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Abstract:

Understanding the controls on sediment yield (SY) is essential for water resource management.
However, in the Cauvery basin in India, progress is hindered by fragmented studies that lack an
integrated analysis. This research quantifies sub-catchment SY using long-term gauging data and
employs Partial Least Squares Regression (PLSR) and multiple regression (MLR) to evaluate
geomorphic, climatic, and land-use predictors across 14 representative sub-catchments. Results
indicate that geomorphic parameters dominate variation in SY with low hypsometric integral
(mean HI =0.22 £ 0.10), and localised high plan and profile curvature (> 0.01), signifying a mature
landscape prone to high sediment export. SY exhibits a strong inverse relationship with the basin
area, which reflects significant sediment storage or trapping (dilution effect). Rainfall is the
primary climatic driver, while temperature shows no significant link. Land-use effects are
secondary and context-dependent, as forests in high-elevation and high-rainfall areas fail to
suppress erosion. Crucially, dam infrastructure overrides natural controls by decoupling hillslope
erosion from downstream delivery. In fact, the reservoir area alone explains 41% of the SY
variability. This study establishes a clear hierarchical relation among the environmental
parameters, which is essential for adaptive sediment management, especially targeting headwater
erosion hotspots and incorporating sediment continuity into reservoir operations to mitigate

downstream impacts.

Keywords: Sediment yield; Geomorphic controls; Anthropogenic impact; Dams; PLSR; Cauvery.
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1. Introduction:

An understanding of sediment dynamics in river basins is crucial for comprehending landscape
evolution, maintaining ecosystem health, and implementing effective water resource management,
which in turn impacts agriculture, hydropower, and biodiversity (Walling & Fang, 2003; Syvitski
et al., 2022). Sediment yield (SY) reflects the integrated effects of erosion, transport, and storage
processes controlled by geomorphology, climate, and anthropogenic activities (de Vente et al.,
2013). In turn, SY influences water quality, reservoir longevity, and agricultural productivity, with
profound socio-economic implications (Li et al., 2024). Globally, SYs vary by orders of
magnitude, from less than 50 t km™ yr! in stable lowlands (de Vente et al., 2006; Vanmaercke et
al., 2011) to over 5,000 t km™ yr'! in tectonically active high mountains (Lu & Higgitt, 1999;

Bhattacharjee et al., 2022).

Rivers worldwide carry ~20 Gt of sediment annually from terrestrial land to the oceans (Milliman
& Farnsworth, 2011), but this flux is increasingly disrupted by both natural and anthropogenic
drivers. More than 85% of annual rainfall in India occurs between June and September. In many
locations, SY exceeds 500 t km™ yr?, accelerating reservoir siltation and water quality degradation
(Das et al., 2021; Jadhav et al., 2024). In India, rapid land-use change, climate intensification, and
soil degradation amplify sediment-related risks, including reservoir siltation (Singh et al., 2025),
water quality decline (Shukla et al., 2018, Rehana et al., 2012), and loss of arable land (Zhang and

Cai, 2011).

The Cauvery, South India’s largest and most important catchment, epitomises these challenges.
The reservoirs in the basin, including Mettur, Krishnaraja Sagar, and Bhavani, are losing 0.5-1.2%
of their storage capacity each year owing to sedimentation, which significantly threatens

hydropower generation and irrigation land for ~1300 thousand hectares (CWC, 2014). Meanwhile,
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sediment starvation in the delta due to upstream trapping has exacerbated coastal erosion (Das et
al. 2025). With climate models projecting an increase of about 4-10% in extreme rainfall by 2060
(Chaubey & Mall, 2023) and ongoing rapid land-use changes (Poyil et al., 2016), understanding

the factors controlling SY in the Cauvery has become urgent.

Geomorphology establishes the foundational control on SY by dictating erosion potential and
sediment connectivity. Catchment-scale geomorphic characteristics such as slope, relief, drainage
density, and hypsometric integral (HI) strongly correlate with SY patterns globally (Zhang et al.,
2015). For instance, topographic curvature and HI have been identified as the main geomorphic
drivers in the Loess Plateau, accounting for over 60% of the spatial SY variability. (Zhang et al.,

2015).

On the other hand, climate, particularly the magnitude and intensity of precipitation, serves as the
primary erosive agent. In steep orogens, rainstorms generate significant SY's, both through surface
erosion and by triggering landslides on the hillslopes that quickly deliver sediment into the river
network (Bookhagen et al. 2005; Yunus et al. 2025). Critically, precipitation often exhibits strong
nonlinear interactions with other drivers. In glaciated high mountain basins in Asia, SY is
noticeably higher (Himalaya-Karakoram-Hindu Kush: SY ~1000 t km™ yr'!; rainfall ~710 mm yr
I: slope ~19°) in basins with higher mean annual rainfall (Li et al., 2024). Furthermore, studies
suggest that temperature exerts a strong control on erosion and sediment distribution in rivers

(Hirschberg et al., 2020; Tan et al., 2023).

Land use and vegetation cover introduce further complexity by modifying runoff generation,
infiltration, and soil detachment resistance (Nadal-Romero et al., 2025). Agricultural expansion
generally increases SYs compared to natural vegetation by reducing ground cover and disrupting

soil structure (Donovan & Monaghan, 2021). Notably, vegetation’s role can be bidirectional and
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context-dependent. For instance, in humid eastern Tibet, SY increased with denser vegetation,
attributed to rain-enhanced bio-weathering processes. Conversely, in arid Tien Shan, SY decreased
due to effective slope stabilisation by roots (Li et al., 2024). In the wetter environments of the

Himalayas, dense vegetation cover resists storm-induced soil erosion (Olen et al. 2016).

