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Critical turbidity thresholds for maintenance 
of estuarine tidal flats worldwide

Tim J. Grandjean    1,2 , Roland Weenink    1,3, Daphne van der Wal    1,4, 
Elisabeth A. Addink    2, Zhan Hu5,6,7, Shuai Liu    5, Zheng B. Wang    8,9, 
Yuan Lin    10,11 & Tjeerd J. Bouma1,2

Tidal flats are shrinking in extent globally. The dynamics of the response 
of estuarine tidal flats to global environmental changes remain unclear. 
Tidal-flat morphology is shaped by the interplay among wave and tidal 
forces, river discharge and sediment supply, and preservation of tidal 
flats requires a balance between erosional and depositional processes 
be maintained. Here we assess tidal-flat morphodynamic changes of 40 
globally distributed estuaries with contrasting tidal amplitudes between 
1986 and 2011 from analyses of 4,939 satellite images. We consider 
both vegetated and unvegetated intertidal areas. From comparisons 
with remote-sensing-derived turbidity estimates, we identify a critical 
turbidity threshold indicative of a minimum sediment supply along with 
the hydrodynamic forces, which is necessary to maintain tidal flats. Tidal 
flats in intertidal areas in estuaries with low turbidity face retreat, with the 
critical turbidity threshold increasing with increasing tidal amplitudes. By 
contrast, estuaries with high turbidity tend to exhibit laterally or vertically 
expanding tidal flats. However, despite estuaries with limited tidal ranges 
having relatively low turbidity thresholds, environmental or anthropogenic 
alterations can still adversely affect the morphology of tidal flats. Our 
findings demonstrate the need to consider sediment supply in integrated 
estuarine management strategies to maintain the ecological integrity and 
flood defence function of tidal flats.

Globally, more than one billion people live in or near deltas and estu-
aries and face exposure to sea-level rise (SLR)1,2. These communities 
benefit from and depend on crucial coastal ecosystem services pro-
vided by intertidal ecosystems3, such as food provision4, shoreline 
stabilization5 and flood protection6. Flood protection is especially 

provided by vegetation in the high intertidal range, such as salt marshes 
and mangroves7–9. To address SLR, adopting ecosystem-based flood 
defences offers a sustainable and economically efficient solution com-
pared with traditional coastal engineering methods such as sea walls 
and dykes, ensuring protection for coastal communities6; hence, the 
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of tidal flats declined by an estimated 16% between 1984 and 201618. It is 
thought that this decline and anticipated future losses due to acceler-
ated SLR may be related to a diminishing sediment supply caused by 
human activities, such as damming, irrigating and improving land-use 
practices19–21. Reduced fluvial sediment supply has been proved to 
induce erosion of tidal flats that front salt marshes22. However, global 
assessments that specifically address whether and how diminished 
sediment supply impacts the morphology of unvegetated tidal flats 
remain scarce.

responses of intertidal marshes and mangroves to SLR and changes 
in sediment concentrations have been widely studied10–12. Plants in 
salt marshes and mangroves effectively trap sediment and promote 
accretion, even under declining sediment supply and SLR13,14. However, 
for marshes and mangroves to maintain their lateral width, especially 
when landward expansion is constrained, it is essential to preserve the 
unvegetated tidal flats that front the vegetation at its seaward side15–17. 
The responses of unvegetated tidal flats to SLR and reduced sediment 
supply have received little attention, although the global distribution 
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Fig. 1 | Spatial distributions of estuaries, environmental characteristics and 
morphological trajectories. a,b, Estuaries categorized by tidal range, with 
light colours for micro-tidal and meso-tidal regimes (a) and dark colours for 
macro-tidal regimes (b). c,d, Turbidity levels from 2009 to 2011 and trends from 
1986 to 2011, using blue for low turbidity (c) and brown for high turbidity (d), 
with significant changes marked by stars. e,f, Morphological changes in tidal flats 

