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1. Introduction

Plant invasions are reshaping forests and forest-associated ecosystems across the
globe, with cascading consequences for biodiversity, biogeochemical cycling, disturbance
regimes, and critical ecosystem services. Recent syntheses emphasize both the scale of
plant invasion impacts and the difficulty of prevention, as novel species continue to appear
outside their native ranges [1–3]. Projections suggest that the pool of established alien
species will continue to grow through mid-century, reinforcing the need for biosurveillance,
prediction, and management tools that keep pace with accelerating change [4]. This Special
Issue, “Plant Invasions in Forest Ecosystems: Understanding Arrival, Expansion and
Management,” brings together ten papers spanning forest understories, riparian corridors,
mangroves, and bamboo–broadleaf ecotones, and that leverage approaches ranging from
field surveys to remote sensing and spatially explicit modeling. Collectively, these papers
highlight three key questions for plant invasion science. (1) Where is invasion risk highest,
and why? (2) How do invaders spread across natural landscapes? (3) What post-invasion
changes are most critical for ecosystem function and management?

2. Key Contributions from This Special Issue

2.1. Characterizing Invasion Risk: Susceptibility, Resources, and Context Dependence

Invasion risk is rarely uniform across a landscape; it is affected by resource availability,
canopy structure, propagule pressure, and the legacy of disturbance. In forested riparian
zones surrounding stream restoration sites, DeBerry and Hunter [5] identified species-
specific drivers of invasion across gradients, while also finding a consistent set of predictors
that repeatedly tip the scale to facilitate rapid invasion, including canopy cover, nitrogen
availability, soil texture, and bioavailable phosphorus. The value of this work is not
just explanatory: the authors explicitly connected these drivers to best practices that can
be implemented early in the invasion process, shifting stream restoration away from
reactive management toward proactive invasion resistance. At broader spatial scales,
Park and Cheon [6] leveraged South Korea’s National Ecosystem Survey to compare
exotic and endemic plants, showing that exotic plants exhibit broader niche breadth via
generalist strategies, while endemics occupy narrower, specialized niches—an asymmetry
that creates conservation risk when habitats are altered or homogenized. Their analyses also
suggest overlap between exotic and endemic plants in some water-related dimensions but
separation along topographic and climatic variables, reinforcing a key point for managers,
namely that invasion risk is multidimensional, and suitable habitat can differ depending
on which niche axes are considered. In European slope forests, Lipińska et al. [7] showed
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that the invasive species, Impatiens parviflora, is associated with lower tree cover, fewer
old-growth forest species, and understory conditions consistent with successional change
and disturbance. Their work also suggested that shade-tolerant trees (e.g., Abies alba, Fagus
sylvatica) act as constraints on spread. Importantly, this study demonstrated that invasion
is not just about the invader; it is also about the state of the habitat and the degree to
which the forest retains attributes of late-successional structure. Collectively, these studies
underscore the heterogeneity of invasion dynamics and their context-dependent controls.

2.2. Assessing Invader Spread: Spatial Dynamics, Thresholds, and Monitoring at Scale

The spread of invasives is inherently spatial, and models must operate at scales that
capture relevant landscape spatial variation. Models that ignore space (e.g., by focusing
on a small geographic area) can miss critical invasion dynamics that matter most for early
establishment. For example, Lu et al. [8] used spatially explicit, individual-based modeling
to show that the invasion success of Melaleuca quinquenervia depends strongly on the initial
spatial distribution of the species, as density, area covered, and the spatial configuration
(e.g., clustering) of individuals can shift trajectories toward success or failure. This study
underscores how early invasions are often governed by thresholds and clustering: estab-
lishment may require a sufficiently dense local founding population that can outcompete
native vegetation. Several other studies demonstrate the power of remote sensing and
landscape analysis for quantifying spread and targeting surveillance. In China, Li et al. [9]
mapped the expansion of moso bamboo (Phyllostachys edulis) into multiple forest types from
2010 to 2020 using a Landsat time series, documenting substantial increases in bamboo
area and emphasizing how expansion intersects with forest conversion and fragmentation
processes. In coastal wetland forests, Dong et al. [10] assessed mangrove ecosystems in-
vaded by Spartina alterniflora using a multi-year, remote-sensing approach to characterize
invasion patterns and associated ecosystem changes. They demonstrated that invasions
at the land–sea interface are now measurable at the relevant scales at which they unfold,
which is essential for aligning management jurisdictions with ecological reality. At a finer
spatial scale, Zeng et al. [11] analyzed the patchy expansion process at bamboo–broadleaf
interfaces, describing a spread-and-fill dynamic that has direct implications for edge man-
agement and monitoring design. Collectively, these papers argue for monitoring strategies
that treat invasion fronts as dynamic boundaries shaped by spatial heterogeneity, rather
than static maps, and that assess invasions at spatial scales that adequately capture these
dynamic processes.

2.3. Post-Invasion Changes: Community Reassembly and Potential Ecosystem Feedbacks

Invasion consequences can fundamentally alter biodiversity-ecosystem function rela-
tionships, creating self-reinforcing feedbacks when invaders modify ecosystem properties
to favor their own persistence. In central Nepal, Paudel et al. [12] showed that weed
invasion (Lantana camara) is associated with strong declines in understory diversity and
shifts in soil chemistry that provide critical benefits to the invading plants, including
higher total nitrogen, soil organic carbon, and available phosphorus in invaded plots. This
work illustrates that invaders can restructure both biotic communities and the abiotic
context of the environments they invade. In another example, Song et al. [13] explored
biogeochemical feedbacks, finding that bamboo expansion is linked to decreased phospho-
rus cycling rates and increased phosphorus-use efficiency—factors that can favor further
invader expansion—indicating that invasion can be coupled to stoichiometric nutrient
shifts, with implications for productivity and competition dynamics. Finally, in the early
stages of invasion, when ornamentals transition into wild populations, Nowińska and
Czarna [14] documented naturalization patterns for Crocus tommasinianus, illuminating
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how horticultural pathways can seed new invasions long before they are recognized as
management problems. Collectively, these studies provide strong evidence for the dy-
namic ecological changes that occur during the invasion process and suggest that these
biogeochemical changes may lead to strong ecological feedbacks favoring invasions. The
direct, indirect, and interrelated ways invaders interact with the changing soil environment
in these systems to create feedbacks is precisely the sort of causal question that should
motivate follow-up experiments and modeling.

3. Future Directions: Toward Rapid, Actionable Predictions and
Causal Understanding

The papers in this Special Issue highlight priorities for the next phase of invasion
science in forests, a science that is more mechanistic, more inclusive of uncertainty related
to spatial heterogeneity, scale, and feedbacks, and more connected to vital management,
providing rapid, clear information that managers can use to make actionable decisions. We
see five near-term priorities to advance this field.

3.1. Mechanistic Inference and Causal Modeling Should Become Routine

Many invasion datasets are multivariate, spatially structured, and observational by
necessity, but that does not preclude mechanistic inference. Piecewise structural equation
modeling (SEM) provides a pragmatic, hypothesis-testing framework that can accommo-
date mixed models, nested designs, and non-independence, while remaining transparent
about causal assumptions [15,16]. Complementing this, Bayesian hierarchical models can
unify uncertainty across observation, process, and parameter levels, and are particularly
well-suited for integrating disparate datasets (e.g., experimental plots, remote sensing, and
environmental DNA detections) into a single inferential model [17,18]. For biosurveillance
data specifically, occupancy detection frameworks provide a direct way to separate true
presence from imperfect detection—critical for informing early invasion management
strategies and determining decision thresholds [19].

3.2. Move from Correlative Risk Maps to Adaptive, Hybrid Forecasting That Couples Niche,
Demography, Dispersal, and Human Vectors with Remote Sensing Data

The studies in this series reinforce the idea that invasive species establishment and spread
are spatial processes with thresholds, lags, and contingency. Hybrid approaches—linking
niche suitability to demographic performance, dispersal factors, landscape connectivity, and
human-mediated pathways—should improve transferability and out-of-sample forecast
performance [4,8]. Where possible, these models should be evaluated as forecasts (not
just fits), with explicit error propagation and management-relevant performance metrics.
Furthermore, multi-year imagery can be used to quantify invasion trajectories, detect
frontier dynamics, and evaluate intervention effectiveness, especially when linked to
permanent plots, field experiments, and process measurements [9,10,13,20]. The next step
is operational: building repeatable workflows that translate imagery into (i) early-warning
triggers, (ii) prioritized field validation, and (iii) post-treatment evaluation, thereby closing
the loop between invasive species detection and effective management action.

3.3. Expand Biosurveillance Using Environmental DNA and Build Interoperable Networks with
Reference Infrastructure

Modern genomics tools, like quantitative PCR, digital PCR, and DNA metabarcoding,
can detect incipient invasions and cryptic taxa, but operational success depends on clear
objectives, controls, and action thresholds that are aligned with management response
capacity [21–23]. This Special Issue highlights the importance of scaling biosurveillance
from projects to networks, including internationally interoperable efforts, such as the U.S.
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Fish and Wildlife Service’s national environmental DNA (eDNA) strategy [24], the UK
Environment Agency’s DNA-based river monitoring work [25], Fisheries and Oceans
Canada’s eDNA initiatives [26], biosecurity-focused tools from the Cawthron Institute
in Aotearoa, New Zealand [27], and EU programs, such as GuardIAS [28]. As adoption
grows, curated reference libraries and automated screening tools must be treated as core
infrastructure because biosurveillance is only as reliable as the taxonomic databases and
reporting pipelines that support it [29].

3.4. Use Targeted Manipulative Experiments to Test Feedback Loops and Identify Management
Leverage Points

Several papers in this issue implicate biogeochemical and community feedbacks
(e.g., nutrient economy shifts, understory reassembly) that can facilitate plant invasions.
Well-designed, factorial field experiments—combining invader removal or addition with
resource manipulations, disturbance treatments, and restoration interventions—can isolate
causal pathways and quantify whether feedbacks are reversible or self-reinforcing [30,31].
Critically, embedding these experiments within an adaptive management framework (i.e.,
with explicit hypotheses, pre-defined decision thresholds, and iterative learning) can make
experiments directly relevant to operational constraints while improving generality across
sites and regions [32].

3.5. Integrate Invasion Genomics and Community Genetic Structure into Prediction and
Mitigation Efforts

A critical aspect not directly addressed in this Special Issue is the treatment of plant
invasions as eco-evolutionary processes, where propagule pressure and dispersal interact
with standing genetic variation, admixture, and rapid adaptation [33–35]. For invaders,
population genomic assignment can identify sources, pathways, and bridgehead popula-
tions, as well as equip managers with genetic lineages that differ in spread potential and
trait syndromes [34]. Equally important, the genetic structure of the recipient community
can shape invasion resistance and post-invasion trajectories; for example, native genotypic
diversity can suppress invader performance via plant–soil feedbacks [36], suggesting that
mitigation and restoration should prioritize genetic provenance and diversity, not only
species identity [37]. Finally, eDNA is increasingly capable of recovering within-species ge-
netic variation and population structure, enabling genomic biosurveillance that tracks not
just presence, but also lineage turnover through time [38,39]. As environmental genomic
tools become more cost-effective and ubiquitous, integrating genetic information into inva-
sive species research and management programs will enable these efforts to become more
predictive, prescriptive, and effective at mitigating economic and environmental damage.

4. Conclusions

Plant invasions will remain a defining challenge for forest science and management
in the coming decades [1,2]. The papers in this series show meaningful progress on three
fronts: identifying context-specific drivers, quantifying spread with models and remote
sensing, and linking invasions to ecosystem consequences. What is most exciting, however,
is how quickly the field is converging on integrated approaches: hybrid forecasting that
couples niche, demography, and dispersal; monitoring pipelines that connect satellites to
plots; and biosurveillance networks that use eDNA to shift detection earlier in the invasion
curve and inform the genetic contexts of invasions. This Special Issue not only acceler-
ates that convergence but also charts a course for management that is both scientifically
grounded and operationally actionable. The path forward requires sustained collaboration
among researchers, managers, and technologists to iteratively close the loop of prediction,
detection, and intervention.

https://doi.org/10.3390/f170202454
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Abstract

Biodiversity conservation in South Korea faces increasing challenges from alien plant inva-
sions. These invasions threaten endemic species uniquely adapted to specialized habitats,
making it crucial to understand their ecological interactions. This study quantitatively
compared the species composition, ecological niches, and species turnover patterns of
alien and endemic plants in South Korea using data from the National Ecosystem Survey.
Non-metric multidimensional scaling (NMDS) and multi-response permutation procedure
(MRPP) analyses revealed significant compositional heterogeneity between groups. Kernel
density estimation (KDE) revealed niche overlap in water-related factors (precipitation,
water yield), but clear separation in topographic and climatic variables (altitude, slope,
temperature). Alien plants exhibited broader niche breadths, confirming their ecological
generalist traits, whereas endemic species displayed narrower niches confined to special-
ized habitats. Zeta diversity analysis indicated slower species turnover in alien species,
suggesting niche assimilation and habitat homogenization. Both groups fit a power-law
model, emphasizing deterministic environmental filtering. These findings highlight the
ecological risks posed by alien species to stability of endemic plant communities and
underscore the importance of targeted, science-based management strategies.

Keywords: zeta diversity; niche breadth overlap; alien plant; plant invasion

1. Introduction

The recently adopted Kunming-Montreal Global Biodiversity Framework identifies
the management of invasive alien species and biodiversity conservation (Targets 6 and 23)
as key challenges. It emphasizes the importance of establishing a management system for
alien species, controlling their spread, and analyzing their impacts on ecosystems [1].

The vascular flora of South Korea comprises 3975 taxa (3307 species and 668 infraspe-
cific taxa, including subspecies, varieties, forms, and hybrids) classified into 951 genera
and 183 families. This includes 31 lycophytes, 333 ferns and allies, 30 gymnosperms, and
3581 angiosperms [2]. Of these, 3878 taxa are confirmed to occur in Korea, while 97 re-
main uncertain, and three are considered extinct or possibly extinct. The alien vascular
flora comprises 619 taxa 6 (96 families, 353 genera, 595 species, 6 subspecies, 11 varieties,
1 forma, and 6 hybrids) [3]. A revised checklist identifies 373 endemic taxa (64 families,
179 genera, 304 species, 6 subspecies, 49 varieties, and 14 nothospecies) [4]. The flora of
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the Korean Peninsula shares many biogeographic similarities with those of neighboring
regions such as northeastern China, Japan, and the Russian Far East. For example, a recent
study of Northeast Asia’s vascular plants found that Korea ranks among the top in species
richness and shares many dominant genera and families with other temperate East Asian
regions [5].

The colonization and spread of alien plant species have consistently been regarded
as primary threats to ecosystem function and biodiversity stability, and the international
community recognizes them as critical drivers of biodiversity loss. The spread of alien
plants threatens the structure and function of native plant communities by causing resource
competition, ecological niche overlap, and ecosystem disruption, ultimately leading to
biodiversity instability and reduced ecosystem services [6,7].

The invasion of alien plants adds species to specific habitats and alters the ecologi-
cal niches and resource utilization patterns of native and endemic plants within existing
ecosystems. This process intensifies competition within native plant communities, espe-
cially among endemic species adapted to specialized habitats. In this context, comparative
studies of the ecological interactions between alien and endemic plants are essential for
understanding their status, temporal dynamics, and implications for ecosystem structure
and health [8].

Several domestic and international studies have examined the relationships between
alien plants and species in specialized habitats, including resource competition, spatial
arrangements between alien and endemic plants, and predictions of invasiveness and
resource overlap based on niche analyses [9–11]. Furthermore, previous studies have
examined the physiological characteristics of alien plants, focusing on their environmental
adaptation, such as assessing their range within vegetation types based on soil moisture
conditions [12–15].

Research on alien plants in South Korea has mainly focused on their relationships with
environmental factors, invasion risks, and the spatial distribution of hotspot areas using
GIS approaches [16–22]. However, studies comparing alien plants with other plant commu-
nities, such as endemic plants or native plants, and analyzing their ecological niches, are
lacking. One study suggested the potential for examining success in becoming established
depending upon various environmental factors between native and alien plants within
ecological restoration sites [23]; however, this was limited to a specific habitat category
(e.g., disturbed areas). In this context, it is necessary to secure basic data to establish and
develop management strategies through supplementary analyses of the ecological niches of
alien plants at the national level. In summary, clarifying the management and geographical
distribution of alien plants in South Korea is crucial. Additionally, the interpretation that
alien plants cause biodiversity loss presupposes their impact on the survival of native
plants within their habitats. However, quantitative comparative studies on species inter-
actions remain scarce. Therefore, while studies on environmental factors within single
populations of alien plants are important for their management, quantitative analyses of
their correlations with other species, ecological niche overlap, and environmental suitability
are also necessary [24,25].

In particular, endemic plants, owing to their narrow distributions and environmental
specificity, are more vulnerable to climate change and habitat disruption than alien plants.
They also possess unique phytogeographical characteristics and value [26–28]. Thus,
more precise habitat-based analyses of alien plants are required to establish and develop
conservation and response strategies.

The coexistence patterns of alien and endemic plants can be comprehensively analyzed
through quantitative comparisons of ecological niche structures and resource utilization
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patterns [29]. Recent studies have attempted to analyze their competitive structures and
ecological isolation using various statistical techniques, including ecological niche overlap
analysis, estimation of niche breadth for environmental variables, spatial species compo-
sition, and zeta diversity analysis [9,30]. To address the lack of comprehensive data on
these parameters, this study aimed to compare species composition, ecological niches, and
spatial species turnover patterns of alien and endemic plants using regional ecological
data collected from the National Ecosystem Survey of South Korea. The specific objective
was to identify ecological differences between the two groups and their underlying factors.
Specifically, this study incorporated ecosystem service indicators as environmental factors
to assess the potential for alien plant dispersal and its ecological implications within the
broader framework of human–nature interactions. In summary, research on ecological
niche theory will provide a strong foundation for habitat-based species conservation and
restoration, as well as for developing and implementing effective policies for ecosystem
and biodiversity conservation [31].

This study was designed based on the following three hypotheses:

Hypotheses 1. The species compositions of alien and endemic plants are heterogeneous.

Hypotheses 2. The ecological niches of alien and endemic plants overlap in specific environmental
factors, resulting in differences in niche breadth.

Hypotheses 3. The differences in the ecological niches of the two groups originate from a determin-
istic process.

Based on these hypotheses, we examine and interpret the ecological assimila-
tion process of alien plants and the spatial separation structure of endemic plants,
providing fundamental data for effective biodiversity conservation and alien plant
management strategies.

2. Materials and Methods

2.1. Biotic Data and Selection of Target Sites

In this study, we tested the proposed hypotheses by analyzing extracted data with
various statistical tools (Figure 1).

The 800 survey grids were established using the 1:25,000 digital topographic map sys-
tem, the standard unit of the National Ecosystem Survey conducted by the Korean Ministry
of Environment [32]. Each grid reflects the spatial extent of the corresponding map and
was structured to facilitate the use of national vegetation survey data in ecological analysis.
This national survey system facilitates integrated analyses of plant species composition and
environmental factors based on quantified ecological data. In this study, we considered
each grid a single plot and assessed the presence of specific plant species.

Spatial distribution data on flora were obtained from 800 plots using the Spatial Join
tool in ArcGIS (ver. 10.8; Esri, Redlands, CA, USA). Plant species were extracted from
each grid, and species richness was then calculated. Species richness was defined as the
number of plant species recorded in each plot [33]. The survey period for plant species
ranged from 2006 to 2023. Alien plants, the target group of this study, identified based
on the Korean Invasive Alien Species Database [34], while endemic plants were identified
using the species list of Chung et al. and the Ministry of Environment [4,35].

We selected 80 plots with the highest species richness (top 10%) for both alien and
endemic plants, resulting in 160 plots in total, and compared their ecological characteristics
and species composition. Plots with high species richness represent the core niche space
within the ecological niche of the flora and serve as a sample group enabling a clear
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comparison of preferences for environmental resources [36]. Furthermore, plots with a
high probability of species occurrence were selected to analyze specific habitat niches, a
sampling method that enhances the reliability of environmental and species distribution
analyses [37,38].

 

Figure 1. Workflow chart of research directions, hypothesis setting, and analysis (yellow
highlight: the grids with the top 10% species richness of alien and endemic plants among the
800 survey units).

2.2. Abiotic and Ecosystem Service Variables

We identified a total of eight factors using ArcGIS to determine the environmental
conditions of the 160 plots. The environmental factors assessed were temperature, precipi-
tation, altitude, slope, habitat quality (HQ), bird diversity, water yield (WY), and sediment
delivery ratio (SDR). These variables were chosen because they represent key climatic,
topographic, and ecosystem service factors known to influence the distribution and ecolog-
ical characteristics of plant species, particularly alien and endemic species, as supported
by previous studies [39–53]. Temperature and precipitation layers were derived from
WorldClim Bioclim data (v.2.1; 30 arc-second resolution, representing 1970–2000 climate
averages), and altitude and slope were calculated using NASA’s Shuttle Radar Topography
Mission (SRTM) digital elevation model (30 m resolution).

Data on ecosystem service indicators, such as HQ, bird diversity, WY, and SDR, were
computed using the InVEST program (v3.14.1; Natural Capital Project, Stanford University,
CA, USA) based on land cover maps and spatial environmental data provided by the
Korean National Institute of Ecology [54].

HQ was calculated based on habitat type, habitat sensitivity, and threat levels. Habitat
types were derived from the Korean Land Use and Land Cover (LULC) dataset, and the
calculation formula is as follows [54]:

HQ = H × (1 − (
D2

D2 + K2 )) (1)
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HQ: Habitat quality
H: The habitat suitability of land use type
D: Threat level by habitat type
K: Half-saturation constant
Bird diversity was defined as species richness per grid cell based on data from the

National Ecosystem Survey [54]. For WY, values for each pixel were derived by subtracting
the annual actual evapotranspiration (AET) from the annual precipitation (PRE). The
formula is as follows [54]:

WY =

(
1 − AET

PRE

)
× P (2)

WY: Water yield
AET: The annual actual evapotranspiration
PRE: The annual precipitation
SDR was calculated based on rainfall- and erosion-related factors as well as slope

steepness. The calculation formula is as follows [54]:

SDR = R × Ks × LS × C × P (3)

SDR: The sediment delivery ratio
R: Rainfall erosivity factor
Ks: Soil erodibility factor
LS: Slope length and steepness factor
C: Cover management factor
P: Support practice factor
All spatial data values were extracted for each plot using ArcGIS and normalized to a

0–1 scale for cross-variable comparisons. The distribution patterns of alien and endemic
plants differ depending on these indicators [55–57]. Ecosystem service indicators were
calculated using the InVEST program.

2.3. Analytical Methods

We analyzed species composition differences between alien and endemic plant habitats
using non-metric multidimensional scaling (NMDS), selecting two axes with the highest
R2 values [58–60]. The multi-response permutation procedure (MRPP) was applied to
test group differences in species composition, with T and A statistics used to interpret
heterogeneity and within-group agreement [58,61].

To analyze ecological niche overlap and breadth, all environmental variables were
normalized (min–max scaling) to a 0–1 range for comparability across units. Ecological
niche overlap for each environmental factor was visualized using kernel density estimation
(KDE) and quantified with Schoener’s D index [62,63]. The KDE-based probability density
function integrates to 1 over the entire domain, which is a fundamental property of proba-
bility density functions. Schoener’s D index ranges from 0 to 1 and quantifies the area of
overlap between the two groups, indicating the degree to which the groups actually share
ecological niche space for each environmental factor [62,63].

The KDE formula is presented in Equation (4).

fh(x) =
1

nh
× ∑n

i=1 K f × (
x − xi

h
) (4)

fh(x): Estimated probability density value at point x
n: Number of samples
h: Bandwidth (smoothing parameter)
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Kf : Kernel function (e.g., Gaussian normal distribution kernel)
xi: Observed values
The smoothing parameter (h, bandwidth) determines the shape of the KDE curve, was

calculated using Silverman’s rule of thumb (Equation (5)) [64].

h = 1.06 × σ × n−1/5 (5)

σ: Sample standard deviation
n: Number of data points
The Gaussian normal distribution kernel used in this study was:

K(u) =
1√
2π

× e−
1
2 u2

(6)

K(u): Kernel function
u: The normalized value of the distance between the data point and the center of

the kernel.
To compare the ecological niche breadth between groups for each environmen-

tal factor, we employed KDE bandwidth, interquartile range (IQR), and Shannon
entropy [33,64–66]. Each indicator was applied using 1000 bootstrap resampling itera-
tions for the two groups to derive the mean and standard error [33,67]. Based on these
results, the statistical significance between the two groups was analyzed with an indepen-
dent samples t-test. By presenting both ecological niche overlap area and niche breadth
indicators, we aimed to accurately interpret the functions and interaction patterns of each
habitat based on ecological niche structure.

We analyzed zeta diversity to quantify multi-site species turnover and shared species
patterns across plots [30,68]. Zeta ratio analysis was also applied to assess species per-
sistence and regional similarity [30,68,69]. The zeta ratio represents the probability of a
species occurring in the nth plot given its occurrence in the n − 1 plot. The equation used
is presented below.

ζ − ratio =
ζn

ζn−1
(7)

ζn: The number of species shared between n areas
ζn−1: The number of species shared between (n−1) areas.
We compared power-law and exponential models to infer ecological assembly pro-

cesses. The power-law model indicates deterministic, niche- and environment-based
filtering, whereas the exponential model aligns with neutral theory and stochastic
turnover [30,68,70]. Model fit was evaluated using Akaike’s information criterion (AIC),
with lower AIC values indicating better fit [71].

As for the analysis program, biotic and abiotic factors were extracted using ArcGIS
and PC-ORD (ver. 7.0; MjM Software Design, Gleneden Beach, OR, USA) was employed
for NMDS and MRPP tests. R Studio (ver.4.5.1; R Foundation for Statistical Computing,
Vienna, Austria) with the packages ‘ggplot2’, ‘vegan’, ‘boot,’ and ‘zetadiv’ was employed
for KDE modeling, niche overlap analysis, and zeta diversity analysis.

3. Results

3.1. Ordination and MRPP-Test

We performed NMDS ordination to analyze the species composition heterogeneity of
alien and endemic plant habitats (Figure 2). The stress value in the two-dimensional
ordination was 17.581, below the acceptable threshold of 20 in ecological analyses
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(p = 0.004), indicating reliable results [58]. The R2 values for the first and second axes
were 0.609 and 0.211, respectively, with an overall R2 value of 0.820. When comparing
the species composition of alien and endemic plant habitats, the two groups partially
overlapped, but their centroids were separated in two-dimensional space, indicating het-
erogeneous composition. The environmental variables influencing the arrangement of
species composition were included gradient, HQ, SDR, precipitation, temperature, and
bird diversity.

Figure 2. NMDS ordination (cut-off R2 = 0.3) of species composition for each group. Purple arrows
represent environmental vectors fitted using a joint plot in PC-ORD 7.0. The length and direction of
the arrows indicate the strength (R2 > 0.3) and direction of correlation with the ordination axes. The
cross symbol indicates the centroid of species composition for each group.

The MRPP results (Table 1) showed T = −73.8937 and A = 0.2814, indicating signifi-
cant differences between groups, while within-group similarity remained relatively high
(p < 0.001).

Table 1. Summary of MRPP results comparing species composition across different groups. The T
statistic indicates the separation between groups, while A represents the chance-corrected within-
group agreement. Significant results (p < 0.05) suggest that community composition differs
among groups.

Compared Plant Groups T A p-Value

Alien vs. Endemic −73.894 0.281 <0.001

3.2. Ecological Niche Comparisons of Habitats of Alien and Endemic Plants

We performed KDE analysis to determine the degree of sharing of available resources
between each group based on the overlap area of the ecological niches of alien and endemic
plant habitats. The degree of shared resource use reflects the level of competition between
the two groups for growth and distribution [72,73]. To compare the degree of overlap
between the ecological niches of alien and endemic plants, KDE-based overlap (Schoener’s
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D) was calculated for eight environmental variables (Figure 3, Table 2). Schoener’s D values
quantify the area of overlap between two distributions on a scale from 0 to 1; the higher the
value, the greater the resource sharing (or competition) between the two groups.

Figure 3. Kernel density estimation (KDE) curves showing ecological niche distributions of Alien
(red) and Endemic (green) species groups across eight normalized environmental gradients. Gray
shading indicates the overlapping region between the two distributions. The x-axis represents the
normalized scale of each environmental variable, and the y-axis represents the estimated probability
density. Environmental variables are as follows: (a) temperature, (b) precipitation, (c) altitude,
(d) slope, (e) habitat quality, (f) bird diversity, (g) sediment delivery ratio, (h) water yield.
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Table 2. Overlap metrics for 8 Environmental variables (Schoener’s D).

Variable Schoener’s D

Temperature 0.276
Precipitation 0.719

Altitude 0.157
Slope 0.261

Habitat quality 0.255
Bird diversity 0.419
Water yield 0.397

Sediment delivery ratio 0.277

Precipitation showed the highest overlap (0.719), indicating similar water-resource
niches for the two communities. Bird diversity (0.419) and water yield (0.397) followed, and
these ecosystem service indicators are interpreted as factors related to habitat connectivity
and moisture conditions within habitats, respectively.

In contrast, altitude showed the lowest overlap at 0.157, followed by gradient (0.261)
and temperature (0.276). These results imply that the two groups occupy distinct ecological
niches shaped by topographic and temperature conditions. These environmental variables
suggest that their distributions are influenced by different ecological characteristics.

In summary, alien plants share ecological niches with endemic plants in relation to
moisture-related variables but tend to be confined to specific habitats under topographic
and temperature conditions.

The interpretation of the x-axis (normalized scale) and y-axis (estimated probability
density) for each environmental factor in the KDE graph reveals that alien plants were
generally concentrated in the mid-range or slightly lower normalized scale, whereas en-
demic plants, except for temperature and bird diversity, were concentrated in the relatively
higher normalized scale. Concentration in the lower normalized scale indicates that these
plants are abundant even under conditions with limited environmental resources. Higher
normalized scales indicate that these plants can particularly grow and develop in environ-
ments with abundant resources or require specific conditions for growth. Accordingly, this
analysis demonstrated that endemic plants were more specialized in their environmental
requirements for growth compared to alien plants.

We analyzed three niche breadth indicators—KDE bandwidth, IQR, and Shannon
entropy—for eight environmental variables (Figure 4) to compare the ecological niches of
alien and endemic plants. KDE bandwidth represents the quantitative range of ecological
niche breadth, while IQR indicates the core area where 50% of the data is distributed based
on the KDE curve. Shannon entropy is used to confirm the evenness of the distribution.

Figure 4. Ecological niche breadth of Alien (red) and Endemic (green) species groups across eight
environmental variables, based on (a) KDE bandwidth, (b) interquartile range (IQR), and (c) Shannon
entropy. Error bars represent standard errors derived from 1000 bootstrap replicates. Statistical
significance between groups was assessed using two-sample t-tests (p < 0.05 is indicated by * and
p < 0.01 by **).
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3.3. Zeta Diversity Analysis

Based on the above ecological niche analysis results, we can raise the following
question: Do the distribution characteristics of the two groups (alien and endemic plants)
according to environmental variables affect changes in species composition or species
turnover patterns? To answer this question, we derived a graph of the decrease in zeta
diversity and analyzed the associated ecological processes (Figure 5).

Figure 5. Comparisons of zeta diversity decline and the zeta ratio for each group. To determine
the ecological processes for each habitat associated with alien and endemic species groups, AICs of
exponential and power-law function regression were calculated.

Zeta diversity decreased with increasing spatial order in both alien and endemic plants,
but the decline was slower in alien plants. The zeta ratio graph tended to converge to 1 as
the zeta order increased in both groups. Table 3 presents the AIC values of the power-law
and exponential function models based on the graph of the decrease in zeta diversity. The
AIC values of the power-law function and exponential function models for alien plants
were −530.3144, and −109.6002, respectively, and the values for endemic plants were
−302.4994 and −85.1348, respectively. These results indicate that the power-law function
model better explained the ecological processes in both groups.

Table 3. Comparison of AIC values for exponential and power-law models fitted to zeta diversity
decay in alien and endemic plant groups.

Index Power Law Exponential

Alien −530.3144 −109.6002
Endemic −302.4994 −85.1348

4. Discussion

4.1. (Hypothesis 1) The Species Compositions of Alien and Endemic Plants Are Heterogeneous

The NMDS analysis showed clear distinctions in species composition between alien
and endemic plant groups, and the MRPP test confirmed statistically significant differences.
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This implies that the two plant groups formed under different environmental require-
ments [58]. The primary distribution areas of alien plants in South Korea are ports, landfills,
and areas near airports, and their distribution ranges extend to roads, construction sites,
and development areas [22,74]. In South Korea, some endemic plants occur along roadsides
and forest edges, but most are restricted to specialized habitats. Most species are limited
to habitats with strong environmental specificity, such as high mountain areas, cliffs, and
rocky areas, where human access is limited [75–79]. A similar trend is found worldwide,
with native plants generally adapted to habitats limited by environmental filters such as
altitude, precipitation, and soil, and showing high sensitivity to anthropogenic disturbance.
Although the NMDS contour overlay revealed heterogeneous spatial patterns, some areas
of overlap between alien and endemic plants were also observed. This can be interpreted as
reflecting a transitional spatial structure where alien plants are gradually invading habitats
where endemic plants have been established for a long time [80]. The habitats of the two
groups are not completely separated, and alien plants are gradually invading the habitats of
endemic plants. After disturbance, native and alien plants may coexist in specific habitats
if resources are sufficient. However, as succession progresses, these habitats become more
heterogeneous [23]. Alien plants exhibit distinct species composition and distribution
patterns over time to avoid competition with native species and utilize newly available
resources [9]. With respect to altitude and gradient, alien plants were distributed under
lower environmental conditions than endemic plants. The distance between the density
centroids was longer, indicating that differentiation occurred due to the adaptation of
endemic species to the unique climate conditions resulting from vertical distribution and
geographical isolation. Furthermore, the relationship between gradient and the ecological
niche of alien plants in this study was consistent with a previous study that found alien
plants frequently occurred in vegetation established at low gradients [18].

In consideration of the direction of the joint plot of environmental factor vectors, alien
plants were correlated with bird diversity and temperature, while endemic plants were
correlated with altitude, HQ, SDR, and precipitation [58]. This result is consistent with the
highest density points on the normalized scale found in the KDE-based ecological niche
analysis in this study. In other words, alien plants were concentrated in areas with high
temperature and bird diversity on a normalized scale, while endemic plants exhibited a
high distribution density pattern in environments with high altitude and gradients. These
results align with the joint plot analysis results of NMDS ordination.

These findings indicate that the species composition of each group did not originate
from a stochastic process, but rather from a deterministic process, i.e., the filtering effect
of specific environmental factors. This study will discuss this environmental filtering
mechanism in more detail in the following sections (Sections 4.2 and 4.3) to clarify its
close connection with community structure, ecological niche breadth, and spatial species
turnover (zeta diversity).

4.2. (Hypothesis 2) The Ecological Niches of Alien and Endemic Plants Overlap in Specific
Environmental Factors, Resulting in Differences in Niche Breadth

We analyzed ecological niche overlap (Schoener’s D) and niche breadth (KDE band-
width, IQR, Shannon entropy) for eight environmental variables to quantitatively compare
niche characteristics of alien and endemic plants [62–66,70].

For temperature, alien plant densities were concentrated in warmer ranges, reflecting
their adaptation to high-temperature environments and suggesting that their distribution
may expand under ongoing climate warming [7,42]. Endemic species showed higher
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densities in moist habitats (precipitation and WY), indicating reliance on stable water
resources and vulnerability to habitat drying [55,56,79].

Regarding HQ, alien species were broadly distributed across the entire normalized
scale, whereas endemic plants were concentrated in high-HQ areas, demonstrating their
preference for undisturbed, biodiversity-rich habitats [26,54,75,78]. The broad distribution
of alien plants suggests high adaptability to diverse disturbance regimes [6,24,80].

Alien species were more common in areas with higher bird diversity, implying that
heterogeneous or recovering habitats facilitate their dispersal [52,53]. In contrast, endemic
species were associated with areas of lower bird diversity, suggesting environmental
uniqueness or microhabitat specialization [77,79]. For sediment SDR, alien species oc-
curred mostly in low-SDR regions, such as managed areas and gentle slopes, whereas
endemic plants were concentrated in eroded or rocky terrain, indicating strong topographic
specificity [46,54–56].

KDE-based overlap analysis showed the largest overlap for water-related variables
(precipitation, WY), suggesting high competition potential for water resources between
groups [58,76]. Endemic KDE curves peaked in high precipitation and WY ranges, while
alien KDE curves peaked in intermediate to low conditions. Previous studies similarly
demonstrated that alien species, such as Bromus tectorum in Nevada grasslands, alter
hydrological cycles by reducing deep soil moisture availability and increasing surface
moisture use [8,12–15].

Conversely, topographic variables such as altitude, slope, and temperature showed
lower overlap, indicating clearer niche separation between alien and endemic plants [81].
Endemic species’ wider niche breadth for altitude and temperature highlights ecological
adaptation to temperature gradients, consistent with NMDS ordination showing strong
compositional diversity along elevation gradients [82,83].

Across all factors, alien plants exhibited a wider ecological niche breadth than endemic
species in five or six environmental variables, supporting their classification as ecological
generalists capable of thriving under diverse conditions. Endemic species had significantly
broader niche breadth only in temperature and altitude, consistent with their adaptation to
specialized environments and narrower ecological tolerance.

HQ-related metrics reinforced these findings: alien plants had significantly wider
niche breadth (p < 0.01) with even KDE distributions across HQ values, whereas endemic
species were concentrated at high HQ levels (0.8–1.0), highlighting their vulnerability to
anthropogenic disturbance.

Together, these metrics—kernel bandwidth (habitat dispersion), IQR (variation around
the median), and Shannon entropy (environmental resource diversity)—provide quan-
titative insight into ecological connectivity and resource utilization [9,29]. Our findings
highlight alien plants as ecological generalists occupying broad environmental ranges,
while endemic species are specialists restricted to narrow conditions [84]. This supports our
hypothesis that alien and endemic species exhibit overlapping niches for moisture-related
variables but contrasting niche breadth patterns overall.

Our findings are consistent with recent predictive modeling studies that emphasize
the importance of mechanistic niche models in projecting invasive species potential under
climate change scenarios [85]. Further, analyses of niche shifts and regional risk in recent
literature parallel our observations of niche breadth differences between alien and endemic
plants [86].
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4.3. (Hypothesis 3) The Differences in the Ecological Niches of the Two Groups Originate from a
Deterministic Process

Zeta diversity analysis revealed a slower decline in species turnover among alien
plants compared to endemic plants. The zeta ratio graphs for both groups showed an
upward trend, converging toward 1; however, the convergence occurred at a faster zeta
order in alien plants. Furthermore, the decline in zeta diversity for both groups supported
a power-law function model, suggesting that species turnover and changes in species
composition are driven by a deterministic process [70].

Contrary to our prediction that alien plants would generally show large variations
in species composition depending on local environmental conditions and regional hetero-
geneity, the findings of this study indicate that alien plants adapt swiftly to diverse habitats,
and habitats became stabilized with the repeated appearance of specific species [87]. This
is consistent with the slower decline observed for alien plants in the graph [30,68].

This pattern was also observed in the zeta ratio, with alien plants showing a tendency
to converge to 1 more rapidly than endemic plants, particularly between the 4th and
25th orders. This indicates that alien plants undergo rapid niche assimilation, swiftly
adapting to diverse habitats, occupying ecological niches, and homogenizing species
composition [88]. This process may induce competition between the two groups as the
overlap of available resources increases [89].

In contrast, endemic plants showed relatively large changes in species composition
between habitats, and the convergence of the zeta ratio appeared slower even at higher
orders, indicating a species composition structure in which regional specificity was rela-
tively maintained compared to alien plants. These results suggest that endemic plants, like
rare species, follow distribution strategies strongly linked to environmental gradients or
isolated habitat characteristics [27,43,90,91].

Additionally, the decrease in zeta diversity based on the power-law function suggests
changes in species composition in line with selective distribution and environmental
suitability rather than random distribution. Combined with the previously previous reports
on ecological niche breadth and overlap area, this strongly supports the distinct ecological
separation and species turnover structures between the two groups. Consequently, endemic
and alien plants are shaped by different environmental filters, forming distinct ecological
structures in both spatial patterns and species composition. The zeta diversity decline
curve for alien plants was gentler compared to endemic plants, which may indicate the
spatial persistence of common species and a wide environmental tolerance range [30,70].

These results support the potential for alien plants to penetrate and spread across
various habitats in South Korea. In this context, the gentle slope of zeta diversity in the
alien plant group, as found in this study, underpins the ecological process of stable species
turnover. Simultaneously, endemic plants may be more vulnerable to climate change or
habitat fragmentation due to ecological niche conservatism and local specificity [92,93].

5. Conclusions

This study quantitatively compared species composition, ecological niches, and species
turnover patterns of alien and endemic plants in South Korea, using national-scale data
from the National Ecosystem Survey. Alien plants were identified as ecological generalists
with broad niche breadth across multiple environmental factors, whereas endemic plants
exhibited specialized niches confined to specific conditions.

Zeta diversity analysis showed that alien plants maintain relatively homogeneous
species composition across regions, highlighting their rapid establishment and the potential
risks of habitat homogenization. Their wide ecological niche, particularly for ecosystem
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service indicators such as habitat quality (HQ), suggests their potential to spread into areas
of high conservation value.

This study demonstrates the utility of national biodiversity datasets for multidimen-
sional ecological assessments and provides a foundation for effective monitoring and man-
agement strategies. However, as our analysis was based on grid-level presence-absence
data, future studies should incorporate species population dynamics, functional traits, and
impact indices to better inform management priorities. Science-based and selective strate-
gies, rather than indiscriminate control, are essential to balance alien plant management
with the ecological roles of native and endemic communities.
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* Correspondence: k.fyalkowska@ibles.waw.pl

Abstract

Impatiens parviflora DC. occurs in various plant communities. Its occurrence has been
confirmed in Poland across 13 natural habitats protected under the Habitats Directive.
The aim of our work is to determine the differences between the plots with and without
I. parviflora in terms of the species richness and ecological conditions of the 9180* habitat-
type forest. Using data from 315 plots on which a phytosociological relevés was carried
out, we analyzed the geographical variability, the Shannon-Winner index and the indicator
species for old forests. Flora diversity was represented using the DCA, and the IndVal
index was calculated to determine the species that best characterize the differentiated
groups. The highest percentage of monitoring plots with I. parviflora is located in the
Sudetes Mountains (67.7%) and the lowest in the Bieszczady Mountains (7.5%). Plots with
I. parviflora were characterized by significantly lower tree cover, a higher number of tree
species in the stand, a lower height of both the understory and herb layer and a lower
number of old forest species. Impatiens parviflora does not affect the total number of species
in the understorey but is associated with a lower proportion of species typical of old forests.
The presence of I. parviflora also correlates with a higher proportion of young trees in the
understorey, suggesting a link with successional processes and habitat disturbance. The
spread of I. parviflora is limited by shade-loving trees such as Abies alba Mill. and Fagus
sylvatica L. The diversity of the distribution of I. parviflora depends on local conditions, so
conservation efforts should take into account the local ecological context.

Keywords: alien species; habitat protection; Natura 2000; slope forests

1. Introduction

The Habitats Directive [1] states that natural habitat types (terrestrial or aquatic areas
characterized by geographical, abiotic and biotic features and which are entirely natural
or semi-natural) threatened with extinction in their natural range or whose natural range
is small due to their regression or spatial limitation, or which are outstanding examples
of typical features of one or more biogeographical regions, are to be conserved within the
borders of the European Union. Protection refers to a series of measures that are necessary
for the conservation or restoration of natural habitats and to which the Member States
of the European Union have committed themselves. Of particular importance are the
priority natural habitat types, i.e., habitats at risk of disappearing, which are mainly found
in the EU.

One of the priority habitats protected by the Habitats Directive is the Tilio–Acerion
forests of slopes, scree and ravines (code 9180*), which, according to the CORINE

Forests 2025, 16, 1475 https://doi.org/10.3390/f1609147524
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classification [2], correspond to the Mixed Ravine and Slope Forests (code 41.4). Habi-
tat type 9180* comprises species-rich deciduous forests with a constant and often dominant
proportion of Acer pseudoplatanus L. Habitat type 9180* occurs in all mountainous regions
of Europe on steep slopes with skeleton-rich soils and active erosion processes. The slopes
are usually north-facing, which creates special microclimatic conditions characterized by
high humidity, low solar radiation and cool temperatures [3]. In Poland, due to these
requirements, they only occur in the mountainous regions of southern Poland and in its
foothills. The area of this habitat type in Poland is 20.4 km2 [4].

Impatiens parviflora DC. is an annual plant that occurs naturally in the mountainous
regions of Central Asia. In Europe, the species appeared in the 1830s—the first wild
specimens were found in 1831 near the botanical garden in Geneva (Switzerland), where
the species was cultivated [5]. In Western Europe, it was mainly found growing near
botanical gardens until the end of the 19th century. The first mentions of its occurrence
in Poland (in a natural environment) date back to 1850. The current distribution area in
Poland covers the entire country [6]. I. parviflora has a wide range of ecological requirements
for growth and development, which varies in different parts of Europe [7] and is most
commonly found in forest communities [5]. It occurs in coniferous and mixed coniferous
forests, in mixed forests, deciduous forests (most often in hornbeam forests and beech
forests) and even in alder and riparian forests [8]. It also occurs in various non-forest plant
communities—disturbed or undisturbed [9–14]. Reproduction of I. parviflora is related
to its ability to produce a large number of seeds (2000 to 10,000 seeds from one plant)
and to their rapid germination [15]. The seeds can remain alive in the soil for up to 3–
5 years. The time from germination to flowering is 8–9 weeks. The seeds are actively
dispersed up to 3–4 m away. They can also be transported by water currents, mammalian
hairs and soil, into the root ball of garden plants [5,16]. Due to the wide geographical
distribution of the species and the possibility of mass occurrence, I. parviflora is perceived
as a threat to 13 natural habitats protected under the Habitats Directive (3220; 3240; 6430;
8210; 8220; 9110; 9130; 9160; 9170; 9180*; 9190; 91E0*; 91F0) [17]. The presence of this
species also has a direct impact on the assessment of the conservation status of a particular
phytocoenosis [18].

The aim of our work is to determine the differences between the plots with and
without I. parviflora in terms of the species richness and ecological conditions of the 9180*
habitat type forest. In this way, we can learn at a national level about the ecological factors
that favour the occurrence of I. parviflora in this rare and naturally valuable forest type.

2. Materials and Methods

2.1. Data Collection

Our research is based on 315 plots on which a phytosociological relevés was carried
out in 2021. These plots are used to monitor the conservation status of habitat type 9180*
as part of the State Environmental Monitoring (SEM) resulting from the provisions of the
Habitats Directive [19]. Their distribution is shown in Figure 1.

The phytosociological relevés were carried out according to the method devel-
oped by Braun-Blanquet [20]. The percentage cover of each vascular plant species
was estimated using a seven-degree cover class scale (r—1–2 plants; +—2–5 plants;
1—species covers < 5%; 2—species cover 5%–25%; 3—species cover 25%–50%; 4—species
cover 50%–75%; 5—species cover 75%–100%) [20]. The area of the phytosociological relevés
was between 100 and 400 m2. Within the area of the phytosociological relevés, we estimated
cover (%) of the vegetation layers (A—tree layer: height > 5 m, B—shrubs (height 0.5–5 m),
C—herbaceous vegetation and trees less than 0.5 m high) and their average height (cm).
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The height above sea level was determined using a GPS device. The slope gradient (%) was
also measured at each sample area. Plant communities were identified for each relevés. But
because relevés are located systematically in vegetation patches, it is not always possible to
identify plant communities in the same levels of organization.

Figure 1. Map of the study area; green dots—locations of phytosociological relevés; 1—Sudetes
Mountains; 2—Western Carpathians and Świętokrzyskie Mountains; 3—Bieszczady Mountains.

2.2. Data Analysis

Two plot groups were distinguished: IP0—plots without Impatiens parviflora DC.
occurrence, IP1—plots with I. parviflora occurrence. Based on the floristic lists contained
in the phytosociological relevés, the number of plant species in each vegetation layer was
determined for each plot. To take into account the geographical variability, the sample plots
were divided into groups according to their location: 1—Sudetes Mountains; 2—Western
Carpathians and Świętokrzyskie Mountains; 3—Bieszczady Mountains (Figure 1). The
Sudetes Mountains occupy the southern part of western Poland. It is a mountain range
made of crystalline rock. This mountain range has been repeatedly destroyed and uplifted
by erosion. The Carpathians, which lie to the east of the Sudetes Mountains, are a younger
and higher mountain range than the Sudetes Mountains. The Carpathians can be divided
into the Western Carpathians, which consist mainly of sedimentary rock, and the Eastern
Carpathians (Bieszczady Mountains), which consist of sandstone and shale. The Bieszczady
Mountains are a gentle mountain range characterized by a large forest cover and a low
population density. The Świętokrzyskie Mountains are the lowest mountain range located
north of the Western Carpathians. The landscape in the Świętokrzyskie Mountains is
characterized by steep slopes, deeply carved valleys, outliers and stone run. The Western
Carpathians and the Świętokrzyskie Mountains were grouped together into one group
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as they have similar floristic communities. Species cover from the Braun-Blanquet scale
was converted into the percentage of the phytosociological releve area: r = 0.01%, + = 0.1%,
1 = 5%, 2 = 17.5%, 3 = 37.5%, 4 = 62.5%, 5 = 87.5% [20]. Only vascular plants were analyzed.
The Shannon–Wienner diversity index were calculated for each plot. In addition, the
average of the ecological indicator values was calculated for each plot. The ligth index (L),
the trophism soil index (Tr) and the humidity soil index (W) were taken into account.
The numerical values of the individual species were taken from Zarzycki [21]. Zarzycki’s
ecological indicators are better suited to Polish conditions. In contrast to Ellenberg’s
indicator numbers, the values of the indices according to Zarzycki do not range from
1 to 9, but from 1 to 5. The value of a particular ecological indicator on the sample
plot was calculated as the average value of the individual species occurring on the plot,
weighted according to their cover. The indicator species for old forests (plant species which
show fidelity to forests which have documented long-term continuity in the area under
consideration) were selected according to Dzwonko and Loster [22]. Statistical analyzes
were carried out using R (version 4.3.1) [23]. The mean values of the variables between two
groups were compared using a Student t-test—package “stats” [23]. Rarefaction curves
were calculated using the iNEXT package [24,25].

