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Abstract

Water hyacinth is an aquatic free-floating plant that is highly invasive, to the extent that it is now
present in most freshwater bodies in sub-tropical and tropical regions worldwide. Due to the
ecological and socio-economic damages these plants can cause, monitoring their spatial coverage
and seasonality is key for development of timely and efficient mitigation measures. Hyacinth
patches are sufficiently large to be detectable in high-resolution satellite imagery, allowing for
monitoring using freely available remote sensing data collected by platforms such as Sentinel-2. In
this study, we estimated water hyacinth coverage and seasonal dynamics over three years
(2018-2020) for the Saigon river, Vietnam. Using a Naive Bayes classifier, hyacinth coverage was
mapped in Sentinel-2 imagery with an accuracy of 91%. We show that the dry season
(December-May) corresponds to highest water hyacinth abundance, with maximum coverage in
February. Lower rainfall and relative humidity were found to be highly correlated (r = —0.56 and
r = —0.64, respectively) with higher hyacinth cover. We also detected substantial interannual
variability: annual means in hyacinth coverage varied by a factor of five between the 2018/2019 and
2020 yearly averages, with peak cover occurring in February 2020. The percentage of Saigon river
covered by hyacinths over the entire study area peaked at 14% and reached as much as 24% for the
upstream section. This confirms the prevalence of these invasive plants in the region, and the
growing threat to river navigability and biodiversity. Our study provides an openly available
automated workflow for long-term monitoring of hyacinth coverage, which can be scaled-up and
extended to other freshwater systems. As such, it provides a step for building a large-scale
monitoring tool of this highly invasive species, which may also be used for designing mitigation
and reduction strategies of hyacinth and the pollutants it carries along.

1. Introduction

Tropical freshwater bodies around the world are being
invaded by water hyacinth (Eichhornia crassipes), an
aquatic plant known to cause adverse ecological,
hydrological and socio-economic impacts (Vila et al
2011, Dersseh et al 2019). Due to its rapid prolif-
eration, water hyacinth can form dense mats at the
water surface, blocking light and reducing oxygen for

© 2022 The Author(s). Published by IOP Publishing Ltd

fish, crustaceans, and other organisms. Severe inva-
sions of water hyacinth can even disrupt river nav-
igation, clogging urban waterways and dams (Lock
1988, Dersseh et al 2019). Recently, it has been shown
that the large patches can also adsorb and accumulate
pollutants such as heavy metals and macroplastics,
respectively (Du et al 2020, Schreyers et al 2021a).
Free-floating aquatic hyacinth originated from
the Amazon basin, and its presence is now reported
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in over 50 countries worldwide (IUCN 2017, CABI
2020). Despite local efforts to limit its spread, water
hyacinth invasions persist in tropical freshwater bod-
ies, and have even been recently reported at higher lat-
itudes (Ghoussein et al 2019). The presence of water
hyacinth is expected to further rise in the future,
in the context of increased urban nutrient pollution
(Kleinschroth et al 2021).

To plan future control and removal interven-
tions of this floating plant in freshwater bodies, a
better understanding of its dynamics in both time
and space is needed (Thamaga and Dube 2018).
Hyacinths have high growth rates—the plant cov-
erage can double within 6-12 days—and mats can
change position and drift at the water surface through
the combined actions of currents, wind, flow velocit-
ies and tides (Ouma et al 2005). Due to these charac-
teristics, water hyacinths are prone to rapid changes
in their extent and spatial distribution, especially in
river systems, and thus require frequent observations
for accurate and timely monitoring. Recent stud-
ies confirm the high spatio-temporal dynamics of
water hyacinth over entire freshwater bodies. Kleins-
chroth et al quantified annual coverage in 20 reser-
voirs across the world, and showed high interannual
variability (of a factor of 1.2-15 depending on the
sites) (Kleinschroth et al 2021). At a catchment scale,
Winton et al (2020) identified seasonal oscillation
patterns in hyacinth coverage in the Zambezi catch-
ment, with annual peaks mainly governed by dis-
charge and rainfall.

