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Abstract: Alien species invasion affects local community biodiversity and stability considerably, and
ecosystem services and functions will accordingly be dramatically changed. Many studies have
reported a correlation between invasibility and the chemical nature of soil, but the influences of
understory plant community structure and soil trace element concentrations on invasibility have
not been fully explored. Landscape heterogeneity in the urban and rural ecotone may alter the
invasion process, and assessing the invasibility of different types of native forests may lead to a
better understanding of the mechanisms by which native species resist invasion. We compared the
composition, structure, diversity and stability of the understory community in abandoned fallows,
severely invaded by Mikania micrantha and Borreria latifolia, and adjacent natural and planted forests
in the urban and rural ecotone of Eastern Guangzhou, China. Additionally, we quantified mineral
element concentrations in the topsoil (0-25 cm) most influenced by the root system of understory
communities in the forest stand types. Abandoned fallows had the highest concentrations of available
ferrum (Fe) and available boron (B) and the lowest concentration of total mercury (Hg) Hg among the
three stand types. In contrast to various species diversity indices, the understory structure of the three
stands better explained differences in community invasibility. Average understory cover significantly
differed among the three stand types, and those types with the greatest number of stems in height
and cover classes 1 and 2 differed the most, indicating that seedling establishment may deter invasion
to a certain extent. CCA (canonical correspondence analysis) results better reflected the distribution
range of each stand type and its relationship with environmental factors, and available Fe, available
B, exchangeable calcium (Ca), exchangeable magnesium (Mg), cover, available copper (Cu) and
total Hg , were strongly related the distribution of native and exotic understory species. Invasion
weakened community stability. The stability index changed consistently with the species diversity
index, and abandoned fallows understory community stability was lower than the other stand types.
According to our results, both soil mineral element concentrations and community structure are
related to alien species invasion. Against the backdrop of urbanization and industrialization, this
information will provide forest management and planning departments with certain reference points
for forest protection and invasive plant management.

Keywords: invasive alien plants; community structure; soil minerals; community stability; urban
and rural ecotone

1. Introduction

Climate warming, land use change and biodiversity loss now have become the leading
three drivers of global changes, and biological invasion is a key cause of diversity loss [1].
Alien plant invasion significantly affects local community biodiversity and stability, and
ecosystem services and functions will accordingly be changed dramatically [2,3]. Therefore,
research into local community invasibility mechanisms has become a critical scientific issue
in invasion ecology.
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Urban and rural ecotone refers to the transition zone between urban and rural ar-
eas, and its characteristics integrate some features of the two areas to form composite
landscapes [4], which play an important role in balancing ecological problems caused by
urbanization. However, habitat loss and fragmentation caused by urbanization also leave
urban and rural ecotones at higher invasion risk [5]. The eastern suburb of Guangzhou is
a typical urban and rural ecotone where agriculture and forestry are combined. It has a
unique ecological patch landscape of orchards, cultivated land, natural forest and planted
forest. Here, the alien species, Borreria latifolia and Mikania micrantha, are abundant. Mikania
micrantha spread rapidly from Hong Kong to Southern China in 1919, and Borreria latifolia
was introduced into Guangdong Province in 1937 as feed for army horses and also planted
to stabilize soil. The rapid spread of these two alien species can quickly occupy native
species’ living space [6-8], which seriously changes understory species composition.

Invasibility refers to community sensitivity to invasion, which is an inherent com-
munity characteristic [9]. It is generally believed that there are three hypotheses for the
regulation of invasibility by community structure: (1) if the number of local species is large,
the community is not easily invaded [3,10], (2) the higher the functional similarity between
alien and native species, the easier it is for successful invasion by the alien species [11],
and (3) the limitation based on the principle of community construction depends on the
number of vacant niches [12]. However, it also largely depends on resource availability.
The composition, structure and diversity of native species may be modified when faced
with invasion, which, in turn, determines whether a community can accept the successful
establishment of invaders [13]. We found that these two invasive species were mainly
distributed in the understory of abandoned fallows. This understory was investigated and
compared with those of adjacent natural and planted forests in the structure, composition
and diversity of native species under similar ecological conditions. Furthermore, exploring
the causes and results of invasion in this area was an important step to evaluate the risk
and prevention of invasion.

