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Abstract
Understanding the relationship between invasive plants and soil properties improves our ability to predict potential areas that could be invaded. To explore spatial scaling effects on the distribution of the invasive
plant Alternanthera philoxeroides, we conducted field research at six rivers (three rivers were lightly invaded
and the other three were heavily invaded by A. philoxeroides) near Nansi Lake, China, and compared characteristics of pairs of plots (4 m2 in area) with and without A. philoxeroides on two scales. For each plot we measured plant-related parameters, including plant coverage; biomass; the carbon-to-nitrogen ratio in root, stem,
and leaf; and soil-related parameters, including soil pH value, soil moisture, soil organic carbon (SOC), and
soil total nitrogen (TN). At the river scale, rivers with higher SOC and soil TN had higher A. philoxeroides
coverage. However, at the plot scale there was no significant difference in the soil properties of paired plots
with and without A. philoxeroides. Only the root carbon-to-nitrogen ratio was correlated significantly with soil
properties at the river scale, suggesting that roots played a vital role in the response to changeable soil conditions. Soil pH was negatively correlated with weed coverage, SOC, and soil TN. Invasive plant distribution
may be positively related to SOC and soil TN of rivers, and efforts to prevent an A. philoxeroides invasion
should focus on rivers with higher SOC and soil TN and lower soil pH.
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Introduction
Biological invasion is a global environmental problem that poses a serious threat to native ecosystems [1, 2].
Numerous studies have documented the effects of invasive plants to alter biodiversity [3], hydrology [4], nutri*e-mail: ecology@sdu.edu.cn

ent cycling [5], fire frequency [6], soil properties, and
disturbance regimes, as well as affecting many aboveand below-ground trophic interactions [7]. The impacts
of plant invasion on soil nutrient dynamics include carbon acquisition, an elevation in total carbon and nitrogen
content, and changes to soil moisture [8, 9]. The impacts
of invasive species range from the local to the global
scales.
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What makes an environment susceptible to invasion
and what enables a species to invade successfully are the
two central questions of biological invasion [10, 11].
Exploring the relationship between invasive species and
environmental factors will help to elucidate invasion mechanisms. Human disturbance, temperature, latitude, soil
properties, soil microorganisms, and various environmental
factors may be associated with biological invasion [12-16].
Latitude strongly affects the distribution pattern of invasive
plants in China at the provincial scale [17]. However, different factors play a decisive role at different scales. Abiotic
processes are much more important determinants of invasion success than biotic processes at large spatial scales,
while the opposite is true at small spatial scales [7, 18-20].
For example, the highest annual temperature was significantly correlated with the index of invasion at the regional
scale, but the factors were not correlated at the provincial
scale [21].
Wetlands, one of the world’s most important ecosystems, are valued for their ability to store floodwater, purify
water, and provide habitat for waterfowl and other wildlife
[22]. Soil organic matter of wetlands directly affects the
production ability of these ecosystems and is the most
important source of nutrients for wetland plants. Nitrogen,
phosphorus, and potassium are the main limiting nutrients
in wetland soil and are also the main essential elements for
plant growth and development. The amounts of soil nitrogen, soil phosphorus, and soil potassium directly affect
plant growth, as well as ecosystem stability and material
circulation balance [23]. Therefore, studying the relationship between plants’ distribution and soil properties has significant theoretical value and practical implications.
The invasive plant alligator weed Alternanthera
philoxeroides (Mart.) Griseb., is found throughout Nansi
Lake, China, where it produces dense mats that disrupt the
ecology of the riparian area, stream banks, and shallow
water. It spreads its propagules through hydrochory [24]
and uses dispersal by fragmentation, a technique that is par-

ticularly effective for aquatic plants [25]. A. philoxeroides
prefer the fertile and moist environment at the junction of
the land and water in freshwater ecosystems in warm temperate and tropical zones [26].
Although numerous studies have documented the relationship between plant invasion and soil properties [5, 15,
27-29], little attention has been paid to understanding how
soil properties affect the distribution of A. philoxeroides and
whether such abiotic factors are scale-dependent. The aim
of our work was to explore the environmental factors that
influence the distribution of A. philoxeroides in the main
rivers around Nansi Lake at two different scales (river scale
and plot scale). After conducting preliminary surveys of
A. philoxeroides distribution on rivers flowing into Nansi
Lake in summer 2012 and 2013, we conducted the field
investigations of the relationship between A. philoxeroides
and environmental factors in June 2014. We explored the
following questions:
1) How do nutrient properties in riparian soil, such as soil
total nitrogen (TN) and soil organic carbon (SOC),
affect the distribution of A. philoxeroides?
2) Do the factors affecting the distribution of A. philoxeroides differ at the river and plot scales?

