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Highlights

What are the main findings?

• A multi-temporal Sentinel-2 data approach was applied for the first time to analyze
and visualize the spatiotemporal dynamics of fractional vegetation cover (FVC) for
Alternanthera philoxeroides in the Hachiken River, Chiba, Japan, estimating FVC with
an RMSE of 8.5% even in a narrow (~24 m) river channel.

• Multi-temporal analysis (2019–2024) detected a downstream expansion starting in
2022 and demonstrated that the suppression effect of removal activities on the annual
maximum cover Cmax persisted for only about one year.

What are the implications of the main findings?

• The satellite-based FVC visualization approach validated in the Hachiken River en-
ables consistent and continuous monitoring of invasive plant dynamics across entire
river systems.

• Structural factors (bank type) and management factors (removal activities) can be
quantitatively compared and evaluated using time-series data, thereby supporting
evidence-based invasive alien species (IAS) control planning.

Abstract

Alternanthera philoxeroides, an invasive alien species, spreads rapidly in river systems via
vegetative propagation from stem fragments, requiring river-system-scale monitoring to un-
derstand its expansion dynamics and habitat preferences. This study used multi-temporal
Sentinel-2 data to analyze spatio-temporal variations in fractional vegetation cover (FVC)
within a 3.5 km river reach. FVC estimates derived from vegetation indices were validated
against high-resolution aerial images, with an EVI-based model achieving the highest
accuracy (RMSE = 9.2%), enabling reliable monitoring even in narrow (~24 m) channels.
Time-series analysis from 2019 to 2024 revealed downstream expansion beginning in 2022.
Annual maximum FVC (Cmax) was used to assess relationships with removal records and
bank structures, showing that removal effects were temporary and more pronounced in
the first year, while steel sheet-pile banks limited vegetation growth compared to concrete
revetments. These results demonstrate that Sentinel-2 data can provide an effective and
accessible tool for evaluating invasive plant dynamics and management effectiveness in
low-flow river systems where A. philoxeroides dominates the floating vegetation community.
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1. Introduction
Among biological species introduced from outside into specific regions or ecosystems,

those that cause severe impacts on native species, ecosystems, or human activities are
defined as invasive alien species (IAS) [1,2]. IAS are widely recognized as one of the
major drivers of biodiversity loss and species extinction worldwide [3]. Furthermore, the
importance of addressing IAS for biodiversity conservation is explicitly recognized in the
Strategic Plan for Biodiversity 2011–2020 and the Aichi Biodiversity Targets adopted at the
10th Conference of the Parties to the Convention on Biological Diversity (COP10) [4].

In recent years, Alternanthera philoxeroides (Mart.) Griseb. has emerged as a prominent
IAS characterized by expanding invasive ranges and increasing damage. This species
grows vigorously in paddy fields and adjacent rivers, causing ecological disturbances,
competition with crops [5], and issues related to flood control and water use, such as the
obstruction of agricultural drainage [6]. Moreover, it forms mat-like colonies that cover the
water surface, inhibiting light penetration and gas exchange and thereby exerting negative
impacts on aquatic environments [7]. Native to South America, it has extensively invaded
North America, Australia, New Zealand, Southeast Asia, India, and China [8]. In Japan, its
invasion and establishment were first confirmed in 1989, and as of 2025, its distribution
had expanded to 31 prefectures [9].

Several studies on IAS emphasize that understanding when, where, and to what extent
a target species proliferates is crucial for formulating management plans and selecting
priority reaches. For instance, Kim et al. pointed out that understanding the intrinsic rate
of increase of an invasive species is critical for determining budget allocations between
prevention and removal [10]. Mehta et al. viewed colony detection as an investment process
that determines subsequent removal costs and evaluated factors such as detectability,
survey effort, and population density [11]. Ramula compared the population growth rates
of 21 invasive and 179 native plant species by indexing survival, growth, and fecundity,
and argued that effective management can be achieved only by simultaneously targeting
multiple processes, such as “survival + growth” [12]. Furthermore, Santos et al. reported
that the growth patterns of Egeria densa significantly reduce the species richness and
biomass of native species in large-scale aquatic systems and argued that rapid assessments
that consider seasonality are indispensable for effective management [13].

River environments, in particular, play a vital role in the invasion, establishment, and
dispersal of invasive plants. Rivers are dynamic and continuous environments extending
from upstream to downstream, where plant fragments can travel long distances and es-
tablish following disturbances such as floods, leading to new invasions or re-infestations.
Such environmental changes have been reported to facilitate the establishment of inva-
sive plants and the exclusion of native species [14], and invasive plants have also been
described as “ecosystem engineers” because they alter sedimentation and flow velocity,
thereby affecting the physical and ecological environment of the entire river channel [13].
Consequently, understanding spatio-temporal proliferation dynamics at the river-system
scale—which is difficult to capture through local observations alone—is important for
effective management.

