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A B S T R A C T   

The imprint of geologic, climatic and anthropogenic memory as controls on geomorphic river diversity is 
assessed for twelve River Styles in the Sabarmati Catchment. Geologic controls are the primary determinant of 
river character and behavior in the hinterland and pediment landscape units, where headwater streams transition 
to partly confined valleys and gorges with distinct structural lineations in a rectangular drainage network. 
Climate memory imprints entrenched rivers that make up alluvial fan and alluvial plain landscape units of the 
mid-lower catchment, shaped by phases of sediment aggradation and subsequent incision in response to 
enhanced monsoonal rains around 10 ka. Terraces constrain channels within confined and partly confined 
valleys with occasional and discontinuous floodplains respectively. Laterally unconfined channels are only found 
in the lower parts of the catchment, immediately upstream of the estuary/delta. Limited space for adjustment, 
impacts of flow regulation and ephemeral conditions restrict the range of contemporary river morphodynamics, 
but ridges and swales and abandoned channels on floodplains indicate more dynamic conditions in the past. 
Impacts of anthropogenic memory are most pronounced in the stopbank-controlled, barrage- and dam-impacted 
reaches, especially in the cities of Gandhinagar and Ahmedabad. An explanation of controls upon geomorphic 
river diversity, including an assessment of the role of stream power, presents a coherent platform to develop 
geomorphologically-informed approaches to river management.   

1. Introduction 

1.1. Stream management and geomorphology 

Rivers are not only dynamic agents of landscape change, they also 
perform complex and important ecosystem and societal functions 
(Wantzen et al., 2016; Singh et al., 2017; Anderson et al., 2019). Place- 
based, catchment-specific understandings of controls upon river di-
versity and patterns ((dis)connectivity) of process relationships that 
shape evolutionary trajectories are fundamental aspects of 
geomorphologically-informed approaches to sustainable river manage-
ment practice (Brierley et al., 2013; Wohl et al., 2016; Poeppl et al., 
2020; Fryirs et al., 2021). Such understandings underpin ecological 
conservation and rehabilitation on the one hand, and concerns for flood 
and erosion/sedimentation hazards on the other. Rigorous and consis-
tent baseline datasets are required to provide an appropriate rationale 
for effective nature-based river conservation and management (Fryirs 

et al., 2021; Fryirs and Brierley, 2021a). 
Concepts from fluvial geomorphology help to describe, monitor, and 

predict river channel conditions and behavior at the basin and smaller 
scales (Newson, 2008). Appraisal of the resilience or sensitivity of a river 
system to external disturbances (Fryirs, 2017; Fuller et al., 2019; Piegay 
et al., 2020), including land-use and climate changes, inform analyses of 
river trajectory and recovery potential (Fryirs and Brierley, 2016; Fryirs 
et al., 2018). Catchment-scale analyses of the distribution of stream 
power, and their relations to process domains along longitudinal pro-
files, help to explain the reach-scale pattern of erosion or deposition and 
associated (dis)connectivity relationships (Jain et al., 2008; Bawa et al., 
2014; Bizzi and Lerner, 2015). 

The River Styles Framework is a globally recognized approach to 
geomorphologically-informed river management (Brierley and Fryirs, 
2005; Fryirs et al., 2019a, 2021). This generic, process-based approach 
characterizes and interprets the physical template of rivers within a 
drainage basin. Lengths of river with near-uniform assemblages of 
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geomorphic units define river reaches of particular River Styles (Brierley 
and Fryirs, 2000, 2005). Analysis of assemblages of geomorphic units at 
the reach scale provides process-based insights into river behavior at 
differing flow stages (Fryirs and Brierley, 2021b). Each reach is assessed 
within its catchment context; both spatially and temporally. Incorpo-
ration of additional information atop this unified baseline survey pro-
vides a consistent and systematic platform for management 
prioritisation and decision-making (Brierley et al., 2002; Fryirs et al., 
2021). Successful applications to date include: identification of unique 
geomorphic and habitat features and hotspots of river adjustment and 
behavioral sensitivity (Khan and Fryirs, 2020), development of a 
coherent geo-eco-hydrological template (Han and Brierley, 2020; Gur-
nell et al., 2009), determination of geomorphic condition and recovery 
potential (Fryirs and Brierley, 2010), derivation of reach-scale target 
conditions and prioristisation of catchment-scale management pro-
grammes (Fryirs and Brierley, 1999; Brierley and Fryirs, 2000, 2016), 
and incorporation of these principles within policy frameworks (Brierley 
et al., 2011; Fryirs et al., 2021). 

1.2. Rivers in semi-arid region: challenges in stream management 

Rivers provide vital lifelines in water-stressed regions. Arid to semi- 
arid zones (precipitation < 100 mm/a in arid, <200 mm/a in semi-arid; 
high evaporation rate) cover ~35 % of the earth’s land area and support 
nearly 28 % of the global population (Tchakerian and Pease, 2015). In 
Asia, about 30 % of the total continental area has an arid to semi-arid 
climate regime, extending across large parts of West, South West and 
Central Asia (Malagnoux et al., 2008). Large parts of globally-significant 
river basins such as the Indus, Yellow and Ural Rivers lie within arid 
zones. In India, most river basins lie in arid-semiarid climatic zones 
(~10% arid, 35% semi-arid; Peel et al., 2007). 

The flow of water and nutrients provides crucial ecosystem services 
in drylands, including refuge for aquatic flora and fauna (Wang and 
Cheng, 2000; Wohl, 2014; Larkin et al., 2020). To date, our under-
standing, management, and conservation of dryland and ephemeral 
(including monsoonal) streams are limited (Boulton et al., 2000; Boul-
ton, 2014; Datry et al., 2014). Adaptive management is required to 
address growing concerns for impacts of climate change and water 
abstraction which will further increase the spatial extent of dryland 
rivers with intermittent flows in the near future (e.g. Hughes, 2005; see 
Tooth, 2000; Larned et al., 2010; Acuna et al., 2014). Understanding the 
dynamics of dryland rivers is a critical first step towards forecasting 
sensitivity to future hydroclimatic changes (Graf, 1988; Tooth, 2000; 
Larkin et al., 2020). Environmental protection and restoration measures, 
and management of increasingly scarce water resources build upon such 
understandings (e.g. Shen and Chen, 2010; Liu and Shen, 2018; Huang 
et al., 2020). 

This work presents a process-based classification of an arid river 
system using Stage 1 of the River Styles Framework (Brierley and Fryirs, 
2005; Fryirs and Brierley, 2018; Fryirs et al., 2019b). Identification, 
interpretation and mapping of River Styles for the Sabarmati River basin 
are used to address the following questions:  

(1) What types of river (River Styles) are found in the Sabarmati 
Catchment?  

(2) What controls the diversity and pattern of River Styles in the 
Sabarmati River basin?  

(3) How and why does the Sabarmati River respond to differing 
forms of external disturbance at different positions along the 
longitudinal profile?  

(4) How do insights into river characterisation and evolution provide 
a useful resource base to support sustainable management and 
monitoring activities? 

2. Sabarmati river 

2.1. Regional geomorphic and geological setting 

The Sabarmati River is a major west-flowing river located in a semi- 
arid part of the Indian subcontinent. It originates in the Aravalli hills at 
an elevation of ~762 m asl, draining an area of 21,085 km2 and 
traversing 419 km before it enters the Gulf of Cambay and finally meets 
the Arabian Sea. The dominant rock types in the basin area include 
quartzites, phyllites, schist and sand gneisses in the hinterland and 
Quaternary alluvium in downstream areas (Fig. 1, Table S1) (SOI, 1972). 