Research on the drivers of SY in Indian river basins has advanced recently (Das et al. 2023), but
it still remains highly fragmented. Prevailing studies frequently focus on isolated factors and lack
robust multivariate statistical frameworks capable of addressing inherent predictor collinearity.
These studies frequently depend on geospatial modeling using the Universal Soil Loss Equation
(USLE) or Revised Universal Soil Loss Equation (RUSLE) to predict SY (Majhi et al., 2021,
Samal et al., 2024). However, these approaches have significant limitations, including limited or
no site-specific validation, few local to catchment-scale sediment studies, and insufficient
investigation of the complex interactions among geomorphic, climatic, and anthropogenic factors
that control spatial SY variability. Notably, no comprehensive large-scale study within India,
except the Godavari (Das et al., 2023), has simultaneously integrated geomorphic, climatic, and

land-use predictors using advanced statistical techniques.

This gap is particularly significant for the Cauvery basin which is characterized by (a) pronounced
geomorphic diversity where steep, highly dissected slopes near the Western Ghats and BR-MM
Block Mountain ranges contrast sharply with the low-relief central and lower reaches; (b) strong
climatic gradients ranging from extreme rainfall in the humid headwater to semi-arid plateaus; and
(c) rapid land use transformation marked by significant decrease in forest cover since recent
decades and widespread conversion to agricultural lands, and (d) anthropogenically modified

stream with several large multipurpose dams and reservoirs.
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Existing studies on SYs in the Cauvery basin (Vaithiyanathan et al., 1992, Hariprasad et al. 2024)
have not fully addressed the environmental factors influencing the spatial variability of SY at the
catchment scale. Hence, this study aims to fill these gaps with two main objectives: (i) assess sub-
basin-scale SY using long-term sediment gauging data, and (ii) determine the main factors

controlling the spatial differences in SY within the Cauvery basin.

2. Study area:
2.1. General overview of the catchment:

The Cauvery, one of the most significant rivers in Peninsular India, originates in the Western Ghats
at an elevation of 1341 m asl and flows southwest for about 800 km before debouching into the
Bay of Bengal (Fig. 1a). Its catchment area is bordered by the Pennar and Tungabhadra basins to
the north, the Palar Basin to the south, the Western Ghats to the west, and the Nilgiri Hills
extending into the Eastern Ghats to the east. The Cauvery and its 21 tributaries form a dendritic

drainage network, with several local areas displaying a semi-box-shaped channel pattern.
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Fig. 1. (a) Overview of the Cauvery Basin, the most important river network in South India. The
circles indicate the locations of gauging stations included in this study. Refer to Table 1 for detailed
information on the gauging stations. (b) Spatial variation in rainfall: the western part near the
Western Ghats receives extremely high rainfall, while the central region is a semi-arid dry zone.
(c) Dominant land cover types (Source: Environmental Systems Research Institute [ESRI]).

Geomorphologically, the catchment can be divided into three distinct units: (i) the Mysore Plateau
in the west, characterised by higher elevation and subdued relief, (ii) the Tamil Nadu fluvio-deltaic
plain in the east, and (iii) the intervening block mountain ranges, including the Nilgiri Hills,

Biligirirangan-Mahadeswaramalai (BR-MM) ranges, and Shevaroy Hills in between (Kale et al.,
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2014, Chidambaram et al., 2019). The upper and middle segments of the catchment feature

escarpments, hanging tributaries, entrenched valleys, canyons, lakes, and waterfalls.
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Fig. 2. Lithological variation in the Cauvery basin. The majority of the basin is underlain by
Precambrian Charnockite-Gneiss-Granite formation, whereas the deltaic part is covered by
Quaternary deposits.

Geologically, the Cauvery Basin is a peri-cratonic rift basin (Chari et al., 1995) formed along the
eastern continental passive margin during the late Jurassic-Post Cretaceous period (Twinkle et al.,
2016). The upper catchment primarily drains the Dharwar craton, composed of some of the oldest
continental basement rocks from the Archean and Proterozoic eons (Fig. 2). The block mountains
in the central-lower part of the catchment are part of high-grade Archean to Meso-Neoarchean

Granulite of the Southern Granulite Terrain, dissected by a complex set of shear zones (Sajeev,
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2021). Several prominent faults and lineaments traverse the central part of the catchment. Fluvio-

deltaic sedimentation in the basin is largely of Cretaceous-Tertiary-Quaternary origin.

The climate across the basin ranges from tropical to subtropical monsoonal, with notable spatial
variation in precipitation. The source region in the Western Ghats receives over 3,500 mm of
annual rainfall during the monsoon season (Fig. 1b). In contrast, the semi-arid valleys of Tamil
Nadu and Karnataka receive much lower rainfall. The deltaic tract receives moderate rainfall,
mainly during the retreating northeast monsoon between October to December. Temperature

variation is minimal in the upland regions but remains high and relatively stable across the delta.

Land use across the catchment is predominantly agricultural and forested, with a smaller extent of
rangeland, built-up areas, and waterbodies (Fig 1¢). However, land use patterns are undergoing

rapid transformation owing to deforestation, agricultural expansion, and rapid urbanisation.

2.2. Sediment transport characteristics:

Several studies have documented a significant drop in sediment flux in the Cauvery River because
of sediment trapping by many large-capacity reservoirs (Das, 2021; Gupta et al., 2012). For
instance, sediment load measured at Biligundulu station (middle reach = 834 kt/yr) decreased
sharply to 50 kt/ yr at Urachikottai, primarily due to sediment retention by the Mettur dam, situated
between these two gauging stations (Fig. 3). Consequently, sediment delivery to the deltaic region

has significantly declined (Das et al., 2025).
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Fig. 3. Composite longitudinal profile of the Cauvery River mainstem and major tributaries.
Variations in discharge and sediment load at gauging stations are shown along the main river
following the profile. The inset represents the hypsometric curve for the entire catchment. Only
the major dams along the main rivers and its tributaries are marked.

