
�

8Climate Change and its Impact
on Catchment Linkage
and Connectivity

Manudeo Singh and Rajiv Sinha

Abstract

Geomorphic connectivity among different
landscape compartments is a result of physical
linkage and material flux exchange. Physical
linkage is the structural component, and
material flux is the functional component of
connectivity. Both components are interlinked
and define catchments processes and
responses. Terrain characteristics such as
slope and topography control define structural
connectivity, whereas functional connectivity
is defined by processes and stimuli such as
rainfall events, land cover dynamics, and
tectonics. There exists feedback between
structural and functional connectivity, and
they actively modify each other to keep the
geomorphic system in an equilibrium state.
Under the climate change scenario, dynamics
of the processes such as rainfall and land
cover are changing rapidly, which in turn
affects the catchment connectivity and link-
ages. The present study first introduces the
concept of geomorphic connectivity in a
comprehensive manner and then discusses
the impact of climate change on catchment

structures and processes in a theoretical
framework.
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8.1 Introduction

Among all environmental externalities, global
warming is the most prominent one, making
climate change the ultimate challenge for world
economies (Nordhaus 2019). Climate change at a
historical time scale is manifested in several
extreme events the frequency of which is
expected to increase even further (IPCC 2014).
The impact of climate change on the basin link-
age and connectivity and ultimately on sediment
and hydrological connectivity depends on indi-
vidual basin characteristics. Usually, topographic
factors such as catchment morphometry and
catchment land-cover types are the first-order
controls that characterize the period and magni-
tude of the runoffs, and sediment generation and
transportation. Therefore, to understand the
impact of climate change on catchment linkage
and connectivity, it is important to understand
how connectivity-defining factors are being
modified by climate change.
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Two major factors that impact the catchment
processes and hence connectivity at various
scales are land-use change and climate change
(Wada et al. 2011; Sinha et al. 2020). Land-use
patterns can also get altered by climate change
(Sinha et al. 2020) which may imply further
alterations in the catchment processes such as
evapotranspiration, soil erosion, and runoff gen-
eration (Chawla and Mujumdar 2015; Bussi et al.
2016; Op de Hipt et al. 2019; Sinha et al. 2020),
amplifying the impact of climate change. For
example, a study in the Willamette River Basin,
Oregon, USA reported that the regional climate
could be significantly warmer in the twenty-first
century which might potentially change the
dominant vegetation cover type of the basin
(Turner et al. 2015). This study predicted that the
currently present needle leaf type forest would
convert into a mixture of needle leaf and broad
leaf type forest. Moreover, the forest might get
fragmented. Such climate change-induced alter-
ations in the forest cover type may radically
modify the hydrological cycle of the basin
(Turner et al. 2015) and the hydrological
connectivity.
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In various studies involving a comparison
between climate change and land-use land-cover
(LULC) change as the major control on catch-
ment processes, the impact of climate change is
found to be much more significant than the
LULC change. For example, Kim et al. (2013)
studied the impact of LULC and climate change
on the streamflow in the Hoeya River Basin of
South Korea. They concluded that among
LULC change and climate change, the former
has less impact on the stream flows than the
latter. However, the impact of LULC change
was also significant on the streamflow. Simi-
larly, in Be River catchment of Vietnam, the
influence of climate change was observed to be
stronger than the influence of LULC change on
the hydrological processes (Khoi and Suetsugi
2014).

The present chapter first discusses the concept
of connectivity in hydro-geomorphic systems
and then presents the ways in which various
elements of hydro-geomorphic connectivity are
getting impacted by climate change. In particular,

possible impacts of climate change on hydro-
logical connectivity and sediment connectivity
have been discussed in detail.

change on the navigation of sediments (López-
Vicente et al. 2013; Lane et al. 2017) and water

8.2 Concept of Connectivity
in Hydro-geomorphic Systems

In hydro-geomorphic systems, connectivity is
defined as “the efficiency of transfer of materials
between system components” (Wohl et al. 2019,
pp. 2). Here, water, nutrients, and sediments are
materials in the geomorphic system. The catch-
ments, sub-catchments, water bodies, etc. are
system components or landscape units. The
presence or absence of linkage (or, connections)
among different system components defines the
degree of interaction (e.g., streamflow rates,
sedimentation, ecological functions) in the sys-
tem (Singh et al. 2021). Further, such connec-
tions vary in space and time (Harvey 2002),
rendering connectivity to a spatio-temporal
dynamic phenomenon.

In hydro-geomorphic systems, there are three
types of connectivity i.e. landscape connectivity,
hydrological connectivity, and sediment con-
nectivity (Wohl et al. 2019). Further, there are
two components—structural and functional con-
nectivity, inherent to all three types of hydro-
geomorphic connectivity (Turnbull et al. 2008;
Wainwright et al. 2011). All types of hydro-
geomorphic connectivity operate in four dimen-
sions: three spatial (longitudinal, lateral, vertical)
and one temporal dimension (Ward 1989; Jain
and Tandon 2010). Because of its multi-
dimensional property, connectivity can be used
to understand the inter-and intra-scale hydro-
geomorphic (e.g., sediment transport) processes
(Bracken et al. 2015). Hydro-geomorphic con-
nectivity gets actively and significantly altered by
various anthropogenic factors such as drainage
reorganization, land-cover changes, topography
alterations (Pringle 2003; Hooke 2006; Fryirs
2013; Singh et al. 2017; Singh and Sinha 2019).
Recently, the connectivity concept has been used
to evaluate the impacts of climate and land-use