However, wide-area monitoring aimed at capturing spatio-temporal dynamics of A.
philoxeroides at a river-system scale remains limited. Most previous studies have focused on
individual colony management in specific lakes or ponds [6] or on visualizing distribution
using single-period aerial photographs [15]. In analyses using satellite data, broad-scale
sensors such as MODIS lack the spatial resolution required to capture linear distributions in
small- to medium-sized rivers [16]. Conversely, studies using high-resolution sensors tend
to be limited in analytical scope or restricted to single-year or single-period evaluations due
to cost and data acquisition frequency constraints [17,18]. Although Clements et al. [19]
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quantified the expansion process of coverage area over time using satellite data, their study
focused on lentic environments (lakes) and did not track wide-area dynamics in flowing
river environments. Thus, there remains insufficient research that systematically organizes
and compares observed colony-scale reach conditions over time at a river-system scale.

Therefore, the primary objective of this study was to develop and demonstrate a
Sentinel-2-based framework for monitoring the spatio-temporal dynamics of A. philoxe-
roides in a narrow river system. Using the developed FVC estimation model and time-series
analysis framework, we further explored how removal activities and revetment struc-
tures were associated with observed vegetation dynamics as practical applications of the
proposed monitoring approach.

2. Materials and Methods
Figure 1 illustrates the overall workflow of the study. First, a conversion model for

fractional vegetation cover (FVC) was developed by comparing reference FVC values
derived from visual interpretation of high-resolution Google aerial photographs with
vegetation indices (NDVI, EVI, and MSAVI) obtained from Sentinel-2 imagery. The resulting
model was then applied to Sentinel-2 time-series data from 2019 to 2024 to estimate spatio-
temporal variation in FVC across the entire river. Subsequently, annual maximum fractional
vegetation cover (Cmax) was derived for each segment and used to evaluate infestation
dynamics in relation to removal records and revetment structures.

Figure 1. Workflow of satellite data analysis.

2.1. Study Area and Target Species

In this study, we analyzed the distribution and temporal changes in A. philoxeroides
colonies using multi-temporal Sentinel-2 satellite data, focusing on the downstream reach
of the Hachiken River (approximately 24 m wide and 3.5 km long) located in Katori City,
Chiba Prefecture, Japan (Figure 2), following the workflow shown in Figure 1.
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Figure 2. Location of the study area.

The Hachiken River has a total length of 7.3 km and is characterized by extremely
low flow velocities throughout the channel; depending on the operational status of the
pumping stations, gentle backflow may occur. A junction with a distributary is located
3.8 km from the upstream end, and the proliferation of A. philoxeroides has been confirmed
in the reach downstream of this point (a 3.5 km stretch). Although regular removal opera-
tions are conducted by river managers to prevent flow obstructions and other issues, the
species rapidly re-infests the area, making it difficult for removal efforts to keep pace with
its growth.

Furthermore, this species is known to outcompete neighboring native plants and
tends to form monospecific stands [19–21]. Field observations conducted throughout the
study reach in August 2024 and November 2024, together with the interpretation of high-
resolution aerial imagery, confirmed that the vast majority of floating vegetation covering
the water surface within the study reach consisted of A. philoxeroides. Other aquatic plant
species were observed only locally and did not represent a substantial proportion of the
total vegetation cover. Therefore, vegetation cover estimated in this study was used as
a proxy for the extent of A. philoxeroides colonies. For convenience, the study reach was
divided into segments numbered St. 1 to St. 13 at 240 m intervals from the upstream end.

2.2. Sentinel-2 Satellite Data

Sentinel-2 is a constellation of Earth observation satellites operated by the European
Space Agency (ESA) that provides data free of charge. Although its spatial resolution
is relatively coarse (10 m), its high observation frequency (5-day revisit time) makes it a
suitable data source for continuous environmental monitoring at a river-system scale. For
this study, Sentinel-2A and Sentinel-2B Level-2A products covering the Hachiken River
basin in Katori City, Chiba Prefecture, were obtained from the Copernicus Browser website
(https://browser.dataspace.copernicus.eu). Scenes captured under clear-sky conditions
between 2019 and 2024 were selected at a frequency of approximately one scene per month
for each year.
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For each acquired scene, the positional relationship with the waterline and the river
channel geometry was verified using aerial photographs provided by the Geospatial In-
formation Authority of Japan (GSI) as reference data. The positional relationship between
the river channel and surrounding features was visually inspected for all Sentinel-2 scenes.
This verification revealed positional offsets of several meters in some images across the time
series. Geometric correction was therefore applied only to scenes showing obvious spatial
misalignment. Correction was performed using the Georeferencer tool in QGIS (ver. 3.34.8)
with a Helmert transformation based on three ground control points (GCPs) located at road
intersections. After correction, the consistency of river-channel geometry and shoreline
positions among the time-series images was visually confirmed before further analysis.

The number of usable Sentinel-2 scenes was 13, 13, 13, 14, 14, and 10 for 2019, 2020,
2021, 2022, 2023, and 2024, respectively, indicating relatively similar observation frequencies
among years.

2.3. Development of an FVC Estimation Model

To appropriately estimate the FVC of A. philoxeroides colonies using Sentinel-2 data, we
first conducted a comparative evaluation of multiple vegetation indices. In this study, FVC
was used as an indicator of the spatial extent and temporal dynamics of A. philoxeroides
colonies. Reference FVC values represent the proportion (%) of vegetation cover within each
water-segment polygon and were derived through the interpretation of high-resolution
aerial photographs. This species forms mat-like colonies on the water surface and possesses
spectral characteristics similar to those of common aquatic plants, exhibiting strong re-
flectance in the near-infrared region and weak reflectance in the red region. The relationship
between FVC and spectral reflectance is considered relatively clear for this species because
it tends to form dense, monospecific stands [22]. However, research on the quantitative
estimation of FVC for this species using satellite remote sensing remains limited. In partic-
ular, few studies have reported direct estimations of FVC in narrow rivers using Sentinel-2
data; most previous studies have been limited to presence/absence classification or area
extraction using aerial photographs or high-resolution satellite imagery [19,22].

