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Abstract: Duckweed species, particularly Lemna minor, are widely found in freshwaters all over the
world. This macrophyte provides multiple ecosystems” functions and services, but its excessive
proliferation can have negative environmental impacts (including ecological and socio-economic
impacts). This work explores the use of remote sensing tools for mapping the dynamics of Lemna
minor in open watercourses, which could contribute to identifying suitable monitoring programs and
integrated management practices. The study focuses on a selected section of the Lis River (Portugal),
a small river that is often affected by water pollution. The study approach uses spatiotemporal
multispectral data from the Sentinel-2 satellite and from 2021 and investigates the potential of remote
sensing-based vegetation and water indices (Normalized Difference Vegetation Index (NDVI), Green
Normalized Difference Vegetation Index (GNDVI), Normalized Difference Aquatic Vegetation Index
(NDAVI), Green Red Vegetation Index (GRVI), Normalized Difference Water Index (NDWI)) for
detecting duckweeds’ infestation and its severity. The NDAVI was identified as the vegetation index
(VI) that better depicted the presence of duckweeds in the surface of the water course; however, results
obtained for the other VIs are also encouraging, with NDVI showing a response that is very similar
to NDAVI. Results are promising regarding the ability of remote sensing products to provide insight
into the behavior of Lemna minor and to identify problematic sections along small watercourses.

Keywords: aquatic weeds; open watercourses; remote sensing; multispectral satellite sensors;
multispectral-based indices; environmental monitoring

1. Introduction

The sustainability of freshwater ecosystems often constitutes a major concern and
requires suitable water management and ecosystems’ protection measures and practices,
and adaptive processes, in particular those freshwater ecosystems that are facing increasing
pressures [1]. The presence of macrophytes in freshwater ecosystems may affect their
biological, chemical, and physical components and offer multiple ecosystems’ functions.
Examples of this are water quality improvement (owing to their large capacity to absorb
harmful substances and pollutants, e.g., nitrogen and phosphorus), inhibition of eutroph-
ication, turbidity reduction, streambeds’ stabilization, and habitat establishment [2-10].
Moreover, they could constitute indicators of the trophic status of a water body [11]. Thus,
as an integral part of freshwater ecosystems, macrophytes have an important role in
their sustainability.

However, many macrophyte communities are characterized by very high growth
rates and rapid biomass accumulation, which could be hazardous for the ecosystem. In
particular, the excessive proliferation of macrophytes in seasonal sensitive ecosystems can
have negative impacts on the hydro systems’ functioning and lead to modifications in
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the biotic interactions and disruption of the community assembly [12,13]. Such negative
impacts typically include, e.g., a reduction of flow velocity and an increase of sedimentation,
attenuation of light entering the water body caused by the massive coverage of the water
surface by the aquatic plant, and anoxia [10,14-17].

The growth habitat of aquatic vegetation (AV) is used to classify AV as [18]: (i) emer-
gent vegetation (its roots grow underwater but leaves and stems emerge out of water),
(ii) floating vegetation (its leaves float just above the water surface), and (iii) submerged
vegetation (it lives entirely below the water surface). The spatial and temporal distribution
patterns of AV are influenced by interactions between many environmental factors (hydrol-
ogy and hydraulics, water temperature, light, nutrients, substrate, grazing) and are often
not well-known. Thus, sustainable water management and ecosystems’ protection and
restauration need to be supported by data on freshwater vegetation status, for example,
through relevant mapping. Thus, spatial information on, e.g., species composition, plant
height, biomass, colonization depth, and coverage (i.e., percentage of the water surface
occupied by vegetation), are usually targeted by monitoring programs (see, e.g., [19,20]).
However, conventional field surveys of macrophyte communities are commonly hindered
by limited accessibility to the infested sites [21]; moreover, when focusing on large areas,
the approach is time-consuming and costly, which additionally hampers the sampling
frequency. Hence, remote sensing (RS) is perceived as a valuable tool for assessing macro-
phyte stands and associated biophysical and ecological parameters, because this technology
offers the possibility of broad spatial coverage and frequent data acquisition. These are
among the main advantages of innovative RS-based approaches to monitor AV.

