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Abstract: An ecohydrological assessment of lotic ecosystems would provide insights into understand-
ing the symbiotic interactions of hydrological and ecological processes for sustainable catchment
management to ensure water security and achieve sustainable development goals (SDG). Global mon-
itoring reveals changing climate patterns due to the unabated anthropogenic activities altering the
ecohydrological behavior of waterscapes and thus affecting the sustenance of natural resources. The
current research investigates the ecohydrological footprint using a modified water balance method
by accounting for climatic and land-use trends across three river catchments in the northern portion
of the Central Western Ghats. Assessment of landscape dynamics using temporal remote sensing
data indicates the reduction in forest cover in Mahadayi, Ghataprabha, and Malaprabha river basins
with increased anthropogenic activities. Evaluation of climate trends shows rising temperatures over
0.4 ◦C in the last century with increasing rainfall. The consequence of enhanced rainfall is increased
overland flows to the extent of 35–80% in all river basins. Water availability in streams during all
seasons is evident in the catchment dominated by native forest cover, while streams are intermittent
and seasonal at the transition zone and plains. Analyses of temperature and rainfall in the last century
indicate higher spatial variations directly influencing surface and subsurface hydrology. The reduced
native forest cover has directly affected the variations in the local temperatures and precipitation
patterns. This highlights the need for maintaining the ecological integrity of watersheds with native
vegetation cover for sustaining the natural resources (water, etc.) that support the livelihood of
farmers with socio-economic benefits.

Keywords: blue water demand; ecohydrological footprint; climatic change patterns; sustainable
development goals

1. Introduction

Ecohydrology provides insights into the understanding of relationships between hy-
drological and biological processes for prudent management to improve water security and
sustain biodiversity with opportunities by lessening the ecological footprint while maintain-
ing balance within catchment processes [1]. The hydrological potential of waterscape and
regional weather conditions are altered significantly with climate change [2,3]. Unplanned
anthropogenic activities have triggered climate change, thereby increasing hydrological
extremes. Additionally, with increasing instances of mismanagement of natural resources,
there has been an escalation of vulnerabilities to the ecosystem and its habitants [4]. The
ecosystems are being compromised globally, leading to deforestation with the decline and
extinction of endemic species [5]. In the recent past, the conservation and management of
ecosystems and natural resources have been advocated through global initiatives such as
SEEA (System of Environmental-Economic Accounting) [6], MEA (Millennium Ecosystem

Water 2023, 15, 3169. https://doi.org/10.3390/w15183169 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15183169
https://doi.org/10.3390/w15183169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-5528-1565
https://doi.org/10.3390/w15183169
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15183169?type=check_update&version=1


Water 2023, 15, 3169 2 of 14

Assessment) [7], SDG (Sustainable Development Goals) [8], etc. The SEEA framework
integrates ecological, environmental, and economic datasets spatially and statistically to
provide holistic multi-perspective interrelationships that are essential to protect the natural
resources, understand the changing stocks of assets, etc., necessary to sustain society and
their well-being. The MEA, i.e., preceding SEEA, provided a framework focused on the
influence of anthropogenic activities on the regional ecosystems and their services, and
vice-versa, i.e., how the alteration in ecosystem services has influenced human well-being.
SDG provides a blueprint through specific goals for sustaining the planet. Of the seventeen
SDGs, about seven SDGs such as: (i) zero hunger, (ii) good health and well-being, (iii) clean
water and sanitation, (iv) responsible consumption and production, (v) climate change,
(vi) life below water, and (vii) life on land, can be partly accomplished by prudent manage-
ment of the water resources at watershed levels by realizing the potential of ecohydrological
processes, considering the water resources and their variability across space and time.

