sterilization
increased the nodule biomass, which ultimately benefited
the growth of R. pseudoacacia. Root nodule bacteria may
be important in the dispersal and invasion process
of nitrogen-fixing alien plants such as R. pseudoacacia.
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