The evolutionary history of the basin spans from the Mid-Archean to 
the Cenozoic (Fareeduddin, 2020). Upstream hilly areas are character-
ized by Proterozoic fold belts such as the Aravalli and Delhi fold belt. 
High slope, high relief landscapes of the Aravalli mountain range 
resulted from polyphase deformation of metasedimentary and metaig-
neous sequences of Proterozoic age (Fig. 1B-C; Heron, 1953; Roy et al., 
1971; Fareeduddin, 2020). The Aravalli orogeny phase ended around 
900–650 Ma (Fareeduddin, 2020). Erosional retreat of the high relief 
hinterland brought about the accumulation of angular sediment in the 
pediment downstream, an area with lower slope and relief relative to the 
hinterland (Tandon et al., 1997). Isolated small hillocks and north–south 
aligned minor ridges of intrusives are found within the south-west 
sloping pediment surface. 

Downstream reaches lie within the 50-km-wide Sabarmati Graben, a 
northern extension of the Cambay Graben of Paleocene origin (Narula 
et al., 2000; Valdiya, 2016, Valdiya and Sanwal, 2017). Dip-slip move-
ments along discontinuous faultlines at the margin of the graben 
commenced in the Late Palaeocene and continued through the Tertiary 
period (Valdiya and Sanwal, 2017). Transfer of large volumes of mate-
rial from the Aravalli Mountain range into the graben created the vast 
alluvial plains of the contemporary Sabarmati and other rivers in NW 
India. 

Although specific details of the chronology remain uncertain, Qua-
ternary sediments in the Sabarmati River valley are stored and preserved 
in ≥300 ka alluvial fan sequences (Tandon et al., 1997). These low slope 
and low relief landscapes are characterised by coarse angular sediments 
deposited by ENE-WSW flowing river systems during the Quaternary 
(Tandon et al., 1997; Mehr and Chamyal, 1997). Basal gravel bedload 
materials are inferred to be products of high energy braided rivers that 
operated under semi-arid conditions (Jain and Tandon, 2003; Tandon 
et al., 1997). An unconformity separates these gravel deposits from 
overlying sediments which are dated from 125 ka onwards, with mul-
tiple phases representing variable depositional environments in 
response to climate change (Tandon et al., 1997; Juyal et al., 2000; 
Srivastava et al., 2001; Jain et al., 2004). These sediments also form 
distinct geomorphic surfaces such as pediments and alluvial fans (Tan-
don et al., 1997). Deposition of muddy sediments under seasonal 
wetland conditions between 125 and 110 ka (Juyal et al., 2000; Jain 
et al., 2004) was followed by a gravel braided river phase ~74 ka. 
Fluvial aggradation occurred between 30 and 54 ka. Intermittent oc-
currences of aeolian blown sediment layers indicate dry phases at 15–30 
ka, 12 ka and 5 ka (Jain and Tandon, 2003). Subsequent sediment se-
quences indicate alternating meandering river deposits and aeolian 
sediments until 12 ka. Vegetation growth during the humid phase sup-
ported lower sediment supply and higher bank stability (Tandon et al., 
1997; Jain et al., 2004). Monsoon intensification during the early Ho-
locene induced major channel incision (11–25 m), and terrace formation 
(Fig. 1c; Srivastava et al., 2001). Changes in base level triggered incision 
along the tributaries, with the Watrak River channel incising more 
deeply into bedrock relative to the other two tributary channels 
(Fig. S1). Ridges and swales on terraces indicate a dynamic meandering 
system at around 4.5 ka (Srivastava et al., 2001). The modern Sabarmati 
River flows within an incised, terrace-lined valley. Extensive gully 
erosion now delivers significant volumes of fine-grained sediment from 
sparsely vegetated and highly dissected channel banks at terrace 
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margins. Slackwater deposits record high magnitude paleo-floods 
(7000–15,000 m3/s) in the last ~1400 years that are notably higher 
than the modern-day discharge (Sridhar and Chamyal, 2018). 

2.2. Climate, hydrological and land use characteristics 

Monsoon rainfall governs the hydrological characteristics of the 
Sabarmati River system. Average annual rainfall for the basin is around 
800 mm, while the mean annual flow is 3810 × 106 m3 (Jain et al., 
2017). Episodic rainfall governs the discharge regime of this intermit-
tent river. The number of rainy days with rainfall intensity of 20–50 
mm/day is between 20 and 5 (Jain et al., 2017). Major flood events in 
1998, 2003, 2004, 2005, and 2006 had a devastating effect in Ahme-
dabad (Jain and Singh, 2003). The 2006 flood had a magnitude of 4507 
m3/s at Kheda, 3050 m3/s at Derol Bridge (the two locations upstream of 
Gandhinagar), and 8800 m3/s at Ahmedabad City (CWC, 2012; Sridhar 
and Chamyal, 2018). 

Historical data indicate that monsoon precipitation (mm/year) in the 
Sabarmati River basin increased by a trend factor of 1.24 from 1901 to 
1947 and 0.72 from 1948 to 2012 (Shah and Mishra, 2016). A similar, 
positive trend in the monsoon season surface water availability (i.e. total 
runoff (mm/year)) was observed with a trend value of 0.80 from 1901 to 
1947 and 0.34 from 1948 to 2012 (Shah and Mishra, 2016). However, 
the number of peak flood events (magnitude 2000–4000 m3/s) over the 
last three decades has decreased from an average of 15 events per year 

from 1972 to 1981 to an average of 5 events per year from 2009 to 2013 
(Jain et al., 2017). 

Mix Deciduous forests is prominent in the hinterland zone of the 
Sabarmati Catchment, while agricultural land makes up the alluvial fan 
and alluvial plain zone (Table S2). The walled city of Ahmedabad was 
founded on the bank of the Sabarmati River in 1411 CE. Today it is the 
seventh largest metropolis in India and the largest in Gujarat state. The 
population of 7.3 million in 2011 marks a rapid increase from 4.5 
million in 2001 and 3.31 million in 1991 (census2011.org). The 
Sabarmati River is celebrated in local festivals as a focal point that 
supported the emergence of trade and commerce, especially through 
historical connections to the textile industry in the ‘Manchester of the 
East’. 

Anthropogenic disturbances have altered hydrogeomorphic attri-
butes of the Sabarmati River and its three main tributaries. Dams and 
barrages, interbasin transfers and canal construction have resulted in 
large-scale changes in river flows and water use, primarily for irrigation 
and flood control (Fig. 1A; Jain et al., 2017). The 45.87 m high Dharoi 
Dam in the hilly terrain is a major storage facility for water supply and 
flood control purposes (nwrws.gujarat.gov.in). The Meshwo Dam 
(14.32 m high) and the Watrak Dam (43.31 m high) support irrigation 
measures. 

Fig. 1. (A) Geology map of the Sabarmati River basin showing the distribution of lithology and lineaments (source: Narula et al., 2000). Representative River Style 
sites have been located on the map. (B) Spatial distribution of the landscape units identified within the Sabarmati River basin. (C-E) Spatial distribution of terrain 
relief, slope and elevation within the basin obtained using SRTM DEM 30 m resolution. The channel is characterised by relatively high relief and high slope. 
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3. Methodology 

3.1. Identification of River Styles and selection of representative sites 

Reach identification was carried out using desktop and field-based 
investigation following the methodology for Stage 1 of the River 
Styles Framework (Brierley and Fryirs, 2005; Fryirs and Brierley, 2018). 
Geological characteristics and lineaments were mapped using the Sur-
vey of India, seismo-tectonic atlas at 1:1,000,000 scale (Narula et al., 
2000). The slope and relief map of the watershed was generated using 
30 m resolution SRTM DEM (Fig. 1C-E). Selection of representative 
River Styles and field sites was derived using Google Earth, Image © 
2020 Digital Globe, Image © 2020 CNES/Airbus with 1 m spatial reso-
lution. Systematic downstream analysis of imagery was carried out at 
the highest resolution possible to visualize and interpret river 
morphology and geomorphic units (Figs. 2 and 3). 