The ecohydrological process is complex [9] due to the heterogenous landscapes with
intricate weather patterns, distributions of rainfall, vegetation characteristics, topography,
cropping patterns, and land management. Mismanagement leading to land degradation
and deforestation has resulted in floods, droughts, crop failures, etc. The ecohydrological
process being a part of the waterscape, is responsible for the evolution of habitat, species
diversity, ecosystem arrangement, moderation, and sustenance of life forms. By 2025, about
1.8 million people will witness acute water stress, while agricultural and other societal water
demands will escalate [10]. This makes it essential to ensure that beyond the societal factors,
other water users need to be considered [11], recognizing the dynamics and variability
of hydrological regimes in maintaining biodiversity and ecological processes [12]. This is
supported by the National Water Policy of India 2012 [13], which states, “water is essential
for sustenance of ecosystem, and therefore, minimum ecological needs should be given
due consideration”. The honorable National Green Tribunal of India [14] emphasizes
a minimum flow of 10 to 20% needs to be maintained across the rivers to sustain the
ecological and hydrological services effectively.

Understanding spatial and temporal variations in water availability and demand
across the waterscape is necessary for evaluating the ecohydrological process. In most
cases, precipitation is the primary water source, followed by groundwater abstraction. The
variation in the seasonal rainfall patterns influences the water availability in the catch-
ment [15], and the landscape dynamics define the precipitation, surface storage, subsurface
storage, and other hydrological cycle components [16–19]. Typically, the water demands in
agriculture, domestic, industrial, potable, energy applications, etc., are generalized as blue
and green water demand [10,20]. Blue waters are directly used by humans, from the surface
or subsurface, and are stored in lentic or lotic systems. Blue water needs typically include
domestic, industrial, irrigation, and power generation services. Over-exploitation of blue
waters (surface and subsurface waters) would alter the hydrological regime, affecting the
environmental flows [21,22]. Green water needs include water consumed by the natural
environment, such as evapotranspiration from forests and water bodies. Studies in the
Western Ghats, India, indicate that the ecohydrological process depends on the regional
vegetation (native species), its maturity [16,23], and other processes. Safeguarding these
natural ecosystems would ensure the sustenance of resources and significantly contribute
to the regional economy against a degraded waterscape. Evaluating the spatiotemporal
distribution of water availability and blue–green water demands aids in assessing the
ecohydrological potential of the waterscape. Advancements in spatial technologies, cou-
pled with the landscape ecology principles (including (i) time and space, (ii) heterogeneity,
(iii) connectivity), have aided in evaluating the regional resource potential [24–29].

The Western Ghats, with numerous perennial rivers and a repository of rich biodiver-
sity, have been ensuring water and food security in peninsular India [30–33]. However,
alterations in the land cover [34] and changes in the climate leading to alterations in the
spatial and temporal patterns of rainfall and temperature [35] have directly influenced the
hydrological regime in the riverscape. Changing climatic patterns evident from recurring
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instances of higher intensity precipitation and a decline in rainy days have accentuated the
severity of natural disasters such as floods, droughts, etc. Accounting for the hydrological
regime dynamics with climate trends in a river basin is quintessential for prudent water-
shed management, which would help to achieve the sustainable development goals (SDGs)
such as zero hunger (goal 2), climate change (goal 13), and life on land (goal 15). The current
study evaluates the ecohydrological footprint using a modified water balance method by
integrating climatic variations through geospatial tools in three river basins (Mahadayi,
Malaprabha, and Ghataprabha). The selected rivers originate in the Central Western Ghats,
of which two are east-flowing while the other is west-flowing. Ecohydrological assessment
with land-use dynamics across the three river basins provides information on the linkages
of the hydrologic regime with the catchment integrity through the basin-wide ecological
and social characteristics linked to scenarios of different land-use regimes.