Despite the widespread presence of water
hyacinth in tropical rivers and lakes, the spatial
extent and seasonal dynamics of its coverage remain
unknown. Large-scale monitoring of cover cannot be
done through in-situ sampling, notably due to the dif-
ficulty in extrapolating point measurements to cov-
erage estimates over an entire riverine or lacustrine
system. A promising way forward includes the use of
remote sensing to detect water hyacinth (Thamaga
and Dube 2018, Ghoussein et al 2019, Al-lami et al
2021, Kleinschroth et al 2021). Spaceborne remote
sensing and especially satellite imagery analysis is
an operational tool well suited to observe vegeta-
tion dynamics in aquatic environments (Schreyers
et al 2021b). Remote sensing can enable repeated and
standardized observations of the same area, allow-
ing to characterize spatio-temporal patterns of water
hyacinth coverage.

The availability of freely available satellite data
can be used to continuously and cost-effectively mon-
itor water hyacinth on broad spatial scales (Thamaga
and Dube 2018, Kleinschroth et al 2021). As part of
the Copernicus program, the launch of the European
Space Agency (ESA) Sentinel-2 satellites in 2015 and
2017 has opened new avenues in environmental mon-
itoring, thanks to its open data policy and global cov-
erage. The Sentinel-2 A and -B constellation’s high
revisit time (2-5 days), spatial resolution (10-60 m
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depending on bands), and its radiometric character-
istics (covering the visible, near-infrared and short-
wave infrared range of the electromagnetic spectrum)
allow for accurate detection of vegetation.

Until recently, the long processing times of
Sentinel-2 images hampered large multi-temporal
analysis (Gomes et al 2020). The development of
cloud computing systems for fast and automatic pro-
cessing of satellite images, such as Google Earth
Engine or Google Colaboratory, overcame this con-
straint (Camara et al 2016, Gorelick et al 2017, Bisong
2019, Gomes et al 2020). Prior to the existence of
cloud-computing infrastructure, satellite images had
to be downloaded and processed one by one, thus
considerably limiting long time-series analysis. The
emergence of automated processing platforms, in
combination with reliable remote sensing data, now
enables processing large quantities of remotely sensed
data, which facilitates large-scale monitoring.

In this paper, we mapped the spatio-temporal
dynamics of water hyacinth coverage for the Sai-
gon river, one of Vietnam’s largest river systems. We
estimated water hyacinth coverage over 141 Sentinel-
2 scenes over three years (2018-2020) using a Naive
Bayes classifier to distinguish water from hyacinth
content at the river surface. We assessed the accur-
acy of our classification over a test set of Sentinel-
2 water and water hyacinths pixels not previously
used for training the classifier. The robustness of
Sentinel-2 in detecting water hyacinth at the river sur-
face was also assessed by comparing the results with
high resolution satellite imagery (Worldview-2 scene)
acquired in 2020. Additionally, monthly estimates of
water hyacinths based on the Sentinel-2 classification
were compared with in-situ data collected over 2018
in Ho Chi Minh City, Vietnam. Finally, we conduc-
ted a preliminary exploration of water hyacinth sea-
sonality with hydrometeorological variables includ-
ing rainfall, sunshine duration, humidity ratio and air
temperature.

With this paper we aim to reveal the seasonal,
spatial and interannual variation of water hyacinth
coverage in the Saigon river using Sentinel-2 images.
Accurate and reliable detection of floating hyacinths
provides important information for monitoring this
highly invasive species, which may also be used as an
early warning system for operational clean-ups. Com-
pared to previous studies, our approach improved
large-scale detection of hyacinth coverage by provid-
ing hyacinth coverage estimates at both higher spa-
tial and temporal resolutions. Our classification was
automated over a large number of scenes, enabling to
map hyacinth coverage almost continuously through-
out the year. For the first time, we characterized
hyacinth seasonality trends across a river system with
remote sensing data. Our openly available work-
flow for hyacinth detection can also be applied to
other freshwater systems for long-term and global
assessments.
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Figure 1. Overview of the study area. Sources: GADM, Natural Earth, HCMGIS OpenData.

