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Abstract

The riverine ecosystem provides multiple benefits to human community and contributes to the sustainable development of
the ecoregion. The growing dependency on these ecosystems has largely contributed to aggravating the ecological risks,
habitat degradation, and loss of ecosystem services. The present study evaluates the ecological risk emanating from nine
anthropogenic stressors including river use, hydro-morphology, catchment pollution, and biological stressor on river Pranhita
in Godavari Basin of Peninsular India using InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) Habitat Risk
Assessment model. The primary field survey, remote sensing, and secondary data-assisted spatial modelling results revealed
low ecological risk (R=0.65 of 3) in river Pranhita due to anthropogenic activities. Sediment loading, the inflow of nitrogen,
and habitat fragmentation were the major stressors with relatively higher risk score (> 1); influence on a sizeable portion of
riverine habitat (29—-75% of the total area under high-risk zone) indicates the mounting threat from catchment activities. The
low-risk value observed in protected river reaches as compared to unprotected areas is likely to be influenced by the abundant
presence of intact riparian vegetation which mitigate the catchment stressors and minimal anthropogenic activity within
protected areas. This study demonstrates the application of InVEST HRA model for ecological risk assessment of riverine
ecosystems and fish assemblages along with their input data generation framework. This has the potential for prioritization
of sensitive habitats based on computed ecological risk and stressor identification based on their exposure and consequences
for developing appropriate mitigation measures. This model is spatially explicit and accommodates user-defined criteria
for ecosystem-level assessment at a regional and national scale to facilitate the resource managers and policymakers for
conservation and restoration planning and implementation of targeted management measures for sustainable development.
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Introduction ecosystem services (Zeng et al. 2022) and halt the global sus-

tainable development. The United Nations-Sustainable Devel-

Rivers are the lifeline for diverse biota including fishes and
ensure the flow of numerous ecosystem services to the human
community along its course (Ekka et al. 2020; Pownkumar et al.
2022). However, the unwarranted exploitation of riverine eco-
systems by human community has altered their biotic structures
and functions, which may lead to the loss of biodiversity and
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opment Goal (SDG)-6 deals with “clean water and sanitation,”
targeting water quality improvement, equitable access, efficient
use, protection, and restoration of water-associated ecosystems
(https://sdgs.un.org/goals/goal6). Furthermore, achieving this
SDG also complies with the 2030 Agenda for Sustainable
Development, as this goal is mostly synergistic with other SDGs
(UN-Water 2016; Opperman et al. 2018). Generally, the flow,
function, habitat status, and biota in the riverine ecosystems are
shaped by the characteristics of catchment and riparian zone.
The anthropogenic stressors, viz., land use change, habitat deg-
radation, pollution, overexploitation of fishery resources, and
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invasive (non-native) fish species, affect the riverine habitats at
different spatial and temporal scales (Vass et al. 2011).

India is blessed with 14 major, 44 medium, and numerous
minor rivers flowing through diverse eco-regime with a total
length of 0.252 million km (https://dof.gov.in/inland-fisheries),
which act as a repository for rich fish germplasm (Vass et al.
2011). The recent review on the ichthyofaunal diversity of major
rivers of India revealed decreasing fish diversity on a temporal
scale, mainly due to the development activities and intensive
resource utilization, which probably led to flow change and habi-
tat degradation (Vass et al. 2011; Das et al. 2021b). The “pro-
tected areas” (PAs) are considered the cornerstone of biological
conservation (https://www.cbd.int/protected/overview/), which
maintain the functioning of key habitats and support existing
biota. However, such area-based and species-specific conserva-
tion measures for fish species’ are yet to be implemented for
freshwater habitats, especially rivers of India (Gupta et al. 2014;
Das et al. 2021a). The management of selected river reaches
in each basin, encompassing representative zones or habitats
bordering the existing terrestrial PAs, is important for the con-
servation of critical habitats of indigenous and endemic species
in India (Atkore et al. 2011; Sarkar et al. 2013; Gupta et al. 2014,
2015). Even so, the development of a multi-species management
framework requires complete habitat and landscape profiling,
which is presently lacking in India (Das et al. 2021a).