The novelty of the current study is the application of an integrated approach involv-
ing the application of geoinformatics for hydraulic and hydrological assessments while
accounting for climatic variability. Spatial assessments highlight that flow hydraulics di-
rectly depend on the catchment integrity and habitat conditions. Validation through field
investigations of hydraulic assessment highlights the need to maintain at least 22–24% of
mean lean season flow in the streams to sustain dependent aquatic biota. Evaluating the
sufficiency of the environmental flow helps in the decision-making process for prudent
management of river basins by maintaining the ecosystem integrity in catchments and also
aids in meeting the blue water demand. This study would aid in the decision-making pro-
cess to develop sustainable management policies that support the livelihoods of dependent
populations without compromising ecological requirements.

2. Study Area

Karnataka state hosts rich biodiversity, complex landscapes, varied climate, and un-
dulating topography distributed among the ten agroclimatic zones [30,36,37]. The diverse
physiological and climatic conditions have led to numerous east- and west-flowing rivers
originating from the Western Ghats [38], a global biodiversity hotspot. Most rivers are
managed considering only societal needs such as irrigation, power, etc., while compro-
mising the ecological requirements. The alterations are influencing the flow regime in the
landscapes, as the native forests have reduced to a considerable extent due to unplanned
developmental activities involving large-scale land cover changes and management strate-
gies [39–41]. Figure 1 and Table 1 provide details of the study region in riverscapes of
Ghataprabha, Malaprabha, and Mahadayi (or Mandovi) chosen to understand the ecohy-
drological processes.
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Table 1. Details of the investigated river basins [42–46].

Sl.no Description Ghataprabha Malaprabha Mahadayi

1 Direction of Flow East East West
2 Basin Krishna Krishna Mahadayi
3 Catchment Area 8771 km2 12,480 km2 2007 km2

4 Flow Length 283 km 306 km 87 km

5 Tributaries Hiranyakesi, Markandeya
Bennihalla, Hirehalla,
Tuparihalla, Alurhalla,

Sasivehalla, Saraswathihalla,

Kotrachi nadi, Surla nadi,
Ragada nadi

6 Origin Maharashtra Karnataka Karnataka

7 Demography 14.14% increase between 2001 and
2011

13.4% increase between 2001 and
2011

7.1% increase between 2001
and 2011

8 Precipitation 650 mm (Plains) to 3000 mm (Ghats) Average 3200 mm

9 Temperature 15.34 ◦C December to 34.6 ◦C April 17.84 ◦C December to 32.51 ◦C
April

10 Soil Lateritic, black, and red soils Lateritic, medium black, red
sandy, red loamy, mixed soils Lateritic

11 Lithology Gneiss, Granite, Quartzite, Schist,
Laterite, Basalt, Alluvium

Granite, gneiss, Deccan trap,
schists, and limestone

Gneiss, Granite, Schist,
Laterite

12 Topography 450 m to 1050 m AMSL 0 m to 1024 m AMSL
13 Forests Evergreen—GhatsDeciduous and Scrub Jungles—Transition and Plains Evergreen, Moist Deciduous

14 Sanctuaries and National
Parks

Bhimgad wildlife sanctuary,
Ghataprabha bird sanctuary Bhimgad wildlife sanctuary

Mhadei Wildlife, Mollem
National Park, and Bhagwan
Mahavir Wildlife Sanctuary

15 Major Crops
Maize, groundnut, sunflower,

chickpea, tomatoes, brinjal, potato,
cotton, sugarcane

Groundnut, sorghum, maize,
paddy, pearl millet, soybean,

green gram, horse gram, cotton,
sugarcane, and tobacco

Paddy, sugarcane, banana,
areca nut, coconut, cashew nut,

mango

16 Others Joins Alamatti Reservoir Joins Krishna at Koodalsangama Joins Arabian Sea

3. Methods

Figure 2 outlines the method adopted to assess the ecohydrological potential across
the three basins based on the water balance principle. The technique involved: (i) data
collation and preprocessing, (ii) land-use analyses, (iii) appraisal of climatic patterns, and
(iv) assessment of ecohydrological footprint.
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3.1. Data Collation and Preprocessing