The natural hydrological regime of the Cauvery Basin has been significantly altered in recent
decades owing to hydroclimatic shifts and human activity. Projected increases in temperature and
evapotranspiration are likely to reduce annual runoff despite high rainfall (Gosain et al., 2006).
The construction of numerous dams, reservoirs, and barrages has further disrupted the basin’s

hydrological connectivity and worsened water stress (Gowri et al., 2021; Ekka et al., 2022).

3. Data and methodology:
3.1. Data sources:

This study relied on multiple freely available datasets to analyse the factors influencing sediment
dynamics within the Cauvery Basin. Annual sediment load data from 19 gauging stations located

across the main channel and various tributaries of the Cauvery River were obtained from the
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Central Water Commission (CWC) hydrological yearbook (CWC, 2019a). Although the Cauvery
basin has over 25 monitoring gauging stations, 19 stations were selected based on the availability
of consistent and complete sediment concentration records (Table 1). The Shuttle Radar
Topography Mission (SRTM) Digital Elevation Model (DEM) is globally recognized (Berry et al.,
2007) for their uniform quality and broad spatial coverage, making them particularly valuable for
terrain analysis. This dataset allows for the seamless extraction of crucial topographic parameters,
which are essential for assessing sediment transport potential and catchment-scale erosion

modeling.

Climatic parameters were derived from the WorldClim 2.1 dataset of long-term average
precipitation and temperature data at a spatial resolution of 30 arcsec. WorldClim provides high-
quality interpolated climate data that are extensively used in environmental and hydrological

modeling (Hijmans et al., 2005; Panagos et al., 2017).

High-resolution land use data were derived from the Environmental Systems Research Institute
(ESRI) land cover layer available via the ArcGIS Living Atlas with 10-m resolution. Geological
attributes such as lithology at a scale of 1:2,000,000 and lineament at a scale of 1:250,000 were
acquired from the Bhukosh portal of the Geological Survey of India (GSI). Information on dams

within the Cauvery Basin was extracted from the National Register of Large Dams (CWC, 2019b).

3.2. Catchment delineation and sediment yield computation:

Using digital topographic data, 19 sub-catchments were delineated based on the location of
gauging stations across the Cauvery Basin. These sub-catchments are not traditional hydrological
units but represent the unique drainage area in between gauging stations, excluding any

overlapping drainage from upstream sites. This approach ensures that sediment yield calculations
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are spatially independent and reflect localised environmental and geomorphic factors operating

within each catchment that uniquely affect its yield (Das et al., 2023).

Only 14 of the 19 sub-catchments were included in the statistical analysis. The remaining 5 were
excluded because of negative sediment yield values caused by sediment sequestration behind
dams, which led to the outflux falling below the influx. Gauging stations within the fluvio-deltaic
zone were also excluded to prevent underestimating the sediment yield caused by the distributary

channels.

The long-term average sediment loads were derived from annual sediment load data to reduce the
effects of short-term fluctuations. Each sub-catchment’s average sediment load (t yr') was
calculated based on the upstream contributing area and adjusted for station order along the
downstream flow path to avoid redundancy from overlapping inputs. Furthermore, the SY (t km?
yr'!) for each sub-catchment was computed by normalising the average sediment load by the

respective sub-catchment area:

where Qg Y9 is the long-term mean annual sediment load, and A denotes the catchment area.

3.3. Computation of variables:

Geomorphic characterisation of individual sub-catchments was performed by deriving several
primary geomorphic parameters such as drainage area, perimeter, total stream length, mean slope,
drainage density, form factor, elongation ratio, circularity ratio, total relief, and relief ratio using
the SRTM DEM. Subsequently, several other secondary and compound factors related to surface

process were calculated, namely HI, plan curvature, profile curvature, Topographic Ruggedness
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Index (TRI), Topographic Wetness Index (TWI), and slope-length factor. Power-law scaling

between slope and area was used to estimate the steepness index:

S =k,A?
where ks denotes the steepness index and 0 indicates concavity. A reference concavity of 0.45 was
used to normalise ksy and enable comparisons across catchments. Mean values of these geomorphic
parameters for each sub-catchment were further calculated. Structural controls on sediment
generation were assessed through lineament density, computed within a 10 km radial buffer and

expressed as mean density for each sub-catchment.

Land cover composition, a critical control on erosional processes, was derived from ESRI
categorical data. To focus on established primary drivers of land erosion, five primary land cover
classes (i.e., tree, crop, range land, built-up areas, and waterbodies) were selected among the ten
original land cover categories. For each sub-catchment, the land cover raster was clipped to the
watershed boundary, and the proportional areal coverage (%) of each target category was

computed.

Gridded precipitation and temperature data for each sub-catchment covered multiple pixels. The
average precipitation and temperature across all pixels within each sub-catchment were calculated

and used for later statistical analysis.

3.4. Partial least-squares regression (PLSR):

In sediment yield studies, Partial Least-Squares Regression (PLSR) has been widely adopted to
address high-dimensional, collinear, and noisy datasets (e.g., Yan et al., 2013; Shi et al., 2014).
PLSR is highly appropriate for problems with a number of observations lower than the number of

predictors.
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In this study, PLSR was employed to identify and quantify the influence of 29 predictor variables
on SY across the studied sub-catchments. Given the high predictor-to-observation ratio, which
renders ordinary least squares unsuitable owing to multicollinearity and overfitting, PLSR is ideal
as it extracts latent variables (components) by maximising the covariance between the predictor

matrix “X” and the response vector “Y”. The model can be expressed as:

X=TPT +E, Y=Uq" +F
where T and U are score matrices, P and q are loading vectors, and E and F are residuals. The inner

relation linking T and U is:

U=TB
where B is a diagonal matrix of regression coefficients. The relationship between T and U is

assumed to be linear. The regression coefficient matrix in the original space is:

Bps = W(PTW)_lQT

where W is the weight matrix.

