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ABSTRACT
Invasive alien plant species are ranked among the most devas-
tating factors threatening global biodiversity. Water hyacinth
(Pontederia crassipes) is considered one of the most destruc-
tive aquatic invasive species. This study leverages Sentinel-2
time series satellite imagery and Random Forest machine learn-
ing algorithm to analyze the spatiotemporal dynamics of water
hyacinth proliferation in the Samaspur Bird Sanctuary, a desig-
nated Ramsar site in India. Monthly land cover analysis from
June 2023 to May 2024 revealed seasonal variations, with a
maximum cover of 3.48 km2 during the post monsoon season of
October 2023 and a minimum of 2.00 km2 during the monsoon
season of July 2024. Change detection analysis over 2017–2023
continues to reveal a more profound invasion pathway, evi-
denced by the progressive encroachment on emergent vegeta-
tion, terrestrial vegetation, and water bodies. Overlay analysis
demonstrated persistent infestations in specific regions, indi-
cating the invasive and resilient nature of water hyacinth. This
study not only emphasizes the application of remote sensing in
ecological monitoring, but also offers a conceptual framework
for prioritizing and implementing specific management inter-
ventions to conserve biodiversity in threatened wetlands.
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1. Introduction

Invasive alien species (IAS) are considered one
of the major threats to native biodiversity (Reddy,
2008). Aquatic weeds are capable of flourishing
in continuously wet environments and can with-
stand waterlogged soils for prolonged periods. Water
hyacinth, scientifically named Pontederia crassipes
Mart. (Syn. Eichhornia crassipes (Mart.) Solms),
belongs to the family Pontederiaceae (POWO, 2025).
It is a floating plant native to South America but has
been naturalized and invaded in many parts of the
world. The plant is regarded as one of the world’s
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100 worst IAS due to its ability to grow uncon-
trollably and cause serious ecological problems (Pa-
tel, 2012; Degaga, 2018). In the late 1800s, wa-
ter hyacinth was introduced to India from its na-
tive South America as an ornamental plant (Shah,
2018; Dechassa, 2020). Water hyacinth grows best
at water temperatures of 28-30°C and at pH lev-
els ranging from 4 to 8 (Shah, 2018). The uncon-
trolled expansion of water hyacinths leads to the for-
mation of dense mats that block sunlight, reduce
oxygen levels, disrupt photosynthesis, obstruct wa-
ter flow, and compete with native species in aquatic
habitats. The disrupted water flow affects both the
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quality and quantity of water, thereby impacting
transportation and fishing activities. This reduces
the abundance and diversity of the macrophyte com-
munity (Mengistu et al., 2017).

Remote sensing provides a valuable tool for map-
ping and monitoring the distribution of aquatic
weeds, enabling their early detection (Schmidt and
Witte, 2010). Integrating remote sensing, Geographic
Information System (GIS) and machine learning
greatly improves invasive species monitoring and
management by enabling accurate detection, map-
ping, and effective control (Reddy et al., 2024). Satel-
lite sensors provide a crucial data source for vegeta-
tion mapping and monitoring including applications
for wetland and aquatic weeds, with high spatial res-
olution enabling large scale mapping and species dis-
crimination in a cost effective and time saving manner
compared to conventional field work and aerial pho-
tography (Schmidt and Witte, 2010). Furthermore,
the ability to repeatedly monitor area of interest with
temporally dense data sets of high spatial resolution
enables the tracking and spatial depiction of the weed
infestation as they develop over time (Schmidt and
Witte, 2010). A major issue with identifying aquatic
weeds from other aquatic plants is that they share
similar physical characteristics and grow within or
interact with these ecosystems through the mixed
or ecological overlap of plant species, which implies
that moderate to high spatial and spectral resolutions
in the visible and shortwave infrared regions are re-
quired (Thamaga and Dube, 2018).