from the period 1986–1988 to 2009–2011, where red dots represent retreating 
flats (e) and blue dots expanding flats (f). g,h, Changes in vegetated intertidal 
areas, with red diamonds for loss in vegetation proportion (g), blue for gain in 
vegetation proportion and yellow for stable vegetation proportion (h). Credit: 
basemaps, Esri, Maxar, Earthstar Geographics and the GIS User Community 
(http://goto.arcgisonline.com/maps/World_Imagery).
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Recent advances in high-performance computing regarding 
Earth’s observational data have allowed for an increase in the number 
of studies concerning the lateral extent of tidal flats globally18,23, the 
morphology of tidal flats on local scales24 and the retrieval of turbid-
ity data from satellite imagery25, all of which provide valuable insights 
into the dynamics of coastal ecosystems at different scales. Despite 
these advances, our understanding of how environmental factors 
affect the morphology of tidal flats on a global scale, particularly the 
combined effects of tidal amplitudes and sediment supply, has not 
been thoroughly explored. We applied both the waterline extraction 
method, which uses satellite imagery to create interpolated digital ele-
vation models (DEMs) of tidal flats24, and the unsupervised salt-marsh 
classification procedure26 to study the morphological development 
(changes in intertidal volume as well as lateral and vertical extents) of 
40 estuarine tidal flats worldwide between 1986 and 2011. Our analysis 
linked this morphological development of tidal flats to local turbidity 
levels derived from remotely sensed data. Through our study, we found 
a critical turbidity threshold (CTT), which emerges as an important 
parameter for the existence of tidal flats and for the distinction of 
systems with overall loss and expansion of tidal flats, respectively. 
Recognizing this relationship is instrumental in enhancing sediment 
management and restoring intertidal systems.

Changing environmental conditions
Globally, tidal-flat morphology exhibits distinctive characteristics 
across different tidal ranges, from micro-tidal (<2 m) and meso-tidal 
(2–4 m) to macro-tidal (>4 m) systems27. In general, the morphology 
of tidal flats is directly impacted by a combination of tidal dynamics 
coupled with the local wave climates, river discharge and sediment 
supply28. In the upcoming decades, however, both projected SLR and 
anthropogenic disturbances are expected to alter tidal amplitudes in 
estuaries and indirectly impact the morphodynamics29. Furthermore, 
the continuous supply of sediment, essential for the sustenance and 
stability of tidal flats, is threatened due to worldwide changes in water-
shed alterations19,21,30,31 and storm-induced dynamics32,33. Alterations in 
sediment supply, or turbidity as an indicator of sediment supply34,35 
measured in formazin nephelometric units (FNUs), are assumed to have 
critical implications for the future morphology of tidal flats, although 
the impact remains to be fully elucidated.

Our study examined 40 estuaries covering a wide range of tidal 
amplitudes, from micro-tidal (1.19 m) to macro-tidal (8.96 m) (Fig. 1a,b 
and Supplementary Table 1). We observed significant changes in tur-
bidity for 10% (4) of the estuaries between the periods 1986–1988 and 
2009–2011 (Fig. 1c,d and Supplementary Table 1); specifically, 5% (2) 
show a decrease and the other 5% (2) an increase in turbidity. In 90% 
(36) of the estuaries, our analysis did not reveal significant changes in 
turbidity over the two studied periods. These findings suggest that, 
overall, there is no strong trend observed in turbidity changes across 
the studied estuaries. Turbidity is subject to substantial spatial and 
temporal variability, influenced by factors such as wave-induced sedi-
ment resuspension32,35, periodic variations in the spring-neap cycle36 
and seasonal cycles of wet or dry and calm or stormy periods37. Despite 
this constraint, our approach effectively classified differences among 
estuaries, which is crucial for identifying specific turbidity thresholds 
despite the absence of trends in the majority.

