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Abstract: The proliferation of water hyacinth (Eichhornia crassipes) in the Chongén Reser-
voir, located within the Parque Lago National Recreation Area in Guayaquil, Ecuador,
poses significant challenges to the local aquatic ecosystem and water resource manage-
ment. This study assesses the impact of water hyacinth coverage on evapotranspiration
rates over a 20-year period from 2002 to 2022 using remote sensing data and geospatial
analysis. The Normalized Difference Vegetation Index (NDVI), derived from Landsat
satellite imagery, along with meteorological records, was utilized to model the spatial and
temporal dynamics of water hyacinth coverage and its effects on evapotranspiration. Our
results indicate that water hyacinth coverage fluctuates significantly between rainy and dry
seasons, increasing from covering 10.42% of the reservoir area in 2002 to a peak of 42.33%
in 2017 during the rainy seasons. A strong positive correlation (r = 0.92, p < 0.001) was
found between water hyacinth coverage and net daily water loss due to evapotranspiration.
The evapotranspiration rates associated with water hyacinth were significantly higher
during the rainy season (mean of 2309.90 mm/year) compared to the dry season (mean
of 1917.87 mm/year). These elevated evapotranspiration rates contribute to increased
water loss from the reservoir, potentially impacting water availability for municipal and
agricultural use. Controlling the spread of water hyacinth is therefore crucial for preserving
the reservoir’s ecological integrity and ensuring sustainable water resource management.
The findings of this study provide valuable insights for informing management strategies
aimed at mitigating the effects of invasive species on freshwater resources and maintaining
aquatic ecosystem health.

Keywords: remote sensing; water reservoir; ecosystem services; invasive species

1. Introduction

The importance of water bodies such as reservoirs cannot be overstated. Reservoirs
play a critical role in maintaining ecological balance, providing water resources for irri-
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gation, supporting biodiversity, and serving as vital habitats for aquatic life [1,2]. In the
face of climate change and increasing human pressure, these artificial water bodies are
instrumental in water management, supplying water for both agricultural and domestic
purposes [3]. The Chongén Reservoir, located in the Parque Lago National Recreation Area
in Guayaquil, Ecuador, is an important artificial ecosystem that has become central to the
local environment and the livelihoods of surrounding communities.

Artificial reservoirs like Chongoén are particularly vulnerable to ecological distur-
bances due to their limited water flow and human interventions. One of the most pervasive
challenges affecting reservoirs globally is the spread of invasive aquatic species, with water
hyacinth (WH) (Eichhornia crassipes) being among the most problematic [4,5]. The rapid
proliferation of this invasive plant poses significant challenges, including reducing water
quality, disrupting native biodiversity, and increasing water loss through evapotranspi-
ration [6]. In Chongén Reservoir, the unchecked growth of WH has resulted in a notable
impact on the ecological integrity of the system, affecting its capacity to provide essential
ecosystem services.

Chongoén Reservoir is crucial for irrigation, biodiversity, and recreation but faces
ecological challenges from invasive water hyacinth proliferation.

The Chongoén Reservoir provides essential ecosystem services, such as water storage,
habitat support, and recreation, but these services are threatened by the spread of water
hyacinth, increasing evapotranspiration and water losses [7,8]. Increased water loss poses
a direct threat to water availability for local communities and agricultural activities, which
rely on the reservoir as a crucial water source. Therefore, there is a pressing need to
understand the dynamics of WH coverage and its effects on evapotranspiration to develop
informed management strategies [9,10].

WH, originally native to the Amazon Basin, is a highly adaptable plant that has spread
across numerous regions worldwide, primarily due to human activities [11]. This plant
is known for its rapid growth and ability to form dense mats that can cover entire water
surfaces, effectively blocking sunlight and reducing oxygen levels in the water. This process
results in the decline of native aquatic vegetation and a decrease in the diversity of aquatic
fauna, ultimately threatening the entire ecosystem [12]. Understanding and mitigating the
impact of WH on reservoirs like Chongén is crucial for preserving the ecological health of
these systems.

Remote sensing technology has proven to be an effective tool for monitoring changes
in aquatic vegetation over time [13,14]. By utilizing the Normalized Difference Vegetation
Index (NDVI) derived from satellite imagery, researchers can accurately quantify changes
in vegetation coverage, including the proliferation of invasive species such as HW [15,16].
This study employs remote sensing data combined with meteorological records to model
the spatial and temporal dynamics of WH coverage in the Chongén Reservoir over a 20-year
period from 2002 to 2022.

The study focuses on examining how the proliferation of WH influences evapotranspi-
ration rates in the Chongén Reservoir and the resulting implications for water availability
and ecosystem health. By applying linear regression models, the relationships between
WH coverage, evapotranspiration, and climatic variables are explored. Statistical modeling
provides deeper insights into the drivers of evapotranspiration and helps identify key
factors contributing to water loss in the reservoir [17].