2. Methods

We estimated hyacinth coverage using Sentinel-2
satellite imagery. Our approach builds on previ-
ous work which mapped hyacinth coverage across
freshwater systems using satellite imagery analysis
(Thamaga and Dube 2019, Kleinschroth et al 2021).
Kleinschroth et al (2021) automatically classified
hyacinth coverage using Landsat imagery and pro-
duced yearly coverage estimates at 30 m resolution.
A first effort in improving the spatial resolution was
made by Thamaga and Dube (2019) by using two
Sentinel-2 scenes (10 m resolution), in combination
with substantive field data inputs. For our approach,
we introduced technical improvements in satellite
imagery-based hyacinth detection. First, we used all
the spectral characteristics of Sentinel-2 bands in our
classifier, in contrast to the NDVI mask approach of
Kleinschroth et al (2021). Second, we conducted the
analysis continuously over a large number of images
and characterized seasonal dynamics. Third, we used
the highest available resolution for non-commercial
optical satellite imagery at the river basin scale. Over-
all, this approach optimized large-scale detection of
hyacinths by improving both its spatial and temporal
resolutions and minimizing the number of training
inputs.

2.1. Study area

The Saigon river is located in Southern Vietnam,
in a low elevation coastal zone, i.e. between 0 and
10 m above mean sea level. The river is approximately

3

225 km long with a catchment area of 4717 km?
(Nguyen et al 2019). It originates in southeastern
Cambodia, flows through Ho Chi Minh City and con-
fluences with the Dong Nai river, and ultimately flows
into the sea (figure 1). Over the year, precipitation
(1800 mm of mean yearly precipitation) follows two
contrasted seasons: the dry season, usually extending
from December to May, and the wet season from June
to November, which gathers about 80% of the total
rainfall (Nguyen et al 2019).

The river is highly influenced by tidal regimes,
with a relatively low net discharge (Camenen et al
2021). Water hyacinths coverage was mapped over
a large section (115 km and 1,264 hectares) of the
Saigon river with satellite imagery, amounting to
approximately 20% of the total Saigon river length
(figure 1). This area of interest was divided into
three sections: upstream, midstream and downstream
(respectively of 22, 20 and 17 km long) based on Ho
Chi Minh City’s urban area footprint and the city’s
boundaries. The upstream section extended up to the
segment where the river is less than 200 m wide. We
used openly available data that includes in-situ meas-
urements of organic material, mainly composed of
water hyacinths, conducted close to the Thu Thiem
bridge, in the downstream section of the Saigon river
(van Emmerik et al 2019) (section 2.5).

2.2. Hyacinth coverage estimates

To date, the Sentinel-2 mission provides global satel-
lite coverage at high spatial (10-20 m depending
on the bands) and temporal resolution (2-5 days)
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Figure 2. Workflow for estimating hyacinth coverage using Sentinel-2 imagery. The manual component enables to provide
training and test sets for the classification. The automated workflow details the different steps taken to estimate hyacinth coverage

over the Sentinel-2 scenes.

for terrestrial applications at no cost for the users.
Sentinel-2 satellites are equipped with the Multi-
Spectral Instrument, which collects reflectance val-
ues in the visible, near-infrared (NIR) and short-
wave Infrared (SWIR) range of the electromagnetic
spectrum, For these reasons, Sentinel-2 images were
considered a good fit for consistent and long-term
monitoring of water hyacinths at the river surface.
The choice to analyze a time-series from 2018 to
2020 resulted from the availability of in-situ data on
organic material concentrations for the year of 2018
(van Emmerik et al 2019) and that of high resolution
Worldview-2 imagery for 2020. Figure 2 details the
satellite imagery classification workflow, with both
a manual and automatic component. The automatic
workflow was entirely carried in the Google Colabor-
atory environment (Janssens 2021).

Training and test datasets of river water and water
hyacinth were manually selected based on three atmo-
spherically corrected Sentinel-2 scenes, using veget-
ation indices and remotely sensed reflectance values
Using the manually identified training sets, a classi-
fication was developed to automatically differentiate
hyacinth from water pixels within Sentinel-2 scenes
from 2018 to 2020. This resulted in a hyacinth cov-
erage estimate, expressed in hectares or percentage
of the river surface. We detail in the supplementary
material (extended methods available online at stacks.
iop.org/ERL/17/044069/mmedia) both the manual
workflow and the automatic classification steps.

