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Abstract: Aquatic vegetation, including floating-leaved and emergent aquatic vegetation
(FEAV), submerged aquatic vegetation (SAV), and algal blooms (AB), are primary producers
in eutrophic lake ecosystems and hold significant ecological importance. Aquatic vegetation
and AB dominate in clear and turbid water states, respectively. Monitoring their dynamics
is essential for understanding lake states and transitions. Sentinel imagery provides high-
resolution data for capturing changes in aquatic vegetation and AB. However, the existing
mapping algorithms for aquatic vegetation and AB based on Sentinel data only focused
on one or two types. There are still limited algorithms that comprehensively reflect the
dynamic changes of aquatic vegetation and AB. Additionally, the unique red-edge bands
of Sentinel-2 MSI have not yet been fully exploited for mapping aquatic vegetation and
AB. Therefore, we developed an automated mapping algorithm that utilizes Sentinel
data, especially red-edge bands, to comprehensively reflect the dynamic changes of FEAV,
SAYV, and AB. The key indicator of the algorithm, the second principal component (PC2)
derived from four red-edge bands and four other bands of Sentinel-2 MSI, can effectively
distinguish between FEAV and AB. SAV was mapped by the Sentinel-based submerged
aquatic vegetation index (SSAVI), which was constructed by fusing Sentinel-1 SAR and
Sentinel-2 MSI data. The algorithm was tested in three representative lakes, including Lake
Taihu, Lake Hongze, and Lake Chaohu, and yielded an average accuracy of 87.65%. The
algorithm was also applied to track changes in aquatic vegetation and AB from 2019 to 2023.
The results show that, over the past five years, AB coverage in all three lakes has decreased.
The coverage of aquatic vegetation in Lake Taihu and Lake Hongze is also declining, while
coverage remains relatively stable in Lake Chaohu. This algorithm leverages the high
spatiotemporal resolution of Sentinel data, as well as its band advantages, and is expected
to be applicable for large-scale monitoring of aquatic vegetation and AB dynamics. It will
provide valuable technical support for future assessments of lake ecological health and
state transitions.

Keywords: remote sensing; submerged aquatic vegetation; floating-leaved and emergent
aquatic vegetation; algal blooms; sentinel data
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1. Introduction

Aquatic vegetation is typically categorized into emergent and floating-leaved aquatic
vegetation (FEAV), which grows above the water, and submerged aquatic vegetation
(SAV), which grows underwater. They are the primary producer in lake ecosystems, and
performs a crucial ecological role, including carbon sink, regulating nutrient levels and
enhancing water clarity [1-3]. These ecological functions of aquatic vegetation are crucial
for maintaining the clear state of lakes, and preventing the transition to the turbid state
dominated by algal bloom (AB) [4]. However, with the increase in agricultural fertilizer
consumption and the rise in global temperatures, the area of algal blooms has reached
11.7% of the global lake area over the past 40 years [5,6]. This has emerged as one of the
most severe environmental problems in inland waters, posing grave threats to both public
health and aquatic ecosystems worldwide. At the same time, under various stressors such
as eutrophication, aquaculture cultivation, and global climate changes, aquatic vegetation,
is also experiencing accelerated degradation [5,6]. This phenomenon may imply that lakes
are transitioning from the clear state to the turbid state. Therefore, monitoring the dynamics
of aquatic vegetation and AB is an urgent need for understanding lake state transitions and
evaluating the health of lake ecosystems.