Successful invasion is not only associated with local community structure but also
affected by environmental factors. Due to the different survival strategies between invasive
and native species, differences in appearance (the composition, structure and life history
strategy of the vegetation on the ground) and biomass and litter properties may greatly
change soil properties. However, differences in soil mineral elements may also play an
important role in determining species distribution [14,15]. It is generally believed that areas
with higher resource levels are more likely to be invaded [16,17]. Indeed, in determining
invasion success and changing the allocation of aboveground and belowground resources,
soil mineral element concentrations play a leading role in promoting invasion [18]. Related
studies on soil physical and chemical properties changed by invasion have mainly focused
on soil carbon, nitrogen and phosphorus. Various mechanisms have been identified,
including the tendency for invasive species to have a higher nutrient utilization rate, litter
accumulation and decomposition efficiency. Thus, microhabitats that favor invasion can
be established. Likewise, soil microbial communities also promote invasion by positive
feedback to regulate and control nutrient cycling and effective proportion [19-21]. Native
species may also reduce invasion by affecting the availability of soil mineral elements.
Some studies have pointed out there is a significant relationship between local and alien
plant niche space and soil phosphorus availability [22]. Additionally, invasion could be
reduced by lowering soil nitrogen availability [23]. However, there are few studies on
other mineral elements and invasion, and related research has mainly focused on riparian
aquatic plants. Due to high human interference, and active and frequent river erosion
and deposition, considerable heavy metal elements accumulate [24]. A large number of
factories are distributed in urban and rural Guangzhou, and the ecotones are threatened
with urban and industrial pollution. Many mineral elements are deposited in soil under
runoff, leaching and weathering [25,26]. Consequently, the growth and physiological
functions of native and alien species have changed in this area, which may affect species
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distribution. Furthermore, the existence of alien species may also affect soil mineral
element composition.

Therefore, our study aim was to compare the relationships between invasibility and
changes in soil mineral elements and understory community structure in abandoned
fallows and natural and planted forests. Abandoned fallows were seriously invaded by
Mikania micrantha and Borreria latifolia in the eastern urban and rural ecotone of Guangzhou,
whereas natural and planted forests were only slightly invaded. We asked the following
three specific research questions: (1) What was the impact of invasion on soil mineral
element composition? (2) How did species composition, structure, stability and diversity
respond to invasion? (3) What were the distribution factors driving alien and native
species, respectively? We hypothesized that there were differences in soil mineral element
concentrations, understory species composition, structure and stability among the three
communities and that invasibility was influenced by soil mineral elements and community
structure. Our findings should be relevant to land managers and hopefully could be used
as guidance for decision-makers in forest protection and management of invasive plants in
the future.

2. Materials and Methods
2.1. Study Site

The study area is located in the eastern ecotone of Guangzhou. Guangzhou, situated in
Central-Southern Guangdong Province, is the capital of Guangdong Province. This area has
a typical south subtropical monsoon climate with an annual mean temperature of 21.5 °C
and a mean annual precipitation of 1819 mm. The highest average monthly temperature is
28.3 °C, and the lowest is 14.2 °C. The rainy season is from April to September and it is
cool and dry from December to February. Water and heat coincide throughout the year and
rainfall is abundant. The soil is mainly south subtropical lateritic red soil and the parent
rock is granite, sandstone and shale [27].

2.2. Sampling Design and Plant Census

Three stand types were selected in the study area (Figure 1). Mikania micrantha and
Borreria latifolia were mainly distributed in the abandoned fallows understory (Table S1).
After cultivation was abandoned, planting agroforestry systems were adopted, including
litchi, eucalyptus, slash pine and other tree species. Natural and planted forest were
selected in the adjacent stand. Canopy species of natural forest were native tree species. The
woody plants of the secondary forest are primarily alien species, which were introduced
for wood processing. Logging ceased in 2000. To minimize the differences caused by
habitat heterogeneity, we investigated the rock parent material, soil type, topography and
degree of human disturbance in the study area, before final sample plot selection. Our
determination of rock parent material was based on the National Geological Information
Public Service Platform [28], and soil classification was carried out according to the United
States Department of Agriculture (USDA) soil taxonomy [29]. Once similar sites were
identified, we selected forest understories that were around 20 years old and had received
minimal human disturbance over the previous 10 years of survey sampling (Table 1). Nine
600 m? (20 x 30 m) sample plots were established in each stand type, and each sample
plot was spaced at least 50 m apart. Three 2 X 2 m quadrats were randomly located in the
sample plots and data on shrub and grass communities were collected in each quadrat.
Species name, height, number of trees, cover and the invasion of three stand types were
investigated (Table 1). Community structure of shrub and grass communities was defined
using differences in cover and height. Cover was divided into 7 classes and height was
divided into 8 (Table 2).
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Figure 1. Geographic location of the study area in Guangdong, China (A,B) and sampling sites (C).
Table 1. Stand site characteristics.
Attribute Natural Forest Abandoned Fallows Planted Forest
. 113°47'-113°48' E 113°39'-113°40" E 113°37'-113°45" E
Location

Average alien cover

Dominant canopy

Elevation (m)
Slope (°)
Soil
Bedrock
Stand age
Sample plots
Quadrats
Invasion samples

(%)

species

23°38'-23°39’ N
260.2
23.7
lateritic red soil
granite
20
9
27
1

0.11

Cunninghamia
lanceolata, Castanopsis
hystrix, Machilus
chinensis

23°22/'-23°29' N
135.4
20.4
lateritic red soil
granite
20
9
27
6

24.3
Eucalyptus urophylla,

Pinus elliottii, Litchi
chinensis

23°17'-23°42' N
96
16.8
lateritic red soil
granite
20
9
27
1

3.33
Acacia magium, Pinus

massoniana,
Castanopsis chinensis
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Table 2. Classification of the range of height and cover classes.

