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Introduction: Indonesia has designated 15 National Priority Lakes (Presidential 
Regulation No. 60/2021), yet quantitative baselines to assess sedimentation 
threats remain insufficient for most watersheds. This study evaluates Volume 
Development (VD) trajectories as early warning indicators of basin infilling in the 
Three Mahakam Lakes (Jempang, Melintang, Semayang)—a flood-pulsed tropical 
lake complex supporting the new capital city, Ibu Kota Nusantara (IKN).
Methods: We analyzed Landsat-derived shorelines (1990–2020) and calculated 
VD from bathymetric data obtained in 2010 and 2020.
Results: Results reveal starkly contrasting lake trends. Lake Melintang exhibited 
a marked VD decline from 0.94 to 0.52 (ΔVD = –0.42) with 80% volumetric loss 
(∼463 million m³)—among the higher infilling signals reported for an Indonesian 
priority lake. Conversely, Lake Semayang showed VD recovery from 0.06 to 
0.24 (ΔVD = +0.18) despite surface area reduction, suggesting that hydrological 
reversibility may be possible under certain conditions. Lake Jempang remained 
mostly stable (ΔVD = –0.08).
Discussion: We propose a preliminary decadal ΔVD threshold of –0.2 as a 
potential emergency trigger for intervention prioritization under the regulation. 
By this criterion, Lake Melintang qualifies for immediate dredging and catchment 
restoration, while Semayang’s positive trajectory indicates that current flow 
management through the Pela River should be sustained. This study illustrates 
the potential of low-cost geospatial monitoring using publicly available satellite 
and bathymetric data as a replicable tool for Indonesia’s 15 National Priority Lakes, 
offering a quantitative benchmark for assessing sedimentation impacts in tropical 
flood-pulsed lake systems.
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 1 Introduction

Lake morphometry provides fundamental descriptors of physical structure that govern 
hydrological and ecological function (Smith, 2002; Håkanson, 2005). Among morphometric 
parameters, Volume Development (VD)—the ratio of lake mean depth to maximum depth 
relative to a conical basin—offers a particular diagnostic value. When VD is < 1, there is 
an indication of shallow, convex basins characteristic of sediment-infilled systems, while 
VD > 1 reflects deeper, concave basins with greater storage capacity (Johansson et al., 2007). 
Critically, while VD is well-established for lake classification in temperate regions, its
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application as a dynamic monitoring metric (ΔVD over decadal 
timescales) in tropical flood-pulsed lakes remains unexplored. 
Tropical lakes differ fundamentally from temperate systems in 
their thermal stratification (often persistent or absent), mixing 
regimes (more frequent polymixis), and nutrient dynamics (higher 
background productivity) (Lewis, 1987; Sarmento, 2012).

This lack of quantitative morphometric baselines for tropical 
lakes represents a critical gap, as Indonesian Presidential 
Regulation (60/2021) classified 15 lakes as National Priority 
Lakes, mandating their rescue and revitalization. However, 
effective prioritization of limited restoration budgets requires 
quantitative baseline data that currently does not exist for 
most watershed. The Three Mahakam Lakes (TML)—Jempang, 
Melintang, and Semayang—exemplify this challenge. Located in 
East Kalimantan, these flood-pulsed tropical lakes support fisheries, 
biodiversity, and water supply for the new capital city (IKN), 
yet face accelerating pressures from coal transport, aquaculture 
expansion, and catchment land-use change (Hadibarata et al., 2019;
Aslan et al., 2021).

Here we test whether decadal Volume Development change 
(ΔVD) can serve as an early warning indicator for basin 
infilling in tropical lake systems. We present a geospatial 
record covering shorelines from 1990 to 2020 and VD from 
2010 to 2020 for the Three Mahakam Lakes, demonstrating 
that VD trajectories differentiate reversible degradation 
(Semayang) from critical infilling (Melintang), and provide 
quantitative thresholds to guide national lake revitalization
priorities. 

2 Methods

2.1 Study area

The Mahakam Lakes are located in the Central Mahakam 
Sub-watershed, East Kalimantan Province, Indonesia (Figure 1). 
Lake Jempang is hydrologically isolated from Lake Melintang 
and Lake Semayang by the Mahakam River. During the 
wet-season inundation, Lakes Melintang and Semayang 
coalesce into a single water body, with the Pela River 
serving as the primary outlet. More information provided in
Supplementary Table S1.

2.2 Data acquisition

Lake shorelines were delineated from cloud-free Landsat 
imagery collected from five specific years (1990, 1996, 2000, 2010, 
2020), acquired from the United States Geological Survey (USGS) 
and the Indonesian National Research and Innovation Agency 
(BRIN). Image specifications: Landsat 5 TM (bands 7-4-2) for 1990 
and 1996; Landsat 7 ETM+ (bands 7-4-2) for 2000; Landsat 8 
OLI (bands 7-5-3) for 2010 and 2020. All Landsat scenes were 
obtained from the Collection-2 Level-2 products, which include 
radiometric calibration, atmospheric correction, and cloud masking. 
Remote sensing has become an essential tool for lake research 
(Palmer et al., 2015; Dörnhöfer and Oppelt, 2016). Challenges in 
remote sensing of inland waters include cloud cover and water 
turbidity (Palmer et al., 2015).

Bathymetric data were obtained from the General Bathymetric 
Chart of the Oceans (GEBCO) 15 arc-second grid (∼450 m 
resolution). Despite its coarse resolution, GEBCO was selected 
because it provides the only temporally consistent bathymetric 
coverage for the study period (1990–2020) across all three lakes. 
High-resolution hydrographic surveys were unavailable for the 
historical time steps, and satellite altimetry data (e.g., ICESat-
2) do not extend back to the early years of this analysis. Thus, 
GEBCO represents the most feasible dataset for reconstructing 
decadal morphometric trends, a common constraint in tropical 
lake studies (Lo et al., 2022). MODIS satellite imagery has been 
applied for detailed lake morphometry in systems with large water 
level fluctuations (Ovakoglou et al., 2016), further illustrating 
the diversity of available satellite-based approaches, though we 
prioritized temporal consistency over higher resolution for this 
multi-decadal analysis. We acknowledge that a direct comparison 
between GEBCO and higher-resolution altimetry (e.g., ICESat-
2) for the overlapping years (2018–2020) would help quantify 
systematic biases, but such an analysis is beyond the scope of 
this study. Future work should prioritize this comparison to refine 
volume and depth estimates. 

2.3 Morphometric analysis

Spatial measurements were performed using QGIS version 
3.34.10. Surface area (A0) was calculated via digital planimetry; 
shoreline length (SL) was measured as the total perimeter. Maximum 
depth (Zmax) for 2010 and 2020 was extracted from GEBCO-
interpolated bathymetric surfaces using ordinary kriging. For years 
without direct bathymetric observations (1990–2000), Zmax was held 
constant based on historical surveys (see Section 4.3).