The objectives of this research are: (a) to model the relationship between WH coverage
and evapotranspiration rates in the Chongén Reservoir, (b) determine the spatial and
temporal variability of WH coverage using NDVI, and (c) provide recommendations for
the management of invasive species to preserve the ecological integrity of the reservoir.
By achieving these objectives, this study aims to contribute valuable knowledge for the
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effective management of aquatic ecosystems and inform policy decisions that support
sustainable water resource management.

2. Materials and Methods
2.1. Study Area

The Chongoén Reservoir is located within the Parque Lago National Recreation Area in
Guayaquil, Ecuador. This artificial reservoir was initially created to support irrigation and
domestic water supply for the Santa Elena Peninsula but has since evolved into an impor-
tant conservation site that also offers recreational opportunities. The area is characterized
by its diverse ecosystem, with a variety of aquatic species and scenic landscapes shaped by
the dam structure and water storage activities. The reservoir covers an approximate area
of 1611 hectares, with a capacity of 280 million cubic meters [18]. It has played a critical
role in supporting local fisheries, providing habitat for commercially valuable species that
contribute significantly to the income and food security of nearby communities. How-
ever, the presence of WH has increasingly impacted these benefits, presenting a growing
ecological challenge [12] (Figure 1).
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Figure 1. Study area. The reservoir is highlighted in red.

The climate of the Chongén Reservoir region is characterized by a tropical savanna
climate, with distinct wet and dry seasons. The rainy season typically occurs from De-
cember to May, while the dry season extends from June to November [19]. This seasonal
variation influences both the hydrology of the reservoir and the growth patterns of invasive
aquatic vegetation such as WH. Ecologically, the reservoir provides numerous ecosystem
services, including water storage, biodiversity support, and recreational benefits. It hosts a
variety of native flora and fauna, although their populations are increasingly threatened by
invasive species. The spread of WH has led to significant changes in the aquatic ecosystem,
particularly through the reduction of native aquatic plants and changes in oxygen levels,
which ultimately affect fish populations and overall biodiversity [20].

The hydrological dynamics of the region is influenced by both natural climatic condi-
tions and anthropogenic factors. Variations in precipitation, evapotranspiration, and human
activities such as irrigation and recreational use all contribute to changes in water levels and
water quality [21]. In recent years, the expansion of WH has intensified these challenges,
further altering the water balance of the reservoir and affecting its ecological stability.
The geographic position of the Chongén Reservoir within the coastal province of Guayas
makes it highly susceptible to climatic variability, including events such as El Nifio, which
bring above-average rainfall and exacerbate the spread of invasive species. These climatic
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events further underscore the need for effective management strategies aimed at preserving
the ecological health and functionality of the reservoir. The combination of climatic factors,
invasive species, and human intervention makes the Chongén Reservoir a complex yet
important site for studying the interactions between aquatic ecosystems and invasive plant
species [22].

2.2. Data Collection

Meteorological data were sourced from the NASA Prediction of Worldwide Energy Re-
sources (NASA-POWER) database, which provides high-resolution climatological datasets
derived from satellite observations and modeling [23-25]. Variables collected included
temperature (maximum and minimum, °C), precipitation (mm), relative humidity (%),
solar radiation (W/m?), and 2 m wind speed (m/ sh).

Satellite imagery was acquired from the Landsat satellite program, utilizing data from
Landsat 7 Enhanced Thematic Mapper Plus (ETM+) [26], Landsat 8 Operational Land
Imager (OLI), and Landsat 9 OLI sensors [27]. Imagery covering the years 2002, 2007, 2012,
2015-2016, 2017, 2018-2019, and 2022 was selected to capture temporal changes over a
20-year period. Both rainy seasons (December to May) and dry seasons (June to November)
were included to assess seasonal variations in WH coverage. The list of dates and satellite
used are described in Table 1.

Table 1. Record of satellite image download dates.

No. Date of Entry Satellite Used
1 13 January 2002; 17 April 2002 Landsat 07
2 21 May 2002; 16 September 2002 Landsat 07
3 11 January 2007; 12 May 2007 Landsat 07
4 11 June 2007; 2 November 2007 Landsat 07
5 2 March 2012; 12 April 2012 Landsat 07
6 2 August 2012; 12 September 2012 Landsat 07
7 1 January 2015; 15 April 2015 Landsat 08
8 30 May 2015; 31 July 2015 Landsat 08
9 30 January 2016; 30 May 2016 Landsat 08
10 1 September 2016; 30 November 2016 Landsat 08
11 1 January 2017; 31 May 2017 Landsat 08
12 16 June 2017; 30 November 2017 Landsat 08
13 18 April 2018; 15 May 2018 Landsat 08
14 18 June 2018; 15 October 2018 Landsat 08
15 15 January 2019; 17 April 2019 Landsat 08
16 27 June 2019; 3 October 2019 Landsat 08
17 7 January 2022; 1 February 2022 Landsat 09
18 15 June 2022; 30 November 2022 Landsat 09

2.3. Remote Sensing and Data Sources

The remote sensing component focused on analyzing Landsat imagery to monitor
the spatial and temporal distribution of WH in the reservoir. Landsat data were accessed
through the Google Earth Engine (GEE) platform [28], which offers cloud-based processing
capabilities and a comprehensive archive of historical and current satellite datasets.

