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Abstract In the Anthropocene, humans exert a geomorphic force that now rivals
that of the natural Earth. Human disturbance of different types at different scales
in river systems is a consequence of the perceived needs of human populations;
however, these needs have to be in consonance with the needs of the river itself. For
instance, the river requires its own space to perform such functions as flooding and
floodplain development. Channel flow and forms are deliberately modified with the
effect of increasing or decreasing stream power by dam building, embankment, in-
channel agriculture, urbanization, gravel mining and dredging, roads, trails, ditches,
channelization, and constriction by dikes. All rivers of the world respond to altered
conditions of Anthropocene (as well as climate change), and the observed variability
through time is important to know the adjustment, complexity and sensitivity against
the threshold condition to save water resources. The key research questions are
concentrated on the natural and anthropogenic factors and processes related to human
modification of the rivers, and the future modelling of human-induced geomorphic
changes. Itis obvious that these research questions would require a multi-disciplinary
approach involving geomorphologists, engineers, ecologists and social scientists.
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River science and fluvial geomorphology provide an ideal platform to tackle such
issues and it is time now to promote this science in India in a major way. This work,
thus, intends to review the many facets of the fluvial response to the various stimuli
in the Anthropocene. Finally, a summary of the different chapters of this multi-
contributed volume has been presented to reveal the recent progress in the field of
river science and water resources in the Anthropocene.

Keywords Anthropocene - River + River metamorphosis * River science *
Equilibrium - Human activity

1 Introduction

The Anthropocene epitomizes the time period of intensified human action since
human impacts become one of the key external forcings on the natural processes,
and the term, introduced by Crutzen (2002), reflects an epoch when human activities
have become so profound and pervasive that they rival or exceed the great forces
of nature in influencing the various functions of Earth system (Das et al., 2021;
Gibling, 2018; Goudie & Viles, 2016). The main point of interest is that human civil-
isations have been reshaping the landforms and landscapes for thousands of years,
developing anthropogenic geomorphic features ranging the earthworks and reser-
voirs to settlements, mining, roads, canals, ditches and plough furrows that have
discrete appearances (degradation of floodplain environment and river modification)
compared with landforms produced by the natural processes (Das et al., 2021; Tarolli
et al., 2019). In the epoch of Anthropocene, the components of fluvial systems are
largely altered by human interventions in the form of large-scale dams and barrages,
changes in the land use and land cover, road-stream crossing, mining of sand and
gravel, mushrooming of brickfield and expansion of modern agriculture, industrial
growth and urbanization (Graf, 2006; Jain et al., 2016; James, 2013; Tarolli et al.,
2019). Thus, the present-day development pattern poses a threat to the fluvial system,
especially the riverine ecosystem. In brief, water pollution, eutrophication and related
damages to aquatic organisms are the major concerns of the fluvial system which
consists of a network of channels and associated environments that transport sedi-
ment from a drainage basin to a depositional basin. Therefore, rivers are central to
the debate about the Anthropocene because many human activities from antiquity
focused on channels and floodplains (Gibling, 2018).

The ancient Greek philosopher Heraclitus famously asserted that one can never
step into the same river twice, thus providing a physical metaphor for life’s constant
change (Poff, 2014). The riverine environment and floodplains are constantly changed
due to the unaccountable growth of the human population and technological advances
in the Anthropocene. Ecological complexity in river basins has been conceptualized
scientifically by viewing these systems as existing in a kind of dynamic equilib-
rium, or balance, defined by prevailing hydro-climatic and watershed controls and
by evolutionary species pools (Poff, 2014). Humans act to disrupt components of
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this equilibrium, causing “impacts” in the system (Poff, 2014). The human role as a
transforming agent in rivers is also rich (Gregory, 2006), and today there is a general
recognition of the environmental damage derived from the use and control of rivers
for navigation, water consumption and power generation (Garcia et al., 2021). A
large geomorphological tradition has studied human effects on river systems (e.g.,
Belletti et al., 2020; Garcfia et al., 2021; Piégay et al., 2020; Scorpio & Rosskopf,
2016; Steccaet al., 2019) and opened new horizons for their conservation, restoration
and coexistence (Table 1). In the last twenty years, river concerns are highly focused
on by many researchers and planners, and river restoration has emphasized rehabili-
tating water (first) and sediment (later) fluxes (Ibisate et al., 2016; Tena et al., 2020),
longitudinal connectivity, ecological integrity (Downs et al., 2011; Vugteveen et al.,
2014), ecosystem services (Palmer et al., 2014; Thorp et al., 2006) or ecological
justice (participation and equity).