The relationship between the proportion of I. parviflora in the surface cover and tree
species surface cover was determined using GLM analyses (Poisson distribution was
used)—package “stats”. Only species of tree layer whose frequency, in this layer, exceeded
10% were included in the analysis. In this way, we were able to exclude species that
only occurred sporadically in the habitat. The species eliminated in this way showed no
significant correlation with the I. parviflora coverage. For the analysis, the percentage cover
of I. parviflora was rounded to whole numbers. To achieve the best fit of the model, the
function “step” from the package “stats” was used, which performed multiple comparisons
of different combinations of the given variables to achieve the lowest possible AIC (Akaike
Information Criterion) value of the model. The variables used in the analysis were checked
for the presence of collinearities by calculating the Variance Inflation Factor using the “vif”
function from the “car” package [26].

Flora diversity was represented using the DCA analysis of the “vegan” package [27].
The relationship between plot order and environmental variables was determined using
the permutation test (“vegan” package, function “envfit”, 999 iterations). The p-value was
adjusted using the Bonferroni correction. In the DCA analysis, the species coverage rate
was converted from the Braun-Blanquet scale [20] to the ordinal scale of van der Maarel [28]:
r = 1; + = 2; 1 = 3; 2 = 5; 3 = 7; 4 = 8; 5 = 9.

To determine the species that best characterize the IP0 and IP1 groups an index called
IndVal (indicator value) was calculated [29]. The index is a product of two components
A (specificity, i.e., the proportion of individual species of species i occurring in class j)
and B (fidelity, i.e., the proportion of plots in class j containing species i). The IndVal
index was calculated using the package “indicspecies” [30]. To calculate the IndVal index,
the cover-abundance values was converted from the Braun-Blanquet scale to the Van der
Maarel scale [28].

We additionally performed linear regression analyses using a package “stats” [23].
Three models were fitted using (1) the presence/absence of I. parviflora, (2) cover of I.
parviflora expressed in the van der Maarel scale (species cover was converted from the
Braun-Blanquet scale [20] to the ordinal scale of van der Maarel [28]), and (3) percentage
cover of I. parviflora (species cover from the Braun-Blanquet scale was converted into the
percentage of the phytosociological releve area: r = 0.01%; + = 0.1%; 1 = 5%; 2 = 17.5%;
3 = 37.5%; 4 = 62.5%; 5 = 87.5%) as predictors of the Shannon-Winner index (H).
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3. Results

The frequency of Impatiens parviflora DC. in the 315 analyzed plots was 46%, the
arithmetic mean of the coverage of this species in the phytosociological relevés was 13.2
(SE = 1.3%). The analyzed phytosociological data of 9180* habitat type plots represent
six plant communities (Table 1). The proportion of plots where I. parviflora was detected
ranged from 0% to 79.3% in the individual communities. At the plots in the Bieszczady
Mountains (N = 80) I. parviflora occurred at 7.5% of the plots, in the Western Carpathians
(N = 74) at 40.5% and in the Sudetes Mountains (N = 161) at 67.7%.

Table 1. Number (N) of plots in individual plant communities and frequency (F) of identified plots
with Impatiens parviflora DC.

Plant Community
Total Bieszczady Mountains Western Carpathians Sudetes Mountains

N F (%) N F (%) N F (%) N F (%)

Acer pseudoplatanus-
Aruncus sylvestris 6 50 0 0 0 0 6 50

Aceri-Tilietum Faber 1936 82 79.3 0 0 6 16.7 76 84.2
Arunco dioici-Aceretum
pseudoplatani Moor 1952 85 44.7 12 0 28 42.9 45 57.8

Phyllitido-Aceretum
pseudoplatani Moor 1952 91 25.3 63 9.5 28 60.7 0 0

Sorbo aucupariae-Aceretum
pseudoplatani Celiński et
Wojterski (1961 n.n.) 1978

17 0 5 0 12 0 0 0

Tilio platyphylli-Acerion
Klika 1955 34 47.1 0 0 0 0 34 47.1

Total 315 46 80 7.5 74 40.5 161 67.7

The analysis of the occurrence of I. parviflora in different plant communities and
mountain ranges showed that the occurrence of the communities varies between the
mountains, which also applies to the abundance of the species. The highest frequency
of the species was found in the Sudetes Mountains, the lowest in the Bieszczady Moun-
tains. In the Bieszczady Mountains, 80 plots were described (25.4% of the total num-
ber of plots). I. parviflora was found only in Phyllitido–Aceretum pseudoplatani (63 plots),
where its abundance was very low (9.5%). In the other communities, I. parviflora was
not recorded despite numerous detections (Arunco dioici–Aceretum pseudoplatani—12 plots;
Sorbo aucupariae–Aceretum pseudoplatani—5 plots). In the Western Carpathians, 74 plots
(23.5%) were described. The species reached the highest frequency in Phyllitido–Aceretum
pseudoplatani (60.7%; 28 plots), and it also had a significant proportion in Arunco dioici–
Aceretum pseudoplatani (42.9%; 28 plots). The occurrence of I. parviflora in Aceri–Tilietum was
low (16.7%; 6 plots). The species was absent in Sorbo aucupariae–Aceretum pseudoplatani and
Tilio platyphylli–Acerion. Most plots were described in the Sudetes Mountains (161 plots,
i.e., 51.1% of the total). The highest frequency values were also found here. I. parviflora
was most common in Aceri–Tilietum (84.2%; 76 plots) and very common in Arunco dioici–
Aceretum pseudoplatani (57.8%; 45 plots). It was also very common in Tilio platyphylli–Acerion
(47.1%; 34 plots). However, the species was not found in Phyllitido–Aceretum pseudoplatani,
which is practically absent in the Sudetes Mountains.

Compared to IP0 plots, IP1 plots were characterized by a significantly lower tree cover,
a higher number of tree species in the stand, a lower height of both the understory and herb
layer and a lower number of old forest species (Table 2). These areas were also characterized
by a larger area and were located at a lower altitude above sea level. Compared to the IP0
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plots, lower habitat preferences of the flora present in the IP1 plots were found in terms of
substrate moisture and higher light incidence on the forest floor.

Table 2. Comparison of the average values (median) of environmental variables between plots with I.
parviflora (IP1) and without (IP0).

Variable Abbreviation
IP0

N = 170
IP1

N = 145
t-Test

Mean SE Mean SE p
Tree layer (%) A 78.59 1.32 74.28 1.14 0.014
Shrub layer (%) B 21.31 1.3 19.18 1.36 0.259
Herbal layer (%) C 70.91 1.51 68.31 1.8 0.270
Above sea level. npm 620.51 17.74 443.67 11.06 0.000
Shannon–Wiener index H 2.97 0.03 2.94 0.03 0.569
Height A of tree layer (m) H_A 26.71 0.38 26.96 0.31 0.606
Height B of shrub layer (m) H_B 3.76 0.18 2.83 0.13 0.000
Height C of herbal layer (cm) H_C 47.94 1.65 33.93 1.41 0.000
Number of species in A-tree layer N_A 2.98 0.08 3.59 0.12 0.000
Number of species in B-shrub layer N_B 3.18 0.18 3.5 0.2 0.224
Number of species in C-herbal layer N_C 23.21 0.69 22.27 0.63 0.316
Old forests species (number of species) GSL 13.43 0.44 11.46 0.4 0.001
Trophism soil index Tr 3.83 0.02 3.87 0.02 0.145
Humidity soil index W 3.35 0.01 3.28 0.01 0.001
Light index L 2.43 0.03 2.54 0.03 0.004

The results from linear regression analyses are in Table S1 in Supplementary Materi-
als. In all models, regression coefficients were negative and statistically non-significant
(p > 0.05), indicating that neither the presence nor the cover of the I. parviflora significantly
affected plant species diversity.

The analysis of the rarefaction curve showing species richness in the IP0 plots was
higher than in the IP1 plots, with the same number of sample plots (Figure 2).

Figure 2. Rarefaction/extrapolation curves of cumulative species richness (Hill’s numbers qΔ with
q = 0) against the number of sampling plots with Impatiens parviflora DC. (blue) and without I.
parviflora (orange). The shaded area represents 95% confidence intervals obtained using the bootstrap
method based on 999 repetitions.
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The analysis of the IndVal indicator species showed that the IP0 plots have 17 species
from the herb layer, including two tree species, while the IP1 plots have 11 species, including
eight tree species (Table 3).

Table 3. List of plant species that are indicators of plots with and without I. parviflora in the species
composition. Only the species of herbal layer (including trees up to 0.5 m in height) are statistically
significant (p < 0.05) based on the IndVal analysis. Sequence of the species by IndVal index.

IP0 Plots
IndVal

IP1 Plots
IndVal

Species Species

Athyrium filix-femina (L.) Roth 0.650 Acer platanoides L. 0.667
Lunaria rediviva L. 0.578 Dryopteris filix-mas (L.) Schott 0.667
Oxalis acetosella L. 0.556 Acer pseudoplatanus L. 0.614
Impatiens noli-tangere L. 0.549 Fraxinus excelsior L. 0.595
Rubus hirtus Waldst. et Kit. agg. 0.525 Poa nemoralis L. 0.509
Symphytum cordatum Waldst. et Kit. ex Willd. 0.517 Quercus petraea (Matt.) Liebl. 0.415
Asplenium scolopendrium L. 0.515 Tilia cordata Mill. 0.414
Glechoma hirsuta Waldst. et Kit. 0.515 Carpinus betulus L. 0.413
Dentaria bulbifera L. 0.497 Tilia platyphyllos Scop. 0.410
Abies alba Mill. 0.497 Mycelis muralis (L.) Dumort. 0.372
Sambucus nigra L. 0.480 Corylus avellana L. 0.354
Rubus idaeus L. 0.470 - -
Polystichum aculeatum (L.) Roth 0.469 - -
Petasites albus (L.) Gaertn. 0.456 - -
Circaea lutetiana L. 0.438 - -
Salvia glutinosa L. 0.437 - -
Chrysosplenium alternifolium L. 0.414 - -

Of the 11 tree species in the stand layer whose frequency in the phytosociological
relevés was above 10%, the average cover was highest in Acer pseudoplatanus and Fagus
sylvatica L. (Table 4). These species also achieved the highest frequency. Of this group
of trees, only Picea abies (L.) H.Karst., had no significant association with the occurrence
of I. parviflora. Fagus sylvatica, Abies alba, Carpinus betulus L., Ulmus glabra Huds., Acer
pseudoplatanus and Acer platanoides L. had the strongest limiting effect on I. parviflora (in
decreasing order). Quercus petraea (Matt.) Liebl, Fraxinus excelsior L., Tilia cordata Mill.
and Tilia platyphyllos Scop. had a positive association with the occurrence of I. parviflora.
Of the species studied, the occurrence of I. parviflora is best explained by the growth of
Fagus sylvatica.

The DCA analysis showed a positive correlation between the cover of I. parviflora and
the location of the monitoring plots in the Sudetes Mountains (Figure 3). The plots at this
location are characterized by high light incidence on the forest floor, the occurrence of
Aceri–Tilietum association and low height of the individual vegetation layers. The plots
in the Sudetes Mountains are also characterized by the lowest humidity of the substrate,
low ground cover and a low proportion of old forest species. The DCA analysis showed
a negative correlation between the cover of I. parviflora and the plots in the Bieszczady
Mountains, which are usually represented by the Phyllitido–Aceretum pseudoplatani plant
community, the greatest height of the undergrowth and understorey layer, a high trophism
soil index and a low light index. The plots located in the Carpathian Mountains showed
a negative correlation with the cover of I. parviflora and are characterized by the highest
altitude above sea level, species richness, low cover of layer A and high cover of layer C.
The cover of layer B and the number of species in this layer do not correlate with the
arrangement of the sample plots.
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Table 4. Descriptive statistics of surface cover in the sample plot of selected tree species (F > 10%)
and the result of the GLM analysis (family = Poisson) in the form of an exponential function
of the parameter explaining the cover of I. parviflora (all variables in one model). AIC = 4932.4.
*—p-value < 0.05. Abbreviations: F—Species frequency on sample plots; M—Mean; SE—Standard
error; exp (coefficient)—exponential function from the value of the model coefficient.

Gatunek F (%) M SE
Exp

(Coefficient)

Intercept 9.182 *
Abies alba 17.1 2.81 0.49 0.977 *
Acer platanoides 30.8 7.56 0.86 0.997 *
Acer pseudoplatanus 75.9 30.34 1.53 0.994 *
Carpinus betulus 21.0 3.85 0.57 0.981 *
Fagus sylvatica 56.2 15.03 1.20 0.973 *
Fraxinus excelsior 18.4 4.56 0.64 1.013 *
Picea abies 14.0 1.45 0.28 0.999
Quercus patrea 12.4 2.04 0.38 1.022 *
Tilia cordata 21.6 5.55 0.79 1.011 *
Tilia platyphyllos 26.7 6.71 0.79 1.004 *
Ulmus glabra 16.8 3.02 0.52 0.981 *

Figure 3. Result of the DCA analysis. (A) DCA1 = 0.361; (B) DCA2 = 0.294. (A) Centroid location
(ellipse = 1SD from centroid) of plots according to plant communities belonging to natural habitat
type 9180* (1—Arunco dioici–Aceretum pseudoplatani, 2—Aceri–Tilietum, 3—Lunario–Aceretum pseudopla-
tani, 4—Phyllitido–Aceretum pseudoplatani, 5—Sorbo aucupariae–Aceretum pseudoplatani, and 6—Tilio
platyphylli–Acerion). (B) Interactions between the centroid locations (ellipse = 1SD from centroid)
of plots according to the presence of I. parviflora (0—not present, 1—present) and environmental
variables (arrows). The variables from Table 2 and the location of the plots were taken into account;
Bieszczady—Bieszczady Mountains Karpaty—Western Carpathians, Sudety—Sudetes Mountains,
other abbreviations as in Table 2 (Only those variables whose adjustment was statistically significant
at p < 0.05 based on the permutation test were shown).

4. Discussion

Invasive species are one of the most important direct causes of biodiversity loss and
changes in the functioning of forest ecosystems [31,32]. Even non-invasive species that are
not native to a particular ecosystem pose such a threat [33]. It is generally believed that
I. parviflora can pose a significant threat to deciduous forests, especially riparian (91E0*,
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91F0), oak-hornbeam (9160, 9170) and beech forests (9110, 9130, 9150) that occur in humid
habitats [17,34]. In our studies, the habitat plots in which I. parviflora occurred did not
differ significantly from plots without I. parviflora in terms of shrub and herb layer cover,
and the average number of species was similar. However, the plots with I. parviflora
were characterized by a lower number of old growth forests species, a higher number of
species in the tree layer and a lower cover of this layer. Old growth forests have a floristic
composition that differs significantly from that of younger forests [35]. Old growth forest
species are generally more shade-tolerant than other forest plant species and avoid dry
and moist sites [36]. This group also includes species of geophytes found by Florianova
and Münzbergová to be negatively affected by I. parviflora in oak-hornbeam forests [37].
Although there is no direct correlation between the occurrence of I. parviflora and the
average number of herbaceous plants in the plots, our results based on the analysis of
indicator species show that the occurrence of old forest species characterizes plots without
I. parviflora. However, I. parviflora was found to be associated with certain species of ground
cover, mainly with the regeneration of tree species up to a height of 0.5 m. It is likely that
woody species will become strong competitors for I. parviflora with increasing height in the
long term [38]. Most likely, the relationship between the occurrence of woody species up
to 0.5 m in height in the herb layer on the IP1 plots and the more numerous occurrences
of species in old forests on the IP0 plots is the reason why there are no differences in the
average number of species between plots (with and without I. parviflora).

Most alien species are unable to invade the interior of the forest and are restricted
to the boundary between the forest and, for example, agricultural land [39]. I. parviflora
most commonly invades forest habitats in overexposed areas such as forest edges and
under natural or artificial gaps in the canopy [40]. Studies from Slovenia [41] confirm
the preference of I. parviflora in Tilio–Acerion forests for disturbed stands with low canopy
closure and modified ecological conditions. An important finding is that I. parviflora does
not grow in plots together with Athyrium filix-femina (L.) Roth. This native species most
likely prevents the invasion of I. parviflora due to its size and considerable competitive
ability [42]. It should be noted that areas with I. parviflora were characterized by a lower
height of the herb layer and shrub layer. The greater height of the lower vegetation layers
leads to greater shading of the forest floor [43]. As shown in studies [9,44,45], I. parviflora is
not competitive in full shade. It is unable to compete effectively for limited resources in the
absence of light. This view is supported by our research, which shows that an increasing
proportion of Abies alba and Fagus sylvatica in the stand has a limiting effect on the surface
cover of I. parviflora. Researchers from Slovakia, who examined plots in oak forests with
Quercus robur and Quercus petraea with Fagus sylvatica, showed that the colonization of the
plot by I. parviflora was only effective if there was no Fagus sylvatica in the stand [46].

All the plots (both with and without I. parviflora) studied had an average tree cover of
over 70% (A), while the average cover value in the plots with I. parviflora was significantly
lower. The average value of the light index is also significantly higher in the plots with I.
parviflora and the average value of the moisture index is significantly lower. This indicates
that the presence of I. parviflora is associated with a slightly greater light incidence on the
forest floor. This may be due to the presence of gaps, the presence of trees with openwork
crowns (Fraxinus excelsior) or the presence of evenly thinned stands [46]. Dobravolskaitė [47]
also found a correlation between an increase in the amount of light and the number of I.
parviflora. At the same time, Dobravolskaitė [47] highlights that I. parviflora can also occur
in Lithuanian forests in places that are too dark for native species. In addition, lower light
exposure leads to higher humidity of the forest floor, which can partially compensate for
the lack of light [43]. The results of the monitoring of shady fir forest (habitat type 91P0—

32



Forests 2025, 16, 1475

Holy Cross fir forests (Abietetum polonicum)) show that I. parviflora occurs sporadically in
this habitat, but does not form dense stands, so it does not pose a threat to the species
composition of the ground cover [48]. Also, in the Luzulo–Fagetum beech forests (habitat
type 9110), where tree density reached 90%, I. parviflora was only found in clumps up to
15% cover [8]. The opposite reaction of I. parviflora to light is described by Krokaite [45],
who states that an increase in shading favours greater cover of this species. Since they also
indicate a negative correlation with the number of herbaceous plant species, it is possible
that the light avoidance of I. parviflora is due to competition from other plants occurring
in the ground layer. Čuda [43] describes the low competitive capabilities of I. parviflora
and states that I. parviflora owes its dispersal success not to its competitive ability, but to its
ability to avoid competition through tolerance to light deficiency.

Hejda [42] considers it unlikely that I. parviflora affects the native species richness of
colonized communities, which could be related to its limited ability to form a dense canopy
and a modest root system. Obidziński and Symonides [9] state that I. parviflora prefers
degraded habitats, and therefore floristically poor communities. The negative relationship
between I. parviflora and species richness therefore results from its adaptive abilities and
its ability to colonize areas where other plant species cannot grow [47]. In our study, the
hypothesis of the occurrence of I. parviflora in disturbed areas can be supported by the
lower number of old-growth forest species in the I. parviflora plots. The same applies to the
results of the IndVal analysis, which indicate the simultaneous occurrence of numerous
woody species in the understorey with I. parviflora. Both results may indicate areas in which
secondary or primary forest succession is taking place [49].

We found no differences in the number of species in herbal layer in the plots. Similar
results were obtained by Hejda [42] for floodplain forests and mesophilic forests with beech
and oak, and by Diekmann [50] for different types of lowland communities with I. parviflora
in Germany. However, our analysis of the rarefaction curves showed differences in species
richness at the landscape level. The lower species richness at the landscape level of the I.
parviflora plot could be primarily due to the fact that it was found in a lower number of
plant communities compared to plots without I. parviflora. Added to this is its occurrence
above sea level. Studies on the spatial variability of I. parviflora occurrence have shown that
the average altitude above sea level in the plots with I. parviflora was almost 180 m lower
than in the IP0 plots. In its natural range, I. parviflora occurs at an altitude of up to 3000 m
above sea level. Studies carried out in Germany (in low mountain ranges at an altitude
of 300–1200 m) showed low frost hardiness and a low survival rate of the seedlings [51].
In our research I. parviflora was not found in the highest elevations of 9180* habitat type
representing the Sorbo aucupariae–Aceretum pseudoplatani community. The limiting effect
of altitude above sea level on the occurrence of I. parviflora was also demonstrated by
Lapin et al. in Austria [52]. No differences in the fertility of the substrate, expressed
by the trophism soil index (Tr), were found between forests plots with and without I.
parviflora. Invasive species generally prefer sites with higher fertility, but a necessary
condition is temporal coincidence with the availability of dispersal opportunities [53,54].
This suggests that for I. parviflora, climate rather than soil fertility is the stronger limiting
factor in mountain forests. Areas with and without I. parviflora differ not only in their
altitude above sea level, but also in their geographical distribution. The areas of 9180*
habitat type forests where I. parviflora occurs, are concentrated in the south-west of Poland,
while the 9180* habitat type forests are equally numerous in the south-east of Poland. This
is due to the fact that habitat type 9180* is phytosociologically very diverse within its
distribution area throughout the country. In the Bieszczady Mountains (south-east Poland),
the soils are more fertile than in the mountain ranges to the west, and the proportion
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plots with I. parviflora is only 7.5%. In the Bieszczady Mountains, I. parviflora occurs only
sporadically and is restricted to isolated areas of Phyllitido–Aceretum pseudoplatani. In the
Sudetes Mountains, proportion plots with I. parviflora is almost 70%. The results show that
the Sudetes Mountains are the main distribution area of this species in Tilio–Acerion forests.
In the Western Carpathians, the most important habitats for I. parviflora are sycamore
communities, especially those with rich substrate and high humidity. The differences in
the attendance of I. parviflora between the Bieszczady Mountains and the other mountain
ranges could be due to the lower anthropogenic pressure in the Bieszczady Mountains and
less disturbed sites favouring the distribution of I. parviflora [9,40,42,46]. But also to the lack
of communities where I. parviflora finds optimal conditions, such as Aceri–Tilietum (Table 1),
which is confirmed by the results of the DCA analysis (Figure 3A). However, the lack of
differences in trophism soil index values within the country may also be due to the uneven
distribution of I. parviflora within the range of habitat 9180*.

The results we have presented refer to the entire range of habitat type 9180* in Poland.
Our research also shows that within a natural habitat—a unit that can include many
different communities and geographical areas—the influence of ecological factors may
depend on local conditions. Therefore, limiting the analysis to a smaller area of habitat
occurrence and thus limiting the variability of the analyzed data may lead to different
results. The same result can be expected if the analysis is limited to a specific plant
community. However, looking at the overall variability of habitat across the country allows
general conclusions to be drawn and highlights ecological factors that should be considered
when planning research or conservation actions on a smaller spatial scale.

5. Conclusions

Our work is based on a comparison of species composition and ecological conditions
in study plots in habitat 9180* with and without I. parviflora. The sample plots are located
in the entire range of habitat 9180* in Poland. No differences were found in the number
of species in the herb layer between the two types of plots analyzed (with and without I.
parviflora). However, it was found that the presence of I. parviflora is associated with a lower
number of species typical of old-growth forests. At the same time, I. parviflora presence is
accompanied by numerous tree species in the herb layer, which could indicate a connection
with stand succession processes and confirms the thesis of other authors regarding the
association of I. parviflora with disturbed sites. I. parviflora cannot cope with limited light
conditions, so its spread is limited by shade-loving species, especially woody species
such as Abies alba and Fagus sylvatica. The frequency of occurrence of I. parviflora varies
within the range of habitat type 9180*, most likely due to the different human pressure
and the presence of communities where this species finds optimal development conditions
(e.g., Aceri–Tilietum). We observed a negative relationship between altitude above sea
level and the occurrence of I. parviflora, indicating climatic constraints. The impact of I.
parviflora on habitat type 9180* is dependent on local environmental conditions. Therefore,
conservation measures should be planned based on the local habitat context.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f16091475/s1, Table S1: Results of linear regression models testing
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of anthropogenic species. Acta Univ. Lodz. Folia Biol. Et. Oecologica 2011, 7, 99–110. [CrossRef]

13. Chmura, D. Biology and Ecology of an Invasion of Impatiens Parviflora DC. in Natural and Semi-Natural Habitats; Wydawnictwo ATH:
Bielsko-Biała, Poland, 2014. Available online: https://www.researchgate.net/publication/265250389 (accessed on 14 September 2025).
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Abstract: Mangroves are one of the world’s most productive and ecologically important ecosystems,
and they are threatened by the widespread invasion of Spartina alterniflora Loisel in China. As
few studies have examined the spatial pattern differences of S. alterniflora invasion and the nearby
mangroves in different latitudes, we chose the Zhangjiang Estuary and the Dandou Sea, two rep-
resentative mangrove–salt marsh ecotones in the north and south of the Tropic of Cancer, as the
study areas for comparison. The object-based image analysis and visual interpretation methods were
combined to construct fine-scale mangrove and S. alterniflora maps using high-resolution satellite
imagery from 2005 to 2019. We applied spatial analysis, centroid migration, and landscape indexes
to analyze the spatio–temporal distribution changes of mangroves and S. alterniflora in these two
ecotones over time. We used the landscape expansion index to investigate the S. alterniflora invasion
process and expansion patterns. The annual change rates of mangrove and S. alterniflora areas in
the Zhangjiang Estuary showed a continuous growth trend. However, the mangrove areas in the
Dandou Sea showed a fluctuating trend of increasing, decreasing, and then increasing again, while
S. alterniflora areas kept rising from 2005 to 2019. Spartina alterniflora showed larger annual change
rates compared with mangroves, indicating rapid S. alterniflora invasion in the intertidal zones. The
opposite centroid migration directions of mangroves and S. alterniflora and the decreasing distances
between the mangrove and S. alterniflora centroids indirectly revealed the fierce competition between
mangroves and S. alterniflora for habitat resources. Both regions saw a decrease in mangrove patch in-
tegrality and connectivity. The integrality of mangrove patches in the Zhangjiang Estuary was always
higher than those in the Dandou Sea. We observed the growth stage (2011–2014) and outbreak stage
(2014–2019) of S. alterniflora expansion in the Zhangjiang Estuary and the outbreak stage (2005–2009)
and plateau stage (2009–2019) of S. alterniflora expansion in the Dandou Sea. The expansion pattern
of S. alterniflora varies in time and place. Since the expansion of S. alterniflora in the outbreak stage is
rapid, with a large annual change rate, early warning of S. alterniflora invasion is quite important
for the efficient and economical removal of the invasive plant. Continuous and accurate monitoring
of S. alterniflora is highly necessary and beneficial for the scientific management and sustainable
development of coastal wetlands.

Keywords: mangroves; Spartina alterniflora; invasion; remote sensing; landscape expansion index;
ecotone; spatial analysis; centroid migration

1. Introduction

Mangroves are woody trees or shrubs that grow mainly along sheltered coastlines
within the tropic and subtropic latitudes [1]. As one of the world’s most productive ecosys-
tems, mangroves play crucial roles in protecting and stabilizing coastlines [1–5], providing
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feeding habitat for animals [6,7], maintaining ecological stability and biodiversity [8–10],
mitigating global warming [11], etc. Despite having high ecological and socio-economic
values, mangroves are being deforested or degraded [12] due to rapid agriculture reclama-
tion, urban development, aquaculture encroachment, invasive plants, and other stresses
caused by climate changes and human disturbances [13–17]. The protection and restoration
of mangroves have attracted much attention [18–20]. Since the 1980s, significant efforts
have been made to protect and manage mangroves [21,22]. The Chinese government has
allocated enormous amounts of funds for mangrove restoration [23] and established many
nature reserves to resist the impact of human activities on the environment for mangrove
conservation [24].

Spartina alterniflora Loisel, the only coastal salt marsh species among the sixteen most
serious invasive alien species listed by the State Environmental Protection Administration
of China in 2003 [25], poses tremendous threats to the native biodiversity of mangrove
ecosystems in China [21]. Its strong adaptability and reproductive capacity have enabled
S. alterniflora to spread widely across Chinese coastal wetlands [26,27] and encroach on
many nature reserves [28,29]. Researchers found that S. alterniflora invasion threatened the
survival and breeding of mangroves [17], and mangroves are vulnerable to continuous
S. alterniflora invasion, which results in the loss of ecological functions and services [30,31].
Prior research primarily focused on the mechanisms of how S. alterniflora invasion im-
pacted mangroves at microscopic scales, such as the diversity and composition of sediment
diazotrophic communities in different habitats and ecosystems’ physical and chemical
responses [32,33]. The spatial pattern differences of S. alterniflora invasion and its nearby
mangrove distributions in different latitudes have been less studied.

Mangroves [12,21,22,34–41] and S. alterniflora [26,27,42–46] have been monitored ex-
tensively with remote sensing due to the advantages of large geographic coverage, access
to inaccessible areas, and the capability to track long-term holistic changes. For example,
Giri et al. [47] created the first global mangrove map for the year 2000 with Landsat images
and a hybrid classification method combining supervised and unsupervised algorithms.
Chen et al. [48] mapped the mangrove distribution in China for the year 2015 with a
phenology-based classification method based on Landsat 7/8 and Sentinel-1A imagery
time series in Google Earth Engine. Bunting et al. [49,50] generated the first time-series
database of global mangrove forests using a two-iteration mangrove mapping approach
based on ALOS and Landsat images. Jia et al. [12] built a dataset of mangrove distributions
in China based on Landsat imagery from 1973 to 2015, with object-based image analysis
(OBIA) and classification methods. Wang et al. [51] generated annual maps of mangroves,
salt marshes, and tidal flats in China with a spatial resolution of 30 m, based on Landsat
images from 1984 to 2018. Using 2-m resolution Ziyuan-3 and Gaofen-1 satellite images
together with field data, Zhang et al. [52] presented a mangrove map of China for 2018. Jia
et al. [34] produced a global mangrove dataset at a resolution of 10 m for the year 2020,
using OBIA and random forest classification based on Sentinel-2 imagery. Liu et al. [26]
generated the distribution map of S. alterniflora on the basis of Landsat-8 images from 2014
to 2016 using OBIA and support vector machine methods along China’s mainland coast.
Mao et al. [27] monitored S. alterniflora invasion in China from 1990 to 2015 with Landsat
images. However, existing mangrove or S. alterniflora datasets were largely derived from
medium spatial resolution satellite imagery, which lacked spatial details [34]. There are
few studies on fine-scale, long-term, and multi-regional monitoring of mangroves and
S. alterniflora simultaneously based on the same satellite datasets.

The dynamic expansion pattern research of S. alterniflora is important for the in-
vasion mechanism study, contributing to the scientific eradication and management of
S. alterniflora [53]. Previous studies mostly used multi-temporal S. alterniflora distribution
maps based on remote sensing time series data to study the invasion characteristics of
S. alterniflora in various regions [26,54]. Researchers used the landscape expansion index
(LEI) to recognize the spatial expansion patterns of S. alterniflora [53,55,56]. To under-
stand S. alterniflora’s invasion mechanism, Wang et al. [55] and Yan et al. [53] showed
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three S. alterniflora expansion patterns, which were marginal expansion, external isolated
expansion, and tidal creek-leading expansion, based on patch fractal dimension and LEI
in Yancheng, Jiangsu, China. Using LEI, Li [56] investigated the expansion mode of
S. alterniflora in Jiuduansha, Shanghai, China. However, these studies mostly focused on
one local coastal region north of Zhejiang Province, where no mangroves survive. Lit-
tle research has been performed on the differences in S. alterniflora expansion modes in
mangrove–salt marsh ecotones of different latitudes.

The current work aims to evaluate spatial pattern differences of S. alterniflora invasion
and its nearby mangroves in different latitudes. We selected the Dandou Sea and the
Zhangjiang Estuary, two representative mangrove–salt marsh ecotones in the south and
north of the Tropic of Cancer, as the study area. In both regions, S. alterniflora proliferates on
the tidal flats, forming monoculture or mixed communities with mangroves [57]. The rapid
spread of S. alterniflora poses a significant threat to the native mangrove ecosystems [31].
Based on multi-temporal Google Earth imagery, supplemented by Landsat imagery from
2005 to 2019, we used OBIA and visual interpretation methods [28] to monitor the spatial–
temporal changes of mangroves and S. alterniflora from 2005 to 2019. Then, we applied LEI
to investigate the spatial expansion patterns of S. alterniflora in these two ecotones. The
results of this study can illuminate the process and pattern of S. alterniflora expansion into
mangroves, offering valuable references for controlling S. alterniflora expansion.

2. Materials and Methods

2.1. Study Area

The Zhangjiang Estuary is situated in Zhangjiangkou National Mangrove Nature Re-
serve (117◦24′07′′–117◦30′00′′ E, 23◦53′45′′–23◦56′00′′ N), Yunxiao County, Fujian Province
(Figure 1). It owns a natural mangrove community with the most mangrove species and
the best growth status in the north of the Tropic of Cancer in China. The topography shows
a northwest-to-southeast descending terrain [28]. The climate is a subtropical maritime
monsoon. The average annual temperature is 21.2 ◦C, and the average annual precipitation
is 1714.5 mm [29]. Tides are irregular semi-diurnal tides, and the average tidal range is
2.32 m. Intertidal vegetation includes native mangroves (Kandelia obovate Sheue, H.Y.Liu
and J.W.H.Yong, Avicennia marina (Forsk.) Vierh., Aegiceras corniculatum L. (Blanco)) and
invasive S. alterniflora [58]. Spartina alterniflora has invaded and occupied the mud flats,
mangrove fringes, and mangrove canopy gaps [31].

The Dandou Sea (109◦38′20′′ E–109◦40′48′′ E, 21◦30′40′′ N–21◦36′40′′ N) is home to
Shankou Mangrove National Nature Reserve in Hepu County, Beihai City, Guangxi Zhuang
Autonomous Region (Figure 1). Located south of the Tropic of Cancer, it has the largest
patch of pure Rhizophora stylosa Griff. forest and Bruguiera gymnorrhiza (L.) Savigny forest
at its climax of succession; it is an important stopover site for migratory birds and a gene
pool of mangroves in China. The climate is a subtropical maritime monsoon. The average
annual temperature is 22.9 ◦C, and the average annual precipitation is 1573.4 mm. Tides
are irregular diurnal tides, and the average tidal range is 2.45 m. The dominant mangrove
species are R. stylosa, B. gymnorhiza, and A. corniculatum.
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Figure 1. Map of the study area: the Zhangjiang Estuary is abbreviated as ZJE; the Dandou Sea is
abbreviated as DDS.

2.2. Data Acquisition and Preprocessing

We collected high-resolution imagery from Google Earth 7.3.3, which offers public and
free remote sensing images globally [28,59,60], from 2005 to 2019 in the two study areas
(Table 1). We selected cloud-free imagery acquired during low tides in the autumn and
winter seasons to ensure the accurate detection of mangroves and S. alterniflora [40]. As no
cloud-free high-resolution Google Earth imagery at low tide was available in the Dandou
Sea in 2005, we collected another cloud-free Landsat 5 Thematic Mapper (TM) image at low
tide as a supplement. All the Google Earth images were geo-rectified, and the registration
error was less than half a pixel.

Field surveys were conducted in November 2016 in the Zhangjiang Estuary and De-
cember 2019 in the Dandou Sea. Besides using a handheld GPS device (Guangzhou SOUTH
Survey & Mapping Technology Co., Ltd., Guangzhou, China) to record the locations of
mangroves and S. alterniflora, we mainly utilized unmanned aerial vehicles (DJI, Shenzhen,
China) to collect very high spatial resolution photos to collect samples of mangroves and
S. alterniflora [61]. The sample data were used to validate the accuracy of the detection
results in the Zhangjiang Estuary in 2016 and the Dandou Sea in 2019.

Table 1. Characteristics of the selected remote sensing images in the two study areas.

Stuy Area Source Acquisition Date Resolution (m) Band Tidal Level Remark

ZJE

Google Earth 9 August 2005 0.55 3 Low Classification
Google Earth 24 December 2011 0.55 3 Low Classification
Google Earth 31 January 2014 0.55 3 Low Classification
Google Earth 28 February 2016 0.55 3 Low Classification
Google Earth 20 October 2019 0.55 3 Low Classification

DDS

Landsat 5 21 January 2005 30 7 Low Classification
Google Earth 31 December 2005 0.56 3 High Classification
Google Earth 16 October 2009 0.56 3 Low Classification
Google Earth 22 October 2013 0.56 3 Low Classification
Google Earth 8 October 2015 0.56 3 Low Classification
Google Earth 8 December 2019 0.56 3 Low Classification
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2.3. Detection Method and Accuracy Assessment

We combined the OBIA and visual interpretation methods to detect mangroves and
S. alterniflora from 2005 to 2019. Please refer to Liu et al. [28] for more details on the detec-
tion method. First, we performed the object-oriented method using eCognition 10 software.
To improve the boundary detection results, we performed several pre-segmentation ex-
periments for different segmentation scales and set the scale parameter to 100 for the
Zhangjiang Estuary and the Dandou Sea. Then, we classified mangroves and S. alterniflora
by visual interpretation. For the case of the Dandou Sea in 2005, we first obtained the
classification results based on Google Earth imagery in 2005 and then modified the results
using the Landsat-5 imagery acquired during low tide in 2005.

The classification result accuracies of the Zhangjiang Estuary in 2016, and the Dan-
dou Sea in 2019, were assessed by ground survey samples. Owing to the lack of field
survey data in other years, 800 independent points for every image were created by a
random sampling method. We classified random points into S. alterniflora, mangroves,
and other land cover types by consulting with experienced interpreters and local experts.
We calculated confusion matrices for each year in the study areas and used the Kappa
coefficient and overall accuracy to evaluate the accuracy of the mangrove and S. alterniflora
detection results.

2.4. Landscape Indexes and Dynamic Metrics

Landscape indexes were used to evaluate the temporal and spatial variations of the
mangrove and S. alterniflora landscape patterns [62,63]. Here, we selected patch number
(NP), patch density (PD), largest patch index (LPI), patch shape index (LSI), area-weighted
mean shape index (AWMSI), landscape division index (DIVISION), and aggregation index
(AI) to assess the landscape characteristics, such as patch fragmentation, shape complex-
ity, and patch connectivity for mangroves and S. alterniflora (Table 2). The landscape
indexes were calculated with the FRAGSTATS v4.2.1 software. In addition, we used the
annual change rate and annual expansion rate to analyze the dynamics of mangroves and
S. alterniflora. The equations are listed as follows:

K =
Ua − Ub

Ub
× 1

N
× 100% (1)

Ua = Ub × (1 + p)N (2)

where K represents the annual change rate; p denotes the annual expansion rate; Ua and Ub
represent the area at the ending year and beginning year in each stage, respectively; and N
denotes the time in years [28].

Table 2. The formula for the landscape indexes and the ecological significances.

Indicator Formula Unit Code Ecological Significance

Class Area
n

∑
i=1

ai ha CA

CA is the total area of mangrove or
S. alterniflora patches, which can
influence the species richness,
structure, and stability of mangrove or
S. alterniflora ecosystems.

Number of Patches n # NP
NP is the total number of mangrove or
S. alterniflora patches, which can reflect
the landscape fragmentation degree.

Patch Density NP/A #/ha PD

PD represents the number of
mangrove or S. alterniflora patches per
unit area, reflecting the fragmentation
and heterogeneity of the mangrove or
S. alterniflora landscape.
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Table 2. Cont.

Indicator Formula Unit Code Ecological Significance

Largest Patch Index max
(

aij

)
A

× 100 % LPI

LPI reflects the concentration degree
of patches, and indirectly describes
the interference of anthropogenic
activities.

Landscape Shape Index
0.25Pij√aij

- LSI

LSI indicates the shape complexity of
mangrove or S. alterniflora patches,
and indirectly reflects the influence of
human disturbance activities. The
higher the value, the more scattered
the patch distribution.

Area-weighted Mean
Shape Index

m

∑
i=1

[
0.25Pij√aij

ai
A
] - AWMSI

AWMSI indicates the heterogeneity of
mangrove or S. alterniflora patches.
The higher the value, the more
complex the shape of the patches.

Landscape Division
Index [1 −

m

∑
i=1

n

∑
j=1

(
aij

A
)(

aij

A
)] - DIVISION

DIVISION represents the separation
degree of mangrove or S. alterniflora
patches. The value is close to 1 (0)
when the patch composition is
complex (simple).

Aggregation Index [
m

∑
i=1

gii
maxgii

Qi]× 100 % AI

AI describes the connectivity among
mangrove or S. alterniflora patches.
The lower the value is, the more
scattered the patches.

Splitting Index A2

∑m
1 ai2

- SPLIT

SPLIT represents the dispersion and
aggregation degree of S. alterniflora
patches. The higher the value, the
more dispersed the patches.

2.5. Centroid Migration

Centroid migration of mangroves and S. alterniflora can reflect their spatial and tempo-
ral evolution features and relationships [40]. We calculated and analyzed the centroid mi-
grations of mangroves and S. alterniflora here. The equation of centroid is listed as follows:⎧⎪⎪⎨

⎪⎪⎩
XC =

∑n
i=1(CiXi)

∑n
i=1 Ci

YC =
∑n

i=1(CiYi)

∑n
i=1 Ci

(3)

where Xc and Yc represent the centroid coordinates of one land cover type weighted by its
area, Xi and Yi are the latitude and longitude coordinates for the centroid of the ith patch
of one land cover type, Ci is the area of the ith patch, and n is the total number of patches
of a certain land cover type.

2.6. Spartina alterniflora Expansion Pattern Analysis

We used LEI [64] to investigate the S. alterniflora expansion patterns at the patch level.
The LEI equation is listed as follows:

LEI =
AP − A0

AP + A0
(4)
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where Ap represents the expansion area of the S. alterniflora patch and A0 denotes the
original area of the S. alterniflora patch. When A0 �= 0, and the range of LEI values is
(−1, 1), the expansion mode is marginal expansion, which indicates that the S. alterniflora
patches expand outward from their original locations while the newly generated patches
are adjacent to older patches [53]. When the expansion area is smaller than the original area
of the S. alterniflora patch, LEI < 0, which represents the marginal expansion 1 mode. When
the expansion area is equal to or larger than the original area of the S. alterniflora patch,
LEI ≥ 0, which denotes the marginal expansion 2 mode [55]. When the original area of the
S. alterniflora patch is 0, A0 = 0, LEI = 1, and the expansion mode is external expansion.

3. Results

3.1. Accuracy Assessment

Table 3 presents the accuracy assessments in the Zhangjiang Estuary and the Dandou
Sea. In the Zhangjiang Estuary, the detection accuracy in 2016 was lower than that of other
years, which was due to the seasonal-dependent environmental noises (algae) [61] on the
mud flats (Figure 2). In the Dandou Sea, the detection accuracy in 2019 was lower than
that of other years, which might be due to the tidal activities leading to turbid coastal
waters [28]. The overall accuracies of all the detection results are greater than 90%, and all
Kappa coefficients exceed 0.90, confirming consistency between our detection results and
those from the validation data.

Table 3. Detection accuracies in Zhangjiang Estuary (ZJE) and Dandou Sea (DDS).

ZJE

Year 2005 2011 2014 2016 2019

Overall Accuracy 95% 95% 96% 97% 92%

Kappa 0.93 0.94 0.95 0.96 0.90

DDS

Year 2005 2009 2013 2015 2019

Overall Accuracy 95% 96% 92% 94% 97%

Kappa 0.94 0.95 0.90 0.93 0.96

Figure 2. Distribution maps of mangroves and S. alterniflora in Zhangjiang Estuary from 2005 to 2019.
Each mangrove and S. alterniflora detection result is superimposed on Google Earth imagery.

3.2. Spatial–Temporal Distribution Changes of Mangroves and S. alterniflora

Figure 2 shows the distribution maps of mangroves and S. alterniflora in the Zhangjiang
Estuary from 2005 to 2019. Most mangroves in the Zhangjiang Estuary were concentrated

44



Forests 2024, 15, 1788

in the west of the study area, while S. alterniflora grew on the seaward side of the mangroves
or near aquaculture ponds. In the north of the study area, S. alterniflora were distributed
in small patches and continued to expand on the mudflats towards the sea (Figure 2).
From 2005 to 2019, the mangrove area in the Zhangjiang Estuary expanded, with a total
area increase of 9.03 hm2. The annual change rates of mangroves were 0.23% from 2005
to 2011, 0.54% from 2011 to 2014, 1.27% from 2014 to 2016, and 3.28% from 2016 to 2019,
respectively (Table 4). From 2005 to 2019, the S. alterniflora expanded with a total area
increase of 165.09 hm2. The annual change rates of S. alterniflora were 0.42% from 2005 to
2011, 9.14% from 2011 to 2014, 18.68% from 2014 to 2016, and 30.92% from 2016 to 2019,
respectively (Table 4). From 2014 to 2019, many small S. alterniflora patches on the mudflats
gradually converged, forming larger S. alterniflora stands (Figure 2).

Table 4. Mangrove and S. alterniflora areas from 2005 to 2019, and the area changes during different
stages in the Zhangjiang Estuary.

Year

Mangroves S. alterniflora

Area/hm2 Annual Change
Rate/%

Annual Expansion
Rate/%

Area/hm2 Annual Change
Rate/%

Annual Expansion
Rate/%

2005 56.22 / / 67.14 / /

2011 57.00 0.23 0.23 68.83 0.42 0.42

2014 57.93 0.54 0.54 87.71 9.14 8.42

2016 59.40 1.27 1.26 120.48 18.68 17.2

2019 65.25 3.28 3.18 232.23 30.92 24.45

The centroid of mangroves in the Zhangjiang Estuary varied as the mangrove distri-
butions changed. The mangrove centroid moved northeast by 0.04 km from 2005 to 2011,
northwest by 0.008 km from 2011 to 2014, northeast by 0.064 km from 2014 to 2016, and
southwest by 0.01 km from 2016 to 2019 (Figure 3). The centroid of S. alterniflora also shifted as
S. alterniflora invaded the mudflats (Figure 2). The S. alterniflora centroid migrated southeast by
0.207 km from 2005 to 2011, westward by 0.321 km from 2011 to 2014, westward by 0.357 km
from 2014 to 2016, and northwest by 0.382 km from 2016 to 2019 (Figure 3).

 

Figure 3. Centroid migration maps of mangroves and S. alterniflora in Zhangjiang Estuary from 2005
to 2019.

Figure 4 presents the distribution maps of mangroves and S. alterniflora in the Dandou
Sea from 2005 to 2019. In this study area, mangroves were mainly found on the north
and east sides or near the aquaculture ponds. S. alterniflora occupied the mud flats near
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mangroves in the north of the Dandou Sea and continuously expanded towards the sea.
The mangrove area in the Dandou Sea increased from 475.78 hm2 in 2005 to 493.24 hm2 in
2009, decreased to 475.12 hm2 in 2015, and then increased to 475.41 hm2 in 2019 (Table 5).
The mangrove area decreases were mainly due to anthropological activities, like land
reclamations along the southern coast of the Dandou Sea (Figures 4 and 5), and the en-
croachment of S. alterniflora into mangroves also prohibited the mangrove expansion. From
2005 to 2019, the S. alterniflora spread with an area increase of 228.28 hm2. The annual
change rates of S. alterniflora were 23.25% from 2005 to 2009, 7.77% from 2009 to 2013, 0.40%
from 2013 to 2015, and 0.32% from 2015 to 2019, respectively (Table 5). The S. alterniflora
rapid spread was obvious along the eastern coast of the Dandou Sea from 2009 to 2013
(Figure 5).

Figure 4. Distribution maps of mangroves and S. alterniflora in the Dandou Sea from 2005 to 2019.
Each mangrove and S. alterniflora detection result is superimposed on Landsat TM (a) or Google
Earth (b–e) data. The TM image is a false-color composite of band 4 in the red channel, band 3 in the
green channel, and band 2 in the blue channel. The Google Earth image is a true-color composite.
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Table 5. Areas of mangroves and S. alterniflora from 2005 to 2019 and the area changes during different
stages in the Dandou Sea.

Year

Mangroves S. alterniflora

Area/hm2 Annual
Change Rate/%

Annual
Expansion

Rate/%
Area/hm2 Annual

Change Rate/%

Annual
Expansion

Rate/%

2005 475.78 / / 144.21 / /

2009 493.24 0.92 0.91 278.34 23.25 17.87

2013 486.20 −0.36 −0.36 364.87 7.77 7.00

2015 475.12 −1.14 −1.15 367.76 0.40 0.40

2019 475.41 0.02 0.02 372.49 0.32 0.32

Figure 5. Human-induced mangrove distribution changes in the Dandou Sea.

The mangrove centroid in the Dandou Sea shifted towards the northeast by 0.128 km
from 2005 to 2009, northwest by 0.242 km from 2009 to 2013, eastward by 0.014 km from
2013 to 2015, and eastward by 0.017 km from 2015 to 2019, respectively (Figure 6). The
S. alterniflora centroid moved northwest by 0.223 km from 2005 to 2009, northeast by
0.278 km from 2009 to 2013, southwest by 0.062 km from 2013 to 2015, and southwest by
0.391 km from 2015 to 2019 (Figure 6).
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Figure 6. Centroid migration maps of mangroves and S. alterniflora in Dandou Sea from 2005 to 2019.