3.2. Mapping of valley setting and floodplain distribution 

A hillshade raster and GoogleEarth satellite imagery was used to 
identify River Styles. Measures used follow the River Styles procedural 
tree, starting with calculation of valley confinement and identification of 
valley setting (i.e. the position of the channel on the valley bottom; 
Fryirs et al., 2016; O’Brien et al., 2019). Channel planform character-
istics (channel continuity, number of channels, sinuosity), geomorphic 
unit assemblage (both instream and floodplain) and bed material texture 
then add layers of detail to the River Style identification. Field verifi-
cation was conducted at four sites, namely Lakroda, Dabhoda, Kasindra 
and Chandisar (Figs. 1A, 2, 3). River valley cross-sections generated at 1 
km spacing for the entire length of the Sabarmati main channel were 
used to define the channel margin, valley bottom margin and valley 
margin (Fryirs et al., 2016; O’Brien et al., 2019). The first set of breaks in 
slope in the cross-sections were marked as channel margins. The valley 
margin was defined as the break in slope between the contemporary 
floodplain and either bedrock hillslopes or other palaeo-alluvial land-
forms (e.g. terraces and fans) that line the valley. 

On the basis of valley confinement, rivers are categorized as confined 

where >85% of either channel margin abuts a valley bottom margin, 
partly confined bedrock margin controlled where 50–85% of either 
channel margin abuts a valley bottom margin, partly confined planform 
controlled where 10–50% of either channel margin abuts a valley bot-
tom margin and laterally unconfined where <10% of either channel 
margin abuts a valley bottom margin (Brierley and Fryirs, 2005; Fryirs 
et al., 2016). 

3.3. The River Styles naming convention 

The River Styles naming convention developed by Fryirs and Brierley 
(2018) was used to identify and name each River Style. A scaffolded 
approach to naming captures the dominant geomorphic characteristics 
of the river. The length of the name represents the amount of analytical 
detail that has been achieved in the identification. The convention is 
analogous in many ways to the identification of flora and fauna and 
application of consistent names for like-species. Given that the names 
can be quite long, abbreviations are developed using the convention. 
Full and abbreviated names are provided in this paper. The River Styles 
naming convention does not assign numbers or codes to River Styles. 
This is intentional for several reasons. Firstly, River Styles names enable 
skilled geomorphologists to generate grounded interpretations that 
specify geomorphic characteristics and behavioural attributes of a given 
reach. Secondly, consistency in naming is required to support like-with- 
like comparisons within catchments, across regions, States or Nations 
and globally. By intent, the same types of river are given the same name, 
aiding comparison and transferability of insight. Thirdly, the generic 
and open ended nature of the River Styles Framework and the naming 
convention allow previously undocumented types of river to be identi-
fied and characterized, thereby avoiding applications that inappropri-
ately ‘make rivers the same’ (Tadaki et al., 2014). Fourthly, by 
extension, this ‘uniqueness’ versus ‘commonness’ that is represented by 
the name can be used in conservation, rehabilitation and geodiversity 
analyses at much larger scales. 

Fig. 2. Plot of the downstream pattern of channel slope, stream power, drainage basin area, channel and valley width and River Styles (GoogleEarth images) along 
the longitudinal profile of the Sabarmati River main channel. 
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3.4. Discharge data analysis, total stream power and specific stream 
power estimation 

A power-law relationship between contributing basin area at a 
gauging station and 10-year return period discharge values estimated 
using Log Pearson Type-III approach was used to estimate the discharge 
distribution along the river length (Fig. 4). Daily discharge data from the 
India-Water Resources Information System (WRIS), Centre Water 
Commission from four gauging stations were used to derive annual 
maxima value of river discharge. 

Data along the river longitudinal profiles of the Sabarmati main 
channel and its three primary tributaries (Khari, Meshwo and Watrak 

Rivers) were extracted using (D-8) algorithms on SRTM DEM 30 m 
resolution in ArcGIS. Longitudinal profiles were further smoothed to 
remove DEM noise as slope calculation via steepest-descent is greatly 
affected by elevation errors in neighboring pixels (Jain et al., 2006; 
Purinton and Bookhagen, 2017). The Gaussian weighted average 
smoothing Matlab function over 2 km windows in the elevation data was 
used to generate the final longitudinal profile plots. Similarly, slope 
estimates from raw DEM data along the river channel were smoothed to 
assess the general pattern of the downstream distribution of channel 
slope (Figs. 2 and 3). 

Total stream power (Ω) was calculated as the product of discharge 
(Q) and channel slope (S) and specific weight of water (γ − constant term 

Fig. 3. Plot of the downstream pattern of channel slope, stream power, drainage basin area, channel and valley width and River Styles along the longitudinal profile 
of the tributary channels namely Khari, Meshwo and Watrak rivers. 

Fig. 4. Plot of discharge versus basin area for the Sabarmati River basin. 2, 5, 10, 25, 50-and 100-year return period (Tr) floods highlight variability in discharge-area 
relationship with hydrological event. Location of the gauging stations are marked in Fig. 1. Kheroj and Derol Bridge with large upstream basins area lie along the 
Sabarmati main channel, while Ratanpur and Kheda having lower values of upstream basin area lie along the tributaries. 
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assumed to be equal to 9800 N/m3) (Bagnold, 1966). Specific stream 
power values at different flow stages (low flow, bankfull and overbank 
stage) were calculated as the ratio of total stream power and flow width 
at a given flow stage (Figs. 5–7 and Table S3). Flow width was estimated 
by simulating 2, 5, 10, 25 and 50 year return period discharge along the 
cross-section of river in HEC-RAS using the longitudinal profile derived 
reach slope and a constant Mannings roughness value of 0.03 (Chow, 
1959). 

3.5. Channel bed material texture 

Average grain size of channel bed sediments was categorized as fine- 
grained (silt and clay), sand (fine, medium, coarse), gravel, pebble, 
boulder and bedrock at four representative River Styles sites using the 
Wentworth grain size scale (Figs. 2, 3 and 8). Initial analysis of instream 
geomorphic units undertaken using Google Earth was verified and 
further details were added in the field. 

4. Results 

4.1. Landscape units in the Sabarmati Catchment 

Four landscape units make up the Sabarmati River basin: (i) highly to 
moderately dissected hills and narrow valleys of the Aravalli mountain 
range, (ii) moderately sloping pediment zone at the mountain front 
(with some isolated hillocks and low relief linear ridges), (iii) moder-
ately sloping alluvial fan and (iv) lower alluvial plains (Table 1, Fig. 1B). 

4.2. River Styles of the Sabarmati Catchment – valley setting, channel 
planform, geomorphic units and bed material texture along river 
longitudinal profiles 

The distribution of valley settings and River Styles in different 
landscape units of the Sabarmati River basin and along longitudinal 
profiles of the trunk and tributary streams are illustrated in Figs. 2, 3, 9 

Fig. 5. River Styles planform and schematic cross-sections in Hinterland and Pediment units. (A-B) Partly confined, planform controlled, low sinuosity, discontinuous 
floodplain, gravel bed; (PC_PC_Lsin_DcFp_Gbed). (C-D) Confined, bedrock margin controlled, occasional floodplain pockets, gravel bed; (C_BrMC_OccFp_Gbed). (E-F) 
Confined, bedrock margin controlled, gorge, boulder bed; (C_BrMC_Gge_Bbed). The specific stream power values have been estimated based on simulation of flow 
stages in HEC-RAS. 
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Fig. 6. River Styles planform and schematic cross-sections in alluvial fan landscape unit. (A-B) Confined, bedrock margin controlled, canyon, boulder bed; 
(C_BrMC_Cyn_Bbed). (C-D) Confined, terrace margin controlled, occasional floodplain pockets, gravel bed; (C_TrMC_OccFp_Gbed). (E-F) Confined, stopbank margin 
controlled, low sinuosity canal, sand bed; (C_SBkMC_LSinCnl_Sbed). (G-H) Laterally unconfined, discontinuous channel, valley fill, fine grained; (LU_D_Vfi_F). (I-J) 
Partly confined, terrace margin controlled, discontinuous floodplain, sand bed; (PC_TrMC_DcFp_Sbed). The specific stream power values have been estimated based 
on simulation of flow stages in HEC-RAS. 