2.3. Validation of water hyacinth coverage
estimates

Ultimately, our results were assessed based on (a) the
Sentinel-2 test dataset, (2b) in-situ data on organic

4

matter concentrations for the year of 2018, and (c)
high-resolution Worldview-2 imagery from 2020.

The Naive Bayes classifier was first assessed using
the test set previously presented (n = 120). The test
data corresponds to the manually selected pixels for
water and hyacinth content that were not previously
used for training the Naive Bayes classifier. A con-
fusion matrix was derived to quantify the number
of correctly and incorrectly classified pixels over the
test set, also following Biermann et al’s methodology
(Biermann et al 2020).

Secondly, samplings of organic material in the
Saigon river were used for comparison with the
Sentinel-2 derived surface estimates. van Emmerik
et al (2019) retrieved organic materials predom-
inantly composed of water hyacinth using a trawl
deployed from the Thu Thiem bridge in Ho Chi
Minh City (figure 1). The in-situ measurements were
conducted over a ten-month period from March to
December 2018. Monthly averages of organic mater-
ial concentrations were computed for comparison
with the Sentinel-2 derived water hyacinth monthly
estimates using Spearman’s correlation coefficient. It
should be noted that no in-situ samples were taken
over the months of January, February and April, thus
not allowing a comparison with Sentinel-2 surface
estimates for these months.

A total of 111 in-situ samples were made, and
3072 kilograms of floating organic material retrieved
from the sampling site in 2018. The predomninantly
hyacinth material that was collected varied through-
out the sampling period, with an average amount of
28 kg m~! h™! (per meter width of river) of floating
organic material.

Lastly, we compared the water hyacinth classifica-
tion derived from Sentinel-2 with one high resolution
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Wordview-2 image. This allowed us to validate our
approach, given that Sentinel-2 has a coarser spa-
tial resolution (10 m) compared with Worldview-2
(1.84 m). Worldview-2 is a Maxar (formerly Digital-
Globe) commercial satellite that acquires multispec-
tral data in the visible, NIR and SWIR wavelengths.
Only one pair of scenes were available for compar-
ison, mainly due to the low number of Worldview-
2 scenes available to us for this study, high cloud
coverage, and discrepancies in overpasses between
the two satellites. These scenes were taken on 1
March 2020; a day with low cloud coverage that
showed noteable water hyacinth coverage from visual
examination. We detail the steps taken in compar-
ing Worldview-2 imagery and the Sentinel-2 classi-
fication outputs in supplementary material (extended
methods).

2.4. Hydrometeorological variables

The derived water hyacinth monthly estimates
were compared with hydrometeorological variables,
namely: rainfall (mm), air temperature (°C), sun-
shine duration [hour per day], and relative humidity
(%). These parameters are measured hourly at the
Tan Son Hoa meteorological station (figure 1) and
were retrieved as monthly averages from the Ho Chi
Minh City Statistical Yearbook of 2019 (Ho Chi Minh
City Bureau of Statistics 2019). The values were only
available for the years 2018 and 2019, thus not allow-
ing the comparison with water hyacinth coverage
estimates for the year 2020. A statistical correlation
analysis was performed using the Spearman’s coeffi-
cient. P-values and r values are reported.

3. Results and discussion

3.1. Seasonal variation of water hyacinths
Due to their distinct spectral characteristics, water
hyacinth patches can be detected through satel-
lite imagery (text S3) and their coverage estimated.
Between 2018 and 2020, water hyacinth coverage
shows high interannual and intrannual variability
over the Saigon river. Plant coverage varied within
four orders of magnitude over the entire period (from
2 x 1072 to 2 x 10? ha equivalent to 0%—-14% of the
entire study area). The time-series of water hyacinth
cover shows that days with water hyacinth coverage
peaks can be preceded and/or followed by days with
low water hyacinth abundance. For instance, water
hyacinth coverage over the entire study area increased
by a factor of 6 between 16 and 21 January 2020
(1.5 x 10'=9 x 10! ha) then dropped by half just two
days later (4 x 10' ha).

Considering monthly averages, water hyacinth
coverage varied by two orders of magnitude, ran-
ging from 1 x 10° to 10 x 10 ha (corresponding

N Janssens et al

to 0.06% and 8% of the total study area respect-
ively). Figure 3 details the absolute and relative water
hyacinth monthly coverage estimates between 2018
and 2020. The entire time-series can be found in the
supplementary materials.