Therefore, this study evaluated three indices commonly used in IAS monitoring—the
Normalized Difference Vegetation Index (NDVI), the Enhanced Vegetation Index (EVI),
and the Modified Soil Adjusted Vegetation Index (MSAVI)—to determine which index is
most suitable for estimating the FVC of A. philoxeroides using Sentinel-2 data. NDVI is the
most widely used fundamental index. EVI has been reported to be effective for evaluating
aquatic vegetation because it accounts for atmospheric and water-surface effects [23].
MSAVI is designed to minimize soil background noise under sparse vegetation conditions.
In invasive plant research, MSAVI has been employed to accurately capture low-coverage
populations during the initial invasion stage or sparse colonies during seasonal decline [24].

NDVI =
NIR − Red
NIR + Red

(1)

EVI = G × NIR − Red
NIR + C1 × Red − C2 × Blue + L

(2)

MSAVI =
2 × NIR + 1 −

√
(2 × NIR + 1)2 − 8 × (NIR − Red)

2
(3)

Here, NIR, Red, and Blue represent the pixel values (reflectance) of the near-infrared,
red, and blue bands, respectively, while G, C1, C2, and L are constants. Based on Huete
et al. [23], G, C1, C2, and L were set to 2.5, 6, 7.5, and 1, respectively. For the Blue, Red,
and NIR bands, pixel values from Bands 2, 4, and 8 of the Sentinel-2 data were used.
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Next, river polygons created by dividing the river area into 10 m intervals in the east–west
direction based on waterline data (hereafter referred to as “water-segment polygons”) were
overlaid on each image. The mean pixel values within each polygon (hereafter referred
to as “segment-mean NDVI,” “segment-mean EVI,” and “segment-mean MSAVI”) were
then calculated.

In general, vegetation indices are influenced by the physiological state of plants associ-
ated with growth stages and seasonal changes. Particularly after the peak growth period,
the relationship between these indices and vegetation cover may become non-linear be-
cause of changes in leaf color and spectral characteristics. Regarding this point, Verschoren
et al. [25] noted in a study on riverine vegetation that seasonal lighting conditions and
plant life history can affect coverage evaluation through image analysis. Furthermore,
Liu et al. [26] demonstrated that, in large-scale, long-term analyses, using an NDVI-based
dimidiate pixel model can reduce uncertainties arising from the spectral characteristics of
non-vegetated areas, enabling stable vegetation cover estimation even under conditions
involving seasonal variation.

Therefore, rather than relying on data from a single period, this study constructed a
conversion model by integrating data from multiple periods representing different growth
stages and spectral characteristics. Using all available Google aerial photographs acquired
during the observation period (16 May 2018; 8 May 2019; 20 February 2021; 5 December
2021; 25 November 2022; and 30 November 2023), the FVC ratio relative to the area of
the water-segment polygons (hereafter referred to as “segment-mean FVC”; 0–100%) was
calculated by manually tracing colony outlines. Colony tracing followed the method of
Clements et al. (2011) [19], who performed similar work, and all tracing was conducted
by the same analyst. The validity of the image interpretation results was confirmed by
comparing colony shapes identified in aerial photographs with those in ground-level
photographs available on Google Street View.

Next, a scatter plot was created using the determined segment-mean FVC and the
segment-mean NDVI, EVI, and MSAVI values calculated from Sentinel-2 data acquired at
approximately the same time (15 May 2018; 8 May 2019; 21 February 2021; 5 December
2021; 25 November 2022; and 30 November 2023). An FVC conversion formula was then
constructed by fitting a linear regression equation to each plot. Data from five of the
six periods for which aerial photographs were obtained were used to build the conversion
model, whereas the remaining period (30 November 2023) was reserved as independent
validation data. For the FVC conversion formulas constructed for each vegetation index,
the correlation coefficient (r) between the segment-mean vegetation index values and
segment-mean FVC was calculated using the training data (five periods). Additionally,
the root mean square error (RMSE), based on the difference between estimated FVC and
reference FVC, was calculated as an evaluation metric. Furthermore, the generalization
performance of each conversion model was evaluated by applying each formula to the
independent validation data and calculating the RMSE between the estimated FVC and
segment-mean FVC obtained from Google aerial photographs.