3.3. Changes of Mangrove and S. alterniflora Landscape Indexes
3.3.1. Mangroves

The landscape index results for mangroves and S. alterniflora in the Zhangjiang Estuary
and the Dandou Sea are displayed in Figure 7. In the Zhangjiang Estuary, the total number
of mangrove NP presented a continuous growth trend since 2014, peaking at 117 in 2019 and
increasing by 46 from 2005 to 2019. This suggested that mangrove patches were increasingly
fragmented in the Zhangjiang Estuary, and the patch distributions became more discrete.
The mangrove PD fluctuated from 72.32 to 39.33, showing the mangrove heterogeneity.
The mangrove LPI showed a trend of increasing and then decreasing, with the lowest
point of 5.76 in 2019, reflecting the low concentration degree of the mangrove patches.
The mangrove LSI fluctuated from 10.74 to 13.75, suggesting the scattered mangrove
distributions. The mangrove AWMSI first increased and then decreased, reaching a peak at
3.08 in 2011. The mangrove DIVISION increased from 0.97 to 0.99, suggesting the complex
mangrove patch composition. The mangrove AI decreased from 99.35 in 2005 to 99.26 in
2019, suggesting the decreasing mangrove connectivity in the Zhangjiang Estuary.
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Figure 7. Temporal changes of mangrove and S. alterniflora landscape indexes in Zhangjiang Estuary
(ZJE) and Dandou Sea (DDS). Here, NP denotes Number of Patches, PD denotes Patch Density, LPI
denotes Largest Patch Index, LSI denotes Landscape Shape Index, AWMSI denotes Area-weighted
Mean Shape Index, DIVISION denotes Landscape Division Index, and AI denotes Aggregation Index.

In the Dandou Sea, the total number of mangrove NP showed a fluctuating trend
of increasing, decreasing. and then increasing again, peaking at 176 in 2009 (Figure 7).
The trend of mangrove PD was similar to that of mangrove NP. The highest point of
mangrove PD in the Dandou Sea was 22.81 in 2009, smaller than the mangrove PD values
in the Zhangjiang Estuary. The mangrove LPI displayed a trend of decreasing, increasing,
and then decreasing, which suggested the low concentration degree. The mangrove LSI
displayed a trend of increasing, decreasing, and then increasing, peaking at 18.50 in 2019,
which indicated that the mangrove distribution was scattered. The mangrove AWMSI
fluctuated from 2.60 to 3.33, showing the mangrove heterogeneity. The mangrove DIVISION
increased from 0.89 in 2005 to 0.98 in 2019, suggesting a more complex mangrove patch
composition. The mangrove AI decreased from 99.59 in 2005 to 99.20 in 2019, suggesting
decreasing mangrove connectivity in the Dandou Sea.

Taken together, the mangrove landscapes in both the Zhangjiang Estuary and the
Dandou Sea were complex, with more fragmented patches, greater heterogeneity, and
decreased connectivity. The mangrove patches in the Zhangjiang Estuary were more
fragmented than those in the Dandou Sea.
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3.3.2. Spartina alterniflora

In the Zhangjiang Estuary, the total number of S. alterniflora NP displayed a trend
of decreasing, increasing, and then decreasing, peaking at 1508 in 2016 (Figure 7). The
decline of S. alterniflora NP values from 2005 to 2011 was mainly because (1) the aquaculture
pond constructions occupied the habitat areas of S. alterniflora, and (2) many small-sized
S. alterniflora patches merged into larger ones. From 2014 to 2016, S. alterniflora spread
rapidly, especially on the tidal mudflats west of the Zhangjiang Estuary, resulting in
numerous small S. alterniflora patches scattered on the mudflats (Figure 2). From 2016 to
2019, those small patches continued to grow and then merged into larger patches, which
resulted in decreased S. alterniflora NP values. This indicated that the period from 2011 to
2014 was the growth stage, and the years from 2014 to 2019 were the outbreak stage for the
S. alterniflora expansion process in the Zhangjiang Estuary. The S. alterniflora PD fluctuated
from 157.32 to 838.31, peaking at 838.31 in 2016, and the changing trend was consistent with
that of NP. The S. alterniflora LPI continuously increased, peaking at 24.22 in 2019, indicating
the increased concentration degree of the S. alterniflora patches. The S. alterniflora LSI first
increased and then decreased, peaking at 43.23 in 2016, which also suggested the invasion
outbreak of S. alterniflora expansion. The S. alterniflora AWMSI showed a continuous growth
trend, indicating the increasing heterogeneity degree of S. alterniflora distributions in the
Zhangjiang Estuary. The S. alterniflora DIVISION decreased dramatically from 1 to 0.93,
suggesting the S. alterniflora patch composition was becoming simpler (Figure 2). The
S. alterniflora AI dramatically increased from 98.08 in 2016 to 99.09 in 2019, suggesting
improved connectivity among the S. alterniflora patches in the Zhangjiang Estuary.

In the Dandou Sea, the total number of S. alterniflora NP fluctuated from increasing
to decreasing and then to increasing again, peaking at 960 in 2009 (Figure 7). The trend of
S. alterniflora PD was similar to that of S. alterniflora NP. The highest point of S. alterniflora
PD in the Dandou Sea was 124.42 in 2009, smaller than those in the Zhangjiang Estuary.
This indicated that S. alterniflora patches in the Dandou Sea were less fragmented than
those in the Zhangjiang Estuary. Also, the period from 2005 to 2009 was the outbreak stage,
and the years from 2009 to 2019 were the plateau stage for the S. alterniflora expansion
process in the Dandou Sea. The S. alterniflora LPI decreased from 6.22 in 2005 to 4.90 in 2019,
indicating the S. alterniflora concentration degree decline in these years. The S. alterniflora
LSI fluctuated from increasing to decreasing and then to increasing, peaking at 36.71 in
2019, which indicated the scattered distribution of S. alterniflora. The S. alterniflora AWMSI
fluctuated from 2.01 to 3.82, showing the increased heterogeneity of S. alterniflora patches.
The S. alterniflora DIVISION remained at 0.99, which indicated the severe fragmentation
and complex patch composition of S. alterniflora. The S. alterniflora AI decreased from
99.35 in 2005 to 98.15 in 2019, suggesting the decreasing S. alterniflora connectivity in the
Dandou Sea.

Taken together, the S. alterniflora landscapes in both the Zhangjiang Estuary and the
Dandou Sea showed increasing heterogeneity. From 2005 to 2019, S. alterniflora in the
Zhangjiang Estuary experienced the growth and outbreak stages and showed a higher
concentration degree and improved connectivity, while those in the Dandou Sea experi-
enced the outbreak and plateau stages and showed decreased connectivity. Comparing
the landscape indexes of mangroves and S. alterniflora, we can see the differences in the
landscape index trends in the two regions. In the Zhangjiang Estuary, from 2005 to 2019, the
mangrove LPI showed a decreasing trend, while the S. alterniflora LPI showed an increasing
trend. This indicated the possibility for S. alterniflora to be the dominant intertidal plant in
the Zhangjiang Estuary in the future. In contrast, the S. alterniflora LPI in the Dandou Sea
decreased over time. From 2009 onwards, the mangrove AI values of the two study areas
were larger than the S. alterniflora AI values, indicating better connectivity of the mangrove
patches than the S. alterniflora patches.
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3.4. Expansion Mode of S. alterniflora from 2005 to 2019

As the spatial distribution changes of S. alterniflora varied in different areas from 2005
to 2019 (Figures 2 and 4), we further studied the expansion dynamics and analyzed the
expansion pattern here. The S. alterniflora expansion modes included external expansion,
marginal expansion 1, and marginal expansion 2 (Figure 8). In the Zhangjiang Estuary,
from 2005 to 2011, S. alterniflora expanded by 371 patches (Table 6). The number of external
expansion patches was 190, accounting for 51.21% of the total expansion patch number,
suggesting that S. alterniflora expanded mainly through external expansion. A total of
140 patches, with a proportion of 37.74% and an area of 12.76 hm2, were dominated by the
marginal expansion 1 mode. From 2011 to 2014, S. alterniflora expanded by 502 patches.
The number of external expansion patches was 356, accounting for 70.92% of the total
expansion patches. However, the area of the marginal expansion patches was significantly
higher than that of the external expansion patches. From 2014 to 2016, S. alterniflora
expanded by 1476 patches. The number of S. alterniflora patches in external expansion
mode accounted for 84.15% of the total. The area of marginal expansion patches was
12.14 hm2 larger than those of the external expansion patches. From 2016 to 2019, the
number of external expansion patches was slightly smaller than the total number of patches
in marginal expansion 1 mode and marginal expansion 2 mode. The area of patches in
marginal expansion 2 mode dramatically increased, while the area of external expansion
patches declined. The AWMSI values of the patches (Table 6) suggested that patches in
marginal expansion 2 mode were more complex than those in marginal expansion 1 mode,
and patches in marginal expansion 1 mode also showed higher heterogeneity than those
in external expansion mode. SPLIT values of S. alterniflora patches in external expansion
mode were larger than those in marginal expansion 1 or marginal expansion 2 modes,
indicating the external expansion mode could cause severe fragmentation of the patches.
As displayed in Figure 8, we can clearly see that the period from 2011 to 2016 was the
time when external expansion was the main S. alterniflora expansion mode on the mudflats
southwest of the study region.

Table 6. Distribution statistics of LEI on different intervals in Zhangjiang Estuary.

Year
Expansion

Pattern
LEI Interval
Distribution

Number of
Patches

Proportion
of Total
Number

Area/hm2 AWMSI SPLIT

2005–2011
Marginal expansion 1 LEI < 0 140 37.74% 12.76 2.60 689.4
Marginal expansion 2 LEI ≥ 0 41 11.05% 18.95 3.74 38.7

External expansion LEI = 1 190 51.21% 5.38 2.37 1010.17

2011–2014
Marginal expansion 1 LEI < 0 114 22.71% 8.27 3.04 1167.52
Marginal expansion 2 LEI ≥ 0 32 6.37% 19.48 5.55 32.88

External expansion LEI = 1 356 70.92% 5.76 1.58 1864.15

2014–2016
Marginal expansion 1 LEI < 0 118 7.99% 5.16 2.63 4909.22
Marginal expansion 2 LEI ≥ 0 116 7.86% 21.63 4.37 122.51

External expansion LEI = 1 1242 84.15% 14.65 1.86 1117.57

2016–2019
Marginal expansion 1 LEI < 0 109 23.59% 10.1 3.18 8556.01
Marginal expansion 2 LEI ≥ 0 125 27.06% 107.23 13.33 7.73

External expansion LEI = 1 228 49.35% 4.74 1.54 37,135.2
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Figure 8. Spatial expansion patterns of S. alterniflora in Zhangjiang Estuary from 2005 to 2019.

In the Dandou Sea, from 2005 to 2009, S. alterniflora expanded by 1155 patches (Table 7).
There were 930 external expansion patches, accounting for 80.52% of the total expansion
patch number, with an area of 98.93 hm2. It suggested S. alterniflora expanded mainly
through external expansion in this period. There were also 207 patches in marginal expan-
sion 1 mode, accounting for 17.92% of the total, with an area of 36.87 hm2. From 2009 to
2013, there were 780 patches in marginal expansion 1 mode and 342 patches in marginal
expansion 2 mode, accounting for 80.6% of the total, with an area of 82.17 hm2 in total.
There were only 270 patches dominated by external expansion mode, accounting for 19.4%
of the total, indicating that S. alterniflora expanded mainly through marginal expansion
in this period. From 2005 to 2013, both the AWMSI and SPLIT indexes of the marginal
expansion 1 and marginal expansion 2 modes were higher than those of external expansion,
indicating that the shape of marginal expansion patches showed higher heterogeneity and
dispersion degree. From 2013 to 2015, the patch number in marginal expansion 1 mode
was 1572, accounting for 80.91% of the total, with an area of 82.17 hm2. The SPLIT index
of external expansion was 4087.52, much larger than those in marginal expansion modes,
indicating a severe fragmentation degree. From 2015 to 2019, the patch number in marginal
expansion 1 mode was 970, accounting for 54.80% of the total, with an area of 36.26 hm2.
Both the number and area of the patches in external expansion mode were smaller than
those in marginal expansion mode. The SPLIT index of patches in external expansion
mode was larger than those of marginal expansion, indicating that the patches of external
expansion were more dispersed. As demonstrated in Figure 9, the period from 2005 to 2009
was the time when external expansion was the dominant S. alterniflora expansion mode,
while marginal expansion was the main S. alterniflora expansion mode from 2009 to 2019 in
the Dandou Sea.
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Figure 9. Spatial expansion patterns of S. alterniflora in Dandou Sea from 2005 to 2019.

Table 7. Distribution statistics of LEI on different intervals in Dandou Sea.

Year Expansion Pattern
LEI Interval
Distribution

Number of
Patches

Proportion
of the Total

Number
Area/hm2 AWMSI SPLIT

2005–2009
Marginal expansion 1 LEI < 0 207 17.92% 36.87 2.82 334.78
Marginal expansion 2 LEI ≥ 0 18 1.56% 18.94 2.57 273.91

External expansion LEI = 1 930 80.52% 98.93 2.48 128.22

2009–2013
Marginal expansion 1 LEI < 0 780 56.03% 34.56 3.3 1204.78
Marginal expansion 2 LEI ≥ 0 342 24.57% 47.61 4.39 191.16

External expansion LEI = 1 270 19.40% 38.26 1.68 169.54

2013–2015
Marginal expansion 1 LEI < 0 1572 80.91% 29.85 2.52 507.38
Marginal expansion 2 LEI ≥ 0 214 11.01% 11.15 2.64 400.76

External expansion LEI = 1 157 8.08% 3.84 1.61 4087.52

2015–2019
Marginal expansion 1 LEI < 0 970 54.80% 36.26 3.31 1000.46
Marginal expansion 2 LEI ≥ 0 394 22.26% 57.91 5.15 90.3

External expansion LEI = 1 406 22.94% 12.16 1.88 3246.62

4. Discussion

4.1. Mangroves and S. alterniflora Mapping

In this study, the combined OBIA and visual interpretation methods were used to map
mangroves and S. alterniflora in the Zhangjiang Estuary and the Dandou Sea from 2005
to 2019. We found that the high-resolution satellite imagery could detect the mangrove
and S. alterniflora patches at a finer scale and accurately monitor the S. alterniflora invasion
processes [28]. The overall accuracies in both the Zhangjiang Estuary and the Dandou Sea
were larger than 90%, suggesting reliable classification results. The S. alterniflora areas in
the Zhangjiang Estuary in 2005 and 2014, as measured by Liu et al. [28], were 66.76 hm2

and 87.31 hm2, respectively, which were close to the 67.14 hm2 in 2005 and 87.71 hm2

in 2014, respectively, observed in this study. In addition, the mangrove detection results
from Zhong [65] (50.88 hm2 in 2005 and 55.1 hm2 in 2011) were consistent with our results
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(56.22 hm2 in 2005 and 57.00 hm2 in 2011). As for the Dandou Sea, we compared our
mangrove detection results in 2009, 2015, and 2019 with the mangrove datasets in 2010,
2015, and 2020 from Jia et al. [12] and found good spatial consistency (Figure A1). The
main difference between our mangrove map in 2009 and the result from Jia et al. [12]
in 2010 is shown in Figure A1, and we can see that some small mangrove patches were
ignored by Jia et al. [12], which might be due to the coarse spatial resolution satellite
imagery [12]. Furthermore, our mangrove map in 2019 and the mangrove detection results
in 2018 from Zhang et al. [52] also demonstrated good spatial consistency (Figure A1), with
the percentage of overlap greater than 95%. Pan et al. [66] monitored S. alterniflora in the
Dandou Sea in 2013 and reported the area to be 372.11 hm2 and the patch number to be 623.
Their results were consistent with our study (S. alterniflora area 364.87 hm2, patch number
642 in 2013). Thus, the long-term, fine-scale monitoring results of the mangrove–salt marsh
ecotones in this study lay a good data basis for further landscape analysis.

4.2. Dynamic Changes of Mangroves and S. alterniflora

From 2005 to 2019, the annual change rates of mangrove and S. alterniflora in the
Zhangjiang Estuary showed a continuous growth trend. Our results regarding the changes
in the mangrove and S. alterniflora distribution area in the Zhangjiang Estuary are highly
consistent with those of previous researchers [67,68]. In comparison, mangrove areas in the
Dandou Sea first increased, then decreased, and then increased again, while S. alterniflora
areas kept rising from 2005 to 2019. S. alterniflora in the two study regions showed larger
annual change rates and annual expansion rates than mangroves, indicating the rapid
S. alterniflora invasion in the intertidal zones.

From 2005 to 2019, in the Zhangjiang Estuary, the mangrove centroid experienced
a trend of shifting seaward before 2016 and a process of migrating landward after 2016.
The mangrove centroid migrated 77 m northeastward during the period. The centroid
of S. alterniflora shifted southeastward before 2011 and then shifted westward after 2011.
Additionally, the S. alterniflora centroid migrated 1019 m southeastward in total. As to the
Dandou Sea, the mangrove centroid experienced a trend of shifting landward. The man-
grove centroid migrated 358 m northeastward from 2005 to 2019. The S. alterniflora centroid
shifted northward before 2013 and then shifted southward after 2013. The S. alterniflora
centroid migrated 300 m northwestward from 2005 to 2019. It is noteworthy that the cen-
troid migration directions of mangroves and S. alterniflora in the Zhangjiang Estuary were
opposite, and the distance between the mangrove centroid and the S. alterniflora centroid
was decreasing, changing from 2224 m in 2005 to 1159 m in 2019. In the Dandou Sea, the
centroid migration directions of both mangroves and S. alterniflora shifted landward, while
the mangrove centroid moved northeast and the S. alterniflora centroid shifted northwest,
which was partly consistent with the opposite migration direction results in the Zhangjiang
Estuary. In the Dandou Sea, the distance between the mangrove centroid and the S. al-
terniflora centroid was also decreasing, changing from 566 m in 2005 to 543 m in 2019.
These indirectly reflect the fierce competition between mangroves and S. alterniflora for
habitat resources in coastal areas. Also, the centroid distance changes between mangroves
and S. alterniflora were larger in the Zhangjiang Estuary than those in the Dandou Sea,
partly suggesting the more serious threat of S. alterniflora colonizing mangrove areas in the
Zhangjiang Estuary.

The LSI, AWMSI, and DIVISION indexes indicate that mangrove segmentation is
obvious and that the mangrove patch shapes become more complex and irregular. From
2005 to 2019, mangrove patches in the Dandou Sea exhibited higher complexity and
fragmentation degrees compared with those in the Zhangjiang Estuary. The dramatic
increasing trend of the S. alterniflora LPI indexes in the Zhangjiang Estuary suggested that
S. alterniflora might continue to exert pressure on mangrove ecosystems in the near future.
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4.3. Spartina alterniflora Invasion Process and Pattern

The S. alterniflora invasion process can be deduced from the area changes over time. A
significant increase in the S. alterniflora area from 2016 to 2019 was notable in the Zhangjiang
Estuary, with an annual change rate of 30.92%. Additionally, the S. alterniflora area changes
revealed that S. alterniflora experienced a growth stage first and then an outbreak stage
from 2014 to 2019. By comparison, the annual change rates of S. alterniflora decreased
over time in the Dandou Sea, consistent with the results from Li et al. [69]. This indicated
that S. alterniflora in the Dandou Sea experienced the outbreak stage from 2005 to 2009,
followed by a decrease in expansion rate, and entered the plateau stage after 2009 mainly
due to environmental limitations. Spartina alterniflora was reported to be first success-
fully planted in Fujian Province in 1981 and in Guangxi Zhuang Autonomous Region in
1979 [28]. The differences in planting time might be an important reason for the delayed
S. alterniflora expansion outbreak stage in the Zhangjiang Estuary, compared with those in
the Dandou Sea.

Researchers noted that the invasion of S. alterniflora in China exhibited characteris-
tics of “point-source dispersal, multi-point outbreak” [70]. The S. alterniflora expansion
processes in the Zhangjiang Estuary and the Dandou Sea also conformed to this rule. As
displayed in Figure A2, S. alterniflora in the Zhangjiang Estuary first formed numerous
small and irregular patches, subsequently, these scattered small patches on the mudflats
rapidly expanded, coalescing into large contiguous clumps. Thus, although S. alterniflora
can reproduce both asexually and sexually [71], the S. alterniflora clonal growth mainly
contributed to area increase in the two study areas from 2005 to 2019. Additionally, the
S. alterniflora outbreak stages were also obvious in Figure A2.

The expansion pattern of S. alterniflora varies in different regions and different periods.
In terms of the patch number, the S. alterniflora expansion was dominated by external
expansion from 2005 to 2016 in the Zhangjiang Estuary and from 2005 to 2009 in the
Dandou Sea. In terms of the patch area, the S. alterniflora expansion was dominated by
marginal expansion from 2005 to 2019 in the Zhangjiang Estuary and from 2009 to 2019
in the Dandou Sea. The shape of patches in marginal expansion mode was more complex
compared to those in external expansion mode. A significant fragmentation trend of
S. alterniflora patches in external expansion mode can be observed in both study areas.

Previous researchers mentioned that the S. alterniflora expansion could be divided into
three stages, which were the growth stage, outbreak stage, and plateau stage [72]. However,
owing to the lack of high spatial resolution satellite imagery before 2005, we did not observe
the growth stage of S. alterniflora expansion in the Dandou Sea. Since the “Special Action
Plan for Mangrove Protection and Restoration (2020–2025)” was implemented in 2020,
we selected satellite data acquired before 2020 to prevent the impact of this large-scale
action plan. So, we only observe the growth stage and outbreak stage of the S. alterniflora
expansion in the Zhangjiang Estuary. However, by combining the results in the two areas,
we can conclude the full S. alterniflora expansion process.

4.4. Implications for S. alterniflora Control and Management

China has implemented a series of control measures for S. alterniflora management
to guarantee ecological security. The Biosecurity Law of the People’s Republic of China
came into force in 2021 and proposed to “strengthen the investigation, monitoring, early
warning, control, assessment, removal and ecological restoration of invasive alien species”.
The “Wetland Protection Law of the People’s Republic of China”, which was officially
implemented in 2022, stipulates that “the introduction and release of alien species into
wetlands is prohibited”. The “Special Action Plan for Mangrove Protection and Restoration
(2020–2025)” points out that “the focus is to strengthen the prevention and control of
harmful biological disasters such as S. alterniflora”. By the end of 2022, the “Special
Action Plan for the Prevention and Control of Spartina alterniflora (2022–2025)” was issued,
marking S. alterniflora control as an important component of China’s coastal wetland
management and conservation efforts [73]. Following the deployment arrangements of
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the Chinese government, several provinces have launched a new round of S. alterniflora
control campaigns based on previous control efforts. By the end of October 2023, China
has completed the clearance of approximately 300 km2, accounting for 86% of the annual
target. Provinces such as Fujian, Shandong, Liaoning, and Hainan have completed the
clearance of S. alterniflora in the entire region and have entered the stage of comprehensive
management, protection, and ecological restoration [74].

According to our study, the expansion of S. alterniflora in the outbreak stage is rapid
with a large annual change rate; the early warning of S. alterniflora invasion is highly
significant for the efficient and economical removal of the invasive plant. With the national-
scale implementation of S. alterniflora eradication campaigns, the S. alterniflora area will
decrease or even disappear by 2025. However, the remaining roots in the soil and the
seeds floating on the water make it challenging to exterminate S. alterniflora over the short
term [61,75]. Continuous monitoring of S. alterniflora is essential to control secondary
invasion and protect coastal wetlands [61].

5. Conclusions

As there are few studies on the spatial pattern differences of S. alterniflora invasion
and the nearby mangrove distributions in different latitudes, we selected the Zhangjiang
Estuary and the Dandou Sea, two representative mangrove–salt marsh ecotones in the
north and south of the Tropic of Cancer, as the study areas. We combined OBIA and visual
interpretation methods to map mangroves and S. alterniflora with high-resolution satellite
imagery from 2005 to 2019. Based on the constructed long-term, fine-scale mangrove
and S. alterniflora maps, we applied spatial analysis, centroid migration, and landscape
indexes to analyze and compare the spatio–temporal distribution changes of mangroves
and S. alterniflora in these two ecotones over time. The annual change rates of mangrove
and S. alterniflora areas in the Zhangjiang Estuary showed a continuous growth trend. The
mangrove areas in the Dandou Sea showed a fluctuating trend of increasing, decreasing,
and then increasing again, while S. alterniflora areas kept rising from 2005 to 2019. Spartina
alterniflora showed larger annual change rates and annual expansion rates compared with
the mangroves, indicating a rapid S. alterniflora invasion in the intertidal zones. The
opposite centroid migration directions of mangroves and S. alterniflora and the decreasing
distances between the mangrove centroid and the S. alterniflora centroid revealed the
fierce competition between mangroves and S. alterniflora for habitat resources. The LSI,
AWMSI, and DIVISION landscape indexes suggest mangrove segmentation and complex
patch shapes. From 2005 to 2019, mangrove patches in the Dandou Sea displayed higher
complexity and fragmentation degrees compared with those in the Zhangjiang Estuary. The
AI index suggested decreasing mangrove connectivity in both study areas. The impact of
S. alterniflora invasion on mangroves was progressively serious as more mangrove canopy
gaps were invaded and S. alterniflora patches near mangroves became larger. S. alterniflora
invasion contributed to the severe fragmentation and degraded connectivity patterns of
mangroves in both study regions. Thus, the control and management of S. alterniflora is
urgent and imperative for scientific mangrove restoration and conservation.

The S. alterniflora invasion process and expansion mode were illuminated for the two
study areas. From 2005 to 2019, we observed the growth stage and outbreak stage of
S. alterniflora expansion in the Zhangjiang Estuary and the outbreak stage and plateau stage
of S. alterniflora expansion in the Dandou Sea. The different planting times and latitudes
might lead to the delayed S. alterniflora expansion outbreak stage in the Zhangjiang Estuary,
in contrast with those in the Dandou Sea. The expansion characteristics of “point-source
dispersal, multi-point outbreak” were obviously shown in these two regions. In terms
of the patch number, the S. alterniflora expansion was dominated by external expansion
from 2005 to 2016 in the Zhangjiang Estuary and from 2005 to 2009 in the Dandou Sea. In
terms of the patch area, the S. alterniflora expansion was dominated by marginal expansion
from 2005 to 2019 in the Zhangjiang Estuary and from 2009 to 2019 in the Dandou Sea. As
S. alterniflora expansion in the outbreak stage is rapid, with a large annual change rate, early
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warning of S. alterniflora invasion is of significance for the efficient and economical removal
of the invasive plant. Moreover, with the national-scale implementation of S. alterniflora
eradication campaigns, continuous monitoring of S. alterniflora is essential to control sec-
ondary invasion and protect coastal wetlands. This study contributes to the understanding
of the S. alterniflora invasion process and expansion mode in mangrove–salt marsh ecotones
with different latitudes. These conclusions are highly beneficial for the management and
sustainable development of coastal wetlands.
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Appendix A

Figure A1. Comparison of mangrove patches from our study, Jia et al. [12] and Zhang et al. [52], in
Dandou Sea.
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Figure A2. Examples of S. alterniflora expansions in Zhangjiang Estuary and Dandou Sea.
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Abstract: Highlights: Though not highly invasive, bulb and corm ornamental plants can escape
cultivation and naturalize in new areas. Studying their naturalization is key to understanding their
ecological impact and managing biodiversity. Objectives: This study aimed to document the first
naturalization case of Crocus tommasinianus Herb. in Poland and assess the morphological variability
of the naturalized population under different environmental conditions. Another objective was to
identify diagnostic features in seed testa ornamentation to distinguish C. tommasinianus from related
species (C. vernus (L.) Hill. and C. scepusiensis (Rehmann et Wol.) Borbás ex Kulcz.). Methods: The
morphometric studies were performed within four subpopulations of C. tommasinianus differing in en-
vironmental conditions, determined with Ellenberg indices. Multivariate tests, ANOVA, and post-hoc
tests were used to determine the morphometric diversity of specimens and to relate them to envi-
ronmental factors. Seed micro-ornamentation was examined using a scanning electron microscope.
Results: Light and temperature were negatively correlated, while moisture, soil pH, and nitrogen
were positively correlated with many morphological traits. Plants spreading into forest ecosystems
exhibited better-developed features (larger leaves and flowers) than those in former cultivation sites,
indicating higher survival potential. The seed coat is papillate, with distinct differences in the shape,
size, and secondary sculpture of the papillae compared to C. vernus and C. scepusiensis. Given that
floristic studies often occur during the fruiting period of crocuses, testa ornamentation is crucial
for identifying the studied species. Conclusions: The observed naturalization of C. tommasinianus
demonstrates the high morphological plasticity of plants, which makes them capable of colonizing
new areas, including forest habitats.

Keywords: alien species; early crocus; woodland crocus; phenotypic plasticity; diagnostic characters

1. Introduction

1.1. Problem of Alien and Invasive Plant Species in Europe and in Poland

Any live specimens (or plant parts that can reproduce) of a species, subspecies, or
lower taxon introduced outside its natural range as a consequence of human intervention
are classified as alien [1]. Species migration and changes in their distribution ranges,
resulting from intentional and unintentional human activity, are a global problem that
concerns all parts of the world to a greater or lesser extent [2–8]. It is estimated that the
introduction of alien species to Central Europe peaked in the 19th century, and later, it was
slightly slower [9]. Currently, Europe ranks second (after North America) in terms of the
number of naturalized alien species, estimated at 4140. Most of them are species deriving
from other parts of Europe and the temperate zone of Asia but also from Africa, North
America, tropical Asia, and South America [4].

Considering exclusively the area of Poland, it can be concluded that the degree of
anthropogenic transformation of flora is high, as indicated by the high proportion of
alien species to native ones, namely 30% to 70%, respectively [10,11]. Among the alien
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species introduced since the end of the 15th century, those deriving from Europe prevail
(35%), followed by those from North America (30%) and Asia (24%) [10]. About 4% of
alien species naturalized in Poland are invasive, i.e., spreading dynamically in the natural
environment and threatening biodiversity, as they transform habitats and outcompete
native species [12]. It is very challenging to slow down the rate of the spread of invasive
species, such as Reynoutria japonica Houtt, R. sachalinensis (F. Schmidt) Nakai, R. ×bohemica
Chrtek et Chrtkova, Impatiens parviflora DC, I. glandulifera Royle, Heracleum sosnowskyi
Manden., H. mantegazzianum Sommier et Levie, Solidago canadensis L., and S. gigantea Aiton.
It requires individualized and complex actions linked with high costs [13–16]. In the case of
non-invasive alien species, which spread slower and less strongly affect the environment,
the major threat associated with them is so-called homogenization, i.e., a reduction in the
floristic uniqueness of individual regions and the loss of local, specific features within
ecosystems [17–21]. That is why one of the key tasks in biodiversity protection, related
to the spread of alien species, is currently the early detection of the spread of each alien
species and its later monitoring.

1.2. Horticulture and Bulbous Plants in the Context of the Spread of Alien Species

Horticulture—linked with the import of ornamental plants, e-commerce, and plant
cultivation—is currently the most important way of introducing new plant species to areas
where they did not occur before [22,23]. Most of the introduced and cultivated species
remain only in a place of cultivation, but some start to spread, reproduce, and establish in
the wild [22]. This phenomenon, called the naturalization of alien species, allows the creation
of stable populations in new environments, with or without direct human activity [24].
The number of alien plants escaping from cultivation into native ecosystems is steadily
increasing; currently, at least 75% and 93% of the global naturalized alien flora are grown
in private and botanical gardens, respectively [25].

An important role in the global ornamental plant trade is played by bulb and corm
plants. They belong to over 800 genera, but only a few of them dominate in the trade:
Tulipa L., Lilium L., Narcissus L., Gladiolus L., Hyacinthus L., Crocus L., and Iris L. [26], as
well as Scilla L., Ornithogalum L., Galanthus L., and Allium L. Bulb and corm geophytes,
are not highly invasive plants [27], but many species tend to escape from cultivation and
become naturalized in natural and semi-natural ecosystems. All the above-mentioned
genera are currently naturalized outside their natural ranges of distribution, and the size
of their secondary ranges is usually not larger than their primary ranges [28]. In Poland,
only two of them are classified as naturalized—Tulipa sylvestris L. and Crocus vernus (L.)
Hill [10]—although the list of naturalized bulb and corm plants will probably be soon
extended to include other taxa.

The naturalization success of many ornamental plants results from the preference of a
majority of gardeners for plants that are easy to cultivate [29], i.e., have a wide ecological
spectrum. In the case of bulb, corm, and tuber plants, their advantage is also the ability
to reproduce both vegetatively, by means of new bulbs or tubers, and sexually (with
few exceptions) through seed dispersal. The geophytes that escape from cultivation by
means of seeds in cemeteries and in former manor parks in Poland include Ornithogallum
umbellatum L., O. nutans L., O. boucheanum Asch., Scilla sibirica Haw., Chionodoxa sardensis
Barr. et Sudg., Ch. Forbesii Baker, Eranthis hyemalis (L.) Salisb., and Tulipa sylvestris [30–34].
For example, Ornithogallum umbellatum was found on roadsides, meadows, and forest
edges, near allotments (small gardens), and even in a national park [35]. Investigations in
Lower Saxony [35] showed that due to vegetative reproduction, some populations of Tulipa
sylvestris have survived as a cultural relic for at least 250 years in places of their former
cultivation (e.g., historical parks and churchyards), forming populations composed of over
10,000 individuals. The spontaneous dispersal of crop plants can be additionally supported
by human activity. Ornamental geophytes can escape to the natural environment with
discarded plant matter from gardens and composted waste [22]. This applies, for example,
to species of the genera Crocus, Galanthus, and Scilla. In contrast, the increasing range

63



Forests 2024, 15, 1851

and number of localities of the invasive Allium paradoxum are partly due to its intentional
dispersal by wild food lovers [36].

1.3. Crocus tommasinianus—A Cultivated, Alien, Naturalized Species

The genus Crocus includes 261 species [37], which are grouped into two subgenera,
two sections, and 15 series [38–41]. Species from this genus are native to the Mediterranean
basin (North Africa, Iberian Peninsula), South and Central Europe, and West Asia, reaching
as far east as western China, with the largest number of species in the Balkan Peninsula
and Asia Minor [42]. As a result of naturalization, the genus Crocus now also occurs in
North America [28].

In the past, many Crocus species were introduced to botanic gardens and then dis-
tributed [43]. Today, numerous species of this genus are cultivated as ornamental plants [44],
but the most popular in cultivation are Crocus chrysanthus (Herb.) Herb., Crocus flavus We-
ston, Crocus sieberi J. Gay, Crocus tommasinianus Herb. and Crocus vernus, together with
hundreds of varieties and hybrids derived from them [45]. Due to their bright colors and
multitude of varieties, they are valued for their decorative appeal. They are also relatively
easy to grow [43], which makes them popular among both experienced gardeners and
amateurs. Crocuses adapt to almost all soils, respond well to organic fertilizers, and tolerate
sunny, semi-shady, and shady locations [46].

In Central Europe, most cultivated Crocus species bloom in early spring, after a period
of dormancy in winter [44]. One of the smallest [46] and earliest blooming species [47] is
Tommasini’s crocus, Crocus tommasinianus. Two synonymous English names are used to
refer to this species, which reflect its characteristics well: early crocus [48] and woodland
crocus [49]. Sometimes, the less formal name snow crocus is also used [50]. C. tommasinianus
can be observed in winter—at the end of February or in early March—and sometimes
in spring until early April. It typically begins flowering 2–3 weeks earlier than the very
commonly cultivated C. vernus [47], although the cross-pollination of both species and
spontaneous introgression are occasionally observed [47,51].

C. tommasinianus forms corms with a distinctly reticulate tunic from which three to
five linear leaves grow 4–8 mm wide. The flowers are large and slender, 2–4 cm long and
4–5 cm in diameter, with a perianth tube diameter of about 2–3 mm. Their color ranges
from deep violet or purple to snow white, but the perianth tube is always clear white. The
style is shortly divided into three branches, each of them fimbriate at the apex; the stigma
does not exceed the stamens. The plant height is 7–10 cm [38,42,52,53].

This species naturally occurs only on the Balkan Peninsula: from southern Hungary
and northwestern Bulgaria to the West Balkans, namely Croatia, Bosnia-Herzegovina, Mon-
tenegro, and Serbia [28,38,54], where it is found in forests and other shaded areas [55,56]. It
is a particularly useful winter or early spring flowering species in designed landscapes [57],
often grown in gardens and parks. Under favorable conditions, it multiplies quickly by
tubers and by self-seeding, so it can escape from cultivation [58,59]. Its naturalization has
been recorded in Europe (Belgium, Germany, Great Britain, The Netherlands) and in the
eastern part of North America (Delaware, New York, Virginia) [28]. The process of escaping
from cultivation was interestingly described by [47], based on observations in London,
where colonies of fair size spread especially along shady, lightly wooded parkland verges,
where the soil is not heavily compacted.

Since the naturalization of this species was not recorded earlier in Poland [28,60], the
main goal of our study was to document the first naturalized case of C. tommasinianus and
to analyze the causes and possible consequences of this process.

Another goal was to determine the morphological variability of the local population
depending on environmental conditions, in the context of species expansion from the place
of introduction to a forest community.

The basis of every species monitoring effort is species identification. In the case of crocuses
(especially from the Verni series, to which C. tommasinianus belongs), identification is difficult
due to the close relationship of other species, related to polyploidization [38,40,61–63]. This
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results in high interspecific morphological similarity and the high intraspecific morphologi-
cal variability of macroscopic features. In such cases, searching for microscopic features
is very justified. In the case of the Verni series, the features analyzed so far concerned the
anatomical structure of the leaves [64–66]. There are some studies on seeds of C. tommasini-
anus and C. vernus, but so far, they have only considered the primary sculpture of the testa
without characterizing the secondary sculpture [67,68]. Seed micro-ornamentation patterns
are constant and not very susceptible to environmental influences, making them more
reliable for systematic purposes than other macro- and micromorphological features [69].
For these reasons, the third aim of the study was to search for new diagnostic features of C.
tommasinianus based on the primary and secondary testa sculpture and comparison with
seeds of two closely related species from the Verni series occurring in Poland: C. vernus and
C. scepusiensis (Rehmann and Woł.) Borbás (not yet studied for testa micro-ornamentation).

2. Materials and Methods

2.1. Description of the New Location

Field research was conducted in 2023 in the Wielkopolska National Park (WNP, west-
ern Poland; 52◦16′09.5′′ N 16◦47′82.0′′ E; Figure 1). WNP climate is temperate, transitional
between oceanic and continental, with mean annual temperature of 8.4 ◦C and mean annual
precipitation of 521 mm, for the years 1951—[70].

Figure 1. Location map of the study area. Abbreviations: WNP—Wielkopolska National Park,
C—clearing, F—oak forest (Potentillo albae-Quercetum), E1—ecotone1, E2—ecotone2.

Crocus tommasinianus was found here to be spreading from a former cultivation site
(in a clearing near a palace building) to a nearby forest. The local population was first
observed at the described site in 1994, but it was not identified as a species at that time
(A. Czarna—unpublished data). Recently, the species has been determined at the flowering
stage, based on the key and descriptions included in the works of Mathew et al. [38] and
Dostál [53]—Figure 2.
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Figure 2. Crocus tommasinianus in the Wielkopolska National Park: (a) plant habit; (b) group of
specimens (photo: A. Czarna, 9 March 2024).

In the study area, the species covers about 500 m2. Currently, four groups (i.e.,
subpopulations) can be distinguished: (1) in a clearing (place of former cultivation), (2) in
a nearby oak forest, (3) at the edge of the oak forest and the clearing (hereinafter referred
to as ecotone1) and far away from buildings, and (4) at the edge of the oak forest and
the clearing, but in a site partly shaded by the palace building (hereinafter referred to as
ecotone2)—Figure 1.

In a representative part of each subpopulation (i.e., representing its typical density
and distribution of specimens), a plan of the distribution of specimens was made in a
1 m × 1 m plot. In these places, in areas of 10 m2, phytosociological relevés characterizing
the local vegetation were also taken. The species lists were prepared separately for three
layers of vegetation: trees (A), shrubs (B), and herbaceous (C). The names of species were
given after Mirek [60]. The Braun-Blanquet cover-abundance scale was used to show the
shares of the recorded species [71].

Phytosociological data are often used to infer environmental characteristics [72]. There-
fore, based on the prepared relevés and Ellenberg’s indices [73], average values of tempera-
ture, light, soil moisture, pH, and soil nutrients were calculated for the areas occupied by
individual subpopulations.

2.2. Morphometric Measurements of Individuals

To determine whether habitat conditions affect the diversity of C. tommasinianus, the
morphological features of 30 individuals from each subpopulation were measured. The
number of leaves emerging from the corm was counted; the length of the longest leaf, the
length of the flower (i.e., the sum of the total length of the perianth tube and the longest
tepal), the length of the outer tepal, the width of the outer tepal, the length of the anther and
filament, as well as the length of the stigma and style were measured. The measurements
were taken using a 10 cm VIN caliper with an accuracy of 0.05 mm.

2.3. Carpological Examination

To determine whether C. tommasinianus is carpologically distinguishable from two
closely related species from the Verni series (C. vernus and C. scepusiensis), their seeds
were analyzed. Carpological material for C. tommasinianus and C. scepusiensis came from
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the Botanical Garden of Adam Mickiewicz University in Poznan (Poland), and that for
C. vernus came from the Index Seminum of the University of Ljubljana Botanical Garden
(Slovenia). Three features (seed length, width, and elaiosome length) of 30 fully developed
seeds of each species were measured under a stereoscopic microscope PZO MST 132 with
an eyepiece micrometer scale (Polskie Zakłady Optyczne PZO, Warsaw, Poland). Seed-coat
sculpture was studied using scanning electron microscope (SEM) micrographs prepared
with a Zeis EVO 10 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

2.4. Statistical Analyses

Principal component analysis (PCA) on the correlation matrix was used to examine
the combined effects of environmental factors (i.e., average values of Ellenberg indicators)
on morphological characters of Crocus tommasinianus. The analysis included morphometric
measurements of all the studied specimens without prior division into subpopulations.
The scree test was used to select the main components that significantly explained the
variability of the set [74].

Discriminant function analysis (DFA) was used to determine which morphological
characters most effectively differentiate the studied subpopulations. Before analysis, the
quantitative characters were standardized to compare characters that were previously
recorded in different units. The data were not transformed because they were normally or
near-normally distributed (checked with a normality plot combined with the Kolmogorov–
Smirnov test). The models were built using a backward stepwise procedure. The contribu-
tion of particular characters to the discrimination between groups was interpreted based
on standardized coefficients.

Differences in morphometric and carpological characters between subpopulations
were tested using ANOVA and Tukey’s HSD test.

3. Results

3.1. Description of the New Location

The terrain where Crocus tommasinianus occurs is undulating, with a slope of 10%–30%.
Rusty brown soils were formed here on clayey sands [75]. The plants grew in a clearing
in the adjacent forest ecosystem. In the clearing with a meadow ecosystem, the cover
of the herbaceous layer is about 60%. The dominant species are Festuca pratensis Huds.
and F. heterophyllaI Lam., with an admixture of dicotyledonous plants, among which the
most abundant are Hieracium pilosella L. and Trifiolium repens L. (Appendix A). The forest
ecosystem represents the habitat type of moderately moist deciduous forest, phytosocio-
logically closest to an oak forest (Ass. Potentillo albae-Quercetum Libb. 1933, All. Potentillo
albae-Quercion petraeae; O. Quercetalia pubescenti-petraeae). The forest stand is formed by
approximately 100-year-old sessile oaks (Quercus petraea (Matt.) Liebl.) with an admixture
of Carpinus betulus L., Acer platanoides L., Fraxinus excelsior L., Ulmus laevis Pall., and Pinus
sylvestris L. The average density of the tree layer is about 50%. The shrub layer is poorly
developed, covering up to 5%. The herbaceous layer coverage is about 60%, with no
dominant species, although Poa nemoralis L. and Quercus petraea are abundant in some
places. In the forest edge zones (referred to here as ecotones), a separate plant community
is not formed. ecotone1 and ecotone2 differ in tree density (40% and 15%, respectively),
the number of species in the herbaceous layer (36 and 11, respectively), and their coverage
(50% and 65%, respectively). In the ecotones, certain ornamental bulbous species occur
with a low degree of cover: Chionodoxa sardensis, Galanthus nivalis L., and Scilla sibirica.

The mean Ellenberg indices, calculated separately for each site of C. tommasinianus,
were as follows: light (L) 5.00–7.61; temperature (T) 5.00–5.79; moisture (F) 4.07–5.40; soil
pH (R) 5.22–7.00; nitrogen content (N) 3.80–5.83. The habitat conditions were quite similar
in the forest and ecotones (especially ecotone1) and markedly different in the clearing,
where the L value was significantly higher in the clearing, while the nitrogen content (N)
was significantly lower (Figure 3).
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Figure 3. Mean Ellenberg indicator values for light (L), temperature (T), moisture (F), soil pH (R),
and nitrogen (N) calculated for sites of Crocus tommasinianus occurrence.

In 1994, the population of Crocus tommasinianus was larger, but it was limited to the
clearing where it was cultivated, covering about 200 m2. The species did not show any
tendency to spread at that time. Since then, the population has spread to the adjacent
forested areas, now occupying about 500 m2, with only about 30 m2 remaining at the
original cultivation site. In 2023, the density of this species (Figure 4) was the highest
at the edges of the forest (about 100–140 individuals/m2) and the lowest in the clearing
(fewer than 20 individuals/m2). The share of flowering individuals was very high—at least
95%—regardless of the place of occurrence.

Figure 4. Distribution of Crocus tommasinianus specimens on 1 m × 1 m plots: (a) clearing, (b) oak
forest, (c) ecotone1, (d) ecotone2.
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3.2. Morphometric Measurements of Individuals

The examined specimens markedly varied morphologically. Individual specimens
had three to five leaves, with a mean of 3.90. At the time of flowering, the mean length of
the longest leaf was 5.94 cm, with a range from 2 cm to 14.5 cm. Flower length varied from
4.5 cm to 16.5 cm (mean 8.49 cm), while the outer tepal length varied from 2.2 cm to 4.5 cm
(mean 3.10 cm). Among the sexual parts of the flowers, the filament length was the most
variable, ranging from 4 mm to 14 mm, with a mean of 8.35 mm (Table 1).

Table 1. Descriptive statistics of the analyzed features of Crocus tommasinianus.

Character Mean ± SD Min. Max.

Number of leaves 3.90 ± 0.59 3.0 5.0
Length of longest leaf (cm) 5.94 ± 2.82 2.0 14.5
Flower length (cm) 8.49 ± 2.48 4.5 16.5
Outer tepal length (cm) 3.10 ± 0.44 2.2 4.5
Outer tepal width (cm) 1.03 ± 0.19 0.6 1.5
Stigma length (mm) 3.90 ± 0.80 2.0 6.0
Style length (cm) 1.97 ± 0.42 0.8 3.0
Anther length (cm) 1.27 ± 0.17 0.8 1.7
Filament length (mm) 8.35 ± 1.74 4.0 14.0

Principal component analysis (PCA) was used to examine the relationships between
Ellenberg indicators and morphological characters. The first two principal components
explained almost 60% of the total variance (Figure 5). Light (L) was negatively correlated
with all the analyzed characters, most strongly with the length of the longest leaf (−0.54)
and flower length (−0.47). Temperature (T) was negatively correlated with all characters
except style length; the strongest correlations were with the length of the longest leaf
(−0.61) and number of leaves (−0.56). Moisture (F), soil pH (R), and nitrogen content (N)
were very strongly (r > 0.90) positively correlated with each other. Among the last three
environmental traits, moisture had the strongest influence on the morphological characters,
particularly on the length of the longest leaf (0.65), flower length (0.51), and outer tepal
length (0.49).

Based on the stepwise discriminant function analysis (DFA), seven out of nine morpholog-
ical features significantly differentiated the studied subpopulations (Wilks’ lambda = 0.05038;
F(27,316) = 20.859, p < 0.001). The first two discriminant functions explained 96% of the
total variability in the tested material and had a significant impact on the discrimination
(chi-square tests; p < 0.001). Almost 60% of the total discriminatory power was contributed
by the first function, which primarily separated the forest subpopulation from ecotone1
and the clearing subpopulations (Figure 6).

The first function was most heavily affected by the length of the longest leaf as well as
the flower length (Table 2). The second function explained nearly 40% of the total variability
and primarily separated the subpopulation in ecotone2 from the remaining subpopulations,
with this distinction being driven primarily by various flower characters (flower length,
outer tepal length, style length, and filament length), as well as the number of leaves.

The results of the analysis of variance (ANOVA, Table 2) and the post-hoc tests
(Figure 7) confirmed that the characters related to the size and robustness of the plants
(number of leaves, longest leaf length, flower length) were crucial for distinguishing the
described subpopulations.

69



Forests 2024, 15, 1851

Figure 5. Principal component analysis (PCA) biplot of morphological characters of Crocus tommasini-
anus and mean Ellenberg indicator values for light (L), temperature (T), moisture (F), soil pH (R), and
nitrogen (N).

Figure 6. Results of discriminant function analysis (DFA) based on 9 morphological features of
specimens from the studied subpopulations of Crocus tommasinianus.
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Figure 7. The mean (point), mean ± SD (standard deviation, box), and mean ± 1.96*SD (whisker) for
the morphological characters of Crocus tommasinianus identified by discriminant function analysis.
The horizontal axis shows the groups (subpopulations) from different habitats: 1—clearing; 2—oak
forest; 3—ecotone1; 4—ecotone2. Different lowercase letters indicate subpopulations that differ in a
given character (Tukey’s HSD test, p < 0.05).
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Table 2. Results of discriminant function analysis (DFA) based on morphological characters of Crocus
tommasinianus. The highest values of standardized coefficients are bolded.