Geomorphologists began to make their way slowly in river management, and
although there is a long way for geomorphology to fully participate in the under-
standing of river ecology, proposals such as ‘Fluvial Hydrosystems’ (Garcia et al.,
2021). The evolution of environmental concerns and integrated approaches have
converged in river sciences, within which geomorphology (and hydrology) has a
critical place because it provides a holistic perspective and is key to improving
river status (Garcia et al., 2021). In Anthropocene a big question therefore is: can
we continue to create ‘disturbances’ at different scales in the large river systems
without obtaining a detailed multi-disciplinary knowledge base of these systems?
(Sinha et al., 2013). Human disturbance of different types at different scales in river
systems is a consequence of the perceived needs of human populations; however,
these needs have to be in consonance with the needs of the river itself. For instance,
the river requires its ‘own space’ to perform such functions as flooding and floodplain
development (Sinha et al., 2013). Now, we must learn and effect change at a rate
that is faster than the rate at which humans are currently using and degrading earth’s
limited resources. One premise of the Rivers of the Anthropocene study is that a trans-
disciplinary approach by the scholars of earth sciences will be more effective than
single-, multi-, or interdisciplinary approaches to helping societies manage rivers.
In the following sections the main focus and explanation are primarily concentrated
on the stages of anthropogenic interventions in rivers, the human role as a geologic
and geomorphic agent, changing perspectives of anthropogenic fluvial system, key
concepts, principles and approaches of fluvial geomorphology applied in Anthro-
pocene, the role of scholar and society on the sustainability of rivers, and research
needs in India.

2 Stages of Anthropogenic Modifications in Fluvial System

A detectable human imprint on the environment extends back for thousands of years
(Gibling, 2018). The human river footprint has expanded with great rapidity: such
a duration is commonly represented in the geological record by a few metres of
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Table 1 Important articles and books accounting world rivers in Anthropocene

S1. No.

Title of articles/books

Theme of work

Authors

1

Man Makes the Earth

Man is considered as the
geologic and geomorphic
agent to change the face of
the earth. Whilst an
approximate between the
order of weathering and
natural denudation exists, the
influence of human beings
leads to an increase of the
order of one 100-fold in rates
of denudation

Brown (1970)

Man, a Geomorphological
Agent: An Introduction to
Anthropic
Geomorphology

The term * Anthropic
Geomorphology’ was first
introduced. The chapters are
organized according to
human activity: forestry,
grazing, agriculture, mining,
transportation, river and
shore management,
settlement, and a conclusion
leading to a summary of all
activities

Nir (1983)

The Human Role in
Changing Fluvial
Systems: Retrospect,
Inventory and Prospect

Article includes
documentation, inventory,
and explanation of change, as
well as a desire to ameliorate
the destructive influences of
humans on nature

James and Marcus (2006)

Anthropogenic
Geomorphology A Guide
to Man-Made Landforms

A largely Hungarian review
that is especially strong on
constructed and excavated
landforms

Rivers of the
Anthropocene?

Humans act to disrupt
components of the
equilibrium, causing impacts
that are quantified as
measurable deviations in
riverine biophysical
processes and patterns from
some unperturbed baseline
condition

Poff (2014)

(continued)
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Table 1 (continued)

S1. No.

Title of articles/books

Theme of work

Authors

6

Geomorphology in the
Anthropocene

In this comprehensive
examination of human
impacts on diverse
landscapes, the book
provides numerous examples
and details of how human
activities have altered and
continue to alter Earth’s
surface

Goudie and Viles (2016)

River Systems in India:
The Anthropocene
Context

The present review provides
a synthesis of studies on the
Indian rivers at modern time
scale. These studies highlight
the significant impact of
anthropogenic forcing on
modern day river processes
and behaviour

Jain et al. (2016)

River Systems and the
Anthropocene: A Late
Pleistocene and Holocene
Timeline for Human
Influence

Rivers are central to debate
about the Anthropocene
because many human
activities from antiquity
focused on channels and
floodplains. Author
elaborated the onset of
human modification of rivers
which identified six stages
that represent key
innovations

Gibling (2018)

Anthropogeomorphology
of Bhagirathi-Hooghly
River System in India

In this edited volume main
chapters concentrate that the
river valleys of
Bhagirathi-Hooghly Basin in
India is one of the most
densely populated regions in
the world and is undergoing
rapid transformation of its
natural landscape induced by
human interventions, such as
mushrooming of dams and
barrages, deforestation, and
urbanization