RS is thus identified as a powerful and effective way to monitor vegetation status,
growth, and bio-physical parameters, which could complement in situ environmental
measurements [22,23] and produce useful data for multi-temporal studies and for recon-
structing historical time series in a cost-effective way [24,25]. RS has been widely used in
vegetation monitoring in the last decades [26-29], but most of the research has focused on
terrestrial vegetation. A few earlier studies dedicated to AV and freshwater ecosystems,
e.g., [22,30,31], suggest that AV is not as easily detectable as terrestrial vegetation. It is
expected that this limitation is likely related, at least partly, to the experimental protocols
selected. RS applications for mapping and studying vegetation status and its dynamics
frequently use approaches based on vegetation indices (VIs), which is justified by their
flexibility, easiness of use, and the RS cross-platform consistency. The convenience and
advantages of spectral Vls in large-scale mapping of dynamic phenomena have long been
demonstrated in terrestrial environments, e.g., [32-34], and nonetheless, aquatic environ-
ments, e.g., [35-37]. However, one expects that further research in this field is able to
shed light on the suitability of different RS-based methodological approaches and improve
the application of RS products over a range of scales and for the particular conditions of
freshwater environments.

This work focuses on studying the presence of the aquatic vegetation Lemna minor
found in the water surface of the Lis River (Portugal), which is a small river that faces
pollution problems. It aims at: (i) better understanding this particular type of infestation
and (ii) exploring the use of RS products for this purpose. Sentinel-2 satellite multi-
spectral data, with a spatial resolution of 10 m, are used to study the presence of AV in
2021, supported by the calculation of several multispectral-based vegetation and water
indices. The performance of different VIs in mapping Lemna minor is appraised, aiming
at evaluating and developing tools that could contribute to improving the understanding
of the freshwater environment and identifying appropriate environmental operational
management measures.

2. Materials and Methods
2.1. Study Site

The Lis River is located in the center region of Portugal (Figure 1a) and flows into the
Atlantic Ocean north of beach Praia da Vieira, near Vieira de Leiria. It is about 40 km-long
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and drains a catchment area of approximately 850 km?. The main Lis River’s tributaries
are, on the right bank, Ribeira da Caranguejeira, Ribeira dos Milagres, and Rio de Fora,
and on the left bank, the Lena River and Ribeira do Rio Seco. The valleys of the main
watercourses, the Lis and Lena Rivers, which run in the south-north direction, are flat and
wide, typical of alluvial plains. On average, the Lis River has a gentle longitudinal slope.
Relief, geology, and climate are rather homogeneous throughout the catchment, which has
a slightly rugged topography, gently sloping westward. Around 2/3 of the catchment is
below 200 m a.s.l., mean altitude is 142 m, and about 90% of the area has slopes that do not
exceed 15%.
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Figure 1. Study area: (a) Location of the Lis River basin, in the center of Portugal: the shaded red
area identifies the Lis Valley Irrigation District (LVID). (b) Zoom in of the study site, focusing on a
selected section of the Lis River (adapted from Google Earth 2021).

The Lis catchment could be subdivided into two main hydro-morphological units:
(a) an upper section: it includes the Lis River and Lena River sub-basins, upstream of the
city of Leiria, which is the main urban area in the catchment, and (b) a lower section: it
includes the sub-basin located between the city of Leiria and the Atlantic coast; upstream,
it develops over sandstones, marly limestone, and marls that have a low permeability,
and downstream, the area has gentle slopes and extends over sand and gravel that have a
high permeability. The absence of water filtering by sand or other sediments constitutes a
problem for the quality of the river water when there is water contamination in the upper
section of the basin and the upstream zone of the lower section. It determines that the
contaminated water arrives fast to the riverbed, flowing through limestone [38].

According to the Koppen—Geiger climate classification, in the study area, the climate is
Csb, characterized by dry temperate and mild summers, and wet winters of mild tempera-
tures. Mean annual precipitation in the Lis catchment is around 855 mm [39]. Precipitation
is concentrated mainly from October to March, and mean values decrease from the head-
waters of the catchment towards the coastal region. The flow regime in the Lis River and
its tributaries shows wide variability throughout the hydrological year; downstream, the
Lis River exhibits a mean annual discharge of approximately 2.7 m? /s [39].