Height Class Range of Height(cm) Mid-Point
1 <1 0.5
2 2-15 2.1
3 16-30 20
4 31-45 40
5 46-60 50
6 61-80 70
7 >80 100
Cover class Range of cover (%) Mid-point
1 <1 1
2 2-5 3
3 6-10 5
4 11-15 15
5 16-20 20
6 21-30 30
7 40-50 40
8 >50 50

2.3. Soil Sampling and Determination

Topsoil (025 cm depth) was collected at the intersection of 1/4 and 3/4 diagonal
lines in each 20 x 30 m quadrat and mixed into a homogenous quadrat sample. Available
sodium (Na) (mg/kg), exchangeable calcium (Ca) (mg/kg), exchangeable magnesium (Mg)
(mg/kg), available copper (Cu) (mg/kg), available zinc (Zn) (mg/kg), available ferrum (Fe)
(mg/kg), available manganese (Mn) (mg/kg), available boron (B) (mg/kg), total mercury
(Hg) (mg/kg), organic matter (g/kg), total nitrogen (TN) (g/kg), total phosphorus (TP)
(g/kg), total kalium (TK) (g/kg), available phosphorus(AP) (mg/kg) and available kalium
(AK) (mg/kg) were determined to characterize soil chemical properties [30].

2.4. Data Analysis

Differences in soil mineral element concentrations were compared using one-way
analysis of variance (ANOVA) among different stand types. To compare stand type diver-
sity differences, four diversity indexes were calculated, including species richness, species
evenness, Shannon-Wiener and Simpson diversity index [31]. Average cover and average
height were used to evaluate stand structure, and the Kruskal-Wallis test was used to
examine significant differences among stand types.

Multi-response permutation procedures (MRPP) and indicator species analysis (ISA)
were applied to test for differences in the composition of stand types. Test statistics were
based on the weighted average of pairwise distances within the processing. The test process
was arranged by observation results. MRPP had good characteristics when multivariate
and even high-dimensional problems were addressed, especially in capturing the difference
of dependent structure among variables. The results of the MRPP analysis include the T
value of the test statistic, the A value of the consistency statistic and the p value [32]. The
larger the absolute value of T, the stronger the separation between groups. The A value is
the statistic that describes group homogeneity, and the greater the A value, the greater the
group similarity.

Indicator species analysis (ISA) is able to determine the representative species of the
categorical predictive variable group. The species indicator value is the product of the two
parts: specificity (i.e., relative frequency) and sensitivity of species occurrence, which is
calculated as follows [33]:

a,/ N a
I A

IndVal=AxB=——"—
YR B/N - Np
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A is species specificity and B is species sensitivity. N is the number of samples, N}, is
the number of plots belonging to a certain habitat, a, is the abundance of a species k habitat
type, Ni is the number of plots belonging to the k habitat type, and I is the Euclidean
norm of the diversity vector of species in the k habitat type. Resulting indicator values
range from 0 to 100 (indicator species were perfectly matched with the current habitat).
Significant indicator species (p < 0.05) were determined by a Monte Carlo randomized
experiment (4999 runs) [34].

Using canonical correspondence analysis (CCA), correlations between sample plot
distributions and soil mineral element concentrations and community structure were
obtained. CCA is a nonlinear multivariate direct gradient analysis method that combines
correspondence analysis and multivariate regression analysis. CCA is carried out for
regression analysis on the results of each step of environmental factor calculation and then
the relationship between species and environment is analyzed in detail [35,36]. Since CCA
sequencing is based on a unimodal model, it has certain requirements for the distribution
of species. In our study, the attribute data of the re-sampled and extracted samples were
first sorted. The length of the first coordinate axis was 7.4, which was acceptable for CCA
sequencing based on a unimodal model.

Stand type stability was measured by the Godron coordinate value. The Godron
method for determining stability is based on the Gini-Lorenz model. The Gini-Lorenz
curve is fitted using species frequencies or percentages (relative frequencies) [37]. The
frequency of all the plants in the community was arranged from highest to lowest. The
cumulative reciprocal percentage and cumulative relative frequency of plant species were
calculated. Then, scatter plots were drawn and fitted with a smooth curve to determine
the binomial curve regression equation. When a straight line was used to connect the
horizontal and vertical axes 100, the point at which it intersects the curve was the desired
point. After the Godron coordinate values (a, b) were obtained, the Euclidean distance (D)
between the Godron coordinate values and the ideal stable point (20, 80) of the community
was calculated. Furthermore, 1/D was considered as the specific index value to measure
community stability. The smaller the D value, the higher the community stability [38].

