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Global Regime State Shifts of Lacustrine Aquatic Vegetation
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FEAV: Floating/emergent aquatic vegetation; SAV: Submerged aquatic vegetation

= A global database (1989-2021) of lacustrine aquatic vegetation was established.
m Submerged vegetation has declined rapidly, whereas floating and emergent vegetation increased slightly.

= The global trend in aquatic vegetation indicates a potential shift toward states characterized by increased shading and
turbidity.

® Human activities primarily drove changes in lakes until the early 2010s, but climate warming has since become a dominant
driver.
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Aquatic vegetation (AV) is vital for maintaining the health of lake ecosys-
tems, with submerged aquatic vegetation (SAV) and floating/emergent
aquatic vegetation (FEAV) representing clear and shaded states, respec-
tively. However, global SAV and FEAV dynamics are poorly understood
due to data scarcity. To address this gap, we developed an innovative AV
mapping algorithm and workflow using satellite imagery (1.4 million Land-
sat images) from 1989 to 2021 and created a global database of AV across
5,587 shallow lakes. Our findings suggest that AV covers 108,186 km? on
average globally, accounting for 28.9% (FEAV, 15.8%; SAV, 13.1%) of the to-
tal lake area. Over two decades, we observed a notable transition: SAV
decreased by 30.4%, while FEAV increased by 15.6%, leading to a substantial
net loss of AV. This global trend indicates a shift from clear to shaded con-
ditions, increasingly progressing toward turbid states dominated by phyto-
plankton. We found that human-induced eutrophication was the primary
driver of change until the early 2010s, after which global warming and rising
lake temperatures became the dominant drivers. These trends serve as a
warning sign of deteriorating lake health worldwide. With future climate
warming and intensified eutrophication, these ongoing trends pose a signif-
icant risk of disrupting lake ecosystems.

INTRODUCTION

Aquatic vegetation (AV), comprising submerged AV (SAV) and floating/
emergent AV (FEAV), is essential for maintaining the health of lake ecosys-
tems. As primary producers, they contribute to carbon sequestration and
have significant influence on biodiversity preservation and water quality.'
SAV and FEAV provide distinct ecological effects. SAV enhances water
clarity through positive feedback mechanisms such as reduced sediment re-
suspension and increased zooplankton grazing on phytoplankton.'>" In
contrast, FEAV, particularly dense free-floating vegetation, hinders light
penetration, creates dense shade, and negatively affects underwater organ-
isms.®~'Y Thus, they represent two alternative regimes: a clear state domi-
nated by SAV and a shaded state dominated by FEAV.'% '® The clear SAV-
dominated state is characterized by low turbidity, intermediate abundance
of phytoplankton, high coverage of SAV, and absence of small floating mac-
rophytes.'? In contrast, the shaded state is characterized by high turbidity,
high abundance of phytoplankton, absence of SAV, and high coverage of
small floating macrophytes.'®' The decline or disappearance of SAV and
the expansion or invasion of FEAV can trigger significant regime shifts
from a clear SAV-dominated to a shaded FEAV-dominated state.®'® Shifts
in primary producers have implications for key ecosystem services provided
by lakes, including supporting, provisioning, regulating, and cultural ser-
vices.'""'?1* Therefore, understanding the spatiotemporal changes in SAV
and FEAV is critical for detecting regime state shifts and major changes in
ecosystem functions.

In recent decades, global lake ecosystems have undergone substantial
changes due to human activities and climate change, including increased eutro-
phication and more frequent occurrences of algal bloom (AB).'®~ " However, our
understanding of global SAV and FEAV dynamics, as well as the potential regime
shiftsinlacustrine AV, remains limited. This knowledge gap primarily stems from
limited field observations, characterized by insufficient temporal and spatial
coverage. To address these limitations, satellite remote sensing has emerged
as an effective method for detecting and tracking AV distribution and changes

at large spatial scales.'® 2 However, global-scale studies examining the
different communities of AV (i.e, SAV and FEAV) in lakes remain scarce. In
this study, we aim to fill this knowledge gap using remote sensing to address
three key questions. (1) What is the global distribution of lacustrine AV, including
SAV and FEAV communities, and where are these communities located? (2) How
have these distributions changed since the advent of large-scale satellite data in
the 1980s? (3) What are the underlying drivers or mechanisms behind these
changes?