Intertidal morphological developments
The global analysis conducted in this study, using hypsometric curves 
to monitor changes in intertidal topography between the periods 1986–
1988 and 2009–2011, shows that 25% (10) of the 40 studied estuaries 
experienced a decline in their overall tidal-flat elevation (vertical dimen-
sion) or extent (lateral dimension), or both, while the remaining 75% (30) 
exhibited expansion in one or both dimensions (Fig. 1e,f and Extended 
Data Fig. 1). Of the studied estuaries, 55% (22) are along the west coast 
of Europe; 32% (7) of these experienced a decline in their elevation and 

extent (Fig. 1f). Overall, this negative trajectory could be due to a com-
bination of factors such as net erosion caused by hydrodynamics (for 
example, changing wave climate, SLR, direct human interventions) and 
sediment supply changes19,21,30. Our analyses on a global scale show that 
lateral and vertical changes often occur simultaneously but not necessar-
ily in the same direction (Fig. 2), such as vertical erosion coinciding with 
lateral expansion. These insights, derived from assessing changes in the 
hypsometric integral (HI), which quantifies sediment volume between 
mean low and high tides for both vegetated and unvegetated areas, add 
to previous research focusing primarily on lateral expansion globally18,23.

Understanding the morphological evolution requires consid-
eration of the dynamics of vegetated intertidal areas (specifically, 
salt marshes and mangroves) as the sediment volume of these veg-
etated areas contributes to the sediment balance and dynamics of 
the intertidal zone38,39. In our assessment, 37.5% (15) of the estuaries 
experienced limited change within a range of −10% to +10% in the ratio of 
vegetated and unvegetated area, thus indicating relative stable condi-
tions (Fig. 1g,h and Supplementary Table 1). Among the estuaries, 32.5% 
(13) had an increase in their vegetated tidal-flat proportion compared 
with the proportion unvegetated tidal flats (that is, negative ratios 
values in Fig. 1g,h), indicating more-persistent vegetated flats. Further, 
30% (12) experienced a decrease in the proportion of vegetated tidal 
flats (that is, positive ratio values in Fig. 1g,h). For the 10 estuaries with 
negative tidal-flat trajectories, we found comparable trends: 30% (3) 
experienced stable vegetated versus unvegetated ratios. Further, 40% 
(4) showed a lesser retreat or even a gain in vegetated areas compared 
with unvegetated zones (see Supplementary Table 1). The other 30% (3), 
however, displayed similar or more-pronounced retreats in vegetated 
areas relative to unvegetated areas. These results indicate a variation in 
the ability of tidal flats to withstand environmental changes. Detailed 
process-based case studies are needed to understand the specific fac-
tors and dynamics at play in intertidal areas.
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Impact of turbidity on tidal-flat morphology
The results show that the trajectory of tidal flats is closely associated 
with surpassing a CTT, which increases with tidal range (Fig. 3). Estuaries 
with high turbidity levels tend to exhibit expanding tidal flats in either a 
lateral or vertical dimension or in both dimensions. Conversely, estuar-
ies in areas with low turbidity are more associated with retreat, and this 
becomes more evident in areas with higher tidal ranges (Fig. 3). This 
observation aligns with numerical models suggesting that a reduced 
tidal prism leads to increased sediment deposition on the shoals40, 
whereas estuaries with large tidal prisms face more frequent tidal ero-
sion and thus require a higher sediment supply to prevent erosion. Our 
investigation into the persistence of tidal flats included turbidity (as a 
proxy for sediment supply) and tidal amplitude as key drivers of mor-
phological changes. However, we also acknowledge that factors such 
as tidal currents and waves substantially impact the morphology28. We 
cannot directly include factors such as local tidal currents and waves 
in our analysis as they require global fine-scale and high-computation 
modelling or in situ measurement, which goes beyond the scope of 
remote sensing at global scales41,42. However, we assume that the impacts 
of these local hydrodynamic conditions are indirectly reflected in the 
tidal-flat morphology. Therefore, the deviations observed around the 
CTT are considered to encompass such influences indirectly.

The CTT can account for 84% of estuarine tidal-flat observed 
retreating and expanding trajectories. It signifies the critical lower 
boundary for tidal-flat sustainability; estuaries with turbidity levels 
falling below this threshold risk failing to maintain their current state 
and potentially disappearing. Of the estuaries studied, 75% (30) had 