Statistica 12.0 (Statsoft, Inc. Tulsa, OK, USA) was used to calculate and draw average
community cover, height box plots, one-way ANOVA, Kruskal-Wallis test, height level and
coverage level diagram and stability regression fitting. MRPP and ISA were calculated by
PC-ORD 7.0 (MjM Software, Gleneden Beach, OR, USA), and CCA was conducted using
CANOCO 5.0 [39].

3. Results
3.1. Stand Species Composition and Structure

There were significant differences in the understory species composition of the three
stand types (p < 0.05) (Table 3). The T absolute value of natural forest and abandoned
fallows was the largest (T = —7.2845), which demonstrated that the widest separation dis-
tance between the two groups and, therefore, the greatest difference in species composition.
Natural and planted forest had the second highest degree of separation in species com-
position (T= —6.2603). The higher the A value, the higher the intra-group consistency of
different communities. The A value of natural forest and abandoned fallows was the largest
(A =0.1451); abandoned fallows and planted forest had the lowest A value (A = 0.0389).

Table 3. Multi-response permutation procedures (MRPP) to test for significance of variation in
natural forest (NF), abandoned fallows (AF) and planted forest (PF).

Group Compared T A p
PF vs. AF —2.5662 0.0389 0.0241
PF vs. NF —6.2603 0.0875 0.0002

AF vs. NF —7.2845 0.1451 0.0001
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There were 10 species in natural forest with indicator values > 25, 7 species in aban-
doned fallows and 9 species in planted forest from the composition of indicator species of
different stand types (Table 4). Indicator species in natural forest are all common native
species and can adapt to the local environment. Photophilous invasive plants Borreria
latifolia and Mikania micrantha were among the indicator species of abandoned fallows. The
associated native plants, Cratoxylum ligustrinum and Miscanthus sinensis, are photophilous
plants with similar habitat adaptability. However, Alocasia macrorrhiza, Microlepia hancei
and Cyrtococcum patens grow in humid environments, which could reduce competition for
the same resources with invasive plants. Because planted forest had been affected by past
logging, indicator species such as Mussaenda pubescens, Dicranopteris dichotoma, Alchornea
trewioides and Litsea cubeba were characterized by high tolerance, wide adaptability and
rapid growth.

Table 4. Plant species with a significant indicator value (IV) > 25 for different forest types.

Stand Type Species ‘I]:ldl: :2:;(‘);) Mean S.Dev p Level
Adiantum flabellulatum 47.70 29.90 8.21 0.04
Allantodia metteniana 55.60 17.20 7.97 0.00
Ardisia punctata 22.20 11.00 7.44 0.30
Blechnum orientale 38.90 29.20 7.56 0.13
Natural Carex chinensis 44.40 16.00 7.61 0.02
forest Evodia lepta 67.60 22.90 9.09 0.00
Lindsaea orbiculata 44 .40 16.20 7.80 0.02
Psychotria rubra 86.70 23.60 8.35 0.00
Schefflera octophylla 65.80 21.50 9.21 0.00
Woodwardia japonica 33.30 14.10 7.41 0.08
Alocasia macrorrhiza 30.20 16.50 8.28 0.08
Borreria latifolia 24.40 16.20 7.89 0.15
Cratoxylum ligustrinum 33.30 13.60 7.37 0.08
Abandoned Cyrtocgccum ;iztens 23.70 22.10 9.50 0.30
fallows — yFicrolepia hancei 26.30 18.30 8.50 0.21
Mikania micrantha 33.30 13.70 7.57 0.09
Miscanthus sinensis 30.50 18.00 8.41 0.11
Alchornea trewioides 33.30 14.50 7.66 0.09
Aporosa dioica 28.90 16.00 7.83 0.09
Ardisia quinquegona 25.90 15.80 7.45 0.15
Dicranopteris dichotoma 35.40 26.80 9.95 0.18
Planted by pirta 22,90 23.10 9.26 0.42
forest Litsea cubeba 33.30 14.10 7.64 0.08
Mussaenda pubescens 44.80 29.90 8.28 0.07
Polygonum chinensis 31.40 18.40 8.71 0.15
Pteris semipinnata 26.60 28.20 7.74 0.51

Compared to the « diversity index (Figure S1), a comparison of community cover and
height better revealed structural differences between stand types (Figure 1). The average
cover of abandoned fallows (8.815%) was significantly higher than natural (3.742%) and
planted forests (3.051%), (Figure 2A). Similarly, the average height of abandoned fallows
(19.676 m) was greater than natural (9.926 m) and planted forest (19.352 m); however, the
differences were not statistically significant (Figure 2B).
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Figure 2. Box and whisker plots showing variations in average cover (A) and average height (B) of the resident community
across stand types. NF = natural forest; AF = abandoned fallows; PF = planted forest.