Traditional field surveys for collecting aquatic vegetation and AB data are often time-
consuming and labor-intensive. The limited datasets obtained from these surveys fail to
capture the complex spatiotemporal heterogeneity of aquatic vegetation and AB. In contrast,
satellite remote sensing has significant advantages, including wide coverage, regular revisit
capabilities, and long-term observational data. This makes it an effective solution for
addressing lack in regional or global-scale aquatic vegetation and AB in eutrophic lakes.
Although the spectral responses of aquatic vegetation and AB are very similar in certain
bands [7-9], an numerous algorithm has been developed for mapping aquatic vegetation
and AB using optical remote sensing data [9-11]. Among them, some novel indices were
proposed for distinguish aquatic vegetation and AB, such as normalized difference water
index based on near infrared and shortwave infrared 1 (NDWI 4,5) [8], macroalgae index
(MAI) [9], and aquatic vegetation index (AVI) [10]. These indices enhance the spectral
differences between aquatic vegetation and AB, especially between FEAV and AB, and
utilize specific thresholds to map FEAV, SAV, and AB. However, most of these indices were
developed using Landsat data, and their ability to distinguish aquatic vegetation and AB
may decline when applied to Sentinel-2 MSI data. This renders the original threshold
determination methods unsuitable and resulting in misclassification [12]. Some machine
learning or deep learning models developed for specific lakes are difficult to apply to
large-scale monitoring [13-16]. In addition, Sentinel-2 MSI data not only offer higher
spatiotemporal resolution than Landsat data but also unique red-edge bands (703 nm,
740 nm, 783 nm, and 864 nm). Spectral indices constructed using red-edge bands, such as
the normalized difference red edge index (NDREI), have been widely used for mapping
aquatic vegetation [15,17]. Existing studies have also demonstrated that red-edge bands
can effectively accurately identify algal blooms, such as normalized difference chlorophyll
index (NDCI) [18]. However, these indices often focus on only one type within FEAV or AB.
Studies focusing on the use of red-edge bands to distinguish aquatic vegetation and AB in
eutrophic lakes remain limited. Overall, the advantages of Sentinel-2 MSI data, such as its
high spatiotemporal resolution and unique red-edge bands, have not been fully exploited
in monitoring aquatic vegetation and AB.

To address these issues, we aim to develop a new automatic algorithm for mapping
FEAV, SAV and AB using Sentinel data in eutrophic lakes with coexistence of aquatic
vegetation and AB. The specific objectives include: (1) constructing a new band combina-
tion based on the unique red edge bands of Sentinel-2 MSI to distinguish FEAV and AB;
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(2) developing a comprehensive algorithm for mapping FEAV, SAV, and AB by integrating
Sentinel-based submerged aquatic vegetation index (SSAVI); (3) validating the algorithm
and obtaining the annual and interannual changes of FEAV, SAV, and AB from 2019 to 2023
in Lake Taihu, Lake Chaohu, and Lake Hongze.

2. Materials
2.1. Study Area

We selected three eutrophic lakes with as study lakes, including Lake Taihu
(30°55'-31°32" N, 119°52'-120°36’ E), Lake Chaohu (31°25'-31°43' N, 117°17'-117°52 E),
and Lake Hongze (33°06'-33°40" N, 118°10'-118°51" E) (Figure 1). These lakes are shallow
lakes, and the water depth is less than 3 m. Among them, Lake Taihu is a typical vegetation—
algae coexisting lake. The western region of Lake Taihu frequently experiences algal blooms,
making it an algae-dominated area, while aquatic vegetation is widely distributed in the
eastern part of the lake, especially in the East Bay of Lake Taihu [19,20]. Therefore, Lake
Taihu serves as an ideal testing ground for developing classification algorithms for algal
blooms and aquatic vegetation. In addition, Lake Chaohu is an algae-dominated lake,
with sparse aquatic vegetation distributed only in the littoral zones [21]. Lake Hongze is a
vegetation-dominated lake, with occasional algal blooms (Table S1) [14]. These two lakes,
with markedly different aquatic environments, can be used to validate the generalizability
of the algorithm.
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Figure 1. Location of the three study lakes. (a) Lake Hongze, (b) Lake Chaohu, (c) Lake Taihu.
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2.2. Satellite Data