Key spectral bands utilized from the Landsat sensors included the red (RED), green
(GREEN), and near-infrared (NIR) bands, essential for vegetation analysis. The spatial
resolution of 30 m provided by Landsat imagery was adequate for mapping the extent of
WH within the reservoir. Images were selected based on minimal cloud cover (preferably
less than 10%) and temporal alignment with the meteorological data to ensure consistency
and comparability.
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2.4. Data Pre-Processing and Validation

Pre-processing steps were undertaken to enhance data quality and ensure compara-
bility across different images and sensors. Atmospheric correction algorithms available in
GEE were applied to adjust for scattering and absorption effects caused by atmospheric con-
stituents, improving the accuracy of surface reflectance values. Cloud masking techniques
were employed to exclude pixels affected by clouds or cloud shadows [29], preventing
inaccuracies in vegetation analysis.

To validate and correct the satellite-derived meteorological data, a quantile mapping
approach was utilized, aligning satellite-derived values more closely with ground-based
observations. Specifically, satellite-derived reference evapotranspiration (ETy) was adjusted
using quantile mapping by matching the cumulative distribution function (CDF) of the
satellite-derived data to the CDF of local observed data from the Espol-GEA weather
station, covering the years 2020-2022. This procedure corrects systematic biases present in
satellite estimates, enhancing accuracy and ensuring that subsequent analyses and findings
are reproducible and reliable [30-32].

The Normalized Difference Vegetation Index (NDVI) was calculated for each processed

image using the formula:

NIR — RED
NDVI = NIR +RED @

NDVI values range from —1 to 1, with higher values indicating denser and healthier
vegetation. Threshold values were established to distinguish WH from other vegetation
and open water. Specifically: (a) NDVI values between 0.7 and 1 were classified as high-
density vegetation (indicative of water hyacinth), (b) values between 0.2 and 0.5 indicated
sparse vegetation (e.g., algae) and, (c) values between —1 and 0 were classified as open
water bodies. These classifications explicitly define each vegetation category, ensuring
consistent terminology and improving the clarity and readability of the manuscript.

Image classification and segmentation were performed using QGIS, an open-source
geographic information system software. The reclassified NDVI images were used to create
thematic maps illustrating the spatial distribution of WH in the reservoir for each selected
year and season. The area covered by WH was quantified by calculating the pixel area
corresponding to the high-density vegetation class.

2.5. Statistical Analysis and Model Regression

Statistical analyses were conducted to examine the relationships between WH cov-
erage, evapotranspiration rates, and climatic variables. Pearson correlation coefficients
were computed to assess the strength and significance of linear associations among vari-
ables, such as WH area, evapotranspiration, temperature, precipitation, solar radiation,
and wind speed.

Linear regression models were developed to quantify the impact of WH coverage on
evapotranspiration in the reservoir. The primary dependent variable was the net daily
water loss (NDWL), calculated using the formula:

NDWL = (EThyacinth - ETopen water) X Areahyacinth 2)

where EThyacinth is the WH evapotranspiration rate (mm/year), ETopen water is the evap-
oration rate from the open water surface (mm/year), Areanyacinth is the area covered by
WH (km?). To maintain consistency, evapotranspiration values are initially calculated
in mm/year and subsequently converted to daily values (mm/day) by dividing by the
number of days in the respective period.
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The WH evapotranspiration (ETpyacinth) was estimated using the reference evapotran-
spiration (ETy) and a crop coefficient (K.) specific to WH:

EThyacinth = ETp x K¢ 3)

Crop coefficient values (K.) for WH were obtained from literature and adjusted for
seasonal variations, with values of 4.85 for the rainy season and 3.49 for the dry season.
These crop coefficient values (K;) were obtained from previous research conducted in
tropical freshwater ecosystems with dense water hyacinth infestations [33].

Multiple linear regression models were explored to assess the combined effects of
climatic variables on WH coverage and evapotranspiration rates. The general form of the
multiple linear regression model used was:

Y:‘30+,B1X1+ﬁ2X2+"'+‘Ban+€ 4)

where Y is the dependent variable (e.g., evapotranspiration rate), X, Xp, .. ., X;; are the inde-
pendent variables (e.g., temperature, solar radiation, etc.), By is the intercept, 51, B2, ..., Bn
are the coefficients for each independent variable and, € is the error term.

To assess model accuracy, the coefficient of determination (R?) and the root mean
square error (RMSE) were calculated as:

Rzzl_Z(yi_?i)z 5
Y(yi —7)? ©)
RMSE = % Z(%’ —1;)? (6)

where y; is the observed value, §; is the predicted value and, 7 is the mean of observed
values [34].

All statistical analyses were performed using RStudio (2024.12.1+563), a statistical
computing environment. Model diagnostics included assessments of linearity, homoscedas-
ticity (constant variance of residuals), normality of residuals, and multicollinearity among
predictors. The theoretical framework used in this study can be seen in Figure 2.
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Figure 2. Theoretical framework.
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3. Results
3.1. Water Hyacinth Coverage in Chongén Reservoir

The assessment of water hyacinth coverage (WHC) in the Chongén Reservoir revealed
significant spatial and temporal variations over the nine-year study period. Utilizing
satellite imagery from Landsat 7, 8, and 9, along with the Normalized Difference Vegetation
Index (NDVI), we quantified the extent of WH proliferation during both the rainy season
(December to May) and the dry season (June to November).