(Smith et al. 2010) within and among various
geomorphic units. Therefore, climate change
phenomena can impact hydro-geomorphic con-
nectivity in a major way. However, before
understanding such impacts and possible mea-
sures to minimize them, it is necessary to
understand the hydro-geomorphic connectivity
and its elements.
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Various researchers have used the connectiv-
ity concept to understand and evaluate hydro-
logical and sedimentary processes (Brierley et al.
2006, Turnbull et al. 2008, Lexartza-Artza and
Wainwright 2011, Jain et al. 2012, Fryirs and
Gore 2013, Gomez-Velez and Harvey 2014,
Bracken et al. 2015, Lisenby and Fryirs 2017) at
different scales and settings. A recent and com-
prehensive study by Singh et al. (2021) defined a
connectivity framework consisting of three basic
elements of geomorphic connectivity—connec-
tivity types, connectivity components, and con-
nectivity dimensions (Fig. 8.1). This framework
presents the interrelationships and feedbacks
among different connectivity elements.

Fig. 8.1 The connectivity framework. Modified after Singh et al. (2021)

“Hydrologic connectivity is the water-
mediated transport of matter, energy, and
organisms within or between elements of the
hydrologic cycle” (Freeman et al. 2007, p. 1).
Further, “the connected transfer of sediment from
a source to a sink in a system via sediment
detachment and sediment transport, controlled by
how the sediment moves between all geomorphic
zones in a landscape” (Bracken et al. 2015,
p. 177) is defined as sediment connectivity.
Recently, Heckmann et al. (2018) presented a
working definition of connectivity by encapsu-
lating both sediment and hydrological connec-
tivity: “…we define hydrological and sediment
connectivity as the degree to which a system
facilitates the transfer of water and sediment
through itself, through coupling relationships
between its components. In this view, connec-
tivity becomes an emergent property of the sys-
tem state, reflecting the continuity and strength of
runoff and sediment pathways at a given point in
time” (Heckmann et al. 2018, pp. 3). Although
water and sediment can freely navigate from one



landscape to other, the landscapes themselves are
static features and they get connected only
because of the exchange of water and sediment
(Singh et al. 2021). Hence, sediment and
hydrological connectivity are the main drivers of
landscape connectivity. Further, in many cases,
sediment transport is strictly water-controlled and
in such scenarios, hydrological connectivity can
act as a proxy for sediment connectivity as well.
Therefore, in such cases, just by evaluating
hydrological connectivity, the other two hydro-
geomorphic connectivity can be easily
comprehended.
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All types of hydro-geomorphic connectivity
have two components—structural and functional.
The spatial patterns (Turnbull et al. 2008) and
physical linkages present at various scales in
landscape units define the structural component
(Keesstra et al. 2018; Turnbull et al. 2018).
Therefore, catchment linkage is the structural
component of catchment connectivity. Channel
network and Hydrological Response Units
(HRUs) are typical examples of structural com-
ponents. The functional component is the result
of the interaction between the structural compo-
nents and acting processes (Turnbull et al. 2008;
Wainwright et al. 2011; Bracken et al. 2015).
Sediment and water discharge are typical exam-
ples of the functional component of hydro-
geomorphic connectivity. On temporal scales,
the structural component gets modified by the
functional component, thereby, forming a feed-
back system between these two components
(Singh et al. 2021).

Hydro-geomorphic connectivity operates on
four dimensions comprising three spatial
dimensions i.e. lateral, longitudinal, vertical, and
one temporal dimension (Ward 1989; Jain and
Tandon 2010). However, all three spatial
dimensions are interrelated, and they follow a
conservation law, i.e., overall connectivity
among different spatial dimensions at a given
place remains the same and the connectivity
increment in one dimension is a result of con-
nectivity decrement in some other dimension at
that place. For example, poor vertical connec-
tivity (percolation) results in runoff generation

(strong horizontal connectivity). At a large scale,
a decrease in one dimension of connectivity can
translate into a decrease in another dimension.
For example, reduced vertical connectivity in the
floodplain can result in reduced base flow to the
channel and therefore, reduced lateral connec-
tivity between floodplain and channel. Further, a
reduced lateral hydrological connectivity might
result in a reduction of the channel’s longitudinal
hydrological connectivity. All connectivity types,
components, and spatial dimensions also vary
with time, and this defines temporal connectivity.
The temporal dimension of connectivity induces
dynamics in hydro-geomorphic connectivity, i.e.,
connectivity changes with time. This is where
climate change issues become important, and
therefore, a conceptual understanding of the
impacts of climate change on hydro-geomorphic
connectivity needs to be developed.