The understanding of ecological risks associated with
anthropogenic activities and their spatial mapping is crucial
for the restoration and conservation planning of any eco-
system. Geospatial modelling tools are promising for rapid
and accurate environmental risk mapping, which will assist
resource managers and policymakers in prioritizing the habi-
tats for conservation and implementing specific management
measures for restoration (Raheja 2009; Guerry et al. 2012).
InVEST Habitat Risk Assessment (HRA) model is a tool that
can quantify the relative risk to habitats by various predefined
anthropogenic stressors, through determining the degree of
exposure and habitat-specific responses, affecting the delivery
of ecosystem services (Arkema et al. 2014; Sharp et al. 2020).
This model also accommodates user-defined additional resil-
ience attributes/variables and provides significant results for
the customized analysis (Healy and Secchi 2016; Caro et al.
2020). This model helps in spatial habitat zonation in accord-
ance with their risk level and prioritizes the anthropogenic
stressors, which stress the habitats for developing specific risk
mitigation measures (Zhang et al. 2022). Globally, this model
has been applied extensively in coastal (Arkema et al. 2014;
Cabral et al. 2015; Elliff and Kikuchi 2017; Wyatt et al. 2017;
Zhai et al. 2020; Studwell et al. 2021; Tussadiah et al. 2021),
terrestrial habitats (Ghehi et al. 2020; Zhang et al. 2022), and
selected species of importance (Duggan et al. 2015) for con-
servation planning, spatial habitat prioritization, and ecosys-
tem service assessment. However, to the best of our knowl-
edge and according to the InVEST publication database (up
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to May 2021) (Lisa and Natural Capital Project 2021), HRA
model has not yet been applied to the ecological risk assess-
ment of riverine habitat. The river is a dynamic ecosystem
with changing environmental conditions, which is influenced
by multiple direct and indirect stressors. Often the non-avail-
ability of geo-referenced information on various aspects of the
riverine ecosystem has restricted the applications of ecologi-
cal models at large-scale spatial extent. Risk assessment of
stressed riverine habitats can help to explore the influences of
human-induced threats to riverine ecosystem services, which
had the highest risk to service supply (Culhane et al. 2019).

In the present study, river Pranhita in Peninsular India is
taken as a case study to demonstrate the utility of InVEST
HRA model for spatial mapping of anthropogenic risk to its
habitats and fish communities. This river is the largest tribu-
tary of Godavari River and is unique in many ways; it supports
rich fish diversity and several endemic and threatened species
have been reported (Sheikh 2014; Lal et al. 2016; Prasad et al.
2020; Kantharajan et al. 2022b). The river marks the bound-
ary between the Indian states of Telangana and Maharashtra
and the river course borders 3 terrestrial PAs with relatively
uninterrupted flow and deep pools (Kantharajan et al. 2022a).
Its riparian zone comprises of diverse land use land cover
(LULC) and watersheds, which are considered to have under-
gone a major change in the past (Koneti et al. 2018). The
comprehensive study conducted by Kantharajan et al. (2022a,
2022b) in river Pranhita highlighted for a detailed assessment
of anthropogenic stressors, viz., the inflow of nutrients and
sediments, river flow obstruction, solid waste disposal on river
habitats, and fish assemblages, for their conservation and man-
agement at spatial scales.

This study aims to (i) assess the LULC pattern of the tran-
sitional area between the terrestrial and aquatic habitats and
other anthropogenic stressors and (ii) demonstrate the poten-
tial of InVEST Habitat Risk Assessment model for evaluating
the anthropogenic risk in river Pranhita, as a case study. The
spatial quantification and mapping of anthropogenic risk to
fish communities of river Pranhita will help in conservation
and restoration planning. The impact assessment of anthro-
pogenic stressors on fish communities would facilitate the
resource managers and policymakers to implement targeted
management measures. Furthermore, the methodology dem-
onstrated in the present study can extend its applications to
other inland waterbodies, viz., wetlands, lakes, and brackish
water systems.

Materials and methods
Study area

The river Pranhita is one of the major tributaries of
the Godavari River, which combines the flow of other


https://dof.gov.in/inland-fisheries
https://www.cbd.int/protected/overview/

Environmental Science and Pollution Research (2023) 30:37579-37597

37581

upstream tributaries Wainganga, Penganga, and Wardha
from its catchment area of about 109,079 km? (Jain et al.
2007; MoWR 2014). This river is considered a “Purana”
(meaning “ancient” in Hindi) basin of cratonic India dat-
ing back to the Proterozoic-Mesozoic period (Murkute
and Joshi 2014; Amarasinghe et al. 2015) and falls in the
South Deccan Plateau physiographic region (http://www.
bhoomigeoportal-nbsslup.in/). This river runs up to a total
length of 113 km, through undulating terrain with forest
cover and rural areas. The average annual rainfall of this
river basin is 889—1600 mm and most of which is received
during the south-west monsoon season (Jain et al. 2007).
This river acts as a boundary for 3 terrestrial PAs, namely,
Chaprala Wildlife Sanctuary (WS) and Pranhita WS in
Maharashtra and Pranahita WS in Telangana (Fig. 1).