Our analysis indicated a general trend of increasing WHC over time, with notable
fluctuations between seasons. In 2002, during the rainy season, WH covered approximately
1.68 km?, representing 10.42% of the reservoir’s surface area. In contrast, the dry season of
the same year showed an increase in coverage to 3.85 km? (23.87%).

By 2017, the rainy season coverage had expanded significantly to 6.82 km?, accounting
for 42.33% of the reservoir’s area. Similarly, during the dry season of 2019, the coverage
reached 4.68 km? (29.05%). These findings demonstrate a substantial proliferation over the
years. Figure 3 illustrates the changes in WHC from 2002 to 2022 for both seasons.
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Figure 3. Temporal variation in water hyacinth coverage (WHC) within Chongén Reservoir during
the rainy (December-May) and dry (June-November) seasons from 2002 to 2022. Coverage is
categorized into three classes: Class 1 represents open water bodies, Class 2 represents sparse
vegetation (algae or partially submerged vegetation), and Class 3 indicates abundant vegetation
dominated by water hyacinth.

Generally, higher coverage was observed during the rainy seasons compared to the
dry seasons. The mean coverage during the rainy seasons was 4.99 km?, whereas the dry
seasons exhibited a mean coverage of 4.22 km?. However, exceptions were noted in certain
years. For instance, in 2002 and 2022, the dry season coverage surpassed that of the rainy
season, indicating that factors other than precipitation, such as temperature and water
management practices, may influence the proliferation.

Spatial analysis revealed that WH initially occupied areas along the reservoir’s periphery
but gradually extended towards central regions over time. The densest infestations were
predominantly located in the northern and northeastern sections of the reservoir. Figure 4
depict the spatial distribution of WH during the rainy seasons of 2002 and 2017, respectively.
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Figure 4. Spatial distribution and proliferation of water hyacinth (WH) in Chongén Reservoir,
comparing conditions during the rainy seasons of 2002 and 2017. The classes are: Class 1—open
water, Class 2—sparse vegetation, and Class 3—dense vegetation dominated by WH. This comparison
highlights the substantial expansion and spatial shift of dense WH infestations over 15 years.

Table 2 summarizes the WHC and corresponding percentages of the reservoir’s surface
area for selected years.

Table 2. Annual water hyacinth coverage (WHC) in Chongén Reservoir between 2002 and 2022,
differentiated by rainy (December-May) and dry (June-November) seasons. Coverage values are
provided both in square kilometers and as percentages of the total reservoir surface area, highlighting
seasonal and interannual variability in WH proliferation.

Y Rainy Season Dry Season
et Coverage (km?)  Percentage (%)  Coverage (km?)  Percentage (%)

2002 1.68 10.42 3.85 23.87
2007 6.12 37.99 5.88 36.49
2012 5.60 34.77 3.13 19.40
2015 5.37 33.32 5.97 37.07
2016 5.98 37.13 5.30 32.90
2017 6.82 42.33 2.68 16.63
2018 6.10 37.85 391 24.28
2019 5.46 33.88 4.68 29.05
2022 1.82 11.29 2.61 16.20

The data exhibit variability in WHC between different years and seasons. Notably,
the highest coverage during the rainy season was recorded in 2017 (6.82 km?, 42.33%), while
the highest dry season coverage occurred in 2015 (5.97 km?, 37.07%). The lowest coverage
was observed in 2002 and 2022, indicating possible fluctuations due to environmental
factors or management interventions.

3.2. Evapotranspiration Rates Associated with Water Hyacinth

The evapotranspiration rates associated with WH in the Chongon reservoir were
calculated to quantify the water loss due to this invasive species during different seasons.
This section presents the results of the evapotranspiration analysis, highlighting seasonal,
monthly, and yearly variations.

Reference evapotranspiration (ETy) was calculated using the Penman—Monteith
method, based on corrected meteorological data obtained from NASA’s POWER database
and validated against observations from the ESPOL-GEA meteorological station. Data
correction involved bias adjustment using quantile mapping to ensure accuracy [35].
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Figure 5 presents the Taylor diagrams that illustrate the variation in ETy on different
temporal scales: monthly, seasonal, and yearly. The diagrams help visualize the correlation,
standard deviation and centered RMSD between observed and corrected ETy, providing
information on the precision of the bias correction method.
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Figure 5. Taylor diagrams illustrating the agreement between observed and satellite-derived reference
evapotranspiration (ETp) before and after bias correction, presented on (a) monthly, (b) seasonal,
and (c) yearly temporal scales. These diagrams visualize improvements in correlation, standard
deviation, and centered root mean square difference (RMSD) following the bias correction process.