8.3 Climate Change
and Connectivity

Different elements of connectivity are expected
to get impacted differently because of climate
change. For example, many times, the impact of
climate change on hydrological connectivity and
sediment connectivity might not be equal. For
example, Azari et al. (2016) constructed three
climate change scenarios in Northern Iran and
found that for the years 2040–2069, stream flows
will increase to 5.8%, 2.5%, and 9.5% annually,
whereas the sediment yield will increase to
47.7%, 44.5%, and 35.9% respectively. Similar
results were observed in Be River catchment of
Vietnam where due to climate change, annual
streamflow increased by 26.3%, and sediment
load by 31.7% (Khoi and Suetsugi 2014). In
Northern Iran, a disproportionately higher incre-
ment in sediment load than the streamflow was
attributed to the power function relationship
between streamflow and sediment yield (Azari
et al. 2016). Consequently, the impact of frequent
and large-intensity floods in northern Iran
would result in greater sediment yield than the
streamflow. In the case of Vietnam, the disparity



among streamflow and sediment yield could be
related to the conversion of forest covers into
agricultural lands (Khoi and Suetsugi 2014).

8 Climate Change and Its Impact on Catchment Linkage … 171

Depending upon the present and future con-
ditions and geographical locations, some ele-
ments of connectivity can be negatively
impacted, and others can be positively impacted.
Further, the impact of climate change might not
be unidirectional and static. Different regions of
the Earth might observe the dynamic impacts of
climate change in different periods. For example,
a study on the Nile River Basin investigating the
impacts of climate change under 2007 IPCC
scenarios and found that in the early twenty-first
century, due to increased precipitation, the Nile
River might observe increased flows, but in the
mid- and late twenty-first century, the river might
observe decrement in the streamflow induced by
a decline in precipitation and increased evapo-
ration (Beyene et al. 2010).

Structural properties of a landscape (i.e.,
structural connectivity) and dynamics of hydro-
meteorological processes (such as duration-
intensity-frequency of rainfall) control the land-
scape response and hence, the functional con-
nectivity (Singh et al. 2021). Climate variabilities
are expected to translate into extreme river flows
and thereby, increased flood risks (Fang et al.
2018). An alteration in structural component
influences the functional component (Vanacker
et al. 2005; Turnbull et al. 2008; Wainwright
et al. 2011; Bracken et al. 2015; Singh and Sinha
2019). Therefore, feedback exists between
structural and functional components of hydro-
geomorphic connectivity (Fig. 8.2). This feed-
back is controlled by various terrain and process
parameters. It has been demonstrated that any
alteration in the spatial pattern of land use in
catchments results in a variation in the functional
component of connectivity (Vanacker et al. 2005;
Singh et al. 2021). Climatic conditions also
strongly control the structural connectivity. For
example, increasing rainfall usually positively
correlates with an increase in vegetation (Jordan
et al. 2014). An increased vegetation cover
enhances the impedance to the surface water
flows, thereby, decreasing the functional con-
nectivity (Singh and Sinha 2019). Such impacts

of vegetation cover are more pronounced in
catchments with flat terrain. Changing climate
can also impact the structural and functional
connectivity at a very large scale. For example,
the Ganga plains are characterized by two geo-
morphologically distinctive systems, East Ganga
Plains (EGP) and West Ganga Plains (WGP).
The EGP is drained by rivers with high sediment
flux and low stream power systems, whereas the
rivers draining the WGP show high stream power
and low sediment flux systems (Roy and Sinha
2017, 2018). Accordingly, an incised topography
is a characteristic of WGP, whereas aggrada-
tional landforms are the distinctive features of the
EGP. In event of climate change, the differential
sensitivity of these two distinctive systems is
likely to change the stream power and sediment
flux relationships, resulting in severe
catastrophes.

In the temporal domain, the impact of the
functional component on the structural compo-
nent has been documented. For example, in the
case of sediment connectivity, sediment flux is
known to modify the morphology of landscapes
(Bracken et al. 2015). Such modifications change
the structural framework, and ultimately the
physical linkage of the landscapes (Turnbull
et al. 2008; Bracken et al. 2013). In the following
sections, the impact of climate change on the two
most important catchment connectivity i.e.,
hydrological connectivity and sediment connec-
tivity has been discussed in detail.

8.3.1 Impact on Hydrological
Connectivity

The impact of climate change on the streamflow
and therefore, the hydrological connectivity of
basins has been an area of active research (e.g.,
Arnell 1999; Mimikou et al. 1999; Middelkoop
et al. 2001; Chang et al. 2002; Smith et al. 2010,
2013). These studies indicate that there is a
conclusive correlation between climate change
and variability in stream flows. For example,
Arnell (1999), Middelkoop et al. (2001), and
Chang et al. (2002) predicted that the regional
hydrology of the snow-dominated regions will



observe significant variations under global
warming scenarios and the month of maximum
runoff are expected to shift. Since hydrological
connectivity is expected to be conclusively
impacted by climate change, this connectivity
can effectively be used to evaluate the climate
change-induced modifications to the material
fluxes at the catchment scale (Smith et al. 2010).
The dynamic aspect of hydrological connectivity
is controlled by factors such as “rainfall charac-
teristics, flow path length, and integration, the
spatial distribution of areas of low/high abstrac-
tion potential and the routing velocity of over-
land flows” (Smith et al. 2010). It is important to
understand how each of such factors will be
influenced by climate change and to what degree.
The spatio-temporal variations of precipitation
(Wainwright and Parsons 2002) and intensity-
duration-amount (Bracken et al. 2008) are
defining factors of hydrological connections
(Smith et al. 2010). Understanding such factors is
even more crucial for large and highly populated
basins such as Ganga in which monsoonal

discharge is expected to increase under climate
change scenarios (Whitehead et al. 2018).
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Fig. 8.2 Feedbacks among structural and functional
components of hydro-geomorphic connectivity and their
controls. Climate change is expected to impact the process

dynamics (e.g., rainfall variabilities). Modified after Singh
et al. (2021)