Volume was calculated using the raster surface volume tool 
in QGIS (version 3.34.10) by integrating the difference between 
lake bottom elevation (extracted from GEBCO) and mean water 
surface elevation, assuming a constant water level at the time of 
satellite overpass. The original GEBCO grid at 450 m resolution 
was used without resampling. The integration sums the difference 
values over all raster cells within each lake polygon (cut-fill method), 
producing a total volume estimate. No additional interpolation or 
resampling was applied to the GEBCO data for volume calculation. 
We acknowledge that inter-annual water level fluctuations are 
not accounted for due to the lack of continuous gauge data, 
which introduces additional uncertainty (see Section 2.4). Ordinary 
kriging was applied only for generating continuous bathymetric 
surfaces in Figure 2 visualization; statistical analyses (e.g., VD 
calculations) were performed directly on the original GEBCO grid 
values without additional interpolation (Li et al., 2023).

Volume Development (VD) and Shoreline Development 
Index (SDI) was calculated following Haakanson (1981) 
and Johansson et al. (2007) based on the original 
formulation by Mortimer (1959):

VD = 3 ̂Z
Zmax

(1)

SDI = SL

2√πA0

(2)
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FIGURE 1
Location map of the Three Mahakam Lakes within the Mahakam River Basin, East Kalimantan, Indonesia. The main map shows the Central Mahakam 
Sub-watershed with the three lakes: Jempang (southwest), Melintang (center), and Semayang (northeast). Inset shows the location of the study area 
within Indonesian Borneo. The Pela River serves as the shared outlet for Lakes Melintang and Semayang, connecting to the Mahakam River. Base map 
derived from SRTM digital elevation model.

Shoreline Development Index (SDI) was calculated using
Equation 2. Where ̂Z = mean depth (V/A0) and V = lake volume 
derived from bathymetric interpolation. SDI > 1 indicates increasing 
shoreline irregularity relative to a circular lake. 

2.4 Uncertainty analysis

Volume and depth estimates derived from GEBCO’s 450 m 
resolution carry inherent uncertainties. Following approaches in 
recent bathymetric studies (Li et al., 2023), a potential error of 
±10%–20% for volume calculations is estimated based on the coarse 
grid. Additional uncertainty arises from shoreline digitization: 
manual delineation of lake boundaries from Landsat imagery 
typically introduces ±1%–2% error in lake area (Palmer et al., 2015). 
For maximum depth (Zmax), a variation of ±1 grid cell (∼450 m) 
was considered, translating to approximately ±0.5 m of uncertainty 
for shallow lake environments. Propagating these sources of 
uncertainty (volume ±10%–20%, area ±1%–2%, Zmax ±0.5 m) 
yields a total potential error of approximately ±20%–30% for 
volume change estimates. Therefore, only decadal changes exceeding 
±20%–30% are considered meaningful; smaller changes may fall 
within the methodological noise. These error ranges are used in 
the interpretation of morphometric changes but did not alter the 
overall trend patterns observed.

3 Results

3.1 Lake geometry changes

Bathymetric interpolation using GEBCO geospatial data 
revealed substantial morphometric reorganization across the three 
lakes between 2010 and 2020 (Figure 2). Lake Melintang exhibited 
the most pronounced transformation: its bathymetric cross-
section decreased considerably to shallower levels, with the 5 m 
isobath shifting toward the lake center (Figures 2C,D), indicating 
progressive basin infilling (Lo et al., 2022). Such shifts in isobaths are 
commonly used as indicators of sediment accumulation in tropical 
floodplain lakes (McGlue et al., 2015). In contrast, Lake Semayang 
retained deeper bathymetric zones despite a reduction in surface 
area, suggesting that deeper channels persisted or even deepened 
(Figures 2E,F; Håkanson, 2005).

3.2 Volume development trajectories

Volume Development (VD) values calculated from 
bathymetric data for 2010 and 2020, revealed starkly contrasting 
lake trends (Figure 3). Lake Melintang exhibited the most 
pronounced decline: VD dropped from 0.94 in 2010 to 0.52 in 2020 
(ΔVD = −0.42)—a 46% reduction in basin concavity, suggesting 
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FIGURE 2
Bathymetric evolution of the Three Mahakam Lakes (2010–2020). (A) Lake Jempang 2010, (B) Lake Jempang 2020, (C) Lake Melintang 2010, (D) Lake 
Melintang 2020, (E) Lake Semayang 2010, (F) Lake Semayang 2020. Color ramp: dark blue = deeper (>5 m), light blue = shallow (<2 m). Cross-section 
locations indicated by transects A–A'. Note pronounced shallowing in Melintang between 2010 and 2020.
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FIGURE 3
Scatter plot of lake volume versus Volume Development Index (VD) for 
the Three Mahakam Lakes in 2010 and 2020. Green points represent 
Lake Jempang, orange points Lake Melintang, and dark blue points 
Lake Semayang. Circles indicate 2010 data, squares indicate 2020 
data. The tight clustering of Jempang points (connected by a blue 
square line) reflects its relatively stable morphometry over the decade. 
In contrast, the large displacement of Melintang from its 2010 position 
(orange circle) to 2020 (orange square) shows a dramatic reduction in 
both volume and VD, indicating rapid sedimentary infilling. Semayang 
exhibits low volume and low VD, suggesting greater habitat loss and 
potential ecosystem threats. The figure highlights that effective 
management and conservation are essential; Lake Jempang remains 
in a better condition compared to Lakes Melintang and Semayang, 
which require urgent attention.

rapid sedimentary infilling. This magnitude of change over a single 
decade represents one of the most severe infilling cases documented 
in an Indonesian priority lake to date.

Lake Semayang showed a contrasting trend: VD increased 
from 0.06 in 2010 to 0.24 in 2020 (ΔVD = +0.18) despite 
concurrent surface area reduction. However, this VD increase 
occurred alongside a substantial decrease in maximum depth 
(from 7.5 m to 1.5 m) as derived from GEBCO. While the 
absolute Zmax values carry large uncertainty due to the coarse 
grid resolution (see Section 4.3), the shallowing trend itself is 
consistent with the observed volume loss and the lake’s overall 
degradation. However, without independent validation, these Zmax
values should be treated as preliminary indicators of shallowing 
rather than as confirmed measurements. This indicates that 
the VD rise may partly reflect a mathematical response to 
rapid shallowing rather than an unambiguous ecological recovery 
(Table 1). Thus, concluding ecological improvement from VD 
alone would be misleading, as the index’s increase is driven 
primarily by a shrinking denominator (Zmax) rather than by true 
basin deepening. Similar behavior has been observed in other 
shallow tropical lakes where extreme changes in maximum depth 
disproportionately affect VD (Johansson et al., 2007). This highlights 
that area loss does not necessarily equate to volume loss—a critical 
distinction for monitoring programs relying solely on satellite-
derived surface area (Håkanson, 2005).

Lake Jempang remained mostly stable throughout the study 
period, with VD values ranging from 0.63 to 0.71 (ΔVD = 
−0.08 between 2010 and 2020). This stability suggests Lake 
Jempang functions as a through-flow system with efficient sediment 
export, contrasting sharply with Lake Melintang’s sediment-
retentive geometry. 