We used data from the European Space Agency’s Sentinel satellite series in this study,
including Sentinel-1 and Sentinel-2. The Sentinel-2 MSI data have 13 spectral bands
with a maximum revisit cycle of five days and a resolution of 10 m. The Google Earth
Engine (GEE) platform offers Sentinel-2 MSI data products Level-2A, which includes top-
of-atmosphere (TOA) reflectance data with preprocessing steps encompassing radiometric
calibration, geometric correction, and atmospheric correction. The API of the dataset in GEE
is “COPERNICUS/S2”. To ensure image usability, each image was clipped to the study lake
boundaries from the HydroLAKES dataset and cloud masking was applied using the QA60
band. In addition, Sentinel-1 is equipped with a C-band synthetic aperture radar (SAR)
operating at a frequency of 5.405 GHz, with a maximum revisit interval of six days. We
used Sentinel-1 Interferometric Wide Swath mode, which includes VV and VH polarization
bands. The SAR data were processed with ground range detection, orbit correction, terrain
correction, and thermal noise reduction to create ground-projected images with a spatial
resolution of 10 m. The API of the dataset in GEE is “COPERNICUS/S1_GRD”. In this
study, Sentinel-1 SAR and Sentinel-2 MSI images were time-matched, with the SAR images
selected closest in date to the Sentinel-2 MSI acquisition [22,23]. After time matching,
Lee-Sigma filtering was applied to the Sentinel-1 SAR images to further reduce speckle
noise [24]. Finally, images were clipped using lake boundaries from the HydroLAKES
dataset [25].

2.3. Field Data

We collected 7362 samples using drones and boats on 17 August 2019, and 5 September
2020, in Lake Taihu; on 15 September 2019, in Lake Chaohu; and on 24 and 25 August
2019, in Lake Hongze (Table 1). Among them, the samples from Lake Taihu were used
for developing algorithm, including 1220 SAV samples, 2978 FEAV samples, 2475 AB
samples and 689 OW samples. In addition, a total of 1404 SAV samples, 3359 FEAV samples,
2768 AB samples, and 999 OW samples from all three lakes, including Lake Taihu, were
used for algorithm validation.

Table 1. Basic information of survey and samples for FEAV, AB, and OW.

SAV FEAV AB ow
Lake Name Survey Date Image Date Samples Samples Samples Samples
Taih 17 August 2019 17 August 2019 624 1445 1368 356
athu 5 September 2020 5 September 2020 596 1533 1107 333
Chaohu 15 September 2019 19 September 2019 74 100 293 108
24 August 2019
Hongze 25 August 2019 20 August 2019 110 281 / 202
Total / / 1404 3359 2768 999
3. Method

We developed the algorithm for mapping FEAV, SAV, and AB using Sentinel-1 SAR
and Sentinel-2 MSI data (Figure 2). It included two main steps: (1) construction of the
Sentinel-based submerged aquatic vegetation index (SSAVI) by fusion of the Sentinel-
1 SAR and Sentinel-2 MSI imagery, and then mapping SAV using X-Means clustering;
(2) construction of the second principal component (PC2), masking non-vegetation spectral
characteristic area, and mapping FEAV and AB using OTSU algorithm.
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Figure 2. Workflow of the algorithm proposed for mapping SAV, FEAV, and AB based on a case
in Lake Taihu. In this case, Sentinel-2 MSI TOA and Sentinel-1 GRD images were acquired on
28 July 2018, and 5 August 2018, respectively. Note: AFE represents FEAV and AB.

3.1. Mapping SAV

The Sentinel-based submerged aquatic vegetation index (SSAVI) is an index that is
sensitive only to SAV and is not influenced by AB, FEAV and open water (OW) [12]. It
was constructed by fusing Sentinel-1 SAR and Sentinel-2 MSI data, and the Principal Com-
ponent Substitution algorithm [26,27] (Equations (1)—(3)). Specifically, we replaced the
first principal component of the six bands (Blue, Green, Red, NIR, SWIR 1, and SWIR 2)
from Sentinel-2 MSI data with the dual-polarization Radar Vegetation Index (RVI,41) [28]
constructed from Sentinel-1 SAR data. After inverse transforming RVI and the remain-
ing five principal components, the first resulting band is SSAVI. In SSAVI, the value of
SAV is consistently high, while FEAV, AB, and OW are all low. Therefore, based on this
characteristic, SSAVI can use to extract SAV [12].