sufficient sediment availability to maintain or enhance their mor-
phology (Fig. 3). The 25% (10) with negative trajectories experienced 
retreats in either one or both dimensions (Fig. 2). Notably, eight of 
these are in the Northern Hemisphere, where sediment supply reduc-
tions are more substantial31. Further, the negative trajectories imply 
that tidal flats facing future SLR-induced tidal amplification29,43 (shift-
ing from left to right in Fig. 3) may be at risk of loss (dropping below 
the CTT in Fig. 3) unless sediment supply increases. Therefore, to 
accurately predict the future trajectories of tidal flats, it is impera-
tive to not only consider the influence of waves and tides28 but also 
integrate the effects of tidal amplitude-dependent turbidity. Only 
5% (2) of the estuaries deviated substantially from the expected CTT: 
the eroding Bahia Blanca and Mondego estuaries suffered notable 
anthropogenic modifications in the studied period. The Bahia Blanca 
Estuary (#4; Fig. 3) experienced a combination of SLR, interannual 
rainfall variations and human interventions during the measured 
period44, which caused its erosion to deviate from the trend substan-
tially. The eroding Mondego Estuary (#29; Fig. 3) also suffered from 
many human interventions, including the construction of several 
dams and an artificial riverbed as well as water supply channels for 
agriculture, which caused substantial changes in the hydrological 
and sedimentary systems45,46.

In addition, we focused on the lateral expansion of either vegetated 
or unvegetated tidal flats if these indicators provide insight of the 
potential existence as well of a CTT (Extended Data Fig. 2). However, 
this approach alone did not reveal a CTT. It was only through examining 
changes in intertidal sediment volume by considering both vegetated 
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and unvegetated tidal flats together that we could identify a CTT. These 
results underscore the interconnectedness of vertical and horizontal 
changes in tidal flats and the link between vegetated and unvegetated 
areas. This highlights the importance of studying these habitats as an 
interconnected system to understand tidal-flat trajectories.

Sediment supply key to maintain tidal flats
Present findings suggest the importance of sediment supply in main-
taining tidal flats’ elevations and extents, as affected by both dimen-
sions; the CTT offers important implications for integrated estuarine 
management or modelling, particularly with accelerating SLR or human 
modifications. In the past, society may not always have adequately 
addressed the impact of sediment supply changes47,48, leading to the 
loss of ecological values. While a range of strategies is applied to main-
tain tidal flats, they are typically effective on a small and local scale 
and focus on hydrodynamics47. In scenarios of inadequate sediment 
supply to maintain estuarine tidal flats, the most effective solution 
might involve modifying or removing hard engineering structures 
such as dams, dykes and sea walls49 as they substantially reduce sedi-
ment supply19,21,30,31,37. However, conducting targeted, local analyses to 
devise management strategies that comprehensively address all fac-
tors such as wave and tidal forcing, river discharge and thus sediment 
supply remains crucial.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
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Methods
Classifying estuaries worldwide
Consistent DEMs of tidal flats worldwide were created using Landsat 
satellite data. This method employs the Google Earth Engine plat-
form and the Geemap interactive mapping package in Python50–52. We 
employed atmospherically corrected US Geological Survey Landsat 5 
surface reflectance tier 1 data, which includes a cloud and shadow mask 
that uses the CFMASK algorithm53. To identify estuaries with tidal flats 
and tidal vegetation, polygons were created via data from the Protected 
Planet database and Google Earth imagery54. We confined our analysis 
to specific sections or branches for particularly large estuaries, such as 
Anchorage, Chesapeake, Yangtze and Mekong (detailed shapefiles are 
available via the data availability statements). In addition, for estuaries 
with lengthy tidal rivers, such as Elbe, Fundy and Westerschelde, we 
excluded overly narrow parts. In this study, we used specific names 
accordingly. The remote-sensing analyses were conducted only on 
estuaries for which there were at least three consecutive years of satel-
lite images in the periods 1986–1988 and 2009–2011 with a maximum 
of 60% cloud cover26.

We used an adapted version of the unsupervised salt-marsh clas-
sification procedure26 that categorizes images into 3 yr periods in 
three groups: vegetation, unvegetated tidal flat and water. The 3 yr 
bins provided imagery that represented the entire range of tidal levels 
(Extended Data Fig. 3). We employed the normalized difference vegeta-
tion index and the normalized difference water index to classify each 
image in the 3 yr bins. Areas were classified as vegetation if they had a 
normalized difference vegetation index >0.3 and were classified as such 
for 80% of the time; these thresholds eliminate most of the temporal 
vegetation. Areas were classified as water if their normalized difference 
water index was greater than 0, and they were classified as such for 70% 
of the time. However, individual pixels were not classified as water if 
they had fewer than 150 adjacent pixels with water; this allowed us to 
correct for errors caused by the near-infrared band that could have 
been affected by white waters or high turbidity. The remaining pixels 
were classified as tidal flats.