Taylor diagrams provide a visual summary of how well modeled data match ob-
served data by simultaneously illustrating correlation coefficients, standard deviations,
and root mean square differences (RMSD). These diagrams allow quick assessment of the
accuracy and performance of statistical corrections applied to satellite-derived evapotran-
spiration data.

Figure 6 shows the box plots of ETy for both the rainy and dry seasons, before and
after bias correction. The results indicate that ETj is higher during the dry season, reflecting
higher temperatures, increased solar radiation, and lower humidity typical of this period.
The comparison between the plots before and after correction highlights the impact of the
bias adjustment in aligning the model estimates with the observed data.

(a) Before Correction (b) After Correction

200 100

ETO (mm/month)
ETO (mm/month)

120 60

Rainy Season Dry Season Rainy Season Dry Season
Season Season

Figure 6. Comparison of reference evapotranspiration (ET) estimates before (a) and after (b) the
quantile mapping bias correction, for both rainy and dry seasons in Chongén Reservoir. Box plots
illustrate medians, quartiles, and outliers, clearly demonstrating the adjustment and improved
alignment of satellite-derived estimates with observed meteorological data.

The specific evapotranspiration was calculated using the crop coefficient method, where:
ETwh = ETy x K¢ @)

Here:

*  ETwpy is the evapotranspiration of WH (mm/year).
*  ETyis the reference evapotranspiration (mm/year).
* K. isthe crop coefficient for WH.
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The values of the crop coefficient were determined from the literature [36,37] and
adjusted for local conditions:

e K, =4.85 for the rainy season.
e K, =3.49 for the dry season.

The calculated evapotranspiration rates showed distinct seasonal variations. Table 3
summarizes the statistical measures of E Ty for both seasons.

Table 3. Statistical summary of water hyacinth evapotranspiration (ETyg) by season (mm/year).

Season Mean Max Min Q1 Median Q3
Rainy Season 2309.90 2658.20 2176.07 2198.79 2282.14 2352.53
Dry Season 1917.87 2086.18 1811.17 1849.65 1915.22 1969.58

The mean evapotranspiration rate during the rainy season was approximately
2309.90 mm/year, higher than the dry season mean of 1917.87 mm/year. This differ-
ence reflects the increased physiological activity of the plants during the rainy season,
driven by higher humidity and favorable growth conditions.

The results indicate that the WH evapotranspiration rates are consistently higher
during the rainy season across all years studied. The variability is also greater in the rainy
season, suggesting that environmental conditions during this period have a significant
influence on plant transpiration rates.

The higher evapotranspiration rates during the rainy season can be attributed to:

* Increased Biomass: WH tends to grow more rapidly during the rainy season, increas-
ing leaf area and transpiration surface.

¢ Higher Humidity: Elevated humidity levels reduce stomatal closure, allowing for
higher transpiration rates.

e  Optimal Temperatures: Favorable temperatures enhance metabolic processes and
water uptake.

In contrast, during the dry season, despite higher ETj, the actual evapotranspiration
is lower due to reduced plant growth and possible water stress conditions.

The significant evapotranspiration rates imply substantial water loss from the reservoir,
particularly during the rainy season when the plant’s coverage and activity are at their peak.
This has implications for water resource management, as the invasive species exacerbates
water scarcity issues.

3.3. Net Daily Water Loss Due to Evapotranspiration

The net daily water loss (NDWL) due to evapotranspiration associated with WH was
calculated to quantify the additional water loss from the reservoir caused by the presence
of WH. The evaporation rate from open water surfaces was calculated using the Penman
equation, adjusted for open water conditions. The mean evaporation rate from open water
was found to be 1600 mm/year, which translates to approximately 4.38 mm /day.

Table 4 presents the calculated NDWL values for the years studied during both the
rainy and dry seasons.

The NDWL values indicate the additional water loss from the reservoir due to the
presence of WH, after accounting for the evaporation that would occur from open water
surfaces. The highest NDWL was observed during the rainy season of 2017, corresponding
to the highest WH coverage recorded.
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Table 4. Net daily water loss (NDWL, mm/day) due to evapotranspiration associated with water
hyacinth (WH) in Chongén Reservoir for selected years.

Year Season WH Area (km?) NDWL (mm/Day)
2002 Rainy 1.68 3.21
2002 Dry 3.85 5.01
2007 Rainy 6.12 11.29
2007 Dry 5.88 7.46
2012 Rainy 5.60 10.14
2012 Dry 3.13 3.97
2015 Rainy 5.37 9.74
2015 Dry 597 7.57
2016 Rainy 5.98 10.85
2016 Dry 5.30 6.72
2017 Rainy 6.82 12.38
2017 Dry 2.68 3.40
2018 Rainy 6.10 11.08
2018 Dry 391 4.96
2019 Rainy 5.46 9.91
2019 Dry 4.68 5.94
2022 Rainy 1.82 3.31
2022 Dry 2.61 3.31

The analysis shows that NDWL increases with the expansion of WH coverage. The sea-
sonal variation of NDWL reflects both the changes in WH area and the differences in
evapotranspiration rates between the rainy and dry seasons. A Pearson correlation analysis
between NDWL and WHC confirmed a strong positive correlation (r = 0.92, p < 0.001),
indicating that NDWL is directly related to the extent of WH coverage.