Methods
Study Area and Species
The study was conducted in Nansi Lake (34º27′35º20′N, and 116º34′-117º21′E), located in southwest
Shandong Province and encompassing Nanyang Lake,
Dushan Lake, Zhaoyang Lake, and Weishan Lake. The total
area is 1,266 km2, the drainage area is more than 31,700
km2, and the mean depth is 1.5 m. It is classified as a large
shallow lake. The lake has a temperate continental monsoon climate with 870 mm of annual average rainfall and an
annual average temperature of 13.6ºC.
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Table 1. Basic information about the six researched rivers.
Length (km)

Basin area (km2)

Cai River

36

322

Laoyun River

5.9

30

Shizi River

22

296

Si River

159

2,366

Xinxue River

22

663

Zhuzhaoxin River

141

4,206

River

Nansi Lake is fed by 53 main rivers, not all of which are
suitable for research purposes (e.g. some rivers are shipping
lanes where A. philoxeroides cannot form monocoenosis on
the water surface). According to our pilot studies, the infestations in Xinxue River, Shizi River, and Laoyun River
were particularly serious, with vegetation sometimes
expanding 2-4 m from the riverbank and continuing for 100
m along the river. In other lightly infested areas, such as
Baima River and Si River, the weed was only distributed in
small patches. We chose six rivers (Xinxue River, Shizi
River, Laoyun River, and Si River – all studied in 2012 and
2013, as well as the Cai River and Zhuzhaoxin River, both
studied in 2014) and further examined the relationship
between A. philoxeroides and soil properties of the rivers in
June 2014 (Fig. 1, Table 1). A. philoxeroides was relatively
rare in the Si River, Cai River, and Zhuzhaoxin River.
A. philoxeroides, a member of the Amaranthaceae family, is an aggressive, stoloniferous, perennial rhizomatous
herb that grows rapidly in habitats ranging from dry terrestrial to aquatic. It originated in the Parana River alluvial
plain in northern Argentina but has spread to many parts of
the world and is considered a serious invasive species in the
United States, Australia, New Zealand, Thailand, and
China. A. philoxeroides was first introduced to China as
animal feed in the 1930s and then spread rapidly throughout most provinces. The stems of A. philoxeroides are hollow, buoyant, and easily broken, which contribute to its dispersal ability and invasiveness in aquatic environments.
In aquatic systems, A. philoxeroides typically emerges from
below-ground buds (on storage roots) in spring and then
spreads rapidly throughout the growing season, forming a
dense free-floating mat of vegetation on the water surface
[30]. It overwinters with storage roots and rhizomes [31].
Invasion is serious in areas in which the average temperature in January is 2-4ºC. The weed occurs in regions from
100º-121ºE and 18º-38ºN, and covers 22 provinces in
China [14]. The habitat of A. philoxeroides in our survey
was aquatic.

Field Sampling
We applied a paired-plot sampling design, choosing two
plots at each location: one with A. philoxeroides cover and
the other without. Each plot pair was chosen so that:
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(i)
(ii)

the plots were at least 5 m apart,
each plot was about 2 m×2 m, with an area of at
least 4 m2,
(iii) the bar surface at both plots was at the same elevation, in order to control for flooding frequency and
vertical distance to the water table or capillary fringe
(the driving factors in plant water availability).
We sampled soil at 24 plots with A. philoxeroides and
another 27 similar plots without A. philoxeroides (including
three plots in Zhuzhaoxin River, where no A. philoxeroides
was distributed). Plots without weed were all adjacent to
plots with weed, allowing comparative analysis, except in
the case of two plots that were invaded to such an extent
that there were no nearby weed-free plots. Soil samples
were collected using a customised stainless steel sampler.
In each study plot, we randomly collected three cores to
form a mixed sample. The position of survey points was
determined by GPS, and plots were recorded in digital photos.
After measuring the coverage of A. philoxeroides at
each plot, we randomly selected four or five main stem
branches of weed that were as long and intact as possible
for laboratory analysis.
Soil samples were analyzed for soil moisture, soil pH,
total soil carbon (TC), total soil nitrogen (TN), and soil
organic carbon (SOC), while samples of roots, stems, and
leaves were analyzed for biomass, TC, and TN.