Sonam et al.                                                                                                                                                                                                                                     



Journal of Asian Earth Sciences: X 7 (2022) 100077

8

Fig. 7. River Styles planform and schematic cross-sections in the alluvial plains landscape unit. (A-B) Partly confined, terrace margin controlled, wandering, 
discontinuous floodplain, fine grained bed; (PC_TrMC_Wan_DcFp_Fbed). (C-D) Laterally unconfined, continuous channel, meandering, chute channel, fine grained 
bed; (LU_C_Meand_ChCu_Fbed). (E-F) Partly confined, terrace margin controlled, discontinuous floodplain, floodplain ridges and swales, fine grained bed; 
(PC_TrMC_DcFp_FpRiSw_Fbed). (G-H) Laterally unconfined, continuous channel, low sinuosity, floodplain ridges and swales, fine grained bed; (LU_C_Lsin_F-
pRiSw_Fbed). The specific stream power values have been estimated based on simulation of flow stages in HEC-RAS. 
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Fig. 8. Field photographs showing the river and channel bank characteristics and a perspective of grain size distribution. (A-B) Upstream channel reaches comprise 
of boulder bed; (C-F) mid stream fan reaches of gravel-pebble and coarse sand; (G-H) the reaches in alluvial plains are characterised by fine sediments. 
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and 10. The geomorphic characteristics, channel geometry, and slope 
and stream power controls of each River Style are summarised in 
Table 2. 

Three River Styles were identified within the steep hinterland land-
scape unit. These confined and partly confined valley settings comprise 
rivers with planform characteristics that range from bedrock margin 
controlled gorges to planform controlled low sinuosity reaches. All 
contain either no floodplain pockets or distinct discontinuous floodplain 
pockets, and all have either boulder or gravel bed materials (Table 2). 
The partly confined, planform controlled, low sinuosity, gravel bed 
(PC_PC_Lsin_DcFp_Gbed) is the dominant River Style in headwater areas. 
Lateral gravel bars are common for this River Style (Fig. 5A-B). The 
confined, bedrock margin controlled, occasional floodplain pockets, 
gravel bed (C_BrMC_OccFp_Gbed) and the confined, bedrock margin 
controlled, gorge, boulder bed (C_BrMC_Gge_Bbed) River Styles only 
occur along short sections of the upper Sabarmati River in the steep 
hinterland landscape unit. These rivers have a range of stable bedrock 
core bars and either boulder or gravel lateral bars, with elongate pools, 
riffles and runs along the lower slope sections between sand bars and 
pools (Fig. 5C-D, E-F). 

Two River Styles occur in the pediment zone along the Sabarmati 
River and Meshwo and Watrak tributaries that flow through small hill-
ocks and rounded hill country (Figs. 2, 3 and 10). Along the Sabarmati 
River, the partly confined, planform controlled, low sinuosity, gravel 
bed river continues and is followed by a confined, bedrock margin 
controlled, canyon, boulder bed (C_BrMC_Cyn_Bbed) downstream of the 
Dharoi Dam. The canyons are dominated by boulder bars, occasional 

bedrock steps and cascades (Fig. 6A-B). Only the partly confined, 
planform controlled, low sinuosity, gravel bed river is present along the 
Meshwo and Watrak Rivers. 

Terrace-control is a dominant characteristic of the River Styles in the 
alluvial fan landscape unit (Fig. 6C-D, Table 2). Continuous bedrock 
ledges along channel banks are overlain by a thick pile of Quaternary 
sediments (~20 m) that make up terrace sequences. These rivers have 
either occasional floodplain pockets or more distinct discontinuous 
floodplain pockets that range in area from ~0.3–0.5 km2 (named as 
confined, terrace margin controlled, occasional floodplain pockets, 
gravel bed (C_TrMC_OccFp_Gbed) and partly confined, terrace margin 
controlled, discontinuous floodplain, sand bed (PC_TrMC_DcFp_Sbed) 
respectively) (Fig. 6 C-D and I-J, Table 2). Gravel and sand bed material 
texture and occasional large compound point bars with a stepped 
appearance indicate phases of deposition and reworking (Fig. 6C-D). 
Sand mining activities have created artificial pools along these reaches. 
A representative example of the confined style occurs at Lakroda village. 
The partly confined style at Dabhoda village includes floodplains that 
are ~0.2–0.5 km wide and 1–5 km long. Reaches with no floodplains are 
named as confined, bedrock margin controlled, canyon, boulder bed 
(C_BrMC_Cyn_Bbed) (Fig. 6A-B, Table 2). This River Style is incised into 
the bedrock and contains occasional cascades such as the local waterfall 
site at Zanzari Village and a representative site at Idar town. Interest-
ingly, this confined canyon River Style extends further downstream into 
the alluvial fan landscape unit along the Meshwo and Watrak Rivers (i.e. 
in an easterly direction). This River Style dominates this zone along the 
Watrak River, whereas the confined terrace controlled River Style 
dominates the western located Sabarmati trunk stream (Fig. 10; see also 
Fig S1). The downstream part of the confined terrace controlled River 
Style along the Sabarmati River has been heavily modified and trans-
formed into a confined, stopbank margin controlled, low sinuosity canal, 
sand bed River Style (C_SBkMC_LSinCnl_Sbed) as it flows through 
Ahmedabad city (Fig. 6E-F, Table 2). 

The Khari River, a smaller tributary of Meshwo River that originates 
in the alluvial fan landscape unit, contains a unique example of a 
laterally unconfined, discontinuous channel, valley fill, fine grained 
River Style (LU_D_Vfi_F) close to Karanpura village (Fig. 6G-H, Table 2). 
This river does not have a well-developed channel (Fig. 6G-H). Rather, it 
appears to store water from seepage from the foothills. The convex 
valley cross-section varies in width between 10 and 200 m and is infilled 
with alluvial sediments. The partly confined variant of terrace 
controlled river with distinct floodplain pockets then dominates the 
Khari River for the remainder of its length (Figs. 6I-J, 10). 

River reaches in the alluvial plains landscape unit are characterized 

Table 1 
Characteristic landscape unit in the Sabarmati River basin.  

Landscape unit Characteristics Relief and slope 

Steep hinterland Linear ridges Regional slope >13 deg., and 
dominantly relief between 
80 and 470 m 

Pediment zone at 
the base of steep 
hinterland 

Segmented ridges and 
isolated hillocks 

Reginal slope between 7 and 
13 deg., and relief between 
25 and 470 m 

Alluvial fan region Comprises of sediments of 
variable sizes (both coarse 
and fine) brought from the 
hinterland and rocky 
pediment zone of the basin. 
Affected by gully erosion. 