The visual interpretation of Google aerial photographs and tracing of colony outlines
were conducted for the reach (110 m to 720 m from the upstream end) where colony shapes
were clearly identifiable across all six analysis periods. This calibration reach was divided
into 61 water-segment polygons at 10 m intervals. Five observation dates were used for
model calibration, resulting in 305 calibration observations (61 polygons × 5 dates), while
the remaining observation date was reserved for independent validation, resulting in
61 validation observations. In addition, leave-one-date-out cross-validation (LODO-CV)
using all six reference dates was conducted to further evaluate model robustness.
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2.4. Evaluation of Colony Formation Characteristics Using Maximum FVC Cmax

From a river management perspective, it is important to understand not only the
fluctuating process of FVC but also the vegetation coverage state during the peak growth
season, when impacts on flow capacity and the ecosystem are maximized. Clements
et al. [19] evaluated maximum summer growth through time-series analysis of aerial pho-
tographs. In this study, we used temporal changes in FVC estimated from Sentinel-2 data to
understand seasonal fluctuations and extracted the annual maximum fractional vegetation
cover (Cmax; 0–100%) observed each year as an index for evaluating the colony formation
characteristics of this species. Annual maximum fractional vegetation cover (Cmax) was
calculated exclusively from FVC values derived from actual Sentinel-2 observation dates
and was not derived from interpolated values. The spatio-temporal Kriging procedure
was used solely for the visualization of broad-scale patterns. Furthermore, by comparing
the calculated FVC and Cmax with removal records (timing and location) obtained from
river managers and revetment construction plans, we discussed the inhibitory effects of re-
moval on colony formation and differences in proliferation characteristics among different
revetment types in the Hachiken River.

The maximum FVC Cmax defined in this study is an index representing the maximum
coverage state reached by A. philoxeroides colonies each year. It is intended to represent
the state during the peak season—which has the greatest management impact—among
seasonally varying vegetation coverage levels. This index indicates the upper limit of colony
extent actually reached under field conditions influenced by river channel conditions,
revetment structures, and removal events; it does not directly correspond to carrying
capacity in the mathematical biological sense [27], in which such conditions are excluded.
However, because this study uses vegetation coverage for wide-area, long-term monitoring,
Cmax is positioned as a proxy for carrying capacity, representing the colony extent realized
under specific environmental and management conditions.

Spatially referenced removal records provided by the river manager were obtained
from river managers in CAD format and imported into QGIS for analysis. Specifically,
revetment design plans and time-series records of removal activities were converted from
CAD format into vector layers and integrated with the water-segment polygons to identify
the timing of removal in each river segment.

To facilitate visualization of the spatio-temporal dynamics of vegetation cover,
segment-based FVC values were interpolated using the spatio-temporal Kriging func-
tion implemented in Surfer 23.2.176 (Golden Software, LLC., Golden, CO, USA). A linear
variogram model was adopted with no trend removal. Interpolation was performed using
a spatial grid size of 10 m, corresponding to the original Sentinel-2 spatial resolution,
and a temporal resolution of one day. The input dataset consisted of segment-based FVC
observations derived from individual Sentinel-2 acquisition dates. Spatial and temporal
gaps between observation points were estimated using spatio-temporal Kriging to generate
continuous visualization surfaces.

3. Results and Discussion
3.1. Development of the FVC Estimation Model

By comparing the FVC of A. philoxeroides calculated from Google aerial photographs
with the segment-mean NDVI, EVI, and MSAVI values, we constructed FVC conversion
formulas for each vegetation index and evaluated their estimation accuracy.

The results indicated that EVI achieved the highest predictive accuracy among the
three vegetation indices based on both training-data performance and leave-one-date-out
cross-validation results (Figure 3, Table 1).
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Figure 3. Relationships between segment-mean NDVI (a), EVI (b), and MSAVI (c) values derived from
Sentinel-2 satellite data and segment-mean FVC determined by tracing Google aerial photographs.

Table 1. Coverage–index conversion models and their accuracy.

Vegetation Index Model r (Training
Data)

RMSE (Training
Data, %)

Mean RMSE
(Leave-One-Date-Out CV, %)

NDVI FVC = 189.6 × NDVI − 9.7 0.899 10.4 10.0
EVI FVC = 143.0 × EVI − 1.5 0.923 9.2 9.2

MSAVI FVC = 197.1 × MSAVI + 0.1 0.919 9.4 10.0

To further evaluate model robustness, leave-one-date-out cross-validation (LODO-CV)
was conducted using the six available reference dates. The mean RMSE values obtained
from LODO-CV were 10.0%, 9.2%, and 10.0% for NDVI, EVI, and MSAVI, respectively
(Table 1). For the selected EVI model, RMSE values ranged from 3.9% to 14.5% across the
six validation iterations. EVI consistently showed the lowest prediction error and was
therefore selected for subsequent analyses.

Although MSAVI is an index capable of reducing the influence of soil background
reflectance under sparse vegetation conditions, the water-segment polygons in this study
area contained only the water surface and A. philoxeroides colonies, with virtually no
exposed soil surfaces. Therefore, the effect of soil noise reduction expected from MSAVI
was likely limited. In contrast, EVI utilizes the Blue band, allowing correction for the
effects of atmospheric aerosol scattering and water-surface reflectance. This characteristic
is considered to have contributed to the higher estimation accuracy of the EVI model.