Additionally, the net daily water loss was standardized by water hyacinth coverage
(Table 5), clearly confirming higher standardized evapotranspiration rates during the rainy
seasons compared to dry seasons.

Table 5. Monthly net daily water loss (NDWL) standardized by water hyacinth coverage (WHC) for
rainy and dry seasons, Chongén Reservoir (2002-2022).

Year Rainy Season NDWL (mm/Month/km?) Dry Season NDWL (mm/Month/km?)

2002 57.32 39.04
2007 55.34 38.06
2012 54.32 38.05
2015 54.41 38.04
2016 54.43 38.04
2017 54.46 38.06
2018 54.49 38.06
2019 54.45 38.08
2022 54.56 38.05

3.4. Relationship Between Coverage and Water Loss Due to Evapotranspiration

The relationship between the WHC in the Chongén Reservoir and the water loss due
to evapotranspiration was analyzed to understand the impact of this invasive species on the
reservoir’s water balance. Statistical analyses were performed to assess the correlation between
the extent of WHC and the net daily water loss (NDWL) attributed to evapotranspiration.

The correlation between WHC and NDWL was evaluated using Pearson’s correlation
coefficient (r). The analysis revealed a strong positive correlation between WHC and NDWL,
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with a coefficient of r = 0.92. This indicates that as the coverage increases, the water loss
due to evapotranspiration also increases significantly.

Figure 7 clearly illustrates this strong linear relationship, visually confirming the direct
influence of WH coverage on evapotranspiration-driven water loss.

Regression between NDWL and WHC in Chongdn Reservoir
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Figure 7. Linear regression model illustrating the relationship between net daily water loss (NDWL,
mm/day) and water hyacinth coverage (WHC, km?) in Chongén Reservoir.

Table 6 presents the correlation coefficients between WHC and other climatic variables,
such as reference evapotranspiration (ET), temperature, precipitation, and solar radiation.
The strong correlation with NDWL highlights the substantial impact of WHC on water loss
from the reservoir.

Table 6. Pearson’s correlation coefficients between water hyacinth coverage (WHC) and climatic variables.

Variable r p-Value
Net Daily Water Loss (NDWL) 0.96 <0.001
Reference Evapotranspiration (ETp) —0.08 0.81
Maximum Temperature (Tmax) —0.15 0.65
Minimum Temperature (Tiin) 0.43 0.23
Solar Radiation 0.50 0.16
Precipitation 0.32 0.40
The negative correlation between WHC and reference evapotranspiration (r = —0.08)

suggests a weak and negligible relationship, indicating that the WH extent is not directly
influenced by the reference evapotranspiration. Similarly, the correlations with temperature
and precipitation variables are not statistically significant, implying that other factors may
be influencing the plant proliferation.

A linear regression model was developed to quantify the relationship between WHC
and NDWL. The model is expressed by the equation:

WHC (km?) = By (km?) + 1 (km?/mm/day) x NDWL (mm/day) (8)

where:

e WHOC is the coverage area of WH (km?).
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*  Bpis the intercept of the model.

* B is the slope coefficient representing the change in coverage per unit change
in NDWL.

e NDWL is the net daily water loss (mm/year).

The regression analysis yielded the following model parameters:
WHC = 1.136 4 0.000463 x NDWL 9)

The model explains approximately 87.59% of the variability in WHC, as indicated
by the coefficient of determination (R> = 0.8759). The slope coefficient f; = 0.000463
is statistically significant (p-value < 0.001), confirming the strong positive relationship
between NDWL and WHC.

The analysis indicates that the expansion of WH in the reservoir significantly con-
tributes to increased water loss through evapotranspiration. As the coverage area grows,
the cumulative transpiration from the plants leads to higher NDWL values, exacerbating
water scarcity issues in the region.

3.5. Model Development

Based on the correlation analysis, NDWL showed a strong positive correlation with
WHC (r = 0.92, p < 0.001). Other climatic variables, such as solar radiation, minimum
temperature, and minimum wind speed, were also considered for inclusion in the model
due to their potential influence on evapotranspiration processes.

A multiple linear regression analysis was performed using WHC as the dependent vari-
able and NDWL, solar radiation (Rads), minimum temperature (Tempin), and minimum
wind speed (WSp,in) as independent variables. The regression equation is expressed as:

WHC (km?) = By (km?) + 1 (km?/mm/day) x NDWL (mm/day)
+ Ba (km?/W/m?) x Rads (W/m?)

2 /o0 o (10)
+ B3 (km“/°C) x Temp, ;. (°C)
+ Ba (km?/m/s) X WSmin (m/s)
The estimated coefficients and statistical significance are presented in Table 7.
Table 7. Regression coefficients for the model predicting water hyacinth coverage (WHC).