The highest monthly peak in water hyacinth cov-
erage (1 x 10 ha) was reached in February 2020. The
upstream section was the major contributor for this
peak in water hyacinths, with 75% of the total water
hyacinth coverage. Accordingly, this peak corres-
ponds to approximately 8% (1 x 10? ha of 1.2 x 10°
ha river surface) of the entire study area and 24%
(8 x 10! ha of 325 ha river surface) of the upstream
section. Over the monitored period, this peak was 3—
5 times higher than in previous years (2 x 10! ha
in 2018 and 3 x 10! ha in 2019). Potential factors
explaining this large outbreak could be related to drier
conditions than in previous years, but this could not
be ascertained due to the lack of hydrometeorological
data for the year 2020. Water hyacinth coverage was
much higher for the year 2020 (max =2 x 10 ha, cor-
respond to 14% of the total area studied) than the two
previous years (2018, max = 4 x 10! ha/3%, 2019,
max = 8 x 10! ha/6%).

Water hyacinth extent is higher in the upstream
section (both relative and absolute values) compared
to the downstream and midstream ones. The lower
coverage in water hyacinth within Ho Chi Minh
City urban area could result from the break-down of
water hyacinth mats due to higher stream flow velo-
city and/or increased salinity levels (Muramoto et al
1991, Petrell and Bagnall 1991). Field measurements
conducted at Thu Thiem bridge in 2020 registered
an average flow velocity of 0.54 m s~ !, above the
threshold level (0.40 m s~!) at which water hyacinth
patches become unstable and break down (Petrell and
Bagnall 1991, Schreyers et al 2021b). The role of boat
activity, buoys, piers and bridge columns in the mech-
anical break-down of patches also need to be further
investigated.

The monthly estimates of water hyacinth cover-
age reveal a clear seasonal cycle in hyacinth cover
(figure 4). A high abundance period is observed dur-
ing the dry months (December—May), followed by a
decreasing and low abundance period over the wet
season (June-November).

The highest water hyacinth abundance period
typically occurs between February and May, and is
at its peak in February. From June to November,
hyacinths coverage is lower on average, although a
small increase in coverage was identified in July.
From December onwards, water hyacinth abund-
ance increases again. These observed trends are con-
sistent for all monitored sections, especially when
considering the maximum coverage values. The avail-
ability of numerous cloud-free scenes (figure S2) dur-
ing the dry months enabled us to capture the peak
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hyacinth season well, and suggests that Sentinel-2 is
an excellent tool for accurate, near-real time monitor-
ing in this region. High abundance coverage of water
hyacinths during the dry season was also observed
for the Maramba river in Zambia and the Shagashe
river in Zimbabwe (Winton et al 2020, Chapungu et al

2018). Other studies however found that the max-
imum hyacinth coverage was reached during the rainy
and post-rainy season for the Greater Letaba river
in South Africa and Laka Tana in Ethiopia, respect-
ively (Thamaga and Dube 2019, Dersseh et al 2020).
To establish the main factors accountable for these
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diverging trends across tropical freshwater systems,
the drivers for water hyacinth proliferation need to be
further studied at more locations worldwide.

We identified a seasonal cycle in water hyacinth
coverage over the Saigon river. Monthly averaged
humidity rates and rainfall showed high negative cor-
relations with water hyacinth coverage (r = —0.58,
p-value 0.003 and r = —0.61, p-value = 0.001 for
rainfall and humidity, respectively). A significant pos-
itive correlation was found between water hyacinth
monthly coverage (r = 0.51, p-value = 0.01). No
significant statistical correlation was found between
hyacinth coverage and air temperature in the Saigon
river. These results indicate that water hyacinth pro-
liferation is optimal during the dry season in the Sai-
gon river. The reduced water flows, higher water sta-
bility and higher concentrations of nutrients during
that period cause water hyacinth blooms (Harun et al
2021).