3.3 Volumetric changes

The 2010–2020 decade captured pronounced volumetric 
dynamics (Table 1). Lake Melintang experienced a substantial 
volume decreease: from 579.9 × 106 m3 in 2010 to 116.6 × 106 m3 
in 2020—a reduction of 463.3 × 106 m3 (80%) over a single decade. 
Using this volume loss and an average lake area of approximately 
200 km2, the corresponding theoretical sediment thickness would 
be roughly 2.3 m, implying a very rough sedimentation rate of 
about 23 cm yr−1 if the entire volume loss were due to sediment 
accumulation. This value is two orders of magnitude higher than 
the global average of 4.5 mm yr−1 for tropical floodplain lakes 
(Lo et al., 2022), strongly suggesting that the estimate is dominated 
by methodological limitations (e.g., GEBCO’s coarse resolution) 
rather than reflecting actual sediment accumulation. Hence, this 
number should be viewed as a crude approximation only and is 
not used as a primary quantitative conclusion. Over the same 
decade, regional temperatures in East Kalimantan increased by 
approximately 0.3 °C per decade (BMKG, 2020), which may have 
contributed to higher evaporation rates and further volume loss. 
However, given the large uncertainties, the relative contributions 
of sedimentation versus evaporation cannot be reliably separated. 
This decrease indicates that Lake Melintang is undergoing rapid 
shallowing, though the exact infilling rate remains uncertain.

Lake Jempang showed a moderate volume decrease from 342.6 × 
106 m3 to 269.0 × 106 m3 (Δ = −73.6 × 106 m3; −21%), despite 
relatively stable surface area and VD. This suggests that Jempang is 
experiencing gradual sediment accumulation rather than the large 
infilling observed in Melintang.

Lake Semayang exhibited a contrasting trend: volume decreased 
from 27.3 × 106 m3 to 18.4 × 106 m3 (Δ = −8.9 × 106 m3; −33%). 
However, this volume loss occurred alongside increasing VD (from 
0.06 to 0.24). The very low mean depth values derived from GEBCO 
for Semayang (0.12–0.14 m) are likely artifacts of the 450 m grid 
resolution, which systematically underestimates water depth in 
shallow, morphologically complex floodplain lakes when compared 
to historical depth ranges (3–6.5 m; (Muchlis et al., 2022)). 
Therefore, absolute depth and volume estimates from GEBCO 
should be interpreted as relative indicators of shallowing trends 
rather than as precise bathymetric measurements. With this caveat, 
the observed VD increase is largely driven by a sharp decline 
in maximum depth (from 7.5 m to 1.5 m in the GEBCO grid) 
rather than an actual increase in basin concavity. This apparent 
paradox is consistent with differential shallowing: nearshore 
areas infill while deeper channels may maintain or deepen their 
bathymetry—a pattern observed in other river-connected floodplain 
lakes where flow concentration maintains deeper channels despite 
overall shallowing (Hamilton, 1999). Nevertheless, the 33% 
volume loss indicates ongoing degradation, and the VD increase 
should be interpreted cautiously as a morphometric artifact 
(Håkanson, 2005; Johansson et al., 2007). 

3.4 Shoreline complexity

SDI values ranged from 1.12 (Semayang 2020) to 1.33 (Jempang 
2000) (Supplementary Table S2). Lake Jempang consistently 
exhibited the most complex shoreline (SDI ∼1.3), reflecting 
its geologically heterogeneous margins. Notably, shoreline 
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TABLE 1 Key morphometric parameters for the Three Mahakam Lakes (2010–2020).

Location Year Ao (ha) Vol (x 106 m3) Δ Vol (x 106 m3) Δ Vol VD Δ VD Interpretation

Jempang 2010 26,486 342.6 −73.6 −21% 0.71 −0.08 Stable, slightly decreasing

Jempang 2020 28,409 269.0 0.63

Melintang 2010 21,746 579.9 −463.3 −80% 0.94 −0.24 Dramatic decrease (critical infilling)

Melintang 2020 19,220 116.6 0.52

Semayang 2010 18,916 27.3 −8.9 −33% 0.06 +0.18 Hydrological recovery

Semayang 2020 15,480 18.4 0.24

complexity did not correlate strongly with volumetric trends, 
suggesting that SDI responds to different forcings (e.g., local 
erosion/deposition) than basin-scale infilling captured by VD 
(Johansson et al., 2007). This decoupling between shoreline 
complexity and volumetric change has also been observed in other 
tropical lake systems where morphological processes operate at 
different spatial scales (McGlue et al., 2015). 

4 Discussion

4.1 Volume development index as an early 
warning indicator of tropical lake infilling

The starkly contrasting VD trajectories of three hydrologically 
connected lakes within the same river system provide a 
natural experiment demonstrating that morphometric change 
is not uniform (Håkanson, 2005). Rather, it reflects local-scale 
processes superimposed on regional drivers—such as differential 
sediment supply, hydrological connectivity, and basin morphology 
(Pham et al., 2016; Lo et al., 2022). Lake Melintang’s VD decline of 
−0.42 between 2010 and 2020 reveals a concerning and remarkably 
high rate of infilling, which appears to be among the highest reported 
for an Indonesian priority lake.

This finding aligns with the global meta-analysis by 
Lo et al. (2022), which documented exponentially increasing 
sediment accumulation rates in tropical floodplain lakes over the 
past 50 years, primarily in response to population growth and 
deforestation in topographically steep catchments with pronounced 
seasonal rainfall. Their study demonstrated that tropical floodplain 
lakes accumulate sediment more rapidly than many extratropical 
lakes on centennial timescales, with some lakes projected to 
fill completely within centuries. Our findings are consistent 
with sediment transport modeling in the Mahakam continuum 
(Pham et al., 2016). Comparable sediment deposition patterns occur 
in African floodplain systems (Omengo et al., 2016). Geochemical 
characteristics of Indonesian tropical lake sediments provide context 
for interpreting infilling (Nomosatryo et al., 2021).

A key distinction of our study lies in the magnitude of change 
observed within a single decade. Melintang’s VD decline of 0.42 over 
ten years indicates that infilling processes are occurring far more 
rapidly than the global averages reported by Lo et al. (2022) for 
channel-type lakes (0.73 mm yr-1 long-term vs. 4.51 mm yr-1 short-
term). This fluctuation suggests that sediment trapping efficiency 

can increase dramatically in tropical flood-pulsed lakes during 
low-water phases, when sediment-laden water from surface runoff 
and river inflows plunges directly into the remaining hypolimnion 
(Hamilton, 1999; McGlue et al., 2015).

Our findings further strengthen the argument that VD change 
(ΔVD) serves as a more sensitive early indicator compared to 
other morphometric parameters. As illustrated by (Li et al., 2023) 
in their study of lake volume estimation on the Tibetan Plateau, 
low-cost approaches integrating remote sensing data with limited 
surveys can yield reliable volume estimates (mean volume bias of 
approximately 15%). In our context, ΔVD successfully captured 
infilling signals before volume loss became detectable through 
surface area monitoring alone. 

4.2 Contrasting lake trend: Infilling versus 
recovery

Lake Semayang’s VD increase (+0.18) alongside a 33% volume 
loss illustrates that VD trends must be interpreted within the context 
of all morphometric parameters. The VD rise is largely driven by 
a sharp decline in Zmax (from 7.5 m to 1.5 m), which reduces the 
denominator in the VD equation (VD = 3Ẑ/Zmax). Consequently, 
the index may increase even when the lake becomes shallower 
overall. This mathematical caveat does not represent ecological 
recovery; rather, Semayang continues to experience substantial 
volume and depth reduction. The apparent “concavity” suggested by 
VD alone thus warrants cautious interpretation. Numerous studies 
have demonstrated that relying solely on satellite-derived surface 
area can be misleading when assessing lake health, as volume 
changes may not correlate with area changes (Håkanson, 2005; 
Li et al., 2023; Fu et al., 2024).