Das et al. (2021)

10

Promoting Fluvial
Geomorphology to “Live
with Rivers” in the
Anthropocene Era

Article tries to explore
potential answers to this
question in terms of role,
barriers, motivation and
prospects for river
management in the
Anthropocene Era

Garcia et al., 2021

(continued)



6 S. Ghosh et al.

Table 1 (continued)

SI. No. | Title of articles/books Theme of work Authors

11 Anthropogeomorphology: | This edited volume explores | Bhunia et al. (2022)
A Geospatial Technology | state-of-art techniques based
Based Approach on open-source software and

statistical programming and
modelling in modern
geospatial applications in
geomorphological,
hydrological, bio-physical
and social activities

sediment on an alluvial plain, a few avulsions of a trunk channel, or part of a rhythm
of sea-level rise (Gibling, 2018). Important earlier human effects with significant
environmental consequences include megafaunal extinctions between 14,000 and
10,500 cal yr BP (Braje & Erlandson, 2013); domestication of plants and animals
close to the start of the Holocene at 11,700 cal yr BP; agricultural practices and
deforestation at 10,000 to 5000 cal yr BP (Braje & Erlandson, 2013); and widespread
generation of anthropogenic soils at about 2000 cal yr BP (Ruddiman, 2003). The
following chronological stages (Stages 2—6 encompassed less than 10,000 years of
river history) of human footprints were detected in the river basins of the world
(Brown et al., 2013, 2017; Edgeworth et al., 2015; Gibling, 2018; Klein Goldewijk
et al., 2017):

e Minimal river effects before about 15,000 cal yr BP (Late Pleistocene), with the
use of fire and gathering of plants and aquatic resources;

e Minor river effects from increased cultivation after about 15,000 cal yr BP, with
plant and animal domestication after about 10,700 cal yr BP (activity included
fisheries, ochre mining, and construction of early settlements);

e Agricultural era after about 9800 cal yr BP, with legacy sediments, widespread
fire use, the first dams and irrigation, and mud-brick manufacture;

e Irrigation era from about 6500 cal yr BP, with large-scale irrigation, major cities,
the first large dam, urban water supplies, expanded groundwater use, river fleets,
and alluvial mining;

e Engineering era with embankments, dams, and watermills after about 3000 cal yr
BP to about 1750 CE, especially in the Chinese and Roman empires, and the
stage marks the onset of large-scale river engineering with the management of
extensive embankments, canals, dams, and urban water supplies.; and

e Technological era after about 1800 CE showed the modern Big Dam Era from
1882 onwards ushered in technological river modification and regulation such
that most rivers on Earth now experience major anthropogenic influence (Fig. 1).
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Fig.1 A summary on timelines and stages of human modification of rivers during Anthropocene,
reflecting six stages of anthropogenic modification (modified from Gibling, 2018)

3 Modern River Systems and Human Activity

From Late Pleistocene and Holocene epoch, the key anthropogenic influences on
modern river landscapes (Table 2) are recognised fire use, agriculture and deforesta-
tion, animals used for food, ploughing, and transport, an embankment along chan-
nels, dams and irrigation systems, navigation and bank structures, city water supplies,
warfare, extraction of channel and floodplain materials, extraction of aquatic mate-
rials and cultural events (Gibling, 2018). The influences may have direct or indirect
effects on rivers, commonly altering the boundary conditions of processes such as
sediment erosion and transport. They are substantiated in the table with references
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that demonstrate their impact in modern and sub modern settings. Fire is used for
hunting and deforestation and, along with other anthropogenic vegetation changes,
converts forests and other undisturbed ecosystems to cropland and grazing land,
commonly with terrace construction. Cropland, grazing land and animal collectively
influence the reduction of regolith strength and enhance erosion, increasing sedi-
ment supply to rivers (Islam et al., 2021a, b). More direct effects on rivers involve
the modification of channels and changes to the connectivity of channels and flood-
plains, including the transfer of large volumes of water to floodplains for irrigation
and other human uses (Sarkar & Islam, 2019; Islam et al., 2021b). Irrigation systems
are commonly linked to dams and barrages, with the use of specialised irrigation
technology (Islam et al., 2020). Bridges and river crossings are a common focus for
human activity. The deliberate breaching of embankments during warfare has been
responsible for catastrophic avulsions and widespread floodplain aggradation. The
third set of influences involves resource extraction from floodplains and channels,
commonly yielding technofossils. Major cultural events take place at rivers around
the world. For example, tens of millions of people attend the festival of Khumba
Mela, held every twelve years at the confluence of the Ganges and Yamuna rivers in
India.