MATERIALS AND METHODS
Data sources

We used Landsat-5 Thematic Mapper (TM) and Landsat-8 Operational Land Imager (OLI)
surface reflectance products (LANDSAT/LT05/CO1/T1_SR and LANDSAT/LC08/C01/
T1_SR) obtained from Google Earth Engine (GEE) to map global lacustrine AV from 1989
to 2021. The Landsat satellites provide 30-m spatial resolution in the optical bands with a
16-day revisit cycle. Each scene includes a quality assessment band, which we coupled
with the Fmask algorithm to effectively remove cloud cover, cloud shadow, and other
contaminated pixels.

We delineated the study lakes using lake vectors provided by HydroLAKES (v.1.0).”’
For lakes in China, we employed vector boundaries from the “China Lake Survey Data-
set"”” To exclude karst and saline lakes, we utilized vector boundaries for inland basins
from Wang et al.”® High-latitude lakes were excluded using the “skin_temperature” band
from the “ERA5-Land Monthly Aggregated” data available on GEE. To identify the key
global drivers of AV, we obtained country-level data on pesticide usage (1990-2021), inor-
ganic fertilizer usage (1989-2021), impervious surface data (1992-2021), and land
surface temperature (LST) changes (1989-2021) from the Food and Agriculture Organi-
zation (FAO).

Creation of a global lacustrine AV database

We developed a global AV database covering both FEAV and SAV. The creation of this
database involved four key steps (Figure 1; see detailed information in the supplemental
text). Step 1 was selection of study lakes. Lakes with a surface area <10 km? and an average
depth >15 m were excluded. Additionally, lakes in high-latitude and endorheic basins were
masked to reduce uncertainties, resulting in a focus on 6,948 relatively shallow lakes.?* Step
2 was image selection and processing. Landsat 5 and 8 images with a 30-m resolution were
selected for the critical growing seasons for AV, covering the period from 1989 to 2021. In
total, 1.4 million images were selected, with cloud and ice pixels removed. Step 3 was use of
the automated vegetation and bloom indices (VBI) algorithm for mapping FEAV and SAV.
VBI was used to classify the pre-processed images into four categories: AB, open water
(OW), FEAV, and SAV.'® This method, developed previously, was executed on the GEE plat-
form. Step 4 was calculation of the areas of AV, FEAV, and SAV. For each 2-year period, we
calculated the maximum area covered by AV, FEAV, and SAV based on the classification
maps. This resulted in a composite database comprising 16 data periods (1989-2021)
per lake. Based on this database, we calculated the coverage of AV, SAV, and FEAV at local,
regional, and global scales. Furthermore, from this database, we analyzed global patterns
and trends in AV, SAV, and FEAV.

Validation and assessment

We extensively validated the classification maps and area data using 7,144 field samples
from 49 lakes in China (Figure S1), achieving an overall accuracy of 87.4% (Tables ST and
S2). These field samples, collected through ground investigation and literature searches,
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Figure 1. Practical workflow for constructing an AV database

covered the periods of 2008—2011 and 2018-2021. The mapping accuracy for SAV was
80.1% for the producer's accuracy and 81.4% for the user's accuracy. For FEAV, the mapping
accuracy was 92.0% for the producer's accuracy and 88.5% for the user's accuracy
(Table S2).

Due to limited global field data, we also thoroughly validated the AV classification, distri-
bution, and trends with literature and high-resolution imagery. Our results were assessed us-
ing four methods.

(1) Comparative validation with published classification maps. We extracted the
spatial distribution maps of AV in 13 lakes from the literature. By visually
comparing our results with published classification maps, specifically focusing
on the spatial distribution of FEAV and SAV, we found that our extraction results
closely matched the documented extents (Figure 2).