Tidal-range data
The tidal range was calculated using the worldtides.info application 
programming interface, which provides access to tidal data for tide 
stations worldwide55. We employed this application programming 
interface to retrieve a tidal height prediction relative to mean sea level 
for each image in the 3 yr bins by selecting the tidal station closest to 
the image’s location. The limited number of available tidal stations 
restricted the number of estuaries that could be included in this study. 
We selected the most central station if multiple tidal stations were avail-
able. Further, we calculated the modelled tidal range as the difference 
between the average of all low waters and the average of all high waters 
recorded by the tidal station.

Changes in vegetation coverage of intertidal surfaces
We quantified the changes in vegetated intertidal areas, particularly salt 
marshes and mangroves, by calculating the difference in percentage of 
intertidal areas that were vegetated in both the past and the present56.

ΔV% = (
av,i
at,i

× 100) − (
av,f
at,f

× 100) (1)

In this equation, ΔV% is the resulting percentage of change in 
vegetated area av and the total vegetated and unvegetated intertidal 
area at in either the past (i) or the present (f). This method is an adapta-
tion of the unvegetated/vegetated ratio57. By focusing on the propor-
tion of the vegetated area within an intertidal environment, we can 
better understand the changes that have occurred in the intertidal 
zones, which provides valuable insights into morphological trajecto-
ries. Positive values indicate that the relative proportion of vegetated 
tidal flats declined, while negative values suggest a relative increase 

in vegetated tidal flats, which implies a persistent ecosystem. Details 
of the vegetated and unvegetated areas (km2) in time are listed in Sup-
plementary Table 1.

Retrieving DEMs
We used the waterline extraction technique to create DEMs for the 
estuaries24. The 3 yr bin datasets were further divided into 10% intervals 
of the observed tidal height for each estuary. If more than two intervals 
contained no images, then we deleted the estuary from further analyses 
to avoid misinterpretations due to potentially dispersed data. The 
images in each interval were reprocessed according to the aforemen-
tioned described classification method to retrieve the waterline. With 
the find_contours function from scikit.measure58, we derived the water-
line contours for each interval24. The median tidal height of the images 
in each interval was calculated and assigned to the extracted contour. 
After converting the contours to x-, y- and z-point data and combining 
all contours, we calculated continuous elevation data rasters using the 
griddata linear interpolation method from scipy.interpolate59. The 
final outcome of this process was 30 m × 30 m DEMs relative to the 
modelled mean sea level.

At the beginning of the assessment, we validated our method by 
testing the accuracy of the retrieved DEMs for the Westerschelde and 
Oosterschelde estuaries (the Netherlands), for which high-quality 
DEMs based on airborne lidar data were available. The results for the 
Westerschelde indicated a significant correlation with the lidar data, 
evidenced by the Pearson correlation coefficient of 0.83 and the Spear-
man correlation coefficient of 0.83, alongside a low root mean square 
error (RMSE) of ±0.50 m (Extended Data Fig. 4). Similarly, the results for 
the Oosterschelde exhibited a strong correlation (Pearson correlation 
coefficient of 0.75 and Spearman correlation coefficient of 0.83) with an 
RMSE of ±0.45 m (Extended Data Fig. 4). In both cases, the Pearson and 
Spearman correlations were highly significant, with P values less than 
0.001. Next, we proceeded to acquire DEMs of tidal flats from various 
estuaries worldwide, particularly as uniform lidar or multibeam data 
are not commonly accessible worldwide.