The data used includes both spatial and non-spatial data. Spatial data collection
involves collating multi-temporal satellite data, climate data, demographics, livestock,
cropping patterns, crop water requirements, etc. Multi-temporal remote sensing data for
the years 1972–1973 and 2018 were downloaded from the USGS portal (Landsat series
of satellites) [47] to determine the variations in land use in the last 45 years. Radar data,
i.e., SRTM, was acquired to understand the topography of the catchments and delineate
catchments. Forest maps of south India procured from the French Institute [48] were used
to identify the forest types. Virtual earth databases (Google Earth [49], Bhuvan [50]) were
effectively used to geo-rectify the satellite data and classify it into nine land-use classes.
Population demographics at the village level were acquired from the Census of India for
the last three decades, which essentially indicate the variations and aid in deriving the
domestic water demand in the catchment. Livestock data such as census [51] and water
requirements (from field investigations) were used to assess livestock water demands. Data
on agriculture, such as crop water demand, crop type, cropping pattern, etc., were obtained
through public interviews using structured questionnaires and agriculture portals [52–56].
Climatic data such as extra-terrestrial solar radiation, precipitation, and temperature at
spatial and temporal scales were acquired from the Indian Metrological Department [57],
Princeton University Hydrology Database [58], Regional Climate Change Portal [59], NASA
Power portal [60], and WorldCLIM [43] data portals.

3.2. Land-Use Analyses

Multi-resolution remote sensing data from 1973 and 2018 were resampled to a common
resolution of 30 m. Training polygons were digitized with the help of virtual earth data
and supplemented through field investigations and forest maps. A supervised classifier
based on the Gaussian maximum likelihood algorithm [61] was used to classify the remote
sensing data into nine land-use classes. Accuracy assessment of land-use information was
done through kappa statistics. Multi-temporal land uses aided in understating changes in
land use across the two timeframes.

3.3. Analysis of Climatic Patterns and Trends

Long-term climate data on a 0.25-degree grid from 1950 and 2022 for three catchments
were assessed to understand the spatiotemporal variability of temperature, precipita-
tion, and rainy days. The climate trends were evaluated by linear regression across the
spatial grids.

3.4. Ecohydrological Footprint

The ecohydrological footprint was assessed through an integrated approach involving
geoinformatics for hydraulic and hydrological assessments, while accounting for climatic
variability. The ecohydrological footprint provides insights into the variability of natural
resources, which are crucial for developing plans toward sustainable resource management
considering both anthropogenic and environmental needs. The potential of the catchment
hydrological process to cater to the regional requirement is evaluated based on the demand
and supply water footprints. The hydrological footprint is assessed spatially by consider-
ing the blue water demand (domestic, agriculture, irrigation, environmental flows), green
water demand (evapotranspiration from forested landscapes), regional climatic conditions,
green water availability (soil moisture (intermediate vadose zone waters)), and blue wa-
ter availability (overland flow, subsurface (pipe/channel) flow, base flow, water stored
in reservoirs).

The water availability in any catchment depends on the local long-term average
rainfall and behavior of flow patterns, which include direct runoff, soil moisture, and
subsurface runoff. The water demand in the region is classified into blue and green.
Blue water consists of all waters managed for societal benefits (irrigation, domestic, live-
stock, etc.) and the environmental flows are essential for the other users [11,14,62,63].
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Forest water requirements, i.e., evapotranspiration from forests, are considered for green
water demand.