Among others, the following problems related to the quality of the Lis water are
identified: (i) This catchment lies in a calcareous region, which favors water infiltration
and poor filtration of the water before it meets back surface waters. (ii) The scattered
population found in the vicinity of the Lis River is only partly served by Wastewater Treat-
ment Plants; thus, untreated domestic wastewaters reach the Lis River and its tributaries,
contaminating the watercourses. (iii) The river is highly impacted by anthropic activities,
such as agriculture, industry (e.g., tannery, mineral mining), and livestock production,
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mainly piggeries [38,40]. Law enforcement often fails to stop illegal discharges of polluted
waters into surface waters and groundwater. Main problems are already found near the
source of the river, which are aggravated as the river crosses urban areas and, in the more
downstream section, the Lis Valley Irrigation District (LVID) (Figure 1a), where agricultural
activities are more intensely carried out.

LVID is a state initiative, serving an agricultural area of about 2130 ha, of which about
1490 ha are irrigated, and where hydraulic infrastructures date back from 1957. LVID is very
important for the local socio-economy and is managed by a local Water Users” Association
(WUA), the Associagdo de Regantes e Beneficidrios do Vale do Lis. The dominant LVID soils
are modern alluvial soils of high agricultural value, that in some areas are poorly drained.
Salinization problems are frequent in the area, particularly in the low-laying agricultural
fields. Main crops are forage corn, forage grass, horticultural, orchards, and rice. Water
irrigation sources are the Lis River and its tributaries, but there are no surface water
storage reservoirs. The open-channel conveyance irrigation network is fed by pumping
from the river and drainage ditches; for this purpose, several small weirs are installed in
the watercourses.

In the absence of flow regulation or storage infrastructures, the river flow discharge
available to the LVID is very variable over time, depending directly on precipitation. It
is normal that the water supply is scarce during the summer season, due to quantitative
and qualitative issues. On the other hand, flow discharges are often torrential in the
winter/wet season, often leading to inundations. The flood protection works that are found
in the Lis River, particularly when it runs through the LVID, are often not enough to face
high discharges.

Partly caused by the poor quality of the Lis River and its tributaries, proliferation of
invasive aquatic plants was witnessed in the last years in several parts of the Lis catch-
ment, which is introducing additional obstacles into water management and operation of
hydraulic infrastructures. Moreover, some exotic species contributed to the degradation
of the ecological status of several water bodies in this catchment [38]. The intensity of
the problem is found to be increasing over time, based on casuistic observations of the
watercourses, namely by the local population and the WUA, and reported in local media,
e.g., [41]; however, the lack of a monitoring program does not allow to assess the severity of
the problem or the dynamic behavior of the invasive species. According to projected climate
scenarios, mean annual precipitation will decrease in the region and mean temperatures
will increase [38,42], which creates even more favorable conditions for the proliferation of
invasive AV, and increasing concerns.

For this study, which deals with the presence of duckweeds in the Lis River, a section
of the river inserted in the LVID (Figure 1b) was selected. The site is located approximately
15 km north (and downstream) of the city of Leiria. The study spans a four-month period
in 2021, from the beginning of June to the beginning of October, which coincides roughly
with the typical warmest and driest months. For 2021, the temperature and precipitation
data observed at the Leiria weather station are presented in Table 1.

Table 1. Precipitation and temperature (T) data observed at Leiria weather station during the study
period, in 2021. Last column indicates the date of occurrence of the maximum daily precipitation in a
given month [43].

Month Mean T, Mean Tax Absolute Absolute Tax Precipitation ]1\)/[;)1(11111:::: Date
(2021) e} ©C) Tanin (°O) ) (mm) i
mm)

June 13.2 23.0 8.0 31.9 35.5 8.8 12
July 14.6 24.6 10.5 37.0 4.8 1.7 3
August 14.4 25.8 9.5 33.0 3.3 2.2 2
September 14.6 26.2 9.3 35.4 88.2 30.7 14
October 114 24.2 55 30.0 95.8 35.9 30
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2.2. The Study Focus

Duckweed is a group of free-floating freshwater plants belonging to the family of
Lemnaceae, which are monocotyledonous macrophytes [44,45]. The family consists of
5 genera (Spirodela, Landoltia, Lemna, Wolffia, and Wolffiella) and 37 species have been
identified [46,47]. Lemna minor (L. minor, of the genus Lemna) is the most widely spread
duckweed species found in freshwaters all over the world, consisting of three or four
leaf-like bodies called fronds (Figure 2, right) and a single root for stabilization [48].