LULC mapping of the riparian zone

To understand the riparian landscape of river Pranhita,
LULC mapping was performed for 6 buffer width zones,
viz., 0-200 m, 0-500 m, 0—1000 m, 0—-1500 m, 0-3000 m,
and 0-5000 m, along the sides of the river using Senti-
nel 2A Multispectral Imager-Level 1C imagery for post-
monsoon season-2020 (Table S1). The satellite imageries

were classified into 6 LULC classes such as (1) agriculture,
irrigated cropland and fallow land; (2) forest vegetation;
(3) shrubland, shrubs, bushes, and scrub; (4) bare land,
exposed lands devoid of vegetation; (5) waterbody, open
water resources like the stream, reservoir, and tanks; and
(6) built-up, settlement and roads, based on specific Digi-
tal Number (DN) of each pixel. The training sets with a
minimum of 100 pixels were generated for each class from
different regions (study area) to account for the regional
variability (Mishra et al. 2019). The supervised classifica-
tion was then carried out in ERDAS Imagine-2016, using
the maximum likelihood classifier (MLC), which applies
a discriminant function based on training set pixel class
mean vector and covariance to assign pixel to the LULC
class with the highest probability (Ahmad and Quegan
2012; Sisodia et al. 2014).

The classified images were validated through field visits
conducted during July-December 2021, and high-resolu-
tion images are available in the Google Earth™ platform.
The classification results produced an overall accuracy of
95.39% with the kappa value of 0.9269. Furthermore, the
LULC datasets were used to generate a floodplain habitat
base map of river and stressor input data for habitat risk
modelling.
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Fig. 1 Map showing the study area: Pranhita River in Godavari Basin, India
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Habitat Risk Assessment (HRA) model description

The InVEST Habitat Risk Assessment (HRA) model was
developed by Natural Capital Project (https:/naturalcapitalp
roject.stanford.edu/software/invest) to quantify the cumu-
lative risk posed to a particular habitat by anthropogenic
activities at current and future scenarios (Guerry et al. 2012;
Sharp et al. 2020). This model calculates cumulative habi-
tat risks by incorporating stressor information on exposure
and consequence. Exposure is the degree to which a habitat
experiences stress due to anthropogenic activity which is
assessed in terms of its spatiotemporal overlap and intensity.
The consequence reflects the habitat-specific responses to
such anthropogenic stressors, which integrate the sensitiv-
ity and resilience of the habitat to resist an exposed stressor
(Arkema et al. 2014; Sharp et al. 2020). The schematic dia-
gram illustrating the overall flow of methodology followed
for assessing the anthropogenic risk to the riverine ecosys-
tem is given in Fig. 2.

Riparian floodplain Habitat

Anthropogenic stressors selection

Anthropogenic stressors: data generation

A total of 9 stressors were identified under river use, hydro-
morphology, catchment pollution, and biological stressor
category for habitat risk modelling of river Pranhita based
on the field survey observations (June 2019-December
2021) and review of literature (McPherson et al. 2008; Gu
and Liu 2010; Vorosmarty et al. 2010; Best 2019). The spa-
tial input data of these stressors were obtained from primary
data collected through extensive fieldwork, remote sensing
approach, and web-based sources. The spatial input datasets
were prepared using ArcMap 10.8.1 software (ESRI). The
details for the selection of each stressor are given in Table 1
along with the methodology for data generation.

River use stressor

Fishing The predominant livelihood activity undertaken
in the river Pranhita was through the small-scale artisanal
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Fig.2 Schematic diagram illustrating the flow of material, methods, and analysis followed
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(subsistence and local trade-oriented) fisheries, which was
ascertained through key informant interview and field sur-
vey. To represent fishing as a stressor to riverine habitat, a
GIS data layer in the form of polygon shapefile of fishing
grounds was demarcated through geographical data col-
lected using the handheld Global Positioning System (eTrex
Vista HCx, Garmin, USA) and high-resolution imageries
available in Google Earth™ platform.