Terrain slope <7 deg., and 
dominant relief <25 m, some 
parts have higher relief in 
the range of 25–80 m 

Alluvial plains Fine sand and silt Terrain slope mostly <7 deg. 
and relief <11 m  

Fig. 9. River Styles tree for the Sabarmati River basin.  
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by both partly confined and laterally unconfined valley settings (Figs. 7, 
10 and Table 2). The partly confined rivers remain terrace controlled but 
their planform differs and the discontinuous floodplain pockets become 
larger, ranging from ~1 km wide and 6–7 km long. Bed material texture 
become fine-grained (silt and clay). Some reaches have a wandering 
planform with 2 to 3 channels and complexes of compound sand bars 
(Fig. 7A-B). Others display distinct ridges and swales on discontinuous 
floodplain pockets and instream lateral sand bars (typically 1–3 km long 
and ~100 m wide, although many have been reworked to create smaller 
(100–500 m long, ~50 m wide) longitudinal bars) (Fig. 7E-F). The ridges 
and swales for the partly confined River Style appear to be passive in 
nature, although flood runners indicate flow paths over the floodplain 
and reworking. Bed material texture in the alluvial plains landscape unit 
is much finer-grained than in upstream areas. These River Styles are 
named as partly confined, terrace margin controlled, wandering, fine 
grained bed (PC_TrMC_Wan_Fbed; representative site at Kasindra 
village), partly confined, terrace margin controlled, discontinuous 
floodplain, floodplain ridges and swales, fine grained bed 
(PC_TrMC_DcFp_FpRiSw_Fbed, representative site at Vautha village), 
and partly confined, terrace margin controlled, discontinuous flood-
plain, sand bed (representative site at Dabhoda Village) (Fig. 6I-J, 
Table 2). Only very short sections of river are fully alluvial and occur in 
the laterally unconfined valley setting (Fig. 7C-D). A short section of 
meandering river occurs along the Sabarmati main channel and at the 
river mouth where a ridge and swale variant occurs (Fig. 7E-F). Both 
have fine-grained bed material texture. These River Styles are named 
laterally unconfined, continuous channel, meandering, chute channel, 
fine grained bed (LU_C_Meand_ChCu_Fbed) with a representative site at 
Chandisar village, and laterally unconfined, continuous channel, low 
sinuosity, floodplain ridges and swales, fine grained bed (LU_C_Lsin_F-
pRiSw_Fbed) with a representative site at Golana village (Fig. 7G-H, 
Table 2). These rivers comprise a diverse array of instream geomorphic 
units from lateral bars and large mid-channel longitudinal bars to 
compound island/bars with a sand to fine-grained substrate (Fig. 7C-D). 
Chute channels and vegetated island bar complexes excised from the 
floodplain reflect dynamic channel adjustment, with flood runners 

indicating recurrent floodplain inundation and reworking. Reaches with 
ridges, swales and flood channels are actively adjusting, whereas partly- 
confined variants passively adjust. 

4.3. Total and specific stream power distribution along longitudinal 
profiles 

Total stream power shows an overall downstream increasing pattern 
from 3400 W/m to 20,000 W/m in the hinterland zone of the Sabarmati 
trunk stream (Fig. 2). Although the river has a steep slope (~0.005 m/m) 
specific stream power is relatively low at 37 W/m2 because discharge is 
limited (<150 m3/s) (Table S3). Where floodplains occur, overbank 
flows occur during the 25-year return period flood with specific stream 
power value ~61 W/m2 (Fig. 5 A-B). The channel depth is shallow 
(~2–3 m). The confined with occasional floodplain pockets reaches have 
a moderate slope (0.002–0.004 m/m) (Fig. 2, 5C-D). At low flow stage, 
specific stream power values are 29 W/m2, increasing to 98 W/m2 at 
bankfull stage, and 108 W/m2 at overbank stage. These flows produce 
the deposition and erosion processes that create the riffle-pool sequences 
and bar deposition at lower flow stages (Bizzi and Lerner, 2015; Wil-
kinson et al., 2004). 

In the confined gorges (Fig. 5E-F) specific stream power is very high 
(~169 W/m2) during high flow stages and increases to 259 W/m2 for 25 
year flows. High flow conditions induce erosion, plucking blocks along 
joint planes as a critical part of gorge formation (e.g. Whipple et al., 
2000). The plucking process is accentuated along highly sheared rocks 
with a high joint density that make up the Aravalli fold belt (Heron, 
1953; Roy et al., 1971; SOI, 1972). As discharge increases through the 
gorge to ~1200 m3/s, the associated increase in both total and specific 
stream power results in the river acting as a sediment throughput zone. 
Downstream of Dharoi Dam, the confined canyons (Fig. 2, 6A-B) have a 
relatively steep channel slope and higher discharge (>1780 m3/s) which 
produces higher total stream power (31,000 W/m) and a peak of specific 
stream power (109 W/m2) around a prominent knickpoint (Fig. 2, 
Tables S3). Further downstream, the total stream power varies, with 
peak values reaching up to 30,000 W/m, primarily associated with 

Fig. 10. Map showing the spatial distribution of (A) Along channel slope, (B) Total stream power; (C) River Styles identified along the Sabarmati River main channel 
and its three tributaries within the four landscape units. 
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Table 2 
Valley settings, River Styles name and river characteristics identified in the Sabarmati River basin.  

Valley Setting River Style River characteristics Channel geometry 
(width, depth) 

Controls (channel slope; stream 
power) 

Confined (>85% of either 
river channel margin 
abuts against valley 
bottom margin) 

Confined, bedrock margin controlled, 
occasional floodplain pockets, gravel bed 
(C_BrMC_OccFp_Gbed) 

Continuous single channel imposed 
by the bedrock margins, mostly 
unvegetated lateral gravel bars with 
bedrock exposed within the channel 
serving as spots for bar sediment 
deposition. 
Instream geomorphic units: bedrock 
bars, lateral bars, pools, riffles and 
runs 

Asymmetric channel ~ 
200 m wide in the 
upstream to 500 m wide 
in downstream, 6 m deep 

Moderate to high channel slope 
(0.002–0.005); moderate stream 
power (3400–25,000 W/m) 

Confined, bedrock margin controlled, 
gorge, boulder bed 
(C_BrMC_Gge_Bbed) 

Very steep gradient, occasional 
floodplain patches, lateral bars 
comprising of boulder and gravel mix 
with bedrock ledge exposed. 
Instream geomorphic units: bedrock 
ledge, lateral bars, bedrock core 
diagonal bars, vegetated compound 
bars, elongate pools and riffles 

Asymmetric, 220 m 
wide, 5–6 m deep 

Very high channel slope 
(0.003–0.005 m/m); moderately 
high stream power 
(13,000–25,000 W/m) 

Confined, bedrock margin controlled, 
canyon, boulder bed 
(C_BrMC_Cyn_Bbed) 

Moderate slope, with occasional 
cascades and waterfalls, boulder 
mostly devoid of vegetation, 
prominent bedrock exposed within 
channel. 
Instream geomorphic units: lateral 
boulder bars, pools, riffles occasional 
steps and cascades 

Asymmetric channel 
with highly variable 
channel width (100–700 
m wide), and depth 
(5–15 m deep) 

Moderate channel slope 
(0.0006–0.001 m/m, and 
moderately high stream power 
(13,000–50,000 W/m) 

Confined, terrace margin controlled, 
occasional floodplain pockets, gravel bed 
(C_TrMC_OccFp_Gbed) 

Moderate slope, occasional 
floodplain, pools and riffles, bedrock 
ledge exposed, gravels, pebbles and 
coarse sand lateral and longitudinal 
bars. The terrace and occasional 
flood plain patches comprised 
dominantly of agricultural fields 
occupying the areas of native trees 
and shrubs. Terraces are affected by 
severe gully erosion. Sediment input 
to the channel in dominantly from 
the terraces fill sediments. 
Instream geomorphic units: bed rock 
ledge, pools, riffles, point bars, 
longitudinal bars, runs and glides, 
compound gravel point bar, artificial 
pools 

Asymmetric, 200 m 
wide, 5–10 m deep 

Moderately low channel slope 
(<0.0006–0.001 m/m); 
moderately high stream power 
3400–25,000 W/m 

Confined, stopbank margin controlled, 
low sinuosity canal, sand bed 
(C_SBkMC_LSinCnl_Sbed) 

Moderately low slope, concrete stop 
banks, coarse to fine sand. The 
natural flow of water is obstructed by 
the Vasana barrage to maintain high 
depth hence channel geomorphic 
units are submerged. Vegetation 
comprises of water hysinths which 
grow in standing water with high 
nutrient conditions. 
Instream geomorphic units: 
Submerged runs 