Character
Wilk’s

Lambda
Partial

Lambda
p

Standardized
Coefficients ANOVA

F
p

CAN1 CAN2

Number of leaves 0.05 0.92 0.03 −0.09 −0.32 17.48 <0.001
Length of longest leaf (cm) 0.09 0.59 <0.001 −0.84 −0.29 107.62 <0.001
Flower length (cm) 0.06 0.82 <0.001 −0.46 0.40 62.47 <0.001
Outer tepal length (cm) 0.06 0.91 0.02 0.33 −0.30 12.95 <0.001
Outer tepal width (cm) 0.05 0.97 0.32 −0.15 0.01 12.10 <0.001
Stigma length (mm) 0.06 0.84 <0.001 0.34 −0.35 3.10 0.03
Style length (cm) 0.09 0.54 <0.001 0.03 0.94 36.99 <0.001
Anther length (cm) 0.05 0.96 0.26 −0.04 0.16 10.00 <0.001
Filament length (mm) 0.07 0.77 <0.001 0.22 −0.59 7.63 <0.001

Eigenvalues 3.59 2.51
Cumul. total variance expl. (%) 0.57 0.96

3.3. Carpological Examinaton

Crocus tommasinianus has brown seeds that are rounded, 2.43–3.00 mm long, and
1.63–2.24 mm wide, with an elaiosome length of 0.34–0.61 mm. The seed coat micro-
ornamentation is papillate, with long papillae that taper towards the top, are flattened on
both sides, and are slightly bent at the top. All papillae are more or less the same size,
about 40 μm long and 10 μm wide at the base with wrinkled secondary sculpture (Figure 8,
Table 3).

Table 3. Seed size in three species of the genus Crocus occurring in Poland. Different lowercase letters
indicate species that differ in a given characteristic (Tukey’s HSD test, p < 0.05).

Crocus Species
Seed Length

(mm)
Seed Width

(mm)
Elaiosome

Length (mm)

C. vernus Mean ± SD 2.87 ± 0.24 ab 2.13 ± 0.22 0.42 ± 0.06
Min–Max 2.13–3.15 1.71–2.43 0.30–0.53

C. scepusiensis Mean ± SD 3.06 ± 0.26 a 2.10 ± 0.10 0.47 ± 0.11
Min–Max 2.77–3.69 1.90–2.28 0.30–0.65

C. tommasinianus Mean ± SD 2.78 ± 020 b 2.08 ± 0.16 0.48 ± 0.09
Min–Max 2.43–3.00 1.63–2.24 0.34–0.61

Crocus vernus has brown seeds that are rounded, 2.13–3.15 mm long, and 1.71–2.43 mm
wide, with an elaiosome length of 0.30–0.53 mm. The seed coat micro-ornamentation is
papillate; the papillae are equally long (about 25 μm), slightly tapering towards the top.
Their width at the base is about 20 μm. Their dorsal side is convex, and the ventral side is
concave. The base of the papillae is often visibly sunken. As for the secondary sculpture,
the cuticle surface is slightly longitudinally wrinkled at the edges of the papillae, as well as
on their concave side.

Crocus scepusiensis has brown seeds that are rounded, 2.77–3.69 mm long, and 1.90–2.28 mm
wide, with an elaiosome length of 0.30–0.65 mm. The micro-ornamentation seed coat is
papillate; the papillae are equally long, with an extended base and a slightly tapering top.
They are about 30 μm long and 20 μm wide at the base. Their dorsal side is convex, and
the ventral side is concave. As for the secondary sculpture, the cuticle surface is irregularly,
longitudinally, and deeply wrinkled at the edges of the papillae and on the concave side,
with wax platelets near the base.

A statistical analysis of seed size showed significant differences only in seed length:
C. tommasinianus seeds are significantly shorter than C. scepusiensis seeds but do not differ
significantly in length from C. vernus seeds.
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Figure 8. Seed sculpture of examined taxa (SEM): Crocus tommasinianus (A), Crocus vernus (B) and
Crocus scepusiensis (C). Magnifications: ×1000 (1), ×3500 (2), and ×10,000 (3).

4. Discussion

So far, only two species from the genus Crocus have been recorded in the wild in
Poland: C. scepusiensis Rehmann et Wol. and C. vernus Hill [60], both of the Verni series.
The first species is native and occurs in the southern part of Poland, particularly in the
mountain ranges of the Western Carpathians [76]. In contrast, C. vernus is an alien species
that often escapes from cultivation and becomes naturalized [10]. Our research indicates
that a third species, C. tommasinianus, can now be included in the flora of Poland. According
to the geographical-historical classification of floras [77], this species should be considered
as an alien (anthropophyte) introduced and naturalized after the 15th century (metaphyte,
kenophyte).
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Although there have been no previous reports of C. tommasinianus escaping from
cultivation in Poland, the described site is not unique within the country. Searching for
other locations of C. tommasinianus in Poland, we examined the iNaturalist database [78].
Of the 36 locations identified by observers as C. tommasinianus, 10 are classified as reliable,
and 3 are regarded as probable. Some of the confirmed locations were marked by observers
as wild-growing individuals, although this is not always corroborated by the visible
surroundings in the photographs. The vast majority of probably wild specimens are found
in urban or rural areas near cultivation sites. However, at least one site seems to be situated
in a forest, as indicated by the abundant presence of Ficaria verna Huds.

4.1. Description of the New Location

Crocus tommasinianus has been cultivated at the study site for at least 30 years. During
that period, the distribution of individuals has changed markedly, reflecting the transfor-
mation from a cultivated species into a naturalized one. At the original introduction site
(i.e., the clearing), the number of individuals is currently very small. The population has
dispersed into nearby forest areas. We assume that the small number of individuals in the
clearing is at least partly due to the unsuitable location for cultivation of this species, as
C. tommasinianus is moderately shade-tolerant [38,53]. In the study area, it is more abun-
dant under the canopy of trees, and all of the studied morphological characters are more or
less negatively correlated with light indicator values. Due to its similarity to the commonly
cultivated and sold C. vernus, it may have been mistakenly planted as C. vernus, which is
known to prefer sunlight.

Another factor that affects the subpopulation of C. tommasinianus in the clearing is
mowing. For all crocus species cultivated on lawns, it is recommended to delay mowing
until the end of May to avoid damaging the leaves during photosynthesis, allowing the
corms to accumulate the necessary nutrients for flowering in the following year [79,80].
Since C. tommasinianus is one of the smallest cultivated crocus species [46], mowing might
not significantly damage its leaves. An experiment [24] on the growth and development of
C. tommasinianus ‘Ruby Giant’ on a lawn composed of highly competitive warm-season
turfgrasses showed that strong competition, herbicides, and lawn mowing did not affect
the cultivar’s bulb survival and flowering, suggesting that typical lawn management
practices are not detrimental to the bulbs. However, the cultivar ‘Ruby Giant’ used in the
experiment is sterile [81]. The population observed in our study sets fruits (capsules) that
ripen in summer. During ripening, the pedicel elongates significantly, raising the capsules
above the ground surface. Mowing can damage or destroy unripe fruit, thus reducing the
number of viable seeds, which likely affects dispersal within the clearing. This effect does
not occur in the ecotone or the forest. As indicated by [82,83], generative reproduction
significantly contributes to the increase in the population size of C. tommasinianus. This
species disperses its seeds primarily through autochory, with further dissemination aided
by ants (myrmecochory) attracted by the elaiosomes on the seeds. This two-phase dispersal
(diplochory) is exceptionally effective, allowing relatively long-range seed dispersal and
reducing seed mortality [84]. The adaptation of seed traits for ant-mediated dispersal is
widespread among plants inhabiting temperate deciduous and mixed forests [85].

In the case of bulb and corm plants, we must take into account their vegetative
propagation by the formation of daughter bulbs and corms. Although in the study area, we
did not conduct detailed research on the proportions of sexual and vegetative reproduction
in this population and subpopulations, such observations will be initiated in the coming
years as an element of monitoring of this species. In 2024, traces of rooting by wild boars
were found in ecotone2, i.e., in the place where C. tommasinianus was the most abundant.
Wild boars could search for tubers of Ficaria verna (which grows there) but also for corms of
C. tommasinianus. Crocuses can be part of the food base of wild boars, as reported earlier
for C. heufelianus Herb. [55] and C. ilvensis Peruzzi and Carta [86]. Published studies [87,88]
indicate that rooting by wild boars causes the fragmentation of underground organs of
forest geophytes, such as Ficaria verna or Dentaria bulbifera L., thereby promoting the
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dispersion of these organs and intensifying their multiplication. As a result of rooting by
wild boars, the density of geophytes increases. It seems that the activity of wild boars
can also have a positive influence on asexual reproduction and population density in this
crocus species. If wild boars root there repeatedly, as is often the case [89], then further
expansion of the alien species can be expected.

When assessing the influence of this species on native flora and plant communities,
we concluded that according to the classification proposed by Faliński [90,91], it currently
enriches the species composition, i.e., the new species does not outcompete the coexist-
ing species and does not replace other species found earlier in the plant community. It
seems, however, that if its density increases in the future, then its competitiveness may
also increase. The geophytes that develop in spring in forest ecosystems may slow down
the development of other plants in the herb layer, mostly annuals, as reported, e.g., in
the case of the influence of Ficaria verna on Impatiens parviflora DC. [92]. A specific form
of competition may be also allelopathy, which is understood in this context as inhibition
of the development of other plants by means of chemical substances (secondary metabo-
lites) leached from plants by rain, exuded from roots, or volatilized or released during
decomposition of dead plant matter [93]. Although there is no available publication on the
possible allelopathic properties of C. tommasinianus, such research was conducted on the
closely related C. sativus L. Due to the high phylogenetic conservation of the composition
of secondary metabolites [94], such a comparison may be justified. Extracts from the leaves,
corms, or flowers of C. sativus have allelopathic properties, hampering seed germination
and leading to a decrease in the biomass and leaf area of various plant species (both field
weeds and cultivated plants) [95–98]. Thus, similar effects can be expected in the case of
C. tommasinianus. A meta-analysis of 16,810 allelopathic effects obtained from 384 studies
showed that native plants suffer more from leachates of naturalized alien plants than from
leachates of other native plants [99], so allelopathy may aid alien plant species in colonizing
new plant communities.

4.2. Morphometric Measurements of Individuals

Crocuses undeniably exhibit substantial morphological variation, even within a single
population [100]. Discriminant function analysis revealed that individual subpopulations
differed in features contributing to the larger size of individuals, such as the number of
leaves, the length of the longest leaf, as well as flower length and the length of the outer
tepal; individuals growing in moderate shade were clearly larger. This is likely because
plants can fully exploit their growth potential in better conditions, e.g., in partial shade
for C. tommasinianus. Seed dimensions, however, tend to be more conservative and less
variable in response to environmental conditions [101], as confirmed by the data in Table 3.
Ecological studies conducted on various species show that the conditions under which a
plant matures affect the number of seeds produced and their germination capacity rather
than seed size [101].

4.3. Carpological Examination

Seed sculpture is also a very conservative feature [69]. Our study shows that C. tom-
masinianus clearly differs from C. vernus and C. scepusiensis in terms of both ornamentation
and secondary testa sculpture. Since many floristic studies are conducted during the fruiting
period of crocuses rather than during flowering, the diagnostic usefulness of testa ornamenta-
tion for species identification is crucial. This is particularly important in the case of the pair
C. tommasinianus and C. vernus. Both species are widely cultivated throughout Poland, and
both may escape from cultivation, so their ranges overlap. These species are morphologically
very similar, so outside the flowering period, they are extremely difficult to distinguish.

5. Conclusions

The naturalization of alien plant species, their further expansion, and even invasion
are most often the result of a combination of several factors: their inherent potential,
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supported by human activity, and certain random events. For these reasons, the future of
alien species is often difficult to predict. The documentation of the first cases of alien species
naturalization is very important, as it provides an opportunity to implement preventive
and protective strategies to minimize the risks associated with their introduction.

For the first time, we observed the naturalization of the ornamental Crocus tommasini-
anus in Poland. This shade-tolerant species, initially cultivated in a location situated near
forest ecosystems, has spread and successfully reproduced in a nearby oak forest. This
may lead to an increase in population size and further expansion of the species in the
future. In this study, we examined the morphological plasticity of this species in response
to environmental conditions outside its cultivated area. We identified the probable causes
of its spread in the forest ecosystem and the reduction in the number of individuals at its
former cultivation site. We also analyzed the current and potential future impact of this
species on the forest ecosystem and other coexisting organisms.

Due to the lack of data on the ecology of Crocus tommasinianus in naturalized sites in
Central Europe, this area will be used for monitoring studies. Long-term monitoring will
track the species’ dispersal dynamics, the proportion of vegetative and sexual reproduction
in different habitat conditions, morphological variability, and potential interactions with
other species. This approach will capture the effects of seasonal and annual changes on the
naturalization of Crocus tommasinianus, providing a deeper understanding of the species’
long-term dynamics. A limitation of this study is that it covers only an area of about 500 m2.
Considering the climatic and soil variability in Poland, future sampling from a larger
number of locations would provide a better understanding of C. tommasinianus adaptation
to different ecological conditions.
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Appendix A

Table A1. Plant Communities with Crocus tommasinianus subpopulation studied. Abbreviations:
1—clearing; 2—oak forest (Potentillo albae-Quercetum); 3—ecotone1; 4—ecotone2. For individual
species, the values of the Ellenberg indices are provided for light (L), temperature (T), moisture (F),
soil pH (R), and nitrogen content (N); x—no data.

Position of Locality 1 2 3 4
Ellenberg Indicators

L T F R N

Date 26.03.2021 26.03.2021 26.03.2021 26.03.2021

Coordinates 52◦16′11.0′′ N
16◦47′81.0′′ E

52◦16′08.4′′ N
16◦47′81.2′′ E

52◦16′11.6′′ N
16◦47′82.2′′ E

52◦16′09.5′′ N
16◦47′84.5′′ E
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Table A1. Cont.

Position of Locality 1 2 3 4
Ellenberg Indicators

L T F R N

Sample collection area [m2] 10 10 10 8

Cover of tree layer a [%] 0 35 40 15

Cover of shrub layer b [%] 0 5 2 0

Cover of herbaceous layer c [%] 65 60 50 65

Number of species 22 21 38 11

Crocus tommasinianus Herb. 1.2 1.1 2.2 3.4

ChO. Arrhenatheretalia Pawł. 1928

Achillea millefolium L. r . . . 8 x 4 x 5

Dactylis glomerata L. . . . r 7 x 5 x 6

Taraxacum officinale Web. + . r 8 x 5 x 7

ChCl. Molinio-Arrhenatheretea T.Tx. 1937

Festuca pratensis Huds. 2.2 . . . 8 x 6 x 6

Plantago lanceolata L. + . . . 6 x x x x

Rumex acetosa L. r . . . 8 x x x 5

ChCl. Querco-Fagetea Br.-Bl. et Vlieg. 1937

Acer platanoides L. (a) . 1.1 1.1 1.1 (5) 6 x x x

Acer platanoides L. (b) r + + .

Aegopodium podagraria L. . 1.1 . + 5 x 6 7 8

Anemone nemorosa L. . . + . x x x 5 x

Fraxinus excelsior L. (a) . . 1.1 . (4) 5 x 7 7

Fraxinus excelsior L. (c) r . .

Lonicera xylosteum L. . + . . 5 5 5 7 x

Poa nemoralis L. . 2.2 1.1 . 5 x 5 5 3

ChCl. Nardo-Callunetea Prsg 1949

Luzula campestris (L.) DC. . r . . 7 x 4 3 2

Pilosella officinarum Vaill. 1.1 . . . 7 x 4 x 2

ChCl. Koelerio-Corynephoretea Klika in Klika et
Novak, 1941

Helichrysum arenarium (L.) Moench + . . . 7 6 3 5 1

Sedum sexangulare L. + . . . 7 5 7 8 1

ChAll. Vicio lathyroides-Potentillion Brzeg in
Brzeg et M. Woj. 1996

Hypochoeris radicata L. r . . . 8 5 5 4 3

Potentilla argentea L. r . . . 9 x 2 3 1

Vicia lathyroides L. + . . . 8 7 2 3 2

ChAll. Carpinion Issl. 1931 em. Oeberd. 1953

Carpinus betulus L. (a) . 1.1 . 1.1 (4) 6 x x x

ChAll. Fagion R.Tx. et Diem. 1936

Fagus sylvatica L. (c) . . r . (3) 5 5 x x

ChO. Fagetalia Pawł. in Pawł., Sokoł. et Wall.
1928 .

Corydalis intermedia (L.) Mérat . r + . 3 5 5 7 7

Ficaria verna Huds. 1.1 + 1.1 4 5 6 7 7

ChAss. Lolio-Cynosuretum R.Tx. 1947

Trifiolium repens L. 1.1 . . . 8 x x x 7

ChAll. Alliarion Oberd. (1957) 1962 .

Geranium robertianum L. . + + . 4 x x x 7

ChAss. Alliario-Chaerophylletum temuli
(Kreh 1935) Lohm. 1949
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Table A1. Cont.

Position of Locality 1 2 3 4
Ellenberg Indicators

L T F R N

Chaerophyllum temulum L. . . + . 5 6 5 x 8

Hedera helix L. . + + . (4) 5 5 x x

ChO. Glechometalia R.Tx. in R.Tx. et
Brun.-Hool 1975 .

Geum urbanum L. . + . . 4 5 5 x 7

ChCl. Festuco-Brometea Br.Bl. et R.Tx. 1943 .

Ajuga genevensis L. . r + . 8 x 4 7 2

Euphorbia cyparissias L. . . r . 8 x 3 x 3

ChAll. Alliarion Oberd. (1957) 1962

Impatiens parviflora DC. . + . 4 6 5 x 6

ChO. Glechometalia R.Tx. in R.Tx. et
Braun-Hool 1975

Alliaria petiolata (M. Bieb.) Cavara and Grande . . + . 5 6 5 7 9

Glechoma hedaracea L. + + . 6 5 6 x 7

ChAss. Hordeo-Brometeum (Allorge 1922)
Lohm. 1950 .

Bromus sterilis L. . + . 7 7 4 x 5

ChAll. Ulmenion minoris Oberd. 1953

Ulmus laevis Pall. (a) . . 1.1 (4) 6 8 7 7

ChCl. Stellarietea mediae R.Tx., Lohm. et Prsg.
1950 .

Stellaria media (L.) Vill. . r + 6 x 4 7 8

Others

Aesculus hippocastanum L. (a) . . 1.1 . . . . . .

Allium vineale L. r . + . 5 7 4 x 7

Arenaria serpyllifolia L. . . + . 9 5 4 x x

Carex spicata Huds. . . r . 7 5 5 x 6

Chionodoxa sardensis Barr. et Sudg. r . r .

Conyza canadensis (L.) Cronquist . . + . 8 x 4 x 4

Euonymus alatus (Thunb.) Siebold (b) . + . . . . . . .

Festuca trachyphylla Sibth. 2.2 . . . . . . . .

Gagea pratensis (Pers.) Dumort. . . + . . . . . .

Galanthus nivalis L. r . + . 5 7 x 7 7

Geranium molle L. ‘Alba’ + . . . 7 6 3 5 4

Medicago lupulina L. r . . . 7 5 4 8 x

Myosotis stricta Link ex Roem. and Schult. . . + . 8 x 3 4 2

Ornithogalum nutans L. . . + . . . . . .

Poa annua L. . . . r 7 x 6 x 8

Prunus domestica L. subsp. syriaca (Borkh.)
Janch. (b) . . + . . . . . .

Pyrus pyraster (L.) Burgsd. (c) . r . . . . . . .

Quercus petraea (Matt.) Liebl. (a) r 2.2 2.2 . (6) 6 5 x x

Scilla sibirica Haw. . . r 1.1 . . . . .

Scilla sibirica Haw. ‘Alba’ . . + + . . . . .

Veronica chamaedrys L. + . r . 6 x 4 x x

Veronica sublobata M. A. Fisch. . 1.1 1.1 6 6 5 7 7

Vinca minor L. . 1.1 + . 4 6 5 x 6

Viola suavis M. Bieb. . . r . . . . . .

78



Forests 2024, 15, 1851

References

1. Regulation (EU) No 1143/2014 of the European Parliament and of the Council of 22 October 2014 on the Prevention and
Management of the Introduction and Spread of Invasive Alien Species. Available online: https://eur-lex.europa.eu/eli/reg/2014
/1143/oj (accessed on 25 August 2024).

2. Pyšek, P.; Richardson, D.M. The biogeography of naturalization in alien plants. J. Biogeogr. 2006, 33, 2040–2050. [CrossRef]
3. Aguin-Pombo, D. Biological Invasions and Global Trade: An Urgent Issue. In Natural Resources, Sustainability and Humanity: A

Comprehensive View; Aguin-Pombo, D., Ed.; Springer: Dordrecht, The Netherlands, 2012; pp. 83–99.
4. Van Kleunen, M.; Dawson, W.; Essl, F.; Pergl, J.; Winter, M.; Weber, E.; Pyšek, P. Global exchange and accumulation of non-native

plants. Nature 2015, 525, 100–103. [CrossRef] [PubMed]
5. Early, R.; Bradley, B.A.; Dukes, J.S.; Lawler, J.J.; Olden, J.D.; Blumenthal, D.M.; Gonzalez, P.; Grosholz, E.D.; Ibáñez, I.; Miller, L.P.;

et al. Global threats from invasive alien species in the twenty-first century and national response capacities. Nat. Commun. 2016,
7, 12485. [CrossRef] [PubMed]

6. Zenni, R.D.; Essl, F.; García-Berthou, E.; McDermott, S.M. The economic costs of biological invasions around the world. NeoBiota
2021, 67, 1–9. [CrossRef]

7. Seebens, H.; Essl, F.; Hulme, P.E.; van Kleunen, M. Development of pathways of global plant invasions in space and time. In Global
Plant Invasions; Clements, D.R., Upadhyaya, M.K., Joshi, S., Shrestha, A., Eds.; Springer: Cham, Switzerland, 2022; pp. 35–50.
[CrossRef]

8. Lenzner, B.; Latombe, G.; Schertler, A.; Seebens, H.; Yang, Q.; Winter, M.; Weigelt, P.; van Kleunen, M.; Pyšek, P.; Pergl, J.; et al.
Naturalized alien floras still carry the legacy of European colonialism. Nat. Ecol. Evol. 2022, 6, 1723–1732. [CrossRef]
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60. Mirek, Z.; Piękoś-Mirkowa, H.; Zając, A.; Zając, M. Vascular Plants of Poland: An Annotated Checklist; W. Szafer Institute of Botany,

Polish Academy of Sciences: Kraków, Poland, 2020.
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Abstract: (1) Background: Moso bamboo (Phyllostachys edulis (Carrière) J. Houz.) expansion has
seriously altered the species composition and structure of adjacent forest ecosystems in subtropical
regions. However, the shift in phosphorus (P) biogeochemical cycling has yet to be assessed, which is
a critical gap considering the great variation in ecophysiological properties between invasive bamboo
and the displaced native tree species. (2) Methods: We investigated and compared expansion-induced
changes in P pools (plant, litter, and soil) and P fluxes (plant uptake and litterfall return) using paired
sampling of the bamboo-dominated forest (BDF) and secondary evergreen broadleaved forest (EBF)
at Jiangxi province’s Dagang Mountain National Forest Ecological Station. (3) Results: Both the P
storage of the plants and litter were significantly greater by 31.8% and 68.2% in the BDF than in the
EBF, respectively. The soil total P and available P storage were 28.9% and 40.4% lower, respectively, in
the BDF than in the EBF. Plant P uptake was 15.6% higher in the BDF than in the EBF, and the annual
litter P return was 26.1% lower in the BDF than in the EBF due to higher P resorption efficiency for
moso bamboo compared with evergreen broadleaved tree species. The ecosystem P cycling rate was
reduced by 36.1% in the BDF compared with the EBF. (4) Conclusions: Moso bamboo expansion
slowed the broadleaved forest ecosystem’s P cycle rate, likely because moso bamboo has higher P-use
efficiency, reserving more P in its tissues rather than returning it to the soil. The results from this
study elucidate an understudied element cycle in the context of forest succession, demonstrating the
ecosystem consequences related to bamboo invasion.

Keywords: Phyllostachys edulis expansion; P biogeochemical cycling; resorption efficiency; evergreen
broadleaved forest; subtropical China

1. Introduction

Phosphorus (P) is a vital structural and functional component in plants. It exists
in living cells as phosphate, is used in synthesizing essential biomolecules such as ATP,
nucleic acids, and proteins, and directly impacts plant growth and development [1]. The P
cycle is one of the most complex cycles in forest communities, and it is responsible for a
series of key biogeochemical processes [2]. The pools and fluxes of the P cycle are easily
affected by the community composition through various processes, including plant uptake,
biomass distribution, plant P-use efficiency, and leaf litter decomposition [3,4]. Under
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natural conditions, the P cycle is in a dynamic equilibrium in forest ecosystems. However,
biological invasion or community succession can affect the ecological processes associated
with the P cycle, which in turn can disrupt the P cycle’s equilibrium in the original forest
environment [5,6].

Approximately 70% of China’s bamboo forest area is made up of the native gigantic
bamboo known as moso bamboo (Phyllostachys edulis (Carrière) J. Houzeau), which is
extensively dispersed in subtropical climates. [7,8]. The rapid growth and aggressive clonal
reproduction of this bamboo species provide it with great potential for expansion into
nearby secondary forests. [9]. In recent decades, such expansion has been regularly noted
in both native and imported regions (such as China and Japan), which has contributed to
the global rise in the cover of bamboo forests [10]. The phenomenon of bamboo expansion
has raised increasing attention from both the society community and the public due to a
series of cascading effects, such as reduced biodiversity and increased soil erosion [11,12].
Evergreen broadleaved forests, the native vegetation of subtropical China, play a pivotal
role in the maintenance of forest productivity, biodiversity, and ecological balance [13,14].
Currently, native evergreen broadleaved forests are suffering from serious interference
from the expansion of moso bamboo, since they are secondary forests that have regenerated
from previous destruction by natural disasters or human activities [10,15].

The spread of moso bamboo displaced broadleaved tree species, leading to the for-
mation of monocultures. [16,17]. This shift in the community composition of forests may
lead to changes in the pools and fluxes of the P cycle for invaded ecosystems because of the
differential organ P content for moso bamboo compared to trees [18,19] but also because
broadleaved trees and moso bamboo have different biomass allocations [20]. Furthermore,
it has been demonstrated that moso bamboo expansion would change the quality of leaf
litter, the soil microbial community’s habitat [21], and the litter’s subsequent decomposition
process [22,23]. Moso bamboo’s fine roots also differ from those of broadleaved trees in
that they use a flexible strategy for absorbing nutrients. [24]. Therefore, moso bamboo
expansion may also lead to changes in the plant P uptake and litterfall P return to the soil
in the recipient ecosystem. Wu et al. (2018) demonstrated that following the expansion
of moso bamboo into nearby coniferous forests, the total soil P pool decreased and the
available soil P pool increased. [25]. Yang et al. (2024) found that moso bamboo expansion
into broadleaved forests decreased the soil HCl-P and CaCl2-P content but increased the
total soil P pool [26]. However, these previous studies only focused on one or partial
sections of the forest P cycle rather than the overall cycle. Consequently, it is necessary for
us to provide an overall evaluation of the P cycle in the context of bamboo expansion.

In this paper, we selected typical moso bamboo-dominated forests (hereafter “BDF”)
and secondary evergreen broadleaved forests (hereafter “EBF”) to thoroughly examine
how the expansion of moso bamboo affects the P cycle in the forest ecosystem. Our specific
objectives were to (1) quantify the P storage in plant tissues, litter, and soil, (2) examine plant
P uptake and litter P return to the soil, and (3) determine the P-use efficiency in the BDF
and EBF. Given the large amount of the root biomass for moso bamboo relative to the trees
that make up the BDF, our hypothesis was that the expansion of bamboo would bring about
(a) higher P uptake and P storage in plant tissues, (b) a lower P return from the leaf litter
and a lower soil P pool in the recipient BDF ecosystem, and (c) a lower forest P cycling rate
and higher P-use efficiency. This study not only provides important contextual information
for assessing how the expansion of moso bamboo affects broadleaved evergreen forests
ecologically but also has implications for evaluating the impact of vegetation alterations on
the biogeochemical P cycle in the presence of plant invasion.

2. Methods

2.1. Study Site

This study was carried out at Dagangshan National Forest Ecological Station, situated in
a mountainous region in Jiangxi Province, South China (27◦30′–27◦50′ N, 114◦30′–114◦45′ E).
This region has a middle subtropical climate with monsoon activity. It has humid, rainy
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summers and cold, dry winters. The mean annual temperature ranges from 15.8 to 17.7 ◦C,
with January and July having the lowest and highest temperatures of −8.3 ◦C and 39.9 ◦C,
respectively. The annual mean precipitation is 1591 mm, with 80% of that falling between
March and August. Based on the Chinese soil classification system, the soils in this
region are categorized as mountain red and yellow varieties [27]. The climate and soil
environments provide suitable potential habitats for bamboo growth. Moso bamboo is
also widely distributed at this site, and it has aggressively expanded into areas historically
occupied by diverse native EBF [20,28]. Therefore, this site is an ideal place to explore
the changes in the P pools and fluxes in the context of conversion from EBF into BDF
forest. We randomly selected three paired stands straddling unexpanded EBF (greater than
80% coverage with Castanopsis fargesii Franch., Castanopsis sclerophylla (Lindl.) Schottky,
Symplocos theophrastifolia Siebold & Zucc, and Schima superba Gardner & Champ., making
up the majority of the canopy layer), and BDF (moso bamboo predominates with some
indigenous broadleaved trees, including S. theophrastifolia, C. fargesii, and C. sclerophylla) in
August 2011. The moso bamboo invaded the EBF around thirty years ago, becoming the
BDF [20]. Occasionally, the BDF’s dead and old (>10 a) bamboos were taken for housing or
fuel. No fertilization was performed at each site. In every stand, we set up a 20 m × 20 m
plot with similar terrain, soil parent material, and historical plant community structure.
This design enabled us to infer that the changes in the current P biogeochemistry cycle
resulted from moso bamboo expansion. The stand density, height, and basal areas for EBF
observed by Song et al. [20] were 1031 stems ha−1, 13.1 m, and 22.3 m2 ha−1, respectively.
Those corresponding indicators in the BDF were 5379 stems ha−1, 12.9 m, and 46.2 m2 ha−1,
respectively [20].

2.2. P Pool and Flux Estimation

We sampled fresh and senescent leaves, branches, stems, and coarse roots of the
main plant species (C. fargesii, C. sclerophylla, S. theophrastifolia, S. superba, Quercus chenii
Nakai, and moso bamboo) to determine the P concentrations in these pools of each stand
in August 2011. For every species, we gathered three mature, healthy trees from each plot.
The sampled trees had a breast diameter of 5–10 cm and a height of 5–10 m. Nine samples
for each tissue of each species were collected from the BDF and EBF types. As the nutrient
concentration of moso bamboo organs is significantly influenced by the culm age [29],
we sampled aboveground tissues from the current-year bamboo shoots and those older
than 1 year separately. All the samples were oven-dried at 70 ◦C in the laboratory and
then pulverized and ground using a ball mill (JXFSTPRP-48L, Shanghai Jingxin Industrial
Development Co., Ltd., Shanghai, China). There were three root samples collected from
0–20 cm of soil in each plot to monitor the P concentration. The treatment of the fine
root samples was the same as that of the plant samples. Fine root biomass was obtained
in the study of Liu et al. [24], whose plots and plant sampling times were the same
with this study. The molybdate-blue method was used to determine the total plant P
content, which involved digesting 0.25 g of sample in 5 mL of concentrated H2SO4 with a
catalyst combination (CuSO4, K2SO4). The leaf P resorption efficiency (PRE) was calculated
according to Killingbeck [30].

We collected three 0–20 cm soil samples each month from 2011 to 2012 in each plot
to determine the soil P content. In a ventilation room, there were 432 soil samples (3 soil
samples × 3 plots × 2 stand types × 12 months × 2 years = 432) that were air-dried to
a constant weight. The roots and stones were removed. The samples were then ground
in a mortar and passed through a 2 mm sieve. The total P content was determined using
the molybdate-blue method. The soil available P fractions were measured sequentially
using a modified Hedley procedure [31,32], including the following summarized steps.
(1) Resin-Pi: 0.5 g air-dried soil was added to 30 mL of deionized water plus 0.4 NaHCO3
anion exchange resin in a nylon bag; this solution was then added to a 50 mL capped
plastic centrifuge tube and incubated on a shaker for 16 h at 25 ◦C. P was then recovered
from the resin by shaking it for 1 h in 50 mL of 0.5 mol L−1 HCl. (2) NaHCO3-Pi and
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NaHCO3-Po: The residue from step (1) was incubated on a shaker in 30 mL of 0.5 mol L−1

NaHCO3 solution (pH = 8.5) for 16 h at 25 ◦C, and each mixture was centrifuged at
12,000× g for 10 min [32]. The supernatant was then filtered through a 0.45 μm Millipore
filter, and the inorganic P concentration in the filtrate was colorimetrically determined
using the molybdate-blue method [33]. The extracts were digested in concentrated H2SO4
and HClO4 to measure the total P content. The NaHCO3-Po content in the extracts was
calculated by the total P concentration minus the NaHCO3-Pi concentration. The soil P
content was the mean of the concentration of each month in each stand.

The formulas listed below were used to calculate the P pools [34]:

Plant P pool = Biomass × Tissue P content; (1)

Litter P pool = Litter storage × Litter P content; (2)

Soil total P (STP) pool = STP content × Bulk density × Soil depth; (3)

Available P (AP) pool = AP content × Bulk density × Soil depth. (4)

In these formulae, the values of the aboveground and belowground biomass for
the trees and bamboo were obtained from Song et al. (2017) [20]. The values of the
standing aboveground litter were obtained from Song et al. (2016) (EBF: 2.26 t ha−1; BDF:
2.87 t ha−1) [35], and Liu et al. (2013) provided those for the belowground litter (rhizome,
coarse and fine roots) dry weight (EBF: 3.2 t ha−1; BDF: 13.15 t ha−1) [24].

The following formulae were used to estimate the main P fluxes [36]:

Plant P uptake = Net primary production (NPP) × P content; (5)

Litter P return = (L+F) × P content; (6)

P cycling rate = Litter P return/P uptake. (7)

The data for the NPP were obtained from the reference of Song et al. (EBF: 19.8 t ha−1 yr−1;
BDF: 30.0 t ha−1 yr−1) [20]. L was the annual aboveground litterfall production obtained
from Song et al. (2016) (EBF: 9.09 t ha−1 yr−1; BDF: 5.82 t ha−1 yr−1) [35], and F was the
annual growth of the fine root obtained from Liu et al. (2013) (EBF: 1.31 t ha−1 yr−1; BDF:
9.46 t ha−1 yr−1) [24].

The ecosystem P-use efficiency fluxes were estimated using the following equa-
tion [37]:

P-use efficiency = NPP/annual P uptake (8)

All of these standing storage estimations for P are given in terms of the oven-dry
weight per hectare. The P cycling rate is calculated annually as the weight per hectare.

2.3. Statistical Analysis

We used the analysis of variance (ANOVA) to detect differences in the pools, fluxes,
and P-cycles between the EBF and BDF. Before the ANOVA, the homogeneity of variance
for the data was tested using Levene’s test, and the data that failed to pass the test were
converted into homogeneity by the way of logarithmic, square root, or reciprocal. The
P content of the plant tissues (stems, branches, leaves, and roots) and the P resorption
efficiency between the moso bamboo and other trees were compared using the least sig-
nificant difference test (LSD). For all the tests, we applied a p of 0.05 to infer statistical
significance. Origin 2017 was used to construct the graphics, and SPSS 24.0 was used for all
the statistical analyses.
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3. Results

3.1. P Content
3.1.1. P Content in Plants

The P content of bamboo shoots and trees was found in the following order: leaves >
branches > stems and coarse roots. The P content of all the plant tissues (except the leaves)
for moso bamboo was significantly higher between the current shoots and the old bamboo
shoots (>1a; Table 1). The P content of the bamboo leaves was higher than that of the trees.
The other tissues of the old bamboo shoots contained a similar P content compared to the
corresponding tissues of the broadleaved trees.

Table 1. Mean P content of various plant tissue types (g kg−1, dry matter) in bamboo and
broadleaved trees.

Species Leaves Branches Stems Coarse Roots Rhizomes

Bamboo shoot (≤1a) 1.50 ± 0.12 a 0.80 ± 0.25 a 1.35 ± 0.12 a 1.02 ± 0.32 a 1.64 ± 0.41 a

Bamboo shoot (>1a) 1.23 ± 0.30 a 0.35 ± 0.13 b 0.27 ± 0.19 b 0.34 ± 0.15 b 0.45 ± 0.11 b

Castanopsis fargesii 0.76 ± 0.09 b 0.52 ± 0.16 b 0.34 ± 0.06 b 0.20 ± 0.12 b n.a.
Castanopsis sclerophylla 0.69 ± 0.07 b 0.55 ± 0.20 b 0.39 ± 0.15 b 0.36 ± 0.09 b n.a.

Symplocos theophrastifolia 0.64 ± 0.16 b 0.47 ± 0.28 b 0.39 ± 0.09 b 0.19 ± 0.12 b n.a.
Schima superba 0.73 ± 0.11 b 0.43 ± 0.19 b 0.22 ± 0.07 b 0.34 ± 0.11 b n.a.
Quercus chenii 0.73 ± 0.21 b 0.41 ± 0.18 b 0.22 ± 0.07 b 0.34 ± 0.07 b n.a.

The data are given as the mean ± SD, with SD representing the standard deviation (n = 9). Significant differences
between different species are indicated by lowercase letters in the same column at p = 0.05. The abbreviation n.a.
denotes the absence of data.

3.1.2. P Content in Litter and P Resorption Efficiency

The litter P concentration for the BDF was significantly lower than that of the EBF.
Moso bamboo had the lowest P concentration (0.36 g kg−1) among all the species in the
BDF and EBF stands. The leaf litter P content of the trees, except for C. sclerophylla in the
BDF, was lower in the EBF. With respect to the P resorption efficiency (PRE), there were
also statistical differences among the species. The PRE of moso bamboo was 70.6%, which
equated to 9.0% to 41.1% higher than the PRE of the trees, regardless of whether they were
in the EBF or the BDF (Table 2).

Table 2. Leaf litter P content and P resorption efficiency (PRE) for main species in the bamboo-
dominant forest (BDF) and secondary evergreen broadleaved forest (EBF).

Stands/Species P (g kg−1) PRE (%)

EBF 0.53 ± 0.19 A

C. fargesii 0.52 ± 0.13 ab 32.0 ± 6.3 b

C. sclerophylla 0.46 ± 0.12 ab 33.3 ± 3.8 b

S. theophrastifolia 0.58 ± 0.05 a 9.0 ± 5.6 d

S. superba 0.50 ± 0.18 ab 28.6 ± 7.8 c

Q. chenii 0.61 ± 0.20 a 28.7 ± 4.4 c

BDF 0.38 ± 0.21 B

moso bamboo 0.36 ± 0.10 b 70.6 ± 8.2 a

C. fargesii 0.48 ± 0.08 ab 21.4 ± 4.4 c

C. sclerophylla 0.61 ± 0.21 a 21.4 ± 5.6 c

S. theophrastifolia 0.46 ± 0.07 ab 11.3 ± 2.7 d

S. superba 0.43 ± 0.11 ab 41.1 ± 6.3 b

Q. chenii 0.44 ± 0.11 ab 26.0 ± 5.6 c

The data are the means ± SD. SD is the standard deviation. n = 9 is for litter quality and P resorption efficiency.
Uppercase letters in the same column indicate significant differences between two stands. Lowercase letters in the
same column indicate significant differences among species at p = 0.05.

3.1.3. Soil P Content

Along with the conversion of EBF to BDF, the total soil P content decreased by 21.9%,
with the value decreasing from 0.32 g kg−1 in the EBF to 0.25 g kg1 in the BDF. The P content
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of each component (Resin-P, NaHCO3-Pi, and NaHCO3-Po) was also significantly reduced.
Furthermore, the total available soil P content (Resin-P + NaHCO3-Pi + NaHCO3-Po)
decreased by 32.8% (Table 3).

Table 3. Soil chemical properties for bamboo-dominant forest (BDF) and secondary evergreen
broadleaved forest (EBF).

EBF BDF

Total P (g kg−1) 0.32 ± 0.03 a 0.25 ± 0.02 b

Resin-P (mg kg−1) 2.0 ± 0.6 a 1.0 ± 0.8 b

NaHCO3-Pi (mg kg−1) 3.3 ± 2.2 a 1.3 ± 0.6 b

NaHCO3-Po (mg kg−1) 20.0 ± 2.3 a 14.7 ± 3.6 b

Available P (mg kg−1) 25.3 ± 3.1 a 17.0 ± 4.6 b

The data are given as the mean ± SE, with SE representing the standard error (n = 3). Significant differences
between BDF and EBF are indicated by lowercase letters at p = 0.05.

3.2. Ecosystem P Pool
3.2.1. Plant P Pool

Compared to the EBF (66 kg P ha−1), the plant P pool in the BDF (87 kg P ha−1) was
31.8% greater (F = 26.05, p = 0.027; Figure 1). The two stands showed different P spatial
allocation patterns (Figure 1a). The plants of the EBF and the BDF had equally distributed
P in the aboveground tissues (F = 1.09, p = 0.355); however, compared with the EBF, the
underground plant P pool in the BDF was 193.5% higher than that of the EBF (F = 72.22,
p = 0.001). Additionally, bamboo accounted for 72.0% P in the BDF (61 kg P ha−1), while P
storage in the trees decreased by 40 kg ha−1 from the EBF to the BDF (Figure 1b).

P

P
P

 
(a) (b) 

Figure 1. The P allocation for the plant pool (kg P ha−1) of secondary evergreen broadleaved forest
(EBF) and bamboo-dominant forest (BDF). (a) spatial allocation patterns of P accumulation; (b) species
allocation patterns of P accumulation. The data are given as the mean ± SD, with SD representing
the standard deviation (n = 3).

3.2.2. Litter P Pool

The conversion of EBF to BDF resulted in a significant rise in the total litter P pool
(2.2 kg P ha−1 compared to 3.7 kg P ha−1, respectively; F = 6.83, p = 0.040). The largest
contribution of belowground litter to the BDF is shown in Figure 2, where it was 127.2%
greater than that of the EBF. With regard to the aboveground P component, there was no
significant difference between the litter P storage pool in the BDF and EBF.
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Figure 2. P allocation of litter pool (kg P ha−1) in the secondary evergreen broadleaved forest (EBF)
and bamboo-dominant forest (BDF). The data are given as the mean ± SD, with SD representing the
standard deviation (n = 3; * p < 0.05; ** p < 0.01).

3.2.3. Soil P Pool

The total soil P pool and available P pool were both significantly lower in the BDF
than in the EBF (F = 18.21, p = 0.045; F = 29.53, p < 0.001; respectively), with a decrease of
40.4% for the available soil P pool in the EBF (34 kg P ha−1) compared to the BDF (57 kg P
ha−1) (Figure 3).

 
(a) (b) 

Figure 3. The P pools (kg ha−1) and P fluxes (kg ha−1 a−1) for secondary evergreen broadleaved
forest (EBF) and bamboo-dominant forest (BDF). (a) evergreen broadleaved forest, EBF, and
(b) bamboo-dominant forest, BDF. P pools included plant biomass (PB), standing litter (PL), and
soil total P (TP) and available P (AP) within 0–20 cm. P fluxes included annual plant P uptake
(+PUP) and P return by litter (PAR is the return by aboveground litterfall, PUR is the P return from the
underground fine root mortality), and POP is the logging output of BDF.

3.3. Ecosystem P Fluxes
3.3.1. Ecosystem P Cycle Rate

The annual P uptake of the belowground pool was 1.0 kg P ha−1 yr−1 in the EBF and
3.9 kg P ha−1 yr−1 in the BDF, which was 74.4% lower for the EBF (F = 266.77, p = 0.004). P
uptake by the aboveground pool of the EBF was 23.2% higher than that of the BDF pool
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(F = 9.47, p = 0.037). In terms of the total amount, there was no significant difference in P
uptake between the BDF and the EBF (F = 5.96, p = 0.061) (Figure 4).

Figure 4. Annual P uptake for secondary evergreen broadleaved forest (EBF) and bamboo-dominant
forest (BDF). The data are given as the mean ± SD, with SD representing the standard deviation
(n = 3; * p < 0.05; ** p < 0.01).

The pool of leaf litter P return to soil was significantly lower in the BDF (2.8 kg P ha−1 yr−1)
than in the EBF (5.9 kg P ha−1 yr−1). In contrast, the belowground root return was higher
in the BDF (2.0 kg P ha−1 yr−1) than in the EBF (0.6 kg P ha−1 yr−1) (F = 11.24, P = 0.041),
representing a decrease of 26.2% for the BDF (Figure 3). The ecosystem P cycling rate
(calculated as the ratio of P return to P uptake) was 36.1% lower in the BDF than in the
EBF, with values of 0.46 and 0.72 in the BDF and EBF, respectively (Figure 5). Ultimately,
about 2.8 kg P ha−1 yr−1 of P was produced by the BDF as a result of harvesting old or
dead bamboo.

F P

Figure 5. The ecosystem P cycling rate for bamboo-dominant forest (BDF) and secondary evergreen
broadleaved forest (EBF) in Dagang Mountain National Forest Ecological Station, Jiangxi Province,
China. The data are given as the mean ± SD, with SD representing the standard deviation (n = 3;
* p < 0.05).

3.3.2. Ecosystem P-Use Efficiency

The P-use efficiency (calculated as the ratio of NPP to annual P uptake) for the EBF
and the BDF was 2197 and 2861, respectively. The calculation showed that the ecosystem
P-use efficiency of the BDF was significantly higher than that of the EBF (Figure 6).
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Figure 6. P-use efficiency of bamboo-dominant forest (BDF) and secondary evergreen broadleaved
forest (EBF). Data are expressed as the mean ± SD; SD is the standard deviation (n = 3; * p < 0.05).

4. Discussion

4.1. Changed Plant P Pool after Moso Bamboo Expansion

The expansion of moso bamboo into neighboring forests is one of the most serious
ecological problems in subtropical China [38], which has changed the composition and
diversity of plant communities [16,17,39], thus affecting the P cycle of the ecosystem. This
study suggested that moso bamboo expansion caused a series of changes in the ecosystem
P cycle of EBF because of differences in ecophysiological properties in moso bamboo and
broadleaved trees. The plant P storage increased after moso bamboo expansion (Figure 1b).
The biomass and P content of plants are the indexes responsible for P storage. A previous
study showed that there was no significant difference in the biomass between the BDF and
the EBF [20]; however, the results from this study indicated that the total tissue P content
of moso bamboo was higher compared to broadleaved trees (Table 1). Therefore, once
most of the broadleaved trees were replaced by moso bamboo after bamboo expansion, the
plant P pool of the forest ecosystem increased. Furthermore, we discovered that following
the transformation of EBF into BDF, the belowground component of the plant P pool
significantly increased (Figure 1a). These results have two possible explanations. First, the
roots of the moso bamboo had a higher P content (Table 1). Second, the BDF showed a
higher percentage of belowground biomass compared to the EBF. A previous study found
that the ratio of aboveground biomass to belowground biomass shifted from 4.1 in the EBF
to 2.1 in the BDF after moso bamboo expansion, indicating that the belowground biomass
increased significantly [20], which led to an increase in the belowground plant P pool in
bamboo stands. In summary, this is consistent with our first hypothesis that the expansion
of bamboo would bring about higher P uptake and P storage in plant tissues.

4.2. Decreased Leaf Litter P Return and Soil P Pool after Moso Bamboo Expansion

Numerous studies found that moso bamboo expansion significantly altered the soil
P status and dynamics. Xia et al. (2022) reported that moso bamboo expansion into
broadleaved forests increased the mass fraction of soil total P and available P [40]. Accord-
ing to Wu et al. (2018), the expansion of moso bamboo into nearby Cryptomeria japonica
(Thunb. ex L. f.) D. Don stands further reduced the total P content of the soil but raised
the concentration of available P. [25]. In this publication, the leaf litter P pool increased
(Figure 2) and the available soil P pool decreased (Figures 2 and 3) following the expansion
of moso bamboo, which is consistent with our second hypothesis that the expansion of bam-
boo would bring about a lower soil P pool in the recipient BDF ecosystem. The soil P cycle is
a sedimentary cycle, and the decomposition of leaf litter will affect the size of the available
soil P pool in a short period of time [41]. The significant decrease in annual litter return
combined with the increase in the litter P pool (Figure 2) suggests that the decomposition
of litter in the stand is inhibited by the expansion of moso bamboo. Litter decomposition
is related to litter quality. It is generally accepted that the lower the litter quality (i.e.,
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low N and P content, high C:N and C:P ratios), the slower the decomposition rate [42].
By combining previous data [35] with the results from this paper, the litter leaf N and P
content of the stand decreased by 20% and 28%, respectively, and C:N and C:P increased
by 19% and 35% after the expansion of moso bamboo, respectively. This decreased litter
quality may lead to slower litter decomposition, which in turn would increase the P storage
in the litter layer. Furthermore, the enzymatic activity and composition of the microbial
community impact the decomposition of litter material. Previous studies found that moso
bamboo expansion led to a decrease in soil microbial richness and diversity [43,44] and
a decrease in soil phospholipid fatty acids, soil cellulase, and xylanase activities [44–47],
which may also contribute significantly to the reduced rate of litter decomposition. Thus,
we hypothesize that the low quality of litter and the changes in the microbial community
structure and function after moso bamboo expansion would reduce the decomposition rate
of litter and reduce P input to the soil, leading to the accumulation of P in the litter pool
and reduced P in the soil pool.