The increased VD observed in Lake Semayang suggests that 
the underlying recovery mechanism requires further investigation. 
Several hypotheses can be advanced based on the literature: (1) 
sediment flushing during extreme flood events, as documented in 
Amazon floodplain lakes (Räsänen et al., 1987; Armijos et al., 2020); 
(2) altered flow distribution following channel avulsion in the 
Pela River outlet, a process commonly observed in river-connected 
floodplain systems (Hamilton, 1999); or (3) differential compaction 
of organic-rich lakebed sediments, which can significantly alter 
basin morphology over decadal timescales (McGlue et al., 2015; 
Bertrand et al., 2024). Coggins and Anas (2019) demonstrated that 
sonar technology deployed on remotely operated vehicles (ROVs) 
can provide substantially higher spatial resolution bathymetry with 
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significantly reduced profiling time, and has been applied to over 400 
water bodies in Australia. Similar approaches are recommended for 
hypothesis validation in Semayang.

The case of Lake Semayang underscores a fundamental 
limitation of VD when used as a standalone indicator. 
As shown in Equation 1, VD is mathematically sensitive to changes 
in maximum depth. A sharp decline in Zmax—even if accompanied 
by net shallowing and volume loss—can artificially increase VD, as 
observed in Semayang. This mathematical caveat does not reflect 
ecological or hydrological recovery. Consequently, VD should never 
be interpreted in isolation. Reliable assessment of lake infilling and 
degradation requires a multi-parameter approach that integrates 
VD with other morphometric metrics, including volume change, 
maximum depth, surface area, and shoreline complexity (SDI), 
alongside direct bathymetric validation where available. This study 
demonstrates that while VD can serve as a useful early warning 
indicator, its application must be accompanied by complementary 
data to avoid misinterpretation—particularly in shallow tropical 
flood-pulsed lakes where rapid and spatially heterogeneous depth 
changes are common.

Lake Jempang’s morphometric stability (ΔVD = −0.08) suggests 
that this lake functions as a through-flow system with efficient 
sediment export, contrasting sharply with Melintang’s broader, 
shallower geometry that promotes sediment retention. Similar 
morphometric patterns have been reported for other Indonesian 
lakes, where basin morphology strongly influences sediment 
trapping efficiency and water quality dynamics (Muhtadi et al., 2024; 
Atmaja and Jung, 2025). This underscores the need for lake-
specific rather than uniform watershed-based management 
strategies—a principle increasingly recognized in lake restoration 
literature (FutureLakes, 2026). 

4.3 Limitations

Several limitations warrant consideration in interpreting 
these findings:

First, the spatial resolution of GEBCO (15 arc-second, ∼450 m 
at the equator) cannot resolve fine-scale bathymetric features. This 
resolution is inherently mismatched with the scale of shallow, 
morphologically complex floodplain lakes. Consequently, the 
volume and depth estimates presented here should be viewed as 
minimum bounds, and actual volumetric changes may be larger. 
The use of GEBCO, while necessary for historical consistency, 
introduces uncertainty that we have quantified in Section 2.4. 
Comprehensive reviews emphasize that resolution and accuracy 
are crucial for constructing reliable bathymetric digital elevation 
models and highlight the potential and limitations of remote 
sensing for shallow bathymetry (Li et al., 2023; He et al., 2024). 
Environmental factors such as water turbidity, surface waves, and 
lakebed composition can cause signal attenuation, scattering, or 
refraction, leading to data inaccuracies (Gao, 2009; Ma et al., 2020). 
Our volume estimates therefore represent minimum bounds, and 
actual volumetric changes may be larger. A specific illustration of 
this bias is Lake Semayang, where GEBCO yields mean depths of 
only 0.12–0.14 m, while historical records indicate natural depths 
of 3–6.5 m (Muchlis et al., 2022). Hence, absolute depth and 
volume values from GEBCO are systematically underestimated 
and should be treated as relative indicators of shallowing direction 

rather than as precise measurements. The extreme decline in 
maximum depth for Lake Semayang (from 7.5 m to 1.5 m) lacks 
independent validation from field surveys or satellite altimetry (e.g., 
ICESat-2). Hence, all Zmax values presented here are preliminary, a 
finding consistent with documented large discrepancies between 
GEBCO and higher-resolution altimetry in shallow waters 
elsewhere (Giribabu et al., 2024). Thus, without independent 
validation, all depth and volume estimates in this study should 
be considered exploratory and subject to future confirmation.

Second, for the 1990–2000 period, we assumed constant Zmax
due to the absence of historical bathymetric data. This assumption 
likely underestimates VD change if sedimentation was ongoing 
throughout the study period. As noted by Lo et al. (2022), 
bathymetric data limitations represent a common constraint in 
tropical lake studies, and many lakes in global databases (n = 76) 
lack published bathymetric maps.

Third, VD assumes a conical basin shape—an approximation 
that is weakest for complex floodplain lakes such as Semayang, 
which exhibit irregular morphology. Li et al. (2023) developed a 
hypsometric curve approach coupled with lake bottom elevation 
measurements to address this limitation, demonstrating that this 
method can be applied to ungauged lakes in extreme environments. 
The geometric cone model assumption has been shown to 
produce overestimations, particularly in convex waterbodies, which 
represent the majority of lake basins globally (Stachelek et al., 2022).

Fourth, the attribution of observed changes to specific drivers 
(coal traffic, land use, climate) remains qualitative. Development 
of integrated hydrodynamic-sediment models incorporating 
river discharge, sediment load, and land cover data is required 
(Liu et al., 2022; Nobert and Shibayama, 2006). Lo et al. (2022) 
identified that environmental and human factors such as watershed 
population density and tree cover loss correlate with short-term 
sediment accumulation rates.

Fifth, the VD increase observed in Lake Semayang may 
partially reflect a mathematical caveat rather than true ecological 
improvement. When maximum depth declines more rapidly than 
mean depth, VD can increase even under net infilling, highlighting 
the need for multi-parameter morphometric assessments. The 
influence of lake morphometry on biogeochemical dynamics has 
been documented in Amazon floodplain lakes (Brito et al., 2017), 
underscoring that even morphometric artifacts may have real 
ecological consequences. 

4.4 Management and policy implications

Our findings have direct implications for the implementation 
of Presidential Regulation (60/2021) concerning the Rescue of 
National Priority Lakes. We propose a preliminary decadal ΔVD 
threshold of −0.2 as a potential intervention trigger, acknowledging 
that this value is derived from a limited dataset (three lakes) 
and has not been statistically validated. This threshold should be 
tested and refined with additional lake morphometric data before 
operational use. The −0.2 value was selected as a pragmatic boundary 
separating stable or recovering lakes from those undergoing critical 
infilling, aligning with similar threshold-based approaches in lake 
management frameworks (Istvánovics, 2009; Lo et al., 2022). Based 
on this criterion. 
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⁃ Lake Melintang (ΔVD = −0.42) qualifies for immediate 
prioritization within the national revitalization framework. 
With 80% volume loss in a single decade, interventions such 
as targeted dredging and erosion control in the upstream 
catchment cannot be delayed.