The model’s goodness-of-fit (R?) and predictive power (Q?) were assessed using:

24 L=’ .
F1 %0 71

G £ CV)?
X —9)?

where §;, CV is the predicted value from cross-validation, R? reflects calibration fit, and Q? derived
via leave-one-out CV, indicates predictive reliability (the higher, the better). An optimal balance
between the values of Q? and R? can be achieved by choosing an appropriate number of latent
variables or components (Li et al. 2019). Q? values above ~0.4-0.5 are deemed acceptable for

predictive reliability.
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The Variable Importance in Projection (VIP) was computed to determine the relative contribution

of each predictor to the underlying variability of the response vector “Y” across all components:

w2
A ¢¢ [ Ik _
=17k \ (w12

Zi=15Sk

VIP = |p.

where p is the number of predictors, A is the number of components, SSi is the variance in Y
explained by component k, wjx is the weight of predictor j on component k, and ||wy|| is the norm
of the weight vector. Predictors with VIP > 1.0 were considered highly significant for influencing

the SY variation in the Cauvery Basin.

With 29 predictors and only 14 observations, PLSR reduces overfitting by projecting predictors
and response variables into a smaller set of latent variables. PLSR’s primary advantages are its
ability to handle multicollinearity (Wold et al., 2001) and provide interpretable latent structures.
However, disadvantages include sensitivity to outliers and subjective component selection (Abdi,
2010). For this study, R? and Q* were evaluated to ensure model reliability, while VIP was used
to prioritize key factors amid dimensionality challenges. The XLSTAT software package was used

to compute statistics.

3.5. Multiple Linear regression (MLR):

To complement the PLSR analysis and provide a benchmark for linear modeling, Multiple Linear
Regression (MLR) was also conducted. For MLR, the variables were grouped based on their
characteristics (e.g., geomorphic, climatic, land use), and several common combinations exerting
a coupled effect on SY variability were inspected to evaluate the explained variance (R?) for the

SY distribution.
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4. Results:

4.1. Sub-catchment specific sediment load and yield:
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Fig. 4. (a) Variation in sediment load across 14 sub-catchments in the Cauvery Basin, and (b)
variation in sediment yield.

Sediment load and SY exhibit pronounced heterogeneity across the 19 sub-catchments of the
Cauvery Basin (Fig. 4a). The highest sediment load occurs at sub-catchment C10 (511 kt yr!),
followed by C16 (257 kt yr'"), both situated within the BR-MM hills. In contrast, the lowest loads
are observed in C3 (8 kt yr'!), CI11 (2 kt yr'!), and C17 (7 kt yr'!). C19, the sub-catchment
representing the terminal gauging station, shows a lower load (138 kt yr'!) than several upstream
sub-catchments. Five sub-catchments (C2, C5, C7, C12, and C15) exhibit negative sediment loads,
reflecting substantial net sediment deposition within reservoirs where upstream sediment input

exceeds outflow.

The SY, calculated by area normalisation, displays distinct spatial patterns (Fig. 4b), ranging from

2 tkm? yr! (C17) to 132 t km™ yr'! (C6). Moderate to high SY values (mean = 59 + 42 t km™? yr-



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

1Y characterise sub-catchments adjacent to the Western Ghats and the hilly Mysore plateau, while

the lowest SY occurs in the foothills of the BR-MM hills.

Catchment size strongly influences SYs. The largest sub-catchment (C8: 8106 km?) yields only 5
t km™ yr'!, whereas the smallest (C1: 592 km?) yields 55 t km™ yr'!. Sub-catchments with the
highest yields (C6: 132 tkm2 yr''; C10: 119 t km2 yr'!; C4: 71 t km™ yr'') have moderate drainage
areas (1258 km?, 4303 km? and 1757 km?, respectively). Sub-catchments with negative SY were

excluded from statistical analysis.

SY across all the sub-catchments (excluding those with negative SY) shows a very high coefficient
of variation (CV = 111%). This variability reflects the study area’s complex topographic
heterogeneity, strong rainfall gradients, diverse land use, and differential hydro-morphological

alteration from anthropogenic activities.
4.2. Variation in factors influencing sediment yield:

Substantial geomorphic, climate, and land use diversity characterise the 14 sub-catchments of the
Cauvery Basin analysed in this study (Table 2). Key morphometric parameters show wide ranges.
The basin perimeter ranges from 149 km (C1) to 546 km (C8), with an average of 321 km. Stream
length is maximum and minimum in C18 (2316 km) and C1 (148 km), respectively. Relief varies
from 418 (C3) to 2394 (C18). Dominantly high elongation ratios (> 0.50) reveal a prevalent semi-
circular to circular sub-catchment form. The basin-wide mean hypsometric integral (0.22 £+ 0.10)
values, ranging from 0.08 (C16) to 0.40 (C13), collectively point to a mature erosional stage.
Steeper slopes correlate with the sub-catchment’s proximity to the Western Ghats escarpment,
varying from 2° (C8, C16) to 14° (C14). This is reflected in the high TRI values (mean 7.43 +

4.67; 2.62—-18.03) and variable TWI (7.48-10.02). The normalised steepness index (ks,) varies
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from 6 (C6) to 107 (C13). Significant contrasts in ks, (6—107), indicative of transient drainage
adjustment and concentrated near knickpoints, further indicate basin heterogeneity. High
coefficients of variation (CV > 50%) for most variables (A, SL, Emin, Ry, S, LS, Cplan, Cpro, TRI,
ksn) confirm this spatial variability, with drainage density (Dq) being the notable exception (CV <

10%) (Fig. 5).
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Fig. 5. Normalised distributions and coefficients of variation for all the computed parameters in
the studied sub-catchments. High variability (CV > 50%) is observed in more than 15 parameters.