In aquatic ecosystems, remote sensing has suc-
cessfully contributed in the assessment of the expan-
sion of invasive plant species like the water hyacinth,
making it a convenient source of ecological data. Us-
ing multispectral remote sensing images, Mukarug-
wiro et al. (2019) were able to map water hyacinth in
Rwandan aquatic ecosystems. The researchers real-
ized that the Random Forest (85%) algorithm was
more accurate and reliable than the Support Vec-
tor Machine (65%). To be precise, Random Forest
performed better in identifying and classifying water
hyacinth from other land cover classes. The study af-
firmed that there are varying levels of water hyacinth
invasions in three major Rwandan rivers, and con-
sequently, the infestation is widespread in the lake
and other water bodies. Pádua et al. (2022) eval-
uated spatio-temporal changes in water hyacinth in
Lower Mondego, Portugal using high spatial resolu-
tion Unmanned Aerial Vehicles (UAV) images, and

low-spatial resolution Sentinel-2 Multi Spectral Im-
ager (MSI) images. Their results demonstrate that
the Random Forest classifier performs better than
other methods including SVM, Gaussian naive bayes,
k-nearest neighbors, and artificial neural networks,
achieving an overall accuracy of 94%, which showed
the efficiency of remote sensing in combating water
hyacinth invasion. Thamaga and Dube (2018) high-
lighted the potential of Sentinel-2 data for assess-
ing the seasonal dynamics and distribution of wa-
ter hyacinth in the Greater Letaba River system,
South Africa. For the Greater Letaba River sys-
tem, the mapping accuracy obtained was 77.56% us-
ing Sentinel-2 data and 68.44% using Landsat-8 data,
thus confirming the higher suitability of Sentinel-2.
The spectral bands including blue, red, red edge 1,
Short Wave Infra Red (SWIR-1), and SWIR-2 are
deemed useful in the identification and mapping of
the water hyacinth. The development of a spatial
decision support system offers a promising pathway
to support IAS management (Saranya et al., 2024).
Reddy et al. (2025) discussed the advancements in
global biodiversity monitoring and the integration
of essential variables. This study focuses on moni-
toring the spatio-temporal distribution of water hy-
acinth in the Samaspur Bird Sanctuary, by integrat-
ing Sentinel-2 imagery with a Random Forest algo-
rithm.

2. Study area

Samaspur wetland is situated in the Rae Bareli
district of Uttar Pradesh in India and consists of
six lakes, officially recognised as the Samaspur Bird
Sanctuary in 1987 (Fig. 1).

It was declared as a Ramsar site because of its
significance as the wetland of international impor-
tance especially for waterfowl and other aquatic birds.
This sanctuary lies between 25° 58’ to 26° 01’ N lat-
itude and 81° 21‘to 81° 25’ E longitude and is one
of the Important Bird Areas in the country. Pri-
vate and community land occupies about 370 hectares
of the sanctuary’s total geographical area of 800 ha.
The sanctuary encompasses five interconnected lakes:
Samaspur, Mamani, Gorwa Hasanpur, Hakganj, and
Rohnia. The sixth lake is called Bissaiya, and it is
situated close to the other five lakes, but it is not a
part of the main water body; however, it also be-
longs to the sanctuary. This sanctuary is one of
the largest centres for bird migration, especially dur-
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Fig. 1. Location of study area and Sentinel-2 False Colour Composite image (October 2023).

ing the winter season, stretching from November to
March, when about 100,000 migratory birds, includ-
ing species from Siberia and Tibet, flock into the
sanctuary in large numbers, making it a popular des-
tination for bird enthusiasts and tourists (Korgaonkar
and Gokhale, 2006; Reddy et al., 2009). The re-
gion is a part of the Gangetic Plains that has allu-
vial soil rich in humus, while the surrounding areas
feature sandy soil with high saline content. Beyond
the sanctuary’s boundaries, lake water is utilised for
irrigation, hence causing eutrophication due to agri-
cultural runoff. The wetland is perennial, with the
depth varying from 0.1 to 5 meters and increasing al-
kalinity. The area receives an average annual rainfall
of approximately 1200 mm, with temperatures vary-
ing from 2–3°C to 45°C and humidity around 87%
(Kumar and Kanaujia, 2015; Behera et al., 2011).
The sanctuary serves as a biodiversity hotspot, host-
ing 149 species of higher plants, 46 species of fish,
over 250 species of resident and migratory birds, and
numerous invertebrates, including molluscs and but-
terflies (Anonymous, 2020). It also houses many ter-
restrial and aquatic snakes, turtles, frogs, and other
higher animals like the blue bull. The local communi-
ties heavily depend on the wetlands for activities such
as animal grazing, fishing, and groundwater replen-
ishment. One of the main reasons behind the reduced
visits of waterfowl to the Samaspur Bird Sanctuary

is due to the spread of water hyacinth alongside the
water body (Korgaonkar and Gokhale, 2006). The
impact of invasion was clearly evident in July 2006,
when excessive weed growth caused critically low dis-
solved oxygen levels in the water, resulting in the
death of 200 tons of fish (Korgaonkar and Gokhale,
2006; Reddy et al., 2009).