4 Human Activity and River Metamorphosis

River metamorphosis, introduced by Schumm (1969), reflects that natural and anthro-
pogenic disturbances can lead to a wide range of responses in the fluvial system. It
follows then that readjustments to a new set of environmental conditions (threshold
and complex response) can affect the physical dispersal of sediment-borne trace
metals in a variety of ways, each of which may vary in time and position along
the valley floor (Miller & Miller, 2007). Rivers respond to altered conditions (e.g.,
intrinsic and extrinsic factors), therefore variability through time is important because
a river or a reach may be out of character for a period as it adjusts. For example,
Figs. 2 and 3 suggest how different types of channels respond to change (i.e., dam
closure or river impoundment). A list of sixteen responses of channels to change,
and the four major variables that influence them are summarized in Table 3. Time
(history) is included with discharge (increase or decrease), sediment load (increase
or decrease), and base level change (up or down), because channels change naturally
through time, and time is an index of energy expended or work done. The changes are
grouped according to the results of the change (erosion, deposition, pattern change,
and metamorphosis). In Table 3, the changes that will be affected by the passage of
time or by a change of discharge, sediment load or base level are indicated by an X.

Different types of human activity are known to cause channel erosion. These
factors can be divided into four effects: reduction of sediment weight, increase in
annual discharge and maximum discharge, increase in flow density and channel
gradient. It was recognized that sixteen types of human activity can cause channel
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Table 2 Summarizing the anthropogenic activities on rivers and floodplain systems through some
cited literature

S1. No.

Human activity

Effects on rivers

Important references

1

Fire use

Vegetation loss promotes
rapid runoff, soil erosion,
and enhanced sediment flux
to rivers; change in soil
structure and vegetation
species

Vanniere et al. (2016) and
Gibling (2018)

Agriculture and
deforestation

Reduced resistance of river
banks and hillslopes where
crops with shallow roots
replace natural vegetation;
widening of channels and
sediment coarsening; slope
failure and increased
sediment flux

Brown et al. (2013) and
Gibling (2018)

Animals used for food,
ploughing and transport

Herds reduced vegetation
cover and enhance soil
erosion, gullying and
sediment flux to rivers;
trampling break down river
banks and increased
sediment load; ploughing
intensified floodplain
morphological changes

Trimble and Mendel (1995)
and Dunne et al. (2011)

Embankments along
channels

Embankment narrowed
channels, reduced river
migration, increased flow
velocity and funnelled
sediments to deltas;
sediment trapping reduced
floodplain inundation and
loss of palacochannels; it
raised channel bed and
promoted avulsion

Hudson et al. (2008) and
Ghosh and Illahi (2020)

Dams and irrigation
systems

Dams altered river flow
regime and flood frequency,
caused deposition in
reservoirs and increased
downstream erosion;
irrigation reduced river
discharge and use of river
and groundwater promoted
soil waterlogging and
salination

Kondolf (1997) and Ghosh
and Guchhait (2016)

(continued)
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S1. No.

Human activity

Effects on rivers

Important references

6

Navigation and bank
structures

Dredging, riverbed scour
and removal of wood snags
and jams to aid navigation
altered river morphology;
reduced number of delta
distributary channels aids
year-round navigation

Smith et al. (2016)

City water supplies

Remove river and
groundwater from the
hydrological system, with
water pollution from sewage
and waste

Brown et al. (2009)

Warfare

River diversions during
warfare causes catastrophic
floods and floodplain
aggradation

Lary (2001)

Extraction of channel
and floodplain materials

Alluvial mining of channels
and terraces for sand, gold
and other minerals increases
aggradation and erosion rate
locally; pits on floodplains
for bricks, tiles, pottery and
ochre, and on terraces for
laterite remove soils and
aquifer media cause soil
erosion

Santhosh et al. (2013) and
Ghosh et al. (2016)

10

Extraction of aquatic
materials

Reeds, papyrus and other
in-channel plants influence
flow dynamics and
sedimentation; fisheries and
aquatic harvesting enhanced
human activity on river
banks

Leonard et al. (2002)

11

Cultural events

Water festivals involve large
populations with
infrastructure on river banks
and sand bars