Figure 2. View of Lis River (left panel) illustrating the presence of Lemna minor at the adult stage in
the study area (5 August 2021). This section of the river shows a composite cross-section, and the
water surface width is approximately 25 m. The red arrows give the approximate location of the
center of the observed areas Al and A2 (see the text for details). A zoom view of the aquatic weed is
shown on the right panel.

Lemna minor is one of the invasive aquatic plants that infest the Lis River and particu-
larly affects the selected study area. This macrophyte is found to cover the water surface
more prominently during summer, forming a green “carpet”, which is partly caused by
the high temperatures (see, e.g., Table 1) and the river’s low-velocity flow conditions, and
likely by a decrease in the quality of the water. Figure 2 illustrates the on-site infestation in
2021: the picture is from 5 August and the plant is at the adult stage.

During summer, the hydraulic regime (low discharges, low flow velocities) is a con-
sequence of scarce rains. However, during the irrigation season, the selected section of
the river (Figures 1b and 2) is also influenced by the backwater inundation area caused
by an inflatable weir located downstream of the identified river section, which is used to
allow pumping water from the river to feed the irrigation network of the LVID. This further
controls the hydraulic conditions in this section of the river, and results in very low flow
velocities, which are nevertheless disturbed from time to time by direct runoff and water
abstraction by existing irrigation pumping stations.

Figure 3 shows that the invasive weeds’ coverage of the water surface changes over
time, at the seasonal scale, across the selected section of the Lis River. The images in
Figure 3 (from left to right, respectively) are from Sentinel-2, for 26 July, 15 August, and
21 September 2021. Seasonal growth and infestations of duckweeds are observed yearly.
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Figure 3. Illustration of the temporal (seasonal) variation in the presence of invasive aquatic plants
(Lemna minor) in a section of the Lis River, Portugal (Figures 1b and 2). Images are from the Sentinel-2
satellite (10 m spatial resolution).

Due to the variability in the river flow regime and the floating nature of the aquatic
invasive plant, there are often dislocations of the plant over the water surface that change
the spatial distribution of the weed at the smaller scales (i.e., of a few m?); however, that is
not expected to affect, overall, the presence of the weed at larger scales (e.g., the scale of the
selected section of the river).

The Lemna minor observation protocol adopted focused on three areas of 100 m? each
(Figure 4: A1, A2, A3), which were identified along the selected section of the Lis River
marked in Figure 1b (39°51/12.84"' N; 8°51/9.02” W). These areas are located in the middle
of the river and coincide with pixels from the Sentinel-2 imagery.

A

(b) N

(a)

Downstream

10m

10 m

Figure 4. Observing the invasive aquatic plant Lernna minor in a section of the Lis River, near Monte
Real (Portugal): (a) Location of the three sample areas (red squares: Al, A2, A3; markers are not to
scale) on the river water surface. (b) Diagram of a typical quadrangular sample area, of 100 m?>.

Scouting over the study site confirmed that only this invasive species was found
on the surface of the water in the sample areas, during the period investigated in this
work (6 June—6 October 2021). The special attention dedicated to select sample areas that
contained only duckweeds aimed at avoiding studying areas where duckweeds were mixed
with other plants, which often occurs near the riverbanks. The selection of these areas
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provides the basis, in this study, for comparing the response of several RS-based indices,
which is important for identifying the indices that are more suitable to capture the presence
of this macrophyte.

2.3. Data Collection and Pre-Processing

Sentinel-2 data were acquired from the Copernicus Open Access Hub European
Space Agencies (ESA SciHub) [49]. Sentinel-2 was launched on 23 June 2015 by the Eu-
ropean Space Agency (ESA), and is a high-resolution, multispectral imaging mission. It
includes two twin satellites (Sentinel-2A and Sentinel-2B) that fly in the same orbit (a
sun-synchronous orbit at a mean altitude of 786 km) but offset 180 degrees to give a revisit
frequency of 5 days at the Equator. The Sentinel-2 instruments sense a 290 km-wide swath
and 13 spectral bands, although at different spatial resolutions: four bands at 10 m spatial
resolution, six bands at 20 m, and three bands at 60 m [50]. The spectral separation of each
band into individual wavelengths is accomplished by stripe filters mounted on top of the
satellite sensors.