The study river has a width of approximately 24 m, meaning that Sentinel-2 data
with a spatial resolution of 10 m are inevitably subject to mixed-pixel (mixel) effects, in
which water and riverbank areas coexist within a single pixel. Particularly when colonies
are formed predominantly along the banks, segment-mean FVC may be underestimated
or overestimated due to mixing with background reflectance (e.g., bank vegetation or
revetment structures), even when the actual coverage is high [17]. This factor may have
contributed to the reduced estimation accuracy of the models.
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Furthermore, it should be noted that the reference FVC values in this study were cal-
culated through visual interpretation of high-resolution Google aerial photographs, which
inherently includes uncertainties arising from analyst subjectivity, as well as differences in
solar altitude and water surface reflection conditions at the time of capture.

Consequently, although these multiple sources of error should be considered, we
confirmed that the FVC estimation model using EVI achieved relatively high accuracy
and therefore adopted this model for subsequent analyses. This study prioritizes analyt-
ical consistency by conducting all time-series assessments at the same spatial resolution
(Sentinel-2, 10 m) and identical methodology. Therefore, care should be taken to interpret
the obtained FVC and Cmax values not as strict representations of localized actual coverage
rates but rather as relative indicators for comparing colony extent across different segments
and years.

The EVI–FVC model developed in this study was intentionally calibrated using ob-
servations acquired under multiple seasonal conditions, including spring, winter, and late
autumn, to establish a generalized relationship applicable to long-term monitoring. The
model showed a positive relationship between EVI and reference FVC in the calibration
dataset (r = 0.923).

Furthermore, vegetation cover interpreted from WorldView-3 imagery was compared
with Sentinel-2-derived FVC estimates across the entire study reach to evaluate spatial
transferability beyond the calibration area. A positive relationship was observed (r = 0.909),
indicating that the model captured the major spatial variability in vegetation cover through-
out the river. Collectively, these results support the applicability of the proposed model for
monitoring vegetation-cover dynamics within the study river.

Nevertheless, uncertainties associated with seasonal variability, riverbank conditions,
background reflectance characteristics, mixed-pixel effects, and the limited number of
reference observation dates remain. Additional validation under a wider range of environ-
mental conditions would further strengthen confidence in the robustness and transferability
of the approach.

The reference FVC values were derived from manual interpretation of high-resolution
Google aerial photographs and therefore inevitably contain uncertainty associated with
image interpretation. Potential error sources include subjective delineation of colony
boundaries, shadow effects, water-surface reflection, and ambiguity in partially vegetated
areas. Because these interpreted FVC values were subsequently used for calibration of the
EVI–FVC model, such uncertainties may propagate into both the regression model and the
resulting FVC estimates. Although Google Street View images were used for supplementary
visual confirmation, they do not constitute a systematic field validation. Therefore, the
FVC values presented in this study should be interpreted primarily as indicators of relative
spatial and temporal variation rather than exact measures of absolute vegetation cover.

The proposed framework does not directly detect A. philoxeroides from its spectral char-
acteristics. Rather, it estimates the fractional vegetation cover of floating or surface-covering
vegetation within the river channel. Field observations and aerial-image interpretation
indicated that the vast majority of surface-covering vegetation in the study reach con-
sisted of A. philoxeroides, allowing vegetation cover to be used as a proxy for the extent of
A. philoxeroides colonies. However, in river systems where multiple aquatic plant species
coexist or species composition changes substantially over time, the estimated FVC may not
correspond directly to the cover of A. philoxeroides. Therefore, application of the proposed
method is most appropriate in systems where this species is known to dominate the floating
vegetation community.
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3.2. Spatio-Temporal Variations in FVC

By applying the EVI–FVC equation developed in the previous section to the Sentinel-2
dataset, we calculated segment-mean FVC for each location and observation date. To
intuitively capture the spatio-temporal trends in vegetation coverage distribution across the
entire river, the obtained FVC values were interpolated using the spatio-temporal Kriging
method in Surfer 23.2.176 (Golden Software, LLC.). This enabled the generation of an FVC
heatmap, in which the vertical axis represents time (1 January 2019 to 31 December 2024)
and the horizontal axis represents distance from the upstream end (Figure 4).

Figure 4. Spatio-temporal heatmap of segment-averaged vegetation coverage.

Focusing first on the chronological changes across the entire river, the maximum
FVC remained around 80% from 2019 to 2021, indicating that infested areas were limited.
Conversely, from 2022 onward, the FVC reached nearly 100% at its peak, confirming an
expansion of the infested areas. In fact, when segment-mean FVC values were averaged
across the entire river to examine temporal changes, the maximum average FVC during
summer gradually decreased by 9.5% per year during the first three years beginning in
2019, but then reversed sharply and remained at a high level from 2022 onward.

Next, regarding spatial characteristics, St. 1 exhibited a trend in which FVC began
to increase around May each year and reached 60–100% in summer, demonstrating stable
proliferation of A. philoxeroides colonies. A similar trend was observed at St. 2–7 from 2019
to 2022. However, in 2023, FVC at St. 2–4 failed to increase sufficiently. In 2024, FVC at
St. 5–7 increased to nearly 100% between March and April but then declined sharply in
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May. Meanwhile, at St. 8–12, the maximum summer FVC remained around 50% from
2019 to 2022; however, in 2023, it consistently remained at approximately 60% from April
through December, and after a temporary decrease, increased to nearly 100% in May of the
following year.