Kar et al. (2017)

incision (Casado, 2013; Schumm, 1999, 2005): (1) dam construction; (2) sedi-
ment diversion, (3) flow diversion, (4) urbanization, (5) dam removal or failure,
(6) lowering lake and reservoir levels, (7) meander cutoff, (8) underground mining,
(9) groundwater withdrawal and hydrocompaction, (10) gravel and sand mining, (11)
dredging, (12) roads, trails and ditches, (13) channelization, (14) construction of flow,
(15) deforestation and (16) fire. Low sediment load may be due to the construction
of dams, urbanization, expansion of silt in other channels like canals and gravel
mining and dredging (Schumm, 2005). Average discharge and maximum discharge
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Fig. 2 Identified orders of changes in an impounded river system (dam purpose and reservoir size),
affecting flow regime, water quality and sediment load (modified from Casado, 2013)

Climate Geology
Fluvial system status precipitation patterns Material and structure

A Discharge - Water quality - Sediment load ,J
- Natural state l 1

UIUINUTUOT) I9ATY

DAM CLOSURE

Trajectory of fluvial metamorphosis

| RIVER IMPOUNDMENT
Reaction l
. GG
- |
g Altered patterns of
g Adjustment —* Discharge - Water quality - Sediment load -
=
w]
|_ n. 1 ‘ b g
— @
o | (o] Adjusted state, | | g
E g new equi]ibrium? Channel morphology Stream ecology E
= |
A B Impacts on the downstream hydrosystem L

Fig.3 A conceptual scheme to understand the fluvial response to dam closure and river
metamorphosis (modified from Casado, 2013)
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Table 3 Anthropogenic changes in variables affecting channels and metamorphosis (X indicates

channel response; + indicates positive change; — indicates negative change)

Channel
Response

Variables

Time

Discharge

Sediment Load

Base Level

+ —

J’_ —

+ —

Erosion

Degradation
(incision)

X

Knickpoint
formation and
migration

Bank erosion

Deposition

Aggradation

Back and
downfilling

Berming

Pattern change

Meander growth
and shift

Island and bar
formation and
shift

Cutoffs

Avulsion

Metamorphosis

Straight to
meandering

Straight to
braided

Braided to
meandering

Braided to
straight

Meandering to
straight

Meandering to
braided

Source Schumm (2005)
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can be increased by flow diversion, urbanization, removal of dams and deforestation.
The flow can be centralized by increasing the strength of the flow through gravel
excavation and dredging, road, trail, shaft, channelization and compression by dyke.
The gradient can be increased by removing dams, lowering water levels in lakes and
reservoirs, mandar cutoff, mining, drainage and hydro-condensation, gravel mining,
dredging and channelization (Schumm, 2005).

In the context of the Ganga-Brahmoutra-Meghna Delta, channel metamorphosis is
asignificant facet of the evolution of river courses in the Anthropocene due to different
anthropogenic interventions. Of them, the construction of dams and barrages over
the rivers plays a pivotal role in channel modifications. For example, the construction
Farakka Barrage Project (FBP over the Gangariver created the problem of in-channel
sedimentation above the FBP and riverbank erosion below the barrage along the
River Bhagirathi and the Padma (Islam & Guchhait, 2017). The problem of bank
erosion, meandering and braiding are the major responses due to the variable river
regime in the lean months induced by the Indo-Bangladesh water-sharing treaty
(Guchhait et al., 2016; Islam & Guchhait, 2020). The disconnection of the Jalangi
River, Ichhamati and Mathabhanga-Churni are also to some extent triggered by the
reduced flow through the Padma from the FBP in the lean months (Sarkar et al., 2020).
Similarly, the hydro-geomorphological evolution of the other rivers of the Bengal
Basin like the Damodar river (Bhattacharyya, 2011; Ghosh & Guchhait, 2014), and
the Mayurakshi River (Islam & Ghosh, 2022; Pal & Mandal, 2017) are also well
documented in the context of dams and barrages. Besides, channel modifications are
revealed through the impact of road-stream crossing (Roy & Sahu, 2018), agricultural
expansion (Sarkar et al., 2020), deforestation (Islam et al., 2020), sand and gravel
mining (Islam et al., 2021a, b; Pal & Mandal, 2017), development of brick kiln
industries (Das & Bhattacharya, 2020), in different rivers basins of the GBM delta.