Overland flows were evaluated for three river basins by modifying empirical equa-
tions [15], and [64] using localized factors to match the local flow regimes. Krishna Rao’s
Equation was used to evaluate the potential groundwater [65]:

Krishna Rao′s Equation R =


0.2 (P− 400) f or P < 600

0.25 (P− 400) f or 600 < P < 1000
0.35 (P− 600) f or P > 2000

where R is groundwater recharge, P is annual precipitation.
Net rainfall in the catchment contributing to river flows was evaluated by considering

the surface storage rates and interception. In the Indian context, interception rates range
up to 30% [19]. Groundwater and lateral flow in the catchments were evaluated based on
the specific yield and porosity of the soil substrata and geological stratum. Green water
(evapotranspiration) was estimated through the Hargreaves method considering long-term
mean monthly temperatures and solar radiation to estimate. Agriculture water needs in the
catchment were determined considering crop type, spatial extent, and water requirement
per crop and according to the growth phase. Domestic water requirements were considered
in the range of 85 to 150 lpcd (liters per capita per day), varying across seasons; likewise,
livestock water requirements depended on animal type and season (Table 2). Environmental
water demand was estimated based on the Tennant Montana method, which accounts
for 20% to 30% of low-flow conditions to sustain the biotic elements in the lotic aquatic
ecosystem. This is comparable to earlier studies in the Western Ghats (Karnataka) [1,66,67]
and the Honorable NGT (National Green Tribunal) strictures [14].

Table 2. Blue water demand.

Crop Water Demand
Crop Delta (mm) Crop Delta (mm) Crop Delta (mm)

Paddy 900–2500 Wheat 400–450 Cotton 600–700
Jowar 200–300 Other Millets 400–450 Coconut 1500–2000
Bajra 300–400 Pulses 250–300 Arecanut 1800–2200
Maize 400–600 Fruits/Vegetables 2000–3000 Sugarcane 1400–3000
Ragi 250–300 Oil Seed 400–500 Tobacco 400–500

Water Requirement in Liters per Animal per Day Domestic
Demand lpcdSeason/Animal Cattle Buffalo Sheep Goat Pigs Rabbits Dogs Poultry

Monsoon 20–25 25–30 4–6 4–6 6–8 0.3–0.35 2–6 0.2–0.25 85
Summer 30–35 35–40 6–8 6–8 9–12 0.5–0.6 6–8 0.3–0.35 135
Winter 25–30 30–35 6–8 6–8 8–10 0.4–0.45 2–6 0.25–0.3 100

Note. lpcd: liters per capita per day.

The ecohydrological status of a river basin was computed as a relative function of
water availability to that of water demand.

4. Results and Discussion
4.1. Land Use

Land-use analyses of Ghataprabha, Malaprabha, and Mahadayi river basins were
carried out through a supervised classifier based on the Gaussian maximum likelihood
algorithm for 1972–1973 and 2018, as depicted in Figure 3.
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Temporal land-use assessments indicated agricultural activities dominated the Ghat-
aprabha river catchment. The deciduous forests have declined to 7.08%, and scrub jungles
have reduced to 6.8% due to anthropogenic activities, evident from the relative increase
in built-up, horticulture, agriculture, and water bodies. Construction of reservoirs such
as Alamatti, Hidkal, Shirur, Rakashop, and Jangamhatti after the 1980s led to an increase
in surface water storage over twofold with an escalation in cultivation activities. In the
upstream, particularly toward Kolhapur, about 50% of evergreen forests at the Ghats have
transformed into horticulture and croplands in the last 45 years. Built-up areas have
increased over 200 times and can be observed in the taluks of Belagavi, Mudhol, and
Bagalkot. The temporal land-use assessments in the Malaprabha river catchment indicate
increasing built-up areas due to the policy implementation of a smart city project in Hubli
and industrial developments in Gadag. Large-scale agricultural activity increases were
observed during the last 4.5 decades, particularly in the Deccan plateau. The area under
agriculture (croplands and horticulture) has increased from 73.6% to 83.2% at the cost of
open spaces, scrub jungles, and grasslands. The Mahadayi river catchment has become
distinctly different compared to the Ghataprabha and Malaprabha river catchments. The
catchment was predominantly covered with native forests of over 70% in the 1970s and has
now declined to less than 50%. The native evergreen forests are intact due to the stringent
forest conservation norms (The Forest Conservation Act, 1980 and Wildlife Protection
Act, 1972, Government of India). In contrast, deciduous forest cover has reduced by a
considerable extent from 25.2% to 7.9% due to the escalation in horticultural activities from
4.5% to 29.%, and croplands have increased from 6.0% to 9.2%.