During the analyses, we encountered challenges for estuar-
ies located near the Equator (Amazon, Gulf of Nicoya Estuary and 
Muni-Pomadze Protected Area) due to the prevalent cloud cover in 
these regions. These estuaries were excluded from the analysis because 
they lacked images in at least 30% of the intervals, potentially leading 
to unreliable DEMs. In addition, high turbidity of the water led to an 
overassumption of tidal-flat area in a number of (upstream sections 
of) estuaries (Severn Estuary, Gironde Estuary and Humber Estuary), 
as judged visually; these estuaries were also excluded from analysis.

Describing morphodynamic developments
Hypsometry measures the physical properties of an estuary’s shape 
and structure60 and transforms the cumulative frequency distribution 
of a tidal flat’s bed-level elevation into a single line. Hence, changes in 
the shape of a hypsometric curve can provide insight into an estuary’s 
morphological development. In this study, intertidal hypsometric 
curves are defined as the cumulative frequency distribution of eleva-
tions, where the y axis represents the percentage of the tidal flat area 
between the low and high tide and the x axis represents the extent itself.

H(y) = A(y)/A (2)

In this equation, H(y) is the cumulative frequency distribution of 
elevations up to elevation y, A(y) is the area of the tidal flat below eleva-
tion y and A is the total area of the tidal flat (Extended Data Fig. 3). As 
we studied the morphological trajectory, we employed a hypsometric 
curve to describe the past (1986–1988) and the present (2009–2011). 
For the comparison, A is the maximum cumulative area in time, regard-
less of whether the time is past or present. In addition, we wanted 
to ensure an accurate interpretation of the hypsometric curve and 
account for the influence of potential vegetated tidal-flat expansion 
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or retreat, so we incorporated the vegetated tidal-flat extent into the 
hypsometric plot (Extended Data Fig. 3). Specifically, we assigned the  
highest measured water level as the elevation of the vegetated tidal 
flat. Further, we limited the y range as the issue of offset could occur 
if the Landsat images of both periods do not cover the same tidal 
range (Extended Data Fig. 3). To overcome this, we created high- and 
low-water boundaries for the hypsometric curve that were defined by 
taking the maximum and minimum values for the low and high tided, 
respectively, measured between the two periods (Extended Data Fig. 3). 
This approach ensured that the entire range of tidal elevations was 
captured and considered in the analysis while minimizing potential 
biases in the dataset. We compared the modelled tidal range with the 
observed tidal range used in the hypsometric curves. Overall, satisfac-
tory agreement was noted, indicating that the method reflected the 
tidal-flat extent (Extended Data Fig. 5).

After we created the cumulative frequency distribution of eleva-
tions, we fitted either a second- or third-order polynomial function 
to independently describe the hypsometric curve for each estuary 
(Supplementary Table 1)61. On the basis of the intertidal hypsometric 
curves, we calculated the HI, which is an index that describes an estu-
ary’s topography on the basis of the hypsometry and is unaffected by 
the slope or aspect over space61. In our case, the HI described the inter-
tidal volume of sediment. The HI is a dimensionless number between 0 
and 1, which enabled us to compare the hypsometric curves between 
estuaries and periods regardless of differences in scale, such as tidal 
range, extent and elevation60. We calculated the percentage difference 
in HIs between the periods to identify the morphological trajectories 
(Supplementary Table 1). A gradually increasing HI indicates that the 
amount of sediment in the intertidal range increased, while a decreas-
ing HI indicates a decline of sediment.

For the unvegetated tidal flats, we calculated the average differ-
ence between the x values of the periods for 100 points integrated 
over the second- or third-order polynomial regressions as well as the 
average change in elevation. The average difference indicated whether 
changes in sediment volume typically occurred laterally or vertically. In 
other words, the average difference between the hypsometric curves 
indicated whether the tidal flats experienced development in either a 
lateral or vertical direction.