Laboratory Analysis
After obvious plant material was removed from the soil
samples with forceps, the samples were air-dried. Basic soil
properties were identified following the standard methods
recommended by the Chinese Society of Soil Science [32].
A sub-sample of each soil sample was dried at 105°C for 24
hours to determine the soil moisture content. Soil pH was
determined with a PHS-3C pH meter in a 1:2.5 suspension
in H2O. Soil organic matter was determined by oxidation
with a potassium dichromate-titration of FeSO4 [32].
Collected plant samples were carefully washed and then
separated into root, stem, and leaf samples with tweezers.
Plant samples of roots, stems, and leaves were dried at 65ºC
to constant weight and then ground to pass through a 20mesh sieve. The different types of samples were weighed
using an electronic scale. The TC and TN of soil and plants
were analyzed using an Elementar Analysensysteme (Vario
EL III, Germany) in order to calculate the carbon-to-nitrogen (C/N) ratio in the soil and in the roots, stems, and leaves.

Statistical Analysis
All data were analyzed using SPSS (version 21.0). Oneway ANOVA was used to determine the significant differences in physical properties between different rivers, and
Pearson correlation was performed to compare environmental factors and plant properties. Bar charts and box
charts were created by SigmaPlot (version 12.5) and Adobe
Photoshop CS6.
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Table 2. Correlation analysis between plant and soil properties of plots invaded by Alternanthera philoxeroides.
Pearson
correlation
Coverage
Total biomass

Coverage

Total
biomass

Root/
shoot

Root
C/N1

Stem
C/N

Leaf
C/N

Soil TN

Soil TC

Soil pH

Soil
moisture

SOC

1
0.744**

1

Root/shoot

-0.208

-0.389

1

Root C/N

-0.569**

-0.372

0.675**

1

Stem C/N

-0.015

0.099

0.149

0.081

1

Leaf C/N

-0.267

-0.082

0.435

0.435

0.826**

1

Soil TN

0.323

0.468*

-0.429

-0.429

0.077

-0.163

1

Soil TC

0.061

0.060

-0.287

-0.287

-0.014

-0.219

0.689**

1

Soil pH

-0.602**

-0.358

0.539*

0.539*

0.065

0.3

-0.755**

-0.472*

1

Soil moisture

0.222

0.052

-0.139

-0.491*

0.078

-0.21

0.675**

0.837**

-0.630**

1

SOC

0.163

0.239

-0.235

-0.395

0.067

-0.16

0.898**

0.874**

-0.648**

0.819**

1

0.575**

0.488*

-0.362

-0.639**

0.131

-0.165

0.704**

0.519*

-0.683**

0.543*

0.687**

Mean SOC
1

C/N – carbon-to-nitrogen ratio; TN – total nitrogen; TC – total carbon; SOC – soil organic carbon
*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed). Mean SOC is average
level of SOC of river.

Results
General Distribution of A. philoxeroides
in Nansi Lake
Our investigation revealed that the river-wide coverage
of A. philoxeroides was as much as 30% in the Xinxue,
Shizi, and Laoyun rivers, and mean coverage of weed was
over 80% at these sites. In contrast, mean coverage was just
5% in the Si and Cai rivers. No A. philoxeroides was found

in the Zhuzhaoxin River. Therefore, the Xinxue, Shizi, and
Laoyun were considered heavily invaded rivers, and the Si
and Cai were considered lightly invaded rivers. The
Zhuzhaoxin River was eliminated from further analysis.
The average SOC was higher in heavily invaded rivers
than lightly invaded rivers, but there was no significant difference between invaded and non-invaded plots between
the two types of rivers (Fig. 2).
The median root C/N ratio was much higher in lightly
invaded rivers than heavily invaded rivers, and the range of
root C/N was narrow in heavily invaded rivers (Fig. 3A).
Meanwhile, stem and leaf C/N did not differ from one
another noticeably in the two types of rivers (Figs. 3B and
C). The average soil pH (Fig. 3E) was slightly more alkaline, and soil TN (Fig. 3D) and soil moisture (Fig. 3F) were
lower in lightly invaded rivers than in heavily invaded ones.