Symmetric, 350 m wide 
and 6–10 m deep 

Moderately low channel slope 
(0.0006–0.001 m/m); stream 
power moderately high stream 
power (13,000–15,000 W/m) 

Partly confined (10% to 
85% of the river channel 
margin abuts against 
valley bottom margin) 

Partly confined, planform controlled, low 
sinuosity, discontinuous floodplain, 
gravel bed 
(PC_PC_Lsin_DcFp_Gbed) 

High slope channel with channel 
margins imposed by bedrock hill 
slopes and small hillocks, 
discontinuous floodplain, pools and 
riffles, gravel lateral bars and 
sediment accumulation along within 
channel bedrock exposures. 
Geomorphic units include lateral 
bars, bedrock core exposures, pools 
and riffles. 
Instream geomorphic units: lateral 
bars, bedrock core exposures, pools 
and riffles 

Asymmetric, 50–100 m 
wide, 2–4 m deep 

High channel slope (0.002–0.005 
m/m); Moderate stream power 
(3400–7500 W/m) 

Partly confined, terrace margin 
controlled, wandering, fine grained bed 
(PC_TrMC_Wan_Fbed) 

Low channel gradient, continuous 
multi-channel with vegetated island 
bars and lateral bars. It appears to be 
features which formed as result of 
dissection or reworking of the bars. 
There are possible forms of 
anthropogenic activities. The reach is 

Shallow channel, 400 m 
wide and < 2 m deep 

Low channel slope (<0.0006 m/ 
m); moderately low stream power 
(3400–7500 W/m) 

(continued on next page) 
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Table 2 (continued ) 

Valley Setting River Style River characteristics Channel geometry 
(width, depth) 

Controls (channel slope; stream 
power) 

sand mining location. 
Instream geomorphic units: 
vegetated island bars and lateral 
bars, artificial pool, flood channels 
on bars, local ponds over bars, sand 
extractions ponds, scours and trails  

Partly confined, terrace margin 
controlled, discontinuous floodplain, 
floodplain ridges and swales, fine grained 
bed 
(PC_TrMC_DcFp_FpRiSw_Fbed 

Moderate gradient, discontinuous 
floodplain, continuous channel 
incised into the alluvial fill. Lateral 
and diagonal sand bars. Bed material 
is medium to fine sand. Terrace and 
flood plain are occupied by 
agricultural field replacing the native 
vegetation 
Continuous single channel with 
scroll bars on the adjacent flood plain 
indicate shifting of the channel 
convex bend in the past decade. 
Instream geomorphic units: lateral 
bars, dissected lateral bars point 
bars, diagonal bars, floodplain ridges 
and swales 

~250-300 m wide, 
~3–5 m deep   

Low channel slope (<0.0006); 
Moderate stream power 
(3400–7500 W/m) 
Moderately low channel slope 
(0.0006–0.001); moderate stream 
power (3400–13,000 W/m) 

Partly confined, terrace margin 
controlled, discontinuous floodplain, 
sand bed 
(PC_TrMC_DcFp_Sbed)  

Lateral bars, channel is confined by 
terrace on one bank and by flood 
plain ~ 500 m wide. Lateral bars 
comprise of sand mix. Flood plains 
have been converted to agriculture 
field, sparse native trees and shrubs 
remain. Artificial ponds formed 
owing to sand extraction. 
Instream geomorphic units: Lateral 
bars, pools, riffles, artificial ponds 

Nearly symmetric 
channel, 150–200 m 
wide, < 4 m deep 

Low to moderately low channel 
slope (<0.0006–0.001); low to 
moderately low stream power 
(<3400–7500 W/m) 

Laterally 
unconfined 
(<10% of either 
channel margin 
abuts valley 
bottom, or 
channel is 
discontinuous/ 
absent) 

Laterally unconfined, continuous 
channel, meandering, chute channel, fine 
grained bed 
(LU_C_Meand_ChCu_Fbed) 

Single channel meandering sand bed 
setting. A diverse array of 
geomorphic units on this compound 
island/bars feature – ponds within 
the channel zone, artificial ponds 
within the channel bar owing to 
extraction, sand sheets features, 
ridge like features vegetated in the 
central part. A chute channel at the 
other end is cut on the inside of the 
sand bar complex and some smaller 
features have been deposited within 
that part of the system. The bars here 
are much smaller and more 
frequently reworked depositional 
forms. 
Instream geomorphic units: 
vegetated compound island bar, 
chute channel, ponds within the 
channel zone, artificial ponds, flood 
runners, sand sheets features, lateral 
bars  

Up to 3 km wide and 1–2 
m deep. The chute 
channel is less deep than 
the main channel 

Channel slope is low (<0.0006); 
stream power is also low (~3400 
W/m) 

Laterally unconfined, continuous 
channel, low sinuosity, floodplain ridges 
and swales, fine grained bed 
(LU_C_Lsin_FpRiSw_Fbed) 

Continuous, meandering channel 
with multiple active passive cut-offs, 
point bars, floodplain ridges and 
swales. Bed material is fine to 
medium sand. Flood channels on 
floodplain indicate frequent 
overbank flooding. 
Instream geomorphic units: 
longitudinal and lateral bars, 
floodplain ridges and swales, 
multiple active and passive cut-offs, 
point bars, flood channels 

Asymmetric channel, 
250 m wide and 4 m deep 

Low channel slope (<0.0006), 
moderately high stream power 
(7500–13,000 W/m) 

Laterally unconfined, discontinuous 
channel, valley fill, fine grained 
(LU_D_Vfi_F) 

Channel head with valley fill features 
with no well-defined channel. The 
valley fill unit is occupied by shrubs 
and grasses. 
Instream geomorphic units: Fine 
sand valley fill 

Convex channel 
geometry 

Moderately low channel slope 
(0.0006–0.001); stream power is 
also low as this stretch is 
unchanneled therefore mostly 
experiencing sheet flow  
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bedrock knickpoints (Fig. 2). 
Within the alluvial fan zone, the confined terrace controlled rivers 

have a moderately low to very low slope (0.0001–0.001 m/m) but high 
discharge (2000–3000 m3/s) (Fig. 2, 6C-D; Tables 2, S3). Channel slope 
governs the low total stream power relative to other reaches. Total 
stream power values decrease from 20,000 W/m to 5000 W/m (Fig. 2, 
Table S3) and specific stream power is ~60 W/m2 at bankfull and 
overbank flow stages. Typically, the average total stream power values 
in the alluvial fan zone range between 1000 and 10,000 W/m (Figs. 2 
and 10). Total stream power reduces further along the alluvial plain, 
fluctuating around an average of 10,000 W/m. 

Along the anthropogenically modified section of confined stopbank 
controlled river at Ahmedabad, specific stream power values within this 
moderately steep reach (with channel slope ~0.001–0.002 m/m) range 
between 20 and 51 W/m2 for low flow, bankfull and overbank stages 
(Fig. 6E-F). 

Along the tributaries (namely Meshwo and Watrak Rivers) total 
stream power values are low (<3400 W/m in the steep hinterland and 
pediment landscape) (Figs. 3 and 10). The tributary channels (Khari, 
Meshwo and Watrak Rivers) have low to moderately low total stream 
power values (ranging between 3400 and 7500 W/m) for most of their 
length. Short sections of moderately high total stream power 
(7500–13,000 W/m) and specific stream power values around 37 W/m2 

occur along the Watrak River where confined bedrock margin controlled 
reaches contain waterfalls (Zanzari waterfall site) (Figs. 3 and 10). Such 
moderately high total stream power values are also observed in the 
downstream most stretches, after the confluence of Meshwo and Watrak 
Rivers. Further downstream, specific stream power in the partly 
confined valley setting reduces to 34 W/m2 during the overbank stage. 