5 Plastics in Fluvial Deposits

Plastics, a signature of the human footprint, are existing in all ecosystems, and these
are found in a variety of environments around the world. The global abundance of
plastics, the long-term effects, the apparent temporal depiction of plastics, and the
lack of a geological background have also led plastics to be considered a potential
indicator of a proposed new post-Holocene Cenozoic era, ‘Anthropocene’ (Weber &
Lechthaler, 2021; Zalasiewicz et al., 2011). In principle, the first plastic deposits
discovered in the marine environment are understood to be the last point of the plastic
transport system that extends from land to oceans via rivers (Weber & Lechthaler,
2021). The importance of Anthropocene rivers is highlighted that since the lion’s
share of global plastics production is produced and consumed on land, it has been
shown that rivers and river systems are the main plastic corridors and transport routes
in the environment (Weber & Lechthaler, 2021). Ubiquitous in the environment, plas-
tics have the potential to become a ‘novel’ stratigraphic marker for recent sediments,
and especially fluvial sediments. This potential is due to their occurrence in fluvial
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systems, their properties, and their preservation. The detection of plastic particles is
usable in two different ways: (1) as a proxy of environmental contamination, and (2)
as marker in a sedimentary context. In the future, it will be possible to record recent
sediment dynamics in fluvial systems, to classify them stratigraphically, and monitor
them (Weber & Lechthaler, 2021). As a new specific marker, the protective mask
has entered the environment during the Covid-19 pandemic situation in the world. It
may emerge in the future as a 2020 marker due to its visual properties and species
composition. Despite the widespread use of face masks in certain regions or during
previous virus outbreaks, the explosive global increase in mask production in 2020
is accompanied by a worldwide spread and high potential for littering of used masks
(Weber & Lechthaler, 2021).

6 Application of Geomorphic Concepts in Anthropocene
Rivers

In the future, a growing population and resource exploitation will cause the depen-
dence of a greater number of human beings on our river systems. According to
Sinha et al. (2013) a big question therefore is: can we continue to create ‘distur-
bances’ at different scales in the large river systems without obtaining a detailed
multi-disciplinary knowledge base of these systems? Technological interventions
should therefore be practised on the basis of a holistic approach encompassing all
aspects of river systems and ‘River Science’ offers such an opportunity (Sinha et al.,
2013). River science refers to the study of a variety of processes affecting river
two or more areas of understanding into a single conceptual-empirical structure. To
study the anthropogenic influence on river dynamics Jain et al. (2012) prescribed the
following geomorphic concepts and principles of river science which can be applied
in Indian rivers to know the effects of Anthropocene:

e Equilibrium Process and State—The fluvial system tries to maintain a constant
linear relationship between input (cause) and output (effect) and the system oscil-
lates around that linear relationship to achieve an equilibrium state or form. An
equilibrium landform tends to maintain relatively stable characteristics even after
minor perturbations, but human disturbance can create an imbalance in the system.

e Magnitude and Frequency—The magnitude of an event (e.g., dam) generally
refers to the amount of work carried out or the degree of landform change experi-
enced due to river modification. The frequency of an event of a specific magnitude
is expressed as the average length of time between events of that magnitude.

e Threshold—Threshold steps are responsible for achieving a new equilibrium
stage after any major or prolonged human perturbation, that results in a nonlinear
relationship between forcing mechanism and landform change. River planform
changes may occur through the crossing of internal or external thresholds.
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e Sensitivity—The sensitivity of the fluvial system describes its propensity for
change and its ability to absorb any disturbing forces. If a geomorphic system
is close to the threshold value, it will be highly sensitive to change.

e Connectivity—The way in which different landscape compartments (i.e., a land-
scape may be divided into different compartments which may be a large landform
or a summation of smaller landforms) fit together in the catchment in a given
time-frame.

e Complexity—Nonlinear relationship between the driving and geomorphic
response at different space and time reflects the complexity in the fluvial system.
In a complex system, the outputs will be inconsistent with inputs.