During the wet season, higher rainfall and
increased flow velocities that favor instability may
lead to higher disintegration rates of the mobile water
hyacinth patches. Extending this preliminary explor-
ation of the influence of hydrometeorological factors
to other years and with higher level of details (daily
estimates for instance instead of monthly) is needed
to better understand the role of these parameters in
governing water hyacinths proliferation at the river
system scale. Additional hydrological and climatic
factors such as flow velocities, currents, tidal regimes,
salinity, as well as wind speed and direction should
also be considered in addition to those investigated.
These might indeed influence the drifting and spread
of water hyacinth patches along the river system as
well as their spatial distribution across the river width.
The limited number of available Sentinel-2 scenes
from May to October (five scenes for the year 2020)
calls for cautious interpretations of the average estim-
ates for these months. A way to increase data availabil-
ity would be to integrate Sentinel-1 scenes. Thanks to
the difference in backscatter values between aquatic
vegetation and water (Simpson et al 2020), active
radar data can successfully be used to detect water
hyacinth without interference from cloud. The ESA
Sentinel-1 satellites carry a C-band synthetic aperture
radar imaging instrument that enables acquisition of
data through haze or cloud (day or night), and with
a revisit time of six days in this area. This presents an
additional opportunity for large-scale and long-term
monitoring of water hyacinths over tropical regions,
given the persistence of cloud coverage at such lat-
itudes. Combining Sentinel-1 and 2 would provide
very high frequency observations, but requires first
calibration between the remote sensing methods for
estimating water hyacinth coverage.

N Janssens et al

3.2. Robustness and accuracy of Sentinel-2 derived
classification

Applying the classifier to Sentinel-2 data not pre-
viously used for training resulted in a good agree-
ment. Considering the satellite scenes used for the
training dataset, suspected water hyacinths were cor-
rectly classified correctly by the Naive Bayes model
with an accuracy of 91%. Overall, the in-situ data-
set and Sentinel-2 surface estimates showed a good
agreement in terms of observed trends (figure 5).
Strong significant correlations between the two data-
sets were found for the total study area (r = 0.78 and
p-value = 0.01), the upstream section (r = 0.68 and
p-value = 0.04), the midstream section (r = 0.73,
p-value = 0.02). This was not the case however for
the downstream section (r = 0.43, p-value = 0.24).
The in-situ measurements were taken in the north-
ern part of the downstream section, at a site where
hyacinth coverage is more abundant compared to
its southern part. Thus, hyacinth coverage at the
midstream section can be considered a better ref-
erence for the concentrations of organic material
that can be found at the in-situ sampling site. Dis-
crepancies between organic material concentrations
and Sentinel-2 derived hyacinth coverage were also
noted. For instance, relatively high concentrations in
organic material were measured for June 2018 and
are not reflected in hyacinth coverage. Three main
factors could explain the discrepancies in the trends
of hyacinth coverage and organic material concentra-
tions. First, the in-siftu measurements offer a snap-
shot view of the water hyacinth content at the in-situ
measurements site and are thus not representative for
the entire area monitored by the satellite imagery.
Second, in-situ measurement dates did not always
coincide with Sentinel-2 available scenes. Given the
high temporal variability of hyacinth coverage (also
within months), this temporal mismatch could (par-
tially) explain differences in the monthly trends of
hyacinth coverage and organic material concentra-
tions. Third, Sentinel-2 imagery does not allow to
detect small water hyacinth patches due to the relative
coarse spatial resolution of this data (10 m x 10 m).
This last factor most likely explains the between
the hyacinth coverage and in-situ samplings for the
downstream area, where patches likely break down
due to boat traffic and higher flow velocities, espe-
cially in its southern most part.

The visual comparison between Worldview-2 and
Sentinel-2 imagery on 1 March 2020 (figure 6) shows
similar detection of water hyacinths for two areas
at the Saigon river. Overall, the classification of
water hyacinths with Sentinel-2 seem to detect water
hyacinth content accurately. The pattern of water
hyacinth patches is similar across both sensors, as is
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Figure 5. Monthly averages for organic material concentrations and hyacinth coverage for 2018. Significant positive correlations
were found for all sections except the downstream area. Total study area: r = 0.78, p-value = 0.01. Upstream section: r = 0. 68,
p-value = 0.04, midstream section: r = 0.73, p-value = 0.02, downstream section: r = 0.43, p-value = 0.24.