4.3. Reduced P Cycle Rate after Moso Bamboo Expansion

The larger the nutrient cycling flux, the faster the cycling rate. In this paper, the
P cycling rate of forest ecosystems slowed down after the expansion of moso bamboo
(Figure 5; 0.72 for EBF and 0.46 for BDF), which supported our third hypothesis. The P
cycling rate in this paper is the ratio between P return and P uptake. It has been shown
that the acquisition of P is closely related to the plant root system [48]. A previous study
found that moso bamboo had a well-developed underground flagellar root system with
a high fine root biomass, a long specific root size, and a fast growth rate compared to
broadleaved trees [24]. It is hypothesized that after native broadleaved trees were replaced
by moso bamboo, the root surface area for P uptake in the stand would increase, effectively
reducing the distance of P to the root system and greatly increasing the efficiency of P
uptake. Collectively, this could lead to increased P uptake in the belowground portion of
the stand after moso bamboo expansion.

Nutrient return is determined by the starting nutrient content of leaf litter, which is
related to the resorption efficiency of leaves [49]. In this research, the P resorption efficiency
of leaves was significantly higher in moso bamboo than in broadleaved trees (i.e., 70.6%
in moso bamboo and 11%~41% in trees). Therefore, we hypothesized that more P would
be reabsorbed by the plant rather than returning to the soil, thus reducing the amount of
P returned to the soil. In addition, the P reabsorbed by leaves may also be transferred to
other plant tissues or individuals through physiological integration, and P can be recycled
repeatedly within the bamboo system [50]. This not only prolongs the time that P persists
in the plant P pool before it returns to the soil P pool, slowing down the ecosystem P
cycling, but also reduces P consumption and improves the efficiency of P utilization by
moso bamboo. The results in this study support this mechanistic interpretation (Figure 6;
PUE for EBF: 2197, PUE for BDF: 2861). In conclusion, the strong nutrient uptake capacity
of roots coupled with the high P resorption efficiency of leaves for the clonal moso bamboo
system is responsible for decreased P cycling in forest ecosystems after moso bamboo
expansion. This is consistent with our third hypothesis that the expansion of bamboo
would bring about a lower forest P cycling rate and higher P-use efficiency.

5. Conclusions

This paper evaluated the biological P cycle through P pools of moso bamboo forest
and invaded evergreen broadleaved forest. The obtained results demonstrated that moso
bamboo expansion into broadleaved forest ecosystems leads to (1) an increase in the plant
P pool, especially the belowground portion of the pool; (2) an increase in the P litter pool
and a decrease in the available P in the soil pool; and (3) an increase in the forest P-use
efficiency and a reduced forest P cycling rate. The reason is mainly because of the greater
nutrient uptake capacity and higher nutrient use efficiency of moso bamboo compared to
broadleaved trees. Moso bamboo retains more P in plant tissues rather than releasing P
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through leaf litter fall, resulting in the suppressed decomposition of litter and decreased
soil P storage. This study is based on observations from a single site; however, factors such
as the stand age and bamboo expansion intensity may bring some uncertainty to the results.
Therefore, in the future, it could be possible to choose long-term monitoring and take
into account those influencing factors to monitor the dynamic changes in the ecosystem P
cycle coupled with moso bamboo expansion. This study not only provides an important
basis for the evaluation of the ecological consequences of moso bamboo expansion and
the encroachment into neighboring forests but also deepens our understanding of the
important nutrient invasion mechanism of moso bamboo.
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Abstract: Moso bamboo (Phyllostachys edulis) forests, characterized by their rapid growth and clonal
reproduction, have emerged as a significant threat to adjacent forest ecosystems. However, in China,
the area, speed, and spatial distribution of moso bamboo forest expansion into other types of forests
remains poorly understood. In this study, we present a case analysis of moso bamboo forests,
employing a decade-long dataset from the forest second type inventory (FSTI) that utilizes transition
matrices, neighboring ratio analysis, and spatio-temporal autocorrelation. This comprehensive
investigation focuses on the spatio-temporal expansion of moso bamboo forests into diverse types of
forests, with the aim of providing science-based recommendations for effective moso bamboo forest
management. Our findings reveal that areas of moso bamboo forests have been expanding at an
approximate annual rate of 2%, with an average expansion speed (including moso bamboo forests
manually planted) of approximately 8 m per year. The length of moso bamboo–woodland ecotones
(BWEs) increases as a consequence of moso bamboo forest expansion, indicating a sustained escalation
in the extent of this expansion. Coniferous forests and evergreen broad-leaved forests are mainly
invaded, accounting for around 58% of all invaded forests. The rate of moso bamboo forest expansion
into different types of forests varies, although the rate remains fairly consistent within the same forest
type. Moso bamboo forest expansion exhibits significant spatial heterogeneity. Furthermore, the
area of moso bamboo forest intrusion into various types of forests in different provinces is notably
influenced by the presence of moso bamboo forests and the proportional distribution of different
forest types. The factors contributing to bamboo forest expansion encompass stand characteristics,
soil attributes, light intensity, moso bamboo afforestation, forestry practices, and human disturbances.

Keywords: moso bamboo forests; expansion; forest types; bamboo–woodland ecotone

1. Introduction

It is generally accepted that a species within its native range is not considered “in-
vasive”. Nevertheless, some native species display behaviors akin to non-native species.
Charles Elton, in his seminal 1927 book Animal Ecology, used the term “invasion” to refer
to the spread of native species. For the same phenomenon, others have used various
terminologies. In 1993, Garrott described the increasing dominance of native species in
their original range as overabundance [1]. The overabundance or expansion of native
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species can diminish natural diversity by consolidating resources, introducing or spreading
infectious diseases and parasites, altering the species composition or relative abundance
of sympatric species, and even causing local extinctions, leading to significant damage
similar to that caused by non-native invasive species. Although Garrott recognized the
severe negative impact of overabundant native animals on other native species, there has
been limited attention given to these species. Valéry (2013) reaffirmed that some native
species benefiting from a change in their environment can meet both characteristic traits of
a biological invasion. The rapid growth and clonal reproduction of bamboo enhance its
ability to compete for space and form dense stands [2]. Griscom’s study indicates that the
mean percent mortality of tree seedlings was over twice as high in forest plots dominated
by bamboo versus forest plots without bamboo [3]. In this way, bamboo-dominated areas
significantly inhibit the development of tree seedlings, profoundly impacting the structure
and dynamics of forest ecosystems [4,5].

Bamboo is one of the grass plants native to forests [6]. The expansion of bamboo is
occurring worldwide, especially in Asia, owing to its rapid growth and extensive clonal
reproduction [7]. In China, bamboo expansion into neighboring forests is more serious than
in other Asian countries. The area of bamboo forests in China increased from 3.868 mil-
lion ha to 4.6778 million ha during the ten-year period from 2008 to 2018 [8,9]. Among
bamboo species, moso bamboo is one of the most widely distributed varieties, comprising
over 70% of the total area of all bamboo species. Moso bamboo is a typical example of
clonal reproduction, relying on its robust underground rhizomes to continually expand
into neighboring communities, resulting in the continuous enlargement of moso bamboo
forests [10,11]. Furthermore, in many districts of China, the management of moso bamboo
forests has been extensive due to factors such as poor transportation, high costs in terms of
labor and materials (land preparation, weeding, fertilization), and low economic returns. In
some regions, the management of moso bamboo forests has even been abandoned [12,13].
The lack of proper management has exacerbated the unregulated growth of moso bamboo.
On the other hand, conservation policies in China have led to the prohibition of timber
harvesting in certain areas, as influenced by national regulations. Banning bamboo harvest-
ing will intensify the encroachment of moso bamboo into the surrounding areas and the
process of replacing other forest types [14,15]. As moso bamboo continues its invasive en-
croachment, it progressively influences national ecological security by modifying regional
soil properties, nutrient composition [7,16,17], simplifying forest community structure and
function [18,19], diminishing species diversity [20,21], and altering forest biomass [22,23].
Thus, the investigation into the characteristics of moso bamboo expansion, particularly
when it encroaches upon other forest types, assumes a critical role in safeguarding national
ecological security. It is essential to gain an understanding of moso bamboo expansion
through dedicated research.

“Scale” as a paradigm in ecology plays an equally vital role in expansion ecology
research [24]. Current studies on moso bamboo forest expansion into other forests primarily
focus on plot and protected area scales [25]. At this scale, the research into moso bamboo
expansion predominantly employs plot experiments to investigate the impact of bamboo
forests on the local environmental conditions, such as soil elements, soil organic matter, and
microbial communities. This approach further delves into the mechanisms underlying the
expansion of bamboo forests into other forest types [26]. In their research, some colleagues
explored the correlation between soil nitrogen mineralization and fungal decomposition
capacity in broad-leaved forests invaded by moso bamboo within the Wuyi Mountain [27].
Some investigated the alteration of assembly processes and interaction patterns within
the soil microbial community of subtropical broad-leaved forests due to moso bamboo
expansion in Lingfeng Mountain, Anji County, Zhejiang Province, China [25]. Several
studies concerning the encroachment of bamboo forests into other forested landscapes
have been undertaken, primarily centered on Japan [28–31]. Japan, positioned between
31◦ N–46◦ N, displays considerable differences in climate features in contrast to China.
Climatic characteristics serve as the foremost factors influencing the distribution of moso
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bamboo. Investigating the distribution features, alterations in the area, and the expansion
rate of moso bamboo forests in China will help to understand the discrepancies in moso
bamboo forest encroachment across diverse regions, thus strengthening their management.

Explorations into distinct forest regions carry strong regional imprints. The encroach-
ment of bamboo forests is profoundly shaped by the geographical layout of forests and
the prevailing regional environmental conditions [10]. Given the wide distribution of
moso bamboo in China’s subtropical regions, the strategies adopted by moso bamboo for
infiltrating various forest types exhibit significant diversity. Furthermore, these strategies
are bound by the geographical dispersion of plant landscapes and the distinct environ-
mental features in various regions. Consequently, conducting a macro-scale analysis of
moso bamboo expansion into diverse types of forests in China allows for a comprehensive
understanding of the overall characteristics and trends in moso bamboo expansion, offering
a comprehensive interpretation for the disparities in moso bamboo expansions.

A survey of the literature concerning factors closely linked to bamboo expansion
underscores the significance of forest characteristics as the primary driving forces behind
bamboo’s successful spread into adjacent ecosystems [32,33]. Okutomi [5] suggests that
moso bamboo has a proclivity for infiltrating forests with simpler structural compositions
and lower species diversity. Moreover, Suzuki and Nakagoshi [34] have reported that the
pace of bamboo expansion is intertwined with the slope and orientation of neighboring
forests. Additionally, the role of natural disturbances, including wind, snowfall, and wild-
fires, in hastening the clonal expansion of bamboo is well recognized [35,36]. Furthermore,
certain investigations indicate that soil attributes exert a notable influence on bamboo
expansion. Dong [37], for instance, has observed a positive correlation between the extent
of expansion and the number of new culms with soil fertility and porosity. In a comple-
mentary vein, Liang [38] have posited that adequate soil moisture acts as an impediment
to rhizome growth. Consequently, it is apparent that bamboo expansion is entwined with
the characteristics of aboveground forest stands and subterranean soils at the bamboo–
woodland ecotone (BWE), which serves as a transition zone between bamboo forests and
woodlands. The key to understanding bamboo forest expansion lies in scrutinizing the
ecotone, where the forest type, soil attributes, and microbial environment dictate the pace
of moso bamboo expansion. Meanwhile, fluctuations in the ecotone’s movements and
length imply shifts in the features of bamboo forest expansion [39]. This study endeavors
to grasp the overarching trends and the velocity of bamboo forest expansion through
an exploration of ecotone dynamics. Given that moso bamboo is a species with limited
dispersal capabilities, natural expansion predominantly transpires at the edges of existing
bamboo forests, while non-edge expansion typically results from human cultivation. An
examination of anthropogenic interference is pivotal for discerning variations in artificial
plantings across different regions and for curtailing the further encroachment of bamboo
forests. To date, few studies have simultaneously addressed changes in the ecotones. Histor-
ically, remote sensing interpretation has served as the primary data source for macro-level
research [40–42]. Nevertheless, interpreting data at this scale presents challenges, such as
difficulties in distinguishing bamboo species and achieving adequate accuracy [43].

The basic data are from the forest inventory for planning and design, named the
forest second type inventory (FSTI), which aims to inventory the distribution, quantity,
quality, and ownership of forest and provide an objective portrayal of the forest conditions
covering the whole of China, conducted by the China National Forestry and Grassland
Administration [44]. The FSTI integrates plot-based field surveys and remote sensing
interpretation to ensure the accuracy of forest inventory data. Remote sensing interpretation
is mainly applied to delineate the boundaries of a subcompartment based on the texture
and color of the image in the early stage. The forest subcompartment is the basic unit
for this inventory, referred to as a patch with the same forestry characteristics inside,
different in adjacent areas. Forestry characteristics encompass ownership, forest category
and species, ecological public welfare forest ownership and protection level, forestry
engineering category, land type, origin, dominant tree species, age class, crown closure, site
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type, and other factors. Typically, the area of a subcompartment does not exceed 25 hectares.
Plot-based field surveys are used to verify the boundaries of a subcompartment and collect
forest attributes of the subcompartment, including compartment number, subcompartment
number, forest type, site attributes such as ownership and terrain, tree species, tree size,
overall tree condition, etc. The inventory is conducted every 10 years, with a five-year
frequency in areas or units with high management levels. FSTI field protocols are described
in the national core field guide. This document describes the standards, codes, methods,
and definitions for FSTI field data that are consistent and uniform across China. The
current version of the Standard is GBT 26424-2010 [45], technical regulations for inventory
for forest management planning and design. The outcomes constitute a database for the
FSTI, including a vector polygon feature with graphics and attribution table. The smallest
unit on the map is the stand patch, and the combination of patches forms a map of the FSTI.
The recordings in the table correspond to a single subcompartment and each recording has
all field attributions. This study mainly uses the field named “Dominant tree species” and
the spatial information of the subcompartment.

Within this study, we broaden the scope of our research to include moso bamboo
expansion extending from protected areas to the nation. With forest second type inventory
data spanning from 2010 to 2020, we assess the area, average rate, and spatial distribution
differences in moso bamboo expansion into other forests. Leveraging a decade’s worth of
forest second type inventory data from China, this research aims to address a set of crucial
inquiries: (1) Has moso bamboo consistently encroached into different forest types, and if so,
what varying expansion rates are observed? (2) What trends characterize the transformation
of the critical moso bamboo-woodland ecotone during the expansion process? (3) What
disparities exist in terms of expansion speed and spatial distribution as moso bamboo
spreads across different forests?

2. Materials and Methods

2.1. Study Area

China is located in eastern Asia and bordered by the western coast of the Pacific
Ocean to the east. Its latitude ranges from 3◦51′ N to 53◦33′ N, and the longitude ranges
from 73◦33′ E to 135◦05′ E. It encompasses a diverse range of climatic zones, including
tropical, subtropical, warm-temperate, temperate, cold-temperate, and plateau regions.
China’s landscape features plateaus, mountains, hills, and plains. China hosts an exten-
sive distribution of plant species, horizontally extending across tropical, subtropical, and
temperate zones, and vertically covering a wide array of terrains, including plains, hills,
mountains, and plateaus. It boasts a rich array of forest types, with coniferous forests
predominantly found in the northern and mountainous regions, while evergreen and decid-
uous broadleaved forests dominate the southern areas [46]. Bamboo forests are widespread
in the tropical and subtropical regions of central and southern China (Figure 1). Bamboo has
been cultivated in China for over 3000 years, solidifying its status as an indigenous plant.
Currently, China maintains approximately 7.01 million hectares of bamboo forests, housing
39 genera and 837 species of bamboo, which constitute 51% of the world’s 1642 bamboo
species [47]. China holds the distinction of being the world’s foremost source of bamboo
resources, leading in bamboo variety, forest area, and stock volume. Notably, moso bamboo
comprises approximately 70% of China’s total bamboo resources. As a native invasive
species, moso bamboo poses challenges to other types of forests during its expansion.
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Figure 1. Distribution map of all species of bamboo stands in China [48].

2.2. Data Processing

The ArcGIS pro3.1, a geo-information system software package, was applied to select
and analyze the data from the forest second type inventory database. Firstly, we obtained
the vector layers of all second administration regions in 2010, 2015, and 2020 from the
China National Forestry and Grassland Administration. Then, we selected the records for
which the field “Dominant tree species” = “66000” to ensure that the land where moso
bamboo is planted has been identified. We combined the data chosen in the three years
together to obtain the region where moso bamboo forest is present from 2010 to 2020. The
output layer is used to extract data from this combined region within the forest resources
survey databases for these three years, resulting in the creation of a moso bamboo forest
type database covering the period from 2010 to 2020. These forest stands were categorized
into nine primary forest types based on the dominant tree species, including coniferous
forests, evergreen broad-leaved forests, deciduous broad-leaved forests, other bamboo
forests, non-forests, shrubbery, non-timber forests, other forests, and moso bamboo forests
(Figure 2). Moso bamboo forests in Tibet are mainly concentrated in the Linzhi region,
which, due to its small area, was virtually negligible and subsequently excluded from the
datasets for further analysis.
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Figure 2. Diagram of data processing workflow.

2.3. The Area Transition Matrix of Expansion Analysis

Employing the feature to raster tool in ArcGIS Pro, the vector layers in moso bamboo
forest type database were converted into raster layers with dimensions of 200 m × 200 m.
The coordinate system of the resulting raster layers was then established as Albers, thereby
yielding raster layers depicting forest types. Subsequent inputting of these raster into
Fragstats enabled the generation of transition matrix tables depicting the alterations in
bamboo forest area between the periods 2010–2015 and 2015–2020.

2.4. Analysis of the Change in BWE
2.4.1. Average Expansion Rate

Calculating the average expansion rate involved subtracting the total area of patches
in the former year from that of the latter, divided by the length of the intersect edge in the
two years (clip the previous year’s boundary by the latter year’s region in ArcGIS). The
average expansion rate of different forest types by bamboo forest involved dividing the
area invaded by bamboo forest for each forest type by the length of the expansion edge.

2.4.2. Neighboring Ratio

Using the nearest neighbor tool in ArcGIS Pro, the identification of neighboring ex-
panding patches was carried out. Patches with a nearest neighbor distance of 0 were
classified as neighboring invading patches for two consecutive years. Utilizing the re-
productive characteristics of moso bamboo forests, this study proposes the concept of
the neighboring ratio to gain a clearer understanding of the proportion of man-made
plantations. The neighboring ratio is defined as the ratio of the area (Sn) of patches that
underwent neighboring expansion compared to the preceding period, to the sum of the area
of neighboring expansion (Sn) and the area of non-neighboring expansion (Sm). [49] This
indicator is primarily employed to contrast the total area of expansion in proximity with
that of non-neighboring expansion. A higher ratio indicates more pronounced neighboring
expansion and, by extension, a reduced extent of non-neighboring areas, implying a lesser
extent of human-planted moso bamboo forests.

NR =
Sn

Sn + Sm
× 100% (1)

Patches with a nearest neighbor distance of 0 were classified as neighboring invading
patches, while others were non-neighboring patches.

2.5. Spatial Heterogeneity Analysis

Local indicators of spatial association (LISA) is used to measure whether the distribu-
tion of spatial variables has agglomeration, including global spatial autocorrelation and
local spatial autocorrelation [50]. Spatial autocorrelation analysis is an important tool for
assessing the extent of spatial aggregation for variables of interest. It can reveal correlations
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among the attributes of study units, at either a global or local scale [51]. Here, GeoDa 1.6.7
was used for the spatial analysis of the independent variables. Spatial autocorrelation was
assessed using global Moran’s I and local Moran’s I. The degree of spatial association was
visualized in a scatter plot, and local indicators of spatial association (LISA) were calculated
and visualized on the study area map [52].

3. Results

3.1. Dynamic Encroachment Process of Moso Bamboo

Overall, from 2010 to 2020, there was a remarkable increase in the extent of moso
bamboo forests in China, expanding from 44,238.32 km2 to 53,549.96 km2 (Figure 3), at an
average annual growth area rate of 2.1%. During the 2010–2015 period, the net area of moso
bamboo forest encroachment into other forest types (defined as the area that moso bamboo
forests invade other forest landscapes minus the area that other forest types encroach on
moso bamboo forests) amounted to 3365.63 km2, with an average annual growth area rate
of 1.6%. Subsequently, during the 2015–2020 period, the net area of moso bamboo forests
encroaching on other forest types was 5946.01 km2, with an average annual growth rate of
2.4%. During the 2015–2020 period, the area of moso bamboo forests increased by 0.77 time
compared to the 2010–2015 period.

Figure 3. The area of moso Bamboo forests from 2010 to 2020.

As shown in Figure 3, during the 2010–2015 period, the predominant forest types
affected by moso bamboo forest expansion were coniferous forests, evergreen broadleaved
forests, non-forests, and deciduous broadleaved forests, with expansion areas measuring
7882.34 km2, 3612.02 km2, 2253.38 km2, and 1638.25 km2, respectively, collectively constitut-
ing 83.72% of the total invaded area by bamboo forests. The net area of moso bamboo forest
encroachment on other forest ranked in the order coniferous forests > deciduous broad-
leaved forests > shrubbery > evergreen broad-leaved forests > other bamboo forests > other
forests> non-timber forests > non-forests, with transfer areas of 2366.79 km2, 675.83 km2,
425.93 km2, and 367.84 km2, respectively. Furthermore, non-forested areas encroached
upon a portion of moso bamboo forests, accounting for 34.56% of the net expansion area by
bamboo forests.

In the 2015–2020 period, the forest types affected by the expansion of moso bam-
boo forests, ranked by area in descending order, included coniferous forests, non-forests,
evergreen broad-leaved forests, non-timber forests, other bamboo forests, deciduous broad-
leaved forests, shrubbery, and other forests. The primary forest types impacted were
coniferous forests, non-forests, evergreen broad-leaved forests, and non-timber forests,
with expansion areas of 7936.27 km2, 4908.01 km2, 4905.03 km2, and 1656.81 km2, respec-
tively, collectively representing 85.86% of the total invaded area by bamboo forests. The net
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area of moso bamboo forest expansion into other forest ranked as non-forests > coniferous
forests > non-timber forests > other bamboo forests > deciduous broadleaved forests > ev-
ergreen broadleaved forests > other forests > shrubbery. The primary types impacted were
non-forests, coniferous forests, non-timber forests, and other bamboo forests, with transfer
areas of 2473.50 km2, 1779.23 km2, 610.44 km2, and 530.44 km2, respectively, cumulatively
exceeding 90.71% of the net expansion area by bamboo forests.

As shown in Figure 4, when examining the expansion data for moso bamboo forests
between the 2010–2015 and 2015–2020 periods, it is clear that coniferous forests, evergreen
broad-leaved forests, and non-forests represent the largest area, collectively accounting
for over 75% of all invaded forests. Coniferous forests and evergreen broad-leaved forests
are the primary targets of moso bamboo forest expansion, with their combined expansion
ratio exceeding 55% of all types. In terms of the net expansion data spanning these two
stages, coniferous forests appear as the most frequently invaded forest type, with a nearly
equivalent net expansion area in both periods. The most significant difference lies in
non-forests. During the 2010–2015 period, moso bamboo forests encroached upon non-
forested areas by 1163.04 km2, whereas in the 2015–2020 period, moso bamboo forests
invaded non-forested areas covering 2473.50 km2. Despite a relatively large invaded area
in evergreen broadleaved forests, they exhibit comparatively greater stability, resulting in
a lower overall expansion ratio. The proportional areas of forest types invaded by moso
bamboo forests in these two stages remain relatively consistent, with coniferous forests,
evergreen broad-leaved forests, and non-forests collectively representing approximately
80% of the invaded moso bamboo forest.

Figure 4. The transfer area of moso bamboo forests into other forests during the 2010–2015 and
2015–2020 periods.

3.2. Dynamic Characteristics of Moso Bamboo Expansion in Bordering Other Forests

Over the 2010–2015 period, moso bamboo forests expanded in adjacent areas by
10,921.55 km2, while non-adjacent areas witnessed an expansion of 7458.93 km2. During
the 2015–2020 period, the expansion in adjacent areas covered 12,467.30 km2, with non-
adjacent expansion encompassing 10,139.09 km2. In the 2010–2015 period, the average
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expansion extended by 8.02 m/year, while in the 2015–2020 period, the expansion rate was
7.62 m/year.

The total length of the invaded border in 2010 was 26,681.36 km, which increased to
32,065.88 km in 2015 and further to 35,391.36 km in 2020. Moso bamboo forests exhibited
varying expansion rates across different forests, with the fastest expansion observed in
other bamboo forests and the slowest in non-forested areas. In the 2010–2015 period,
the expansion rate of moso bamboo forests (Figure 5) into other forests was as follows:
other bamboo forests > shrubbery> coniferous forests > non-timber forests > other forests
> deciduous broad-leaved forests > evergreen broad-leaved forests > non-forests. In
the 2015–2020 period, the expansion rate of moso bamboo forests was as follows: other
bamboo forests > coniferous forests > non-timber forests > evergreen broad-leaved forests
> shrubbery > deciduous broad-leaved forests > other forests > non-forests.

Figure 5. The average rate of bamboo expansion across different forest types and the overall average
rate of expansion.

The neighboring rate of moso bamboo forests is 0.8 across the entire China. As shown
in Figure 6, in the 2010–2015 period, provinces with higher bamboo forest expansion
NR included Guangdong, Fujian, and Jiangxi, while in the 2015–2020 period, Anhui,
Hubei, and Hainan exhibited larger NR. The main provinces where the NR increased
were Hainan, Yunnan, and Anhui Provinces, while Guangdong, Chongqing, and Hubei
Provinces experienced decreases in it.

3.3. Spatial Heterogeneity of Moso Bamboo Expansion into Different Types of Forests

From 2010 to 2020, the analysis reveals a significant positive correlation between
the expansion area of moso bamboo forests in each province and the total area of moso
bamboo forests in each province (Figure 7a,b). This suggests that the expansion of bamboo
forests occurred within existing bamboo forest areas, consistently with the phenomenon of
bamboo forests expanding outward through rhizome sprouting.
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Figure 6. The neighboring rate of moso bamboo forest in every province.

A study of spatial auto-correlation in moso bamboo forests across provinces shows
that while the expansion area of moso bamboo forests is positively associated with the
total area of bamboo forests in each province, there are marked regional variations in the
expansion area of bamboo forests. Jiangxi province and its surrounding areas are identified
as core regions with high-high clustering, whereas Henan and Shandong provinces exhibit
low–low clustering characteristics (Figure 7a,b).

The spatial auto-correlation analysis reveals a notable heterogeneity in bamboo forest
expansion across provinces in various forest types. The expansion of moso bamboo forests
in evergreen broad-leaved forests tends to cluster in specific regions, primarily centered
around Jiangxi and its neighboring provinces. Significantly, during two distinct periods,
2010–2015 and 2015–2020, the regions with the most extensive moso bamboo forest expan-
sion areas were Jiangxi and Fujian provinces. In the 2010–2015 period, Fujian accounted
for the largest expansion area, comprising approximately 21.65% of the total expansion
area in evergreen broad-leaved forests in 2015. In the 2015–2020 period, Jiangxi held the
largest expansion area, representing about 20.88% of the total expansion area in evergreen
broad-leaved forests in 2020. Moso bamboo forest expansion in deciduous broad-leaved
forests primarily occurred in the middle and lower reaches of the Yangtze River.
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(a)

(b)

Figure 7. (a) The correlation between the area of the moso bamboo expanding and the existing extent
in every province and the spatial auto-correlation map of the moso bamboo expanding in 2010–2015.
(b) The correlation between the area of the moso bamboo expanding and the existing extent in
every province and the spatial auto-correlation map of the moso bamboo expanding in 2015–2020.
*** stands for the significance level >0.99.
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As shown in Figure 8, during the 2010–2020 period, the provinces with significant
expansion areas were Anhui and Hunan Province, collectively constituting approximately
39% of the total. In the 2010–2015 period, Zhejiang Province held the largest expansion
area, covering about 33.4% of the total expansion area in deciduous broad-leaved forests.
In the 2015–2020 period, Guangdong Province had the largest expansion area, accounting
for approximately 31.94% of the total expansion area. The expansion of moso bamboo
forests in other bamboo-rich regions appeared more dispersed, with primary occurrences
in southwestern China, Guangdong Province, and Zhejiang Province. Notably, during the
2010–2015 and 2015–2020 periods, Zhejiang Province was the province with significant
expansion areas. In the 2010–2015 period, Yunnan Province held the largest expansion area
in other bamboo-rich regions, accounting for approximately 32.32% of the total expansion
area in 2015. In the 2015–2020 period, Guangdong Province had the largest expansion area
in other bamboo-rich regions, comprising approximately 79.33% of the total expansion
area in 2020. Bamboo forest expansion in shrubbery was primarily concentrated in Hunan
Province, with a lower proportion in the 2015–2020 period compared to the 2010–2015
period. The expansion of moso bamboo forests into coniferous forests was primarily concen-
trated in Jiangxi Province and its surrounding regions. Among these regions, during both
periods (2010–2015 and 2015–2020), the provinces with significant expansion areas were Fu-
jian Province and Hunan Province (Table 1). In the 2010–2015 period, Hunan Province held
the largest expansion area, accounting for approximately 41.74%, while in the 2015–2020
period, Jiangxi Province had the largest expansion area, representing about 17.30%. The
expansion of moso bamboo forests in non-forest areas was primarily distributed in Fujian
Province, Guangdong Province, and Jiangxi Province. Notably, during both periods, the
provinces with significant expansion areas were Fujian Province and Jiangxi Province. In
the 2010–2015 period, Fujian Province accounted for the largest expansion area, comprising
approximately 36.90%, while in the 2015–2020 period, Guangdong Province had the largest
expansion area, accounting for about 22.82%. In summary, the most extensive erosion
occurred in Jiangxi Province and its surrounding regions, but the distribution of erosion
areas varied across different forest landscape types.

Table 1. A comparison of the major provinces in terms of invaded areas during different stages of
bamboo forest expansion.

Forest Types
The Province with the

Largest Invaded Area in the
2010–2015 Period

The Province with the
Largest Invaded Area in the

2015–2020 Period

The Provinces Consistently
Ranking within the Top Three in
Invaded Areas in the Two Periods

Evergreen broad-leaved
forest Fujian Province Jiangxi Province Fujian Province, Jiangxi Province

Deciduous broad-leaved
forest Zhejiang Province Guangdong Province Anhui Province, Hunan Province

Non-timber forest Zhejiang Province Fujian Province Fujian Province, Jiangxi Province
Other bamboo forest Yunnan Province Guangdong Province Zhejiang Province

Shrubbery Hunan Province Hunan Province Hunan Province
Coniferous forest Hunan Province Jiangxi Province Fujian Province, Hunan Province

Other forest Hunan Province Jiangxi Province Fujian Province, Zhejiang
Non-forest Fujian Province Guangdong Province Fujian Province, Jiangxi Province
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(g) (h) (i)

(j) (k) (l)

Figure 8. Cont.
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(p)

Figure 8. The area of moso bamboo forest expanding into the following areas: (a) evergreen broad-
leaved forest (2010–2015); (b) evergreen broad-leaved forest (2015–2020); (c) deciduous broad-leaved
forest (2010–2015); (d) deciduous broad-leaved forest (2015–2020); (e) non-timber forest (2010–2015);
(f) non-timber forest (2015–2020); (g) other bamboo forest (2010–2015); (h) other bamboo forest
(2015–2020); (i) shrubbery (2010–2015); (j) shrubbery (2015–2020); (k) coniferous forest (2010–2015);
(l) coniferous forest (2015–2020); (m) other forest (2010–2015); (n) other forest (2015–2020); (o) non-
forest (2010–2015); (p) non-forest (2015–2020).

4. Discussion

4.1. The Strength and Speed of Moso Bamboo Expansion and the Changes in BWE and NR

This study has revealed a 2.1% annual average increasing area in moso bamboo forests
over a 10-year period. A study conducted by Suzuki et al. similarly indicates a 2% annual
expansion rate for moso bamboo forests in Japan [34], highlighting a consistent trend
in bamboo forest expansion across Asia. Nevertheless, it is crucial to recognize that the
growth rate of moso bamboo is not always constant and can be subject to various influences,
including non-biological factors and human activities [48]. The average speed of bamboo
forest expansion into other forests is 8 m/yr, which sharply contrasts with findings in
Mount Tianmu, Zhejiang Province [53], where the expansion rate is only 3 m/yr. This
also differs from the review stating that “the elongation speed of bamboo whips generally
reaches 4–5 m/yr” [32]. The primary reason for this disparity lies in the scale of the research.
In Jiangxi Province, within nature reserves, bamboo forest expansion is a consequence
of natural succession, minimally disturbed by human socio-economic activities. On a
national scale, where forest types are more diverse, regions undergoing bamboo forest
expansion may be influenced by human cultivation of bamboo as an economic crop. The
planted bamboo patches are included in the calculation of bamboo expansion growth rates,
resulting in an average growth rate higher than the annual growth rate of bamboo whips.

Over the two periods, the NR of the national moso bamboo forests averaged approx-
imately 0.8, indicating that moso bamboo forests primarily expand naturally. Zhejiang,
Fujian, Jiangxi, and Hunan Provinces exhibited relatively higher NRs in both periods. How-
ever, Jiangxi and Fujian Provinces experienced a further decrease in NR in the latter period,
while Hunan and Zhejiang observed an increase. This is largely related to the bamboo
forestry policies of each province. Economic incentives in Fujian and Jiangxi Provinces,
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driven by the bamboo industry, led to a decrease in NR due to the artificial planting of
bamboo forests.

Between 2010 and 2020, the length of the critical bamboo forest ecotone has signifi-
cantly increased, with the contact area between bamboo forests and other forests gradually
expanding. This has led to an increase in the shape index over the three periods, signifying
the growing complexity of the critical bamboo forest ecotone [44]. This suggests that moso
bamboo forest expansion into other forest types will intensify in the future.

4.2. The Differences in Moso Bamboo Expansion into Various Forests

Moso bamboo forest expansion predominantly targets coniferous forests, followed
by evergreen broad-leaved forests. An analysis of the expansion rates of moso bamboo
forests into coniferous and evergreen broad-leaved forests confirms that the expansion
rate into coniferous forests exceeds that into evergreen broad-leaved forests [54]. Bamboo
forests share the same ecological niche with coniferous and evergreen broad-leaved forests,
all of which are typical forest types in subtropical regions, covering extensive areas in
such regions [55]. Moso bamboo, classified as a heliophile and shade-tolerant species,
thrives in forests with small, sparse canopies, and low density [56]. Coniferous forests,
with their narrower canopy widths, are more susceptible to moso bamboo expansion,
leading to the gradual formation of mixed bamboo and fir forests, ultimately culminating
in pure moso bamboo forests. Furthermore, coniferous forests generally exhibit lower
biodiversity compared to evergreen broad-leaved forests. Consequently, evergreen broad-
leaved forests maintain higher stability, resulting in a slower expansion rate during moso
bamboo intrusion [57,58]. Over the ten-year study period, significant disparities were
observed in moso bamboo forest expansion into non-forested land. In the earlier period, a
substantial portion of moso bamboo forests succumbed to erosion by non-forest landscapes,
while the later period witnessed an increased occurrence of moso bamboo expansion into
non-forest landscapes. The variations between these two periods were primarily influenced
by the bamboo industry’s life cycle and adjustments in nature conservation policies. The
period from 2004 to 2014 marked the mature phase of the bamboo industry’s life cycle,
characterized by stable market demand and a consistent increase in moso bamboo forest
harvesting. This resulted in extensive felling of moso bamboo forests, converting them
into farmland and barren land, leading to significant erosion between 2010 and 2015.
However, after 2015, due to rising labor costs, changes in supply and demand dynamics,
and enhancements in the natural conservation system, a substantial prohibition on bamboo
forest logging was enforced, resulting in a distinct trend in moso bamboo forest expansion
into other types of forests.

4.3. Spatial Heterogeneity in Moso Bamboo Forest Expansion in Different Provinces

The area of moso bamboo forest expansion into other forest types in each province
exhibits a significant positive correlation with the existing moso bamboo forest area. This
correlation aligns with the reproductive characteristics of moso bamboo (Phyllostachys
edulis), a typical clonal plant species whose propagation and renewal primarily occur
through the division of rhizomes. This growth pattern diverges from the typical “fixed
growth” mode observed in many other woody plants, featuring rapid growth, sustainable
strength, and a propensity for spreading.

Spatial heterogeneity in moso bamboo forest expansion is evident across different
forest types in various regions. The expansion of evergreen broad-leaved and coniferous
forests is prominent in Jiangxi and surrounding provinces. The expansion of deciduous
broad-leaved forests mainly occurs in the middle and lower reaches of the Yangtze River.
The expansion of other bamboo forests is scattered and primarily distributed in southwest-
ern China, Guangdong, and Zhejiang Province. The expansion of shrubbery is mainly
observed in Hunan province. A significant correlation is apparent between provinces
experiencing moso bamboo expansion in different forest types and in the province’s moso
bamboo forest area, and the distribution proportion of the forest landscape in that province.
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The top three provinces in terms of moso bamboo-invaded area for each landscape type
belong to the top ten provinces in moso bamboo forest area ranking (percentage-wise), and
the proportion of this forest type is among the highest nationwide. Although Sichuan and
Hubei Province have a substantial proportion of deciduous broadleaf forests, the expansion
primarily occurs in Hubei due to the smaller area of moso bamboo forests in Sichuan.
Despite the larger area of shrub forests in Sichuan compared to Hunan province, moso
bamboo expansion into shrub forests is most extensive in Hunan due to the significantly
smaller area covered by moso bamboo forests in Sichuan.

4.4. The Possible Reasons for the Expansion of Moso Bamboo Forest

The expansion of bamboo forests can be attributed to both natural and human factors.
The area of moso bamboo forest expansion due to natural factors is greater than that due to
human factors. In terms of natural expansion, bamboo propagates through the outward
growth of its rhizomes [11,59]. However, the rate of expansion varies significantly across
different forest types, indicating that certain factors in these forests inhibit bamboo ex-
pansion. These factors differ from those influencing bamboo distribution mentioned by
Yu [48], since local bamboo forests and adjacent forests share the same climate and geo-
graphic location but differ in stand characteristics, soil properties, and light intensity [60].
And various studies have shown that changes in soil physical and chemical properties
(including depth, moisture content, organic carbon content, total nitrogen, total phos-
phorus, pH, and microorganisms), stand structure (canopy closure, canopy height, stand
density, species diversity), and light intensity [56] facilitate bamboo growth. Therefore,
these factors are crucial in the expansion of bamboo forests. Regarding human factors, the
main causes of bamboo expansion include moso bamboo afforestation, forest management,
and human disturbance [35]. The growth of bamboo forests alters soil properties and
microbial composition, leading to a pattern of bamboo invasion that reduces biodiversity,
changes community structure and composition, weakens ecosystem functions, and inhibits
community regeneration.

4.5. Suggestions for the Management of Moso Bamboo Forests

The expansion of moso bamboo into coniferous and broad-leaved forests carries
adverse repercussions for the ecosystem, encompassing decreased species diversity in
both the tree and shrub layers [9], and a more homogenous forest structure. In the realm
of strictly protected area management, a paramount focus should be placed on bamboo
control. This can be achieved through practices such as bamboo shoot harvesting and
bamboo thinning, complemented by physical barriers like stone paths and water systems.
These measures are imperative to deter moso bamboo expansion [61] and to preserve the
integrity of natural forest vegetation. In areas of stringent protection, clear-cutting provides
a comprehensive solution to the challenge posed by bamboo expansion. As supported
by the literature, clear-cutting leads to a secondary succession process characterized by
increased species diversity and enhanced ecosystem stability. To curb future expansions
of moso bamboo into coniferous forests, it is recommended to plant high-density native
broadleaved species around the periphery of moso bamboo forests. These plantings can
effectively impede the rate of expansion. To safeguard against the expansion of moso
bamboo forests into non-native regions due to climate change, the establishment of a
moso bamboo forest database is advised. The integration of this database into forest
inspections will facilitate the continuous monitoring of moso bamboo forest introductions
and natural expansion. This monitoring will prevent bamboo from spreading beyond its
native areas as climate conditions evolve. Additionally, as moso bamboo is an economically
significant plant, its extent is subject to considerable human influence. Governments can
introduce policies such as “bamboo as a substitute for plastic initiative” to stimulate the
bamboo industry, enhance the consumption of bamboo products, and help mitigate bamboo
forest expansion. In future moso bamboo forest management, individual provinces can
implement tailored management strategies, taking into account the varying expansion rates
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of moso bamboo forests and the distinctive characteristics of the bamboo industry within
each province. This approach addresses the challenges posed by bamboo forest expansion
from a socio-economic perspective.

4.6. Contributions and Limitations

This study broadens the research scope of moso bamboo expansion from protected
areas to the national region. The choice of different research scales can impact the results of
moso bamboo forest invasion studies, which will be advantageous for scale selection on
moso bamboo forest invasion in future research. In contrast to the fact that the concept of
BWEs is merely studied, this paper, for the first time, computes BWEs for varying temporal
lengths and changes in various forest types. Delineating the trend in moso bamboo forest
expansion based on length fluctuations promots a more comprehensive exploration of
changes in this forest ecotone. The conceptual formula for NR is presented, establishing
the theoretical foundation and methodology for studying the expansion of local species
into surrounding ecosystems. The application of the forest second type inventory data to
bamboo forest expansion is employed for the first time, with the research results indicating
the high reliability and validity of the forest second type inventory data.

The research at hand delves into the spatio-temporal changes in the encroachment
of moso bamboo forests into other forest types between 2010 and 2020, investigating
spatial characteristics, variations in tree species, and changing trends. It delivers valuable
insights into the development of moso bamboo forests in China over the past decade and
provides recommendations for addressing the ecological impacts of moso bamboo forest
expansion. It is important to acknowledge the limitations of this study. Due to constraints
in data acquisition, this study is confined to a ten-year time-frame, which is relatively
brief. Subsequent research endeavors could explore longer time series and more precise
data analysis by incorporating high-resolution remote sensing imagery and national forest
inventory data. Moreover, human disturbances exert a significant influence on bamboo
forest development in China. In comparison to natural drivers, human-induced factors
are unpredictable. To study the natural development of bamboo forests, it is essential to
select bamboo forests free from human interference as research subjects. Predicting the
future development of bamboo forests and monitoring ecological security under conditions
devoid of human interference are also crucial. Additionally, bamboo forests exhibit high
sensitivity to environmental changes, making them suitable indicator plants to monitor
environmental alterations in the absence of human disturbances.

5. Conclusions

This study indicates a clear positive correlation between the area invaded by moso bam-
boo forest and the existing moso bamboo forest area. Moso bamboo forests are expanding
area at an average annual rate of 2%. As the complexity and length of bamboo–woodland
ecotones (BWEs) increase, moso bamboo forests will further encroach into other forest.
At different research scales, the speed of bamboo forest expansion into different forest
types varies significantly. In particular, at the national scale, the average expansion rate of
bamboo forests (including moso bamboo forests manually planted) is 8 m per year. The
area and speed of bamboo forest expansion into different forests are not consistent. Tt
is contingent upon the proportion of bamboo forest area at the location extent and the
forest types being invaded. Coniferous forests and evergreen broad-leaved forests are
the primary forests expanded by moso bamboo forests. However, coniferous forests and
other bamboo forests are most rapidly invaded by moso bamboo. Expansion areas of
bamboo forests in China exhibit pronounced spatial heterogeneity; the areas of different
forest types expanded by moso bamboo forests have a substantial correlation with the
bamboo forest areas in the province and the distribution proportion of the forest landscape
in the province. The factors contributing to bamboo forest expansion encompass stand
characteristics, soil attributes, light intensity, moso bamboo afforestation, forestry practices,
and human disturbances.
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Abstract: To predict the potential success of an invading non-native species, it is important to
understand its dynamics and interactions with native species in the early stages of its invasion. In
spatially implicit models, mathematical stability criteria are commonly used to predict whether an
invading population grows in number in an early time period. But spatial context is important for real
invasions as an invading population may first occur as a small number of individuals scatter spatially.
The invasion dynamics are therefore not describable in terms of population level state variables. A
better approach is spatially explicit individual-based modeling (IBM). We use an established spatially
explicit IBM to predict the invasion of the non-native tree, Melaleuca quinquenervia (Cav.) Blake,
to a native community in southern Florida. We show that the initial spatial distribution, both the
spatial density of individuals and the area they cover, affects its success in growing numerically
and spreading. The formation of a cluster of a sufficient number and density of individuals may be
needed for the invader to locally outcompete the native species and become established. Different
initial densities, identical in number and density but differing in random positions of individuals, can
produce very different trajectories of the invading population through time, even affecting invasion
success and failure.

Keywords: plant competition; Melaleuca quinquenervia; spatially explicit; agent-based model; initial
condition sensitivity; spatial distributions

1. Introduction

The study of invasive species has been one of the major themes in ecology for the
practical reason that invasive species pose a threat to native vegetation and to agricultural
systems around the world. In attempting to estimate the risk of a non-native species
invading a new environment, several factors need to be considered. One factor is how
the climatic conditions of a non-native species compare with those of a potential new
environment. Species distribution models, also called ecological niche models, are often
used to estimate the suitability of the new environment (e.g., Elith and Leathwick 2009 [1]).
However, predicting invasive success goes beyond determining suitable climate conditions
and should take into consideration other traits of the potential invasive species as well
as of the native community to which it has been introduced. These traits include its
maximum growth rate, potential dispersal rate, competitive ability, and vulnerability to
natural enemies.

Analytic models have been used to take into account some of these factors. Invasion
criteria based on mathematical approaches are fundamental tools in quantitative ecology
for predicting the dynamics of a species population entering an equilibrium community.
Suppose the competitive interactions of populations of two species are described by the
equations for biomasses of native species 1, N1, and invasive species 2, N2, where space
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can be considered one-dimensional and Lotka–Volterra competition occurs. The equations
can be written as

dN1

dt
= r1(1 − c11N1 − c12N2)N1 + D1

∂2N1

∂x2 (1a)

dN2

dt
= r2(1 − c21N1 − c22N2)N2 + D2

∂2N2

∂x2 (1b)

where x is the spatial distance, r1 and r2 are the maximum growth rates, c11 and c22 are
the intraspecific competition coefficients, c12 and c21 are the interspecific competition
coefficients, and D1 and D2 are the dispersal rates. If the equilibrium E

(
N∗

1 , 0
)

exists where
N∗

1 is the equilibrium size of species 1 and the invader biomass N2 is initially very small,
the criterion for the invasion of species 2 can be found by letting N2 have a small value,
which is represented by n2:

dn2

dt
= r2(1 − c21N∗

1 )n2 + D2
∂2n2

∂x2 (2)

Suppose the small biomass of invading species 2 is spread uniformly over a small
spatial interval of length L. Then, analytically, it can be shown that the population of
species 2 can grow if

r2(1 − c21N∗
1 ) ≥ π2D2/L2, (3)

based on Kierstead and Slobodkin’s study (1953) [2]. More sophisticated analytic models
can include such aspects as spatially heterogeneous environments [3], integro-difference
equations [4,5], and the stochasticity of dispersal [6].

These analytic results are interesting as broad indicators of invasion potential. But
the parameters here are only gross population-level demographic characteristics of the
species and do not describe how invading individuals interact with those of the native
species. Simple analytic models also do not consider detailed site-specific aspects of the
new environment such as spatial heterogeneity. For these reasons, individual-based models
(IBMs), also called agent-based models (ABMs), have been employed to examine the effects
of factors at the individual organism level. These allow models to make use of empirical
data, such as those on giant hogweed (Heracleum mantegazzianum Sommier & Levier) [7],
Russian knapweed (Acroptilon repens L.) [8], reed canary grass (Phalaris arundinacea L)) [9],
paperbark tea tree (Melaleuca quinquenervia (Cav.) Blake) [10,11], and monocarpic thistle
(Carduus nutans L.) [5]. Beyond their application to specific species, IBMs also allow
the investigation of general types of mechanisms that might apply to a large number of
potential invasive species, e.g., [12–15].

Among the general mechanisms that are known to be important in plant competition
are the effects of ecological engineering, that is, one or more species having an effect on the
environment that affects other species. One such component of ecological engineering is
the litter produced by plants, which can affect competitive relationships, e.g., [9,16]. Leaf
litter, depending on its nutrient contents and decomposition rate, can influence soil nutrient
dynamics [17]. The effects of invasive Phalaris arundinacea on nutrient cycling in North
American wetlands was modeled by [9]. Also, especially if litter accumulation can become
great due to slow decomposition rates, litter can have a negative effect on seedling survival.
This can be important in competition if the accumulation of litter of one species affects the
survival of seedlings of the other species. The consequences of the litter suppression of
seedlings were modeled by [17] for the invasion of stiltgrass (Microstegium vimineum (Trin.)
A. Camus) in eastern and midwestern deciduous forests in the United States. High litter
accumulation depends not only on litter decomposition rates but also on the number and
local spatial densities of individuals of the species producing the litter. Keeping track of
local densities requires a spatially explicit IBM, which can keep track of the spatial locations
of all individuals. This is important as the invasion of a new species of an existing plant
community can occur in the form of various initial spatial distributions of propagules.