Climatic variables exhibit substantial spatial heterogeneity across the basin. Precipitation depends
on the orographic gradient, ranging from 661 mm (C3, leeward) to 2662 mm (C6, windward). The
westernmost sub-catchments receive moisture from the summer monsoon, while the downstream
reaches are influenced primarily by the retreating (winter) monsoon. Mean annual temperature
averages 24.0 + 2.4°C basin-wide but reflects elevation contrasts; maxima occur near the delta

(C19: 28°C), contrasting with minima in the elevated Western Ghats (C13: 20°C).
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Land use is predominantly arboreal and agricultural. Tree cover is spatially diverse (sub-catchment
mean: 41 = 28%), exceeding 50% in six sub-catchments (C1, C4, C6, C11, C13, C14) but falling
below 10% in three (C9, C16, C17). Conversely, cropland coverage exceeds 50% in five sub-
catchments and falls below 10% in five others, peaking in C16 (63%), coincident with high
sediment yield (SY), and reaching a minimum in C1 (4%). Rangeland (shrub/scrub/barren) is
typically limited and covers <10% area in most sub-catchments, except C13 (40%). Built-up areas

(mean 11%) and water bodies (mean 1%) represent negligible land cover components.

4.3. PLSR in explaining influences:

A preliminary Pearson correlation analysis reveals significant multicollinearity (p < 0.05) among
geomorphic, climatic, and land-use parameters across the sub-catchments (Fig. 6). Strong pairwise
interdependencies are observed within geomorphic variables, including basin morphometrics
(perimeter, length, mean elevation) and terrain derivatives (slope, LS factor, TRI, TWI, plan and
profile curvatures). Climatic parameters exhibit significant covariation between rainfall and
temperature. Likewise, land-use compositions demonstrate significant correlations, particularly

among fractional covers of trees, cropland, and built-up areas.
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Fig. 6. Correlation matrix of parameters grouped by category: geomorphology, climate, and land
use. Bubble size and colour intensity both represent correlation strength (larger/darker = stronger
correlation).

The PLSR model summary (Table 3) reveals a complex relationship between explained variance
(R?) and predictive capability (Q?). While cumulative R? for SY increased progressively with
component addition (26% for Compl, 39% for Comp2, 55% for Comp3, 68% for Comp4, and 80% for
Comp3), model quality assessed via cross-validated Q* deteriorated markedly. Component 1 yielded

a negative Q2 (-0.22), indicating no predictive improvement over the mean, and subsequent



367  components showed further degradation (Comp2: -0.32; Comp3: -1.3; Comp4d: -1.96; Comp5: -3.13).

368  Consequently, only the first component was retained for further analysis.

Lt R 5 5y 1 S S SN I Ay o A

VIP
|
|
1
1

N~ o
u
u
u

1
R |

HI
Ff |
P |
Re |
Rc |

SL I
A
ksn |
Bl |
Bilt |

Rain
Cpro |
Cpln I

= c o O o - wun

= = oo c = =
£ = = © =

= i O F

369

370  Fig. 7. VIP (Variable Importance in Projection) values per parameter. Values exceeding 1 denote
371  predictors with significant influence.

372

373  The VIP calculation identified rainfall (VIP = 2.24), HI (VIP = 2.06), profile curvature (VIP =
374  1.86), and plan curvature (VIP = 1.84) as the most influential predictors (Fig. 7). Area (VIP =
375  1.28), stream length (VIP = 1.25), tree cover (VIP = 1.14), and rangeland (VIP = 1.01) also
376  exceeded the significance threshold (VIP > 1). Standardised coefficients (Fig. 8) highlight negative
377  associations between SY and HI, stream length, and area, as well as between SY and tree cover,

378  consistent with its protective role. Conversely, rainfall and cropland exhibited positive coefficient.
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Fig. 8. PLSR model outputs: (a) Standardised coefficients of input parameters; (b) Comparison of
predicted and observed outcomes; (c) Spatial distribution of standardised residuals by sub-
catchment.

A subsequent PLSR run using only VIP > 1 predictors marginally improved Component 1 Q? to
0.13 (R%?=29%). However, re-adding components degraded the predictive quality despite higher
R? values. Thus, while VIP identified the key drivers, PLSR failed to yield a robust predictive SY

model.
4.4. Multiple regression in explaining influences:

Complementing PLSR, MLR quantified the explanatory power of predictor categories for SY
variance (Fig. 9). Geomorphic parameters collectively explain the highest proportion (53%),

surpassing anthropogenic factors (dam capacity + area: 41%), climate variables (35%), and land
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use (15%). Notably, the dam area alone captured 41% of the SY variability, closely followed by
the dam capacity (36%). Synergistic effects were observed: rainfall combined with elevation
explained 37% of variance, while tree/cropland integrated with rainfall explained 29%, and
rangeland with rainfall explained 24%. In contrast, fundamental catchment descriptors (area,
elevation, and relief) exhibited minimal individual influence (7%, 2%, and 2%, respectively), and

temperature demonstrated no significant relationship with SY variation.
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Fig. 9. Comparison of multiple regression models using different combinations of common
parameters. The MLR were established considering all the parameters within each group (e.g.
geomorphology, climate etc.). Afterwards, different combinations which are generally found
common in sediment studies were considered for further investigation.