A case study by Molina-Navarro et al. (2016)
on the Guadalupe River basin, Mexico presents
the potential drastic impacts of climate change on
basin hydrology which will ultimately impact the
basin-scale hydrological connectivity severely.
Based on short (2010–2039) and long term
(2070–2099) climate change simulations, the
authors concluded that the Guadalupe River
basin might observe around 45% reduction in
runoff in the short-term, and up to 60% reduction
in the long-term. Decreased precipitation and
increased evapotranspiration are the main factors
behind such reductions. Further, it is expected
that the aquifer recharge can decrease up to
−74%, which will drastically alter the flow of
groundwater as well as the base flows.

In regions with large negative water budgets
such as the semiarid regions of the world, sub-
surface flows are typically non-existent and
overland flows dominate the outflows (Smith
et al. 2010). Even the overland flows generate



isolated patches with the occasional connection
among such patches (Smith et al. 2010). Such
regions are most prone to the changing climate
because a reduction in precipitation will diminish
the connectivity among the isolated patches even
further. Also, an increase in precipitation will
impact the region negatively by the generation of
flood events. This is because of a sudden increase
of connectivity in the horizontal domain without
any change in the vertical domain since vertical
connectivity such as percolation is a function of
lithology which is unlikely to change in pace
with precipitation change.
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8.3.2 Impact on Sediment
Connectivity

Sediment transport and soil erosion processes are
expected to be significantly influenced by cli-
mate change (Bussi et al. 2016). For example, a
study by Jordan et al. (2014) showed that higher
rainfall translated into higher total suspended
solid (TSS) contribution to surface water sys-
tems. The major climate-related stressors that are
expected to impact catchment scale sedimenta-
tion processes are changes in temperature and
precipitation and their subsequent impacts on the
vegetation cover and land use (Nearing et al.
2004). These stressors can potentially impact
sediment connectivity by altering sediment pro-
duction and sediment transport (Mullan et al.
2012). For example, a study on the Ganga River
estimated that in comparison to the present sce-
nario, the sediment load in this river might
increase by 10–40% by mid-century and by 35–
79% by the end of the century under changing
climate scenarios (Khan et al. 2018).

Extreme precipitation and river discharge
strongly control the sediment transportation and
hence sediment connectivity within and in-
between landscapes. For example, sediment
transport in many catchments in Himalayas
depends on the precipitation intensity, which in
turn dictates the channel morphology and

processes. Several Himalayan rivers such as Kosi
are highly avulsive (Sinha et al. 2013, 2014) and
the high rate of sediment production in its
catchment is one of the primary causal fac-
tors for its avulsive nature. Climate change may
have very significant implications in river basins
such as the Kosi draining through Nepal and
India where significant spatial variability in
sediment connectivity across the basin has been
noted; it has also been demonstrated that sedi-
ment flux in different sub-basins is controlled by
variable slope distribution and land-use/land-
cover that are strongly related to the structural
connectivity (Mishra et al. 2019). Excessive sil-
tation forms a central problem in the Kosi basin,
and it is necessary to understand the implications
of siltation on river processes and associated
flood risk under climate change scenarios; this
would require a comprehensive analysis of sed-
iment connectivity under a modified hydrological
regime induced by climate change. This should
then lead to developing effective sediment man-
agement plans for protection of infrastructure and
human lives not just in the Kosi basin but in
several other basins across the world.

In addition to the natural hazards, high sedi-
ment flux because of modified sediment con-
nectivity is likely to impact the hydroelectric
power projects in several basins in a major way.
The designed power production capacity of the
hydroelectric power plants depends on the dis-
charge of the river and the head at the turbine.
The extent of erosion and deposition will change
because of spatio-temporal variability in meteo-
rological conditions, and to the hydrological and
geomorphological characteristics of the basin.
Landslides triggered by hillslope erosion, levee
breach, and channel avulsion may result in partial
or total abandonment of hydroelectric projects.
A recent example is a major landslide in the
upstream reaches of the Bhote Koshi (Jure
landslide in 2014); this created a large dam
upstream, and a small hydroelectric power sta-
tion downstream became defunct. Further,
sediment-extruding mechanisms may be required



during higher sediment transport so that the
channel is not filled, and sediment does not enter
the turbine partially or fully.
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In catchments where water-assisted trans-
portation is the prime mode of sediment transfer,
sediment connectivity will also decrease with the
decrease in hydrological connectivity. However,
in arid regions, where eolian transportation is the
dominant process of sediment connectivity, a
decrease in precipitation will result in higher
entrainment of eolian dust (Reynolds et al. 2007)
and will enhance sediment transportation.
Therefore, the sensitivity of sedimentary pro-
cesses to climate change is a function of two
factors—sediment supply and transport capacity
(East and Sankey 2020). In a supply-limited
system, a momentary sedimentary response
might be observed to an acting forcing, i.e.,
increased storm activity. Once the supply gets
exhausted, the sedimentary response will cease to
exist unless more sediments are produced due to
weathering (Heimsath et al. 2012).