117



Forests 2024, 15, 1308

These facts are relevant to our modeling of the invasion of southern Florida ecosystems
by the paperbark tea tree (Melaleuca quiquenervia) [10,11] (Melaleuca hereafter). Our previous
modeling has shown that the success of a simulated non-native Melaleuca invading a
native community can depend not only its relative competitive abilities but also on the
way the initial invaders are scattered in the native community, as well as their dispersal
rates [10,11]. However, our earlier work did not systematically investigate the impact
of different initial spatial starting points. Our objective here is to study the effect of the
initial spatial configuration of the invading population systematically to obtain a better
understanding of the factors contributing to invasion. This approach allows us to explore
how variations in the initial spatial distribution influence invasion dynamics, providing a
more detailed and realistic prediction of invasion outcomes.

We hypothesize that the initial spatial configuration of the invader is an important
factor in determining its ability to spread, along with the above mathematical criteria,
which can be tested with modeling. Our experience also shows that random differences in
the initial spatial configuration of individuals with the same mean properties can lead to
very different population trajectories. Thus, we also hypothesize that the outcomes for the
initial conditions with the same average properties can vary dramatically.

To study both the hypothesis that different spatial configurations of the invading
individuals lead to different invasion successes and the finding that random initial dif-
ferences can also lead to different outcomes, we used a model called ManHam. Man-
Ham was developed and tested for describing the invasion of the non-native tree species
Melaleuca quinquenervia in a native community of southern Florida [10,11]. The ManHam
model was developed to address the complex challenge of invasive species management
and utilizes agent-based modeling to explore effective biocontrol strategies. Our ap-
proach was informed by insights into the dynamics of the invasive species, from Aus-
tralia, Melaleuca, which is characterized by fast growth and high seed production in the
environment of southern Florida due to its virtual lack of natural enemies in its new habi-
tat [16,18]. Another advantage of Melaleuca is that its leaf litter has the capacity to suppress
the emergence of native seedlings, which increases its competitive ability [19,20]. Melaleuca
initially spread rapidly through natural communities in southern Florida. For the past two
decades, biological control through a number of mostly arthropod agents has been shown
to be able to control Melaleuca [21,22]. However, it is still important to model Melaleuca in
southern Florida’s native communities to help predict what the long-term consequences of
the control of the invader and the recovery of native communities will be.

2. Materials and Methods

Our modeling here uses a version of ManHam that is specially designed to study
early invasion dynamics. In particular, a level of biocontrol on modeled Melaleuca growth
rate and seedling production is imposed that makes the modeled native tree community
roughly equal in competitive ability to the invading Melaleuca. The native community is
modeled as a single ‘species’ to roughly represent a native hardwood hammock. Although
these are somewhat artificial conditions, as biocontrol appears in reality to give an ad-
vantage to the native community, it is still useful to make this assumption to study how
different initial spatial configurations of the invader affect its success. In our study, we
first examine various initial spatial distributions of a relatively small number of invading
pre-adult Melaleuca and examine how these distributions affect its early invasive dynamics.
Secondly, we follow up on the results showing a high degree of variability in the simulation
outcomes by determining whether this variability is simply due to the small initial number
of invaders. We increase the number of invaders and examine whether this leads to more
deterministic results.

In other words, the model simulates individual trees through their lifetimes from
seedlings. Both age and growth in dbh are modeled. The model simulates competition
between the invasive Melaleuca and native generic hardwood hammock species. Local
competition occurs with both conspecific individuals and individuals of the other species.
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The litterfall and accumulation of the invader and its suppression of native seedlings
are modeled.

2.1. Model

A spatially explicit, agent-based model (ABM), ManHam, is used, as in [10,11]. The
purpose of the model is to test different initial spatial configurations of immature individu-
als of the invasive Melaleuca such that the same number of individuals at different spatial
configurations leads to different probabilities of success in the early phase of an invasion.
The model ManHam is described in detail in [10]. Here, we just mention the important
aspects of each submodel.

The model is a Monte Carlo simulator of the competition between an invasive and a
native tree species on a plot of 120 × 120 m. There are two types of entities: First, there are
individual trees, which are termed agents, each of which is either an invader or a native
tree. Individual trees have age, diameter at breast height (dbh) and spatial location. Canopy
size is allometrically related to dbh. The individual trees are distributed in continuous
space; that is, they can be located at any point within the 120 × 120 m plot. The second
entities are the heterogenous litter accumulations across the plot, which are kept track of at
the spatial resolution of 1 × 1 m.

2.1.1. Tree Growth

Individual trees grow from seedlings to senescence. At the start of the simulation, the
trees that are initiated are assigned an initial tree diameter at breast height, dbh, as well as
a location in continuous space. The code iterates over all trees and computes their growth
in yearly increments in a way that is similar to earlier models developed for describing
woody plant growth in agent-based simulations [23]. The growth and reproduction of the
Melaleuca in the absence of biocontrol are both higher than the rates of the model native
tree species. The growth of the invader is assumed affected by biocontrol. The growth of
individual invader trees is sufficiently slowed by biocontrol by 80% to be one-third of the
rate of growth of native trees. Slower growth over a period of time increases the likelihood
of mortality.

2.1.2. Reproduction

The possibility of reproduction is assumed to occur for each mature tree each year and,
in the absence of biocontrol, is greater for the invader than for the native species. The age
of maturity is set arbitrarily at 20 years. The code specifies that each tree can produce an
upper limit of Nseedling,limit viable seedlings each year, where each seedling has a probability,
brate, to survive. Therefore, each mature tree can produce up to Nseedling,limit seedlings each
year. A low value for Nseedling,limit is used here because of the low empirical probability of
the survivorship of seedlings. The potential number of seedlings produced each year by
invader trees under biocontrol is assumed to be half of that of native trees.

2.1.3. Seedling Dispersal

The distance from the parent from which an individual seedling is dispersed,

disper = −ln(rand)/c3 (4)

is exponentially distributed, where rand is a number chosen randomly and uniformly on
the interval (0, 1), and 1/c3 is the mean dispersal distance. The dispersal can be in any
direction (360◦) with some seedlings landing outside the plot, where they do not survive.
In the version of ManHam used here, the value of the mean dispersal distance, c3, is the
same for both species. This parameter, though important, is not varied here as our main
interest is the initial spatial configurations of the invading individuals.
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2.1.4. Competition between Trees

Competition is described by the field of neighborhood (FON) model [24], which is
used to describe the effect of close neighbors on the growth of each other. All neighbors
within 5 m of each tree are determined at each point in time and put into a matrix called
Neibi so that their effects on annual diameter growth through FON interactions can be
determined. This is carried out using the data on neighbors within 5 m of each tree that are
stored in matrix Neib.

2.1.5. Litterfall and Its Accumulation

The leaf litterfall and accumulation of both the invader and native trees are simulated
but only that of the invader is used in the simulations. Melaleuca leaf litter decomposes
slowly and so that it can accumulate to depths such that it suppresses the emergence of
native seedlings, though with less effect on Melaleuca’s own seedlings. Cumulative depth
is calculated through time. The potential suppression of native seedlings by litter of the
invader, Melaleuca, is based on the amount of leaf litter LFaccumulation, in the given 1 × 1 m
area in which the seedling has landed. The probability of the seedling surviving is reduced
according to the following:

Seedling survival suppression = e−LFaccumulation∗slitter , (5)

where slitter is a parameter that is constant and that measures the effect of the litter of the
invader on the seedlings of the native species. The value of slitter is not precisely known,
and a plausible value is used here, which, in combination with biocontrol on the invader,
leads to the two species being competitively similar. The parameters are estimated for
Melaleuca based on [10].

2.1.6. Tree Mortality

There are three components of the net tree mortality. First, there is background mortal-
ity that is size-independent. Second, there is size-dependent morality that decreases with
size, and third, there is density-dependent mortality. The last component is implemented by
increasing the probability of mortality of a tree whose growth rate has decreased over time
due to crowding. Parameters for the first two mortality sources are the same for the two
species. However, based on the empirical data, it is assumed that the invader can tolerate
greater crowding so that crowding-related mortality affects the native species within two
meters of the stem, but it affects the invader only within one and one-half meters. Finally,
all trees are assumed to have a maximum age. Details can be found in [10]. Biocontrol
is assumed to affect only the invader. Insect herbivores were not simulated explicitly; a
constant effect level of herbivory on each invasive tree was assumed.

2.2. Parameter Values

Most of the parameter values used are the same as those used for growth, reproduction,
mortality, and the effects of biocontrol on growth and reproduction in [10]. Here, only the
specific values noted in the model description above are given (see Table 1). In [10], the
parameters of seedling dispersal, c3, and litter suppression slitter were varied for different
simulations in that paper. Here, the specific values of these parameters were prescribed
as those values were set such that the invasive and native trees had roughly similar
competitive abilities so that the effects of spatial distribution of the invading Melaleuca
could be examined.

The parameter values are in the ranges used by [10,11]. The non-native species was
assumed to have high dispersal rates (c3 = 0.15), and its litter had a negative suppressive
effect on native seedlings (slitter = 10). The advantages of the non-native species were
balanced by the assumption that biocontrol reduced non-native tree growth by about
two-thirds and reduced non-native seedling survival by 90%.
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Table 1. Parameter values for reproduction, seedling dispersal, and litter suppression of seedlings.

Parameter Definition Value Units

brateinvader Parameter for seedling establishment 0.07 dim’less

bratenative “ 0.75 “

Nseedling,limit Upper limit on number of viable seedlings from a single tree 2 Number

c3,invader Parameter related to dispersal 0.05 m−1

c3,native “ 0.05 m−1

slitter,invasive on invader Parameter related to seedling suppression of invader 1 1/(kg m−2)

slitter,invasive on native Parameter related to seedling suppression of native 10 1/(kg m−2)

2.3. Simulations

Two sets of simulations are performed. In the first set of simulations, a relatively
small number of invaders is established along one edge of the plot. The results of these
simulations motivated a second set of simulations, in which the initial number of invaders
was greatly increased.

In the first set of simulations, each simulation is started with 3500 native trees assum-
ingly randomly distributed in the 120 × 120 m plot, with a uniform random distribution of
ages between 0 and 100. A typical initial distribution is shown in Figure 1. There are an
initial 200 invading Melaleuca saplings between 0 and 20 years. Because the age of maturity
is 20, all invading individuals are initially immature.

Figure 1. Typical spatial distribution of residents (native trees) on a 120 × 120 m area. The size of the
circle represents initial dbh.

The invading Melaleuca saplings are initiated according to six different cases. The trees
are randomly located in each case between 0 and 120 along the y-axis but between (case 1)
0 and 5 m, (case 2) 0 and 10 m, (case 3) 0 and 15, (case 4) 0 and 20 m, (case 5) 0 and 30 m,
and (case 6) 0 and 40 m along the x-axis for the respective cases (Figure 2). That is, the
invading species is assumed to be invading along the front from the left-hand side of
the plot.

In the second set of simulations, the invading species is assumed to initially cover
the whole left half of the plot. They are assumed to have been artificially kept from the
possibility of invading the right-hand side of the plot until the start of the simulation. All
simulations were performed using Matlab R(2022)a, (MathWorks).
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 2. Typical initial distributions of 200 non-native invading saplings of ages between 0 and
15 years in six cases respectively. In the six cases, the individuals are spread within (a) case 1 (0–5 m),
(b) case 2 (0–10 m), (c) case 3 (0–15 m), (d) case 4 (0–20 m), (e) case 5 (0–30 m), (f) case 6 (0–40 m) from
the left-hand edge of the plot and from 0 to 120 m along the y-axis.

3. Results

3.1. Small Initial Invasions

The resident native trees have typical distributions, as shown in Figure 1. The invading
Melaleuca trees have six initial distributions similar to those shown in Figure 2. For each of
the six initial configurations, or cases, seven simulations were performed with different
random number initiators so that the specific spatial locations and pre-mature ages differed.
The results of Monte Carlo simulations are shown in Figure 3. Within each case, with
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each simulation performed with different random number initiators, the trajectories of the
invading species differ. In fact, in five of the six cases, at least one extinction occurred. But
there are clear differences between the six cases. In case 3 (0 to 15 m), the trajectories are
all upward and tightly packed. In case 5 (0 to 30 m) and case 6 (0 to 40 m), the trajectories
are more scattered, and four simulations lead to extinction in case 6. Cases 1, 2, and 4 are
similar in that each has one extinction, and the trajectories show only a moderate degree
of cohesion.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 3. Results of six cases for different initial spatial invading species distribution, with six
simulations each. Examples of the starting conditions are shown in Figures 1 and 2. All 200 invading
(non-native) trees distributed as follows: (a) case 1 (0–5 m), (b) case 2 (0–10 m), (c) case 3 (0–15 m),
(d) case 4 (0–20 m), (e) case 5 (0–30 m), (f) case 6 (0–40 m) along the left edge and across the y-axis
from 0 to 120.
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By examining some of the spatial patterns of individual invaders along these trajecto-
ries, one can obtain an idea of how the spatial dynamics can lead to successful invasions.
Two examples are shown, one trajectory from case 1, in which the invaders were all initially
within 5 m of the left edge of the plot, and one trajectory from case 6, in which all invaders
were distributed within 40 m of the left edge of the plot. Ten snapshots are shown for each
case, from year 10 to year 1600.

In case 1, although the individuals are first configured along a narrow line, by year 600,
they start to rearrange into a tight semi-circular cluster, which then advances towards the
center of the plot (Figure 4). In case 6, the initially diffused distribution of 200 individuals
over 40 × 120 = 4400 m2 begins to form two round clusters. These join together to form a
single cluster by year 1400, which by then is rapidly advancing (Figure 5).

Each of the six panels of Figure 3 contains seven trajectories that have the same
parameter values but different random number initiators. In only one of the cases (case
3 for individuals initially between 0 and 15 m) are all trajectories relatively similar, all
showing clear invasion success. In the other five cases, one or more failures to invade
occurred and the trajectories of the successful invasions were generally scattered. These
results show that random differences in the initial configuration of individuals can lead
to divergent results for the early stages of an invasive process but that a particular initial
condition, case 3, leads to fairly coherent set of trajectories for different starting conditions.
These results motivated the second set of simulations below.

(a) (b) 

(c) (d) 

Figure 4. Cont.
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(e) (f) 

(g) (h) 

(i) (j) 

Figure 4. Simulation for case 1 (individuals configured along a line from 0 to 5 m) for a given initial
random number initiator. The snapshots are at (a) 10 years, (b) 100 years, (c) 200 years, (d) 400 years,
(e) 600 years, (f) 800 years, (g) 1000 years, (h) 1200 years, (i) 1400 years, (j) 1600 years. Red circles are
invaders and blue circles natives. The figures show that the individuals are able to eventually form a
convex cluster, within which there are almost no natives as the invaders are able to build up a thick
layer of litter that suppresses native seedlings.
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 5. Cont.
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(g) (h) 

(i) (j) 

Figure 5. Simulation for case 6 (individuals configured along a line from 0 to 40 m) for a given initial
random number initiator. The snapshots are at (a) 10 years, (b) 100 years, (c) 200 years, (d) 400 years,
(e) 600 years, (f) 800 years, (g) 1000 years, (h) 1200 years, (i) 1400 years, (j) 1600 years. Red circles are
invaders and blue circles are natives. In this case, the initially diffuse individuals are able to form into
two roughly circular clusters. These are able to spread and then join to form a single large convex
cluster that expands, as in case 1.

3.2. Invader Has Equal Initial Numbers to Those of the Native Population

The high degree of randomness in trajectories within each of the six cases shown above
in Figure 3, which results only from the random rearrangements of individuals within the
given initial areas of the invaders, is interesting as it suggests a degree of uncertainty in
making predictions. However, one might argue that the small size (200 individuals) of the
initial number of invaders made possible substantial differences in the initial configurations.
Therefore, we repeated these invasion experiments starting with much larger numbers
of invaders. Typical initial conditions are shown in Figure 6, in which 2000 individuals
each of the invader and native populations initially occupy opposite sides of the plot and
where the invading species is prevented from invading the right-hand side of the plot until
the start of the simulation. Differences in circle size, representing different ages, are not
considered in Figure 6.
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Figure 6. Starting conditions of invader (red) and native (blue). There are 2000 individuals each,
spread over a range of initial ages and dbhs.

As in the above simulations for each of the six cases in Figure 3, the simulations based
on the situation in Figure 6 all employ the same parameter values but start with different
random number initiators for setting initial spatial locations and ages. The simulations
were carried out for different periods of time, with only a few being carried out long enough
to reach extinctions (Figure 7). The intention was not to show which species eventually
won but to show the vast variability in trajectories in the early stages of competition. The
simulations show the extreme variability of trajectories in which only the initial spatial
configurations of the individuals of the two species varied.

(a) (b) 

(c) (d) 

Figure 7. Cont.
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(e) (f) 

(g) (h) 

(i) (j) 

Figure 7. Simulations starting with invasive and native populations each occupying half of the plot,
as in Figure 6, showing the total populations, invader (red) and native (blue). The same parameter
values are used in all simulations, but different Matlab random number initiators were used in each
of the simulations. (a) rand (‘state’, 36), (b) rand (‘state’, 35), (c) rand (‘state’, 34), (d) rand (‘state’, 33),
(e) rand (‘state’, 32), (f) rand (‘state’, 31), (g) rand (‘state’, 30), (h) rand (‘state’, 29), (i) rand (‘state’, 37),
(j) rand (‘state’, 38). The time periods of the simulations differ, as the intention was not to show the
eventual winner of the competition but only the high degree of variability in population trajectories.

4. Discussion

A basic question regarding the introduction of non-native species to an environment
is what the risk is that they will become invasive. Many factors have been considered
in mathematical and simulation models of invasive species. Of particular importance in
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assessing the ultimate success of an invader is whether or not the population is able to
grow in population size and spread from initially low numbers.

4.1. Invasion Success as Function of Initial Spatial Distribution of Invading Individuals

Based on the results of the simulations shown in Figure 3, an initial conclusion can be
drawn that the initial configuration of individuals of an invasive tree species can influence
its early success in growing and spreading. In particular, for a fixed number of immature
individuals, the combination of population density and area occupied by the invading
species influences the reliability of a successful invasion. For the set of starting conditions
compared in Figure 3, case 3 (0 to 15 m) appears to be the best combination as a fairly tight
bundle of increasing trajectories is formed. Case 6 (0 to 40) had the most (four) unsuccessful
invasion attempts.

Some indication of the explanation of what leads to a successful invasion can be
inferred from the examples of the case 1 simulation in Figure 4 and the case 6 simulation in
Figure 5. In both cases, after some time, the invader manages to form a large dense cluster
of individuals that can then grow in size at a substantial rate. The reason for this appears
to be a version of the Allee effect. The Allee effect was already reflected in the classical
mathematical result of [2] in that the initial size of the area occupied by the invader, L,
must be large enough for inequality (3) to hold for the population to grow. In our case, the
number of invading individuals is fixed, so the Allee effect depends on the initial density
of individuals. Because an important mechanism for the success of invading Melaleuca is
that it can produce litter that suppresses native seedlings, it is important that the invader
exists in a high enough density that it can produce a sufficient litter layer across the space.
The invader must also occupy enough space that it can gain a foothold based on its ability
to produce seedlings suppressing litter. Of course, the area that is occupied by individuals
and the density of individuals are tradeoffs when the number of individuals is fixed.

It appears that there is a particular tradeoff that is most effective. Case 1 (0 to 5 m) and
case 2 (0 to 10 m) are generally successful but are less reliably successful than case 3 as they
are slower to increase land coverage. At the opposite extreme, in case 5 (0 to 30 m) and case
6 (0 and 40 m), the initial distribution of invading Melaleuca was dilute. For those cases, it
was more difficult for the Melaleuca to develop high litter densities. Nevertheless, in some
simulations, even in case 6, Melaleuca was able to be successful in the early invasive stage
(Figure 5). In these cases, although it took some time, eventually, the initially dilute density
of the invaders was by chance able to form local concentrations that were sufficiently dense,
occupying enough area to eventually start to grow.

4.2. Sensitivity of Invading Population Trajectories and Success to Initial Spatial Distribution

The second general feature of the simulations is that even within each of the six
cases of the initial conditions shown in Figure 2, there is a large amount of variation
in the trajectories. Because the initial number of invaders (200) is relatively small, to
reduce the possible effect of small initial numbers on sensitivity to the initial conditions,
simulations were performed with the starting conditions shown in Figure 6, that is, with
2000 individuals each of the invader and native species populations occupying opposite
halves of the plot. The random number initiator was changed for each of the 10 different
simulations. The trajectories show remarkable sensitivity to the initial conditions. What is
most striking is the variability in the direction of population change within some of the
simulations, in which the apparent dominance of one species is abruptly reversed.

It is tempting to compare the sensitivity to the initial condition exhibited here with
the well-known sensitivity to the initial conditions in some deterministic mathematical
models called ‘deterministic chaos’ (e.g., [25]). A difference, of course, is that the model
here uses Monte Carlo simulations. However, the numbers in the Figure 7 simulations
are large, so one might expect greater similarity in the trajectories. It is clear that a great
deal remains to be learned about what drives these dynamics. Collective dynamics over
spatial scales occurs within the populations. By this we mean that a locally dense cluster
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of invading individuals, which may occur by chance, can be self-reinforcing because
they can collectively produce enough litter to exclude native seedlings. Thus, there is
a small chance that the cluster can grow and that we can determine the outcome of the
competitive interaction. Another factor that may help explain some of the sudden changes
in the direction of population trajectories in Figure 7 is the upper limit on the lifetime
of trees. Rapid die-offs of an age cohort of individuals in a large part of the landscape
can lead to a change in the relative population growth rates of species populations. As
demonstrated, random differences in the initial spatial configurations can produce varied
results, highlighting the importance of considering spatial dynamics in invasion biology.

The third general feature of the simulations is that the results involved with some novel
edge effects. The ecological dynamics at the edge of species’ range limits are complex and
involve multiple interacting factors, including dispersal, competition, and environmental
variability. Turchin and Ellner [26] demonstrated that species at the edge of their range
often exhibit different ecological behaviors compared to those in the core areas. For instance,
increased dispersal ability and higher reproductive rates are often observed at range edges,
which can facilitate range expansion despite suboptimal conditions [27,28]. These adaptive
strategies highlight the importance of spatial dynamics and local adaptation in shaping
species distributions. Edges can act as barriers or filters, affecting the dispersal of organisms
and their propagules, which in turn can influence the spatial distribution of populations
and community composition. For example, edges can impede the movement of pollinators,
thereby reducing gene flow among plant populations and altering reproductive success
and plant diversity [29].

4.3. Novelty of Results

The results here are new. Although, as discussed in the Introduction, IBMs have been
used in studying invasions of specific plant species, we know of no study, systematic or
otherwise, that focuses on the effects of the initial spatial distribution of invaders. It is well
known that the success of invaders in highly variable. There may be many introductions of
a novel species to an environment before the species becomes invasive. A consideration of
not just the number but also the initial spatial configuration of individuals of the species
may help explain why some invasions are successful and others are not. Also, our results,
showing the high degree of variability in population trajectories, even when introduced in
large numbers, are new. We showed a high degree of sensitivity to spatial configurations
of 2000 invading species, which resembles the ‘chaotic’ behavior of some mathematical
models but has a quite different origin.

4.4. Limits of Model

Our model simulates a specific invasive tree species, Melaleuca quinquenervia, in the
specific environment of southern Florida. However, we believe that the nature of the
interaction of the invasive and native species in our model has features that are general.
Our spatially explicit IBM follows the general format of other models of forest dynamics,
e.g., [24]. Also, the inhibitory effect of the invasive species, Melaleuca, on the native species
through mechanisms, such as the litter suppression of native seedlings, is not uncommon.
In our simulations, this allowed the invader to often be successful even though relatively
strong biocontrol effects on growth and reproduction were imposed. Mechanisms of
inhibition, such as through characteristics of litter or allelopathy, are common. Also,
invading plant species affect the local soil microbial community, which can favor the
invader [30]. Therefore, we believe that our model and results have implications for
other systems.

The cases modeled here are an extremely limited slice of the vast range of initial spatial
conditions that could be studied. We looked at only a few cases of invasions from one side
of a plot carried out by a certain number of invaders. The parametrization was chosen such
that, with a level of biocontrol imposed on the invader, the two species had very similar
competitive fitness, although they differed in types of advantages. Further studies will be
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needed to provide stronger conclusions concerning how the initial spatial configuration
influences invasive success.

5. Conclusions

We used a tested spatially explicit IBM of the competition of Meleleuca quinquenervia,
invasive to southern Florida, with a generic native species. The model was used to explore
the effects of different spatial distributions of the invasive population. The results showed
that the initial density of individuals of the invader had an effect on its success. This was
due to there likely being a critical threshold density for the sufficient accumulation of the
invader’s litter to have a strong suppressive effect on the native species. The simulations
also showed extreme sensitivity of the competitor population trajectories to the initial
spatial conditions, which resembled the ‘chaotic’ behavior seen in some mathematical
models. Future work will entail studying a greater variety of initial distributions and
understanding the causal mechanisms that underlie the results.
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Abstract: Although the effects of invasive alien plants on natural ecosystems are well known, the
effects of specific plant species can vary across habitat types and disturbance intensity. This study was
carried out to analyze the effects of Lantana camara on associated vegetation and soil physico-chemical
properties at invaded and non-invaded sites across three different habitat types (forest edge, fallow
land, and roadside) in central Nepal. We sampled 50 pairs of 5 m × 5 m (for shrub species) and
1 m × 1 m (for herbs species) plots at invaded and non-invaded sites in each habitat and recorded
community variables for each species within the sampling plots for both wet (monsoon) and dry
(pre-monsoon) seasons. Further, we collected soil samples from each quadrat and determined the
soil physico-chemical properties. We recorded 137 species of flowering plants (119 from non-invaded
and 97 from invaded plots) and classified them in accordance with life form/habit. In invaded
sites, we found a significant decline in species diversity as indicated by the Simpson and Shannon
diversity indices. Specifically, L. camara reduced the species richness, Simpson index, and Shannon
diversity index by 36.84%, 11.84%, and 40.21%, respectively. Soil nutrients such as total nitrogen,
soil organic carbon, and available phosphorus were significantly higher in invaded sites than non-
invaded ones except for available potassium and soil pH. This study provided evidence that Lantana
L. camara has a substantial impact on the understory plant community assemblage and the physico-
chemical properties of soil. The results suggest that the protection of native plant community requires
management of L. camara by implementing appropriate measures.

Keywords: biological invasion; forest edge; roadside vegetation; invasive plant; soil nutrient; species
diversity; species richness

1. Introduction

Invasive alien plant species (IAPS) are the established alien species that intimidate
native ecosystems and biodiversity [1]. They cause a significant threat to native ecosystem
function and structure of plant communities, and are one of the major causes of biodiversity
loss, that bring about changes in vegetation structure and degradation of environment [2,3].
In the changing climate, the introduction and aggressiveness of IAPS is increasing, particu-
larly on different land uses. According to recent reports, IAPS have massive socioeconomic
and environmental consequences around the world [4]. Invasive plant species affect soil
properties [5], hydrology [6] and fire regimes [7] at the ecosystem level. They are known to
reduce native species diversity and alter composition at the community level [8], though
such impacts can be species- or site-specific. Conversely, there is also evidence of facilitation
and co-occurrence of invasive and native plants because of positive interactions between
plant species with similar habitat requirements and phonologies [9]. The mixed responses
demonstrate that invasive plant species can have both positive and negative effects on
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ecosystems. As a result, more research is needed to investigate the impacts of IAPS to
develop effective control strategies.

Biological invasion has been identified as one of the emerging threats to biodiversity
and ecosystem services in Nepal [10], as well as one of the major underlying causes of
habitat degradation in Nepal, alongside unsustainable harvesting practices, environmental
pollution, overgrazing, and infrastructure development [11]. The number of IAPS in Nepal
has increased over time and the extent of climatically suitable areas for most of Nepal’s
IAPS is likely to expand and shift upslope in the future under climate change scenarios [12].
A recent review by [13] has revealed that there are 30 species of invasive plants, and
their number has been increasing at an alarming rate. Despite the significant efforts by
researchers to generate new knowledge, little is known about the biology and ecology of
individual IAPS [14], their diversity [15], distribution [16], and impacts [17,18]. Therefore,
ecological investigations in different regions are needed to either specify the status or impact
of individual IAPS on richness and diversity of native plant communities. The problems
of invasive species are widespread in both developed and developing countries, but the
impacts could be greater in developing countries like Nepal. The Indian subcontinent has
been experiencing altered precipitation patterns and intensified monsoon seasonality in the
recent decades [19], and this can play a crucial role in regulating plant productivity [20],
thereby enhancing plant invasion in the region.

We studied L. camara as it is considered one of the world’s worst invasive plant
species [21]. It is the major invader of forests, pastures, and wetlands [22]. Lanata camara
invasion in natural ecosystems has been linked to widespread loss of native plant species
diversity due to native species recruitment restrictions and altered ecosystem structure and
function [23]. However, there is few quantitative evidence to support these claims and more
data on the patterns of species loss associated with L. camara invasion is urgently needed
to inform management priorities. High reproductive potential, phenotypic plasticity,
resilience to grazing pressure, allelopathy, and fire resistance are the factors that cause L.
camara to become a successful invader [24]. Various studies have found that L. camara to be
an invasive species in various regions around the world [25–31]. Despite the large number
of studies on the effects of invasive species, few have investigated the effects of invasive
species on species diversity and composition as well as multiple soil properties across
habitat types [32]. It is crucial to investigate the effects on both species composition and
soil properties because soil and plants influence each other and changes in vegetation due
to invasive species would eventually result in changes in soil properties and these changes
in soil properties would result in additional changes in vegetation [33]. Despite the weed’s
widespread occurrence in Nepal quantitative data on the impacts and scale of the problems
are inadequate to inform management decisions. Therefore, data from different regions are
needed both to specify their status and to analyze their impacts on diversity and richness
of native plants.

In this study we assessed the impact of Lantana camara on understorey community
composition, diversity and soil physico-chemical properties in central Nepal. We hypothe-
size that invasion by L. camara alters the community assemblage, biotic interaction among
co-existing species and reduces plant diversity and soil physico-chemical properties. To
test this hypothesis, we sought to (1) assess the impact of L. camara on species richness and
diversity of understorey plant species, and (2) analyze the soil physico-chemical properties
at the invaded and non-invaded sites.

2. Materials and Methods

2.1. Study Area

Study area lies in tropical and subtropical zones within four districts of central Nepal
(Makawanpur, Chitwan, Tanahun, and Kaski). The elevation range of our study sites was
153 m (Chitwan) to 1490 m (Kaski) (Figure 1). The climate of the study area is a typical
monsoon climate with four distinct seasons (monsoon, post-monsoon, winter, and pre-
monsoon) marked by distinct dry and wet seasons, creating a seasonal variation in plant
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community assemblage. The average minimum and maximum temperature of study area
ranges from 16 ◦C to 31 ◦C and average annual rainfall ranges from 2000 mm to 3800 mm.
Forest of Shorea robusta Gaertn. extended throughout the flat land and it is replaced by
riverine forest along river and streamside in tropical regions. Schima-Castanopsis, Pinus,
and Alnus forests are the dominant vegetation of the subtropical regions in the study area.

 

Figure 1. Map of study area showing the sampling plots location.

2.2. Field Sampling

Three different habitat types were chosen for sampling, i.e., forest-edge, fallow-land,
and roadside, as such microhabitats are highly vulnerable to plant invasions and the
vegetation of these sites were dominated by L. camara in the study area. We defined forest-
edge as the transitional zone between a forested area and an adjacent landscape such as
grassland, agricultural land, or urban area, and fallow-land as the agricultural land left
unplanted for a substantial time and roadside as the adjacent barren land to the road. These
habitat types were chosen as they appeared to be highly invaded sites by L. camara while
conducting a reconnaissance survey prior to this study. Plot locations for each habitat were
chosen arbitrarily in topographically uniforms areas with 50 m distance between invaded
and non-invaded sites. The ecological sampling was carried out from 28th September
to 2nd October 2020 for the wet season (monsoon) and from 16th to 20th April 2021 for
the dry season (pre-monsoon) to analyze if impacts vary seasonally. A field survey was
conducted at two plot types: invaded and non-invaded. We carried out paired sampling
of 5 m × 5 m (for shrub species) and 1 m × 1 m (for herbs species) for each habitat [34,35].
A total of 25 pairs of plots were sampled during the monsoon and 25 pairs during pre-
monsoon. Plant species were counted, and their coverage was recorded in six cover classes,
i.e., 1 (0%–5%), 2 (5%–25%), 3 (25%–50%), 4 (50%–75%) 5 (75%–95%), and 6 (95%–100%) [36]
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(Daubenmire, 1959), considering each plot as 100 percent based on a visual estimation
method. Voucher specimens were collected except tree species (but saplings of trees were
counted). Collected voucher specimens were identified at the National Herbarium and
Plant Laboratories (KATH) by comparing them with identified specimens and consulting
the literature [37]. The identified plants were categorized according to their life form (herbs,
shrubs, and climbers).

2.3. Data Analysis

The species richness and Simpson and Shannon diversity indexes of vegetation were
calculated. The species richness was defined as the number of species recorded in each
sample plot.

Species diversity refers to the richness of species and their relative abundance in each
region. To compare the species diversity between invaded and non-invaded sites, the
Simpson and Shannon–Weiner diversity indexes were calculated.

The Shannon–Weiner Index was calculated by following equation [38]:

Shannon Weiner Index (H) = −∑ Pi × ln Pi

where Pi = ni/N, ni = average coverage of each individual species, N = total average
coverage of all species.

Simpson Diversity Index:

D = 1 − ∑(ni − 1)/N (N − 1)

where D = the Simpson diversity index, ni = the coverage of the ith species, and N = total
coverage of all species.

Statistical analysis was performed using the R 4.0.3 [39]. First, the normality of the
data was tested. A significant value of the Shapiro–Wilk test was used to determine the
normality of data (p ≥ 0.05) and the homogeneity of variance of the data was established
with Leven’s test. The Simpson and Shannon diversity indexes, species richness, and soil
physico-chemical properties in sites invaded and not invaded by L. camara during the
pre-monsoon and monsoon seasons were analyzed by paired sampled t-test. Comparisons
of the habitat types between invaded and non-invaded sites were performed using one-
way ANOVA.

2.4. Soil Parameter Analysis

Soil samples were collected at a depth of 15 cm from four corners and a center, and
they were mixed thoroughly to make single composite sample per plot. There were total of
100 samples (50 samples from the monsoon and 50 samples from the pre-monsoon season).

The soil samples were then left to air dry for two weeks in the shade in the lab. The
soil samples were then ground and sieved through 2 mm wire mesh and a 0.5 mm mesh
before being stored in airtight bags until laboratory analysis. The method outlined by [40]
was used for determination of soil pH, the Walkey–Black method for soil organic carbon
(SOC), and the micro-Kjeldahl method [41] for the determination of total nitrogen (TN).
Available phosphorus and available potassium were estimated using a flame photometer
and Olsen’s bicarbonate method, respectively, as described by [42,43].

3. Results

3.1. Species Composition and Diversity

We found 137 species of flowering plants from 49 families, of which 119 were recorded
in non-invaded sites and 97 in L. camara-invaded sites (Appendix A). Additionally, 79 plant
species were present in both non-invaded and invaded sites. The number of herb species
was high in non-invaded sites which decreased sharply compared to other life forms in
invaded sites (Figure 2). Although all the growth forms (herb, shrub, and climber) showed
changes in species composition, herbaceous species contributed the most to compositional
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changes. The plant family Poaceae was represented by the highest number of species (22),
followed by Asteraceae (17) (Appendix A). Forty species were present only in non-invaded
plots; and some of them were reported to have ethno-medicinal uses. Out of forty species,
only eighteen species could successfully emerge from L. camara-invaded plots.

(a) (b)

Figure 2. Life form of plant species in (a) invaded and (b) non-invaded plots.

The species richness and diversity index between invaded and non-invaded sites
differed significantly (Appendix B, Figure 2). The species richness and the Simpson and
Shannon diversity indices of invaded sites decreased by 36.84%, 11.84%, and 40.21%,
respectively, compared to the non-invaded sites. Non-invaded sites were composed of
higher richness and diversity of plant species compared to invaded sites in both the pre-
monsoon and monsoon seasons. There was a significant difference in species richness
across the three habitat types (Figure 3, Appendix B). In the pre-monsoon season, the
forest edge exhibited the highest species richness, followed by fallow land, and roadside;
however, in the monsoon season, the fallow land exhibited the highest number of species
followed by the forest edge and roadside.

Figure 3. Species richness, Simpson diversity index, and Shannon diversity index in Lantana camara-
invaded and non-invaded sites (paired sample t-test). The values shown are means ± standard error.

3.2. Soil Physico-Chemical Characteristics

The soil nutrients were higher in invaded sites compared to non-invaded sites except
available Potassium and soil pH in both the pre-monsoon and monsoon seasons (Figure 4,
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Appendix B). In total, the soil nutrients, like soil organic carbon, total nitrogen, and available
phosphorus, of invaded sites increased by 11.61%, 28%, and 24.03%, respectively. Regarding
the habitat type, total nitrogen, available phosphorus, available potassium, and soil pH
were higher in fallow land followed by forest edge and roadside, while the total soil organic
carbon was highest in forest edge and lowest in roadside (Figures 5 and 6, Appendix B).

Figure 4. Species richness, Simpson diversity index, and Shannon diversity index (one-way
ANOVA test) in invaded and non-invaded sites across three habitat types. The values shown
are means ± standard error. Means with different superscript letters are significantly different at
p < 0.05.

Figure 5. Soil pH, total SOC, total N, available K, and available P in invaded and non-invaded plots
as obtained from paired sample t-test results, the values shown are means (±standard error), p-values
indicate significant different at p < 0.05.
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Figure 6. Soil pH, total SOC, total N, available K, and available P at invaded and non-invaded sites of
three habitat types. The values shown are means (±standard error). Means with different superscript
letters are significantly different at p < 0.05.

4. Discussion

4.1. Species Composition and Diversity

Our results indicated that plant species decreased at invaded sites, including a sharp
decrease in the number of herb species (Figure 2). The extensive cover produced by
L. camara reduced the herbaceous species probably by restricting the amount and duration
of light below its canopy. This could be because of the establishment of a photosynthetically
inactive light regime at ground level [44,45]. Despite the levels of other resources, light
limitation below a certain threshold can prevent species from surviving [46]. Species such
as Tinospora sinensis, Sapium insigne, Calotropis gigantean, Solanum nigrum, Urena lobata,
Woodfordia fruticosa, Anaphalis contorta, Buddleja asiatica, Callicarpa arborea, Cissampelos pareria,
Elephantopus scaber, and Hydrocotyle sibthropioides were completely lost at invaded sites
(Appendix A). Soil nutrients may also play a significant role in compositional difference in
plant species between L. camara-invaded sites and non-invaded sites. It has been reported
that the changes in litter and soil chemistry under the canopy of L. camara facilitate its
invasion and displace the native species [47].

We reported that L. camara invasion is associated with a decrease in species diversity
and richness. The ability of L. camara to adapt under various ecological conditions allows
it to spread quickly, which causes a reduction in diversity and the development of its
monocultures. The capacity of L. camara to establish rapidly, its tolerance to various
environmental conditions and resistance to logging, burning, and climate change reduced
the diversity and richness at the invaded sites [48,49]. Vegetation at the invaded sites had
declined more significantly than that of non-invaded sites [50], and very few shade tolerant
species stood out against L. camara invasion, that can grow taller than L. camara. Similar
trends were seen in the riparian forests along the Nayar River, where invaded sites had a
nearly 30% loss in species richness. Compared to non-invaded habitats, L. camara-invaded
sites included significantly fewer plant species [22]. In regions where L. camara has invaded,
the richness, diversity, structure, and composition of native plant species was reduced
and degraded [51]. Our results indicated that the non-invaded sites comprised a higher
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richness and diversity of plant species compared to invaded sites in both the pre-monsoon
and monsoon seasons, and this could be due to competitive exclusion [52] or altered habitat
structure [53].

Although all the habitat-types were susceptible to invasion in our study, the diversity
of understorey plants species were high in fallow land and forest edge compared to
roadside, which indicated that the roadside habitat was highly affected by L. camara
invasion compared to forest edge and fallow land. The lowest invasion effect was noticed
in forest edge with its high species richness. This result is consistent with those of [54], who
revealed that invasive species could not get enough light under the canopy of tree, hence
they cannot spread rapidly in dense forests. Forest trees and vines often provide shade
for invasive plant seedlings and slow down their growth [55]. Habitats near the roads
were found to be more susceptible to invasion as the invasive species are conspicuous
along roadsides, and roads are more anthropogenically disturbed and provide suitable
microhabitats for many IAPS [56]. Further, we observed the seasonal changes in species
richness across different habitat type—forest edge, fallow land, and roadside—and these
variations could be attributed to various ecological and environmental factors including
changes in microclimate [57], the emergence of opportunistic species [58], and changes in
water availability [59].

4.2. Soil Physico-Chemical Characteristics

Invaded sites were composed of more acidic (low pH value) soil compared to non-
invaded sites (higher pH value) throughout both the pre-monsoon and monsoon seasons.
This might be related to the effect of podsolization (base depletion) [60]. Soil organic
carbon, nitrogen, and phosphorus contents were higher in the invaded sites compared
to the non-invaded sites. The positive correlations of L. camara cover with soil nutrients,
except soil pH and K (Appendix B), indicated that soil nutrient increases with increased
L. camara cover. The higher nutrient content in invaded sites may be related to the higher
above-ground biomass and net primary production as well as faster growth rates than those
of the native species being displaced as reported by [26]. Lantana camara-invaded sites were
associated with higher levels of organic carbon in the soil compared to the non-invaded
sites [61]. The dense monoculture of L. camara altered the microenvironment (pH, light,
and temperature) beneath it and prevented the establishment and germination (or both) of
associated species as reported by [62]. The allelopathic compounds released by the root of
L. camara prevent the development and establishment of other native plant species, which
reflects the competition between them [18,63].

The high biomass (mainly leaf litter) resulting from the taller plant present in invaded
sites and no consumption of L. camara by livestock could be two possible explanations for
the observed significant increase in soil nutrient at the L. camara-invaded sites compared
to the non-invaded sites. Due to the deep root system of L. camara, it can absorb and use
nutrients more quickly in deeper soil layers [64], a process known as “nutrient uplift” [65],
which could increase the amount of phosphorus that was accessible in the surface soil. The
higher total soil organic carbon, total nitrogen, and available phosphorus could be due to
the abundance of invasive species which contribute to nutrient-rich higher litterfall and
biomass [66,67], which eventually increase the organic carbon and nutrient pool in the soil.
In other statements, invasive species prefer nutrient-rich soil and inoculate positive plant
soil feedback which encourages further invasion in such habitats [68]. However, the results
of the present study showed that availability of potassium is lower in the invaded sites than
the non-invaded sites. These outcomes support the observation of [69], who reported a low
level of potassium in invaded sites. This might be because L. camara produces many seeds
with a high flowering rate, which causes the highly invaded areas to have low potassium
levels [70,71].
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5. Conclusions

This study provides evidence that L. camara invasion poses a substantial impact to
species richness, community assemblage, and species diversity, as well as the soil properties.
The study revealed that native plant species, like Artemisia indica, Woodfordia fruticosa, Urena
lobata, and Achyranthes aspera, were reduced by L. camara invasion. The soil nutrient levels in
most of the L. camara-invaded sites was high and were potentially increased by its invasion,
which could allow more invasive plants to enter the area and could affect the ecosystem
functions. These findings are highly important to biodiversity/forest managers and farmers.
Further success of the L. camara invasion depends on soil properties like pH, SOC, N, P
and K. Hence, proper utilization of land resources, control of deforestation, and land
degradation are highly recommended to contend L. camara invasion. Further studies on the
comparative physiological traits of invasive and native species and soil microbial dynamics
would help refine our knowledge on plant invasion dynamics. Long-term monitoring
on permanently established plots is also needed to understand the long-term impact of
invasive species on vegetation dynamics to frame appropriate policy and management
strategies to control plant invasion and its impacts.
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Appendix A

Name of Plants Family Invaded Non-Invaded

Acacia catechu (L.f.) Wild Fabaceae - +
Achyranthes aspera L. Amaranthaceae + +

Acmella sp. Asteraceae - +
Ageratum conyzoides L. Asteraceae + +

Ageratum houstonianum Mill. Asteraceae + +
Ageratina adenophora (Spreng.) R. King and H. Rob. Asteraceae + +

Alternanthera phyloxeroides (Mart.) Griseb Amaranthaceae - +
Anaphalis contorta (D. Don) Hook. f. Asteraceae - +

Artemisia indica Willd. Asteraceae + +
Arundo sp. Poaceae + +

Asparagus racemosus Willd. Asparagaceae + -
Axonopus Compressus (Sw.) P. Beauv. Poaceae - +

Azadirachta indica A. Juss. Meliaceae + -
Bidens pilosa L. Asteraceae + +
Boehmeria sp. Urticaceae + +

Bothriochloa ischaemum (L.) Keng Poaceae + +
Bothriochloa pertusa (L.) A. Camus Poaceae - +

Buddleja asiatica Lour. Schrophulariaceae - +
Callicarpa arborea Roxb. Verbenaceae - +

Callicarpa macrophylla Vahl Verbenaceae + -
Calotropis gigantea (L.) Dryand Apocynaceae + -

Cannabis sativa L. Cannabaceae + +
Cardiospermum halicacabum L. Sapindaceae - +
Castanopsis indica (Roxb.) Miq. Fagaceae - +

Chromolaena odorata (L.) R. M. King and H. Rob. Asteraceae + +
Chrysopogon aciculatus (Retz.) Trin. Poaceae - +

Cissampelos pareria L. Menispermaceae - +
Clerodendrum viscosum Vent. Lamiaceae + +

Coccinia grandis (L.) Voigt Cucurbitaceae + -
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Name of Plants Family Invaded Non-Invaded

Colebrookea oppositifolia sm. Lamiaceae + +
Colocasia esculenta (L.) Schott Araceae + +
Commelina benghalensis (L.) Commelinaceae + +

Conyza bonariensis (L.) Cronquist Asteraceae - +
Corchorus aestuans L. Tiliaceae + +

Crassocephalum crepidiodes (Benth.) S. Moore Asteraceae + +
Cucumis callosus (Rottb.) Cogn. Cucurbitaceae + -

Curcuma aromatica Salisb. Zingiberaceae - +
Cyanotis cristata (L.) D. Don Commelinaceae - +
Cynodon dactylon (L.) Pers. Poaceae + +

Cynoglossum lanceolatum Forssk. Boraginaceae - +
Cyperus esculentus L. Cyperaceae + +
Cyperus rotundus L. Cyperaceae + +

Cyperus sp. Cyperaceae - +
Dalbergia sisso DC. Fabaceae + +

Desmodium heterocarpon (L.) DC. Fabaceae - +
Desmodium triflorum (L.) DC. Fabaceae + +
Digitaria ciliaris (Retz.) Koeler Poaceae + +

Digitaria setigera Roth Poaceae + -
Dioscorea bulbifera L. Dioscoreaceae + +

Drepanostachyum intermedium (Munro) Keng f. Poaceae - +
Drymaria diandra Blume Caryophyllaceae + +

Elephantopus scaber L. Asteraceae - +
Eulaliopsis binata (Retz.) C. E. Hubb Poaceae + +

Euphorbia hirta L. Euphorbiaceae + +
Evolvulus nummularius (L.) L. Convolvulaceae + +

Ficus hispida L. Moraceae + +
Ficus semicordata Buch.-Ham. ex J. E. Sm. Moraceae + -

Fimbristylis dichotoma (L.) Vahl. Cyperaceae + +
Flemingia macrophylla (Willd.) Merr. Fabaceae + -

Galinsoga perviflora Cav. Asteraceae + +
Gnaphalium affine D. Don. Asteraceae - +

Gonostegia pentandra (Roxb.) Miq. Urticaceae + +
Holarrhena pubescens (Buch.-Ham.) Wall. ex G. Don Apocynaceae + +

Hydrocotyle sibthorpioides Lam. Apiaceae - +
Hyptis suaveolens (L.) Poit. Lamiaceae + +

Imperata cylindrica (L.) P. Beauv. Poaceae + +
Ipomoea nil (L.) Roth Convolvulaceae - +

Ipomoea purpurea (L.) Roth Convolvulaceae + -
Ipomoea quamoclit L. Convolvulaceae + +
Justicia adhatoda L. Acanthaceae + +

Justicia simplex D. Don. Acanthaceae + +
Kyllinga brevifolia Rottb. Cyperaceae + +

Lantana camara L. Verbenaceae + +
Leea crispa Royen ex L. Leeaceae + +

Leucaena leucocephala (Lam.) de Wit Fabaceae + -
Leucas cephaloates (Roth) Spreng. Lamiaceae - +
Lindernia crustacea (L.) F. Muell. Schrophulariaceae - +

Maesa chisia Buch.-Ham. ex D. Don Myrsinaceae - +
Melastoma malabathricum L. Melastomataceae + +
Mikania micrantha Kunth. Asteraceae + +

Momordica charantia L. Cucurbitaceae + +
Mimosa pudica L. Fabaceae + +

Mimosa rubicaulis Lam. Fabaceae - +
Morus alba L. Moraceae + +

Murraya koenigii (L.) Spreng Rutaceae + +
Oplismenus hirtellus (L.) P.Beauv. Poaceae + +

Oxalis corniculata L. Oxalidaceae + +
Parthenium hysterophorus L. Asteraceae + +

Paspalidium flavidum (Retz.) A. Camus Poaceae + +
Paspalum scrobiculatum L. Poaceae + +

Paspalum sp. Poaceae - +
Persicaria capitata (Buch.-Ham. ex D. Don) H. Gross Polygonaceae + +

Persicaria perfoliata (L.) H. Gross Polygonaceae - +
Phragmites karka (Retz.) Trin. ex Steud Poaceae + +
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Name of Plants Family Invaded Non-Invaded

Phyllanthus urinaria L. Euphorbiaceae + +
Phyllanthus virgatus G. Forst Euphorbiaceae + +

Physalis angulata L. Solanaceae + -
Pinus roxburghii Sarg. Pinaceae + -

Piper longum L. Piperaceae + -
Plumbago zeylanica L. Plumbaginaceae - +

Pogonatherum paniceum (Lam.) Hack. Poaceae - +
Polygonum persicaria L. Polygonaceae + +

Polygonum sp. Polygonaceae + +
Prunus persica (L.) Batsch. Rosaceae - +
Reinwardtia indica Dumort. Linaceae - +

Ricinus communis L. Euphorbiaceae - +
Rubus ellipticus Sm. Rosaceae + -

Rubus sp. Rosaceae + +
Saccharum spontaneum L. Poaceae + +

Salvia sp. Lamiaceae + +
Sapium insigne (Royle) Benth. ex. Hook. f. Euphorbiaceae + -

Saraca asoca (Roxb.) Willd. Fabaceae - +
Schima wallichii (DC.) Korth. Theaceae - +
Senna occidentalis (L.) Roxb. Fabaceae + +

Senna tora (L.) Roxb. Fabaceae + +
Setaria glauca (L.) P. Beauv. Poaceae + +

Setaria pallidifusca (Schumach.) Stapf and C. E. Hubb. Poaceae + +
Shorea robusta Gaertn. Dipterocarpaceae + +

Sida acuta (L. fil.) Borss. Waalk. Malvaceae + +
Sida cordifolia L. Malvaceae + +

Sida rhombifolia L. Malvaceae + +
Solanum aculeatissimum Jacq. Solanaceae + +

Solanum nigrum L. Solanaceae + -
Spermacoce alata Aubl. Rubiaceae + +

Stephania glandulifera Miers Menispermaceae + +
Sambucus sp. Sambucaceae + -

Syzygium cumini (L.) Skeels Myrtaceae - +
Tetrastigma serrulatum (Roxb.) Planch. Vitaceae + +
Thysanolaena maxima (Roxb.) Kuntze Poaceae + +

Tinospora sinensis (Lour.) Merr. Menispermaceae - +
Tridax procumbens L. Asteraceae - +

Triumfetta pilosa Roth. Malvaceae + +
Urena lobata L. Malvaceae + +
Urtica dioca L. Urticaceae - +
Vetiveria sp. Poaceae + +

Woodfordia fruticosa (L.) Kurz. Lythraceae + +
Xanthium strumarium L. Asteraceae + +

Appendix B

Table A1. Results of paired sample t-test comparing species richness and diversity between Lantana
camara-invaded and non-invaded plots. Abbreviation: 1-D, Simpson diversity index; H’, Shannon
diversity index; LI, Lantana camara-invaded; NI, non-invaded; p-value indicate significant different
at p < 0.05.