Turbidity for estuaries
Obtaining accurate measurements of suspended sediment concen-
trations (SSCs) through in situ measurements or remote sensing with 
region-specific calibration can be challenging and may limit the appli-
cation of SSCs on a global scale. However, turbidity is often used as a 
proxy for SSC25,34,62 and can be easily and globally retrieved through 
remote sensing using a single algorithm that provides measurements 
in the 1–1,000 FNU range25. We deployed this existing semi-analytical 
turbidity algorithm for the red and near-infrared bands for the US 
Geological Survey Landsat 5 surface reflectance tier 1 dataset. The 
near-infrared band retrieves turbidity levels in highly turbid waters, 
while the red band performs better in calculating concentrations in 
medium- to low-turbidity waters. While the semi-empirical algorithm 
effectively estimates turbidity across diverse regions, it is important 
to note the associated uncertainties due to varying particle types, 
bidirectional effects and non-linear responses25. Consequently, the 
algorithm was applied to each image within the 3 yr period, with the 
median turbidity calculated for each image. From these median values, 
we derived the average turbidity for the entire 3 yr period. Further, the 
dataset was tested for dispersion to avoid skewness in the dataset (for 
example, measuring during only high tides or summer conditions; see 
Supplementary Table 1).

The dispersion indexes for time and water level were calculated for 
each image in the 3 yr bin for either the past or present. The dispersion 
index is a ratio of the variance from the mean of either time or water 
level, which allowed us to identify whether the 3 yr bin was skewed or 

biased for one of the classes. A value close to 1 indicates that the data 
are spread across the temporal scale and elevations, meaning that no 
clusters impact the data; in other words, the data are well distributed 
over time, water levels and tidal cycles. For data integrity, we set bound-
ary conditions: estuaries with an index value below 0.7 for both time 
and water level in any 3 yr bin would be considered unsuitable due to 
potential clustering and removed from our analysis. Similarly, a thresh-
old of 0.5 for a single class (for example, time or water level) in a 3 yr bin 
was set for exclusion due to data clustering. The boundary conditions 
resulted in not all estuaries being suitable for analysis globally (Ashe-
poo Combahee Edisto Basin National Estuarine and Bubiyan Island).

To determine whether there were significant differences (P < 0.05) 
in turbidity between the first and last periods, we used two-sample t 
tests to compare the concentrations measured for each image in the 
3 yr bins. Since a range of temporal factors can influence turbidity, we 
compared the first and last groups of our data instead of examining 
temporal trends. We calculated median turbidity per 3 yr group, which 
was used for further data analyses.

Assessing the critical turbidity limit
Before we assessed the CTT, we assumed and set manually that tidal flats 
could not exist with a turbidity of 0 FNU (ref. 63). We employed a linear 
logistic regression to model the relationship among the tidal range, 
turbidity and morphological trajectory of the tidal flat. Our goal was 
to identify the linear function that optimally differentiated between 
expanding and retreating morphological trajectories. With the Logis-
ticRegression function from sklearn.linear_model58, we derived the 
CTT—the boundary between retreating and expanding tidal flats. The 
quality of the derived linear regression was tested with the sklearn.
linear_model package58; results indicated that the CTT can explain 84% 
of the measured morphological trajectories.

To improve the visualization of the findings, we also employed the 
k-nearest neighbour (k-NN) classification method from sklearn.neigh-
bors package58, a non-parametric approach, rather than a linear logistic 
regression. The k-NN method estimates a new observation’s value on 
the basis of its k-NN values. Both methods are machine-learning tech-
niques that allow researchers to make predictions, whereas the linear 
logistic regression provides a decision boundary. The presented results 
for the k-NN and CTT visualize the transition from tidal-flat retreat to 
expansion in a similar area (Fig. 2).

Data availability
All datasets used in this study are publicly available. The satellite 
imagery is freely available via the Google Earth Engine Catalog. The 
tidal data, including satellite telemetry and gauge data, can be accessed 
from Worldtides (https://www.worldtides.info/apidocs). The original 
shapefiles for the presented estuaries can be downloaded from Pro-
tected Planet (https://www.protectedplanet.net/) and are archived on 
Zenodo with respect to the presented study (https://doi.org/10.5281/
zenodo.8172387)64. Data used for Figs. 1–3, as well as Extended Data 
Figs. 1, 2 and 5, are provided in Supplementary Table 1. Data used for 
Extended Data Figs. 3 and 4 are available at https://doi.org/10.5281/
zenodo.8172387. The basemap world imagery of Fig. 1 is sourced from 
Esri, Maxar, Earthstar Geographics and the GIS User Community avail-
able at http://goto.arcgisonline.com/maps/World_Imagery.