4.2. Climatic Trends

Figure 4 depicts the spatiotemporal variation of climatic parameters such as tem-
perature, rainy days, and precipitation, which highlight significant changes in climatic
conditions with changes in the structure of landscapes, evident from an increase in the
temperature by 0.6 ◦C per century with the loss of native vegetation in the Mahadayi river
catchment. Similarly, the number of rainy days has decreased to 2.5 days, while rainfall
has reduced to 100 mm and over 100 mm in the coastal transition zones. Compared to
this, in the Mahadayi Ghats, the temperature has risen by 0.4 and 0.6 ◦C per century. In
contrast, positive trends are noticed, with rainfall increasing by over 100 mm and rainy
days increasing by 2.5 days, and this may be due to the loss of aerodynamics caused by the
decline of native forests with tall trees in the southern and central regions of the Western
Ghats [67].
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Temperature variations in the Malaprabha catchment range from 0.3 to just over 0.6 ◦C
per century; on average, the rate of temperature increase is less than 0.4 ◦C per century.
In regions where native forest cover has been lost, particularly in the northeast of the
catchment, the temperature increase has reached 0.6 ◦C with increased precipitation up
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to 100 mm and an increase in rainy days by 2.5 days. A similar situation prevails in the
Ghataprabha catchment, where temperatures have risen between 0.4 and 0.6 ◦C due to
the decline of heat sinks (vegetation cover) in the Ghats and transition zones and have
decreased to <0.4 ◦C with the construction of the Hidkal dam. As a result of the loss of
forests in the eastern regions along the catchment, temperatures have risen by >0.5 ◦C.
The loss of forests in the central and upstream areas of Ghataprabha has compelled the
movement of precipitation-bearing clouds, resulting in a decline in the number of rainy
days and precipitation in the catchment.

4.3. Hydrological Regime and Ecological Footprint

Figure 5 depicts the river-basin-wide hydrological footprint assessed spatially by
considering the blue water demand, green water demand, regional climatic conditions,
green water availability, and blue water availability. Large-scale changes were observed in
land uses across the catchments, and ecohydrological analyses indicate increases in water
demands with a transition to agrarian landscapes coupled with inappropriate cropping
(water-intensive crops) and inefficient water management.
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Precipitation in the Western Ghats is relatively higher, and the landscape with native
vegetation is porous (and permeable), aiding in the infiltration of rainwater to groundwater
and vadose zones, i.e., acting like a subsurface reservoir with controlled release of water



Water 2023, 15, 3169 10 of 14

for sustaining the regional hydrological needs during the post-monsoon. Water availability
during the post-monsoon period in streams of the Ghats regions with the native vegetation
cover, followed by the transition zones and plains in the studied three river basins, highlight
the role of native forests in sustaining water. The transition regions in Malaprabha and
Ghataprabha have water availability for up to 7 to 8 months (monsoon and four months
post-monsoon). In comparison, the plains have acute water scarcity of over 7 to 9 months.
The loss of natural forests to burgeoning horticultural practices has led to water deficiency
in the Ghats and coastal plains of the Mahadayi basin. The presence of reservoirs in the
plain regions have improved the situation, with the regulated water availability for a longer
duration as per the demand in the command areas, which promotes food security. However,
acute rainfall in recent years has aggravated water scarcity. Prudent management of native
forests in the catchment areas of the reservoirs and the Ghats with location-specific climate
resilient crops and improvements in the water-use efficiency would aid in the attainment
of the SDGs at the regional scale, which includes zero hunger, good health and well-being,
clean water, sanitation, responsible consumption and usage, etc.