When the cover class was less than three (Figure 3A), there were significant differences
between stand types. The number of stems in natural forest in cover classes 1 and 2 was
greater than the other two stand types and the number in planted forest was the lowest.
There were no significant differences among stand types above cover class 3. Similarly, for
height, the number of stems in height classes less than three was greater in natural forest
than in the other two stand types (Figure 3B). However, the number of stems in height
class 2 in abandoned fallows was less than in planted forest.

7000 A 500
6000 . =&~ Natural forest B
< 5000 & 4000 =@ Abandoned fallows
) 2 = Planted forest
g 4000 = 3000
< 3000 g 2000 p
£ 2000 | = S
2 RN\ & 1004 /
1000 \\\\
O _Q/;g/—-:;‘& —— A:'q_,— 0 y— — S ———
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7
Cover class Height class

Figure 3. Variations in total abundance in different stand types across cover classes (A) and height classes (B).

3.2. Soil Mineral Composition in Different Stand Types

There were significant differences in available Fe (p = 0.04), available B (p = 0.01) and
total Hg (p = 0.02) among different stand types (Table 5). In abandoned fallows, compared
with the other two stand types, the concentrations of exchangeable Ca, available Cu,
available Zn, available Fe and available B were the highest, and the total Hg concentration
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was the lowest. The concentrations of available Na, exchangeable Ca, exchangeable Mg,
available Zn and available B in natural forest were higher than in planted forest soil.

Table 5. Soil mineral concentrations from plots in natural forest, abandoned fallows and planted forest.

Natural Abandoned Fallows Planted Forest
Variable F Value p Level
Max Mean £ SE Min Max Mean £ SE Min Max Mean £ SE Min
ANa 69.63 15.57 £+ 6.80 5.85 13.93 6.56 +1.19 2.67 8.64 427 +0.88 1.41 221 0.13
ECa 205.62 70.0 + 17.60 27.04 14542 719 +£16.21 18.97 51.34 38.71 + 2.56 27.76  1.80 0.19
EMg 29.73 12.88 £2.24 6.16 19.98 9.85 +1.92 4.06 10.90 7.32 £ 0.68 4.60 2.53 0.10
ACu 1.29 0.84 + 0.09 0.47 3.05 1.36 + 0.31 0.39 2.29 0.93 +0.27 0.18 1.28 0.30
AZn 8.16 496 + 0.63 2.62 16.71 5.63 &+ 1.55 2.03 8.84 443 +0.72 2.39 0.32 0.73
AFe 65.73 36.6 + 6.70° 10.53 94.34 62.32 +5.86 2 39.60  83.50 4939 +7.0123b 2295 3.86 0.04
AMn 18.23 747 £231 0.81 26.93 6.53 +2.98 0.50 65.87 13.47 +£7.50 0.36 0.60 0.56
AB 0.35 0.27 £0.022 0.19 0.49 0.31 £0.032 0.23 0.38 0.17 +0.03P 0.07 6.27 0.01
THg 0.14 0.09 £0.012 0.06 0.09 0.06 + 0.01° 0.05 0.21 0.11 +£0.022 0.05 4.70 0.02

Note: Available sodium (mg/kg): ANa; Exchangeable calcium (mg/kg): ECa; Exchangeable magnesium (mg/kg): EMg; Available copper
(mg/kg): ACu; Available zinc (mg/kg): AZn; Available ferrum (mg/kg): AFe; Available manganese (mg/kg): AMn; Available boron
(mg/kg): AB; Total mercury (mg/kg): THg. Data with different lowercase letters indicate a significant difference (p < 0.05).

3.3. Environmental Factors Driving Native and Alien Plant Distribution

All soil factors and community structure indices were sequenced by CCA. The first
four axes accounted for 66.18% of the total eigenvalue of understory native species (Table 6),
which could reflect most sequencing information. Available Fe, available B, exchangeable
Ca, exchangeable Mg and cover all played a significant role in explaining species distribu-
tion (Table 7). Although available Cu and total Hg did not reach significant levels, their
explanatory variation was 4.5% and 4.2%, respectively. Along CCA axis 1, available Fe
and available B concentrations increased from left to right, while the influence of cover
gradually weakened. From the bottom to the top along CCA axis 2, exchangeable Mg,
exchangeable Ca and available Cu concentrations increased gradually, while the influence
of total Hg on quadrat distribution increasingly weakened (Figure 4).

Table 6. Eigenvalues and explained variation of the first four canonical correspondence analysis
(CCA) ordination axes of species distribution and environmental variables.

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.625 0.534 0.476 0.461

Explained variation (cumulative) 7.070 13.100 18.490 23.700
Pseudo-canonical correlation 0.937 0.907 0.938 0.937
Explained fitted variation (cumulative) 19.730 36.580 51.620 66.180

Table 7. Effects of environmental variables on species distribution.