OVH
RVI = — 1
dual ovv + Ovh ( )
SSAVI = RVI x Xi1 + [Rpiye, RGreens Rred, RNIR, Rswir1, Rswirz] X Y )
T
Y = [Xg] > [Xq] ©)

where oy and oyy are the backscattering coefficients for VH (Vertical-Horizontal) and
VV (Vertical-Vertical) polarizations. Y is the matrix of weight coefficients that make up
the components in SSAVI. R is the reflectance and the subscript is spectral band. X is the
6 X 6 matrix of rotation coefficients produced by PCA transformation, with subscripts
representing rows and columns, respectively,i=(1,2,3,4,5,6),j=(2, 3,4, 5, 6).

After obtaining SSAVI, we use X-means clustering to map SAV. X-means clustering is
an extension of the K-means clustering algorithm [29]. X-means clustering can automatically
determine the optimal number of clusters by calculating the Bayesian Information Criterion
(BIC) values corresponding to the clustering results for the given minimum and maximum
number of clusters. Specifically, in this study, we set the clustering range from 3 to 8 and
obtained the clustering result corresponding to the lowest BIC value (Equation (4)). Finally,
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Density

based on the optimal clustering results, the class with the highest mean SSAVI is defined as
SAV [12].
BIC = kIn(n) — 2In(L) (4)

where L is the likelihood of the given model data; k is the number of parameters in the
model; n is the sample size.

3.2. Mapping FEAV and AB

The key indicator used in this study to separate FEAV from AB is constructed through
Principal Component Analysis (PCA). PCA is a simple dimensionality reduction technique
that transforms correlated variables into a new set of linear orthogonal (uncorrelated)
variables known as principal components [30]. In aquatic vegetation mapping studies, PCA
enhances the independence of spectral data, reduces spectral redundancy, and constructs
potential usable indices [31-33]. In this study, we obtained the principal components by
performing eigenvalue decomposition on the covariance matrix of the eight normalized
bands from Sentinel-2 MSI imagery, including the green band (B3), red edge bands (B5-7,
B8A), near-infrared band (B8), and short-wave infrared bands (B11, B12) (Decomposition-
Factory.eig() from https://ejml.org, accessed on 19 September 2024). Among them, the
second principal component (PC2) demonstrated a very significant separation for FEAV
and AB (Equation (5)) compared to the other principal components (Figure S1). In PC2, the
value of AB is consistently high, while FEAV is low (Figure 3b). Therefore, PC2 can be used
for distinguishing FEAV and AB.

PC2 = [Rgreen, RrE1, RRE2, RRE3, RNIR, RRE4, Rswir1, Rswirz] x Y )

where Y is the weight coefficients matrix of principal component analysis. R is the re-
flectance, and the subscript is spectral band.

7 .
1 AV+FEAV (Cl) AB (b)
641 [ Water ' 044 3 FEAV ‘
5 -
0.3 4
4 -
31 0.2 1
2 .
0.1+
1 .
0 1 T 1 T 0.0 1 1 1 T 1 T
-0.5 0.0 0.5 1.0 —4 -2 0 2 4 6
NDVI PC2

Figure 3. Separability of NDVI and PC2 for lake cover types. (a) Separability for water, and AV and
FEAV in NDVI. (b) Separability for AB and FEAV in PC2.

In addition, we also used NDVI to eliminate interference from other lake cover types.
AB and FEAV exhibit typical vegetation spectral characteristics, showing strong absorption
and lower reflectance in the red wavelength range, while demonstrating higher reflectance
in the near-infrared wavelength range. NDVI has been shown to effectively identify areas
within lakes that exhibit spectral characteristics of vegetation [17,34] (Figure 3a) (Equation (6)).
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Therefore, we obtained these regions though NDVI and the threshold of NDVI derived
from OTSU algorithm [35] (Equation (7)).