5. Discussion:
5.1. Geomorphology, topography, and scale dependency as primary controls:

This study reveals that geomorphic parameters are the most influential controls on the variability
in sediment yield across the Cauvery Basin. The hypsometric integral, topographic ruggedness

index, and plan/profile curvatures emerge as critical indicators of erosional energy and landscape
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maturity. A strong negative relationship between sediment yield and hypsometric integral confirms
that catchments in a mature erosional stage tend to export more sediment, likely owing to longer
slope lengths and well-developed drainage systems, which transport a large volume of sediments
(Verstraeten and Poesen 2001). A similar pattern is recorded in the Godavari, the largest catchment
of Peninsular India, where sediment yields are higher in basins with lower hypsometric integral
(Das et al. 2023). The basin-wide mean hypsometric integral of 0.22 £+ 0.10 places the Cauvery
firmly within the mature erosional regime, where thick saprolite development on Precambrian
granite-gneiss bedrock creates abundant mobile material despite limited uplift (Gunnell and

Bourgeon, 1997).

Curvature-based indices show that microtopographic convexity and concavity further modulate
local flow concentration and soil detachment potential. Plan curvature controls lateral flow
convergence, creating preferential pathways for rill formation on convex ridges (Sofia et al., 2011).
Conversely, profile curvature dictates the downslope acceleration of runoff—a critical factor for
sediment entrainment on concave slopes. In the Western Ghats sub-catchments (such as C4 and
C6), the combination of steep plan and profile curvatures (> 0.01) explains localised spikes in
sediment yield. These microtopographic controls interact with the topographic ruggedness index,
whose extreme variability potentially reflects the knickpoint availability and migration throughout
the Precambrian terrain. This process can maintain a high erosional potential even in mature

landscapes (Crosby and Whipple 2006).

Sub-catchment size also emerged as a controlling factor, with sediment yield inversely related to
the basin area. This is frequently attributed to increased sediment storage and reduced delivery
ratios in larger catchments (Lu et al. 2005; Das et al. 2021). This relationship manifests powerfully

across the Cauvery, where the largest sub-catchment (C18: 8,660 km?) yields merely 5 t km™ yr’!
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against 55 t km™ yr'! in the smallest (C1: 592 km?). This “dilution effect” (de Barros et al. 2021)
aligns with findings from other large basins where sediment yield decreases logarithmically with
the basin area (e.g., Ayadi et al. 2010; Vanmaercke et al. 2011). This effect is generally a
consequence of sediment deposition in low-elevation, low-gradient valleys (Vanmaercke et al.
2014) and sediment trapping at tributary junctions (Fryirs et al. 2007). In the Cauvery, this dilution
is amplified by reservoirs intercepting sediment at transitional zones, as evident in mid-sized sub-
catchments like C12 (6613 km?), where negative sediment yield values reflect net deposition >100
kt yr'l. This scale dependency creates disproportionate sediment generation in headwater sub-

catchments, while their connectivity to downstream sinks is disrupted by anthropogenic structures.

An important methodological point is the exclusion of geological variability. Lithological variation
is known to influence mechanical and chemical weathering (Larimer et al. 2022). For instance,
fresh and fine-grained mafic rocks such as basalt exhibit some of the fastest silicate weathering
rates (Ibarra et al. 2016; Li et al. 2016), while igneous rocks of felsic properties weather much
slowly (West et al. 2005). The Cauvery Basin is largely underlain by homogeneous Precambrian
charnockite-granite-gneiss formations, with only minor lithological heterogeneities such as
dolerite dykes and metasediments. Given the scale of analysis and almost uniform bedrock
properties, geology was not treated as a predictive variable in this study. However, the Cauvery’s

lithological uniformity provides a natural laboratory where geomorphic signatures emerge clearly.
5.2. Rainfall dominance and temperature disconnection:

The unequivocal dominance of rainfall as the primary climatic control on sediment yield (R =0.47;
p-value = 0.09) emphasises the influence of monsoonal hydrology on erosional processes (Fig.
10a). The pronounced orographic gradient resulting in annual rainfall ranging from less than 700

mm yr ' in rain-shadowed central sub-catchments to over 2,500 mm yr' in windward Western
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Ghats sectors creates a stark dichotomy in sediment mobilization. Western sub-catchments (e.g.,
C4, C6) exhibit sediment yield values up to 132 t km™2 yr™', directly attributable to high-intensity
rainfall exceeding soil infiltration capacities. This triggers Hortonian overland flow that
simultaneously enhances particle detachment and transport capacity (Zhang et al. 2018). Intense
rainfall events (> 50 mm hr'') are common during summer monsoons and generate peak discharges
capable of mobilising coarse sediments that accumulate during drier periods. This rainfall-
sediment yield coupling is consistent with what is seen in the Brahmaputra and Godavari, where
70% of the annual sediment flux occurs during peak monsoon (Galy & France-Lanord 2001; Das

et al. 2022), confirming the role of precipitation as an erosion agent and sediment conveyor.
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Fig. 10. Association of sediment yield with rainfall and temperature in sub-catchments. Color
denotes the concurrent rainfall and temperature values for each data point.