Hydro-morphological stressors

Riverbank structures The spatial data of man-made struc-
tures, viz., bridges, erosion control structures, and bathing
ghat, located on the riverbed or along the river bank (up to
50 m extent) were delineated in the form of polygon shape-
file (high-resolution imageries available in Google Earth™)
and verified during the field surveys.

Impact of dam/barrages To account for the impact of dam/
barrages located in the upstream of river Pranhita, the vul-
nerable areas for habitat fragmentation were aggregated
based on fortnightly Normalized Difference Water Index
(NDWI) map (15 datasets) of post-monsoon and pre-mon-
soon for water year: 2020-2021 (Kantharajan et al. 2022a).
The intensity of the impact of upstream dam/barrages was
fixed based on the relative value of water present during the
above-mentioned period as no impact, water present in all 15
datasets; low (1), water present in 11-14 datasets; medium
(2), water present in 5—10 datasets; and high (3), water pre-
sent only in 0—4 datasets.

Riparian zone modification To account for the influence
of riparian zone modification on riverine habitats, land use
class pixels were aggregated up to 200-m buffer width (Xu
et al. 2021) and recoded with intensity values assuming
the magnitude of its impact as follows: cropland, medium
impact (2), and bare land/built-up, high impact (3).

Sand mining The location details of sand ghat identified for
mining in Pranhita riverbed during 2018-2019 (Anon 2020)
were used, and a downstream buffer distance shapefile of
5000 m was created using analysis tools in ArcMap platform
considering its impact along river flow direction (McPherson
et al. 2008).

Catchment-associated eutrophication stressors

Point source: sewage and solid waste To represent sewage
and solid waste-based surface water pollution, the popula-
tion density (number/ha) of the villages bordering the river
bank on both sides was taken as a proxy (Shen et al. 2017;
Milledge et al. 2018). The village shapefiles were delineated

using Bhuvan Geo-portal (https://bhuvan.nrsc.gov.in/), and
the spatial data layer was prepared using 2011 Census of
India data (https://censusindia.gov.in/). The intensity of this
stressor was classified based on its relative population den-
sity calculated through quartile method as low (1), < 1.4;
medium (2), < 1.4 to <2.48; and high (3),>2.48.

Non-point source: sediment loading The data on total sus-
pended solids (TSS) recorded during the field survey-July
2021 (Kantharajan et al. 2022b) and by Central Water Com-
mission ((CWC 2019) at Tekra Water Quality Monitoring
Station (WQMS)) along the river Pranhita during the mon-
soon season was used to represent the sediment loading from
its catchment area. The values were interpolated on base
shapefile of Pranhita River habitat using “kriging interpola-
tion” method (Murphy et al. 2010; Nagalakshmi et al. 2016).
Bilotta and Brazier (2008) reported various effects of sus-
pended solid concentration on salmonids ranging from 20
(altered foraging activity) to 207,000 ppm (100% juvenile
mortality). In the present study, the intensity of the stressor
was classified as low (1) 42-162, medium (2) 162-295, and
high (3) 295-496, based on its relative value (ppm) (Sharp
et al. 2020).

Non-point source: nutrient inflow The nutrient inflow to
riverine habitat was represented by ammonia-N (nitrogen)
and phosphate (phosphorus) value recorded during field
survey (Kantharajan et al. 2022b) and by CWC (2019) at
Tekra WQMS along the river Pranhita during the monsoon
season. These data points were interpolated using “kriging
interpolation” method, and the intensity rating for ammo-
nia was fixed based on the critical limit in water as “high”
(> 0.4 ppm) and “low” (0.2-0.4 ppm), considering its lethal
and sublethal effect to fish species, respectively (Bhatnagar
and Devi 2013). Likewise, for good plankton production, the
suggested phosphate concentration in pond water is 1 ppm.
Hence, a value above this level was considered “high” (Bhat-
nagar and Devi 2013).

Biological stressor

Exotic fish species The information on exotic fish species
distribution was collated through field survey and repre-
sented in the form of its associated fishing area polygon to
account for its localized impact.