Temporal assessment of the ecohydrological regime highlights the influence of alter-
ations in the landscape structure on regional hydrology. In all the catchments, the decline in
native forest cover has enhanced runoff during monsoon seasons and lowered infiltration,
resulting in decreased water in the substrata (vadose and groundwater zones) with acute
water scarcity during the post-monsoon period. Assessment of water demand shows reduc-
ing green water demand with an increasing blue water demand in the degraded catchment
(Table 3). Evaluation of the hydrologic regime in the Ghataprabha river basin reveals a
82% increase in surface runoff (during monsoon), an escalation in water demand in the
agricultural and domestic sectors by 15% and 45%, respectively, while water availability in
the vadose has declined by 26%. Reduction in forest cover has led to a decrease in green
water (44%). Similarly, in the Malaprabha river basin, runoff and agricultural demands
have increased by 8% and 14%, respectively, reduction in subsurface waters by 16%, and a
reduction in transpiration by 10%. Mahadayi is one of the most dynamic catchments, with
catchment degradation resulting in a 35% increase in the surface runoff, 23% reduction
in the infiltration of rainwater to the vadose zone, 34% increase in evaporation with an
increase in the regional temperature, and a simultaneous increase in the blue water demand
by 12-fold due to the escalated agricultural (horticulture and croplands) activities.

Table 3. Temporal variability of blue and green waters (all units in Million Cum).

Catchment Year Runoff Vadose Evapotranspiration Agriculture Domestic

Ghataprabha 1972 2500.87 2125.48 1300 4433.75 98.23
2018 4542.77 1564.55 731 5091.57 142.76

Malaprabha 1972 4128.37 1982.07 1093.52 4794.42 119.39
2018 4442.54 1655.29 986.67 5455.91 174.99

Mahadayi 1972 1138.15 1236.77 937.92 113.58 18.24
2018 1534.59 946.80 620.71 1483.15 22.08

Assessment of regional hydrology with the catchment integrity indicates that the
large-scale alteration in the land cover leading to the decline in native forests has resulted in
perennial streams transitioning to intermittent streams (6 to 8 months of water availability)
in the Western Ghats. In contrast, most streams in the plains are seasonal.

Spatial assessment highlights that flow hydraulics directly depend on the catchment
integrity and habitat conditions. Catchment integrity plays a decisive role in sustaining
the water, evident from the presence of streams with 12 months of water availability in
the catchment dominated by vegetation (>60%) of native species. Infiltration of 55 to 60%
of precipitation is important as the soil is porous with the presence of native species and
diverse soil microorganisms. Analyses of soil samples from the catchments of perennial,
intermittent streams reveal that soils in the perennial streams’ catchment have the highest
moisture content (>60%), higher nutrients (C, N, and K), and lower bulk density (0.48 to
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0.52 g/cc). Compared to this, the catchment of intermittent and seasonal streams had a
higher bulk density (0.87–1.53 g/cc) and relatively lower nutrients. Due to this, water
infiltrates in the porous or permeable soil, and fills the underlying namely saturated zone
and vadose zones in the catchments of perennial streams [1,65]. Monsoon precipitation in
this region lasts for about 4 months and the surface runoff during the monsoon is due to
the precipitation (after saturation of underlying regions). After the monsoon recedes, the
water stored in the vadose regions and saturated zones flows laterally towards the stream
for about 6–8 months (as pipe flow in the post-monsoon period of 4 months and base
flow during summer). Water infiltration allows water storage in the saturated and vadose
zones, which is crucial for the sustenance of water in the streams during lean seasons. This
emphasizes that native vegetation helps in retarding the water flow in the catchment by
allowing the infiltration of >60% of water. Contiguous forests of native species moderate the
local climate (through transpiration) and also act as sponges by retaining the water, which
is slowly released to the streams during the lean seasons, thereby sustaining the water
availability in the catchment to meet biotic needs throughout the year [1,65]. Streams in
the catchment dominated by a single species (monoculture plantations) had adequate flow
for 6–8 months. This is mainly due to lowered infiltration due to the higher bulk density
of soil and also litter from monoculture plants requires a longer time for degradation.
Water availability for 4 months is observed in the streams of the degraded catchment with
vegetation cover less than 30%. Field investigations coupled with hydraulic assessment
through geoinformatics highlight the need to maintain at least 22–24% of mean lean season
flow in the streams to sustain dependent aquatic biota, comparable to the earlier study [65].