The heatmap shown in Figure 4 contains both observed and interpolated values.
Segment-based FVC values derived from Sentinel-2 observations represent the original
measurements, whereas values between observation dates and locations were estimated
by spatio-temporal Kriging. Because interpolation estimates values between observation
dates and river segments, short-term fluctuations and localized changes may be smoothed.
Therefore, Figure 4 should be interpreted as a visualization of broad spatio-temporal trends
rather than an exact representation of vegetation cover at every time and location. In
addition, the downstream expansion discussed in this study was evaluated not only from
the interpolated heatmaps but also from the underlying segment-based FVC observations
and annual Cmax patterns.

These results indicate that although localized differences in proliferation status existed
among the stations, infestation expansion progressed predominantly downstream across
the entire river system, beginning around the summer of 2022.

3.3. Effects of Meteorological Conditions, Removal Operations, and Revetment Types

Using the spatio-temporally estimated segment-mean FVC, the annual maximum
fractional vegetation cover (Cmax) for A. philoxeroides was calculated for each year and
segment and visualized as a heatmap (Figure 5). Note that because removal operations were
conducted from spring to summer in certain segments, Cmax was not calculated for those
years and segments. The spatio-temporal rise and fall of invasive plant colonies are known
to be governed not only by species-specific ecological traits but also by environmental
factors such as temperature and sunshine duration, river channel conditions such as river
geometry and revetment structures, and anthropogenic factors such as the presence or
absence of removal operations [28,29]. Therefore, focusing on historical removal records
(location and execution date), we examined the relationship between the re-infestation
characteristics of A. philoxeroides colonies and growth parameters in the Hachiken River.

Figure 5. Spatio-temporal heatmap of Cmax (hatched areas: no data due to it being removed).
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3.3.1. Effects of Meteorological Conditions

The establishment and dispersal of invasive plants depend heavily on regional mete-
orological conditions. Indeed, Pan et al. [30] noted that the physiological activity of this
species is maintained within a daily mean temperature range of 10–40 ◦C, with growth
restricted outside this range, and that water flow (precipitation and floods) is a primary
driver of plant fragment dispersal. Since flow velocity data were unavailable for the target
river, we focused on precipitation data as a potential trigger facilitating the downstream
transport of plant fragments.

Table 2 summarizes annual trends in these meteorological conditions during the
study period (2019–2024). In this study, the number of days within the aforementioned
temperature range was calculated for each year, ranging from 238 to 267 days (mean:
251.5 ± 10.1 days; coefficient of variation [CV] = 4%). This suggests that the growth poten-
tial of this species under the prevailing temperature conditions remained largely constant
throughout the study period. Furthermore, the analysis of precipitation data showed that
annual total precipitation and the number of days with daily precipitation ≥ 30 mm were
relatively stable; total precipitation ranged from 1368 to 1982 mm (CV = 14%), and the
number of days with precipitation ≥ 30 mm ranged from 11 to 23 (mean: 16.8 ± 3.8 days,
CV = 22%), indicating that no extreme events occurred. Annual-scale meteorological indica-
tors showed relatively limited interannual variation during the study period. Therefore, no
clear relationship between the observed expansion pattern and the annual meteorological
indicators examined in this study was identified. However, the meteorological analysis con-
ducted in this study should be regarded as a preliminary screening based on annual-scale
indicators. Although annual temperature and precipitation metrics showed relatively lim-
ited variation during the observation period, these indicators may not adequately represent
hydrological disturbances that influence the dispersal and establishment of A. philoxeroides
fragments. Short-term flood events, water-level fluctuations, flow direction, and pumping
operations may play a more direct role in invasion dynamics and should be incorporated
into future studies when such data become available.

Table 2. Annual variations in temperature and precipitation metrics related to the growth and
dispersal of A. philoxeroides (2019–2024).

Days Within the Optimal
Temperature Range

(Days)

Annual Total
Precipitation (mm)

Number of Heavy
Rain Days (≥30 mm)

(Days)

2019 238 1982 17
2020 249 1580 17
2021 261 1980 18
2022 247 1368 11
2023 267 1526 15
2024 247 1760 23

3.3.2. Efficacy of Removal Operations

According to historical removal records obtained from the river manager, removal
operations involving direct mechanical grabbing and extraction of colonies using heavy
machinery have been conducted annually in various segments of the downstream reach of
the Hachiken River since 2020. Although the target locations varied by fiscal year, approxi-
mately 70% of the entire study reach underwent removal at least once. A comparison of
the chronological changes in FVC between reaches with and without a history of removal
operations showed that reaches subjected to removal generally exhibited lower Cmax values
during the following year, averaging approximately 73% of those observed in reaches
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without removal operations; however, this difference gradually diminished, and no notable
difference was observed by the second year after treatment (Figure 6).

Figure 6. Comparison of FVC between removed and non-removed areas.