⁃ Lake Semayang (ΔVD = +0.18) demonstrates that natural 
recovery is possible if supporting factors (such as Pela River 
flow) are maintained or enhanced.

⁃ Lake Jempang (ΔVD = −0.08) falls within a monitoring phase 
requiring minimal intervention.

More broadly, this study demonstrates that low-cost 
geospatial monitoring using publicly available satellite data and 
accessible bathymetry can provide the quantitative baselines 
required for evidence-based lake management (Coggins and 
Anas, 2019; Li et al., 2023). We recommend that Indonesia’s Ministry 
of Environment and Forestry adopt VD tracking as a standard metric 
in the National Lake Monitoring Network.

The ecological implications of these morphometric changes 
extend beyond volume reduction. Sedimentation alters water 
quality, disrupts pelagic habitats, and shortens the lifespan of tropical 
floodplain lakes (Scheffer et al., 2001; Lo et al., 2022), while lake 
morphometry modulates carbon cycling and influences fish habitat 
niche segregation (Hayden et al., 2014; Casas-Ruiz et al., 2021; 
Evans, 2022). These pressures reflect broader Anthropocene 
syndromes in river systems globally (Meybeck, 2003), and are 
consistent with water vulnerability assessments that have identified 
similar threats in other regions (Vörösmarty et al., 2000). When 
aquatic environments shift to alternative states due to climate change 
or human engineering, ecosystem services may be substantially 
altered or even lost (Carpenter et al., 2011). The 80% volume 
loss observed in Lake Melintang thus signals serious threats 
to supporting services (fisheries, biodiversity) and provisioning 
services (water supply, irrigation), which are critical for local 
communities and the new capital city (Vörösmarty et al., 2000). 

4.5 Future research directions

This morphometric assessment establishes the geometric 
framework for subsequent investigation of lake hydrodynamics 
and water quality. Planned research integrates. 

1. Water isotopes and chemistry to trace sediment sources, 
adapting approaches developed in volcanic and catchment 
hydrology studies (Kendall and Caldwell, 1998; Carey and 
Quinton, 2005).

2. High-resolution multibeam bathymetry to validate 
VD assumptions, adopting the ROV-sonar technology 
demonstrated by Coggins and Anas (2019).

3. Hydrological modeling to quantify residence time and 
sediment trapping efficiency, leveraging advances in 
hydrodynamic and sediment transport models (Dillon and 
Rigler, 1974; Vollenweider, 1975; Brett and Benjamin, 2008).

4. Land-use change analysis to attribute VD trajectories 
to catchment drivers, following the framework 
proposed by Lo et al. (2022) that correlates sediment 
accumulation rates with environmental and anthropogenic 
variables.

5. Geomorphological controls on carbon storage 
warrant further investigation in floodplain lakes
(Alderson et al., 2019).

Collaboration with international researchers and adoption 
of cutting-edge technologies—as recommended in the review 
by Li et al. (2023) on multi-source data integration and 
advanced interpolation techniques—will substantially enrich our 
understanding of flood-pulsed tropical lake morpho-hydrological 
dynamics. Emerging approaches such as deep learning offer new 
possibilities for predicting lake bathymetry (Martinsen et al., 2023). 

5 Conclusion

This geospatial study, covering shorelines from 1990 to 2020 and 
VD calculated for 2010 and 2020, reveals that VD trajectories serve as 
sensitive early warning indicators of basin infilling in tropical flood-
pulsed lake systems. Three hydrologically connected lakes exhibited 
starkly contrasting behaviors: Lake Melintang experienced a marked 
VD decline from 0.94 to 0.52 (ΔVD = −0.42) accompanied by 80% 
volumetric loss (∼463 million m3)—among the higher infilling signals 
reported for an Indonesian priority lake. Conversely, Lake Semayang 
showed VD recovery from 0.06 to 0.24 (ΔVD = +0.18) despite 
surface area reduction, which might suggest hydrological reversibility 
under conditions such as maintained hydrological connectivity and 
reduced sediment input from the catchment (Lo et al., 2022); however, 
as discussed in Section 4.2, this VD increase may partly reflect a 
mathematical caveat driven by a sharp decline in maximum depth 
rather than genuine ecological recovery. Lake Jempang maintained 
relative stability (ΔVD = −0.08), suggesting through-flow systems may 
better resist infill sedimentation. 

Based on these findings, we propose a preliminary decadal ΔVD 
threshold of −0.2—derived from the observed values and consistent 
with threshold-based management frameworks (Istvánovics, 2009; 
Lo et al., 2022)—as a potential actionable trigger for intervention 
prioritization under Presidential Regulation No. 60/2021. By 
this criterion, Lake Melintang qualifies for immediate dredging 
and catchment restoration, while Semayang’s positive trajectory 
indicates that current flow management should be sustained to 
support natural recovery. This study illustrates the potential of 
low-cost geospatial monitoring using publicly available satellite 
and bathymetric data as a replicable tool for Indonesia’s 15 
National Priority Lakes. Future research must prioritize high-
resolution multibeam bathymetry to validate VD assumptions, 
coupled hydrodynamic-sediment modeling to attribute changes to 
specific drivers (coal transport, land-use change, climate variability), 
and water quality analyses to assess ecological implications (Coggins 
and Anas, 2019; Li et al., 2023). The divergent trajectories of these 
three lakes suggest that morphometric change is neither uniform 
nor inevitable—with early detection and targeted intervention, 
degradation may be mitigated and, in some cases, reversed.

Data availability statement

Publicly available datasets were analyzed in this study and 
can be found at: https://doi.org/10.6084/m9.figshare.31313221.

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2026.1818351
https://doi.org/10.6084/m9.figshare.31313221
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Jati et al. 10.3389/feart.2026.1818351

Additionally, the specific datasets generated and analyzed during 
the current study are available in the ResearchGate preprints 
and can be accessed via the following DOI: https://doi.org/
10.2139/ssrn.5353571. Raw satellite imagery is available from USGS 
EarthExplorer (https://earthexplorer.usgs.gov/) and BRIN https://
inderaja.brin.go.id/. GEBCO bathymetric data are available at 
https://www.gebco.net/. 

Author contributions

SJ: Conceptualization, Data curation, Formal Analysis, 
Investigation, Methodology, Writing – original draft, Writing – 
review and editing. DI: Conceptualization, Formal Analysis, 
Resources, Supervision, Validation, Writing – original draft, 
Writing – review and editing, Funding acquisition, Project 
administration. DW: Methodology, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review and 
editing, Funding acquisition. DP: Conceptualization, Methodology, 
Supervision, Validation, Writing – original draft, Writing – review 
and editing, Funding acquisition. 

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. This study was funded by the 
2025 Fundamental Research Program of the Ministry of Higher 
Education, Science, and Technology of the Republic of Indonesia 
(Decree No. 0419/C3/DT.05.00/2025, dated May 22, 2025), which 
supported the field study component. The tuition fee for the doctoral 
student involved in this research was funded by the Indonesia 
Endowment Fund for Education (LPDP), Ministry of Finance of the 
Republic of Indonesia. Additional support for laboratory analyses 
and publication costs was provided by the PPMI FITB 2026 Grant 
(Contract No. 1802/IT1.C01.5.1/TU/2026).