Risk assessment criteria rating and model execution
The present study considers 3 exposure criteria, viz.,
spatial overlap, temporal overlap, and stressor intensity,

and 4 consequence criteria which reflect the habitat sen-
sitivity, viz., change in area, change in water quality and
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trophic impact, and time needed for the recovery of habitat
after the stressor exposure for the risk assessment. The
criteria “change in water quality” and “trophic impact”
(Wyatt et al. 2017) were included to evaluate the degree
of water quality alteration and the effect on life forms
by a stressor. The index scores of the mentioned criteria
ranged between 1 and 3 (lowest-highest) (Table 2), which
was determined by field survey observations and relevant
literatures. The HRA model calculates a cumulative risk
score of a habitat considering the spatial overlapping with
stressors; hence, the buffer distance was assigned to non-
overlapping stressors, i.e., riverbank structures (200 m),
riparian zone modification (500 m), and population density
(1000 m). The Pranhita River habitats were assigned a
score of 2 for “recovery time,” a habitat-based resilience
attributes considering the time required for the lotic eco-
system to recover from any intense stressors (Verdonschot
et al. 2013).

Additionally, uncertainties in scoring exposure and
consequence criteria of the stressors and quality of the
datasets were eliminated by assigning a data quality (DQ)
score as 1, 2, and 3 for best, adequate, and limited data-
sets used for the assessment, respectively. The highest DQ
score (1) was assigned for datasets and scores based on
primary field surveys and literature from the study area.
The scoring of exposure and consequence criteria of the
stressors, based on the datasets of the outside study area
with moderate statistical relationship, was assigned a
medium DQ score (2) while the scoring based on limited
datasets was assigned a low DQ score (3). Likewise, each
criterion was weighted based on its relative importance in
determining the impact of the stressor to habitat as most
important (1), moderately important (2), and least impor-
tant (3) (Sharp et al. 2020).

The resolution of analysis for the model run was fixed
as “200 m” to reflect the input data resolution of the habi-
tat and stressor which ranged between 30 and 500 m. The

present study applied “Euclidean” risk equation distance for
habitat-stressor risk plots (Arkema et al. 2014; Sharp et al.
2020), where mean exposure and the mean consequence
score are located on different axes. Furthermore, “linear”
decay equation was chosen, where the effects of a stressor
in the specified buffer area decrease linearly with distance
from the stressor. Additionally, the river habitats bordering
terrestrial PAs located along the river Pranhita were given
as area of interest (Aol) vector shapefile during the model
run to get the summary statistics of exposure, consequence,
and risk values averaged within each zone.

Results
LULC mapping of Pranhita riparian zone

The LULC map of Pranhita riparian landscape prepared
using Sentinel 2 imagery of post-monsoon season-2020 is
depicted in Fig. 3. The map shows that the dominant LULC
classes were agriculture, forest, and shrubland though the
proportion of area (%) varied between the river bank and
buffer width zone (Fig. 4). For instance, the proportion of
agricultural land to total area varied between 38 and 61%
along the left bank, while it ranged between 27 and 45%
on the right bank. Similarly, the proportion of forest area
reported on the left bank was 8-36%, whereas it ranged
between 21 and 48% along the right bank. The built-up area
contributed to 3-3.6% of the total area along the river banks
(Table S2).

The proportion of LULC classes (%) at different buffer
widths revealed distinct patterns in the Pranhita riparian
zone. The proportion (%) of agriculture and shrubland was
found to decrease with the increase in buffer width, while
forest and built-up land showed an increasing trend with the
buffer width. The highest proportion of agricultural land was

Table 2 Exposure and consequence criteria and its rating framework used in the Habitat Risk Assessment model

SI. no Criteria Low (1) Medium (2) High (3)
Exposure criteria
1 Spatial overlap Yes - -
2 Temporal overlap Habitat and stressor co-occur Habitat and stressor co-occur for Habitat and stressor co-occur
for 0—4 months/year 4-8 months/year for 8—12 months/year
3 Intensity Low Medium High

Consequence criteria

4 Change in area* Low loss in area (0-20%)
5 Change in water quality® Little to no change

6 Trophic impact* Single species/trophic level
7 Recovery time# Less than 1 year

Medium loss in area (20-50%)
Partial/multiple parameters

High loss in area (50-100%)
Entire ecosystem impairment
Multiple species/trophic level Entire ecosystem

1-10 years More than 10 years

* s a sensitivity attribute of consequence criteria; # is a resilience attribute of consequence criteria pertaining to habitat
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Fig. 3 True color satellite image, false color satellite image, and classified land use land cover map of Pranhita riparian habitat (October, 2020)

reported in the 500-m buffer width zone along both sides,
i.e., left, 61%, and right, 45% of the river.