(2) Qualitative assessment based on literature-derived AV information. We conduct-
ed AV monitoring for 14 lakes with records of AV groups or spatial distribution in
the literature and qualitatively verified the results combined with remote sensing
imagery (Figure S2). Our results confirm the accuracy of the classification maps.
Change trend validation. To demonstrate the algorithm's robustness, we gath-
ered long-term AV data from review articles by Botrel and Maranger' and Zhang
et al.”* and compared the reported trends. In 47 (77%) of the 61 lakes for which
we gathered time-series data, the trends were consistent (Tables S3 and S4).
Validation of SAV maps using high-resolution imagery and ground-truth photo-
graphs. We acquired field- and high-spatial-resolution images, including 0.1-m
unmanned aerial vehicle (UAV) imagery, 0.7-m JL-1 satellite imagery, and 10-m
Sentinel-2 satellite imagery for multiple lakes globally. These images were visu-
ally interpreted to delineate SAV distributions. Our analyses showed close agree-
ment between the extracted SAV extents and actual vegetation patterns (Fig-
ure S3). For Lake Taihu, ground-truth photos and UAV images clearly
demonstrate the effectiveness of Landsat in distinguishing the presence or
absence of SAV (Figure S4).

@
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The validation results demonstrated the feasibility of our method and the reliability of the
data obtained.

Spatiotemporal patterns and changes

To ensure the reliability and effectiveness of the image data for analyzing spatiotemporal
patterns and changes of AV, lakes with an average total observation count per pixel of less
than 96 (less than three valid observations per pixel per year on average) were excluded (398
lakes). Meanwhile, lakes with fewer than 13 biennial time points (301 lakes) were excluded
from long-term change analyses. Additionally, we identified occurrences of desiccation in 62
of the 72 study lakes in Oceania during the observation period, and these lakes were also
excluded. Consequently, a total of 5,587 lakes globally were selected for analyzing spatio-
temporal patterns of AV, SAV, and FEAV.

Vegetation coverage was used as an indicator to visualize the spatial distribution patterns
of AV, SAV, and FEAV. This analysis encompassed vegetation coverage at multiple scales,
including in individual lake and continental and global scales. For individual lakes, we calcu-
lated the average vegetation area during the specified period. At continental and global
scales, we quantified the ratio of the combined vegetation area over a 30-year period to
the total lake area. This ratio was used as the overall regional coverage to characterize
the spatial patterns of AV coverage:

(Equation 1)

where x represents the vegetation type (i.e, AV, FEAV, or SAV), k is the number of study lakes,
Cy is the average coverage of x globally from 1989 to 2021, A, x represents the average area
of x in lake i between 1989 and 2021, and A, .. indicates the area of lake i.
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Figure 2. AV classification maps in 13 lakes globally by our VBI algorithm and from literature (A) Lake Varese, Italy. (B) Kis-Balaton wetland, Hungary. (C) Mantua Lakes system, Italy.
(D), Lake Trasimeno, Italy. (E) Lake Honghu, China. (F) Lake Yangcheng, China. (G) Winam Gulf section of Lake Victoria, Uganda. (H) Lake Saint-Pierre, Canada. (I) Lake Mogan, Turkey.
(J) Lake Chivero, Zimbabwe. (K) Lake Okeechobee, US. (L) Lake Dongping, China. (M) Lake Ulansuhai, China.

For individual lakes, vegetation coverage was quantified as the ratio of vegetation area to
lake surface area. At continental and global scales, overall vegetation coverage was evalu-
ated biennially to construct historical regional trends.

We analyzed the trends of FEAV and SAV by visually classifying them into five categories:
increase, decrease, recovery, unimodal, and stable (Figure S5). These trend types were deter-

mined based on relevant studies and data analysis,' with a significance threshold of p < 0.1,
assessed using a t test.

At continental and global scales, we initially fit a linear model to the coverage changes
over the 16 periods within the region:

Y(t) = ait+ao, (Equation 2)
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Figure 3. Global patterns of lacustrine AV coverage between 1989 and 2021 (A) Distribution of aquatic vegetation (AV) and percentage of AV coverage (average coverage area over
30 years relative to total lake area) at global and continental scales. (B) Coverage of floating/emergent AV (FEAV). (C) Coverage of submerged AV (SAV).

where Y represents the overall regional coverage of AV, t denotes time, and a1, ag are regres-
sion coefficients determined through the principles of least squares.

If vegetation type in this region exhibits a linear change through a t test (p < 0.1), the
changes were classified as ‘increase” (a; > 0) or “decrease’ (a1 < 0). If p > 0.1, then a
quadratic fit was applied: trends with p < 0.1 for a, were classified as “universal” (a, > 0)
or “inversion” (a; < 0) or otherwise as “stable”:

Y(t) = ayt? +art+ag, (Equation 3)
where the coefficients ag,ay, and a, are regression coefficients.