Perhaps the impact of climate change on the
sediment connectivity of a catchment can be best
understood in a glacial system. Due to global
warming, the glaciers are receding, resulting in
an increased extent of paraglacial zones in gla-
ciated regions of catchments (Lane et al. 2017). It
is expected that in such events of glacial reces-
sion, sediment connectivity will increase in
paraglacial regions. This is because (a) deglacia-
tion will expose the underlying sediment,
increasing the probability of connectivity
between such sediments and stream channels,
(b) deglaciation of hillslopes will significantly
increase the hillslope-channel connectivity,
(c) stream-based sediment transport is faster than
glacier-based sediment transport (Lane et al.
2017), (d) lateral migration is easier in proglacial
streams than the sub-glacial stream, and there-
fore, former can gather more sediment than
the latter, and (d) glacial debuttressing of valley
sidewalls will result into a decrease in the base
level of upstream catchments of such valleys—
leading to headward erosion in sidewall tribu-
taries (Schiefer and Gilbert 2007). In such

deglaciated catchments, with high upslope and
downslope sediment connectivity, and increased
sediment supply can change the structural con-
nectivity by transforming the river channels to
braided systems (East and Sankey 2020). To
propagate the impact of climate change-induced
deglaciation downstream, a continuous sediment
supply will be required. With the cessation of
sediment supply, the propagation of climate
change response, e.g., braiding of river channel
will also cease. Therefore, it could be interesting
to evaluate the sensitivity of propagation of cli-
mate change impacts in such deglaciated catch-
ment systems.

Recently, a method has been proposed by
Zanandrea et al. (2021) to estimate the hydro-
sedimentological connectivity index (IHC) of
basins as a factor of topography, surface rough-
ness, precipitation, and runoff. It is an enhanced
version of the original IC method proposed by
Borselli et al. (2008) and Cavalli et al. (2013).
The inclusion of precipitation and runoff factors
in this method renders it best suitable for the
estimation of hydro-geomorphic connectivity
under changing climate scenarios. The impact of
LULC change can also be implemented in this
method by replacing the terrain-derived surface
roughness factor with NDVI derived C-factor
previously implemented by Singh et al. (2017)
and Singh and Sinha (2019). The IHC can esti-
mate both, sediment as well as hydrological
connectivity of catchments.

8.4 Conclusions and Outlook

The gravity of the effects of global warming and
hence the climate change on the ecology and
economy must be realized by humans across the
world (Nordhaus 2019). There are a number of
factors on which climate change vulnerabilities
depend, and such factors vary among commu-
nities and places (Panthi et al. 2016). Because of
climate change, the water security of the world is
under threat (Ravazzani et al. 2015). Therefore,
the impact of climate change and global warming



on the available water resources for human
consumption and for ecological services should
always be considered in any water resource
management work (Qi et al. 2009), especially
since climate change affects every aspect of the
hydrological cycle and can potentially affect the
water resources by inducing changes in water
quantity, subjecting water resources to extreme
events, changing water quality. Various aspects
of hydrological processes such as peak flow and
runoff amount (Prowse et al. 2006), humidity and
precipitation (Wang et al. 2008) might get
actively altered by climate change.
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While it is certain that water resources in
basins across the world are going to be impacted
by climate change, there are possibilities to mit-
igate these measures. This can be done by iden-
tifying the manageable and unmanageable
stressors of water resources (climate change is
one of the unmanageable stressors) and trying to
reduce the impact of the unmanageable stressors
by adjusting the manageable stressors. For
example, in the Seyhan River Basin of Turkey, it
was found that if water demands can be kept in
check, the climate change-induced water scarcity
can be mitigated efficiently (Fujihara et al. 2008).

It has been observed that the temporal vari-
abilities in the intensities of precipitation are
necessary to understand catchment responses and
hydrological connectivity (Wainwright and Par-
sons 2002; Smith et al. 2010). Therefore, better
forecasting of future climate can account for the
probable changes in connectivity at catchment
scales. An understanding of how different ele-
ments of connectivity will get impacted by
changing climate can be utilized to mitigate the
adverse impacts of climate change.

Understanding the impact of climate change
on the catchment linkage and connectivity is
most crucial for countries such as India which
hosts very diverse geomorphic systems. Various
basin-scale projects such as river linking projects
and inland waterways projects have been planned
in India. The river linkage project is expected to
mitigate the flood-drought duality of the country
(Misra et al. 2007; Shah and Amarasinghe 2016;
Higgins et al. 2018). For such colossal

undertakings, the assessment of the catchment
response under changing climate is a challenge
and should not be ignored.