7 Living with Rivers

The human role as a transforming agent in rivers is also rich, and nowadays there is a
general recognition of the environmental damage derived from the use and control of
rivers for navigation, water consumption and power generation. A large geomorpho-
logical tradition has studied human effects on river systems and opened new horizons
for their conservation, restoration and coexistence (Garciaet al., 2021). From a partic-
ular perspective, geomorphology spans greater openness and the search for a niche
from which it can develop more influence in river management. Geomorphologists
began to make their way slowly in river management, and although there is a long
way for geomorphology to fully participate in the understanding of river ecology,
proposals such as ‘Fluvial Hydrosystems’ (Garcia et al., 2021). Under the paradigm
‘Living with rivers’, Raven et al. (2002) and Garcia et al. (2021) proposed to manage
and restore rivers as a hybrid plan of biophysical and socio-political processes moving
around the concepts of “work with nature, not against it” or “working with natural
processes”. Three principles are acknowledged to achieve the goal (Garcia et al.,
2021):

e Work Across Disciplinary Frontiers—The multiple approaches from which a
river can be studied imply cross-disciplinary interaction between sciences, mutual
respect, and learning about the different visions of the river and the diversity of
spatial and temporal scale analysis.

e Integrated Plans—This principle advocates for the unification of single manage-
ment or work plan of the projects for river restoration, flood-risk management, and
land planning; it considers the three sub-lines inseparable and in permanent feed-
back. An integrated plan (inclusion of river restoration, flood-risk management
and land planning) is, in addition to being a technical process, a socio-political
and cultural process to change the relationship between rivers and society.

e Fluvial Education—The goal of informing people is to correct them is under-
standings of river behaviour perceived by society, extending these to the forces
that control what a river is, what restoration/management is and how it should be
applied. This process involves moving from a vision of the river as a resource to
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a fluvial framework in which societies adapt to the times, forms and processes of
rivers.

8 Research Needs

Rivers, because of the services they provide to humans and other forms of life, are
effective ecosystems for demonstrating the conflicts that arise when humans do not
learn how to curb their desires or share the benefits of nature (Lubinski & Thoms,
2017). Scholars, people with advanced knowledge of a subject, play an important role
in showing society the consequences of its decisions and actions (Lubinski & Thoms,
2017). River management strategies all around the world have moved from the engi-
neering dominated command and control approach to an integrated ecosystem-based
approach that relies on the synthesis of hydrological, geomorphological and ecolog-
ical data (Sinha et al., 2013). Attempts are now on to design engineering solutions
using the scientific framework of the river system as the basic template for human
intervention. Some of the specific research needs and questions in river science of
Anthropocene in the Indian context may be framed as follows (Jain et al., 2012;
Sinha et al., 2013):

1. How will climate change and anthropogenic intervention affect the hydro-
logical budget of the river system, their geomorphology, sediment transport
characteristics and connectivity?

2. How dams and other river engineering structures can modify the stream
hydrology, fluvial processes and water resources?

3. How is the river morphology related to current discharge and sediment load and
how it is responding to changes in hydrologic regime due to natural and anthro-
pogenic processes? How to differentiate the impacts of natural and anthropogenic
impacts on river systems?

4. What is the sensitivity of the different reaches to known external forcings and
how can such differential sensitivity help to prioritize management planning in
a large river?

5. How can we model the future geomorphological (physical) changes on the basis
of modelled future changes in flux and energy, i.e., prediction of geomorphic
change on the basis of the anthropogenic change prediction model?

6. How have urbanized centres (megacities) affected the physical-chemical char-
acteristics of the reaches of a large river and the river as a whole?

7. Whatis the nature of river—groundwater connectivity and what are its implications
on water resources management and riverine ecosystem management?

8. What are the limits to the human disturbance of a large river system? How do
we define and estimate the values of environmental flow at different reaches?
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9 Summary of the Chapters