To understand differences in vegetation coverage and surface area among lakes, annual
coverage data for each lake were standardized as z scores using its own long-term mean
and standard deviation.'®

Regime state index

To explore the evolutionary patterns of AV communities, we constructed a regime state
index (n) to analyze changes in FEAV and SAV coverage. n for each stage was calculated as
follows: n = In (FEAV:SAV), capturing long-term changes and reflecting the evolution of AV
communities. During the analysis, we excluded single-period data with zero coverage of
SAV. Then, we statistically analyzed the trends in n over 30 years for 5,572 lakes, ignoring
time series with fewer than 13 periods of valid data (15 lakes). To understand the long-
term evolution in global AV communities, we categorized the trend of 7 into five types: in-
crease, inversion, decrease, reversal, and stable (Figure S5).

Furthermore, the critical years for each lake were identified based on the change analysis,
including those corresponding to abrupt changes and points of accelerated increase in 7.
The Mann-Kendall abrupt test (M-K test) was used to detect abrupt changes, while Thiel-
Sen'’s slope analysis identified the accelerating rate of these changes. The year correspond-
ing to the point of accelerated increase in n was calculated by fitting a secondary curve to the
7 series. Tangents were then drawn from both the year of the abrupt change in 7 and the
final year to the fitted curve, with their intersection marking the year of accelerated increase.
Following these steps, the critical years can be identified for individual lakes or across
continents.

Analysis of natural and anthropogenic factors

The occurrence of the critical years in the evolution of lake AV is influenced by a
combination of natural and anthropogenic factors. Using available data, we investi-
gated the factors driving changes in AV, particularly the transition from the SAV to
the FEAV regime state. By analyzing records from 3,385 lakes across 67 countries,
we explored relationships between pesticide and inorganic fertilizer usage, imper-
vious surface area, LST, and . Based on the trend in n changes, the period from
1989 to 2021 is divided into three stages: 1989-2001, 2002-2010, and 2011—
2021. We calculated the contributions using the Boruta R package to assess the
impact of the four factors on n across the three stages. This package, based on
the random forest algorithm, facilitates feature selection and detection of crucial fea-
tures significantly correlated with the target variable.”®
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Figure 4. Global trends in lacustrine FEAV and SAV coverage between 1989 and 2021 (A and B) Change patterns of FEAV and SAV in individual lakes. (C) Global FEAV coverage trend
(recovery, p = 0.038). (D) Global SAV coverage trend (unimodal, p = 0.001). (E-N) Evolution patterns of FEAV and SAV coverage across different continents. The y axes in (C)—(N)
represents the ratio of total FEAV or SAV area to the area of all lakes in the respective region.

To elucidate the changing dynamics, linear regression analyses were applied to the four
influencing factors across the three stages, yielding their respective rates of change. For vi-
sual representation, the annual time series for n and the four factors in each region were
normalized, considering long-term means and standard deviations to calculate Z scores
for factor analysis.

RESULTS
Global patterns of lacustrine AV

Over the past three decades, AV covered an average of 108,186 km? globally,
accounting for 28.9% (FEAV, 15.8%; SAV, 13.1%) of the total lake area (Figure 3).
As of 2020—2021, AV covered 103,090 km? (27.6%) (Figure S6). The Northern
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significant decreasing trend of SAV (p < 0.1). Red points indicate lakes with a remarkable reduction of SAV, where SAV was nearly absent in the final period. (B) Historical trends of AV
(blue), FEAV (green), and SAV (red) coverage from 2000 to 2020 are represented by fitting lines. (C—F) FEAV and SAV coverage histories follow increasing and decreasing trends. The
time series of FEAV and SAV coverage Z score for each lake is calculated using its own historical mean and standard deviation.

Hemisphere, including North America (6.3 x 10% km?), Europe (1.9 x 10* km?),
and Asia (2.0 x 10% km?), accounted for 94.9% of the total AV area. Among the
tested lakes, 62.9% (3,516) experience higher AV coverage than the global
average. North America (28.2%) and Europe (25.3%) closely resemble the global
AV coverage. Oceania, with only 10 tested lakes, displays the highest coverage at
64.4% (FEAV, 28.9%; SAV, 35.5%). Asia ranks second in AV coverage (41.8%), with
81.1% of the tested lakes (467) exceeding the global average. Particularly note-
worthy are the middle and lower reaches of the Yangtze River in China, India,
and Southeast Asia, which boast the highest AV coverage globally.