Correlations between Plant Distribution
and Soil Properties in Plots

Fig. 2. Soil organic carbon in rivers affected by the invasive
weed Alternanthera philoxeroides, including lightly invaded
rivers (LIR; n = 8 for both plots) and heavily invaded rivers
(HIR; n = 12 for both plots). The means (± standard deviation)
are presented for all the data. Different lowercase letters indicate significant differences between lightly invaded and highly
invaded rivers (one-way ANOVA analysis, KolmogorovSmirnov test, p<0.05).

Correlation analysis among the parameters of invaded
plots revealed that weed coverage was significantly correlated with plant root C/N ratio, soil pH, mean SOC, and soil
moisture. Biomass was significantly positively correlated
with soil TN and mean SOC. The root-to-shoot ratio showed
a strong positive correlation with soil pH and the plant root
C/N ratio. The plant root C/N ratio was not significantly correlated with SOC at the plot scale, but it was obviously negatively correlated with SOC at the river scale and positively
correlated with soil pH at the plot scale (Table 2).
According to one-way ANOVA analysis, soil TN, soil
TC, soil C/N ratio, and SOC significantly differed among
the five investigated rivers (p<0.001). Significant differ-

The Relationship between the Distribution...
ences were found in the plant root C/N ratio, soil moisture,
and soil pH value (p<0.05) (Table 3). Rivers with high weed
coverage, such as the Laoyun and Xinxue, had lower plant
root C/N ratios than did rivers with low weed coverage.

Discussion
The distribution pattern of A. philoxeroides was spatially heterogeneous in different rivers. Much of this discrepancy was correlated with soil properties, such as mean
SOC, soil moisture, and soil TN. Soil moisture is a vital fac-
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tor affecting carbon and nitrogen dynamics [5]. It also
affects nitrification, along with soil pH, soil aeration, and
soil temperature. Our study revealed that soil pH was negatively correlated with SOC and soil TN, concurring with
previously reported results [33]. In our study, soil pH was
also negatively correlated with weed coverage and soil TN,
indicating that A. philoxeroides prefers soil with lower pH
(to a certain degree). Our results indicated that lower soil
pH can raise soil TN, soil TC, and SOC, which promotes
A. philoxeroides growth in the lake we evaluated.
The correlation analysis revealed that the coverage of
A. philoxeroide was more closely related to root C/N than

Fig. 3. Carbon-to-nitrogen (C/N) ratio in (A) root, (B) stem, and (C) leaf of Alternanthera philoxeroides samples; (D) soil total nitrogen (TN), (E) soil pH, and (F) soil moisture in rivers that were lightly invaded (LIR) and heavily invaded (HIR) by the weed, with
median, 25%, 75%, and range for soil properties data.
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Table 3. Analysis of variance (ANOVA) of soil properties of 21 paired spots in the five studied rivers.1

Plant root C/N

Cai River

Laoyun River

Shizi River

Si River

Xinxue River

df

F value

p value

42.36±12.10 a

16.36±29.63 b

19.00±5.09 b

32.26±15.73 ab

16.16±1.82 b

a

bd

bc

ab

4.19

5.588

0.006

d

4.41

8.250

0.000

Soil TN

0.07±0.02

Soil TC

1.43±0.61 a

1.55±1.10 a

3.26±1.56 b

1.70±0.46 a

3.30±1.59 b

4.41

5.588

0.001

Soil C/N

20.00±8.64 cd

7.11±3.00 a

21.38±4.73 d

13.54±1.79 b

15.85±3.74 bc

a

0.19±0.08

b

0.15±0.05

b

0.13±0.03

b

0.21±0.07

4.41

9.410

0.000

b

4.41

5.267

0.002

Soil pH

8.13±0.06

SOC

0.42±0.12 a

1.31±0.91 b

1.54±0.70 bc

0.86±0.38 ab

2.22±1.23 c

4.41

6.892

0.000

a

ab

c

a

bc

4.41

5.107

0.002

Soil moisture

0.38±0.09

7.81±0.35

0.55±0.46

7.83±0.05

1.06±0.39

7.88±0.20

0.49±0.23

7.80±0.09

0.89±0.50

1

No Alternanthera philoxeroides was found in Zhuzhaoxin River, so it was eliminated from further analysis.
C/N – carbon-to-nitrogen ratio; TN – total nitrogen; TC – total carbon; SOC – soil organic carbon
Different lowercase letters indicate significant differences among the five rivers (Duncan’s test).