3. Materials and methods

3.1. Data used
The monitoring of the water hyacinth cover in

the specified study area with reference to the land
cover is only possible through the periodical study of
the land cover patterns in the Samaspur Bird Sanc-
tuary. To examine how far the spatial patterns of
water hyacinth differ across the twelve months in
the Samaspur Bird Sanctuary, the Sentinel-2 data
collected by the Sentinel-2 Multispectral Instrument
(MSI) were used. This research concentrated on
four of the 13 available spectral bands: B8 (842
nm, VNIR spectrum), B4 (665 nm in the red re-
gion), B3 (560 nm in the green region), and B12
(2190 nm in the SWIR region), each providing a
spatial resolution of 10/20 meters. SWIR bands sig-
nificantly enhance spectral separability and accurate
classification of water hyacinth using remote sens-
ing because of their high sensitivity to the plant’s
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Table 1. The areal extent of land cover classes over 12-months period.
Months Land cover in km2

Aquatic vegetation Emergent vegetation Terrestrial vegetation Water
June 2.15 0.13 4.32 1.73
July 2.00 0.22 4.39 1.71
August 2.57 0.73 3.36 1.68
September 2.87 0.51 3.38 1.57
October 3.48 0.98 1.74 1.78
November 3.46 0.11 3.4 1.37
December 3.27 0.12 3.47 1.47
January 3.15 0.13 3.5 1.56
February 3.04 0.11 3.45 1.74
March 2.84 0.08 3.79 1.63
April 3.09 0.04 3.53 1.68
May 2.67 0.03 4.00 1.63

physio-chemical properties aspects and water content
(Thamaga and Dube, 2018). The dataset consists of
cloud free images captured in June, July, August,
September, October, November, December of 2023,
and January, February, March, April, and May of
2024, thereby containing both the dry season and
wet season imagery. Additionally, sentinel-2 data
from 10 November 2017 was downloaded to com-
pare the changes in the area over a period of time
(https://dataspace.copernicus.eu/).

3.2. Image classification

The Random Trees classifier in ArcGIS Pro im-
plements Breiman’s Random Forest algorithm. The
Classification of images was done using the Random
Forest (RF) classifier, an advanced technique that
can avoid misclassification during the classification
of images (Mukarugwiro et al., 2019). This super-
vised classification algorithm categorizes pixels based
on spectral signatures into predefined classes. It min-
imizes the problem of overfitting through the con-
struction of each tree using a random subset of the
training data and features about the majority vote
whereby classes are assigned based on the mode of
the predicted classes, ensuring the most frequently
occurring class represents the final decision. This ap-
proach helps minimize individual tree prejudices, ad-
dresses large and complicated data, and increases the
model’s general accuracy (Breiman, 2001; Liaw and
Wiener, 2002). The classifier was trained with a min-
imum of 30 samples per land cover class to enable
the classification of satellite data. The training areas
for each land cover type were identified using Google
Earth, and prior knowledge. The floating vegetation,
represented by water hyacinth. Emergent vegetation
includes species such as Typha and Ipomoea. Terres-
trial vegetation comprises grasslands, crops, mixed

tree cover, and Prosopis juliflora. Accuracy assess-
ment is carried out using 100 random points.

3.3. Post classification vegetation analysis

Overlay analysis is a technique in GIS where nu-
merous layers of spatial data are combined in order
to determine associations, trends and interaction. A
matrix model was used to compare the classified im-
ages taken on the two dates - 10 November 2017 and 4
November 2023 to explain the land cover changes due
to water hyacinth invasion. This particular approach
successfully addresses transitional changes that take
place from one land cover class to another at the pixel
level.