Anthropogenic stressors and criteria rating
Exposure criteria

The spatial extent of overlapping and non-overlapping
stressors in the Pranhita riverine ecosystem is depicted in
Fig. 5. For all the selected stressors, a uniform rating of 1
was assigned for its overlapping pixels (Table 3). The eco-
logical risks of non-overlapping stressors, viz., river bank
and riparian zone modification and population density of
bordering villages (proxy for solid waste disposal) on the
Pranhita riverine ecosystem were included in the present
study, considering the influence zone of 200—1000 m.

The field survey observation and interaction with fishermen
revealed that the fishing is carried out the entire year (except
peak flood days) particularly during the post-monsoon and pre-
monsoon season, when reduced flow results in fragmentation

@ Springer

of floodplain habitat. In addition to fishing, the temporal impact
of other stressors, viz., population, riverbank and riparian zone
modification, and presence of exotic fish species on the riverine
ecosystem were accounted for the entire year and assigned a
score of 3 (Table 3). A temporal overlap score of 2 (8 months/
year) was assigned for major catchment-associated non-point
source eutrophication stressors, i.e., sediment and nutrient
inflow (NH;-N and P) to account for their seasonal influence.

The intensity rating for most of the stressors was gener-
ated as a spatially explicit dataset and classified into three
categories: low (1), medium (2), and high (3) (Fig. 5). The
intensity of nutrient inflow, i.e., NH;-N and P, was decided
based on the optimum value for fishes, while it was based on
relative values recorded for sediment loading and quartile
based for population density stressor. The results revealed
that Pranhita riverine ecosystem was exposed predominantly
to high-intensity fragmentation, while the degree of intensity
was medium-high for sediment loading and nutrient inflow
(NH;-N) stressors. For other stressors, viz., fishing, riverbank
structure, and exotic species, a “low” intensity score (1) was
assigned.
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Consequence criteria

Among the stressors listed for the risk assessment, the
impact of upstream barrage on habitat change by area
has been assigned a high score (3) followed by riparian
zone modification and sediment loading (2). The remain-
ing stressors were assigned a low score (1). Likewise,
the negative consequences of anthropogenic activities,
viz., riparian zone modification, sewage and solid waste
dumping, sand mining, sediment loading, and nutrient
runoff, on water quality deterioration of the Pranhita riv-
erine ecosystem were assigned a score of 3. The trophic
impact of the identified stressors is concerned; a score of
2-3 was assigned considering their effect on multiple fish
species and biota belonging to different trophic levels in
the ecological niche.

Risk assessment

The extent of exposure to various anthropogenic stress-
ors and their negative consequences on Pranhita riverine
ecosystem is depicted in the risk plot (Fig. 6) based on
HRA model results. The overall mean exposure, conse-
quence, and risk score of Pranhita riverine ecosystem
to anthropogenic activities were 0.78, 1.01, and 0.65,
respectively. The anthropogenic stressors which have the
highest exposure on Pranhita riverine ecosystem include
sediment loading and river fragmentation followed by

inflow of nitrogen (NH;-N), population density, and
riparian zone modification. In terms of consequences,
threats such as sediment loading, inflow of nitrogen
(NH;-N), and river fragmentation were observed to be
the topmost factors (Table 4). These threats also received
the highest value for overall risk score (> 1.25) in Pra-
nhita riverine ecosystem.

The spatial distribution of ecological risks due to
anthropogenic activities in Pranhita riverine ecosystem
and proportion of area (%) under various risk zone cat-
egories are depicted in Figs. 7 and 8, respectively. This
study defines a particular grid into “high,” “medium,” and
“low” risk when the cumulative risk scores are 66-100%,
33-66%, and 0-33% of the total possible cumulative risk
score, respectively. The modelled results portrayed that
majority of the Pranhita habitats (95.86% of the total area)
fell under low-risk zone, while 4.14% area was under
medium-risk zone.

In terms of individual stressor-habitat specific ecological risk,
predominant area (>90%) of Pranhita riverine ecosystem was
classified under low-risk zone for anthropogenic threats, viz.,
mining, riverbank modification, exotic species, and phosphate
inflow. Most of the habitats were classified under a high-risk zone
(29-75%) due to stressors such as sediment loading, fragmenta-
tion due to the upstream barrage, and nitrogen inflow (NH;-N).
Fishing, as an anthropogenic activity considered in the present
study, revealed that 87% of the Pranhita riverine habitat is under
low-risk, while 13% is under high-risk zone.
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Table 3 Rating of