Level-2A and Level-2B images (orthoimages in UTM /WGS84 projection) from Sentinel-
2, already atmospheric-corrected, were selected for this study. Images with cloud cover
less than 5% obtained during the period between 6 June and 6 October 2021 were retained
(10 images). Data were available at 10 m full spatial resolution. The corresponding mul-
tispectral wavelength bands used in this work to calculate vegetation and water indices
are presented in Table 2, together with some of their attributes. Light waves with short
wavelengths carry more energy than ones with long wavelengths.

Table 2. Features of the Sentinel-2 images used in this study.

Band ID Band Wavelength Center (nm) Band Width (nm) Spatial Resolution (m)
B2 Blue 490 65 10
B3 Green 560 35 10
B4 Red 665 30 10
B8 Near Infrared 843 115 10

2.4. Vegetation and Water Indices

The different vegetation reflectance bands” data that are obtained from RS platforms,
especially those that rely on the Red, Green, Blue, and Near Infrared (NIR) wavelength
bands, can be used to calculate indices that are effective in assessing different attributes of
plants at the image’s pixel scale, which are determined by the characteristics of reflectance.
In the blue and the red regions of the visible spectrum, vegetation reflectance is low;
however, it peaks locally in the green region, and in the NIR range, vegetation reflectance
attains the highest values. When these bands are combined algebraically to calculate
vegetation indices, the type of combination adopted allows different spectral signatures
to be enhanced for different vegetation properties. The general premise is that if there is
much more reflected radiation in NIR wavelengths than in visible wavelengths, then the
vegetation is likely to be dense. However, as discussed in [51], leaf reflectance is influenced
by different parameters: (i) the leaf pigment content, (ii) the leaf tissue structure (size
of aerial interspaces between cells, which influence leaf optical properties), and (iii) the
structure of the leaf surface (e.g., waxes and hairs).

In this work, five vegetation and water indices were examined for assessing the poten-
tial in these indices for investigating the presence of duckweeds in the water surface of the
Lis River and their spatiotemporal vegetation dynamics: NDVI (Normalized Difference
Vegetation Index), GNDVI (Green Normalized Difference Vegetation Index), NDAVI (Nor-
malized Difference Aquatic Vegetation Index), GRVI (Green Red Vegetation Index), and
NDWI (Normalized Difference Water Index). Each index has unique features that make
it useful for identifying the existence of vegetation (likely, in this case, in the river water
surface) and water bodies/surfaces, such as NDWI in the latter case. These normalized
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indices are defined in Table 3 and take values in the interval [—1.0, +1.0]. The selected
indices are briefly revisited below.

NDVI: NDVI is a well-known and widely used vegetation index developed in [52].
It is based on two findings: (i) the chlorophyll pigment in plant leaves markedly absorbs
visible light for use in photosynthesis, namely in the red spectral band, and (ii) the cell
structure of the leaves strongly reflects NIR light, which means high reflectance in the
NIR band. Thus, the more leaves a plant has, the more these wavelengths of light are
affected, respectively: in the red region of the spectrum, high photosynthetic activity leads
to lower values of reflectance coefficients and to high coefficients in the NIR region of the
spectrum. Thus, the ratios involving these indicators (Table 2) allow to distinguish between
vegetation and other natural objects or surfaces. For example, free-standing water (e.g.,
rivers), which has a relatively low reflectance in both spectral bands, typically leads to very
low positive or even slightly negative NDVI values. Overall, NDVI has proven effective
in identifying biophysical parameters of dense and multi-layered canopies and it is used
to detect vegetation in different environments [53-56]. NDVI has also been used to detect
aquatic plants [27,57-61].

GNDVI: GNDVI is a modification of NDVI by replacing the red band with the green
band in the equation of NDVI (Table 3). GNDVI has been considered more useful for
assessing leaf chlorophyll variability when the leaf area index is moderately high [62]. This
index has also been used to detect aquatic plants [59,63,64].

NDAVI: NDAVI exploits the visible shortwave range commonly defined as the blue
natural color range and the NIR range. NDAVI is an adaptation of NDVI specifically
tailored for AV, where the vegetation background is normally composed of water rather
than soil [65,66]. Alongside other VIs, NDAVI has been used, e.g., in [65] for monitoring
the ecological status of common reed beds, in [66] for identifying floating AV, and in [67]
for retrieving the leaf area index (LAI).