References

Arnell NW (1999) The effect of climate change on
hydrological regimes in Europe: a continental per-
spective. Glob Environ Chang 9:5–23

Azari M, Moradi HR, Saghafian B, Faramarzi M (2016)
Climate change impacts on streamflow and sediment
yield in the North of Iran. Hydrol Sci J 61:123–133

Beyene T, Lettenmaier DP, Kabat P (2010) Hydrologic
impacts of climate change on the Nile River Basin:
implications of the 2007 IPCC scenarios. Clim
Change 100:433–461

Borselli L, Cassi P, Torri D (2008) Prolegomena to
sediment and flow connectivity in the landscape: a
GIS and field numerical assessment. CATENA
75:268–277

Bracken L, Cox N, Shannon J (2008) The relationship
between rainfall inputs and flood generation in south–
east Spain. Hydrol Proc Int J 22:683–696

Bracken LJ, Turnbull L, Wainwright J, Bogaart P (2015)
Sediment connectivity: a framework for understanding
sediment transfer at multiple scales. Earth Surf Proc
Land 40:177–188

Bracken LJ, Wainwright J, Ali GA, Tetzlaff D, Smith MW,
Reaney SM, Roy AG (2013) Concepts of hydrological
connectivity: research approaches, pathways and future
agendas. Earth-Sci Rev 119:17–34

Brierley G, Fryirs K, Jain V (2006) Landscape connec-
tivity: the geographic basis of geomorphic applica-
tions. Area 38:165–174

Bussi G, Dadson SJ, Prudhomme C, Whitehead PG
(2016) Modelling the future impacts of climate and
land-use change on suspended sediment transport in
the River Thames (UK). J Hydrol 542:357–372

Cavalli M, Trevisani S, Comiti F, Marchi L (2013)
Geomorphometric assessment of spatial sediment
connectivity in small Alpine catchments. Geomor-
phology 188:31–41

Chang H, Knight CG, Staneva MP, Kostov D (2002)
Water resource impacts of climate change in south-
western Bulgaria. GeoJournal 57:159–168

Chawla I, Mujumdar PP (2015) Isolating the impacts of
land use and climate change on streamflow. Hydrol
Earth Syst Sci 19:3633–3651

East AE, Sankey JB (2020) Geomorphic and sedimentary
effects of modern climate change: current and antic-
ipated future conditions in the Western United States.
Rev Geophys 58:e2019RG000692

Fang J, Kong F, Fang J, Zhao L (2018) Observed changes
in hydrological extremes and flood disaster in Yangtze
River Basin: spatial–temporal variability and climate
change impacts. Nat Hazards 93:89–107



176 M. Singh and R. Sinha

Freeman MC, Pringle CM, Jackson CR (2007) Hydro-
logic connectivity and the contribution of stream
headwaters to ecological integrity at regional scales1.
Wiley Online Library, pp 5–14

Fryirs K (2013) (Dis)Connectivity in catchment sediment
cascades: a fresh look at the sediment delivery
problem. Earth Surf Proc Land 38:30–46

Fryirs K, Gore D (2013) Sediment tracing in the upper
Hunter catchment using elemental and mineralogical
compositions: Implications for catchment-scale sus-
pended sediment (dis)connectivity and management.
Geomorphology 193:112–121

Fujihara Y, Tanaka K, Watanabe T, Nagano T, Kojiri T
(2008) Assessing the impacts of climate change on the
water resources of the Seyhan River Basin in Turkey:
Use of dynamically downscaled data for hydrologic
simulations. J Hydrol 353:33–48

Gomez-Velez JD, Harvey JW (2014) A hydrogeomorphic
river network model predicts where and why hypor-
heic exchange is important in large basins. Geophys
Res Lett 41:6403–6412

Harvey AM (2002) Effective timescales of coupling
within fluvial systems. Geomorphology 44:175–201

Heckmann T, Cavalli M, Cerdan O, Foerster S, Javaux M,
Lode E, Smetanová A, Vericat D, Brardinoni F (2018)
Indices of sediment connectivity: opportunities, chal-
lenges and limitations. Earth Sci Rev 187:77–108

Heimsath AM, DiBiase RA, Whipple KX (2012) Soil
production limits and the transition to bedrock-
dominated landscapes. Nat Geosci 5:210–214

Higgins S, Overeem I, Rogers K, Kalina E (2018) River
linking in India: downstream impacts on water
discharge and suspended sediment transport to deltas.
Elem Sci Anth 6

Hooke JM (2006) Human impacts on fluvial systems in the
Mediterranean region. Geomorphology 79:311–335

IPCC (2014) Climate change 2013: the physical science
basis: Working Group I contribution to the Fifth
assessment report of the Intergovernmental Panel on
Climate Change. Cambridge university press

Jain V, Tandon S, Sinha R (2012) Application of modern
geomorphic concepts for understanding the spatio-
temporal complexity of the large Ganga river dispersal
system. Curr Sci (Bangalore) 103:1300–1319

Jain V, Tandon SK (2010) Conceptual assessment of
(dis)connectivity and its application to the Ganga
River dispersal system. Geomorphology 118:349–358

Jordan YC, Ghulam A, Hartling S (2014) Traits of surface
water pollution under climate and land use changes: a
remote sensing and hydrological modeling approach.
Earth Sci Rev 128:181–195

Keesstra S, Nunes JP, Saco P, Parsons T, Poeppl R,
Masselink R, Cerdà A (2018) The way forward: can
connectivity be useful to design better measuring and
modelling schemes for water and sediment dynamics?
Sci Total Environ 644:1557–1572

Khan S, Sinha R, Whitehead P, Sarkar S, Jin L, Futter MN
(2018) Flows and sediment dynamics in the Ganga
River under present and future climate scenarios.
Hydrol Sci J 63:763–782

Khoi DN, Suetsugi T (2014) Impact of climate and land-
use changes on hydrological processes and sediment
yield-a case study of the Be River catchment Vietnam.
Hydrol Sci J 59:1095–1108