Acknowledgements

We thank Shofy Nur Fajri and Rina Sahara for contributions 
to data collection, and Yuniariti Ulfa, and Ananta Purwoarminta 
for constructive feedback on Mahakam hydrology. Furthermore, 
special appreciation is extended to the Tourism Awareness Group 
(Pokdarwis) BMT of Sangkuliman Village for their invaluable 
assistance and cooperation during our field activities. During the 
preparation of this work, the authors used ChatGPT-4 to improve 
language readability and conciseness. After using this tool, the 
authors reviewed and edited the content as needed and take full 
responsibility for the content of the publication.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was used in the 
creation of this manuscript. Generative AI was used for the 
partial translation and proofreading processes. We used Microsoft 
Copilot with the prompt: Goal: Proofread the following scientific 
manuscript to improve grammar, spelling, academic tone, and 
clarity. Context: I am Indonesian and Indonesian is my first 
language. I am writing this manuscript in Indonesian then translate 
it to English. So some flaws in the grammar might occur. This 
is a scientific manuscript intended for publication. The writing 
should follow formal academic standards, maintain objectivity, and 
avoid overly casual expressions. The scientific meaning must remain 
unchanged. Source: Use only the text I provide below. Do not 
add new interpretations, data, or speculative content. Expectations: 
Please: 1. Correct grammar, spelling, and punctuation errors; 2. 
Improve academic tone and overall clarity; 3. Strengthen sentence 
structure while preserving meaning; 4. Avoid introducing new
information.

Any alternative text (alt text) provided alongside figures 
in this article has been generated by Frontiers with the 
support of artificial intelligence and reasonable efforts have 
been made to ensure accuracy, including review by the 
authors wherever possible. If you identify any issues, please
contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary Material for this article can be 
found online at: https://www.frontiersin.org/articles/10.3389/
feart.2026.1818351/full#supplementary-material

References

Alderson, D. M., Evans, M. G., Rothwell, J. J., Rhodes, E. J., and Boult, S. 
(2019). Geomorphological controls on fluvial carbon storage in headwater 
peatlands. Earth Surf. Process. Landforms 44 (9), 1675–1693. doi:10.1002/esp.
4602

Armijos, E., Crave, A., Espinoza, J. C., Filizola, N., Espinoza-Villar, R., Ayes, 
I, et al. (2020). Rainfall control on amazon sediment flux: synthesis from 20 
years of monitoring. Environ. Res. Commun. 2 (5), 051008. doi:10.1088/2515-7620/
ab9003

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2026.1818351
https://doi.org/10.2139/ssrn.5353571
https://doi.org/10.2139/ssrn.5353571
https://earthexplorer.usgs.gov/
https://inderaja.brin.go.id/
https://inderaja.brin.go.id/
https://www.gebco.net/
https://www.frontiersin.org/articles/10.3389/feart.2026.1818351/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/feart.2026.1818351/full#supplementary-material
https://doi.org/10.1002/esp.4602
https://doi.org/10.1002/esp.4602
https://doi.org/10.1088/2515-7620/ ab9003
https://doi.org/10.1088/2515-7620/ ab9003
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Jati et al. 10.3389/feart.2026.1818351

Aslan, A., Rahman, A. F., Robeson, S. M., and Ilman, M. (2021). Land-use 
dynamics associated with mangrove deforestation for aquaculture and the 
subsequent abandonment of ponds. Sci. Total Environ. 791 (October), 148320. 
doi:10.1016/j.scitotenv.2021.148320

Atmaja, D. M., and Jung, Y. (2025). Analysis of surface runoff in the beratan 
Lake rain catchment area. SHS Web Conf. 221, 02003. doi:10.1051/shsconf/202522
102003

Bertrand, S., Tjallingii, R., Kylander, M. E., Wilhelm, B., Roberts, S. J., Arnaud, F., et al. 
(2024). Inorganic geochemistry of Lake sediments: a review of analytical techniques 
and guidelines for data interpretation. Earth-Science Rev. 249 (February), 104639. 
doi:10.1016/j.earscirev.2023.104639

BMKG (2020). “Analisis hujan dasarian,” in Pemerintah Daerah Kalimantan Timur. 
Jakarta: Badan Meteorologi, Klimatologi, dan Geofisika (BMKG). Available online at: 
https://www.bmkgsamarinda.com/analisis-hujan (Accessed November 27, 2020).

Brett, M. T., and Benjamin, M. M. (2008). A review and reassessment of Lake 
phosphorus retention and the nutrient loading concept. Freshw. Biol. 53 (1), 194–211. 
doi:10.1111/j.1365-2427.2007.01862.x

Brito, B. C., Forsberg, B. R., Kasper, D., Amaral, J. H. F., de Vasconcelos, M. 
R. R., de Sousa, O. P., et al. (2017). The influence of inundation and Lake 
morphometry on the dynamics of mercury in the water and plankton in an 
amazon floodplain Lake. Hydrobiologia 790 (1), 35–48. doi:10.1007/s10750-016-
3017-y

Carey, S. K., and Quinton, W. L. (2005). Evaluating runoff generation during summer 
using hydrometric, stable isotope and hydrochemical methods in a discontinuous 
permafrost alpine catchment. Hydrol. Process. 19 (1), 95–114. doi:10.1002/hyp.
5764

Carpenter, S. R., Stanley, E. H., and Zanden, M. J. V. (2011). State of the world’s 
freshwater ecosystems: physical, chemical, and biological changes. Annu. 
Rev. Environ. Resour. 36 (1), 75–99. doi:10.1146/annurev-environ-021810-
094524

Casas-Ruiz, J. P., Jakobsson, J., and Giorgio, P. A. D. (2021). The role of Lake 
morphometry in modulating surface water carbon concentrations in boreal Lakes. 
Environ. Res. Lett. 16 (7), 074037. doi:10.1088/1748-9326/ac0be3

Coggins, L. X., and Anas, G. (2019). High-resolution bathymetry mapping of water 
bodies: development and implementation. Front. Earth Sci. 7 (December), 330. 
doi:10.3389/feart.2019.00330

Dillon, P. J., and Rigler, F. H. (1974). The phosphorus‐chlorophyll relationship 
in Lakes1,2. Limnol. Oceanogr. 19 (5), 767–773. doi:10.4319/lo.1974.19.5.
0767

Dörnhöfer, K., and Oppelt, N. (2016). Remote sensing for Lake research 
and monitoring – recent advances. Ecol. Indic. 64 (May), 105–122. 
doi:10.1016/j.ecolind.2015.12.009

Evans, M. (2022). “The role of floodplains in terrestrial carbon cycling,” 
Geomorphology and the Carbon Cycle. 1st ed. (Wiley). doi:10.1002/9781119
393290.ch7

Fu, L.-L., Pavelsky, T., Cretaux, J.-F., Morrow, R., Farrar, J. T., Vaze, P., et al. (2024). 
The surface water and ocean topography mission: a breakthrough in radar remote 
sensing of the ocean and land surface water. Geophys. Res. Lett. 51 (4), e2023GL107652. 
doi:10.1029/2023GL107652

FutureLakes, C. (2026). Innovative and Integrated Approaches for Lake Restoration: 
A Review of 78 Types of Measures. Futurelakes Project Report. Brussels: FutureLakes 
Consortium. Available online at:  https://futurelakes.eu/ (Accessed January 27, 2026).