Surprisingly, temperature showed no statistically significant association with the sediment yield
(Fig. 10b). The general theoretical expectations are that warmer and wetter conditions accelerate
physical weathering via crack-tip molecular bond-breaking (Eppes et al., 2020) and chemical

weathering via mineral dissolution (Dixon et al., 2016). Silicate weathering rates (SWR) in tropical
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cratons respond logarithmically to temperature and require high differentials for significant effects
(West et al., 2005). SWR of the Cauvery basin is higher (13 t km 2 year ! at the terminal station
Musiri) than several global rivers draining craton/shields (e.g. Congo-Zaire: 4.22 t km 2 year ',
Tocantins: 7.5 t km 2 year '), and is equal to large tropical river like the Amazon (13 t km 2 year ')
(Upendra et al., 2022). Furthermore, temperature-mediated weathering operates on millennial
timescales to produce saprolite, whereas sediment yield chemistry reflects the recent mechanical
erosion of Archean gneiss, charnockite and other existing weathered material (Sharma &
Rajamani, 2000; Riebe et al., 2004; Sharma & Rajamani, 2001). The formation of a thick saprolith
layer on the Precambrian granite restricts chemical weathering (Oliva et al., 2003), is counteracted
by the steep slope of the Western Ghats, which provides a suitable setting for the acidic water to
chemically react with the saprolith and transform it into saprolite (Rajamani et al., 2009, Nagendra
et al., 2020). Hence, in the Cauvery basin, a dynamic equilibrium is maintained between physical
(saprolith formation) and chemical weathering (formation of saprolite from saprolith), moderated
by rugged topography, presence of structural features, tropical humid climate and dense vegetation
(Rajamani et al., 2009). In the Cauvery, thermal mechanisms are less active than the rainfall-

induced weathering, despite their theoretical relevance to mineral breakdown.
5.3. Land use and anthropogenic modifications:

Land use patterns significantly influence sediment dynamics, although their effects are more
variable and context-dependent than those of topography or rainfall. While global meta-analyses
consistently position forests as sediment-suppressing land covers (Fu et al., 2003; Porto et al.,
2009), our analysis uncovers a contradictory pattern. Three forest-dominated sub-catchments (>
50% tree cover) rank among the highest sediment yield producers, while three others with

comparable forest cover exhibit the lowest yields. Linear regression analyses highlight a negative
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association where low sediment yield sub-catchments comprise higher agricultural land than
forested areas and vice versa (Fig. 11). This apparent contradiction reduces from the spatial

coupling of land use with geomorphic and climatic drivers.

Forested areas predominantly occupy the high-relief, high-rainfall (> 2000 mm yr'') Western
Ghats, where extreme orographic rainfall frequently exceeds the infiltration capacity and triggers
saturated overland flow (Putty & Prasad, 2000) and mass wasting (Islam et al., 2025). Conversely,
croplands dominate the low-elevation eastern plains (rainfall < 800 mm yr'!), where limited runoff
energy constrains sediment mobilisation despite the high erosive potential from surface exposure.
This spatial decoupling creates statistical artefacts where the PLSR coefficients associate forests
with negative sediment yield and croplands with positive sediment yield, masking the reality that
when forests coincide with extreme topography and rainfall, they fail to prevent erosion. On the
other hand, croplands in low-energy environments exhibit limited sediment export (Das et al.,

2023).

In general, this mechanism follows a U-shaped relationship between tree cover and sediment yield,
while an intermediate cover optimises erosion control through root reinforcement and canopy
interception, but high-density forests in extreme environments accelerate sediment production
through enhanced biogenic weathering and concentrated flow paths along decaying root channels
(Ghestem et al., 2011). In the Western Ghats, these processes can lead to the transport of weathered
regolith from beneath forest canopies. The Godavari Basin exhibits identical patterns where
forested headwaters contribute large sediment amounts and demonstrate land use functions within

a process hierarchy dominated by the physiographic context (Das et al., 2023).
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Fig. 11. Association of rainfall with (a) tree coverage, (b) crop area, and (c) rangeland. Sediment
yield is represented by bubble size, and elevation is denoted by colour variation.
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The detection of negative sediment yields in five reservoir-associated sub-catchments (C2, C5, C7,

C12, C15) represents a definitive anthropogenic signature within the basin’s sediment cascade.
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These values signify profound sediment retention where upstream sediment influx exceeds
downstream outflow, which reflects near-total trapping within impoundments. Currently, 96 large
multipurpose dams (CWC, 2019b) exist in the basin that alter the longitudinal sediment
connectivity of the channel. Quantitatively, dam infrastructure alone explains 41% of the sediment
yield variation through dam area and 37% through storage capacity (p-value = < 0.05), surpassing
both land use (15%) and climatic drivers (35%) in predictive power (Fig. 12). This dominance
demonstrates how engineering interventions override the basin’s natural sediment dynamics and
corroborates global patterns where dams reduce downstream sediment flux. These impoundments
disproportionately affect transitional mid-basin sub-catchments (e.g., C5: 7833 km?) and

intercepting sediments from high-yield headwaters before they reach the terminal gauges.

This ‘hungry water’ (Kondolf, 1997) released from the dams with a very low amount of sediment
regains its energy to erode the channel and incur changes in downstream channel morphology. The
disproportionate rapid increase of sediment yield in a floodplain mid-size sub-catchment (C16)
can probably be explained by this effect, where sediment-starved, highly erosive water from
Mettur dam and Lower Bhavani dam confluences and causes significant erosion. Consequently,
while geomorphic parameters govern potential sediment production, reservoirs control its actual
delivery and effectively decouple hillslope erosion from basin-scale sediment discharge. This
hierarchy demonstrates a fundamental Anthropocene alteration where human infrastructure now
mediates sediment regimes more powerfully than bedrock geology or precipitation gradients in

regulated basins globally (Das et al., 2025; Syvitski et al., 2005; Vorosmarty et al., 2003).