GRVI: Motohka et al. [68] evaluated the use of the GRVI as a phenological indicator.
They have concluded that the GRVI can differentiate between green vegetation (GRVI > 0),
water and snow (GRVI around 0), and soils (GRVI < 0). Furthermore, they have demon-
strated that the GRVI (unlike the NDVI) is sensitive to leaf color change (leaf greening
and autumn coloring). Rotta et al. [69] used this VI to monitor macrophytes” infestation,
especially submerged ones.

NDWI: Since, in comparative terms, water has the strongest absorption while vege-
tation has the strongest reflectivity at NIR wavelengths, McFeeters (1996) [70] proposed
the well-known water index NDWI to detect surface waters in wetland environments and
to allow for the measurement of surface water extent. NDWI uses the green and the NIR
spectral wavelength bands: it maximizes the reflectance of a water body in the green band
while minimizing that in the NIR band. As a result, water features enhance NDWI positive
values, whereas a common assumption is that null or negative NDWI values indicate
non-water surfaces (e.g., they might reveal the presence of vegetation and soil). NDWI
has been found able to identify water-pixels quite accurately, and because it varies almost
linearly with liquid water thickness, it is also a relevant proxy for changes in the extent of
open surface water [60,70-75].

For data analysis, the Raster Calculator Tool in QGIS v3.6 was applied to orthoimages
of each spectral wavelength band, as shown in Table 3. Data were inspected for the period
6 June—6 October 2021.
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Table 3. Sentinel-2 (S2) spectral bands and definition of vegetation and water indices.

Index Abbreviation Formula Formula Using S2 Bands References
~Vegeraon nden NDV N st 52
Diffef‘;errtiiz1 \i;t’:?&ii? (Iindex GNDVI % % [62]
N egetaton e NDAVI MR B 51
Green Red Vegetation Index GRVI % % [68]
e ndex N i i &

3. Results and Discussion

Maps for the four Vis (NDVI, GNDVI, NDAVI, and GRVI), for a selected section of
Lis River, are shown in Figure 5, for 26 July, 15 August, and 21 September 2021. Results
indicate that duckweeds drastically proliferated during the period investigated, and that it
very much affected the selected river section over several months. All indices show signal
variations over time. Portugal usually registers hot summer days in July, August, and the
beginning of September, and the high temperatures typically reached during this period
(for 2021, see Table 1) contribute to the proliferation of the plant. In 2021, duckweeds found
in the Lis River followed this general trend, leading to vegetation indices that were highest
in this season.

The VIs’ temporal variation trend is best observed in Figure 6a—-d, which shows
data for each of the three sample areas (Al, A2, A3) studied on the river water surface.
Each vegetation index profile displays, overall, the same temporal trend. All VIs’ values
were lowest on 6 June (the beginning of the study period) for all observed areas, and the
indices showed an increase at the end of spring, which developed faster by the end of
July. VIs reached peak values in mid-summer, which were maintained for a few weeks,
but the corresponding highest values were registered on different dates: on 25 June for
areas A2 and A3, and on August 25 and 30, for area Al. Around mid-September, the VIs’
values decreased markedly (corresponding to a reduction in the presence of duckweeds),
which could be associated with rain events (Table 1) that were recorded in the region (and
subsequent increase in the river discharge and flow velocity) and partly explained by
the temperature decrease in the fall (Table 1), among other factors. The relatively lower
magnitude of the VIs found in June was observed again on 6 October. The case-to-case
variations, as one would expect, could be mainly due to the floating nature of the aquatic
weed, variations in flow conditions (see Section 2.2), and the scale of observation.

Analysis of the water index NDWI (Figure 6e) also shows that during mid-summer
the selected study site witnessed the domination of the water body by the invasive aquatic
plant: the NDWI negative values suggest the absence of water surface in the observed
areas, with the NDWI attaining negative values of —0.46. Note that the temporal variation
found in this water index is (qualitatively) a mirror-image of the variation found, overall,
for the VIs (Figure 6a—d). NDWI reveals differences found in the vegetation and water
reflectance of visible and NIR wavelengths bands (note that the definitions of NDWI and
GNDVI are reversed, see Table 3). Its definition forces the suppression of the signal for
vegetation and the enhancement of the signal for open water features, which results in
positive NDWI values for water features and zero or negative NDWI values for vegetation.
However, as discussed by McFeeters (2013) [71], there are a number of factors that could
affect pixel NDWI values, namely shadowing effects that could cause low NDWI values for
water surfaces. Overall, for the observed areas, the sudden drop to negative and low NDWI
values (Figure 6e) and the period when such negative values were maintained correspond
to the periods when, respectively, other VIs’ values increased and held large values. Results
reveal that sample area A2 was, overall, more infested than the other two sample areas, Al
and A3, but that all areas were infested with duckweeds (Figure 6).
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Figure 5. Maps illustrating the spatial distribution of the presence of invasive aquatic plants (Lemna
minor) in a section of the Lis River (Figures 1-3), for VIs NDVI, NDAVI, GNDVI, and GRVI. The
data are from Sentinel-2 imagery (10 m spatial resolution), for 2021: (a) 26 July; (b) 15 August;
(c) 21 September. The maps apply a red-yellow-green palette to the VIs” imagery: green signals
healthy vegetation and red signals areas lacking vegetation.