Kim J, Choi J, Choi C, Park S (2013) Impacts of changes
in climate and land use/land cover under IPCC RCP
scenarios on streamflow in the Hoeya River Basin,
Korea. Sci Total Environ 452–453:181–195

Lane SN, Bakker M, Gabbud C, Micheletti N, Saugy J-N
(2017) Sediment export, transient landscape response
and catchment-scale connectivity following rapid
climate warming and Alpine glacier recession. Geo-
morphology 277:210–227

Lexartza-Artza I, Wainwright J (2011) Making connec-
tions: changing sediment sources and sinks in an
upland catchment. Earth Surf Proc Land 36:1090–
1104

Lisenby PE, Fryirs KA (2017) Sedimentologically signif-
icant tributaries: catchment-scale controls on sediment
(dis)connectivity in the Lockyer Valley, SEQ, Aus-
tralia. Earth Surf Proc Land 42:1493–1504

López-Vicente M, Poesen J, Navas A, Gaspar L (2013)
Predicting runoff and sediment connectivity and soil
erosion by water for different land use scenarios in the
Spanish Pre-Pyrenees. Catena 102:62–73

Middelkoop H, Daamen K, Gellens D, Grabs W,
Kwadijk JC, Lang H, Parmet BW, Schädler B,
Schulla J, Wilke K (2001) Impact of climate change
on hydrological regimes and water resources manage-
ment in the Rhine basin. Clim Change 49:105–128

Mimikou M, Kanellopoulou S, Baltas E (1999) Human
implication of changes in the hydrological regime due
to climate change in Northern Greece. Glob Environ
Chang 9:139–156

Mishra K, Sinha R, Jain V, Nepal S, Uddin K (2019)
Towards the assessment of sediment connectivity in a
large Himalayan river basin. Sci Total Environ
661:251–265

Misra AK, Saxena A, Yaduvanshi M, Mishra A, Bhadau-
riya Y, Thakur A (2007) Proposed river-linking
project of India: a boon or bane to nature. Environ
Geol 51:1361–1376

Molina-Navarro E, Hallack-Alegría M, Martínez-Pérez S,
Ramírez-Hernández J, Mungaray-Moctezuma A,
Sastre-Merlín A (2016) Hydrological modeling and
climate change impacts in an agricultural semiarid
region. Case study: Guadalupe River basin, Mexico.
Agric Water Manage 175:29–42

Mullan D, Favis-Mortlock D, Fealy R (2012) Addressing
key limitations associated with modelling soil erosion
under the impacts of future climate change. Agric
Forest Meteorol 156:18–30

Nearing MA, Pruski FF, O’Neal MR (2004) Expected
climate change impacts on soil erosion rates: a review.
J Soil Water Conserv 59:43–50

Nordhaus W (2019) Climate change: the ultimate chal-
lenge for economics. American Econ Rev 109:1991–
2014

Op de Hipt F, Diekkrüger B, Steup G, Yira Y, Hoff-
mann T, Rode M, Näschen K (2019) Modeling the



effect of land use and climate change on water
resources and soil erosion in a tropical West African
catch-ment (Dano, Burkina Faso) using SHETRAN.
Sci Total Environ 653:431–445

8 Climate Change and Its Impact on Catchment Linkage … 177

Panthi J, Aryal S, Dahal P, Bhandari P, Krakauer NY,
Pandey VP (2016) Livelihood vulnerability approach
to assessing climate change impacts on mixed agro-
livestock smallholders around the Gandaki River
Basin in Nepal. Reg Environ Change 16:1121–1132

Pringle C (2003) What is hydrologic connectivity and
why is it ecologically important? Hydrol Process
17:2685–2689

Prowse T, Beltaos S, Gardner J, Gibson J, Granger R,
Leconte R, Peters D, Pietroniro A, Romolo L, Toth B
(2006) Climate change, flow regulation and land-use
effects on the hydrology of the Peace-Athabasca-Slave
system; Findings from the Northern Rivers Ecosystem
Initiative. Environ Monit Assess 113:167–197

Qi S, Sun G, Wang Y, McNulty S, Myers JM (2009)
Streamflow response to climate and landuse changes
in a coastal watershed in North Carolina.
Trans ASABE 52:739–749

Ravazzani G, Barbero S, Salandin A, Senatore A,
Mancini M (2015) An integrated hydrological model
for assessing climate change impacts on water
resources of the Upper Po River Basin. Water Resour
Manage 29:1193–1215

Reynolds RL, Yount JC, Reheis M, Goldstein H, Chavez P
Jr, Fulton R, Whitney J, Fuller C, Forester RM (2007)
Dust emission from wet and dry playas in the Mojave
Desert, USA. Earth Surf Proc Landforms J British
Geomorphol Res Group 32:1811–1827

Roy NG, Sinha R (2017) Linking hydrology and sediment
dynamics of large alluvial rivers to landscape diversity
in the Ganga dispersal system, India. Earth Surf Proc
Land 42:1078–1091

Roy NG, Sinha R (2018) Integrating channel form and
processes in the Gangetic plains rivers: implications
for geomorphic diversity. Geomorphology 302:46–61