Season
Simpson Index (1-D) Shannon Index (H’) Species Richness
LI NI LI NI LI NI

Pre-monsoon 0.72 ± 0.008 0.80 ± 0.008 1.80 ± 0.547 2.32 ± 0.737 8 ± 0.469 11 ± 0.476
p-value <0.001 <0.001 <0.001

Monsoon 0.81 ± 0.010 0.89 ± 0.009 1.88 ± 0.035 2.84 ± 0.013 11 ± 0.404 15 ± 0.564
p-value <0.001 <0.001 <0.001

144



Forests 2024, 15, 1427

T
a

b
le

A
2

.
R

es
ul

ts
of

on
e-

w
ay

A
N

O
V

A
co

m
pa

ri
ng

sp
ec

ie
s

ri
ch

ne
ss

an
d

d
iv

er
si

ty
be

tw
ee

n
La

nt
an

a
ca

m
ar

a-
in

va
d

ed
an

d
no

n-
in

va
d

ed
pl

ot
s

of
ea

ch
ha

bi
ta

ta
nd

pl
ot

ty
pe

s.
Th

e
va

lu
es

sh
ow

n
ar

e
m

ea
ns

(±
st

an
da

rd
er

ro
r)

.M
ea

ns
w

ith
di

ff
er

en
ts

up
er

sc
ri

pt
le

tt
er

s
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t

at
p

<
0.

05
.A

bb
re

vi
at

io
n:

1-
D

,S
im

ps
on

di
ve

rs
it

y
in

de
x;

H
’,

Sh
an

no
n

di
ve

rs
it

y
in

de
x;

LI
,L

an
ta

na
ca

m
ar

a-
in

va
de

d;
N

I,
no

n-
in

va
de

d.

S
e
a
so

n
H

a
b

it
a
t

S
h

a
n

n
o

n
In

d
e
x

(H
’)

S
im

p
so

n
In

d
e
x

(1
-D

)
S

p
e
ci

e
s

R
ic

h
n

e
ss

L
I

N
I

L
I

N
I

L
I

N
I

Pr
e-

m
on

so
on

Fo
re

st
-e

dg
e

2.
02

±
0.

05
b

2.
14

±
0.

13
a

0.
74

±
0.

01
a

0.
77

±
0.

03
b

10
±

0.
55

a
13

±
0.

65
b

Fa
llo

w
la

nd
1.

65
±

0.
10

b
2.

57
±

0.
14

ab
0.

71
±

0.
02

ab
0.

83
±

0.
04

bc
8
±

0.
75

ab
11

±
0.

59
b

R
oa

ds
id

e
1.

73
±

0.
07

a
2.

26
±

0.
07

1
b

0.
68

±
0.

01
b

0.
80

±
0.

02
c

7
±

0.
7

b
9
±

0.
7

a

p-
va

lu
e

0.
01

1
0.

04
8

0.
00

7
0.

00
8

0.
00

9
0.

00
3

F-
va

lu
e

5.
57

3.
49

6.
30

5.
97

5.
93

7.
86

M
on

so
on

Fo
re

st
-e

dg
e

1.
78

±
0.

02
a

2.
78

±
0.

02
b

0.
77

±
0.

01
a

0.
86

±
0.

01
6

b
11

±
0.

59
b

15
±

1.
07

a

Fa
llo

w
la

nd
2.

11
±

0.
03

a
2.

92
±

0.
00

8
c

0.
84

±
0.

02
a

0.
88

±
0.

01
6

bc
13

±
0.

82
bc

17
±

0.
90

ab

R
oa

ds
id

e
1.

76
±

0.
01

b
2.

82
±

0.
00

9
a

0.
83

±
0.

03
b

0.
93

±
0.

00
9

c
10

±
0.

38
c

14
±

0.
52

b

p-
va

lu
e

<0
.0

01
<0

.0
01

0.
01

5
0.

00
5

0.
01

9
0.

01
5

F-
va

lu
e

76
.7

2
55

.3
3

5.
13

6.
82

4.
76

5.
10

T
a

b
le

A
3

.
P

ai
re

d
sa

m
p

le
t-

te
st

re
su

lt
s

of
so

il
at

tr
ib

u
te

s
of

in
va

d
ed

an
d

no
n-

in
va

d
ed

p
lo

ts
.T

he
va

lu
es

sh
ow

n
ar

e
m

ea
ns

(±
St

an
d

ar
d

er
ro

r)
,

p-
va

lu
e

in
d

ic
at

e
si

gn
ifi

ca
nt

d
if

fe
re

nt
at

p
<

0.
05

,n
s

=
no

ts
ig

ni
fi

ca
nt

.A
bb

re
vi

at
io

n:
SO

C
,S

oi
lo

rg
an

ic
ca

rb
on

;N
,N

it
ro

ge
n;

K
,P

ot
as

si
u

m
;P

,
Ph

os
ph

or
us

;L
I,

La
nt

an
a

ca
m

ar
a

in
va

de
d;

N
I,

no
n-

in
va

de
d.

S
e
a
so

n
p

H
S

O
C

%
N

%
K

P
L

I
N

I
L

I
N

I
L

I
N

I
L

I
N

I
L

I
N

I

P
re

-m
o

n
so

o
n

6.
02

±
0.

13
9

6.
15

±
0.

13
2

3.
60

±
0.

11
9

3.
29

±
0.

10
7

0.
29

±
0.

01
6

0.
24

±
0.

01
3

16
1.

64
±

8.
55

18
5.

52
±

9.
34

39
.3

0
±

2.
21

30
.6

2
±

1.
96

p-
v

a
lu

e
ns

0.
04

<0
.0

01
<0

.0
01

<0
.0

01
M

o
n

so
o

n
6.

20
±

0.
11

3
6.

38
±

0.
11

9
3.

89
±

0.
12

8
3.

43
±

0.
10

4
0.

34
±

0.
02

2
0.

27
±

0.
01

5
15

5.
92

±
14

.4
5

17
2.

78
±

13
.6

2
45

.3
3
±

3.
13

37
.6

1
±

2.
45

p-
v

a
lu

e
ns

0.
00

3
<0

.0
01

0.
02

6
0.

05

T
a

b
le

A
4

.
O

ne
w

ay
A

N
O

V
A

re
su

lt
s

of
so

il
at

tr
ib

u
te

s
of

in
va

d
ed

an
d

no
n-

in
va

d
ed

p
lo

ts
of

ea
ch

ha
bi

ta
ta

nd
p

lo
tt

yp
es

.
T

he
va

lu
es

sh
ow

n
ar

e
m

ea
ns

(±
st

an
d

ar
d

er
ro

r)
.M

ea
ns

w
it

h
d

iff
er

en
ts

up
er

sc
ri

pt
le

tt
er

s
ar

e
si

gn
ifi

ca
nt

ly
d

iff
er

en
ta

tp
<

0.
05

.A
bb

re
vi

at
io

ns
:S

O
C

,s
oi

lo
rg

an
ic

ca
rb

on
;N

,n
it

ro
ge

n;
K

,P
ot

as
si

um
;P

,P
ho

sp
ho

ru
s;

La
nt

an
a

ca
m

er
a-

in
va

de
d;

N
I,

no
n-

in
va

de
d.

S
e
a
so

n
H

a
b

it
a
t

p
H

S
O

C
%

N
%

K
P

L
I

N
L

I
N

I
L

I
N

I
L

I
N

I
L

I
N

I

Pr
e-

m
on

so
on

Fo
re

st
-e

dg
e

6.
18

±
0.

24
a

6.
31

±
0.

21
b

4.
12

±
0.

20
a

3.
58

±
0.

17
b

0.
32

±
0.

02
a

0.
26

±
0.

02
b

18
7.

33
±

6.
21

a
18

9.
53

±
5.

64
b

40
.6

0
±

2.
93

a
31

.7
6
±

2.
92

b

Fa
llo

w
la

nd
6.

44
±

0.
22

ab
6.

51
±

0.
20

bc
3.

49
±

0.
14

a
3.

38
±

0.
16

bc
0.

37
±

0.
02

b
0.

29
±

0.
01

c
19

5.
29

±
2.

45
b

23
5.

92
±

11
.3

8
c

47
.8

1
±

4.
27

ab
37

.4
6
±

3.
88

bc

R
oa

ds
id

e
5.

51
±

0.
14

b
5.

69
±

0.
18

c
3.

24
±

0.
14

b
2.

96
±

0.
16

c
0.

22
±

0.
01

b
0.

17
±

0.
00

8
c

10
9.

04
±

5.
65

b
13

7.
16

±
5.

09
a

30
.5

8
±

1.
40

b
23

.5
±

1.
46

c

p-
va

lu
e

0.
01

2
0.

02
3

0.
00

4
0.

04
3

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

0.
00

2
0.

00
7

F-
va

lu
e

5.
50

4.
50

7.
23

3.
64

18
.8

6
16

.7
4

89
.6

4
41

.8
4

8.
53

6.
22

M
on

so
on

Fo
re

st
-e

dg
e

6.
31

±
0.

21
a

6.
47

±
0.

19
b

4.
49

±
0.

15
a

3.
54

±
0.

18
b

0.
40

±
0.

02
a

0.
34

±
0.

01
b

24
2.

45
±

12
.2

3
a

25
2.

08
±

12
.5

8
b

48
.4

7
±

3.
52

a
37

.0
.7
±

3.
44

b

Fa
llo

w
la

nd
6.

60
±

0.
11

b
6.

76
±

0.
23

bc
3.

76
±

0.
19

a
3.

70
±

0.
14

bc
0.

43
±

0.
02

b
0.

31
±

0.
01

c
13

1.
15

±
10

.0
3

a
16

6.
26

±
13

.9
2

c
57

.1
6
±

3.
72

b
45

.5
8
±

5.
04

bc

R
oa

ds
id

e
5.

75
±

0.
09

b
5.

95
±

0.
07

c
3.

47
±

0.
15

b
3.

11
±

0.
13

c
0.

21
±

0.
01

b
0.

19
±

0.
00

9
c

10
1.

03
±

16
.4

3
b

10
8.

11
±

6.
80

a
31

.7
7
±

4.
63

b
30

.9
9
±

2.
94

c

p-
va

lu
e

0.
00

2
0.

01
1

<0
.0

01
0.

03
4

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
0.

04
2

F-
va

lu
e

8.
67

5.
51

9.
73

3.
96

40
.8

0
42

.5
7

30
.2

1
42

.1
1

10
.4

3
3.

66

145



Forests 2024, 15, 1427

References

1. CBD. Alien species that threaten ecosystems, habits or species. In Convention on Biological Diversity; Report on Consultations
Regarding International Standards; FAO: Rome, Italy, 2008.

2. Downey, P.O.; Rirchardson, D.M. Alien plant invasions and native plant extinctions: A six-threshold framework. AoB Plants 2016,
8, plw047. [CrossRef] [PubMed]

3. Bellard, C.; Cassey, P.; Blackburn, T.M. Alien species as a driver of recent extinction. Biol. Lett. 2016, 12, 20150623. [CrossRef]
[PubMed]

4. IPBES. Summary for Policymakers of the Thematic Assessment Report on Invasive Alien Species and Their Control of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services; Roy, H.E., Pauchard, A., Stoett, P., Renard Truong, T., Bacher, S., Galil,
B.S., Hulme, P.E., Ikeda, T., Sankaran, K.V., McGeoch, M.A., et al., Eds.; IPBES Secretariat: Bonn, Germany, 2023. [CrossRef]

5. Gibbons, S.M.; Lekberg, Y.; Mummey, D.L.; Sangwan, N.; Ramsey, P.W.; Gilbert, J.A. Invasive plants rapidly reshape soil properties
in a grassland ecosystem. MSystems 2017, 2, e00178-16. [CrossRef] [PubMed]

6. Le Maitre, D.C.; Richardson, D.M.; Chapman, R.A. Alien plant invasions in South Africa: Driving forces and the human
dimension: Working for water. S. Afr. J. Sci. 2004, 100, 103–112.

7. Brooks, M.L.; D’antonio, C.M.; Richardson, D.M.; Grace, J.B.; Keeley, J.E.; DiTomaso, J.M.; Hobbs, R.J.; Pellant, M.; Pyke, D. Effects
of invasive alien plants on fire regimes. BioScience 2004, 54, 677–688. [CrossRef]

8. Hejda, M.; Pyšek, P.; Jarošík, V. Impact of invasive plants on the species richness, diversity and composition of invaded
communities. J. Ecol. 2009, 97, 393–403. [CrossRef]

9. Rodriguez, L.F. Can invasive species facilitate native species? Evidence of how, when, and why these impacts occur. Biol. Invasions
2006, 8, 927–939. [CrossRef]

10. Shrestha, B.B. Management of invasive alien plants in Nepal: Current practices and future prospects. In Tropical Ecosystems:
Structure, Functions and Challenges in the Face of Global Change; Springer: Berlin/Heidelberg, Germany, 2019; pp. 45–68.

11. Chaudhary, R.P.; Uprety, Y.; Rimal, S.K. Deforestation in Nepal: Causes, consequences and responses. Biol. Environ. Hazards Risks
Disasters 2016, 12, 335–372.

12. Shrestha, U.B.; Shrestha, B.B. Climate change amplifies plant invasion hotspots in Nepal. Divers. Distrib. 2019, 25, 1599–1612.
[CrossRef]

13. Shrestha, B.B.; Shrestha, K.K. Invasions of alien plant species in Nepal: Patterns and process. Invasive Alien Species Obs. Issues
Around World 2021, 2, 168–183. [CrossRef]

14. Maharjan, S.; Joshi, S.; Shrestha, B.B.; Devkota, A.; Jha, P.K. Life History Traits and Invasion Success of Parthenium hysterophorus L.
in Kathmandu Valley, Nepal. Nepal J. Sci. Technol. 2014, 15, 31–38. [CrossRef]

15. Bhattarai, K.R.; Maren, I.E.; Subedi, S.C. Biodiversity and invasibility: Distribution patterns of invasive plant species in the
Himalayas, Nepal. J. Mt. Sci. 2014, 11, 688–696. [CrossRef]

16. Shrestha, B.B.; Pokhrel, K.; Paudel, N.; Poudel, S.; Shabbir, A.; Adkins, S.W. Distribution of Parthenium hysterophorus and one of its
biological control agents (Coleoptera: Zygogramma bicolorata) in Nepal. Weed Res. 2019, 59, 467–478. [CrossRef]

17. Bhatta, S.; Joshi, L.R.; Shrestha, B.B. Distribution and impact of invasive alien plant species in Bardia National Park, western
Nepal. Environ. Conserv. 2020, 47, 197–205. [CrossRef]

18. Thapa, L.B.; Kaewchumnong, K.; Sinkkonen, A.; Sridith, K. “Soaked in rainwater” effect of Ageratina adenophora on seedling
growth and development of native tree species in Nepal. Flora 2020, 263, 151554. [CrossRef]

19. Roxy, M.K.; Ritika, K.; Terray, P.; Murtugudde, R.; Ashok, K.; Goswami, B.N. Drying of Indian subcontinent by rapid Indian
Ocean warming and a weakening land-sea thermal gradient. Nat. Commun. 2015, 6, 7423. [CrossRef]

20. Post, A.K.; Knapp, A.K. The importance of extreme rainfall events and their timing in a semi-arid grassland. J. Ecol. 2020, 108,
2431–2443. [CrossRef]

21. Lowe, S.; Browne, M.; Boudjelas, S.; De Poorter, M. 100 of the World’s Worst Invasive Alien Species A Selection from the Global Invasive
Species Database; The Invasive Species Specialist Group (ISSG): Rome Italy, 2000.

22. Dobhal, P.K.; Kohli, R.K.; Batish, D.R. Evaluation of impact of Lantana camara L. invasion, on four major woody shrubs, along
Nayar river of Pauri Garhwal in Uttarakhand Himalaya. Int. J. Biodivers. Conserv. 2010, 2, 166–172.

23. Gooden, B.; French, K.; Turner, P.J.; Downey, P.O. Impact threshold for an alien plant invader, Lantana camara L., on native plant
communities. Biol. Conserv. 2009, 142, 2631–2641. [CrossRef]

24. Bhakat, R.K.; Maiti, P.P. Invasiveness and allelopathy as a threat to biodiversity. In Proceedings of the International Seminar on
Multidisciplinary Approaches in Angiosperm Systematics, Kalyani, India, January 2012; pp. 748–751.

25. Sharma, G.P.; Raghubanshi, A.S. Lantana invasion alters soil nitrogen pools and processes in the tropical dry deciduous forest of
India. Appl. Soil Ecol. 2009, 42, 134–140. [CrossRef]

26. Fan, L.; Chen, Y.; Yuan, J.; Yang, Z. The effect of Lantana camara Linn. invasion on soil chemical and microbiological properties
and plant biomass accumulation in southern China. Geoderma 2010, 154, 370–378. [CrossRef]

27. Osunkoya, O.O.; Perrett, C. Lantana camara L. (Verbenaceae) invasion effects on soil physicochemical properties. Biol. Fertil. Soils
2011, 47, 349–355. [CrossRef]

28. Simba, Y.R.; Kamweya, A.M.; Mwangi, P.N.; Ochora, J.M. Impact of the invasive shrub, Lantana camara L. on soil properties in
Nairobi National Park, Kenya. Int. J. Biol. Divers. Conserv. 2013, 5, 803–809.

146



Forests 2024, 15, 1427

29. Ruwanza, S.; Shackleton, C.M. Effects of the invasive shrub Lantana camara on soil properties in the Eastern Cape, South Africa.
Weed Biol. Manag. 2016, 16, 67–79. [CrossRef]

30. Mahla, N.; Mlambo, D. Influence of two co-occurring invasive plant species on resident woody species and surface soil properties
in Chipinge Safari Area, Zimbabwe. Trop. Ecol. 2019, 60, 129–139. [CrossRef]

31. Ruwanza, S. Effects of Lantana camara invasion on vegetation diversity and composition in the Vhembe Biosphere Reserve,
Limpopo Province of South Africa. Sci. Afr. 2020, 10, e00610. [CrossRef]

32. Chacón, N.; Herrera, I.; Flores, S.; González, J.A.; Nassar, J.M. Chemical, physical, and biochemical soil properties and plant roots
as affected by native and exotic plants in Neotropical arid zones. Biol. Fertil. Soils 2009, 45, 321–328. [CrossRef]

33. Vitousek, P.M. Biological invasions and ecosystem processes: Towards an integration of population biology and ecosystem
studies. Oikos 1990, 57, 7–13. [CrossRef]

34. Kershaw, K.A. Quantitative and Dynamic Plant Ecology, 2nd ed.; Arnold, E., Krebs, C.J., Eds.; Ecological Methodology (No. QH541.
15. S72. K74 1999); Harper & Row: New York, NY, USA, 1973.

35. Misra, R. Ecology Workbook; Oxford and IBH Publishing Company: Calcutta, India, 1968.
36. Daubenmire, R. A canopy-coverage method of vegetation analysis. Northwest Sci. 1959, 33, 43–64.
37. KATH (National Herbarium & Plant Laboratories). Flora of Nepal. 2019. Available online: https://kath.gov.np/Flora_of_Nepal

(accessed on 15 April 2019).
38. Magurran, A.E. Measuring Biological Diversity; Blackwell Publishing: Oxford, UK, 2004; 256p.
39. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:

Vienna, Austria, 2020.
40. Gupta, P.K. Methods in Environmental Analysis: Water, Soil and Air, 1st ed.; Updesh Purohit for Agrobios, India Jodhpur Agro

House: Jodhpur, India, 2004; pp. 47–48.
41. Black, C.A.; Evans, D.D.; White, J.L. Methods of soil analysis: Chemical and microbiological properties. Physical and mineralogical

properties including statistics of measurement and sampling. Science 1965, 151, 982–983.
42. Olsen, S.R.; Sommers, L.E. Phosphorous. In Methods of Soil Analysis, Part 2, 2nd ed.; Page, A.L., Ed.; Chemical and Microbiological

Properties, ASA-SSSa, Inc.: Madison, WI, USA, 1982.
43. NARC. Methods of Soil Sample Collection and Analysis; Soil Science Division, Council of National Agriculture Research Center:

Khumaltar, Nepal, 2013; 167p.
44. Fetcher, N.; Strain, B.R.; Oberbauer, S.F. Effects of light regime on the growth, leaf morphology, and water relations of seedlings of

two species of tropical trees. Oecologia 1983, 58, 314–319. [CrossRef]
45. Turton, S.M.; Duff, G.A. Light environments and floristic composition across an open forest-rainforest boundary in northeastern

Queensland. Aust. J. Ecol. 1992, 17, 415–423. [CrossRef]
46. Tilman, D. Resource Competition and Community Structure; Princeton University Press: Princeton, NJ, USA, 1982; Volume 28,

pp. 1043–1045. [CrossRef]
47. Sharma, G.P.; Raghubanshi, A.S. Tree population structure, regeneration and expected future composition at different levels of

L. camara L. invasion in the Vindhyan tropical dry deciduous forest of India. Lyonia 2006, 11, 25–37.
48. Taylor SKumar, L.; Reid, N.; Kriticos, D.J. Climate change and the potential distribution of an invasive shrub, Lantana camara L.

PLoS ONE 2012, 7, e35565. [CrossRef] [PubMed]
49. Zhang, Q.; Zhang, Y.; Peng, S.; Zobel, K. Climate warming may facilitate invasion of the exotic shrub Lantana camara. PLoS ONE

2014, 9, e105500. [CrossRef]
50. Dobhal, P.K.; Kohli, R.K.; Batish, D.R. Impact of Lantana camara L. invasion on riparian vegetation of Nayar region in Garhwal

Himalayas (Uttarakhand, India). J. Ecol. Nat. Environ. 2011, 3, 11–22.
51. Aravindhan, V.; Rajendran, A. Impact of invasive species Lantana camara (L.) on the vegetation of Velliangiri Hills, the Southern

Western Ghats, India. Glob. J. Environ. Res. 2014, 8, 35–40.
52. Vila, M.; Weiner, J. Are invasive plant species better competitors than native plant species?—Evidence from pair-wise experiments.

Oikos 2004, 105, 229–238. [CrossRef]
53. Levine, J.M.; D’Antonio, C.M. Elton revisited: A review of evidence linking diversity and invasibility. Oikos 1999, 87, 15–26.

[CrossRef]
54. Rouw, A.D. Chromolaena odorata in the farming systems of South-West Côte d’Ivoire. In Proceedings of the Distribution, Ecology

and Management of Chromolaena odorata, 1996; ORSTOM, ICRAF and University of Guam, Mangilao, GUAM: Guam, Micronesia,
1996; pp. 76–87.

55. Tjitrosemito, S. The management of Chromolaena odorata. In Proceedings of the Third International Chromolaena Workshop on
Distribution, Ecology and Management of Chromolaena odorata, 1996; Robinson, H., Ed.; ORSTOM, ICRAF and University of
Guam, Mangilao, GUAM: Guam, Micronesia, 1996; pp. 135–142.

56. Adhikari, A.; Subedi, A.; Tiwari, A.; Shrestha, B.B. Impacts of road on plant invasions in the Middle Mountain region of central
Nepal. J. Mt. Sci. 2024, 21, 619–632. [CrossRef]

57. Starfinger, U.; Kowarik, I.; Rode, M.; Schepker, H. From desirable ornamental plant to pest to accepted addition to the Flora?—The
perception of an alien tree species through the centuries. Biol. Invasions 2003, 5, 323–335. [CrossRef]

58. Harper, K.A.; Macdonald, S.E.; Burton, P.J. Edge influence on forest structure and composition in fragmented landscapes. Conserv.
Biol. 2005, 19, 768–782. [CrossRef]

147



Forests 2024, 15, 1427

59. Guo, Q.; Brown, J.H. Temporal fluctuations and experimental effects in desert plant communities. Oecologia 1996, 107, 568–577.
[CrossRef] [PubMed]

60. Baskin, C.C.; Baskin, J.M. Seeds: Ecology, Biogeography, and Evolution of Dormancy and Germination; Academic Press: Cambridge,
MA, USA, 2014.

61. Osunkoya, O.O.; Perrett, C.; Fernando, C. Population viability analysis models for Lantana camara L. (Verbenaceae): A weed of
national significance. In Proceedings of the 17th Australasian Weeds Conference, Christchurch, New Zealand, 26–30 September
2010; Zydenbos, S.M., Ed.; New Zealand Plant Protection Society: Auckland, New Zealand, 2010; pp. 91–94.

62. Sharma, G.P.; Raghubanshi, A.S. Effect of Lantana camara L. cover on plant species depletion in the Vindhyan tropical dry
deciduous forest of India. Appl. Ecol. Environ. Res. 2007, 5, 109–121. [CrossRef]

63. Fu, D.; Wu, X.; Huang, N.; Duan, C. Effects of the invasive herb Ageratina adenophora on understory plant communities and tree
seedling growth in Pinus yunnanensis forests in Yunnan, China. J. For. Res. 2018, 23, 112–119. [CrossRef]

64. Castillo, J.M.; Leira-Doce, P.; Carrión-Tacuri, J.; Munoz-Guacho, E.; Arroyo-Solís, A.; Curado, G.; Tye, A. Contrasting strategies to
cope with drought by invasive and endemic species of Lantana in Galapagos. Biodivers. Conserv. 2007, 16, 2123–2136. [CrossRef]

65. Dassonville, N.; Vanderhoeven, S.; Gruber, W.; Meerts, P. Invasion by Fallopia japonica increases topsoil mineral nutrient
concentrations. Ecoscience 2008, 14, 230–240. [CrossRef]

66. Kumar, M.; Verma, A.K.; Garkoti, S.C. Lantana camara and Ageratina adenophora invasion alter the understory species composition
and diversity of chir pine forest in central Himalaya, India. Acta Oecologica 2020, 109, 103–115. [CrossRef]

67. Kumar, M.; Garkoti, S.C. Functional traits, growth patterns, and litter dynamics of invasive alien and co-occurring native shrub
species of chir pine forest in the central Himalaya, India. Plant Ecol. 2021, 222, 723–735. [CrossRef]

68. Vitti, S.; Pellegrini, E.; Casolo, V.; Trotta, G.; Boscutti, F. Contrasting responses of native and alien plant species to soil properties
shed new light on the invasion of dune systems. J. Plant Ecol. 2020, 13, 667–675. [CrossRef]

69. Chatanga, P. Impacts of the Alien Species L. camara L. on Vegetation in Northern Gonarezhou National Park, Zimbabwe. Master’s
Thesis, University of Zimbabwe, Harare, Zimbabwe, 2007; pp. 1–84.

70. Thomas, S.E.; Ellison, C.A. A century of classical biological control of Lantana camara: Can pathogens make a significant difference.
In Proceedings of the X International Symposium on Biological Control of Weeds, Bozeman, MT, USA, 4–14 July 1999; Montana
State University: Bozeman, MT, USA, 2000; Volume 4, pp. 97–104.

71. ISSG. One Hundred of the World Worst Invasive Allien Species. A Selection from the Global Invasive Database; ISSG: Auckland, New
Zealand, 2006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

148



Article

Drivers of Plant Invasion in Stream Restoration

Douglas A. DeBerry 1,* and Dakota M. Hunter 2,†

1 Environment and Sustainability Program, College of William & Mary, Williamsburg, VA 23187, USA
2 Biology Department, College of William & Mary, Williamsburg, VA 23187, USA;

dhunter@copperheadconsulting.com
* Correspondence: dadeberry@wm.edu
† Current address: Copperhead Environmental Consulting, Inc., Charlottesville, VA 22901, USA.

Abstract: This study characterized important environmental factors that contribute to plant invasion
in the forested riparian zones surrounding stream restoration sites. We sampled vegetation and envi-
ronmental variables (light availability, soil physiochemistry, and site age) across invasion gradients at
multiple sites in Virginia, USA. Data analysis involved a multimetric statistical approach combining
correlation and Canonical Correspondence Analysis (CCA) to arrive at a plausible model for invasion
risk by species. We targeted three of the most problematic invaders in these systems: Lespedeza cuneata
(sericea lespedeza), Lonicera japonica (Japanese honeysuckle), and Microstegium vimineum (Japanese
stiltgrass). Our analysis revealed species-specific environmental drivers of invasion, with certain
factors consistently important across all targeted invaders—notably, canopy cover, nitrogen avail-
ability, soil texture, and bioavailable phosphorus, as indicated by the importance of certain proxies
(e.g., metal cations). The results of this research have been used to develop a suite of best practices
that can be implemented at the outset of a stream restoration project to reduce the risk of invasion in
the riparian forests surrounding these sites.

Keywords: stream restoration; stream mitigation; invasive plant species; invasive plant management;
Lespedeza cuneata; Lonicera japonica; Microstegium vimineum

1. Introduction

Biological invasion has become one of the most important contemporary issues in the
field of restoration ecology, with invasive vegetation representing a significant consider-
ation in terms of post-restoration invasion risk [1]. From the first principles in invasion
ecology, we know that disturbance represents a mode of introduction for invasive plants,
and ecological restoration sites can be particularly susceptible because the practices used to
create, restore, or enhance ecological conditions are often the same types of disturbances
that leave a site vulnerable to invasion [2]. This is especially true of stream restoration sites,
which have open energy cycles and are exposed to multiple vectors of plant dispersal, such
as flowing water and flooding of the riparian zone [3]. Invasive plant management on
these sites has increased considerably in recent decades, and in most cases, it is compulsory,
i.e., it is required as a condition of an environmental permit or a banking agreement
for stream restoration after invasive plant species colonize [4]. This reactive posture to
management typically results in the use of non-selective herbicides and significant collat-
eral damage to native species [5], but what is needed is a proactive approach to stream
restoration with best practices aimed at inhibiting invasion from the start.

To evaluate this problem, we began by studying the “invasion gradient”—by which
we mean the transition from high to low abundance of a specific plant invader—within
the forested riparian corridors surrounding existing stream restoration projects in Virginia,
USA. Importantly, we focused on invasion gradients where the environmental conditions
were apparently the same across the gradient (i.e., similar elevation, light availability, soil
conditions, etc., from the invaded to the uninvaded end of the gradient). In this manner,
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we could more closely inspect the conditions that “tip the scale” in favor of invasion
on sites that otherwise appear similar, ultimately developing an understanding of the
environmental conditions that are most consistently correlated with a higher overall cover
of invasive plant species on these sites.

For the purposes of this study, an “invasive plant species” is defined as one that colo-
nizes a new habitat, rapidly expands in space once there, and has negative consequences
for the species already in the space that it enters [6]. This definition is consistent with
the criteria used to develop current regional lists of invasive plant species (e.g., [7]). We
use “invader” and “invasive species” interchangeably throughout and refer to the condi-
tion of invasive species dominance on a site as “invasion” or “invaded”. Also, “stream
restoration” means returning a degraded stream channel and its riparian corridor to a close
approximation of its remaining ecological potential using the principles of natural channel
design [8]. This definition accords with the one used by regulatory programs responsible
for requiring stream restoration as compensatory mitigation for environmental impacts
(e.g., Section 404 of the Clean Water Act and analogous state water protection laws), which
is the administrative provenance for the sites in this study.

A comprehensive account of the theoretical ecology undergirding our expectations for
outcomes was reviewed in a previous study by the authors (see [2]). The most important
idea to highlight here is the role that the combination of stress and disturbance plays in
structuring plant communities. From a plant ecology perspective, stress is defined as an
abiotic or biotic factor that reduces fitness or growth (e.g., nutrient or light limitation),
whereas a disturbance is a factor that results in the direct removal of biomass (e.g., flood
scour, fire, or human land development; [9]). From our research, the model suggested
by Alpert et al. [6] seems the most applicable to the forested ecosystems surrounding
stream restoration sites. In that model, disturbance regimes of intermediate intensity and
frequency combined with moderate stress regimes reduce the potential for plant invasion
(Figure 1). Alternatively, sites that are recently disturbed and low in stress are prone to
invasion.

Figure 1. Conceptual model showing the relationship between stress, disturbance, and invasion
(adapted from Alpert et al. [6]). Source: VHB, Inc., used with permission.
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It is easy to see how a stream restoration project could result in the latter condition:
the construction practices used to restore the channel and riparian corridor always involve
disturbance [8], and the open nutrient and energy cycles within the floodplain of a stream
system combined with potential increases in light availability from tree clearing lead to
higher resource availability and, therefore, lower levels of stress [3,10]. From an invasion
perspective, this condition is exacerbated by the reality that flood water is the main dispersal
vector for many invasive plants [11], making stream restoration sites and their adjacent
forested floodplains susceptible to recruitment by invaders originating from the upstream
watershed [3].

Recognizing that disturbance is a procedural reality of stream restoration, our ques-
tion is whether or not the “stress side” of the stress–disturbance dynamic can actually be
manipulated during the construction phase of a project to reduce the risk of plant invasion.
The purpose of this study was to answer this question by first determining which envi-
ronmental factors were correlated with higher percentages of our targeted invaders in the
context of the overall plant community along the invasion gradient. We anticipated that
both higher levels of light and soil nutrient availability would emerge as important factors.

1.1. Target Invaders

We met with several stream restoration practitioners (e.g., mitigation bankers, agency
representatives, environmental consultants, etc.) to create a list of the most problematic
invaders within the forested riparian zones surrounding stream restoration sites. From
this list, we selected three target invaders based on site-level criteria: Lespedeza cuneata,
Lonicera japonica, and Microstegium vimineum. These species are described below.

1.1.1. Lespedeza cuneata (Dum.-Cours.) G. Don (Family: Fabaceae)

Lespedeza cuneata (sericea lespedeza) is a warm season perennial legume from east Asia
that grows to a height of 1–2 m and can form dense populations where established [12]
(Figure 2a). It was introduced to the USA in the 1890s to be tested for agricultural production
and erosion control and has escaped into many natural habitats since its introduction [13].
Lespedeza cuneata is classified as an invasive species in most states where it has naturalized,
and in Virginia, it is listed among the species with the highest risk of invasion [7]. Like
most legumes, L. cuneata benefits from symbiosis with nitrogen-fixing bacteria, enabling
it to inhabit nutrient-poor conditions and eroded soils that are typically inhospitable to
other plants; however, it is shade-intolerant and does not establish well under a dense
canopy [14]. With an extensive taproot, L. cuneata can survive extended drought conditions
in the well-drained soils that it frequents, and it can also survive in a wide range of soil
pH conditions from strongly acid to slightly basic [12]. Modes of invasion in this species
have been studied, with general consensus that L. cuneata is able to modify its environment
and facilitate localized dominance [15,16]. The species has a high level of tannins in its
tissues, making it unpalatable to wildlife and thus resistant to herbivory [17,18]. In addition,
phenolic compounds emitted into the soil through root exudates or decomposing plant
residues have been shown to have allelopathic properties, increasing its competitive ability
by altering nutrient uptake efficiency and decreasing germination in other species [12,16].
Lespedeza cuneata can reduce nutrient availability for other species via the rapid acquisition
of essential nutrients (e.g., phosphorus, potassium) and slow release back to the soil via
lower rates of decomposition than other plants, a phenomenon mediated by secondary
compounds [17]. All of these properties contribute to localized L. cuneata dominance,
making the species a nuisance in ecosystem restoration and a particularly problematic
invader of riparian restoration projects [16,19].
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(a) 

 
(b) 

 
(c) 

Figure 2. Representative photos of study species on stream restoration sites: (a) L. cuneata,
(b) L. japonica, (c) M. vimineum.
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1.1.2. Lonicera japonica Thunb. (Family: Caprifoliaceae)

Lonicera japonica (Japanese honeysuckle), a perennial vine that turns woody with
age, is from eastern Asia and was introduced to the USA in the early 1800s as a garden
plant [13]. Its ability to escape into natural habitats was first noticed along the Potomac
River near Washington, DC, in 1882, and since that time, it has expanded and become
invasive in nearly every USA state east of the Mississippi River [20]. In Virginia, it is listed
among the species that pose the highest risk of invasion [7]. Like most successful invaders,
L. japonica colonization is greatly enhanced by disturbance [21], with seeds being dispersed
primarily by birds that forage on the fruits [13]. Although it is a prolific seeder, it does not
form persistent seedbanks, and thus, populations typically expand vegetatively [22,23].
L. japonica inhabits a range of habitat types, soil moistures, and pH conditions but is gener-
ally found in the well-drained, circumneutral pH soils of forests, edges, and clearings. Due
to high transpiration rates, it does not tolerate prolonged drought and therefore tends to
prefer mesic habitats, making riparian zones, streambanks, and floodplains particularly
susceptible to invasion [20,24]. Although it can live in shady habitats, partial or full shade
has been shown to inhibit L. japonica growth, and studies consistently highlight its pref-
erence for open environments where it can aggressively exploit canopy gaps or clearings,
grow in dense thickets, and effectively smother other species [20,25] (Figure 2b). Consen-
sus on factors contributing to invasiveness in L. japonica has not been reached, but all of
the following functional traits have been implicated in the literature: allelopathy [26]; no
known enemies and a strong compensatory response to herbivory [20]; autogenic control
via the modification of environmental conditions and community structure, including
nitrogen and carbon pools and the relative availability of nutrients for other species [27];
and morphological plasticity of leaf area and growth habit, which has allowed for in-
creased resilience and expansion under disturbed conditions [28]. All of these factors make
L. japonica a considerable threat to restoration projects, particularly in streams and riparian
zones [29].

1.1.3. Microstegium vimineum (Trin.) A. Camus (Family: Poaceae)

Microstegium vimineum is an annual grass originating from Asia that grows in a variety
of habitats and field conditions. It has been described as shade- and flood-tolerant [30–32]
(Figure 2c) and is adept at seed dispersal, making it a highly invasive plant species in the re-
gion [7]. Microstegium vimineum has been shown to reduce native plant richness [31,33] and
negatively impact native insect communities [34]. Herbicides can be effective at managing
the populations within a single year [35,36], but because M. vimineum forms persistent seed
banks, it can develop resilience to chemical treatment due to residual seed bank germina-
tion in subsequent years [37,38]. Modes of invasion seem to be facilitated by increases in
light availability and soil nutrient content [32]. Riparian zones can be particularly suscepti-
ble to invasion because flowing water is a primary dispersal mechanism for M. vimineum
seeds, so floodwaters in unidirectional lotic systems contribute greatly to its expansion
and distribution in watersheds. Much attention has been paid to studying M. vimineum in
these types of habitats [30,32,36], and its invasion potential on stream restoration sites is of
particular importance in the Mid-Atlantic Region [39].

2. Materials and Methods

2.1. Study Sites

Representative field sites were chosen from a pool of 30 available sites in Virginia,
USA, based on the following selection criteria: (1) the sites had to be non-tidal stream
restoration projects developed under the purview of federal and/or state environmental
laws, and (2) the sites had to have populations from our target list of invaders dominating
at least portions of the project area. Field sites were assigned to the following age classes
so that age could be evaluated as a factor: 1–2 years, 3–5 years, 6–10 years, 11–15 years,
and >15 years following restoration [40]. Some of the stream restoration sites had different
sections of the site that were restored at different times, correlating to the above age classes.
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These sections were treated as individual sites for sampling purposes if spatial or temporal
separation was deemed sufficient, and the sections fell into different age classes.

Among the stream sites screened, 21 met the suitability criteria and were selected for
the study, which was conducted during the 2018 and 2019 growing seasons. Site ages ranged
from 1 to 19 years post-construction and were evenly distributed across the Piedmont
(10 sites) and Coastal Plain (11 sites) physiographic provinces in Virginia (Figure 3).

 
Figure 3. Stream restoration study site locations. Red symbols indicate sites in which more than one
section of the site was sampled; blue symbols represent individual sites. (See text in Section 2.2 for
explanation).

2.2. Sampling Methods

Hunter and DeBerry [2] described detailed methods for sampling across invasion
gradients in wetland restoration sites, and these approaches were generally followed
here with modifications as outlined below. The primary differences were in the transect
orientation and randomization procedures used to determine plot locations.

Transect Configuration, Plot Locations, and Data Collection

Unlike wetland restoration sites, which are frequently constructed with gradual
changes in relative elevation to target specific hydrologic regimes [41], stream restora-
tion typically uses approaches that are designed to follow the geomorphology and natural
contours of the surrounding landscape [8]. This means that relative elevations can change
abruptly in the cross-sectional dimension of the stream valley from channel to floodplain
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and from floodplain to riparian buffer. To minimize the amount of apparent environmental
variation across the invasion gradient, transects were aligned longitudinally with respect
to the valley axis and positioned on one side of and parallel to the stream. Each of the
five plots on a single transect was established at approximately the same distance away
from the top-of-bank of the stream channel so that the elevation of each plot relative to the
channel was approximately the same (Figure 4). The purpose of this modification was to
ensure that the landscape position within the floodplain was similar for each plot along the
invasion gradient. In other words, this configuration avoided the scenario of a randomly
defined, straight-line transect with invaded plots down along the channel at one end of
the gradient and uninvaded plots up on the ridgeline above the sidewalls of the valley (or
vice versa)—an orientation that would have yielded easily detectable but unmeaningful
environmental variation in the context of study objectives.

 

Figure 4. General layout of study design and transect configuration. Transect orientation, plot
randomization, and final plot position (red asterisks) explained in text (Section 2.2).

The first plot location (Plot A, completely invaded) was determined using the 4 m2

random vertex grid approach described by Hunter and DeBerry [2]. The distance from the
center of Plot A to the top-of-bank of the stream channel was recorded, and this distance
was used to define a new 4 m2 grid centered at the edge of the invasive species population
and offset the same distance from the channel bank. A third grid was established using
the same offset distance from the stream bank, but this time within the invasive species
population and equidistant from the center of Plot A and the center of the invasive edge
grid. Using these same distances, the last two 4 m2 grids were laid out at the uninvaded
end of the transect. For each of the remaining plots (B, C, D, and E), random numbers
between 1 and 9 were drawn to determine which vertex on each respective grid would be
the center of each plot (Figure 4). This process ensured that all five plots along the invasion
gradient were approximately the same distance from the channel (+/−1 m), with the exact
location of each plot being randomized. The transects ranged in length from 30 to 100 m.
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Soil sampling, canopy cover, and vegetation sampling methods all followed the
same procedures described by Hunter and DeBerry [2]. There was one minor procedural
difference: due to the prevalence of mature overstory canopies on the stream sites, cover
estimates for tree species in plots were limited to a height of 3 m to avoid including
abundance for taller trees growing outside of the transect study area. Canopy influence was
assumed to be captured by canopy cover data. Also, wetland hydrology was not evaluated
as an environmental factor because all stream sites were within upland portions of the
forested floodplains adjacent to the restored stream channels.

2.3. Statistical Analysis

Data analysis was completed using R version 4.0.3 [42] including the packages vegan,
Hmisc, and BiodiversityR [43–46]. The datasets for each invasive study species were
analyzed separately due to expected variation in their relative tolerances for environmental
stressors and discrepancies among growth requirements [11,13]. Correlations between
environmental variables and relative invasion were calculated using the nonparametric
Spearman rank-order correlation test, which is robust to deviations from normality and
can detect both linear and monotonic relationships without appreciable loss of statistical
power in comparison with parametric tests [47].

Canonical Correspondence Analysis (CCA) [48] was used to evaluate the overall
community response to environmental variation along the invasion gradient. Rare species
were removed from the abundance matrix of each dataset to neutralize their oversized
effect on the X2 distance used in CCA [49]. We used Borcard’s stepwise approach based
on the correspondence analysis (CA) component of CCA to evaluate the effect of progres-
sive species removals and identify rare species accordingly [47]. Final CCA models were
identified using the forward and backward model selection functionality in the ordistep()
function of vegan, eventually eliminating model variables based on the significance of
permutation tests in combination with the Akaike Information Criterion (AIC) [44]. We
also identified and removed highly correlated variables by inspecting the variance inflation
factor (VIF) [47]. The procedure described above produces a parsimonious model when
all environmental variables are significant and the adjusted R2 does not exceed that of the
global model (i.e., the model with all environmental factors included) [44,50]. For CCA
results, we report overall model inertia, which can be thought of as the total amount of vari-
ance in the model. In ordination approaches like CCA, “constrained” inertia represents the
amount of variance explained by the environmental variables. For multivariate ecological
data, values +/−20% are common [44,50]. All permutation tests were set at 1000 iterations,
and all statistical analyses were evaluated at α = 0.05.

3. Results

Two hundred eighty-six (286) species were documented in the overall stream restora-
tion field study across 21 sites, 29 transects, and 145 plots sampled. Additional information
on species composition and community properties may be found in [51]. Community mod-
eling and environmental data are summarized below for each of the three target invasive
species.

3.1. L. cuneata

Spearman results showed L. cuneata abundance significantly correlated with canopy
cover (rs = −0.690, p << 0.001). The relationship was negative, indicating that L. cuneata
was more prevalent in areas with less canopy cover. No other environmental variables
were significantly correlated with L. cuneata abundance in the Spearman analysis.

The CCA ordination was based on a community matrix with 11 dataset-rare species
removed, leaving 148 species from the original matrix in the ordination. The final parsi-
monious CCA model for L. cuneata included five environmental variables—canopy cover,
soil texture, nitrogen (N), potassium (K), and pH—which accounted for 25% of the total
inertia in the ordination. All environmental factors were significant at p ≤ 0.01 based on
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permutations. The ordination biplot (Figure 5) displays red arrows as vectors for environ-
mental variables, with the vector length corresponding to the strength of correlation and
vector direction indicating either a positive or negative relationship (e.g., plots aligned
in the direction of and projected perpendicularly to an arrow were positively correlated
with that environmental variable, and vice versa). Circles on the biplot represent plots, and
circle size corresponds to the absolute abundance of L. cuneata within that plot (i.e., larger
circles have higher abundance values). The first two ordination axes explained over 49% of
the variation in the CCA model and thus were retained for the biplot. Figure 5 shows that,
in general, canopy cover, pH, N, and K were negatively related to L. cuneata abundance in
the context of the overall vegetative community. Soil texture appears positively correlated
with L. cuneata abundance, suggesting that the invader tended to be on sites with coarser
textures (i.e., texture values in the dataset were arranged on an ordinal scale from fine to
coarse, so higher values corresponded to coarser-textured substrates).

Figure 5. CCA biplot for L. cuneata dataset. Red arrows are vectors for environmental variables.
Vector length indicates strength of correlation, and vector direction indicates a positive (pointing
toward) or negative (pointing away) relationship to the plots, which are shown as circles with size
corresponding to abundance of L. cuneata (i.e., larger circles = higher abundance). Plot relation-
ships with environmental vectors are interpreted as perpendicular projections from blue circles to
red arrows.

3.2. L. japonica

Spearman results indicated that L. japonica abundance was positively correlated
with potassium (K) (rs = 0.298, p = 0.035) and negatively correlated with canopy cover
(rs = −0.749, p << 0.001). For the CCA analysis, the L. japonica community matrix was
reduced by 9 dataset-rare species, leaving 158 species from the original matrix in the
ordination. The final parsimonious L. japonica CCA model included five environmental
variables—canopy cover, texture, N, magnesium (Mg), and iron (Fe)—which accounted for
over 20% of the total inertia in the ordination. All environmental factors were significant
at p < 0.01 except texture (p = 0.04). The first two ordination axes displayed in Figure 6
explained 52% of the CCA variation. As with L. cuneata, canopy cover, and N showed a
negative relationship with L. japonica abundance in the community, and texture showed a
positive relationship with highly invaded sites. The other two important factors, Mg and
Fe, both showed negative relationships with L. japonica abundance in the context of the
plant community.
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Figure 6. CCA biplot for L. japonica dataset. See L. cuneata text and Figure 5 caption for notes
on interpretation.