Gao, J. (2009). Bathymetric mapping by means of remote sensing: methods, 
accuracy and limitations. Prog. Phys. Geogr. Earth Environ. 33 (1), 103–116. 
doi:10.1177/0309133309105657

Giribabu, D., Hari, R., Sharma, J., Ghosh, K., Padiyar, N., Sharma, A., et al. (2024). 
Performance assessment of GEBCO_2023 gridded bathymetric data in selected shallow 
waters of Indian Ocean using the seafloor from ICESat-2 photons. Mar. Geophys. Res.
45 (1), 1. doi:10.1007/s11001-023-09534-z

Haakanson, L. (1981). A Manual of Lake Morphometry. Springer-Verlag.

Hadibarata, T., Syafiuddin, A., and Ghfar, A. A. (2019). Abundance and distribution 
of polycyclic aromatic hydrocarbons (PAHs) in sediments of the mahakam 
river. Mar. Pollut. Bull. 149 (December), 110650. doi:10.1016/j.marpolbul.2019.
110650

Håkanson, L. (2005). The importance of Lake morphometry for the structureand 
function of Lakes. Int. Rev. Hydrobiology 90 (4), 433–461. doi:10.1002/iroh.2004
10775

Hamilton, S. K. (1999). Potential effects of a major navigation project (Paraguay-Paraná 
hidrovía) on inundation in the pantanal floodplains. Regul. Rivers Res. and Manag.
15 (4), 289–299. doi:10.1002/(SICI)1099-1646(199907/08)15:4%253C289::AID-
RRR520%253E3.0

Hayden, B., Harrod, C., and Kahilainen, K. K. (2014). Lake morphometry and resource 
polymorphism determine niche segregation between cool‐ and cold‐water‐adapted fish. 
Ecology 95 (2), 538–552. doi:10.1890/13-0264.1

He, J., Zhang, S., Cui, X., and Feng, W. (2024). Remote sensing for shallow 
bathymetry: a systematic review. Earth-Science Rev. 258 (November), 104957. 
doi:10.1016/j.earscirev.2024.104957

Istvánovics, V. (2009). “Eutrophication of Lakes and reservoirs,” in 
Encyclopedia of Inland Waters (Elsevier). doi:10.1016/B978-012370626-3.
00141-1

Johansson, H., Angelica Brolin, A., and Håkanson, L. (2007). New approaches to the 
modelling of Lake basin morphometry. Environ. Model. and Assess. 12 (3), 213–228. 
doi:10.1007/s10666-006-9069-z

Kendall, C., and Caldwell, E. A. (1998). “Fundamentals of isotope geochemistry,” 
in Isotope Tracers in Catchment Hydrology (Elsevier). doi:10.1016/B978-0-444-81546-
0.50009-4

Lewis, W. M. (1987). Tropical limnology. Annu. Rev. Ecol. Syst. 18 (1), 159–184. 
doi:10.1146/annurev.es.18.110187.001111

Li, Z., Peng, Z., Zhang, Z., Chu, Y., Xu, C., Yao, S., et al. (2023). Exploring modern 
bathymetry: a comprehensive review of data acquisition devices, model accuracy, and 
interpolation techniques for enhanced underwater mapping. Front. Mar. Sci. 10 (May), 
1178845. doi:10.3389/fmars.2023.1178845

Liu, K., Song, C., Zhan, P., Luo, S., and Fan, C. (2022). A low-cost approach for 
Lake volume estimation on the Tibetan Plateau: coupling the Lake hypsometric curve 
and bottom elevation. Front. Earth Sci. 10 (July), 925944. doi:10.3389/feart.2022.
925944

Lo, E. L., Yeager, K. M., Bergier, I., Domingos-Luz, L., Silva, A., and McGlue, M. M. 
(2022). Sediment infill of tropical floodplain Lakes: rates, controls, and implications 
for ecosystem services. Front. Earth Sci. 10 (May), 875919. doi:10.3389/feart.2022.
875919

Ma, Y., Xu, N., Liu, Z., Yang, B., Yang, F., Wang, X. H., et al. (2020). Satellite-derived 
bathymetry using the ICESat-2 lidar and Sentinel-2 imagery datasets. Remote Sens. 
Environ. 250 (December), 112047. doi:10.1016/j.rse.2020.112047

Martinsen, K. T., Sand-Jensen, K., and Selvan, R. (2023). Predicting Lake bathymetry 
from the topography of the surrounding terrain using deep learning. Limnol. Oceanogr. 
Methods 21 (10), 625–636. doi:10.1002/lom3.10573

McGlue, M. M., Silva, A., Assine, M. L., Stevaux, J. C., and Pupim, F.Do N. 
(2015). “Paleolimnology in the pantanal: using Lake sediments to track Quaternary 
environmental change in the world’s largest tropical wetland,” in Dynamics of the 
Pantanal Wetland in South America. The Handbook of Environmental Chemistry. Editors 
I. Bergier, and M. L. Assine (Springer International Publishing). doi:10.1007/698_2015_
350

Meybeck, M. (2003). Global analysis of river systems: from Earth system controls to 
anthropocene syndromes. Philosophical Trans. R. Soc. Lond. Ser. B Biol. Sci. 358 (1440), 
1935–1955. doi:10.1098/rstb.2003.1379

Mortimer, C. H. (1959). A treatise on limnology. Volume 1. Geography, physics and 
chemistry. Limnol. Oceanogr. 4 (1), 108–114. doi:10.4319/lo.1959.4.1.0108

Muchlis, A., Montarcih Limantara, L., Bisri, M., and Sholichin, M. (2022). Flood 
reduction modelling of mahakam Cascade Lake towards the mahakam river - east 
borneo - indonesia. J. Hunan Univ. Nat. Sci. 49 (2), 94–102. doi:10.55463/issn.1674-
2974.49.2.9

Muhtadi, A., Silaban, M. F. W., Leidonald, R., and Dewinta, A. F. (2024). Morphometric 
and bathymetric characteristics and trophic status of silosung Lake, lintong nihuta 
district, humbang hasundutan regency, North Sumatra province. Indonesian J. Agric. 
Res. 7 (3), 191–202. doi:10.32734/injar.v7i3.15715

Nobert, J., and Shibayama, T. (2006). “Integrated model for estimating 
sediment discharge to coastal environment from river basin,” in Proceedings 
of the Symposium on Global Environment 14, 109–114. doi:10.2208/proge.
14.109

Nomosatryo, S., Tjallingii, R., Schleicher, A. M., Boli, P., Henny, C., Wagner, D., 
et al. (2021). Geochemical characteristics of sediment in tropical Lake sentani, 
Indonesia, are influenced by spatial differences in catchment geology and water 
column stratification. Front. Earth Sci. 9 (May), 671642. doi:10.3389/feart.2021.
671642