Name Explained Variation % Contribution % p Value
AFe 6.1 9.2 0.002
AB 5.3 7.9 0.016
ECa 5.1 7.6 0.022
EMg 5.6 8.4 0.03

Coverage 5 74 0.048
ACu 45 6.7 0.09

THg 42 6.3 0.19
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Figure 4. Ordination biplot showing the first two axis results from canonical correspondence analysis (CCA) of natural
forest (filled squares), abandoned fallows (filled circles) and planted forest (filled triangles).

Natural forest plots were more tightly clustered in the CCA diagram and greatly
affected by cover and total Hg, whilst abandoned fallows and planted forest had similar
habitat preferences and were jointly influenced by exchangeable Ca, exchangeable Mg,
available Cu, available Fe and available B (Figure 4). The results also demonstrate that the
invasive species, Borreria latifolia and Mikania micrantha, were mainly affected by available
Cu and exchangeable Mg (Figure 5). Native species could be divided into three groups. Na-
tive species such as Tetracera asiatica, Alocasia macrorrhiza and Kyllinga nemoralis were located
in the upper left of the CCA and closely linked to exchangeable Ca and exchangeable Mg,
while cover and total Hg were the main environmental factors affecting the distribution
of Lindsaea orbiculata and Psychotria rubra in the bottom left. Miscanthus sinensis and Litsea
cubeba, located in the bottom right of the CCA, were mainly driven by available B and
available Fe (Figure 5).

3.4. Relationship between Stand Type and Community Stability

The stability analysis diagram (Figure 6) and the intersection coordinates for Euclidean
distance (Table 8) demonstrated that the stability ratio of abandoned fallows had the highest
degree of deviation from 20/80 and its stability was the lowest. For natural and planted
forest, the intersection distance was close to 20/80, indicating that the stability of the two
communities was similar.
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Figure 5. Ordination biplot showing the first two-axis results from canonical correspondence analysis (CCA) of both native
(black color) and invasive (blue color) species in the understory of the resident communities. The top 32 species were
selected from the analysis. Species codes: DUNROT = Dunbaria rotundifolia; PANBRE = Panicum brevifolium; KYLNEM =
Kyllinga nemoralis; EUPCAT = Eupatorium catarium; TETASI = Tetracera asiatica; ALOMAC = Alocasia macrorrhiza; STELAN =
Sterculia lanceolata; BORLAT = Borreria latifolia; MIKMIC = Mikania micrantha; VIOVER = Viola verecunda; MAEPER = Maesa
perlarius; HEDHED = Hedyotis hedyotidea; TYPDIV = Typhonium divaricatum (L.) Decne.; PSYSER = Psychotria serpens; FICFIS =
Ficus fistulosa; EVOLEP = Evodia lepta; RUBALC = Rubus alceaefolius; CASHYS = Castanopsis hystrix; ALLMET = Allantodia
metteniana; PSYRUB = Psychotria rubra; LINORB = Lindsaea orbiculata; DICDIC = Dicranopteris dichotoma; LYGSCA = Lygodium
scandens; MISSIN = Miscanthus sinensis; LITCUB = Litsea cubeba; APODIO = Aporosa dioica; CRALIG = Cratoxylum ligustrinum;
RHOTOM = Rhodomyrtus tomentosa; LINHET = Lindsaea heterophylla; TOXSUC = Toxicodendron succedaneum; CALMAC =
Callicarpa macrophylla; MELNOR = Melastoma normale.

Table 8. Changes in stability parameters in relation to stand type.

Stand Type Fitted Curve Average Height R? Crossover Point Euclidean Distance
Natural forest y = —0.0015x? + 1.304x — 3.6345 0.965 (46.89,53.11) 38.028
Abandoned fallows y= —0.0011x2 + 1.0213x — 3.0612 0.977 (52.49,47.51) 45.948
Planted forest y = —0.0051x? + 1.3765x 0.947 (46.77,53.23) 37.858
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Figure 6. Stability of tree stand types. (A) = natural forest; (B) = abandoned fallows; (C) = planted forest.

4. Discussion

Variation in soil mineral element concentration is closely related to soil formation
conditions and processes. It is influenced by the combination of soil-forming parent
material, topographic factors and biological effects [40,41]. The soils in the study area had
developed from granite and other soil-forming matrices intruded during the Yanshanian,
and so local mineral elements are generally depleted [42]. This may be due to the local high
temperature and rainfall, as, during strong soil formation, easily mobile mineral elements
such as K, Mg and Ca, are leached, while a few difficult elements, such as Fe and Al, are
enriched in the soil. Alternatively, the site vegetation was severely damaged, soil erosion
was exacerbated, and organic matter and clay particles were low, which reduced mineral
element adsorption [43]. The effects of these factors on soil mineral elements are extensive
and therefore negligible in our study. We selected sites with the same parent material
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and soil type to minimize the mineral differences in the soil itself (Table 1) and collected
only the topsoil (0-25 cm depth) for analysis. Because of differences in aboveground litter
and sediment input, mineral element concentrations are changed by root absorption and
turnover of the shrub and grass community and, therefore, most obvious in the soil surface
layer. This approach helped us to explore soil mineral element changes in different stands.