Variable Coefficient Standard Error t-Value p-Value
Intercept (Bo) —918.336 1577.502 —0.582 0.5704
NDWL (84) 0.00933 0.01442 0.647 0.5880
Rad; (B2) 70.1429 37.4126 1.875 0.0835
Tempmin (B3) 75.5587 64.1133 1.179 0.2597
WSmin (B4) 55.9963 156.4264 0.358 0.7261

The model’s overall fit was evaluated using the coefficient of determination and F-test
statistics. The multiple regression model exhibited an R? value of 0.7085 and an adjusted
R? of 0.6188, indicating that approximately 70.85% of the variability in WHC is explained
by the model. The F-statistic was 7.9 with a p-value of 0.001856, suggesting that the model
is statistically significant.

Despite the overall significance, individual predictor variables showed varying levels
of statistical significance. Solar radiation (Rads) had a p-value of 0.0835, indicating marginal
significance, while NDWL, minimum temperature, and minimum wind speed were not
statistically significant predictors at the 0.05 level.
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Given the strong correlation between WHC and NDWL observed earlier, a simpler
linear regression model using only NDWL as the predictor was also developed:

WHC (km?) = ag (km?) + a7 (kmz/mrn/day) x NDWL (mm/day) (11)
The estimated coefficients for the simple model are provided in Table 8.

Table 8. Regression coefficients for the simple model with NDWL as the sole predictor.

Variable Coefficient Standard Error t-Value p-Value
Intercept («g) 1.136 0.3551 3.199 0.0056
NDWL (1) 4.630 x 1074 4357 x 107 10.626 1.17 x 1078

This simple model demonstrated a higher explanatory power, with an R? of 0.8759
and an adjusted R? of 0.8681. This indicates that approximately 87.59% of the variability
in WHC is explained by NDWL alone. Both the intercept and the NDWL coefficient were
statistically significant (p-values < 0.01).

Residual analysis was conducted for both models to assess the adequacy of the fit.
The residuals of the simple model were randomly distributed around zero without apparent
patterns, suggesting that the assumptions of linear regression were satisfied. In contrast,
the residuals of the multiple regression model showed greater dispersion and potential
heteroscedasticity, indicating that the model may not fully capture the variability in the data.

Comparing both models, the simple linear regression model with NDWL as the sole
predictor was preferred due to its higher predictive power and statistical significance of the
coefficients. The inclusion of additional climatic variables did not substantially improve
the model’s performance and introduced predictors that were not statistically significant.

Therefore, the final model selected for predicting WHC based on NDWL is:

WHC = 1.136 + 4.630 x 10~* x NDWL (12)

This model implies that for each additional unit increase in NDWL (mm/day),
the WHC increases by approximately 4.630 x 10~* km?, holding all else constant.

The development of this model provides a quantitative tool for predicting the impact
of WH on evapotranspiration and subsequent water loss in the Chongén Reservoir. By fo-
cusing on NDWL, which is directly influenced by the WHC, reservoir management can
better anticipate water loss due to evapotranspiration associated with this invasive species.

4. Discussion

The present study aimed to assess the impact of water hyacinth coverage (WHC) on
evapotranspiration rates in the Chongén Reservoir over a 20-year period using remote
sensing techniques. Our findings revealed significant spatial and temporal variations in
WHC, with a strong positive correlation between the extent of coverage and the net daily
water loss due to evapotranspiration.

Several environmental conditions significantly influence water hyacinth proliferation
in freshwater ecosystems. Factors such as elevated nutrient concentrations, particularly
nitrogen and phosphorus, substantially enhance the growth and expansion of water hy-
acinth [38,39]. In the Chongén Reservoir, runoff from adjacent agricultural areas may
contribute high nutrient loads, favoring rapid biomass accumulation.

Additionally, seasonal fluctuations in water level and temperature variations directly
affect growth dynamics. For instance, elevated water levels during the rainy season
typically provide optimal conditions for water hyacinth expansion due to increased habitat
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availability and reduced physiological stress [40,41]. Understanding these contextual
environmental factors provides critical insight into the observed temporal variations of
water hyacinth coverage, emphasizing the need for integrated nutrient and water-level
management strategies in reservoir ecosystems.

Firstly, the WHC in the reservoir showed a substantial increase from 10.42% in 2002
to a peak of 42.33% in 2017 during the rainy seasons. This proliferation corresponds with
elevated evapotranspiration rates associated with the plant, which were significantly higher
during the rainy season (mean of 2309.90 mm/year) compared to the dry season (mean
of 1917.87 mm/year). The strong positive correlation (r = 0.92, p < 0.001) between WHC
and net daily water loss underscores the substantial impact of this invasive species on the
reservoir’s water balance [42-44].

It is important to note that the strong correlation observed between evapotranspiration-
related variables and water hyacinth coverage might partly result from both datasets
originating from satellite-derived sources. While the quantile mapping bias correction
approach mitigates some systematic biases, future studies incorporating independent,
ground-based evapotranspiration measurements are recommended to validate these results
more robustly.