In the alluvial plains, the partly confined wandering variant has 
specific stream power ~8 W/m2. Narrow flood channels dissect flood-
plain areas at bankfull stage (specific stream power up to 30 W/m2) and 
at high flow stage (specific stream power up to 25 W/m2) (Fig. 7A-B). 
For the ridge and swale variant specific stream power increases to ~53 
W/m2 (Fig. 7E-F). Moving further downstream into the laterally un-
confined rivers, slope decreases to <0.0006 m/m and maximum specific 
stream power only reaches 5 W/m2 during overbank flows. Specific 
stream power values range from 6 W/m2 at low flow stage to 17 W/m2 at 
bankfull stage (Fig. 7G-H). 

Using the energy based floodplain classification approach outlined 
by Nanson and Croke (1992), floodplains within the steep hinterland 
setting, pediment zone and alluvial fan zone are high to medium energy 
floodplains comprised of non-cohesive sediments (gravel to fine sand). 
These are mainly formed by vertical accretion of sediment at overbank 
stages. Specific stream power ranges between 0.02–259 W/m2 during 
bankfull stages (Figs. 5, 6 and Table S3). The floodplains within the 
alluvial plains landscape unit are low energy floodplains comprised of 
cohesive sediments formed by lateral point (scroll) bar accretion and 
overbank vertical accretion. Specific stream power ranges between 
1–50 W/m2 during bankfull stage (Fig. 7; Table S3). 

5. Discussion 

5.1. The imprint of landscape memory: Geological, climatic and 
anthropogenic controls on river diversity in Sabarmati River basin 

Geologic, climatic and anthropogenic factors present an inter-
connected mix of controls upon contemporary river diversity, patterns 
and adjustment. Landscape filters conceptualise there non-linear, layer 
upon layer effects in which the role and importance of any given factor 
may vary markedly in space and time (Poff, 1997; Hawley, 2018). 
Contextual and contingent relations are distinctly catchment-specific 
(Brierley et al., 2013). Although the distribution of flow energy 
(stream power) shapes contemporary river processes in the Sabarmati 
Catchment, landscape memory influences use of energy, as the imprint 
of past geologic, climatic and anthropogenic factors set the slope and 

accommodation space within which the contemporary river operates 
(Brierley, 2010). Downstream patterns of River Styles (Figs. 5–7, 
Table 2, S3) reflect the influence of geology, landscape characteristics 
and anthropogenic controls upon network configuration, valley setting, 
channel planform and slope, assemblages of geomorphic units, channel 
roughness and bed material texture, and their relations to flow charac-
teristics. These considerations, individually and collectively, have sig-
nificant implications for the geomorphologically-informed approaches 
to management that understand, recognize and account for the 
distinctive values and attributes of the Sabarmati River system. 

Imposed boundary conditions have a far greater influence upon river 
morphodynamics relative to flux boundary conditions in the Sabarmati 
Catchment (Fig. 11; sensu Brierley and Fryirs, 2005). Geological mem-
ory is manifest as the primary (80–100 %) control on valley setting, 
channel slope and sediment supply, which in turn governs the instream 
geomorphic units in the steep hinterland landscape unit where coarse- 
grained reaches flow over steep slopes in confined and partly confined 
valleys. 

Geological controls determine drainage network patterns and 
tributary-trunk stream alignment across the basin (Fig. 11 and Table 3). 
Regional tectonic tilt creates distinct drainage asymmetry, aligning the 
trunk stream along the western margin of the catchment (Fig. 1; Sareen 
et al., 1993). In general terms, structural highs and lineaments influence 
the drainage network in the steep hinterlands (Aravalli area). Structural 
controls induce a near rectangular drainage network in which stream 
alignment has two prominent trends - NE-SW Aravalli-Delhi structural 
trend (regional slope) and joint orientation (E-W trend) (bedrock gorge; 
Fig. 1A) (Sareen et al., 1993). Geological controls determined the dis-
tribution of gorges in these areas (Fig. 11 and Table 3). Drainage 
network patterns in the alluvial sections of the lower catchment have 
NNE-SSW and NE-SW trends that are assumed to reflect a neotectonic 
origin, as there are no notable lithological influences in this area (Tan-
don et al., 1997). Cross-faults which demarcate the tectonic blocks of the 
Cambay basin determine the courses of the Khari, Meshwo and Vatrak 
rivers prior to joining the Sabarmati main channel (Sareen et al., 1993; 
Valdiya and Sanwal, 2017). Phases of aggradation and incision along the 
middle-lower course of the Sabarmati reflect a form of climatic memory, 
most recently associated with monsoon intensification ~10 ka (Srivas-
tava et al., 2001) (Fig. 11 and Table 3). 

Overall, the imprint of anthropogenic memory upon rivers in the 
Sabarmati Catchment is quite limited (Fig. 11 and Table 3). This reflects 
the dominance of geologic and climatic controls on the one hand, and 
the relatively minor anthropogenic impacts upon the geomorphic 
character of these river systems on the other. While land use changes 
have doubtless modified flow and sediment regimes throughout the 
catchment, there is no indication that profound morphodynamic ad-
justments have occurred. The confined stopbank river between Gan-
dhinagar and Ahmedabad is the only reach in the catchment where 
anthropogenic factors are the dominant, direct control upon the 
contemporary character and behavior of the river. Downstream of 
Ahmedabad city, anthropogenic memory expresses a prominent control 
on present day river characteristics in the alluvial plains landscape unit. 
Between 40 and 70 % of river morphology is impacted by anthropogenic 
forcings. The floodplains have been extensively converted to farm lands. 
Instream geomorphic units are greatly impacted by sand mining and 
high levels of pollutants that cement the bed sediments. The presence of 
floodplain ridges and swales, erosional ledges and variable channel 
sinuosity likely reflect fluctuating discharge conditions in the past. The 
unique laterally unconfined valley fill river in the headwaters is a 
signature of climate induced hill runoff and sediment dispersal processes 
at the base of convex hillslopes. 

5.2. Application of River Styles as a basis for management applications 

Given the differing process regimes of each River Style, and the 
variable nature of geologic, climatic and anthropogenic controls upon 
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them, management issues and appropriate responses vary for the 12 
different River Styles of the Sabarmati Catchment. In general terms, 
rivers in the steep hinterland and Pediment landscape units have been 
subjected to relatively minor human impacts and retain a relatively 
healthy condition. Their imposed morphology reflects a prominent 
geological memory. Environmental protection is important in these 
areas. In contrast, reducing the severity of anthropogenic impacts is 
required to support river recovery in the alluvial fan and alluvial plain 
landscapes. Reaches in cities and villages are highly disturbed by 
anthropogenic stressors and need serious attention. 

High moisture zones along river corridors exert a critical influence 
upon the maintenance of aquatic biodiversity in water stressed arid and 
semi-arid landscapes. Recognizing geomorphic diversity of River Styles 
presents a key step in moves towards protecting these biodiversity hubs. 
Maintaining heterogeneity and minimizing anthropogenic homogeni-
zation of channels are critical to effective management of geoecological 
(biodiversity) relationships (see Fryirs et al., 2021). The different River 
Styles identified in the Sabarmati Catchment highlight significant 
geomorphic variability. Spatial variability in geomorphic diversity af-
fects aquatic biodiversity. For example, a fish survey shows diverse 
populations in the steep hinterland zone, influenced by the availability 
and distribution of deep pools and riffles and downstream variability in 
bed material size (e.g. Pethia ticto are primarily found among gravels 
while Garra gotyla was found mainly attached to boulders; Banyal and 
Kumar, 2017). Lotic diversity, in turn, provides an important food 
source for migratory birds and supports mammalian diversity in the 
region. 

Management goals in the mid-catchment confined stopbank- 
controlled reaches reflect concerns for year-round water availability to 
support aesthetic appeal and environmental beautification. Temporal 
variability in discharge pulses is a key characteristic of intermittent 
(ephemeral) streams in arid areas (Larkin et al., 2020). A homogeneous 
hydro-geomorphic condition has an adverse impact on ecosystem 
structure and function, impacting upon the diversity of habitat and the 
flora and fauna that it is able to sustain (Poff, 1997). 