This rapid recovery may be associated with a combination of two interconnected
factors related to mechanical removal events: “fragment dispersal” and “residual under-
ground biomass.” As pointed out by Sainty et al. [31] and Tanveer et al. [32], A. philoxeroides
possesses an extraordinary capacity for vegetative propagation, where even minuscule
stem nodes or rhizome fragments can serve as new sources of establishment. In particular,
mechanical extraction with heavy machinery may have inadvertently promoted fragmen-
tation due to intense physical disturbance. According to experiments by Dong et al. [33],
isolated nodes of this species exhibit a remarkably high survival rate of 46% on their own,
which exceeds 90% when attached to a stem fragment of just a few centimeters. It is
inferred that the massive volume of fragments generated by the machinery and left on-site
utilized carbohydrates and proteins stored within the internodes as resources [33], en-
abling rapid re-establishment even in a rootless state and triggering explosive re-infestation.
Furthermore, this species has been reported to shift resource allocation to rootstocks in
response to aboveground damage [34], which may reinforce underground establishment.
Consequently, one possible explanation is that regeneration from residual rhizomes and/or
surviving fragments may have contributed to the rapid recovery observed after removal
operations. The simultaneous occurrence of regeneration from these residual underground
parts and new establishment via fragmentation is considered the primary cause of the rapid
re-infestation observed two years after removal.

Meanwhile, around St. 1, which has not undergone any removal since 2022, the
year-by-year comparison of FVC temporal dynamics showed that Cmax rose by an annual
average of 19.8%. While Cmax was reached on 10 November in 2022 and 20 November
in 2023, it occurred on 5 July in 2024, shifting 137 days earlier (Figure 7). Dong et al. [33]
demonstrated that fragments with longer attached stems and residual leaves exhibit signifi-
cantly higher growth rates after fragmentation. In unmanaged areas, because extensively
interconnected stems and existing leaves are preserved over winter, growth accelerates
rapidly in early spring, causing vegetation coverage to reach saturation at a much earlier
stage. Additionally, Liu and Yu [35] reported that overwintered mat-like stems can sprout
within a single week under favorable environmental conditions, demonstrating rapid re-
generative capacity. This suggests that, in unmanaged areas, a prolonged establishment
period that allows rhizomes and stems to grow thicker does not merely represent a simple
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accumulation of biomass, but is highly likely to lead to rapid regeneration in early spring.
Although Tanveer et al. [32] reported that global warming and increased precipitation ac-
celerate the distribution expansion and growth rate of this species, regional meteorological
data for the study area show no pronounced warming trend during the analysis period.
Therefore, while residual rootstocks are currently considered the primary driver, future
warming could potentially advance the onset of the growth period itself, leading to even
more devastating early-season proliferation through synergistic effects with the surviving
underground biomass.

Figure 7. Temporal Changes in Vegetation Cover around St. 1.

The mechanisms discussed above, including regeneration from stem fragments and
the survival of residual rhizomes, were not directly examined in this study. Instead, they
are presented as possible explanations based on previously reported ecological charac-
teristics of A. philoxeroides and the vegetation-cover patterns observed from satellite data.
Direct evaluation of fragment production, fragment survival, and belowground persistence
would require field-based ecological investigations and remains an important topic for
future research.

Although lower Cmax values were observed in reaches where removal operations had
been conducted, this study was based on observational data and did not control for other
environmental or management factors. Differences in initial infestation levels, revetment
structures, hydrological conditions, management priorities, and spatial connectivity among
reaches may also have contributed to the observed patterns. Therefore, the present re-
sults should be interpreted as evidence of an association between removal history and
subsequent vegetation cover rather than definitive proof of a causal removal effect.

These findings suggest that reaches subjected to removal operations tended to exhibit
lower vegetation cover during the following year; however, this difference diminished
thereafter, indicating that the observed reduction was not sustained over the longer term.
In the medium-to-long term, the population maintains a specific scale while undergoing
repeated cycles of re-infestation.
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3.3.3. Relationship with Revetment Types

Next, to evaluate the influence of revetment structures on the formation of A. philoxe-
roides colonies, we examined the relationship between Cmax and revetment type. The study
area features a generally linear river geometry, with few topographic depressions where
colony fragments would naturally stall and accumulate. On the other hand, multiple types
of revetment structures coexist within the reach, and differences in their design and materi-
als may influence the drifting and establishment processes of colony fragments [36]. Due
to the spatial resolution constraints of the Sentinel-2 data, this study conducted evaluations
using the mean EVI over a 10 m × river width area, making it impossible to separate the
individual influences of the right and left banks. Therefore, the revetment structures were
categorized into three types (Type 1: both banks with concrete block revetments; Type 2:
one bank with concrete block revetments and one bank with steel sheet piles; Type 3: both
banks with steel sheet piles) (Table 3 and Figure 8). The Cmax values derived from the
estimated segment-mean FVC from 2019 to 2024 were then compared among these types.

Table 3. Classification of revetment style (see Figure 8 for images of revetment type).

Type Revetment Style

1 Both banks: Concrete block
2 One bank: Concrete block, Other bank: Steel sheet pile walls
3 Both banks: Steel sheet pile walls

Figure 8. Images of revetment type at Hachiken River.

The results showed that, while Type 1 and Type 2 exhibited similar Cmax values, Type
3 (both banks with steel sheet piles) suppressed Cmax to approximately 55% of the levels
observed in the other types (Figure 9). Cmax differed significantly among revetment types
(Kruskal–Wallis test, χ2 = 105.45, df = 2, p < 2.2 × 10−16). Reaches lined with steel sheet
piles tended to exhibit lower Cmax values than reaches with concrete block revetments.
This pattern suggests an association between revetment type and colony development;
however, the influence of other environmental and management factors cannot be excluded.
First, regarding the suppression of initial establishment, steel sheet piles are composed of
materials that minimize plant adhesion and penetration [37]. A. philoxeroides can regenerate
from minute fragments only a few centimeters long and rapidly establish as long as
soil is available. In concrete block revetments, joints between blocks and accumulated
sediment provide ideal establishment niches for this species. In contrast, steel sheet piles
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eliminate such physical gaps, preventing drifting fragments from establishing and thereby
maintaining low initial population density.