Alterations in the land cover coupled with changing climatic patterns have contributed
to: (i) higher instream flows in the monsoon season, (ii) declined infiltration and recharge
of groundwater resulting in the conversion of erstwhile perennial streams to either inter-
mittent or seasonal streams, impacting the sustenance of water. In addition to land-use
moderation, climate changes at local and global levels would hamper the water cycle
causing hydrological extremes such as drought and floods, which would affect regional
food security, water availability, and sanitation, etc., necessitating appropriate strategies to
improve the landscape integrity to sustain the ecohydrological processes and achieve the
sustainable development goals (SDGs) at the regional scale. Improvements in the ecohy-
drological process can be partially achieved through adaptive strategies by improving the
regional native vegetation cover (which enhances vadose water and groundwater storage),
through infiltration or water recharge pits, precision agriculture, and changing cropping
type and pattern at a micro watershed level.

Assessment of the ecohydrological status confirms the role of forests with the native
species in retaining the water (in the catchment), which is available to meet the demands
throughout the year.

4.4. Limitation of the Approach

The limitation of the approach is the availability of appropriate information on the
habitat suitability of endemic taxa for habitat analyses and that it requires long-term
ecological monitoring.

4.5. Scope for Further Research

The current work assessed the ecohydrologic footprint of river basins, considering
land-use dynamics with climate trends. Land-use dynamics leading to land degradation
and deforestation in the watershed alter the hydrologic processes, converting perennial
streams to intermittent or seasonal streams. Considering the imminent threat due to
changes in the climate with global warming and the need for adopting climate resilient
strategies requires prior information on land cover dynamics with climate patterns, which
entails the integration of validated climatic models with land-use and hydrologic models.
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5. Conclusions

Aquatic (lentic or lotic) ecosystems with numerous services sustain the water require-
ment of the environment and society. However, unplanned developmental activities have
compromised the integrity of ecosystems, evident from the decline of native forests (with
abundant and diverse native species) along riverscapes coupled with an increase in the
blue water demand, which has contributed to the acute water crisis. The loss of native
forest cover has altered the climatic regime, evident from an increase in the temperatures of
>0.5 ◦C, and the precipitation patterns with a relative decline in rainy days and precipita-
tion in the Southern and Central Western Ghats. The blue water demand for agriculture
(croplands and horticulture) activities has increased by 14 and 15% in Malaprabha and
Ghataprabha, respectively, while in Mahadayi, it has increased by 12-fold.

Assessment of the ecohydrological potential across the sub-catchments depicts that
native forests in the catchment would sustain water during all seasons (perennial supply)
while meeting blue water demands. However, alternations in catchment integrity due to
changes in the native land cover, inappropriate crops, and inefficient water management
have contributed to water-scarce conditions in the watersheds of the transition zones, plain,
and coastal areas. Alterations in the landscape integrity have given impetus to changes in
the climate, impacting the hydrologic regime. Modifications in the hydrologic regime are
evident from the conversion of perennial streams to intermittent or seasonal streams, which
would seriously affect the livelihood of farmers due to water and food insecurity, with
frequent conflicts in society. Hence, sustaining the hydrologic regime through restoring
the degraded catchment with novel and innovative watershed management approaches
and promoting climate resilient and less water-demanding crops (such as millets, pulses,
etc.) is quintessential. Evaluating blue and green water at disaggregated watershed levels
provided vital insights for the prudent management of natural resources (land and water)
to achieve the SDGs.
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