Schiefer E, Gilbert R (2007) Reconstructing morphome-
tric change in a proglacial landscape using historical
aerial photography and automated DEM generation.
Geomorphology 88:167–178

Shah T, Amarasinghe UA (2016) River linking project: a
solution or problem to india’s water woes? Indian
Water Policy at the Crossroads: Resources, Technol-
ogy and Reforms. Springer, pp 109–130

Singh M, Sinha R (2019) Evaluating dynamic hydrolog-
ical connectivity of a floodplain wetland in North
Bihar, India using geostatistical methods. Sci Total
Environ 651:2473–2488

Singh M, Sinha R, Tandon S (2021) Geomorphic
connectivity and its application for understanding
landscape complexities: a focus on the hydro-
geomorphic systems of India. Earth Surf Proc Land
46:110–130

Singh M, Tandon SK, Sinha R (2017) Assessment of
connectivity in a water-stressed wetland (Kaabar Tal)
of Kosi-Gandak interfan, north Bihar Plains, India.
Earth Surf Proc Land 42:1982–1996

Sinha R, Gaurav K, Chandra S, Tandon SK (2013)
Exploring the channel connectivity structure of the
August 2008 avulsion belt of the Kosi River, India:
application to fl ood risk assessment. Geology
41:1099–1102

Sinha R, Sripriyanka K, Jain V, Mukul M (2014)
Avulsion threshold and planform dynamics of the
Kosi River in north Bihar (India) and Nepal: a GIS
framework. Geomorphology 216:157–170

Sinha RK, Eldho T, Subimal G (2020) Assessing the
impacts of land cover and climate on runoff and
sediment yield of a river basin. Hydrol Sci J 65:2097–
2115

Smith MW, Bracken LJ, Cox NJ (2010) Toward a
dynamic representation of hydrological connectivity at
the hillslope scale in semiarid areas. Water Resour Res
46

Smith T, Marshall L, McGlynn B, Jencso K (2013) Using
field data to inform and evaluate a new model of
catchment hydrologic connectivity. Water Resour Res
49:6834–6846

Turnbull L, Hütt M-T, Ioannides AA, Kininmonth S,
Poeppl R, Tockner K, Bracken LJ, Keesstra S, Liu L,
Masselink R (2018) Connectivity and complex sys-
tems: learning from a multi-disciplinary perspective.
Appl Network Sci 3:11

Turnbull L, Wainwright J, Brazier RE (2008) A concep-
tual framework for understanding semi-arid land
degradation: ecohydrological interactions across
multiple-space and time scales. Ecohydrology 1:23–34

Turner DP, Conklin DR, Bolte JP (2015) Projected
climate change impacts on forest land cover and land
use over the Willamette River Basin, Oregon, USA.
Clim Change 133:335–348

Vanacker V, Molina A, Govers G, Poesen J, Dercon G,
Deckers S (2005) River channel response to short-
term human-induced change in landscape connectivity
in Andean ecosystems. Geomorphology 72:340–353

Wada Y, Van Beek L, Bierkens MF (2011) Modelling
global water stress of the recent past: on the relative
importance of trends in water demand and climate
variability. Hydrol Earth Syst Sci 15:3785–3808

Wainwright J, Parsons AJ (2002) The effect of temporal
variations in rainfall on scale dependency in runoff
coefficients. Water Resour Res 38:7–1–7–10

Wainwright J, Turnbull L, Ibrahim TG, Lexartza-Artza I,
Thornton SF, Brazier RE (2011) Linking environ-
mental régimes, space and time: interpretations of
structural and functional connectivity. Geomorphol-
ogy 126:387–404

Wang S, Kang S, Zhang L, Li F (2008) Modelling
hydrological response to different land-use and climate
change scenarios in the Zamu River basin of northwest
China. Hydrol Proc Int J 22:2502–2510

Ward J (1989) The four-dimensional nature of lotic
ecosystems. J North Am Benthological Soc 2–8

Whitehead PG, Jin L, Macadam I, Janes T, Sarkar S,
Rodda HJ, Sinha R, Nicholls RJ (2018) Modelling
impacts of climate change and socio-economic change
on the Ganga, Brahmaputra, Meghna, Hooghly and



Mahanadi river systems in India and Bangladesh. Sci
Total Environ 636:1362–1372

178 M. Singh and R. Sinha

Wohl E, Brierley G, Cadol D, Coulthard TJ, Covino T,
Fryirs KA, Grant G, Hilton RG, Lane SN, Magilli-
gan FJ, Meitzen KM, Passalacqua P, Poeppl RE,
Rathburn SL, Sklar LS (2019) Connectivity as an
emergent property of geomorphic systems. Earth Surf
Proc Land 44:4–26

Zanandrea F, Michel GP, Kobiyama M, Censi G,
Abatti BH (2021) Spatial-temporal assessment of
water and sediment connectivity through a modified
connectivity index in a subtropical mountainous
catchment. CATENA 204:105380


	8 Climate Change and its Impact on Catchment Linkage and Connectivity
	Abstract
	8.1 Introduction
	8.2 Concept of Connectivity in Hydro-geomorphic Systems
	8.3 Climate Change and Connectivity
	8.3.1 Impact on Hydrological Connectivity
	8.3.2 Impact on Sediment Connectivity

	8.4 Conclusions and Outlook
	References