On another scale of variability, it would be crucial to assess the nutrients’ level in
the water, for full understanding of the Lemna minor infestation spatiotemporal variability
found along the river course, mainly in the downstream sector of the basin. Regretfully,
there are many complaints of illegal, highly polluted discharges in the river, particularly in
some of its tributaries, and such discharges would favor the proliferation of macrophytes,
but their impact on Lemna minor infestations has not been established yet.
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Figure 6. Temporal variation in Sentinel-2-based vegetation and water indices calculated for the
three sample areas, Al, A2, and A3 (Figure 4a), defined on the water surface of a section of the Lis
River infested with duckweeds, over a period of four months (6 June-6 October 2021): (a) NDVI,
(b) NDAVI, (¢) GNDVI, (d) GRVI, and (e) NDWI.

Analysis of a sample consisting of data collected for the three observed areas (Al,
A2, and A3) shows the different positive relationships between NDAVI and the other VIs
(NDVI, GRVI, GNDVI) (see Figure 7). The relationship/correlation between the indices
highlights how indices dedicated to terrestrial vegetation respond to aquatic vegetation in
water surfaces, based on the signal captured by NDAVI. Overall, results indicate that indices
correlate to a high level, with R? values in the range of 0.89-0.94 (0.89, 0.91, and 0.94, for
the relationship between NDAVI and, respectively, NDVI, GNDVI, and GRVI). Results also
show that the duckweeds’ signal captured by NDAVI (i.e., revealed by the index magnitude)
is greater than for the other indices investigated, with NDVI revealing the greatest similarity
to NDAVI and GRVI the lowest, although GRVI is the index that best correlated with NDAVI.
Figure 7 also highlights that, in absolute terms, the difference between the indices, for a
given condition of the observed surface, depends on the magnitude of the VIs.
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Figure 7. Relationship between NDAVI and each of the vegetation indices NDVI, GNDVI, and GRVI.
The data are for three pixel-size sample areas, A1, A2, and A3 (Figure 4a), identified in a section of the
Lis River infested with duckweeds, and for the period 6 June to 6 October 2021. The linear regression
equations and coefficients of determination are provided. Line 1:1 is shown.

Overall, results suggest that NDAVI and NDVI are more effective than the other
selected VIs for detecting duckweeds in small rivers. Among the four RS-based VIs, these
two indices attained the largest values (respectively, 0.72 and 0.69) during the period when
the duckweed infestation was more marked. They also show the widest value ranges,
in relation to the GNDVI and GRVI (Figure 7), which suggests that NDAVI and NDVI
are more sensitive to changes at the pixel scale, expectedly attributable to the presence
of duckweeds. Thus, NDVI was capable to detect duckweeds in an aquatic environment,
reaching values that are similar to the NDAVI values, which is a well-known AV index. On
the other hand, GNDVI and GRVI seem to be less reactive to the presence of duckweeds
in the sample areas. These indices show narrower value ranges as well as the lowest
maximum values among the selected VIs (respectively, 0.46 and 0.35). This behavior could
be explained by the smaller ability revealed by GNDVI and GRVI in detecting duckweeds,
although these VIs likely have more capacity than others to identify terrestrial chlorophyll
content [76,77]. Nonetheless, due to the structure of this macrophyte, pixel areas mix
vegetation and vegetation-free water surfaces, which is expected to be signaled differently
by the applied VIs. The detailed analysis of this issue requires data that are not available
for this study:.