Code availability
The code was developed in Python version 3.11.0. The code for retriev-
ing digital elevation models per estuary, extracting turbidity concen-
tration, computing the hypsometric integral (Extended Data Fig. 1) 
and quantifying the dispersion index has been archived and is pub-
licly available via Zenodo at https://doi.org/10.5281/zenodo.8172387 
(ref. 64). This repository also contains the code and data used for 
validating the modelled intertidal DEMs, as seen in Extended  
Data Fig. 3.
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Extended Data Fig. 1 | Hypsometric curves comparing past and present tidal 
flat morphologies for 40 estuaries globally. The hypsometric curves illustrate 
the tidal flat morphologies for 1986–1988 (past, blue line) and 2009–2011 
(present, red line). The lines represent second- or third-order polynomial 
regressions, fitted through the data points (grey points) for the respective 
period. The data points are calculated from the generated DEMs and represent 
the intertidal area (x-axis) above the corresponding elevation (y-axis). All 
satellite images used to generate the DEM are within the elevation range, called 

the hypsometric range (as detailed in Extended Data Fig. 3). The vegetated tidal 
flat (green line), salt marsh or mangrove is part of the analyses and bound to the 
maximum observed elevation. Some estuaries were partly studied (*) as their 
extent was too large for the available computational powers. Details regarding 
the retrieval of this figure can be found in the methodology section ‘Describing 
morphodynamic developments’ and Extended Data Fig. 3. Details regarding the 
R2 and the order used for each hypsometric curve can be found in Supplementary 
Table 1.
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Extended Data Fig. 2 | Lateral trends in (A) unvegetated tidal flats and  
(B) vegetated tidal flats as a function of turbidity and tidal range. The results 
show a random pattern; there is no predictive trajectory of lateral trends present 
for the supervised machine learning k-NN classification between retreating (red 

dots) and expanding (blue dots) lateral trends for either (A) unvegetated tidal 
flats or (B) vegetated tidal flats. To study morphological trajectories, it appears 
important to consider both the vegetated and unvegetated intertidal areas in a 
multi-dimensional aspect (see Fig. 3 of main article).
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Extended Data Fig. 3 | Example of the retrieval of the hypsometric range 
from the distribution of Landsat images per three-year bin relative to each 
other for the Westerschelde estuary (the Netherlands). The hypsometric 
curve in this figure was generated using a DEM obtained through a waterline 
extraction method. The analyses were based on three years of data for each 
curve and represent the proportion of the tidal basin height in relation to the 
lowest maximum water level (high-water boundary) and the highest minimum 
water level (low-water boundary) observed within both periods. It is important 

to note that the tidal range can exceed the hypsometric range represented by 
the hypsometric curve. The vegetated tidal flat extent was incorporated in the 
hypsometric. Vegetated tidal flats are an integral component of an estuary’s 
intertidal environment; hence, they were incorporated into the tidal basin area 
at the high-water boundary. The data represented in the right plot is as well used 
for calculating the dispersion index. Should we observe clustering within a three-
year bin, the data points would exhibit skewness. This could occur either on the 
vertical axis, reflecting the mean sea level, or along the time-oriented x-axis.
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Extended Data Fig. 4 | Validation results for the modelled intertidal DEMs. 
The retrieved DEMs for (A) Oosterschelde and (B) Westerschelde estuaries in 
the Netherlands were compared with airborne LiDAR data, which was corrected 

to MSL. The Spearman and Pearson correlation coefficients (rho) and the RMSE 
were calculated to test the resemblance. In both cases, the Pearson and Spearman 
correlations were highly significant, with p-values less than 0.001.
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Extended Data Fig. 5 | Comparison of the modelled tidal and observed 
hypsometric ranges. This figure compares each estuary’s average tidal range at 
a central or nearby tidal station with the hypsometric range observed. The results 
show a high degree of determination (R2 = 0.84) between the hypsometric and 

tidal ranges, suggesting that the DEM accurately reflects the extent of the tidal 
flats. However, a slight discrepancy exists in areas with a higher tidal range (>4 m) 
due to limitations of the remote sensing data acquisition to capture the full range 
from low to high water levels.
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