to stem or leaf C/N, so coverage was closely associated
with soil properties. Therefore, we concluded that root C/N
was an important factor that affected the invasion of
A. philoxeroides. Vegetative propagation (with storage
roots and stems) is the primary regeneration strategy in the
field [34]. Root heterogeneity and root length were related
to invasion in native grasslands in North America [35].
Allocation of energy to storage roots also plays an important role in the life history of A. philoxeroides [31].
The large root reserves act as the primary energy source for
shoot emergence in early spring and also enable rapid shoot
regrowth after physical damage. Root fragments can act as
propagules for long-distance dispersal by flooding or
human activities (e.g. soil transportation, dredging).
Therefore, allocation of energy to storage roots is a measure
of reproductive allocation for A. philoxeroides [26, 36].
The C/N ratio is an important predictor of the rate of
mineralisation for a given type of organic matter and is also
a determining factor in plant biomass, which has a decisive
influence on invasion. The processes of mineralisation and
immobilisation constantly occur simultaneously. When the
C/N ratio of decomposing organic residues is between 20:1
and 30:1, mineralisation and immobilisation occur at fairly
equal rates [37]. The C/N ratio of A. philoxeroides is around
24:1, indicating that a good balance of mineralisation and
immobilisation exists.
Invasive species with lower C/N ratios are associated
with more synergistic N loss over time [38]. It has been suggested that invasive species may further synchronise the
release of N from the litter layer with plant N demand,
enhancing positive feedback to invasion. As plants interact
with their environments, environmental factors can influence plant invasion and plant invasions can influence the
environment. Invaders can alter important ecosystem properties, such as native species richness, nutrient pools, transformations, and even bacterial community composition,
depending on the time since invasion [39]. Successful plant
invaders can have legacies that affect the soil-microbial
associations of native plants, and these effects can inhibit the
growth of native plant species in invaded communities [15].

The Cambara invasion has fundamentally increased the C
and nutrient storage of Pantanal soils [40], and the
Spartina alterniflora invasion has increased SOC and TN
concentrations [41, 42]. However, the impact of plant
invasions on soil organic carbon dynamic is not well
understood.
To answer the second question we proposed, significant
differences in soil properties were not apparent at a small
scale (plot scale); however, there were significant differences at the larger scale (river scale). Abiotic processes
such as stream flow are often more homogenous at smaller
spatial scales, so biotic processes are thought to be better
predictors of invasion success at small scales [19]. High
A. philoxeroides cover was associated with low native cover
[43]. Our results showed that at small scales, especially in
the riparian zone, abiotic processes like topographic factors
may strongly influence the invasion success of A. philoxeroides. Topographic factors including landform, slope, and
distance to water were important factors regulating species
and community distribution in riparian zones [44].
Flow accumulation, slope, annual average temperature,
and annual precipitation dramatically influence weed distribution [14]. A field survey in southeast China found that
A. philoxeroides dominate microhabitats (e.g. wet abandoned fields, swamps, marsh dunes, gravel dunes) that have
high levels of soil nutrients and water availability [45].
As the water flows, the soil in the river bottom slowly flows
as well, which increases its homogeneity. A. philoxeroides
was rarely distributed in wide rivers that had rapid water
velocity. However, in certain sites in the riparian zone with
flatter terrain, water flows slowly and the environment is
more suitable for A. philoxeroides. The river dynamics not
only affect colonisation but also cause local extinctions, so
plant populations become spatially subdivided and their
persistence becomes dependent on the spatial dynamics in
the network of local populations.
Dispersal characteristics and propagule bank persistence are main determinants of colonising ability and local
extinction rate, which in turn are important determinants of
invasive species’ regional meta-population viability [26].
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It is difficult to include all the sophisticated variables necessary to accurately predict plant invasion success at a
smaller scale, such as native species, hydrological processes, soil properties, and microbes. Therefore, research on the
factors influencing the distribution of invasive plants
should be conducted at suitable scales depending on the
study factors.
In conclusion, A. philoxeroides coverage was correlated
with river nutrient properties; rivers with higher SOC and
soil TN showed higher A. philoxeroides coverage at the
river scale. Soil pH was negatively correlated with weed
coverage, SOC and soil TN. However, there was no significant difference in the soil properties of paired plots, suggesting that soil properties mainly affect the distribution of
A. philoxeroides at the river scale. Efforts to prevent
A. philoxeroides invasion should focus on rivers with higher SOC and soil TN and lower soil pH.
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