Omengo, F. O., Alleman, T., Geeraert, N., Bouillon, S., and Govers, G. (2016). Sediment 
deposition patterns in a tropical floodplain, Tana River, Kenya. CATENA 143 (August), 
57–69. doi:10.1016/j.catena.2016.03.024

Ovakoglou, G., Alexandridis, T. K., Crisman, T. L., Skoulikaris, C., and Vergos, G. S. 
(2016). Use of MODIS satellite images for detailed Lake morphometry: application to 
basins with large water level fluctuations. Int. J. Appl. Earth Observation Geoinformation
51 (September), 37–46. doi:10.1016/j.jag.2016.04.007

Palmer, S. C. J., Kutser, T., and Hunter, P. D. (2015). Remote sensing of inland waters: 
challenges, progress and future directions. Remote Sens. Environ. 157 (February), 1–8. 
doi:10.1016/j.rse.2014.09.021

Pham, V., Soares-Frazão, S., Olivier Gourgue, C, Sassi, M., Hoitink, A. J. F., 
Deleersnijder, E., et al. (2016). “Modelling fine-grained sediment transport in the 
mahakam land–sea continuum, Indonesia.” J. Hydro-Environment Res. 13 (December): 
103–120. doi:10.1016/j.jher.2015.04.005

Frontiers in Earth Science 10 frontiersin.org

https://doi.org/10.3389/feart.2026.1818351
https://doi.org/10.1016/j.scitotenv.2021.148320
https://doi.org/10.1051/shsconf/202522102003
https://doi.org/10.1051/shsconf/202522102003
https://doi.org/10.1016/j.earscirev.2023.104639
https://www.bmkgsamarinda.com/analisis-hujan
https://doi.org/10.1111/j.1365-2427.2007.01862.x
https://doi.org/10.1007/s10750-016-3017-y
https://doi.org/10.1007/s10750-016-3017-y
https://doi.org/10.1002/hyp.5764
https://doi.org/10.1002/hyp.5764
https://doi.org/10.1146/annurev-environ-021810-094524
https://doi.org/10.1146/annurev-environ-021810-094524
https://doi.org/10.1088/1748-9326/ac0be3
https://doi.org/10.3389/feart.2019.00330
https://doi.org/10.4319/lo.1974.19.5.0767
https://doi.org/10.4319/lo.1974.19.5.0767
https://doi.org/10.1016/j.ecolind.2015.12.009
https://doi.org/10.1002/9781119393290.ch7
https://doi.org/10.1002/9781119393290.ch7
https://doi.org/10.1029/2023GL107652
https://futurelakes.eu/
https://doi.org/10.1177/0309133309105657
https://doi.org/10.1007/s11001-023-09534-z
https://doi.org/10.1016/j.marpolbul.2019.110650
https://doi.org/10.1016/j.marpolbul.2019.110650
https://doi.org/10.1002/iroh.200410775
https://doi.org/10.1002/iroh.200410775
https://doi.org/10.1002/(SICI)1099-1646(199907/08)15:4%253C289::AID-RRR520%253E3.0
https://doi.org/10.1002/(SICI)1099-1646(199907/08)15:4%253C289::AID-RRR520%253E3.0
https://doi.org/10.1890/13-0264.1
https://doi.org/10.1016/j.earscirev.2024.104957
https://doi.org/10.1016/B978-012370626-3.00141-1
https://doi.org/10.1016/B978-012370626-3.00141-1
https://doi.org/10.1007/s10666-006-9069-z
https://doi.org/10.1016/B978-0-444-81546-0.50009-4
https://doi.org/10.1016/B978-0-444-81546-0.50009-4
https://doi.org/10.1146/annurev.es.18.110187.001111
https://doi.org/10.3389/fmars.2023.1178845
https://doi.org/10.3389/feart.2022.925944
https://doi.org/10.3389/feart.2022.925944
https://doi.org/10.3389/feart.2022.875919
https://doi.org/10.3389/feart.2022.875919
https://doi.org/10.1016/j.rse.2020.112047
https://doi.org/10.1002/lom3.10573
https://doi.org/10.1007/698_2015_350
https://doi.org/10.1007/698_2015_350
https://doi.org/10.1098/rstb.2003.1379
https://doi.org/10.4319/lo.1959.4.1.0108
https://doi.org/10.55463/issn.1674-2974.49.2.9
https://doi.org/10.55463/issn.1674-2974.49.2.9
https://doi.org/10.32734/injar.v7i3.15715
https://doi.org/10.2208/proge.14.109
https://doi.org/10.2208/proge.14.109
https://doi.org/10.3389/feart.2021.671642
https://doi.org/10.3389/feart.2021.671642
https://doi.org/10.1016/j.catena.2016.03.024
https://doi.org/10.1016/j.jag.2016.04.007
https://doi.org/10.1016/j.rse.2014.09.021
https://doi.org/10.1016/j.jher.2015.04.005
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Jati et al. 10.3389/feart.2026.1818351

Räsänen, M. E., Salo, J. S., and Kalliola, R. J. (1987). Fluvial perturbance in the Western 
amazon basin: regulation by long-term sub-andean tectonics. Science 238 (4832), 
1398–1401. doi:10.1126/science.238.4832.1398

Sarmento, H. (2012). New paradigms in tropical limnology: the importance of the 
microbial food web. Hydrobiologia 686 (1), 1–14. doi:10.1007/s10750-012-1011-6

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., and Walker, B. (2001). Catastrophic 
shifts in ecosystems. Nature 413 (6856), 591–596. doi:10.1038/35098000

Smith, R. (2002). Limnology—inland water ecosystems. J. North Am. Benthol. Soc. 21 
(2), 346–347. doi:10.2307/1468422

Stachelek, J., Hanly, P. J., and Soranno, P. A. (2022). Imperfect slope measurements drive 
overestimation in a geometric cone model of Lake and reservoir depth. Inland Waters
12 (2), 283–293. doi:10.1080/20442041.2021.2006553

Vollenweider, R. A. (1975). Input-output models: with special reference to the 
phosphorus loading concept in limnology. Schweiz. Z. Für Hydrol. 37 (1), 53–84. 
doi:10.1007/BF02505178

Vörösmarty, C. J., Green, P., Salisbury, J., and Lammers, R. B. (2000). Global water 
resources: vulnerability from climate change and population growth. Science 289 (5477), 
284–288. doi:10.1126/science.289.5477.284

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2026.1818351
https://doi.org/10.1126/science.238.4832.1398
https://doi.org/10.1007/s10750-012-1011-6
https://doi.org/10.1038/35098000
https://doi.org/10.2307/1468422
https://doi.org/10.1080/20442041.2021.2006553
https://doi.org/10.1007/BF02505178
https://doi.org/10.1126/science.289.5477.284
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Data acquisition
	2.3 Morphometric analysis
	2.4 Uncertainty analysis

	3 Results
	3.1 Lake geometry changes
	3.2 Volume development trajectories
	3.3 Volumetric changes
	3.4 Shoreline complexity

	4 Discussion
	4.1 Volume development index as an early warning indicator of tropical lake infilling
	4.2 Contrasting lake trend: Infilling versus recovery
	4.3 Limitations
	4.4 Management and policy implications
	4.5 Future research directions

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	titrhcolReferences