6. Conclusion:

This study explained the hierarchical controls governing the spatial heterogeneity of sediment

yields in the anthropogenically modified Cauvery Basin, India. Geomorphic parameters,
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principally hypsometric integral and topographic curvatures (plan and profile), emerged as the
dominant intrinsic factors. The basin-wide low mean hypsometric integral (0.22 £+ 0.10) signifies
a mature erosional landscape where extensive weathered regolith on Precambrian basement is
accumulated, and the localised steep plan and profile curvature (> 0.01) facilitates sediment

mobilisation despite the limited tectonic forcing.

The strong inverse relationship between sediment yield and basin area denotes a fundamental scale
dependency, where larger catchments exhibit significantly reduced specific yields due to enhanced
sediment storage and trapping by floodplains and anthropogenic structures. Rainfall explicitly
dominates climatic controls, with its pronounced orographic gradient directly driving SY patterns
through intense monsoonal events. Conversely, the limited thermal variability across the basin
made temperature statistically insignificant for sediment yield, which highlights the disconnection
between long-term weathering processes and shorter-term mechanical sediment export in this

tropical monsoonal setting.

While significant, land use impacts are proven to be highly context-dependent and spatially
coupled with geomorphic and climatic drivers. High forest cover coinciding with highly elevated,
steep, high-rainfall terrain failed to suppress erosion, while cropland expansion in lower-energy

environments showed limited sediment export.

Furthermore, dam infrastructure emerged as an important anthropogenic control, overriding
natural drivers by intercepting sediment fluxes. Dam area and storage capacity alone explained
41% and 36% of sediment yield variability, demonstrating a profound decoupling between the

hillslope erosion potential and basin-scale sediment delivery.
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These findings have important implications for sustainable water and sediment management in the
Cauvery Basin. Quantifying the dominance of geomorphic maturity and rainfall intensity enables
targeted prioritisation of erosion control measures in high-yield headwater sub-catchments. The
impact of dams necessitates integrating sediment continuity assessments into reservoir operations
planning to mitigate downstream starvation. Furthermore, the identified control hierarchy provides
a robust conceptual framework for improving predictive sediment yield models in
anthropogenically altered landscapes, which is essential for adapting water resource infrastructure

to climate intensification.
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Table 1: Information of each station considered in this study.

SC RANK Station Name DataRange | Upstream area (km?) Average Annual Load
(kt)
1 Sakleshpur 2013-2017 617 32.46
2 M.H. Halli 1994-2017 3050 14.91
3 Akkihebbal 1994-2017 5236 23.18
4 Kudige 1974-2017 1934 124.59
5 Kollegal 1972-2017 21082 273.86
6 Muthankera 1974-2017 1260 165.81
7 T.Narasipur 1972-2017 7000 145.34
8 T.K. Halli 1985-2017 7890 38.31
9 T. Bekuppe 2013-2017 3500 11.34
10 Biligundulu 1972-2017 36682 834.86
11 Kudlur 2013-2017 709 2.35
12 Urachikottai 2001-2017 44100 50.10
13 Thengumarahada 2002-2017 1370 15.74
14 Nellithurai 2003-2017 1475 38.40
15 Savandapur 1980-2017 5776 24.25
16 Kodumudi 1973-2017 53233 331.41
17 Elunuthimangalam 2013-2016 3386 7.13
18 Nallamaranpatty 1980-2017 9080 43.17
19 Musiri 1973-2017 66243 519.84
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Table 2: Description of the parameters and their distribution range

Parameters Abbreviation Minimum Maximum Mean Std. deviation
Sediment yield Y 2.05 131.85 41.35 47.92
Area (km?2) A 592.31 8660.50 3143.16 2559.07
Perimeter (km) P 148.61 545.59 321.06 138.91
Stream length (km) SL 148.15 2316.02 823.29 675.42
Drainage density Dd 0.22 0.28 0.26 0.01
(km/km?)

Basin length (km) BI 35.37 145.39 86.59 38.24
Mean elevation (m) E 234.10 1267.08 756.46 318.52
Max Elevation (m) Emax 1180.00 2629.00 1805.00 487.07
Min elevation (m) Emin 82.00 899.00 447.00 284.68
Relief (m) R 418.00 2394.00 1358.00 655.49
Relief ratio Rr 5.95 43.88 18.49 12.47
Form factor Ff 0.16 0.57 0.39 0.12
Circularity ratio Rc 0.25 0.40 0.34 0.04
Elongation ratio Re 0.15 0.20 0.18 0.01
Hypsometric Integral HI 0.08 0.40 0.22 0.10
Slope (degree) S 1.79 14.29 5.72 3.95
Slope-length factor LS 1.19 18.36 6.22 5.13
Plan curvature Cpln 0.002 0.01 0.008 0.005
Profile curvature Cpro 0.002 0.01 0.008 0.005
Topographic TRI 2.62 18.03 7.43 4.84
ruggedness index

Topographic wetness TWI 7.47 10.02 8.83 0.93
index

Normalized steepness ksn 6.15 107.34 32.84 33.65
index

Lineament density Ld 0.13 2.85 0.89 0.74
(km/km?)

Rainfall (mm) Rain 661.13 2662.33 1253.38 671.46
Temperature (degree C) Temp 19.93 28.10 24.01 2.48
Water area (%) Watr 0.13 3.84 1.47 1.04
Tree area (%) Tree 8.37 80.73 41.22 29.08
Crop area (%) Crop 431 63.81 33.44 24.20
Built-up area (%) Bilt 0.65 30.63 11.12 9.68
Rangeland area (%) Rang 2.48 39.97 12.72 10.09
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Table 3: PLSR model’s explainability and quality for each component.

Index Compl Comp2 Comp3 Comp4 Comp5
Q% cum -0.245 -0.384 -1.794 -2.699 -4.825
R%Y cum 0.286 0.419 0.551 0.714 0.801