Downstream reaches are not only in a poor condition in water quality 
and ecological terms (Kumar et al., 2013), geomorphic conditions are 
also in a degraded state because of human activities. Prospects for re-
covery are constrained by the altered flow conditions and limited flow 
energy in these low stream power settings (~20 W/m2). Flow regulation 
and impacts of Vasana Barrage affect these prospects (Fig. 1, 6E-F; Jain 
and Kumar, 2014). Shrinkage of active channel width in response to 
reduced natural/seasonal flow over the decades, and encroachment of 
human activities such as pit excavation and sand extraction along the 
former active channel, alongside effluent input, have profound impli-
cations for ongoing deterioration of river health. Concerns for habitat 
diversity and flow-sediment regimes are critical in these geo-
morphologically sensitive reaches (sensu Reid and Brierley, 2015). 

6. Conclusions 

Twelve different River Styles have been identified across the Sabar-
mati River system in semi-arid western India. The character and 
behavior of River Styles in the steep hinterland and pediment landscape 
units reflect geologic controls upon relief, drainage network configura-
tion, and patterns of accommodation space (especially the distribution 
of gorges). Impacts of climate change sit atop this imprint of geologic 
memory, as materials derived from upland areas under different sets of 
climate conditions built up the alluvial fan and alluvial plains landscape 
units. Incision around 10 ka associated with enhanced monsoonal rains 
resulted in entrenched channels that are partly confined by prominent 
terraces. This represents a form of climatic memory. Laterally uncon-
fined, fully alluvial rivers are restricted to lower parts of the catchment. 
Even here, however, channel morphodynamics are limited because of 
intermittent and regulated flows in this ephemeral river system. Despite 
this, pronounced geomorphic responses to direct anthropogenic impacts 
are evident along a stopbank-controlled reach between Gandhinagar 
and Ahmedabad. Stream power relations provide an important basis to 
explain various attributes of river character and behavior for the twelve 
River Styles that make up this catchment. Further work is required to 

Fig. 11. Position plot of different River Styles with respect to landscape memory. The River Style position is based on assumed percentage representation of the three 
memory types (geological/climatic/anthropogenic) identified based on the river valley confinement type and instream geomorphic units as mentioned in Table 3. 
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Table 3 
Proportions of landscape memory of the River Styles in the Sabarmati River basin. The relative proportion of the controls have been asbeen assessed based on field 
observations and secondary data*.  

Landscape unit River Style Memory characteristics % controls of Geological/ 
Climate/Anthropogenic* 

Steep hinterland 
and Pediment 
zone 

Partly confined, planform controlled, low sinuosity, 
discontinuous floodplain, gravel bed 
(PC_PC_Lsin_DcFp_Gbed) 

Geological:  
• High slope channel  
• Channel margins confinement imposed by bedrock hill slopes 
Climatic:  
• Incised nature of channel 

80 % Geological 
20 % Climate 
0 % Anthropogenic 

Steep hinterland 
and Pediment 
zone 

Confined, bedrock margin controlled, occasional floodplain 
pockets, gravel bed(C_BrMC_OccFp_Gbed) 

Geological:  
• Steeper channel – lithological (Quartzite) controls  
• Bedrock confined valley setting  
• Sediment supply – lithological control 

100 % Geological 
0 % Climate 
0 % Anthropogenic 

Steep hinterland Confined, bedrock margin controlled, gorge, boulder bed 
(C_BrMC_Gge_Bbed) 

Geological:  
• Steeper channel – lithological (Quartzite and Schists) 

controls  
• Bedrock confined valley setting 

100 % Geological 
0 % Climate 
0 % Anthropogenic 

Pediment zone Confined, bedrock margin controlled, canyon, boulder bed 
(C_BrMC_Cyn_Bbed) 

Geological:  
• Moderate channel slope – lithological and pediment controls  
• Bedrock confined valley setting  
• Sediment supply – lithological control 
Climatic controls  
• Channel entrenchment in response to monsoon 

intensification at ~ 10 ka 

90 % Geological 
10 % Climate 
0 % Anthropogenic 

Alluvial fan zone Confined, terrace margin controlled, occasional floodplain 
pockets, gravel bed(C_TrMC_OccFp_Gbed) 

Geological:  
• The coarse sediment present in the regions 
Climatic:  
• Incised channel and exposure of bedrock ledge . Terraces are 

affected by severe gully erosion. Sediment input to the 
channel in dominantly from the terraces fill sediments 

Anthropogenic:  
• The reach is downstream of barrage. The terrace and 

occasional flood plain patches comprise dominantly of 
agricultural fields occupying the areas of native trees and 
shrubs. 

10 % Geological 
70 % Climate 
20 % Anthropogenic 

Alluvial fan zone Confined, stopbank margin controlled, low sinuosity canal, 
sand bed(C_SBkMC_LSinCnl_Sbed) 

Climatic:  
• This reach is incised into alluvial fill. 
Anthropogenic:  
• Concrete stop banks, coarse to fine sand. The natural flow of 

water is obstructed by the Vasana barrage to maintain high 
depth. 

0 % Geological 
10 % Climate 
90 % Anthropogenic 

Alluvial plains 
zone 

Partly confined, terrace margin controlled, wandering, fine 
grained bed(PC_TrMC_Wan_Fbed) 

Climate:  
• The channel is incised into the alluvial fill, and discontinuous 

patches of floodplain are present. The multi-channels suggest 
the possibility of dissection of depositional bars owing to 
discharge variability 

Anthropogenic:  
• Severely polluted river water. Sand mining has led to 

development of artificial ponds and channels on the 
floodplains owing to continued extraction. 

0 % Geological 
20 % Climate 
80 % Anthropogenic 

Alluvial plains 
zone 

Laterally unconfined, continuous channel, meandering, chute 
channel, fine grained bed(LU_C_Meand_ChCu_Fbed) 

Climatic:  
• Even though this is low slope downstream reach, the channel 

is incised. 
Anthropogenic:  
• The reach is downstream of barrage, floodplains are highly 

modified by anthropogenic activities. Development of 
artificial ponds within the channel bar owing to sand 
extraction 

0 % Geological 
30 % Climate 
70 % Anthropogenic 

Alluvial plains 
zone 

Partly confined, terrace margin controlled, discontinuous 
floodplain, floodplain ridges and swales, fine grained bed 
(PC_TrMC_DcFp_FpRiSw_Fbed) 

Climatic:  
• Scroll bars on the adjacent flood plain indicate shifting of the 

channel convex bend in the past decade owing to climate 
induced discharge variations 

Anthropogenic:  
• Terrace and flood plain are occupied by agricultural field 

replacing the native vegetation 
Climatic:  
• Channel is incised into the alluvial fill. Lateral and diagonal 

sand bars are common. Bed material is medium to fine sand. 
Anthropogenic:  
• Terrace and flood plain are occupied by agricultural field 

replacing the native vegetation 

0 % Geological 
50 % Climate 
50 % Anthropogenic 

Alluvial plains 
zone 

Laterally unconfined, continuous channel, low sinuosity, 
floodplain ridges and swales, fine grained bed 
(LU_C_Lsin_FpRiSw_Fbed) 

Climatic:  
• Even though this is low slope downstream reach, the channel 

is incised. 
Anthropogenic: 

0 % Geological 
30 % Climate 
70 % Anthropogenic 

(continued on next page) 
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interpret evolutionary trajectories and prospective future responses to 
climate and land use change, incorporate ecological relations to 
geomorphic river diversity and patterns in such dryland river systems. 
Such geo-eco-hydrological analyses are required to support sustainable 
approaches to river management in which nature-based solutions ‘work 
with the river’ (Fryirs and Brierley, 2021a). 
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