. S1. no Stressors Exposure criteria Consequence criteria

anthropogenic stressors—
exposure and consequence Temporal overlap Change in  Change in Trophic
criteria for Habitat Risk area water quality ~ impact
Assessment modelling of river
Pranhita, Godavari Basin, India 1 Fishing 3 1 1 2

2 River bank structure 3 1 1 2

3 Impact of barrage 2 3 2 3

4 Riparian zone modification 3 2 3 3

5 Sand mining 2 1 2 2

6 Sewage and solid waste (popula- 3 1 3 3

tion density)

7 Sediment loading 2 2 3 3

8 Nutrient inflow (ammonia-N) 2 1 3 3

9 Nutrient inflow (phosphate) 2 1 3 3

10 Exotic fish species 3 1 1 3

Rating score: 1, low; 2, medium; and 3, high
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Fig.6 Risk plot showing the
consequence and exposure 3.0
scores for selected stressors in
Pranhita riverine ecosystem 25
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Table 4 Exposure, . Sl no Exposure Consequence Risk
consequence, and total risk
scores developed from the Stressor
HRA model for river Pranhita, -
Godavari Basin, India ! F1.sh1ng ) ) 0.34 0.27 0.27
2 River bank modification 0.02 0.01 0.02
3 Impact of barrage 1.26 1.54 1.25
4 Riparian zone modification 0.42 1.22 0.57
5 Sand mining 0.18 0.34 0.17
6 Sewage and solid waste (population density) 0.64 1.54 0.92
7 Sediment loading 1.46 2.15 1.68
8 Nutrient inflow (ammonia-N) 1.23 1.74 1.38
9 Nutrient inflow (phosphate) 0.21 0.21 0.20
10 Exotic fish species 0.04 0.05 0.03
Habitat sub-region: Pranhita riverine ecosystem
1 Over all riverine habitat 0.78 1.01 0.65
2 Riverine habitat bordering protected areas (PAs) 0.88 1.14 0.71
3 Unprotected habitats 0.94 1.19 0.76

Spatial conservation measures vis a vis ecological

habitat risk

(Table 4). Furthermore, the proportion of habitats under low-

risk zone was higher for PA category (96%) compared to unpro-
tected river stretch (92%) (Table S4).

The ecological risk of defined habitat areas based on their exist-
ing spatial conservation measures, i.e., wildlife sanctuaries,

in Pranhita riverine ecosystem was assessed for the selected

anthropogenic stressors in terms of exposure, consequence, and

risk scores. The results showed that the mean values of these

scores were higher for habitats located along the unprotected

river stretch (E=0.94; C=1.19; R=0.76) compared to those
bordering the protected area (PA) (E=0.88; C=1.14; R=0.71)

Discussion

LULC mapping of Pranhita riparian zone

The riparian zone supports the river ecosystem functions
through bank stabilization, water quality maintenance by
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Fig. 7 Radar chart depicting

the % of riverine habitat area
under different risk categories
for selected stressors in Pranhita
riverine ecosystem

Fig.8 Ecological risk due to
anthropogenic activities in Pra-
nhita riverine ecosystem
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sediment/nutrient retention, and sustenance biodiversity
(Décamps et al. 2009; Dosskey et al. 2010). The informa-
tion on land use pattern of riparian area is essential for
planning restoration and management activities to maintain
the optimum water quality and habitat conditions to sus-
tain the aquatic biodiversity (Gu and Liu 2010; Choudhary
et al. 2021). The LULC map generated in the present study
(Fig. 4) and field survey observations indicated that apart
from agricultural land, selected section of the river Pranhita
is bordered by contiguous and dense vegetation on either or
both sides of the river banks, which are notified as wildlife
sanctuaries under the Wildlife Protection Act 1972 by Govt.
of India. The comparatively low proportion of area under
agriculture and a high proportion of area under forest land
cover reported along the right bank of river Pranhita (than
the left bank) are attributed to the presence of two wildlife
sanctuaries (Chaprala WS and Pranhita WS) (Fig. 1) in its
riparian zone.

The dominant LULC classes in 0-200-m buffer zone
along the river Pranhita are agriculture and shrubland, and
the proportion of these classes decreases with an increase in
riparian buffer width. This is attributed to the diverse LULC
of Pranhita riparian landscape, where the spread of rich for-
est vegetation is evident along the river. On the contrary,
Gu and Liu (2010) reported a linear relationship between an
increase in cultivated land and buffer width in an agricultural
landscape. A similar study conducted along the river Ganga
near Varanasi, for a buffer width of 1000 m along a 20-km
stretch, revealed settlement and agriculture as the major land
use classes with negligible riparian vegetation (Sharma et al.
2016). Generally, LULC change and difference in its pro-
portion between the river banks and buffer width category
are attributed to the topography, soil characteristics, and
socio-economic and demographic characteristics of a region
(Bansal et al. 2016; Birhane et al. 2019).