4. Results and discussion

Land cover classification delineates four distinct
land cover types as shown in the Fig. 2. Land cover
type changes were observed from a spatiotemporal
perspective over a period of one year (June to May).
The results (Table 1) show that the water hyacinth
increased from a low of 2 km2 in July to a high of
3.48 km2 in October due to availability of nutrients
after monsoon and stability of water level. The 0.98
km2 of emergent vegetation was observed in October,
while the minimum coverage (0.03 km2) was recorded
in May during the dry season. The spatial extent
of the terrestrial vegetation was at its maximum in
June (4.32 km2) due to monsoon and at minimum
in October (1.74 km2) due to inundation. The wa-
ter extent also remained quite constant throughout
the year, with a maximum of 1.78 km2 in October,
showing that the water body is permanent, with only
slight variations possible due to seasonal conditions.

The temporal pattern in Fig. 3 clearly indicates
that the plant shows a high level of seasonality, and
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Fig. 2. Land cover map of Samaspur bird sanctuary for October 2023.

the change of coverage is most remarkable during the
late monsoon and the post-monsoon season occur-
ring between August and November. The coverage
of water hyacinth was lowest in July 2023 where it
covered 2 km2 (5.78% of the total area) and highest
in the month of October 2023 at 3.48 km2 (10.06%)
(Table 2). The coverage gradually rose from mon-
soon period and reached maximum in the post mon-
soon period (October and November), then fluctu-
ated during the winter season (December to Febru-
ary), where the variation was between 3.04 to 3.27
sq. km. There was a reduction in coverage during
the summer months (March to May), with the lowest
coverage recorded in May 2024, at 2.67 km2 (7.72%).

This annual oscillation indicates that water hy-
acinth growth dynamics are closely directly depen-
dent on environmental conditions including water
levels, nutrient availability, and climatic conditions.
The overlay analysis demonstrates regions where the
species persists continuously from one month to the

Table 2. The areal extent of Water hyacinth over 12-months
period.

Month Area (km2) Percentage of area
June 2.15 6.22
July 2.00 5.78
August 2.57 7.43
September 2.87 8.30
October 3.48 10.06
November 3.46 10.00
December 3.27 9.45
January 3.15 9.11
February 3.04 8.79
March 2.84 8.21
April 3.09 8.93
May 2.67 7.72

full year, reflecting sustained and unchanging cover-
age throughout the analysis period. The total area
covered by the species for different durations is sum-
marized in Table 3. Fig. 4 shows that certain areas
experienced short-term infestations, with water hy-
acinth appearing for only 1 to 3 months.
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Fig. 3. Monthly varition in the spatial distribution of water hyacinth (June 2023 to May 2024).

Table 3. Frequency of water hyacinth cover and corre-
sponding area (km2) from June 2023 to May 2024.

No. of months Area in km2

1 0.88
2 0.47
3 0.40
4 0.29
5 0.25
6 0.22
7 0.22
8 0.28
9 0.33
10 0.65
11 0.51
12 0.72

The change detection analysis (Fig. 5) over
November 2017 to November 2023 revealed signifi-
cant spread of water hyacinth with the most extent

of the spread occurs in the already occupied habitats
(Table 4). This invasive species revealed its compe-
tence to occupy and saturate aquatic environments
by substituting an area of 0.06 km2 of emergent vege-
tation and 0.16 km2 of terrestrial vegetation, invading
semi-aquatic and fringe terrestrial areas which have
transitioned to aquatic areas. The highest change oc-
curred in open water where an area of 0.82 km2 was
transformed into water hyacinth. Overall classifica-
tion accuracy obtained is 92%.

Table 4. Change area matrix of land cover (2017–2023).
Land cover Area (km2)
Water hyacinth to Water hyacinth (persistent) 2.41
Emergent vegetation to Water hyacinth 0.06
Terrestrial vegetation to Water hyacinth 0.16
Water to Water hyacinth 0.82
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Fig. 4. Spatial overlay analysis shows varying frequency of occurrence for water hyacinth cover (June 2023 to May 2024).

Findings show a clear seasonality in terms of
proliferation, with the highest increase noted in the
wet season, particularly in the post-monsoon period.
During the wet season particularly in post monsoon
period, the growth increases to the extent of 10.06
percent in October 2023. The results suggest that
the coverage rose from July to October and Novem-
ber 2023, indicating that the growth of the weed is
influenced by the rainy season. This period also coin-
cides with high water discharge, high sedimentation
rate and high nutrient input into the wetland, which
are prerequisites to water hyacinth growth. It was
also observed that after the raining period, the rate
of growth of water hyacinth reduced from December
2023 to May 2024. The above findings therefore imply
that the level of nutrients and the water regime, which
are often higher during the rainy season, are perhaps
instrumental to the growth of the weed. This period
of comparatively slow growth might be credited to re-
duced nutrient input as well as, water levels (Worqlul
et al., 2020). Villamagna and Murphy (2010) pointed
out that high concentrations of nutrients in tropic and