Previous studies have investigated water hyacinth impacts on evapotranspiration
in various freshwater ecosystems [43,45,46]. However, the current research distinguishes
itself by employing a long-term, high-resolution remote sensing analysis spanning two
decades specifically focused on the Chongén Reservoir, an ecologically critical region sub-
ject to significant climatic variability due to El Nifio events. Additionally, the integration of
bias-corrected satellite-derived meteorological data and detailed seasonal comparisons pro-
vides a novel and comprehensive perspective on the seasonal dynamics of water hyacinth
evapotranspiration impacts. Such an approach allows for improved understanding and
predictive capability, enhancing regional water resource management strategies specific to
tropical reservoir ecosystems under invasive species pressure.

These results are consistent with previous studies that have documented the aggres-
sive growth of WH and its effects on evapotranspiration and water resources. For in-
stance, Harun et al. [45] found similar increases in evapotranspiration rates due to WH
proliferation in the Nile River, leading to significant water loss [42,47]. Additionally,
Getahun and Kefale [48] reported that WH infestation in Lake Tana resulted in increased
evapotranspiration, exacerbating water scarcity issues.

The elevated evapotranspiration rates associated with WH can be attributed to the
plant’s high transpiration capacity, driven by its large leaf area and rapid growth rate [47].
During the rainy season, favorable environmental conditions such as higher humidity and
optimal temperatures enhance the physiological activity of the plant, leading to increased
water uptake and transpiration [49-51]. This not only reduces the water volume in the
reservoir but also affects the water quality by depleting dissolved oxygen levels, which can
harm aquatic life [52].

The implications of these findings are significant for the management of the Chongén
Reservoir. The substantial water loss due to evapotranspiration by WH poses a threat to
water availability for municipal and agricultural use, especially during dry periods [53].
The dense mats of WH also hinder navigation, fishing activities, and can lead to the decline
of native biodiversity [12]. Therefore, controlling the spread of WH is crucial to preserving
the reservoir’s ecological integrity and ensuring sustainable water resource management.

Despite the robustness of our findings, this study has certain limitations. The reliance
on satellite imagery and remote sensing techniques, while effective for large-scale monitor-
ing, may be subject to errors due to cloud cover, atmospheric interference, and resolution
constraints [54,55]. Additionally, the crop coefficient values used to estimate evapotranspi-
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ration were derived from literature and may not perfectly reflect local conditions. Ground-
based measurements of evapotranspiration and WH biomass could improve the accuracy
of the estimates.

Future research should focus on integrating more precise field data to validate and
refine the remote sensing models [56]. Investigating the effectiveness of different WH
control methods, such as biological control agents or mechanical removal, could provide
practical solutions for reservoir management [57]. Moreover, exploring the potential use of
WH biomass for bioenergy production could offer sustainable avenues for mitigating the
impact of this invasive species while generating economic benefits [58].

5. Conclusions

This study assessed the impact of water hyacinth (WH; Eichhornia crassipes) on evapo-
transpiration rates in the Chongoén Reservoir over a 20-year period using remote sensing
techniques. The analysis revealed a significant increase in water hyacinth coverage (WHC),
from 10.42% in 2002 to a peak of 42.33% in 2017 during the rainy seasons. A strong positive
correlation (r = 0.92, p < 0.001) was found between WHC and net daily water loss due to
evapotranspiration, indicating that the proliferation of this invasive species substantially
contributes to water loss in the reservoir.

The evapotranspiration rates associated with WH were significantly higher dur-
ing the rainy season (mean of 2309.90 mm/year) compared to the dry season (mean
of 1917.87 mm/year). This elevated evapotranspiration during the rainy season can be
attributed to favorable environmental conditions that enhance the physiological activity of
the plant, leading to increased water uptake and transpiration. The substantial water loss
due to evapotranspiration by WH poses a threat to water availability for municipal and
agricultural use, especially during dry periods.

The findings underscore the critical need for effective management strategies to con-
trol the spread of WH in the Chongén Reservoir. Implementing control measures such
as mechanical removal, biological control agents, or the utilization of WH biomass for
bioenergy production could mitigate the impact of this invasive species while providing
potential economic benefits. Continuous monitoring using remote sensing techniques
is essential for tracking the effectiveness of management interventions and ensuring the
sustainability of the reservoir’s water resources.

Practical measures for controlling water hyacinth in Chongén Reservoir could include
mechanical removal to immediately reduce coverage, biological control using natural
predators (e.g., specialized insects), or integrated management combining both mechan-
ical and biological approaches. Chemical control (herbicides) could also be considered,
though its ecological implications must be carefully evaluated. Future management plans
should evaluate these options carefully, balancing effectiveness, sustainability, and potential
environmental impacts.

In conclusion, the study demonstrates that WH proliferation has a significant impact
on evapotranspiration rates and water loss in the Chongén Reservoir. Addressing this
issue is crucial for preserving the ecological integrity of the reservoir and securing water
resources for the surrounding communities. Future research should focus on refining evap-
otranspiration estimates through ground-based measurements and exploring innovative
control methods to manage WH infestations effectively.
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Abbreviations

The following abbreviations are used in this manuscript:

WH Water hyacinth

WHC Water hyacinth coverage

NDVI Normalized Difference Vegetation Index
NDWL Net daily water loss

ETy Reference evapotranspiration

GEE Google Earth Engine

NASA-POWER  NASA Prediction of Worldwide Energy Resources
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