Figure 9. Comparison of Cmax among revetment types (Table 3).

Second, steel sheet piles may function to block invasion pathways (corridors). Meunier
and Lavoie [38] noted that inclined embankment slopes often serve as corridors that
facilitate invasion by alien species. Vertical structures such as steel sheet piles physically
eliminate these slopes, thereby disrupting continuous expansion from aquatic to terrestrial
zones or from upstream to downstream reaches.

Overall, the lower Cmax values observed in steel-sheet-pile reaches may be associ-
ated with a multifaceted combination of environmental and structural factors, including
reduced opportunities for establishment, fewer suitable niches, and disruption of invasion
corridors over longer time periods. Although revetment type was significantly associated
with differences in Cmax, other environmental and management factors may also have
contributed to the observed patterns.

3.4. Scope of Application of the Proposed Method

The spatio-temporal analysis and FVC estimation method based on Sentinel-2 satellite
data proposed in this study relies on three primary prerequisites: (1) the river width must
encompass at least 2–3 pixels at the spatial resolution of Sentinel-2 (10 m); (2) the flow
velocity must be relatively low, providing an environment in which aquatic plant colonies
floating on or adhering to the water surface can form stably; and (3) the target reach must
be dominated by a single species, or the dominant species must be clearly identifiable.

The proposed framework does not directly identify A. philoxeroides from its spectral
characteristics. Instead, it estimates vegetation cover under the assumption that A. philoxe-
roides dominates the floating vegetation community within the study reach. Therefore,
the approach is most appropriate for river systems where the target species is known to
be dominant. In river systems containing substantial mixtures of aquatic plant species,
additional field observations or species-classification approaches would be required.
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Therefore, this method is particularly suited to capturing relative fluctuations in
colony extent within agricultural drainage channels, lowland rivers, and canals where flow
dynamics are low and invasive aquatic plants proliferate in linear bands. Conversely, its
applicability should be carefully evaluated for mixed-species colonies, torrential rivers
subject to frequent flooding, or extremely narrow channels where the river width is less
than a single pixel.

4. Conclusions
In this study, we quantitatively evaluated the spatio-temporal dynamics and prolifera-

tion characteristics of A. philoxeroides colonies in the downstream reach of the Hachiken
River using multi-temporal Sentinel-2 satellite data. The results confirmed that, by utilizing
EVI, fractional vegetation cover (FVC) could be estimated with an RMSE of 9.2%, even in a
narrow river approximately 24 m wide.

Spatio-temporal FVC heatmap analysis integrating river distance and time revealed
a trend in which infested areas expanded predominantly in the downstream direction
from 2022 onward. Furthermore, comparing annual maximum FVC (Cmax) with historical
removal records and revetment types showed that segments undergoing removal exhibited
lower Cmax values the following year than untreated segments; however, this difference
became indistinct by the second year after treatment. Regarding revetment structures,
segments with steel sheet piles on both banks consistently maintained lower Cmax val-
ues than those with concrete block revetments, indicating the structural suppression of
colony formation. Conversely, in untreated segments, the timing of reaching Cmax ad-
vanced each year, suggesting an increasing risk of severe proliferation under sustained
unmanaged conditions.

These findings demonstrate that a relatively simple spatio-temporal analysis frame-
work using Sentinel-2 data can effectively capture the growth characteristics of invasive
alien aquatic plant colonies and the impacts of management activities at a river-system scale.
The methodology presented in this study remains applicable even in river environments
where field surveys or the acquisition of high-resolution data are logistically or financially
challenging, and it serves as a foundational framework for the macro-scale evaluation of
colony dynamics based on long-term monitoring.

Although the proposed framework was evaluated only within a single 3.5 km narrow,
low-flow river reach dominated by A. philoxeroides, the results suggest that the approach
may be particularly suitable for narrow, slow-flowing waterways dominated by a clearly
identifiable aquatic plant species. However, additional validation in river systems with
different hydraulic conditions, river widths, and vegetation communities is required before
broader application can be assumed.

However, this analysis was conducted under the assumption that A. philoxeroides
forms a single-species-dominant, floating mat-like colony that broadly covers the water
surface within the study reach. Consequently, this method may not be directly applica-
ble to mixed-species colonies, water bodies with complex distributions of submerged or
emergent macrophytes, or torrential river environments with frequent flood disturbances.
Application of the framework to such environments would require a careful adjustment of
index selection and analytical scale.

Future research should build on these wide-area monitoring results by incorporat-
ing detailed field surveys to assess precise establishment conditions, along with direct
observations of environmental factors such as hydraulic conditions and river channel geom-
etry. This integration will enable a more detailed verification of the physical mechanisms
governing the formation and expansion of invasive plant colonies.
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5. Patents
A patent application related to the methodology presented in this study has been filed

in Japan.
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