subtropic areas can accelerate the growth of water hy-
acinth. Further, this is in support of earlier findings
on the impact of nutrient input from runoff water
on promoting growth of aquatic macrophytes (Wang
and Yan, 2017). There is a clear indication of the
level of invasion from the overlay analysis, whereby
water hyacinth has a constant coverage of 0.72 km2

throughout the 12 months.
The ability of the species to survive in the areas

for the twelve months is alarming, as it clearly in-
dicates the invasive tendency and highly adaptable
nature. This area needs to be addressed urgently
for management interventions. The prolonged cover-
age severely disrupts ecosystem structure and func-
tion. These dense vegetative mats block sunlight
from penetrating the water column, reducing pho-
tosynthetic activity of submerged native plants and
disrupting oxygen production. Moreover, as these in-
vasive species die and decompose in large quantities,
they consume vast amounts of oxygen during micro-
bial breakdown processes. This results in low dis-
solved oxygen concentrations, which is detrimental
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Fig. 5. Change detection of land cover to water hyacinth (2017–2023).

to aquatic fauna, and may lead to collapse of the
aquatic food web. The species affects the stream’s
hydrological regime by limiting water access and in-
terrupting continuity for aquatic inhabitants and con-
sequently, degrading the habitat’s quality. This will
cause reduction in water quality through oxygen de-
pletion, increased water turbidity and eutrophication
besides worsening of hydrological cycle by high rate
of evapotranspiration, water blockage through forma-
tion of dense mats, which hampers on navigation, ir-
rigation, and fish farming as well as contributing to
huge losses on dependent communities (Patel, 2012;
Dersseh et al., 2019).

Analysing the changes of water hyacinth with re-
spect to the spatiotemporal dimension of land cover
is important for understanding ecosystem decline as
a result of the proliferation of invasive aquatic weed.
The result suggests that there are alterations in the
land cover classes especially the increase of water hy-
acinth, over a period of six years (2017–2023). Re-
placement of 0.06 km2 of emergent vegetation and

0.16 km2 of terrestrial vegetation reveal extent of
competitiveness by this invasive weed. The largest
conversion was observed in open water habitats where
0.82 km2 was changed into water hyacinth, which is
a considerable change at an ecosystems level. This
sanctuary, which is one of the major hubs for migra-
tory birds, may experience both direct and indirect
effect of water hyacinth. Moderate growth improves
habitats for aquatic prey, thus favouring some bird
species; however, excessive growth is detrimental to
waterbirds since it hinders access to food sources, de-
pletes oxygen, and limiting surface water availability
(Villamagna and Murphy, 2010).

Khan’s (2010) research showed that bird species
richness was significantly reduced in 2009 during the
highest water hyacinth coverage, which hindered the
formation of suitable habitats and affected the popu-
lation of bird species. Water hyacinth can be turned
into a resource through community-led management.
Practical uses include compost, biogas, handicrafts,
paper, and wastewater treatment. Local communities
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can help control its spread through manual removal,
biological control and regular monitoring. Promoting
water hyacinth-based livelihoods and raising aware-
ness strengthens community engagement (Abba and
Sabarinath, 2025). An Earth observation-based ap-
proach provides a scientifically robust framework for
the assessment, modelling, and management of bio-
logical invasions, enabling spatially explicit monitor-
ing, early detection, and informed decision-making
for effective control strategies (Reddy and Saranya,
2023).

5. Conclusions

Focusing on the Samaspur wetlands, this study
underlines the important ecological issues posed by
water hyacinth in terms of the seasonal proliferation.
The invasive species outcompetes native vegetation
and alters hydrological regimes, posing a threat to
the sanctuary’s ecological integrity and its role as a
breeding and stopover site for migratory birds. Ef-
ficient management strategies are essential to pre-
vent its spread and maintain the functionality of wet-
land ecosystems. Future research should focus on
integrating multi-source data, including hyperspec-
tral imagery and UAV-based observations, to improve
species differentiation and mapping precision. Addi-
tionally, developing automated, real-time monitoring
systems coupled with predictive modelling can en-
hance early warning and risk assessment.
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