Our results indicated that there were significant differences in soil available Fe, avail-
able B and total Hg among the three stand types. Compared with the other two stand
types, abandoned fallows had the highest soil concentrations of exchangeable Ca, available
Cu, available Zn, available Fe and available B. However, abandoned fallows had a lower
pH and organic matter concentration than the other stand types, although there were no
significant differences between them (Table S2). The differences in mineral concentrations
between stands may be related to the land use history. Because the abandoned fallows
was initially used as an agroforestry complex, tillage and fertilization may have caused a
continuous increase in cation concentration in the soil [44]. Although conversion to forest
land has occurred due to abandonment and natural succession, such changes may still be
detectable decades or even centuries after afforestation [44—46]. It has been suggested that
community composition may also alter soil mineral concentrations. Different species may
directly or indirectly influence mineralization rates and alter soil mineral cycles through
uptake rates [47], litter quality and quantity [48,49] and synergistic interactions with soil
microorganisms [48,50]. Additionally, other unmeasured factors in this study, such as
soil temperature and humidity, density and porosity, may also affect soil mineral element
concentrations [51,52].

The extensive occurrence of invasive species in abandoned lands is related to their
specific environmental characteristics, such as light requirements [53], but it could also be a
preference for a certain soil element [54]. Many studies have shown the limiting effect of
nitrogen and phosphorus deficiency on the growth of invasive plants [54-56]. In addition to
these soil elements, other elements also play a role in the distribution of invasive plants. For
example, Solidago canadensis L. is abundantly distributed in soils with high zinc (Zn) and
lead (Pb) concentrations, which may be the result of its ability to overcome the stress of high
element concentrations by developing defense mechanisms while maintaining competitive
ability under stressed conditions [57]. The low number of invasive species in natural and
planted forests may be due to their adaptation to low mineral concentrations in local soils.
It has been suggested that high mineral element utilization (e.g., longer roots) may be
a survival strategy for native species in low mineral concentration habitats. In contrast,
invasive species have difficulty utilizing low mineral element concentrations and therefore
have difficulty surviving [58]. However, in the study area, the correlation between mineral
concentration and invasive species requires verification by further experimental studies.

In our study, there were significant differences in species composition in the three
stand types (MRPP test, p < 0.05). However, there were no common species with indicator
values >25, indicating that no habitats could be differentiated by these species; for example,
natural forest indicator species were all common and widely adaptable native species.
Abandoned fallows were mainly invaded by Borreria latifolia and Mikania micrantha, both
of which were photophilous, and associated native species tended to have two different
survival strategies: (1) direct competition between associated native species and invasive
plants for light resources, and (2) reduced competition for the same resources in low light
environments where native species exist and invasive plants are less common. Planted
forest indicator species were characterized by a wide tolerance and rapid growth. For
planted and natural forest with lower invasion, the selected indicator species all played an
important role in habitat protection.

The aim of our ecological research was to confirm the factors controlling community
distribution. Understory species composition and community structure are regulated by
many environmental factors. Based on our CCA analysis, the important factors influencing
quadrat distribution were available Fe, exchangeable Mg, exchangeable Ca, available
B, available Cu, total Hg and community cover. However, quadrat distributions in the



Forests 2021, 12, 185

14 0f 18

CCA sequencing diagram indicated that there were significant differences in the three
stand types. Natural forest plots were tightly clustered, while abandoned fallows and
planted forest plots had similar habitat requirements that were mainly affected by multiple
mineral elements. The occurrence of invasive species Borreria latifolia and Mikania micrantha
was closely related to available Cu and exchangeable Mg, but at the same time, many
native species, such as Tetracera asiatica and Alocasia macrorrhiza, were similarly affected.
The remaining native species were distributed in two areas: low cover and low total Hg
concentration, or high available B and available Fe concentrations.

Community stability is the comprehensive performance of community dynamic bal-
ance achieved through population competition and symbiosis adjustment. Compared with
a non-invaded community, an invasive community has limited living space and available
resources. The stability of the invasive community represents its capacity to maintain
homeostasis under positive and negative feedback to the alien species [59].We reflected the
homogeneity of community distribution with the fitted curve of species frequency shown
in Figure 6. The resulting fitted curve reflects uniformity of community distribution; the
more uniform the distribution, the more stable the community [60]. Compared with the tra-
ditional method of community succession and comparative analysis, it is possible to obtain
current community stability from one time data, but the limitation is that it is not possible
to predict community successional trends [37,38]. In our study, Euclidean square distances
of the three stand types between intersection coordinates and stable point coordinates were
distributed in the range of 37—46 and in the stability order: planted forest > natural forest
> abandoned fallows. It may be that as invasive species increase plant height and cover,
it helps them to compete with native plants for growing space and resources to maintain
their dominant position and strong resistance to external interference [61]. Furthermore,
root allelopathic effect may increase [62], which would aggravate competition between
invasive and native species. Therefore, species replacement rate would be enhanced and
stability decreased in the community. Moreover, changing trends in the stability index
were consistent with changes in the species diversity index, Shannon-Wienerindex and
Simpson index (Figure S1). We can, therefore, conclude that the higher the community
species diversity, the more stable the community.