Overall, results suggest that the VIs explored could be applied to detect AV in small
rivers. Hopefully, this study contributes to the understanding in the field, in that it adds the
following to existing studies [59,64,78], among others: (i) a larger set of RS-based indices is
analyzed and the indices are compared, and (ii) the RS products are applied to investigate
the presence of duckweeds in an open watercourse (in contrast with other studies dedicated
to water reservoirs).

For the same observed areas and available RS imagery data, Figure 8 shows strong and
significant negative correlations of NDWI with all the VIs investigated, which were already
suggested in Figure 6. The coefficients of determination (R?) of the linear regressions
fit to the indices’ data (Figure 8) show that the strongest relation is between NDWI and
GNDVI (R? = 0.997), as expected (Table 3), followed by NDAVI (R? = 0.962). However, it is
R? > 0.945 for all cases. As expected, results show that the highest values of NDWI reveal
a low presence of the weed in the river water surface, whereas the lowest NDWI values
(minimum was —0.46) correspond to the worse stages of infestation. Moreover, the highest
NDWI attained in all sample areas was 0.03, suggesting that the presence of duckweeds in
those areas persisted throughout the study period, which is pictured by the RS data.
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Figure 8. Relationship between the NDWI and NDAVI, NDVI, GNDVI, and GRVI. The indices were
calculated from Sentinel-2 data at 10 m spatial resolution, for the period 6 June—6 October 2021, for
assessing the presence of duckweeds in a section of the Lis River (Portugal). The sample includes
data from three observed areas defined on the river water surface (Figure 4a).

Recent works, e.g., [73], have rated NDWI as one of the best indices for distinguish-
ing between water surfaces and aquatic weeds, and results of this study indicate that
this claim is pertinent. Overall, such a latent ability of vegetation and water indices is
crucial for the increased understanding of the dynamics of duckweeds (Lemna minor) in
aquatic environments.

4. Conclusions

This study explores the potential of RS tools for appraising the presence of aquatic
invasive weeds in small open watercourses. In particular, the study focuses on the presence
of duckweeds (Lemna minor) in the Lis River (Portugal) and compares several vegetation
and water indices calculated from multi-temporal, multispectral Sentinel-2 satellite data. It
aims at contributing to identify the most suitable RS products to depict the signal of this
invasive plant and conditions that are investigated: some indices could be more apt than
others on a case-to-case basis.

It is expected that results from this study are found helpful in further deepening
research on this topic and in promoting useful tools for supporting operational environmen-
tal management measures to be applied in small watercourses affected by aquatic weeds’
infestations. Particularly, to the best of our knowledge, there are as yet no such studies
reported for the specific environmental conditions found in the Lis catchment (Portugal).

The following findings of this study are highlighted:

e Similar to the investigation of the presence of macrophytes in large water bodies
(e.g., water storage reservoirs), it is also possible to use RS satellite data to study
small watercourses, when spatial data of sufficient resolution are available. However,
pixels’ data that avoid signal interferences by border effects are needed to reduce the
uncertainty in invasive weeds’ assessments.

e  The floating nature of the Lemna minor and the dislocation paths that the plant under-
goes over the surface of the water body, which are influenced by different controls
(rain, flow discharges, flow velocity), demand that observational sampling covers a
sufficiently large section of the river, since analysis of small sample areas might lead
to high uncertainty in the results.

e  Among the different vegetation indices explored, NDAVI was identified as the VI
that better depicted the presence of duckweeds in the surface of the watercourse for
the conditions investigated in this study. However, results obtained for the other VIs
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are also encouraging, with NDVI showing a response that is very similar to NDAVL
Nonetheless, GNDVI and GRVI also follow the behavior of the other indices, although
revealing values over a narrower range, particularly GRVL

e NDWIwas found pertinent to complement vegetation indices in detecting the coverage
of the water surface by duckweeds.

e  The multi-temporal character of Sentinel-2 data, and their areal coverage, proved to
be of value in macrophytes” monitoring programs.

e  The full understanding of the spatiotemporal behavior of duckweeds requires addi-
tional assessments of water quality (including nutrients’ content) and the hydraulics
of the flow.

All these issues highlight the importance of ground truth measurements: their avail-
ability would make it possible to further improve RS data analysis. More complete mea-
surement campaigns, including field surveys using a high-resolution multispectral drone
sensor, are planned in small watercourses, in future work, namely in the Lis River.
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