Rred — RnirR
NDVI = ———— 6
Rged + RN1R ©)
2
T = argmax (Po XPp1p X (qo - Ch) ) (7)

where Rgeq represents the reflectance in the red wavelength band, and Ryjr represents the
reflectance in the near-infrared band. p, denotes the proportion of foreground pixels in
the image; p; denotes the proportion of background pixels; q, represents the mean value
of the foreground; q; represents the mean value of the background; and T represents the
threshold corresponding to the maximum inter-class variance.

Finally, we also applied the OTSU algorithm to the PC2 of the FEAV and AB regions.
The class above the threshold is defined as AB, while the class below the threshold is
defined as FEAV.

3.3. Assessment of Algorithm

The accuracy and robustness of algorithm proposed in this study are evaluated through
two methods:

(1) Accuracy assessment based on field measured data. Confusion matrices were obtained
between measured classes from field measured data and mapped classes derived
from the algorithm proposed in this study, and overall accuracy (OA), Kappa, user
accuracy (UA) and producer accuracy (PA) were calculated [36].

(2) Assessment by phenological features of aquatic vegetation. For lakes lacking FEAV
and SAV samples, indirect validation was conducted by phenological feature of
FEAV and SAV. Specifically, in a short timeframe, FEAV and SAV exhibit fixed spatial
distribution and limited area change [37]. The similarity in spatial distribution of
FEAV and SAV between adjacent temporally sequential images was assessed by Dice
Coefficient [38] (Equation (8)).

(2 x Ny)
N

where Ny is the count of pixels concurrently classified as SAV in two images; N is the

D= x 100% (8)

combined count of pixels classified as SAV in two images; D is Dice Coefficient.

4. Result

4.1. Validations of Algorithm
4.1.1. Validations by Field Measured Data

In the three study lakes, the FEAV, SAV, and AB maps were obtained by the algorithm
proposed in this study based on Sentinel data, respectively (Figure 4). We validated the
algorithm based on field measured data. The OAs were 89.44% and 91.72% in Lake Taihu,
82.61% in Lake Chaohu, 86.84% in Lake Hongze (Table 2). The water environments of the
three lakes vary significantly, the algorithm was still able to accurately identify FEAV, SAV,
and AB. This demonstrates the algorithm’s generalizability.
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Table 2. Confusion matrix between measured class and mapped class derived from the algorithm
in Lake Taihu, Lake Chaohu and Lake Hongze. OA = Overall Accuracy, UA = User Accuracy,

PA = Producer Accuracy.

]Id;l;egeN];r;: Measured Class
SAV FEAV AB ow Sum  UA (%)
SAV 208 4 12 233 89.27
_ FEAV 11 454 29 494 91.9
17T:§g‘tst Map class AB 21 27 406 17 471 86.19
2019 ow 14 0 21 330 365 90.41
Sum 254 485 468 356 1563
PA (%) 81.89 93.61 86.75 92.7
OA = 89.44%; Kappa = 0.86
SAV FEAV AB ow Sum  UA (%)
SAV 319 7 13 2 341 93.55
' FEAV 8 489 17 0 514 95.13
s S;j‘tl?;ber Map class AB 9 22 329 19 379 86.81
2020 ow 11 0 23 312 346 90.17
Sum 347 518 382 333 1580
PA (%) 91.92 94.4 8613  93.69
OA =91.72%; Kappa = 0.89
SAV FEAV AB ow Sum  UA (%)
SAV 71 2 1 0 74 95.95
FEAV 90 0 0 90 100
19 geh;t‘frfber Map class AB 3 8 279 16 306 91.18
2019 ow 0 0 13 92 105 87.62
Sum 74 100 293 108 575
PA (%) 95.95 90 9522 85.19
OA = 82.61%; Kappa = 0.73
SAV FEAV AB ow Sum  UA (%)
SAV 103 6 \ 2 111 92.79
FEAV 272 \ 273 99.63
ZgIZiiiest Map class AB \ \ \ \ \
2019 ow 6 3 \ 200 209 95.69
Sum 110 281 \ 202 593
PA (%) 93.64 9.8 \ 99.01