Plant invasions are often considered to be related to three factors: propagule pressure,
native community invasibility and land use history [63]. The extent to which each factor
plays a role in a given habitat may vary, and there may be some linkage between them [64].
It has been suggested that invasibility is regulated by exposure to propagule pressure.
Whether under high or low propagule pressure, communities change invasibility through
different strategies (adjusting the density or diversity of the community), and invasion
outcomes change as a result [65]. In addition, during the natural recovery of cropland
to forest, even with the influence of land use history, native communities can enhance
resistance to invasion and reduce the probability of invasion success by changing to
those species that can effectively use resources and become dominant [66]. Although we
could not completely exclude the effects of pressure and land use history in our study,
community invasibility is still worth further study. In the future, we will consider the
effects of integrating propagule pressure, land use practices and invasibility.

Invasibility is determined by a combination of community dominance, species diver-
sity, community structure and other components. In past field investigations and controlled
experiments on invasibility, native species diversity was considered as one of the main fac-
tors affecting the invasion process [67]. However, there are few reports on the invasibility
of community structure. In our study, although there was a size relationship between the
diversity indices of stand types, it was statistically insignificant. Furthermore, there was no
significant relationship between soil mineral element concentrations and diversity, a similar
result to a study of Galium verum L invasion. Regardless of native species diversity, alien
species can use their resources as much as possible at different nutrient levels to increase
their biomass. [16]. Some mineral elements had significant relevance with average cover
and height (Table S3) in our study. There were also significant differences in average cover
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among the three stand types, indicating that plant height and cover play an important
role in plant competitiveness and resistance to environments. Compared with the number
of species, the relationship between diversity and invasiveness may be more dependent
on species structure. When species with different survival strategies coexist, structurally
rich communities may increase complexity and improve the utilization rate of available
resources (especially light), while reducing the probability of invasion [68,69]. The cover
and height class distributions of the three stands were further analyzed, and it was found
that there was little difference between stand types at height and cover classes >3. However,
the number of stems in natural forest in height and cover classes 1 and 2 was clearly higher
than in the other two stand types. There was only a slight difference between the stand
types above class 3, which demonstrates that cover and height distribution tends to be
stable among communities. In natural and planted forests, the level of invasion was lower,
while the invasion level of abandoned fallows was higher, which may be due to the large
number of plants with low cover class in the former habitats. This may be a difference in
growth strategies: when species allocate resources to aboveground vegetative growth in
a resource-rich environment, plants with different cover classes can make full use of the
abundant resources in the environment, making it difficult for invasive plants to compete
with them [70,71]. In studying the impact of alien plant invasion on native species, the
relationship between community structure and invasibility should be paid more attention
in the future. Considering the complexity of community structure, it may also be necessary
to establish larger sample plots and increase time series to explore the relationships with
invasibility.

5. Conclusions

Soil mineral element concentrations in severely invaded abandoned fallows were
compared with those in slightly invaded natural and planted forests. There were significant
differences in available soil Fe, available B and total Hg concentrations among the three
stand types. Abandoned fallows had the highest concentrations of available Fe and
available B and the lowest concentration of total Hg. Through MRPP and indicator species
analysis, we found significant differences in species composition of the three stand types.
Our study highlighted that stand structure may be better than classical species diversity
indices in fully explaining invasibility differences among communities. There was little
difference in stem numbers in different stand types when cover and height class was
>3, but at height classes 1 and 2, stem numbers in natural forest were much greater
than the other two types, which indicates that invasion was resisted, to some extent,
by established seedlings. The three stand types demonstrated regular distribution on a
CCA two-dimensional sequencing diagram. Available Fe, available B, exchangeable Ca,
exchangeable Mg, coverage, available Cu and total Hg were important factors affecting the
composition and distribution of alien and native species in the community. The stability of
the three stand types was in the order planted forest > natural forest > abandoned fallows,
indicating that the latter invaded community was the least stable.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1999-490
7/12/2/185/s1, Figure S1: Local community parameter changes across stand type. NF = natural
forest; AF = abandoned fallows; PF = planted forest, Table S1: Invasion of different stand types. Table
S2: Soil nutrient content across stand type, Table S3: Pearson correlation analysis between community
parameters and soil heavy metal content.
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