Africa (142%) and South America (22.5%) exhibit lower AV coverage
compared to other continents (Figure 3A). FEAV dominates the AV communities
in 78.6% of the tested lakes. AV coverage displays a stronger correlation with
FEAV (R? = 0.69) than SAV (R? = 0.07), indicating that high AV coverage in
most lakes is primarily driven by high FEAV abundance (Figures S7A and S7B).
The top 10 countries in terms of AV area are Canada, China, Russia, the US,
Finland, India, Brazil, Ukraine, Sweden, and Kazakhstan, collectively accounting
for 9.6 x 10*km? and 88.7% of the global lake AV area (Figure S8). Among these
countries, India exhibits the highest AV coverage (45.8%), followed by China
(44.7%) and Sweden (35.2%), with the high AV coverage being predominantly
attributed to FEAV.

We find that smaller lakes typically have higher coverage of FEAV, with an
average coverage of 30.1% in 3,546 small lakes (10—25 km?) compared to
only 10.0% for 101 large lakes (>500 km?) (Figures S7C—S7F). Lakes ranging
in size from 100 km? to 500 km? have the highest average coverage of SAV.
This pattern may be due to deeper water depths and higher wind exposure in
large lakes,”®>*” which create unfavorable conditions for FEAV growth but pose

less limitation for SAV.? " Among large lakes (>500 km?), the highest FEAV
coverage is found in Lake Nansi (63.3%) and Lake Dongting (38.3%) in China,
Lake Michilcamau (34.0%) in Canada, Lake Murray (32.5%) in Papua New Guinea,
and Lake Kentucky (30.1%) in the US. The top 5 lakes with the highest SAV
coverage are Lake Cedar (57.8%), Lake Moose (54.2%), Lake Southern Indian
(47.7%), and Lake St. Clair (38.6%) in Canada along with Lake Argyle (52.9%) in
Australia (Figure S9).

Global trends of lacustrine AV

Overall, both in terms of dominant change types and changes in total
coverage, SAV rapidly declined while FEAV gradually increased, resulting in a
net loss of AV during the study period. Specifically, we analyzed the coverage
of SAV and FEAV in individual lakes from 1989 to 2021 and identified five distinct
patterns of change: increase, recovery, decrease, unimodal, and stable
(Figures 4A, 4B, and Sb). Globally, 36.6% (2,047) and 44.1% (2,462) of the tested
lakes exhibited significant changes (p < 0.1) in FEAV and SAV, respectively. The
dominant change types for FEAV and SAV were increase and decrease, respec-
tively, accounting for 44.7% and 51.9% of lakes with discernible change patterns
(Figures 4A and 4B). Similar change patterns were observed across five conti-
nents, excluding Oceania (Figures S10 and S11). Oceania was excluded from
the change analysis due to the limited tested lakes (10) and their representative-
ness. Lakes in Asia demonstrated the most significant changes in FEAV, with
58.9% (339) of the 576 tested lakes experiencing changes, half of which showed
an increase (45.1%) (Figures 4A and S10). In terms of SAV, Asia (47.4%) and Eu-
rope (47.2%) had a highest proportion of lakes with change trends compared to
the other three continents. The dominant types of changes identified in Asia were
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dashed lines represent the year corresponding to the abrupt change and accelerating increase values of 7, respectively.

decrease (52.0%) and unimodal (47.8%) (Figures 4B and S11). Overall, in 34.0% of
the lakes, combined AV (FEAV + SAV) displayed significant changes (p < 0.1),
with a decreasing trend being the dominant change type (44.8%) (Figure S12).