Figure 6. Worlview-2 and Sentinel-2 water hyacinth classification on 1 March 2020. (a) Worldview-2 input scene (b) Worldview-2
classification output of water hyacinths (c) Sentinel-2 input scene (d) Sentinel-2 classification output. Red pixels suggest water
hyacinth content in the top panel. The satellite scenes are displayed in false color composite. Green pixels in the lower panel
indicate pixels classified as water hyacinths based on the input scenes. ©2020 DigitalGlobe.
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the cover distribution. However, the Sentinel-2 clas-
sification tend to overestimate water hyacinth cover-
age compared to Worldview-2 imagery (table 1). The
classification output of Sentinel-2 estimated that 8%
and 15% of the river was covered with water hyacinth
patches for the area 1 and 2, respectively. In com-
parison, Worldview-2 found a coverage ratio of 6.3%
and 9.9%, respectively. This over-estimation of water
hyacinth coverage by Sentinel-2 might be the result of
the relatively large pixel size compared to Worldview-
2 resolution. It is therefore advised to refine the clas-
sification to take into account the percentage of sub-
pixel ratio between water and water hyacinth.

3.3. Outlook

Water hyacinth coverage over the Saigon river showed
high temporal variability: minimum and maximum
daily coverage over the three year period varied by an
order of magnitude of four (2 x 10722 x 10* ha),
monthly averages by an order of magnitude of two

(1 x 10°~1 x 10? ha) and annual averages by a factor
of five (1 x 10'=5 x 10! ha). Our application over the
Saigon river used a high number of images (n = 141)
spread over three years, thus providing good confid-
ence in the seasonality trends observed. The season-
ality in hyacinth coverage over rivers is best captured
by frequent observations and multi-year monitor-
ing. Indeed, the high variability in coverage within
months generates outliers within each season (e.g.: a
peak in hyacinth coverage during a season with over-
all low coverage). As a result, assessing the hyacinth
coverage at a few dates over one year could lead to
inaccurate interpretations of seasonality trends. The
highly dynamic hyacinth coverage in rivers further
emphasizes the importance of continuous and long-
term monitoring, which can be achieved with satellite
imagery such as Sentinel-2.

A higher frequency of observations could be
obtained with the addition of imagery collected with
Sentinel-1 radar data, given that imagery acquisition
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Table 1. Comparison between Worldview-2 and Sentinel-2 derived water hyacinth coverage estimates on the 1 March 2020.

Worldview-2 Sentinel-2
Spatial resolution [m] 1.84 10
Date and time 1 March 2020-10.36.42 1 March 2020-10.16.39
Water hyacinths coverage estimate [ha] Area 1: 0,75 Areal:1,2
Area 2: 1,1 Area 2: 2,1
Water hyacinths coverage ratio [%] Areal:6.3 Area 1: 8.0
Area2:9.9 Area 2: 15

is not hampered by cloud coverage. Combining
Sentinel-1 and 2 would increase the frequency of
observations and build an effective early warning sys-
tem to guide water hyacinths mitigation and clean-up
efforts.

Other developments may include refining the
classification method to estimate the ratio of water
hyacinth content for each pixel, rather than provide
a binary classification of it belonging to the water
or water hyacinth class. Another advantage of this
approach would be to take into consideration small
water hyacinth patches. In the Saigon river, large
water hyacinth patches break down when passing
through Ho Chi Minh City, possibly due to naviga-
tion, salinity or higher flow velocity in that portion
of the river. A recent field campaign conducted at
Thu Thiem estimated that almost all the observed
water hyacinth patches had a size of less than 5 m?
(Schreyers et al 2021c), well below the minimal res-
olution of Sentinel-2. However, most patches were
found drifting next to each others, probably filling a
larger portion of a 10 x 10 m pixel. Overall, estim-
ating the percentage of a Sentinel-2 pixel covered by
water hyacinths would enable to better account for
heterogeneity in patch size and density across a river
system.