3.3. M. vimineum

Spearman correlations showed that canopy cover was negatively correlated with M.
vimineum abundance (rs = −0.467, p < 0.001). No other environmental variables were
significantly related to the M. vimineum invasion gradient in the correlation matrix. The
CCA analysis for M. vimineum used a community matrix reduced by 24 dataset-rare
species, leaving 167 species from the original matrix. The final parsimonious M. vimineum
CCA model included four environmental variables—canopy cover, N, K, and manganese
(Mn)—which accounted for 14% of the total inertia in the ordination. Canopy cover
was significant in the model at p < 0.001; all other environmental factors were significant at
p < 0.05. The first two ordination axes explained 57% of the CCA variation. As Figure 7
demonstrates, all four environmental variables showed a negative relationship with
M. vimineum abundance in the vegetative community.

Figure 7. CCA biplot for M. vimineum dataset. See L. cuneata text and Figure 5 caption for notes on
interpretation.

4. Discussion

Stream channels and their adjacent forested riparian zones are dynamic environments
with open energy cycles [10]. The environmental drivers that structure plant communities
in riparian zones—such as nutrient availability, sediment budgets, flood frequency and
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duration, and light availability—are all highly variable and subject to the pulsing forces
that correspond to prevailing climate conditions and event-driven anomalies such as
storms [52,53]. Floodplains are the “melting pots” of organic and inorganic matter that are
shed from the upstream catchment, including the propagules of plants that use water or
gravity as dispersal vectors in reproduction [54]. For stream restoration practitioners, this
makes stream corridors some of the most challenging settings within which to develop
planting plans and vegetation management strategies because the plant community is
subject to continuous propagule pressure from upstream sources [55]. These factors are
all the more challenging in view of biological invasion because, for many invasive plants,
watersheds and drainage networks are the main conduits of dispersal [3].

Recognizing that most stream restoration projects will only be able to control environ-
mental factors within project boundaries, the primary objectives of this study were directly
related to the localized conditions within a stream restoration project that correlate with
invasion gradients, i.e., the factors over which restoration designers and managers can have
an influence. Ideally, stream restoration projects would be able to control entire watersheds,
but that is neither practical due to costs nor achievable due to the intractability of acquiring
land or gaining permission to access private property. Within the dynamic equilibrium
(sensu [8]) ecosystem targets for a stream restoration project, there may be design and
management considerations at localized scales that can help to build ecosystem resilience
and resistance against future invasion [56]. With this in mind, the primary questions being
addressed by this study were (1) What are the environmental drivers of plant invasion in
stream restoration? (2) Based on the importance of stress and disturbance in structuring
plant communities, are there best practices that can emerge from our understanding of
these environmental drivers with the potential to reduce invasion risk at the outset of a
restoration project?

The invasion gradients sampled in this study corresponded to light availability
(canopy cover) and soil physiochemical variables, with canopy cover emerging as the
most important factor across all datasets. Canopy cover was a significant variable in both
the Spearman correlations and the CCA ordinations; thus, light availability exhibits a clear
and distinct relationship with vegetation community development and invasive species im-
pacts on these sites (see Figure 8). The influence of canopy cover and other environmental
variables is discussed for each target invader below.

Figure 8. Representative hemispheric canopy photos taken above each plot from the invaded
(left images) to the uninvaded (right images) ends of the invasion gradient. Per the methods
described by Hunter and DeBerry [2], these images were analyzed to measure canopy cover. The
left-to-right transition from partially open to closed canopy is apparent in all three series.
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4.1. L. cuneata

Lespedeza cuneata is a shade-intolerant species [14], so the negative correlation between
L. cuneata abundance and canopy cover in the stream study was not surprising. This
result was also reflected in the CCA model (Figure 5), which accords with the notion that
communities with L. cuneata as a dominant species would be more likely to have shade-
intolerant associates like Sorghastrum nutans, Panicum virgatum, and Solidago altissima, all of
which were co-dominants in the community matrix of this study. The negative relationships
between L. cuneata abundance and soil N and K were unexpected but could have been
predicted from the literature. As an “N-fixing” plant, L. cuneata benefits from N subsidies
via a symbiotic relationship with Rhizobium bacteria in root nodules, which allows L. cuneata
to inhabit nutrient-poor soils with low available N pools [16]. Lespedeza cuneata has been
shown to reduce the availability of other macronutrients, including K, by rapid uptake and
slow release back to the soil, a phenomenon that is apparently mediated by high levels
of phenolic compounds (e.g., tannins) that reduce decomposition rates of its senescent
tissues [17]. In dense L. cuneata populations on the stream sites in this study, autogenic
control of nutrient availability could explain the K trends observed in the ordination.

The negative relationship between invasion and pH in the CCA model is also consis-
tent with known ecological tolerances for L. cuneata, which has been documented in soils
with pH as low as 4.0 [12]. On stream restoration sites, low pH could also be an indirect
reflection of reduced soil nutrient status, as acidic substrates tend to be low in exchangeable
bases, N, and P [57,58]. Finally, the positive relationship between L. cuneata dominance
and coarse-textured substrates in the CCA model could signal localized disturbance in
the riparian corridors of the study sites. Deposition of coarse-textured alluvium would
be consistent with the type of flood-induced disturbance that could create habitat for a
species like L. cuneata in a small stream floodplain. Anecdotally, evidence of fresh sediment
accretion was noted on transects at several of the stream project sites, the consistency of
which was predominantly sand and mostly occurred in close proximity to the portions
of the site closest to the stream that had been more likely subjected to canopy thinning
and, thus, higher light availability within the limits of disturbance during stream construc-
tion (D. DeBerry, pers. obs.). Soil like this with a low surface-to-volume particle ratio
would likely also be low in ionic exchange sites for essential nutrients [58], a condition that
would be consistent with the types of substrates that L. cuneata can exploit based on the
above discussion.

All of this is consistent with L. cuneata’s relationship to the “high disturbance/high
resource availability” model for invasion described in Section 1. With its ability to invade
nutrient-poor soils, at face value, L. cuneata does not appear to use the “high resource” half
of this strategy for dispersal and establishment. However, when the critical resource is light,
L. cuneata’s mode of invasion does fit the paradigm because light-limited environments
clearly reduce its abundance along the invasion gradient.

4.2. L. japonica

As with L. cuneata, the significant negative correlation between L. japonica abundance
and canopy cover was anticipated and is consistent with its aggressive growth response to
available light [25,27]. The positive correlation with K was not expected but is consistent
with resource availability models for aggressive species [9]. Likewise, soil texture was
positively related to L. japonica abundance in the CCA model (Figure 6), which, at the scale
of the L. japonica transects in this study (30–80 m) most likely also signals some type of
localized disturbance that is probably related to floodplain deposition.

The importance of soil N levels in the CCA model was expected, but the negative
correlation between N and L. japonica abundance was not. Like L. cuneata, L. japonica has
been shown to exhibit autogenic control over soil nutrient pools using different strategies.
Morphological plasticity in L. japonica facilitates the opportunistic expansion of plant mod-
ules into favorable microhabitats [28], where fast-growing plants can exercise rapid uptake
of mobile nutrients like N coupled to slow release back to the environment via the modifi-
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cation of labile carbon pools [27]. Additionally, studies have found allelopathic compounds
in L. japonica tissues, with demonstrated effects on native species in eastern USA forests [26].
The “resource-hoarding” effects of rapid nutrient uptake and slow release could explain
the lower ambient levels of soil N at the invaded end of the L. japonica gradient, and the
“interference” effects of allelochemicals combined with morphological plasticity for micro-
habitat exploitation would mean that lowering N pools would have minimal consequences
for L. japonica itself. If this was occurring on stream sites, it would be consistent with the
high disturbance/high resource concepts discussed above in that microsites exploited by
L. japonica would have been characterized by both disturbance (habitat opening) and high
resource availability (N, light), and only after L. japonica expansion and dominance would
the relative availability of resources have been affected by autogenic controls.

The two remaining environmental variables that were important in the CCA model—
soil Fe and Mg—are probably indirectly related to other factors influencing community
structure along the invasion gradient. The most obvious one is the antagonistic relationship
between Fe and bioavailable P, in which oxidized Fe immobilizes otherwise bioavailable
P by chemical precipitation [59]. This would indirectly indicate a positive relationship
between soil P and L. japonica abundance based on the reciprocal relationship with Fe in
the model (Figure 6). The negative association between Mg and L. japonica-dominant sites
in the CCA model could be indirectly related to soil texture. In the Mid-Atlantic Region,
Mg deficiencies are often linked to coarse-textured soils from which cations are more easily
leached [60]. On L. japonica sites, invasion was positively related to soil texture, so the Mg
soil status could reflect this Mg-texture antagonism. If so, Mg would be viewed as less of a
community driver and more of a secondary indicator in the L. japonica CCA analysis.

4.3. M. vimineum

As with the other two study species, the negative correlation between M. vimineum
abundance and canopy cover is consistent with the literature. Although M. vimineum ex-
hibits shade tolerance, it aggressively exploits available light and will correspond to relative
light availability in forest understories [32,61,62]. The negative relationship between Mn
and M. vimineum dominance in the CCA model (Figure 7) was unanticipated but is thought
to reflect metal oxide/P dynamics. If so, the negative correlation would relate to greater
P availability in M. vimineum-dominant sites in the same manner as described under L.
japonica above for Fe-P complexes.

As with L. japonica, the influence of soil N on M. vimineum community dynamics
was anticipated, but the direction of influence was not. Although functional traits are
much different between the two species, there are similarities in their patterns of resource
exploitation and habitat modification. Like L. japonica, M. vimineum rapidly acquires
nutrients once it expands into a new area, can modify soil nutrient content [63], and has
been shown to have allelopathic properties in competition experiments [64]. If this pattern
of exploitation and resource depletion is characteristic of M. vimineum on stream restoration
sites then it could explain the negative N relationship in the CCA model and possibly the
negative K relationship as well, given the mobility of both of these elements in the soil
and in plant tissues [60]. Admittedly, there is much variability in the overlap of the N
and K vectors with M. vimineum-dominant plots in Figure 7, so it is probably prudent to
view these relationships as less important than the other factors (particularly canopy cover,
which was monotonically correlated with M. vimineum abundance).

5. Conclusions and Recommended Best Practices

By studying invasion gradients within the understory communities of forested riparian
zones on stream restoration projects, we were able to identify environmental conditions that
are correlated with increases in invasive plant species abundance on these sites. During the
site screening phase, we chose to sample invasive populations where the apparent change
in environmental conditions was negligible from the invaded end of the gradient to the
uninvaded end (e.g., same relative elevations, same apparent native community structure,
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etc.). Through this, we were able to rephrase our environmental variation question in a
more meaningful way: When there is no apparent difference in site conditions across an
invasion gradient, what “tips the scale” in favor of invasion on stream restoration sites? The
answer overwhelmingly pointed to canopy cover (light availability), which was directly
correlated with the abundance of all three invaders. Further, based on CCA modeling,
canopy cover was also important in structuring plant communities along the invasion
gradients of all target species in this project. Other factors emerged in community modeling,
the interpretation of which generally coincides with the literature on these species and on
invasion ecology in general.

It is interesting to note that these findings were consistent with those of a related
project on wetland restoration [2]. The fact that similar drivers of invasion were found
in completely different ecological settings and among several different types of invaders
(e.g., annual grasses, tall emergent perennials, semi-woody vines, and nitrogen-fixing
forbs; [51]) suggests that there are unifying principles that can be used to assess potential
risk of invasion on these types of projects. It should be noted that this study involved
an extensive amount of fieldwork and analysis, and it would be neither practical nor
cost-effective for stream restoration practitioners (e.g., mitigation bankers, consultants,
managers, agency reviewers, etc.) to exert the same level of effort in diagnosing the relative
risk of invasion and preemptively managing for it. However, our results do suggest a suite
of proactive best practices that could be implemented during the construction phase of a
stream restoration project to reduce or eliminate the amount of retroactive invasive species
remediation required to meet performance standards in later years.

5.1. Best Practices

Recognizing that disturbance is a reality of the construction methods used to restore
streams, we return to our question of whether the “stress side” of the stress-disturbance
dynamic can be manipulated on stream restoration sites. We offer the following recom-
mendations for planning and construction phase activities that could leverage the stress-
disturbance relationship to preemptively inhibit plant invasions based on our research,
organized by the most important environmental factors that emerged from this study.

5.1.1. Light Management

From our data, it is clear that light is the most important critical resource for plant
invaders in the understories of these forested systems. This holds even for plants that are
considered somewhat shade tolerant, like M. vimineum and L. japonica, two species for
which any relative increase in light availability will stimulate rapid expansion [27,32]. Our
thinking is that the quickest pathway to a closed forest canopy following construction is
desirable, and this can be achieved in the following ways:

1. Limit tree clearing: The easiest and most effective way to promote canopy cover is
to avoid removing it in the first place. Our study sites were located within riparian
corridors that were already forested, so this would have been a viable alternative for
the projects we studied and, based on the professional experience of both authors,
most stream restoration projects within our region. Unfortunately, the techniques used
to restore stream channels usually involve either relocating the channel or re-grading
the existing channel to a new pattern and profile [8], all of which typically necessitate
tree removal. However, with careful planning and proactive design specifications,
many canopy trees can be saved, the value of which would be immeasurable in terms
of proactive invasive plant management based on our results.

2. Plant larger trees: The planting plans that typically accompany stream restoration
projects usually involve tree planting along with a performance standard for tree
density. In Virginia, the density requirement has traditionally been 400 stems per
acre (988 stems/hectare), which can be achieved by a “10-foot on-center” planting
strategy [i.e., planting on a 10-foot (3.1-m) grid ]. The problem with this standard
is that it encourages practitioners to take the more economical route of planting
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smaller, cheaper saplings to meet the density requirement. As might be expected,
this will result in excess levels of sunlight within the riparian zone until the trees
develop a closed canopy, which could take several years or even a few decades to
evolve if the trees are grown from small saplings. One recent advancement in the
area of ecological performance standards for wetland and stream mitigation is to
measure “stem area at groundline” (SAG), which has a direct correlation with biomass
accumulation and, therefore, ecosystem function in these systems [65]. Adopting a
tree performance standard like SAG would be an important strategy to encourage
restoration practitioners to plant larger trees and thereby hasten canopy closure with
the disturbed portions of the stream restoration corridor.

3. Plant at a higher density: The logic behind this best practice follows from the concepts
above. Although it comes at a higher cost, a high-density tree planting strategy would
help to curtail understory invaders based on our research. In the cost–benefit analysis
of this approach, projects would incur higher costs on the front end, but the benefits
would most likely accrue over time as site managers would be spending much less
money on invasive species removal over the life of a stream restoration project.

4. Plant early successional trees: Borrowed from the field of silviculture, this concept
involves planting early successional trees in a “nurse crop” context, i.e., fast-growing
trees with rapid canopy development that will ultimately facilitate the growth of
other desirable, late-successional tree species [66]. In the eastern USA, examples of
early successional trees include red maple (Acer rubrum), silver maple (A. saccharinum),
river birch (Betula nigra), dogwood (Cornus spp.), sweetgum (Liquidambar styraciflua),
sycamore (Platanus occidentalis), eastern cottonwood (Populus deltoides), and black
willow (Salix nigra) [67–69].

5.1.2. Nutrient Management

As noted above, we believe that the most instructive model for understanding plant
invasions on mitigation sites is one that combines environmental stress and disturbance to
predict trends in resource acquisition and competition. Our observations over the course of
this project have convinced us that the risk of invasion increases with increased disturbance
and decreased stress, which is consistent with the literature on biological invasion and
resource strategies of wild plants [9,56]. Stress in stream restoration is experienced by
plants in various ways, but disturbance is more or less the same: sites are cleared and
graded as necessary to establish appropriate elevations and desired landforms, and soil
conditions are often manipulated via excavation, tilling, or the addition of soil amendments
to improve conditions for target plant communities. Thus, the types of activities used in
the construction sequence for a mitigation site are also the types of activities that typically
“open the door” for biological invasion.

If the “disturbance” half of the stress-disturbance dynamic is an unavoidable conse-
quence of the construction sequence, there may be alternative approaches that would allow
mitigation designers and managers to manipulate the “stress” half to reduce the risk of
invasion. Imposing stress on a mitigation site seems like a counterintuitive management
strategy, but our research suggests that it could be used to increase native species richness
and reduce the risk of invasion [6,70], particularly in the establishment phase of a mitigation
site [71]. For example, a potentially low-cost stress induction method would be to use soil
amendments with a high carbon-to-nitrogen ratio (e.g., sawdust, wood chips, etc.). High
carbon/nitrogen materials have been shown to stimulate microbially mediated removal of
nitrogen from the soil, thereby inducing a nitrogen limitation (stress) that could potentially
favor native species over invaders [72,73]. Other examples include the addition of metal
oxides such as aluminum and iron oxide to the soil. Metal oxides and other cationic forms
with strong anion exchange capacities are known to complex with and immobilize phos-
phate, thus reducing its bioavailability and potentially inducing a phosphorus limitation
(stress) [74,75]. Industrially manufactured forms such as alum are reasonably affordable in
bulk and have been used for this same purpose in freshwater lakes [76].
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5.1.3. Diversity Management

Although not specifically addressed in this study, a related project identified the
potential role that species richness might play in combating invasive plants on stream
restoration sites [51]. In establishing herbaceous plants on these sites, one potentially
effective strategy that could preemptively exclude invaders would be to introduce a species-
rich native seed mix at a higher seeding rate than typically prescribed for restoration
projects [77]. This strategy, combined with the concept of limiting similarity [78], could
help practitioners design planting plans that effectively target invasive species exclusion
from the outset of a stream restoration project. Pairing tall, fast-growing native herbs with
comparatively large woody species (see above) could allow for canopy closure throughout
the growing season and subsequent reduction in light availability near the soil surface,
where invasive species would benefit most from light exposure at early growth stages.
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Abstract: Bamboo (Phyllostachys edulis) expansion to native adjacent forests has become an increas-
ingly serious problem; however, expansion patterns of bamboo are still lacking research, especially
at a community scale. Quantitative research on bamboo expansion patterns plays a significant role
in understanding the bamboo expansion process, as well as expansion prevention and control. We
analyzed the change in expansion pattern, expansion index, and expansion rate of bamboo in the
bamboo-broadleaf transition zone sample plots, specifically from 2017 to 2021 and from the bamboo
forest (representing the late stage of bamboo expansion) to the bamboo expansion front (representing
the early stage of bamboo expansion). We found that the expansion of bamboo is a patchy expansion,
including inner filling patch, boundary expanding patch, transboundary leaping patch, expansion–
infill mixed patch, and stationary patch. From the early stage of bamboo expansion (year 2017 and
bamboo expansion front) to the late stage of bamboo expansion (year 2021 and bamboo forest), the
type of bamboo expansion patches transitioned from boundary expanding patch to inner filling patch
and boundary expansion–inner infilling mixed patch. Additionally, the expansion rate of bamboo
showed a declining trend. From 2017 to 2021, the bamboo forest (position of 0–20 m) and expansion
front (position of 60–80 m) declined by 0.53 m/2a and 0.47 m/2a, respectively. Our research reveals
that bamboo expansion exhibits a patchy expanding process, characterized by a sequence of “first
spreading outward and then filling inward”, whether viewed from the type of expansion pattern or
the expansion rate. This process involves continuous plaque addition, expansion, merger, and filling
to complete the expansion of a bamboo population. These findings provide valuable insights into the
process of bamboo expansion and have important implications for the management and control of
bamboo forests.

Keywords: patchy types; expansion pattern; expansion index; expansion rate; shape index; bamboo
(Phyllostachys edulis)

1. Introduction

Bamboo (Phyllostachys edulis), a giant strong woody grass, has an important ecological,
economic, and cultural value [1]; therefore, bamboo has undergone extensive cultivation.
However, bamboo, as a typical expansive species [2], possesses a robust rhizome system
and grows rapidly [3–5]. These intrinsic strengths enable it to encroach unchecked into
adjacent forests [6,7]. The 9th National Forest Inventory in China confirmed the expansion
of bamboo-dominant areas, with the total bamboo area increasing from 3.00 Mhm2 in
1972 to 6.41 Mhm2 in 2018 [8]. Bamboo spreads uncontrollably to the surrounding forests,
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which seriously hinders the growth of trees and the regeneration of new saplings, resulting
in a simplified community structure [9] and reduced diversity of the plant [7]. Additionally,
the expansion of bamboo has increased soil pH [10], changed terrestrial water and nutrient
cycles [11,12], affected soil microbial community structures [13], and so on. In recent years,
considerable research has been carried out on the process of bamboo expansion [14,15]
and the mechanism [14,16,17] and the expansion effects [4,18,19]. However, there is a
lack of research on the bamboo expansion processes and patterns, which hinders the
understanding of the bamboo expansion process and the research on expansion prevention
and control.

Some studies have been carried about the process and pattern of bamboo expan-
sion. For example, Kiyoshi et al. (1996) [20], Isagi and Torii (1997) [21], and Ding et al.
(2006) [22] analyzed the expansion distance and patch number of bamboo in Kyoto, Japan
and Hangzhou, China respectively. These studies made use of aerial photographs and
remote sensing data to conduct the analyses. They indicate that the prevalence of bamboo
expansion and the expansion pattern at the landscape scale (10 km2), but at the community
scale, bamboo primarily expands through vegetative reproduction (clonal growth) [23,24].
Specifically, mature (mother) culms provide nutrients to the rhizomes, fostering the forma-
tion of new culms (Figure 1), and via culms, the plant moves forward step by step and block
by block and gradually occupies the space to realize its expansion. Therefore, to gain a
better understanding of the bamboo expansion process, uncover its expansion mechanism,
and develop effective control measures, we should understand the pattern and process of
bamboo expansion from the community scale on the basis of individuals.

 

Figure 1. Diagram of vegetative reproduction (clonal growth) of bamboo. Black indicates the current
stage of the mother culms and shoots, and gray represents the future formation of new culms and
shoots (The distance between the shoot and the mother culm typically ranges from a few decimeters
to a few meters).

The bamboo-broadleaf forest transition zone refers to the area where bamboo forests
and evergreen broadleaf forests meet. The two ends of this zone are evergreen broadleaf
forests or bamboo forests, and the middle is the expansion front. In zones where bamboo
expansion is most active, community structure changes most rapidly, and the transition
from a broadleaf forest to a bamboo forest is most significant, so it has become an important
area for bamboo expansion research [25–27]. In this area, due to increased forest fragmenta-
tion caused by factors such as clonal growth of bamboo forests and community disturbance,
bamboo demonstrates an epitaxial expansion process [25]. Bamboo expansion involves
both spatial expansion and an increase in the number of culms [5,15,22], which includes
spatial expansion scales and expansion patterns. The expansion scale is determined by
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the number and area of new culm patches and mature culm patches, which could be
quantitatively described by the expansion index.

The expansion pattern refers to the spatial combination of the mature culm and
the new culm, which is of great significance to understanding the bamboo expansion
process. Isagi and Torii [21] propose from a landscape-scale perspective that new culms are
consistently at the forefront of bamboo forests, expanding from the inside out. However,
our perspective suggests that bamboo may first spread outward and then fill inward.
Because the growth of new culms requires the mother culms to provide a lot of water
and nutrients via underground rhizomes [28], this inevitably brings nutrient and energy
losses to the mother bamboo plant. These losses primarily include the consumption of
material transfer between new and mature culms, the consumption of new culm growth,
and the consumption of rhizome growth [29]. As the distance between the new culms and
the mature culms increases, the energy required to transport nutrients and maintain the
growth of rhizomes increases. Therefore, when bamboo expands outward and occupies a
new plot, it will fill the interior with new culms, thereby reducing the cost of nurturing
new culms. Once the new culms are established, they can provide nourishment back to
the mother culms and the next generation, enabling further outward expansion to occupy
additional plot.

Subtropical natural reserves are mostly suitable habitats for bamboo, and the ex-
pansion, through vegetative reproduction (clonal growth), of bamboo in these areas is
becoming increasingly severe [22,30–32]. Among them, the Qiyunshan National Nature
Reserve (QNNR) located in Chongyi County, Jiangxi Province, China, is known as the
hometown of bamboo. The area covered by bamboo forests in this reserve accounts for ap-
proximately 17% of the total protected area [33]. It serves as an ideal experimental platform
for studying the process and patterns of bamboo expansion at the community scale and for
quantifying its expanding rate. Therefore, we selected a representative bamboo–broadleaf
transition zone in the QNNR as a research site. Our aim was to test the hypothesis that the
pattern of bamboo expansion is first spread outward and then filled inward. Testing this
hypothesis illuminates the process and pattern of bamboo expansion into broadleaf forests,
offering crucial reference points for controlling bamboo forest expansion.

2. Material and Methods

2.1. Study Species

Bamboo (Phyllostachys edulis), a tree-like bamboo species of Poaceae with height of
10–20 m, is naturally distributed in warm temperate and subtropical China [34]. And
bamboo has high temperature and humidity requirements for its surrounding environ-
ment and is primarily distributed in moist hilly areas between 300 and 800 m above sea
level [1]. Bamboo is a type of clonal plant, composed of above-ground bamboo culms
and underground rhizomes. The process of bamboo’s nutritional reproduction (clonal
growth) involves mature (mother) culms absorbing nutrients to support the underground
rhizomes. These rhizomes elongate and give rise to shoots. When the shoots develop
into new culms, the new generation of culms, in turn, absorb nutrients to supply the
underground rhizomes. This process continues in an infinite cycle (Figure 1) [1]. According
to the definition of clonal plants [35], the process of bamboo expansion is essentially its
clonal growth, involving the increase in the number of culms and the expansion of the
population’s spatial distribution. Moreover, the process of shoot and rhizome generation is
usually not completed within the same year but occurs alternately (in cycles of two years).
In one year, there is a large-scale recruitment shoot (referred to as an “on-year”), and in the
next year, there is rhizome generation (referred to as a “off-year”).

2.2. Study Site

The study was conducted at the Qiyunshan National Nature Reserve (QNNR) in
Jiangxi Province, China (113◦54′–114◦07′ E, 25◦41′–25◦54′ N, Figure 2), with an elevation
of around 2061.3 m. It belongs to the humid subtropical monsoon climate zone, which is
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characterized by a warm climate and abundant rainfall [36,37]. The mean annual precipita-
tion ranges from 1522 to 1660 mm, and the mean annual temperature is between 18.0 and
~18.4 ◦C [38]. QNNR’s zonal vegetation is evergreen broadleaf forest, but large numbers of
bamboo forests remain in some areas.

Figure 2. The study location and experimental plot. Locations of Jiangxi province (grey area) and
QNNR (red point) are pictured (top left), as well as experimental plot (red star) in the QNNR area.

2.3. Survey Methods and Forest Plot Data

In April 2017, we selected a typical bamboo–broadleaf transition zone plot, which
expanded along the slope, according to the CTFS (Centre for Tropical Forest Science) sample
plot survey method, at QNNR (Figure 2). The size of plot was 100 m × 50 m, and the
coordinate in the lower left corner was NE. Adjacent grid method was used to divide the
plot into 200 sub-plots of 5 m × 5 m. We investigated the DBH, total height, and spatial
coordinates (x, y) of each plant including trees and bamboo culms with a DBH greater
than 1.0 cm in the plot. Following that, in August 2017, 2018, 2019, 2020, and 2021, we
investigated the DBH, total height, and spatial coordinates (x and y) of each newly grown
culm within the plot. There was a total of 945 culms in this study (Figure 3).

2.4. Data Processing

We selected the population information of bamboo in the major years of 2017, 2019, and
2021. Generally, the bamboo has a biennial bearing cycle, and in QNNR, the singular year
is the on-year for it, and the even year is the off-year. In terms of the small number of culms
recorded in the off-year, we incorporated them into the previous on-year. We calculated the
number of bamboo patches, patch areas, and expansion rates through analyzing the spatial
position of all bamboos in the plot. We determined the expansion mode, shape index of
patch, and expansion distance based on the spatial relationship between new culms and
mother culms to divide the expansion spatial pattern.
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Figure 3. Spatial distribution of trees (A) and bamboos (B) in bamboo–broadleaf forest transition
zone. Tree DBH is indicated by the size of the circle; solid black circles represent alive trees, and
hollow circles represent dead trees (A). The solid gray circle represents culms established before 2017;
the triangle represents culms established in 2017; the square represents culms established in 2019,
and the hollow circle represents culms established in 2021 (B).

2.4.1. Patch Determination

According to the spatial coordinates of the bamboo culms, the K-means clustering
analysis method was employed to partition the patches. The K-means clustering algorithm
divides space into K non-overlapping clusters (referred to as patches in this study) and
classifies each observation (coordinates of culms in this study) to the nearest centroid [39,40].
Due to the correlation between the number and size of patches and the distance between
bamboo culms, this study used the Euclidean distance method to calculate the distance
between each pair of culms in the plot. The culms with distances less than or equal to 4 m
were merged to form a cluster, based on the crown radius of culms (usually ~2 m) [41].

Afterward, we used the convex hull to obtain the coordinates of the edge vertices of
the convex polygon (when the number of culms within the patch is ≥3), determining the
shape of the patch. The convex hull operates by taking a set of points X and two reference
points vi and vj. The algorithm starts from point vi and finds its K-nearest neighbors. From

each neighbor, we searched the point vk such that
→

vivk has the smallest angle (θmin) with
respect to line

→
vivj. This procedure was repeated until vk = vj [42].

θmin =
min

k

[
cos−1

( →
vivk· →

vivj

‖ →
vivk ‖ · ‖ →

vivj ‖

)]
(1)

2.4.2. Patch Characteristics

We utilized the poly area function to calculate the area of patch, and other indexes
about patch including shape index (SI), elongation index (G), and fractal dimension (FD).
The calculation formula is as follows:

Shape index of patch (SI):

SI =
Pi

2
√
πAi

(2)

Elongation index of patch (G):

G =
Pi√
Ai

(3)
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Fractal dimension of patch (FD):

FD =
1
N

N

∑
i=1

ln(
Pi

4lnAi
) (4)

where Pi (m) and Ai (m2) in these three functions are the perimeter and area of i-patch,
respectively. N represents the total number of patches.

2.4.3. Expansion Patch Types

According to the spatial position between new culms and mother culms, the expansion
pattern of bamboo can be distributed as following five types: inner filling patch (IF),
boundary expanding patch (BE), transboundary leaping patch (TL), expansion–infill mixed
patch (BM), and stationary patch (ST, Figure 4).

Figure 4. The patch types of bamboo expansion into neighboring forest. (A) Inner filling patch
(IF), (B) Boundary expanding patch (BE), (C) Transboundary leaping patch (TL), (D) Boundary
expansion–inner infilling mixed patch (BM), and (E) Stationary patch (ST).

IF: new culms grow inside the patch enclosed by the mother culms, and the patch area
remains unchanged and the density of culms increases (Figure 4A). BE: new culms grow
at the edge of original patch, resulting in an increase in the area and the density remains
unchanged at original patch (Figure 4B). TL: new culms grow outside of the original patch,
which form a new patch (or individual plant) separate from original patch (Figure 4C). BM:
new culms grow both inside and at the edge of original patch resulting in the patch area
and increased culm density (Figure 4D). ST: no new culms appear in or around the original
patch (Figure 4E).

2.4.4. Expansion Indexes and Expansion Rate Calculations

We calculated the expansion indexes, expansion distances, and expansion rates of
the bamboo area using the functions EI, DAB, and Ea, respectively. In function (5), EI is
the expansion index of bamboo patch, with a value range of [−1, 1]. When there were no
new culms or no mother culms in the patch, the EI equals −1 and 1, respectively. Nn is
the number of new culms, and Nm is the number of mother culms. In function (6), DAB is
distance between culms A and B of bamboo; xA and yA are the x and y coordinate values
of culm A in plot; and xB and yB are the x and y coordinate values of culm B in plot. In
function (7), Ea is the rate of area expansion; S0 and S0+t are the sums of bamboo patch
areas at the times of 0 and t.
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Expansion indexes:

EI =
Nn − Nm

Nn + Nm
(5)

Expansion distance:

DAB =

√
(xA − xB)

2 + (yA − yB)
2 (6)

Expansion rate of area:

Ea =

[(
S0+t

S0

) 1
t − 1

]
× 100% (7)

2.5. Statistical Analysis

We used one-way analysis of variance to examine variations in the distribution pat-
terns, patch characteristics, and expansion indexes of bamboo at different times and dif-
ferent locations. We used Pearson correlation coefficient to analyze the correlation among
various parameters of bamboo expansion, including year, x-axis, y-axis, total culm number,
number of mother culms, number of new culms, area, density of new culms, total density,
expansion index, maximum expansion distance, and mean expansion distance. This statis-
tical analysis was performed using SPSS 22.0 statistical and Matlab 2018a software, and
graphs were created using Origin 2022 and Matlab 2018a software.

3. Results

3.1. Spatial Distribution of Trees and Bamboo

In the evergreen broadleaf forest at the bamboo–broadleaf forest transition zone
(Figure 3 top), there are numerous live trees and a small number of dead ones. In the
middle of the transition zone, the evergreen broadleaf forest gradually transformed into
a mixed forest of bamboo and broadleaf trees due to the expansion of bamboo. This
transformation resulted in an increase in the number of culms and dead trees (Figure 3
mid). As the evergreen broadleaf forest was transformed into a bamboo forest, consequently,
the density of the culms, particularly those aging culms, significantly increased, and fewer
live trees persisted there (Figure 3 bottom).

3.2. Expansive Patch Parameters

Bamboo exhibited a patchy expansion pattern at the bamboo-broadleaf forest transition
zone 2017 to 2021 (Figure 5). Over the course of five years (three on-years and two off-
years), the number of bamboo patches increased from 48 to 52, representing a growth of
8.33%. Additionally, the total and average areas of bamboo patches experienced a growth
of 53.78% and 41.95%, respectively. Specifically, the values increased from 1145.28 m2 to
1761.24 m2 for the total area and from 23.86 m2 to 33.87 m2 for the average area (Table 1).
Furthermore, the perimeter of the patch increased from 19.90 m to 22.74 m, and the average
number of culms in each patch increased from 10.44 ind./m2 to 18.17 ind./m2 (Table 2).

Table 1. The changes in patch parameters for bamboo from 2017 to 2021.

Indexes of Patches 2017 2019 2021

Number of patches (ind.) 48 49 52
Total area of patches (m2) 1145.28 1600.32 1761.24

Area of maximum patches (m2) 68.82 66.24 132.81
Mean area of patches (m2) 23.86 ± 11.58 b 32.71 ± 17.26 a 33.87 ± 20.80 a

Expansion rates (%) 15.89 18.21 4.91
Index of maximum patches (%) 6.01 4.14 7.55

Different letters mean significant differences in mean area of patches among the three years at α = 0.05.
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Figure 5. The patterns and processes of bamboo expansion between 2017 and 2021. The solid black
dots represent mother culms, while the hollow circles represent newly sprouted culms.

Table 2. The amount, size, and shape for the patches of bamboo in bamboo–broadleaf forest transition
zone from 2017 to 2021.

Indexes 2017 2019 2021

Perimeter of patches (m) 19.90 ± 4.50 b 22.10 ± 6.05 ab 22.74 ± 5.74 a

Culm number per patch
(ind./patch) 10.44 ± 3.12 c 15.76 ± 5.19 b 18.17 ± 5.14 a

Culm density(ind./m2) 0.54 ± 0.30 a 0.63 ± 0.35 a 0.73 ± 0.79 a

Mean expansion distance (m) 3.89 ± 0.86 a 3.92 ± 1.02 a 3.97 ± 0.98 a

Shape index (SI) 1.21 ± 0.14 a 1.14 ± 0.06 a 1.21 ± 0.55 a

Elongation index (G) 4.28 ± 0.51 a 4.05 ± 0.22 a 4.29 ± 1.96 a

Fractal dimension (FD) 1.05 ± 0.07 a 1.01 ± 0.05 b 1.01 ± 0.05 b

Different letters indicate significant differences in culm number per patch, culm density, mean expansion distance,
shape index, elongation index, and fractal dimension among the three years at α = 0.05.

3.3. Changes in Expansion Patch Types

The type of bamboo expansion patches shifted from the boundary expanding patch
(BE) to the inner filling patch (IF) and the boundary expansion–inner infilling mixed patch
(BM) from 2017 to 2021 (Figures 4 and 5). The percent of IF and BM to the total patch
increased from 10% and 39% to 21.15% and 60.03%, respectively; however, the percentage
of BE to the total patch decreased from 38.75% to 9.62% (Figure 6A).

Figure 6. The fraction of bamboo patches according to year (A) and transition zone position (B) in
bamboo–broadleaf forest transition zone. IF—Inner filling patch, BE—Boundary expanding patch,
TL—Transboundary leaping patch, BM—Boundary expanding and inner filling mixed patch, and
ST—stationary patch.
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In terms of the position of the bamboo and broadleaf forest transition zone, within
the bamboo forest position (0~20 m), BM emerged as the dominant type of bamboo patch
(Figure 6B), comprising 72.95% of the patches, followed by the BE (13.51%), IF (7.12%), ST
(4.47%), and TL (1.95%). However, in the bamboo expansion front position (60~80 m), BM
decreased to 60.05%, the IF and ST disappeared, and the BE and TL increased to 30.36%
and 9.59% (Figure 6B).

3.4. Expansion Indexes and Expansion Rates

The expansion indexes and the expansion rates of bamboo demonstrated a declin-
ing trend from 2017 to 2021 (Table 3). In 2017, the expansion indexes for the 0~20 m and
60–80 m ranges of the bamboo–broadleaf forest transition zone were recorded as
−0.18 ± 0.36 and 0.17 ± 0.23, respectively. However, by 2021, these indexes had de-
creased to −0.39 ± 0.20 and −0.28 ± 0.24. The average expansion indexes decreased
from −0.25 ± 0.35 to −0.40 ± 0.17, while the average expansion rates increased from
1.55 ± 0.83 m/2a to 1.01 ± 0.36 m/2a.

Table 3. The expansion indexes and rates of bamboo in bamboo–broadleaf forest transition zone from
2017 to 2021.

Type Position (m) 2017 2019 2021 Average

Expansion index 0~20 −0.18 ± 0.36 Ba −0.37 ± 0.30 Bb −0.39 ± 0.20 Bb −0.32 ± 0.30 B

20~40 −0.35 ± 0.27 Cb −0.09 ± 0.31 Aa −0.43 ± 0.15 Bc −0.27 ± 0.30 B

40~60 −0.35 ± 0.37 Cb −0.12 ± 0.24 Aa −0.44 ± 0.12 Bc −0.30 ± 0.29 B

60~80 0.17 ± 0.23 Aa −0.12 ± 0.01 Ab −0.28 ± 0.24 Ac −0.10 ± 0.26 A

Average −0.25 ± 0.35 a −0.21 ± 0.31 a −0.40 ± 0.17 b −0.29 ± 0.29

Expansion rate 0~20 1.44 ± 0.43 Ba 1.16 ± 0.50 Bab 0.91 ± 0.33 Bb 1.15 ± 0.47 B

(m/2a) 20~40 1.47 ± 0.97 Ba 1.64 ± 0.47 ABa 0.92 ± 0.28 Bb 1.37 ± 0.70 AB

40~60 1.74 ± 0.80 ABa 1.55 ± 0.56 ABb 1.13 ± 0.34 ABc 1.46 ± 0.63 AB

60~80 2.11 ± 2.98 Aa 2.04 ± 0.47 Aa 1.64 ± 0.34 Ab 1.89 ± 1.27 A

Average 1.55 ± 0.83 a 1.44 ± 0.55 a 1.01 ± 0.36 b 1.32 ± 0.64

Different capital letters indicate significant differences in expansion indexes and expansion rates between different
positions, and different small letters indicate significant differences in expansion indexes and expansion rates
between different years at α = 0.05.

The expansion indexes of bamboo showed an increasing trend along the direction of
bamboo expansion (from bamboo forest to bamboo expansion front), between 2017 and
2021 (Table 3). At a 0~20 m range of the bamboo–broadleaf forest transition zone (bamboo
forest), the expansion indexes in 2017, 2019, and 2021 were observed to be −0.18 ± 0.36,
−0.37 ± 0.30, and −0.39 ± 0.20, but at a 60~80 m range of the transition zone (bamboo
expansion front), these indexes increased to be 0.17 ± 0.23, −0.12 ± 0.01, and −0.28 ± 0.24,
respectively. The average expansion indexes increased from −0.32 ± 0.32 to −0.1 ± 0.26,
and the average expansion rates increased from 1.15 ± 0.47 m/2a to 1.89 ± 1.27 m/2a as
the bamboo expanded from a 0 to 20 m to 60~80 m position.

3.5. The Relationship among the Variables for Bamboo Expansion Parameters

The x-axis is not related to all parameters of bamboo expansion, and the y-axis (from
bamboo forest to broadleaf forest) is highly and significantly positively correlated with
patch area, maximum expansion distance, and average expansion distance, while it is
highly and significantly negatively correlated with the density of new culms and total
culms (Table 4). This indicates that bamboo primarily expands along the y-axis direction,
and the expansion distance gradually increases as the y-axis values increase, while the
number of culms decrease with the increase in the y-axis.
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Table 4. The relationship among the variables for bamboo expansion in the bamboo–broadleaf forest
transition zone.

Variables YE X Y TCN NMCs NNCs A DNCs TD EI MXED

X 0.07
Y −0.01 0.04

TCN 0.58 ** −0.06 0.00
NMC 0.56 ** −0.07 −0.04 0.92 **
NNC 0.27 ** 0.00 0.07 0.59 ** 0.23 **

A 0.20 * 0.07 0.59 ** 0.43 ** 0.36 ** 0.34 **
DNC −0.06 −0.14 −0.43 ** −0.19 −0.36 ** 0.28 ** −0.56 **
TD 0.27 ** −0.09 −0.58 ** 0.06 0.25 ** −0.36 ** −0.56 ** 0.25 **
EI −0.21 ** 0.00 0.11 −0.25 ** −0.58 ** 0.59 ** −0.02 0.57 ** −0.51 **

MXED −0.25 ** 0.07 0.31 ** −0.20 −0.40 ** 0.32 ** 0.19 * 0.13 −0.55 ** 0.64 **
MED −0.35 ** 0.02 0.28 ** −0.39 ** −0.49 ** 0.03 0.09 0.03 −0.49 ** 0.49 ** 0.81 **

YE: year; X: x-axis; Y: y-axis; TCN: total culm number; NMCs: number of mother culms; NNCs: number of new
culms; A: area; DNCs: density of new culms; TD: total density; EI: expansion index; MXED: maximum expansion
distance; MED: mean expansion distance. “*” or “**” indicate significant or highly significant correlation at
α = 0.05.

4. Discussion

Bamboo plays an important role in the construction of the forestry economy [43,44].
However, the expansion of bamboo also gives rise to a range of ecological challenges [12,25,45],
such as simplified community structure [9], reduced plant diversity [7], and changed
terrestrial water and nutrient cycles [11]. Therefore, it is essential for us to comprehend
the processes and mechanisms of bamboo expansion in order to provide guidance for
the management and control of bamboo expansion. Our results show that the expansion
process of bamboo into the surrounding broadleaf forest follows a patch-based expansion
process. From 2017 to 2021, in the 5000 m2 bamboo–broadleaf forest transition zone plots,
the number of bamboo patches increased from 48 to 52, and the patch area increased from
1145.28 m2 to 1761.24 m2, which aligns with the findings from the macro-scale results
(Table 1). For instance, Isagi and Torii (1997) conducted a comparison of aerial photographs
and land-use maps of Tanabe Town, Kyoto, Japan, from 1953, 1975, and 1985 [21]. They
observed that the number of bamboo patches in the area increased from 24 to 112 and then
to 174, with an average area of 0.67 hm2, 1.56 hm2, and 1.75 hm2, respectively. Furthermore,
Ding et al. (2006) applied remote sensing and geographic information system technology to
study the bamboo forest patches in a 4284 hm2 area of Tianmushan in Zhejiang, China [22].
Their findings revealed an increase in the number of bamboo forest patches from 3 to 6,
with the largest patch area expanding by nearly 54 times. This shows that the expansion
of bamboo into the surrounding areas is characterized by patch expansion at both the
macroscopic remote sensing scale and the ground community scale.

It is worth mentioning that this research primarily focuses on revealing the patchy
expansion pattern at the community scale. According to the spatial relationship between
new and mother culms, the expansion patches of bamboo can be divided into five types
(Figure 3): inner filling patch (IF), boundary expanding patch (BE), transboundary leaping
patch (TL), boundary expansion–inner infilling mixed patch (BM), and stationary patch
(ST). Our findings indicate that the type of bamboo expansion patches shifted from BE
in the early stage of bamboo expansion (bamboo expansion front and year 2017) to BM
and IF in late stage of bamboo expansion (bamboo forest and year 2021), a shift which
fully reflects the expansion process and pattern of bamboo, where it first spreads outward
and then fills inward (Figure 5). The expansion distance and the correlation between the
expansion index provide additional perspectives that support this rule. Specifically, the
expansion distance at the expansion front is greater compared to that within the bamboo
forest (Table 3). Moreover, there is a significant positive correlation between the expansion
distance and the y-axis (representing the transition from bamboo forest to broadleaf forest)
(Table 4; Figure 3).

This shift in patch type may be attributed to the expansion costs involved. On the
one hand, bamboo is a clonal plant with physiological integration characteristics, and
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the mature culm provides nutrients and energy (investment cost of mature bamboo) for
the new culms through underground rhizomes [28]. However, this process inevitably
leads to nutrient and energy losses for the mature culms [29]. Therefore, as bamboo
expands outward and occupies a new plot, it fills the interior with new culms, thereby
enhancing the absorption capacity of the bamboo patches or cloned fragments for water,
nutrients, and other nutrients. The expansion outward occurs only when the accumulated
resources within the patches can adequately support the growth and development of the
next generation.

On the other hand, when the number of culms reaches a certain threshold (where the
available resources within a patch are insufficient to support the growth of all the culms), it
triggers intensified intraspecific competition among them [46]. This heightened competition
leads to stunted growth or even the death of some culms, resulting in the cloning fragment
directly losing all nutrients in the dead culm (incurring cost losses). However, when the
bamboo population reaches a critical mass, expanding outward to establish new culms serve
multiple purposes. Firstly, it alleviates intraspecific competition [47]. Secondly, the newly
established culms absorb resources from their surroundings (new plots), which are then
transferred back to the mother culms as nourishment once the new culms mature [48]. This
compensates for the resources consumed by the mother bamboos during the establishment
of new culms and the growth of bamboo rhizomes. Therefore, when culm numbers
accumulate to a certain extent, expanding outward not only avoids cost losses, but also
yields benefits for the cloned fragments or bamboo patches. In essence, bamboo expansion
does not occur in a strictly sequential manner based on age. Rather, it follows a strategic
process of step-by-step expansion, filling, and subsequent expansion and filling again.
Some scholars, in their studies on other clonal plants, also believe that the reproduction of
cloned plants has a certain strategic control. This strategy manages the position, size and
other characteristics of new (daughter) ramets, enabling them to more effective utilization
of space, nutrients, and other resources [49–51].

In addition, our findings demonstrate that along the bamboo–broadleaf transition
zone, from bamboo forest to broadleaf forest, the average expansion index of bamboo
increased from −0.32 to −0.10, and the average expansion rate increased from 1.15 to
1.89 m/2a (Table 4). This rate is lower compared to the expansion rates reported by
Okutomi et al. (1996) for bamboo forests in the suburbs of Kyoto, Japan, which found that
the expansion rates of bamboo into shrublands, wasteland, and deciduous broadleaf forests
from 1961 to 1987 were 3.0 m/a, 2.5 m/a, and 1.8 m/a, respectively [20]. The discrepancy
in expansion rates can be attributed to the differences in stand types. The study conducted
by Okutomi focused on shrublands, wasteland and deciduous broadleaf forests, and our
study area was located in a protected area, with secondary evergreen broadleaf forests.
Shrublands and wasteland have a low canopy density and more niche space, which creates
conditions for the encroachment of bamboos. On the other hand, evergreen broadleaf
trees tend to be more competitive compared to deciduous broadleaf trees due to their
lower resource demand and higher utilization efficiency, such as of light and water [52,53].
Consequently, the rate at which bamboo invades shrublands, wastelands, and deciduous
broadleaf forests is higher compared to its expansion rate into evergreen broadleaf forests.
Zheng et al. (2023) found that the process of bamboo expansion into evergreen broadleaf
forests is hindered by competition from broadleaf trees in the Tianmu Mountain Nature
Reserve [54].

5. Conclusions

Bamboo expansion is a process in which bamboo proliferates and expands based on
the existing spatial pattern. Our research results indicate that this process occurs in the
form of patches, and the types of patches change with the expansion time, showing a “first
spreading and then filling” pattern. Our study reveals, for the first time, the specific process
and pattern of bamboo expansion, providing a reference for the prevention and control
of bamboo plant expansion. However, the reasons why bamboo adopts this expansion
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pattern are speculative based on previous research findings. Further exploration is needed
to understand the mechanisms behind bamboo’s adoption of the “first spreading and
then filling” expansion strategy. Additionally, building upon this study, it is crucial to
include research on the growth patterns of other clonal plants, especially rhizomatous
clonal plants, which often exhibit expansive or invasive behaviors. This will contribute to a
better understanding of the control of expansive plants (invasive plants).
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