OA = 86.84%; Kappa = 0.79
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Figure 4. (a—d) False color images (NIR, Red, Green) and (e-h) corresponding classification maps
derived from our algorithm in Lake Taihu, Lake Hongze, and Lake Chaohu.

4.1.2. Assessment by Phenological Feature

The algorithm proposed in this study was applied to imagery of Lake Hongze on
20 August and 30 August 2019, imagery of Lake Chaohu on 19 September and 29 September
2019, as well as imagery of Lake Taihu on 31 October and 5 November 2019 (Figure 5). The
results indicated that the spatial distribution and area of SAV and FEAV demonstrated
a high level of overall consistency. Specifically, in Lake Hongze, with a ten-day interval
between images, the SAV areas were 84.8 km? and 81.3 km?, and the FEAV areas were
320.7 km? and 297.5 km?, with the Dice Coefficient of 79.01% (Figure 5a,b). In Lake Chaohu,
with a ten-day interval between images, the FEAV was sparsely distributed along the
western coastal zone, and the areas were 10.6 km? and 10.5 km?, respectively (Figure 5a,b).
In Lake Taihu, the two images were taken nearly 5 days apart (Figure 5c,d). SAV was
primarily distributed in East Lake Taihu and Xukou Bay, covering areas of 86.5 km? and
103.5 km?, and FEAV was mainly distributed in East Lake Taihu Bay, with areas of 97.3 km?
and 85.8 km? (Figure 5e,f). There are still slight differences observed in maps of different
periods, and this may mainly be due to the growth and death of SAV and FEAYV itself.
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Figure 5. False color images (NIR, Red, Green) with neighboring temporal and corresponding classification maps derived from our algorithm in Lake Hongze (a,b),
Lake Chaohu (c,d) and Lake Taihu (e,f).
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4.1.3. Comparison with Published Maps

We also compared the maps obtained in this study and from published studies. Specif-
ically, we selected the classification results of Lake Chaohu and Lake Taihu from published
studies [10,13,14], and acquired the maps derived from our algorithm that were closest
in time. The results show that, despite slight differences in local areas due to variations
in satellite data sources and image acquisition times, the overall classification results are
consistent (Figure 6).

N

A [ 2020/09/03 A
SAV

-0\;\' Lake Chaohu

N 2023/09/10 2020/09/05 || N 2021/11/14
[ aTNY = A [ 13\Y
Bl sav Il sav
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i o )t i o ] ) i G ) ],

CH-3 Sept 2020
Puetal., 2022
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¢|Gad etfal., 2024 -
e

0 5 10,
— Km

117°20'E 17°30°E 17°40'E 117°50'E

Figure 6. Comparison of maps derived from the algorithm in this study (a) and in published studies
(b) [10,13,14].

4.2. Algorithm Applications

The algorithm was applied to Sentinel data for obtaining annual and interannual
changes of SAV, FEAV and AB from 2019 to 2023 in Lake Hongze, Lake Chaohu, and
Lake Taihu (Figures 7 and 8). The results revealed that AB frequently occurs in autumn
and has been decreasing over the past five years. Specifically, in Lake Taihu, were pri-
marily distributed in the northern and western parts, and the maximum distribution
area of AB has significantly decreased each year from 2019 to 2023 (R? = 0.06, p < 0.05)
(Figures 7a and 8c). In 2023, the maximum distribution area of AB decreased by approxi-
mately 70% compared to 2019. In Lake Hongze, AB was observed only in 2020 and 2021,
with the maximum distribution area decreasing from 59.8 km? to 39.8 km? (Figure 7c). In
Lake Chaohu, the maximum distribution area of AB has also continuing decreased from
435.9 km? to 165.7 km?, and this trend is significant from 2019 to 2023 (R? = 0.15, p < 0.01)
(Figures 7e and 8b).