Kleinschroth et al looked at water hyacinth pres-
ence in 20 reservoirs and their associated river
sections around the world, and found an increase in
water hyacinth coverage for all studied sites (except
one) from 1984 to 2018 (Kleinschroth et al 2021).
This increase in water hyacinth presence in rivers is
often associated with trends in urbanization, which
is in turn also correlated with plastic abundance in
rivers (Best 2019). For instance, the Chao Phraya
river in Thailand has a high abundance in both water
hyacinth coverage and plastic pollution concentra-
tions (Ta and Babel 2020, Kleinschroth et al 2021).
Considering that water hyacinths in the Saigon river
accumulate the majority of floating plastic debris
(Schreyers et al 2021a), estimates on water hyacinth
coverage could be used as a proxy to quantify riverine
plastic transport and accumulation.

Despite challenges associated with detecting small
hyacinth patches and seasonal cloud coverage, the
method used here is highly suitable for large-scale
monitoring and to provide a first order estimate of
hyacinth coverage. Another benefit of the method is

its replicability, as it uses freely available Sentinel-
2 imagery within the Google Colaboratory environ-
ment. Such an approach can be extended to other
freshwater bodies invaded by water hyacinths for
long-term and large-scale monitoring. This is partic-
ularly relevant due to a rise in the number of affected
rivers and lakes worldwide, as well as an increase in
hyacinth coverage in affected systems (Kleinschroth
et al 2021). However, several uncertainties remain
regarding the transferability of this approach to other
river systems. As mentioned in section 3.1, in other
water bodies the hyacinth peak season occurs dur-
ing the wet season when cloud coverage is more per-
sistent, thus limiting the number of satellite scenes
suitable for analysis. Under different flow conditions,
small hyacinth patches might not be detectable with
the Sentinel-2 sensor, thus requiring the use of higher
resolution sensors for accurate mapping of hyacinth
coverage.

Monthly water hyacinth coverage showed strong,
negative and significant correlations with relative
humidity (r = —0.61) and rainfall (r = —0.58), sug-
gesting that annual seasonality in hyacinth cover-
age might be linked to a reduction in water flows
and levels. It remains unclear whether hydrological
factors also affect daily and yearly variations in
water hyacinths coverage. Further research into the
role of hydrological parameters is needed for better
understanding of hyacinth spatiotemporal variability,
and to design control measures. Hydrological factors
affect water hyacinths both in their proliferation and
their movement within the river (Mugidde and Naro
2002). Flow velocity is an important factor regulat-
ing the growth of aquatic macrophytes, with increas-
ing flow velocities typically corresponding to lower
coverage and biomass (Chambers et al 1991). Addi-
tionally, wind, flow velocities and flash floods affect
the movement of water hyacinths at the water sur-
face. In the case of the Saigon river, it should be noted
that the hydrological seasonality is further complexi-
fied by both tidal regimes and water release from
the Dau Tien reservoir (Nguyen 2015). Other factors,
such as reduced water flows in meanders and lower
levels of water close to the banks likely promote the
establishment of hyacinth patches. Therefore, addi-
tional in-situ measurements on the hydrometeorolo-
gical conditions, as well as water quality indicators
of the Saigon river are needed for a comprehensive
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understanding of the main drivers for hyacinths pro-
liferation and transport.

4, Conclusion

Water hyacinths are highly dynamic and vary signific-
antly along the river length and throughout the sea-
sons. We characterized seasonality trends over a river
system using the highest temporal and spatial resol-
utions non-commercial available satellite data. Our
automated classification can be transferred to other
river systems affected by hyacinth invasion.

For one of Vietnam’s largest river, we revealed
the spatial and temporal dynamics of water hyacinths
over a three year period (2018-2020). We identified a
clear seasonal cycle, with the dry season (December—
May) corresponding to a period of higher hyacinth
coverage. Water hyacinth coverage was also found
to be strongly negatively correlated with rainfall and
humidity (r = —0.58 and r = —0.61, respectively).
In addition, we showed high interannual variabil-
ity in water hyacinth coverage (10-50 ha in annual
mean coverage over 60 km of river). Our study also
highlights that hyacinth coverage can be particularly
severe for the Saigon river, reaching as much as 14%
of the total area monitored.

In this paper, we demonstrate the added value of
using satellite imagery for long-term and large-scale
detection of hyacinths in rivers. Understanding the
seasonality and spatial variation are crucial for the
design of mitigation strategies.
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