Between 1989 and 2021, there were contrasting change trends in the coverage
of FEAV and SAV at the global scale. FEAV displayed a recovery trend (p = 0.038;
Figure 4C), while SAV exhibited a unimodal trend (p < 0.001; Figure 4D). Except
for Africa and Asia, where FEAV showed an increasing trend (Figures 41 and 4M),
the change trends in coverage for the other three continents aligned with the
global trend (Figure 4C). Similarly, except for South America, which demonstrated
a significant decreasing trend in SAV (Figure 4L), the remaining four continents
exhibited trends consistent with the global trend (Figure 4D). Overall, the total
coverage of AV displayed a unimodal trend, aligning with the SAV change trend
at global and continental scales (Figures 4D and S11).

Over the past two decades, the changes in SAV and FEAV have been particu-
larly drastic. SAV exhibited a significant decline trend, with a yearly decrease in
coverage at an average rate of 0.24% (p < 0.001), resulting in a relative decrease
of 30.4%. Among the study lakes, 40.3% (2,254 lakes) have shown a decreasing
trend in SAV, with 3% of lakes experiencing SAV withering (SAV coverage <10%),

primarily observed in the middle and lower reaches of the Yangtze River in China
and India (Figure 5A). In contrast, FEAV has exhibited a notable increase over the
same period, with an annual growth rate of 0.13% (p < 0.001) and an increase of
15.6% from 2000 to 2021. However, despite the increase in FEAV, there has been
an overall loss of AV (p = 0.04; Figure 5B).

Global regime state shifts of lacustrine AV

We introduced 7 to effectively assess dominance shifts between FEAV and
SAV in lakes or regions. An increasing 7 indicates increased FEAV dominance
or decreased SAV dominance and vice versa. Significant changes in 7
(p < 0.1) occurred over the last 30 years in 3,834 lakes (68.6%). Of these,
63.5% exhibited an increasing trend, while 24.8% showed an inversion pattern
(i.e., decrease followed by increase), suggesting a global shift toward greater
FEAV or reduced SAV dominance (Figure 6). From 1989 to 2021, a notable inver-
sion in n was observed, characterized by an initial modest decline followed by a
substantial and rapid upturn (p < 0.007). An abrupt change in 5 of global lakes
occurred in 2001, identified by the M-K test, and an accelerating increase
occurred after approximately 2010 (Figure 6B). A shift from increasing SAV or
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In contrast, FEAV is not light limited and can
thrive in high nutrient concentrations.*° In oligo-
trophic and mesotrophic states, shallow lakes
are typically dominated by various SAV, whereas
in more eutrophic states, either FEAV or phyto-
plankton may prevail.”

This largely explains the decline in SAV and the
increasing trend in FEAV, resulting in a contin-
uous rise in i since 2000. The identified critical
years reflect the combined impact of human ac-
tivities and global warming. Specifically, the
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decreasing FEAV dominance to increasing FEAV or decreasing SAV dominance
occurred since 2001. This trend has become more pronounced after 2010, indi-
cating a potential regime state shift from SAV to FEAV dominance or even AB
dominance. Similar trends were observed in major continents, such as North
America, Europe, and Asia, where n change trends and accelerating increase
years aligned with the global trend, although the years with abrupt change points
of n varied (Figures 6C—6E). In 550 of these lakes, SAV exhibited a decrease or
unimodal trend, while FEAV exhibited an increase or recovery (Figure S13).
This resulted in an increase or reversal of 7, indicating a transition toward a
shaded state dominated by FEAV. The specific year of abrupt change on » varied
across continents and across lakes. For instance, we observed that Lake Chang-
dang in the Yangtze River Basin, China, experienced a shift from an SAV-domi-
nated state to an FEAV-dominated state in 2005 (Figure S14).

Our findings suggest that the decline in global SAV and the increase in FEAY,
as well as the resulting increase in g, are closely linked to intense human activities
and climatic warming. Prior to 2010, human-induced eutrophication served as
the primary driver of change, while the influence of global warming and the
consequent rise in lake temperatures likely contributed thereafter. Consistent
changes exist between  and some indicators of human activity, such as fertilizer
and pesticide usage, as well as impervious surface area. Climate warming indi-
cators, like LST, also show a correlation with n at both global and continental
scales (Figures 6F—6l). The impact of human activities outweighs that of climate
warming, particularly in North America and Asia (Figure 7A; Table S5). Concur-
rently, rising temperatures and eutrophication resulting from human activities
enhance phytoplankton and FEAV dominance over SAV, potentially triggering a
transition.®'*%?~%> Notably, eutrophication can have a nonlinear effect on SAV