In addition, the results also revealed that the phenological characteristics of aquatic
vegetation within the year and changes over the past five years. Specifically, the distri-
bution area of aquatic vegetation in Lake Hongze and Lake Taihu is largest during the
summer and autumn (Figure 8a,c). From 2019 to 2023, aquatic vegetation exhibited a
decreasing trend in both two lakes, with the area in Lake Taihu decreasing from 304.4 km?
to 254.9 km?, and in Lake Hongze from 598.7 km? to 399.2 km?, respectively (Figure 7b,d).
The long-term changes also indicate that Lake Taihu is a lake dominated by SAV, while
Lake Hongze is dominated by FEAV. In contrast, the extent of aquatic vegetation in Lake
Chaohu is significantly smaller than that in the other two lakes, remaining at around
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10 km? (Figure 7f). This may be attributed to the fact that Lake Chaohu only has emergent

vegetation distributed in the lakeshore zone (Figure 8b).
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Figure 8. Annual maximum distribution maps of SAV, FEAV, and AB in Lake Hongze (al-a5), Lake Chaohu (b1-b5), and Lake Taihu (c1-c5) from 2019 to 2023.
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5. Discussion
5.1. Advantages

The algorithm proposed in this study is a comprehensive, automated and robust
approach based on Sentinel data, which fully leverages the unique red-edge bands and
the high spatial and temporal resolution of Sentinel-2 MSI data. Although the red edge
bands of Sentinel-2 MSI have been widely used to identify aquatic vegetation or algal
bloom, previous studies often map these features independently, focusing on only one
of them [18,39,40]. In fact, aquatic vegetation and algal blooms often coexist in eutrophic
lakes, and such independent approaches are not conducive to studying lake regime shifts.
Few studies have explored whether red-edge bands can effectively distinguish between
these two features, which both exhibit typical vegetation spectral characteristics. In this
study, we addressed this issue by providing a band combination method, specifically
using the red edge bands (B5-7, BSA) and other bands (B3, BS, and B11, B12) to construct
PC2. PC2 is the first index entirely developed based on Sentinel-2 MSI data for separating
FEAV and AB, and it forms the core of the algorithm proposed in this study. Notably,
removing the red-edge bands from PC2 significantly reduces its ability to distinguish
FEAV and AB (Figure S2). In addition, the adaptability of PC2 and SSAVI to complex
lake environments endows the monitoring algorithm proposed in this study with high
accuracy and robustness. Additionally, the adaptability of PC2 and SSAVI to complex lake
environments enhances the accuracy and robustness of the monitoring algorithm. In three
typical lakes with distinct water environments and ecological features—Lake Taihu, where
aquatic vegetation and AB coexist; Lake Hongze, dominated by FEAV; and Lake Chaohu,
characterized by sparse aquatic vegetation and persistent AB—the algorithm achieved an
average overall classification accuracy of 92.66% (Table 2). In the long-term monitoring of
aquatic vegetation and AB in these three lakes, the algorithm exhibited high stability, with
phenological changes aligning with observed data [33,41]. Overall, the proposed algorithm
shows significant potential for large-scale spatiotemporal monitoring of FEAV and AB
dynamics in lakes.