The chapters of the present volume will focus on the research needs mentioned above.
The present volume contains 25 chapters including introductory chapter which has
reviewed the various concepts and issues of the fluvial systems in the Anthropocene.
Moreover, this chapter has set the tune of the volume by introducing the major
areas of research that need attention from the different disciplines concerned with
the river. Chapter 2 is concerned with the holistic view of the river and aquatic
system revealing the interconnected nature of the river as a physical entity and social
entity. Chapter 3 deals with the distressed conditions of the river from an evolu-
tionary perspective. Chapter 4 presents conceptual and theoretical developments in
the ecogeomorphological behaviours of the river and their application to river restora-
tion. Rivers are probably lying in every pore of the society which is reflected in the
literature. Thus, Chapter 5 very pertinently portrays the impact of the river on man
and society in the light of some Bengali novels. Chapter 6 deals with the poor water
quality due to unscrupulous human intervention in the Bhagirathi River in West
Bengal, India. Similarly, Chapter 7 shows the pity condition of the Mithi River in
Mabharashtra, India. River water quality is below the standard for potable use even
during the COVID 19 pandemic situation that calls for intervention from various
stakeholders to restore this fluvial system. Chapter 8 reveals the flood susceptibility
of the Mayurakshi river basin using Geospatial techniques and multi-criteria analysis.
Chapter 9 critically examines the geometric irony of the Ajay river where narrowing
of channel width downstream has been clearly observed. The natural forcing and role
of human intervention are pivotal to such river morphology. Chapter 10 addresses
the prioritization of the Pagla Jhora micro basin in the Darjeeling hilly area based
on the fluvial morphometry parameters of a basin. The next chapter (11) similarly
shows the sub-watershed prioritization using basin morphometry in the semiarid
area like the Puruliya upland. Chapter 12 is an attempt to portray the integrated
watershed development using correlation and association analysis between drainage
basin morphometry and LULC characteristics. Chapter 13 also attempts to assess
the nature of flood risk of sub-watersheds of Teesta River Basin using morphometric
parameters through the application of Hazard Degree (HD) and Principal Compo-
nent Analysis with Weighted Sum Approach (PCAWSA). Chapter 14 is concerned
with the flood hazard in the North Bengal region and it portrays that flood-affected
area has diminished in the recent decade, however, it is still occurring on a regular
basis even after the structural interventions in the river basin. Chapter 15 intends
to show the channel dynamics of the Hari River and its tributaries in the polder
area of Bangladesh. The study indicates that the shifting of the channel is slow,
however, the narrowing of the channel due to different natural and anthropogenic
drivers poses a threat to its existence in future. Chapter 16 has succinctly portrayed
the intense human interventions in the form of agricultural development and urban-
ization on the decay and fragmentation of the palaeochannels of the Damodar Fan
Delta, India using a widely accepted approach in the Anthroplogeomorphology i.e.
EPA (excavation, planation and accumulation). Similarly, Chapter 17 applying the
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Multi-temporal Satellite Images and GIS has focused on the historical evolution
and decay of the Jamuna River in West Bengal, India in recent times due to esca-
lating human interventions. However, the outbreak of COVID 19 pandemaic has
restricted human movement and curtailed the level of pollution of the river. Certainly,
Chapter 18 is vital in the context of the critical assessment of river health in the wake
of COVID 19 in India. Chapter 19 is concerned with the poor water quality and
decay of the ox-box lakes of the Bhagirathi and Jalangi rivers due to accelerated
human intervention. In the context of the Anthropocene, the growth of aquaculture
ponds and methane emission is very crucial. Chapter 20 demonstrates the contrasting
diffusive methane emission from two closely situated aquaculture ponds of varying
salinity located in a wetland in eastern India. The sewage—fed freshwater and oligo-
haline aquaculture ponds show a marked difference in the methane emission. Besides
the problems of the river and wetlands, the issues of the soil, and groundwater of
the river basi are also important in the recent age (Human age). Thus, Chapter 21
portrays the accelerated soil loss from a tropical river basin (Jayanti River Basin,
India) using the RUSLE model. Chapter 22 attempts to assess irrigation-induced
groundwater depletion and groundwater prospects in an alluvial river basin of West
Bengal, India. This chapter has examined how the groundwater exploitation for irri-
gation in Boro (summer rice) cultivation has led to the fall in groundwater levels.
Similarly, Chapter 23 depicts the groundwater availability zone in Bangladesh using
geo-spatial techniques. Finally, this volume also takes the consideration the role of
the river in the social and cultural perspectives. Therefore, Chapter 24 examines the
Mayo Tsanaga, Kaliao and Mizao (Maroua, Far North Cameroon) as a heritage for
socio-economic activities. Chapter 25 similarly uphold the role of the river in Indian
tourism and also the significance of river-based tourism towards the achievement of
sustainable development goals.

10 Conclusions

The fluvial systems, wetlands, and water resources are threatened in the Anthro-
pocene due to the accelerated human interventions in different forms ranging from
large-scale dams and barrage to the practices like agricultural expansion, groundwater
exploitation and irrigation, and urbanization. This chapter has critically examined the
basic principles, and concepts of the river metamorphosis in the context of anthro-
pogenic activities, especially construction dams. Moreover, pollution of the river and
water bodies is also sketched out briefly. Finally, this chapter has clearly identified
the major research areas where the prime focus is needed to restore the fluvial system
area indicated and the chapter briefs are also included to cover those research areas.
This work will certainly aware the scientific community sparks their cognition about
the current health of the fluvial systems and river basins so that the future restoration
of the river basin may be one of the prime goals of the various stakeholders across
the world.
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