1990 1995 2000 2005 2010 2015 2020

Future implications

Our findings provide compelling evidence of
increased dominance of FEAV and decreased
coverage of SAV in lakes on a global scale (Figure 4). Consequently, the index
1 has been steadily increasing both regionally and globally since 2007 (Figure 5B).
Notably, we identified 550 lakes worldwide where SAV decreased while FEAV
increased simultaneously (Figure S13). This suggests a growing risk of transi-
tions in lacustrine ecosystems toward a shaded state dominated by FEAV, which
can eventually lead to turbid phytoplankton-dominated states under high nutrient
loads.>'"“94T Lake Changdang serves as a compelling example of shifting from
a clear state dominated by SAV to a shaded state and eventually a turbid state.
Prior to 2005, the lake was predominantly covered by SAV, but from 2005 to
2015, SAV decreased while FEAV increased, and frequent ABs occurred there-
after (Figure S14). Such transitions toward phytoplankton-dominated states
may be widespread. For instance, more than 8.8% of lakes (>0.1 km?) worldwide
have experienced ABs, and the risk of blooms has increased since 2000.'° Once
a lake transitions to a turbid state, recovery to its original clear state becomes
challenging®®“? though possible.'® This transition is accompanied by a decline
in taxonomic and functional diversities while nutrient availability increases, lead-
ing to ecological degradation, economic losses, and threats to drinking water
safety. 10,4344

Our study provides a sign of global shallow lakes transitioning toward shaded
or turbid states. The shaded state is transitional, and interrupting FEAV domi-
nance often results in a shift toward a turbid state dominated by phytoplankton,
particularly under high nutrient loads. Conversely, removing FEAV can reverse the
shift and restore a clear SAV-dominated state, especially under low nutrient
loads.®*>*° Therefore, slowing down these trends and restoring SAV are
currently a priority. Effective management of lake eutrophication is crucial in
achieving this goal.**#%*" Notably, Europe and China have implemented strong
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water restoration policies, such as the European Water Framework Directive
adopted in 2000, the Action Plan for Prevention and Control of Water Pollution
since 2015, and the Yangtze River Protection Strategy initiated in 2016. However,
not all restoration measures have been successful, with cases showing an in-
crease in FEAV rather than SAV.?* If nutrient levels are sufficiently reduced,
then a one-time removal of floating plants could tip the balance toward an alter-
native state dominated by SAV.*® Therefore, maintaining or recovering SAV
through global collaborative efforts is needed, including reducing nutrient loading
from agricultural areas, aquaculture, and urban sources as well as implementing
SAV restoration and FEAV harvesting when needed.”®™®'

CONCLUSION

In this study, we established a global AV database by leveraging 1.4 million
Landsat images from 1989 to 2021 with the aim of attaining a comprehensive
understanding of the ecosystems within 5,587 shallow lakes. The average AV
coverage was calculated as 28.9%, encompassing an area of 108,186 km?, pre-
dominantly distributed across North America, Europe, and Asia. Our findings sug-
gest that SAV is undergoing a significant decline, whereas FEAV is experiencing a
gradual increase, thereby suggesting a regime shift from clear to shaded or even
turbid states. Until the early 2070s, human activities predominantly drove the
global trends; however, climate warming has since become the dominant driver
shaping changes in lake ecosystems. Our innovative methodology and the estab-
lished database present a potent instrument for real-time monitoring and a more
profound global understanding of lake ecosystems, bearing substantial implica-
tions for lake management and global conservation initiatives.

DATA AND CODE AVAILABILITY

e The Landsat images are available in the data archive of GEE: https://developers.
google.com/earth-engine/datasets.

e The HydroLAKES dataset was obtained at https://www.hydrosheds.org/pages/
hydrolakes.

e The endorheic basin polygons were downloaded from https://doi.org/10.1594/
PANGAEA.895895?format=html#.

e The global temperature data are available in the data archive of GEE: https://
developers.google.com/earth-engine/datasets/catalog/ECMWF_ERA5_LAND_
MONTHLY_AGGR.

e The data series of fertilizer usage, impervious surface area, and LST changes were
obtained from the FAQ: https://www.fao.org/faostat.

e The globallacustrine AV database is available from the corresponding author upon
reasonable request.
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