5.2. Limitations

The SSAVI-GMM algorithm for mapping SAV in this study lies in the fusion of Sentinel-
2 MSI and Sentinel-1 SAR data. Due to the inconsistent temporal resolution of MSI and
SAR data, the time interval between the Sentinel-2 MSI and Sentinel-1 SAR images used
for fusion directly affects the SSAVI index. Theoretically, a shorter time interval between
the two data sources results in better classification outcomes. However, a shorter interval
also means fewer images can be used for fusion. The time interval of the fused images
significantly influences the classification results, as mismatched image fusion can lead to a
decline in image quality. Therefore, this study selected SAR images for fusion that were
acquired within 10 days before and after the optical images [12]. Additionally, the reduced
quality of fused images caused by the time gap between optical and SAR imagery may also
affect the parameters of the X-means clustering algorithm. The range of the cluster number
parameter needs to be expanded to meet mapping requirements.

PC2, used for separating FEAV and AB, requires eight bands of Sentinel-2 MSI image:
B3, B5-7, B8A, B8, B11, and B12. During our testing of other band combinations from
Sentinel-2 MSI, we found that PC2 effectively separates FEAV and AB only when using
the eight-band combination employed in this study. In contrast, when only the six bands
common to both Sentinel-2 and Landsat were used, including the visible bands (B2-4),
near-infrared (B8), and short-wave infrared bands (B11, B12), PC2 was unable to achieve
the separation of FEAV and AB [33]. We believe that the red edge bands are critical for the
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effectiveness of PC2 in differentiating FEAV and AB. Therefore, this algorithm may not be
applicable to satellites lacking red edge bands, such as Landsat and MODIS.

5.3. Implications

The algorithm proposed in this study for mapping FEAV, SAV, and AB based on
Sentinel-1 SAR and Sentinel-2 MSI data can continuously and accurately capture the
changes of aquatic vegetation and AB in eutrophic lakes. This capability is essential
for assessing lake state transitions and ecological restoration in large-scale lakes [4]. In
the future, with ongoing improvements and expansions in algorithm applicability, we
will reconstruct high spatiotemporal resolution data of FEAV, SAV, and AB in global
shallow lakes using the big data platform GEE. This will provide critical data support for
understanding the ecological mechanisms and ecosystem services of aquatic vegetation
and AB at macro scales [42,43].

Aquatic vegetation, as the primary producer in lake ecosystems, has a significant
capacity to absorb and store large amounts of carbon dioxide [44,45]. For example, SAV
can directly influence air-water exchange by assimilating large quantities of dissolved
inorganic carbon through photosynthesis during the daytime, effectively reducing water
column pCO; [46]. Some studies also indicated that omitting carbon sequestration by
aquatic vegetation in lake ecosystems could lead to an overestimation of the net ecosystem
exchange of CO, by up to fivefold [47]. However, the role of aquatic vegetation is often
underrepresented in current research on lake carbon sources and sinks [48,49]. This intro-
duces substantial uncertainty in research of CO, sources, sinks and fluxes in lakes. The
fundamental reason for this uncertainty lies in the lack of high spatial-temporal resolution
and precision aquatic vegetation and AB data. The algorithm proposed in this study will
help fill this gap in estimating carbon fluxes at lake or regional scales.

6. Conclusions

In this study, we developed an automatic algorithm using Sentinel-1 SAR and Sentinel-
2 MSI data for mapping SAV, FEAV, and AB in Lake Taihu with the coexistence of aquatic
vegetation and AB. We tested the algorithm in three lakes with significantly different water
environments, achieving an overall classification accuracy of 87.65%. We also evaluated
the algorithm based on the phenological changes of aquatic vegetation, and the algorithm
demonstrated robustness. Based on the algorithm, we obtained the annual and interannual
variations of AB and FEAV in Lake Taihu, Lake Hongze, and Lake Chaohu. The results
indicate that the AB in all three lakes showed a significant decrease from 2019 to 2023.
The aquatic vegetation in Lake Taihu and Lake Hongze showed a declining trend, while
the aquatic vegetation in Lake Chaohu was spare and remained relatively stable. This
algorithm has potential applications for monitoring the spatiotemporal changes of aquatic
vegetation and algal blooms in large-scale lakes, providing technical support for future
lake ecological assessments and carbon source-sink accounting.
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