Xu et al. (2021) reported the positive effect of forest veg-
etation of 200-m buffer width on the removal of non-point
source pollutants, viz., total phosphorus, total nitrogen, and
NH;-N, while agricultural land along the riparian zone was
significantly correlated to an elevated level of such compo-
nents in Huangpu River, China. The agricultural land located
in Pranhita riparian landscape is generally a rainfed system,
which poses a huge risk to the aquatic biota, especially dur-
ing the monsoon season through sediment export and nutri-
ent runoff. The intensive or poorly managed agricultural land
in undulating terrain amplify the inflow of agriculture inputs
such as nutrients, pesticides, organic matter, and eroded soil
to river (Chattopadhyay et al. 2005; Sharma et al. 2016).

Anthropogenic stressors and criteria rating

The InVEST HRA model is widely used to assess the
impact of ecological stressors associated with anthropogenic

activities in coastal and terrestrial habitats around the world.
The application of this model for any ecosystem is linked
with the use of input source data of land use and anthro-
pogenic activities (Zhai et al. 2020). This study assessed
the ecological risk of Pranhita riverine ecosystem due to
anthropogenically induced hydro-morphological alterations,
eutrophication, and exotic fish species based on their spa-
tial data availability. The dependable data on inland fishery
are not readily available, both in developing and developed
countries, due to the artisanal nature of fisheries, lack of
infrastructure capacity, remote and widely spread nature of
resources, and seasonal influence (Bartley et al. 2015; Cooke
et al. 2016). The spatial input data used for the modelling
work were obtained through primary field surveys, remote
sensing applications, and published literature/reports per-
taining to the study area.

Exposure criteria

This study assigned a buffer distance for non-overlapping
stressors, viz., riverbank modification, riparian zone, and
population density, considering their “zones of influence.”
The buffer distance value is fixed based on the stressor type,
ecosystem under study, and local conditions. For instance,
Tussadiah et al. (2021) assigned a stressor buffer width of
1000 m (cruise line) to 10,000 m (sea level rise) for the
risk assessment of coastal ecosystems, such as mangrove,
seagrass, and coral reefs, in East Nusa Tenggara, Indonesia.
The man-made structures on the river bank are known to
impact the water quality and associated local biodiversity
(Dutta et al. 2018) and thus are likely to contribute to the
habitat modification of river Pranhita as observed during the
field survey (Fig. S1).

This study considers year-round exposure for stressors,
viz., population, riverbank and riparian zone modification,
fishing, and exotic fish species. The river Pranhita is the larg-
est tributary of river Godavari in terms of flow and upstream
catchment area (MoWR 2014). The river is known to be in
spate during the monsoon months, and hence most of the
anthropogenic activities (sand mining, impact of dam) are
limited to a non-monsoon season, though fishing is carried
out around the year. On the other hand, the inflow of sedi-
ments and nutrients from the catchment area is reported to
be higher during the monsoon months, as 99.96% of the
sediment export (1969-2019) in river Pranhita (at Tekra
WQMS) was reported to occur during the monsoon months,
i.e., June—-November (CWC 2020). Hence, the temporal
exposure of catchment area stressors, such as the inflow of
sediments and nutrients, was considered for 8 months which
includes monsoon and post-monsoon season.

The majority of the floodplain habitats in Pranhita river-
ine ecosystem are exposed to high-intensity fragmentation.
A recent study on habitat fragmentation assessment of river
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Pranhita (Kantharajan et al. 2022a) based on satellite image-
ries and gauge data measurements revealed the contiguous
flow of water only through narrow channels and the forma-
tion of isolated water pools during non-monsoon months.
Fishing in river Pranhita is classified as a “low”-intensity
activity due to its subsistence nature and fishermen using
passive fishing gears and fishing crafts without any mechani-
cal propulsion. However, constant fishing efforts are being
implied over a particular area (along the village); hence, a
plausible impact on biotic integrity (Raghavan et al. 2011;
Keskar et al. 2017) is expected, especially during the non-
monsoon season accompanied with habitat fragmentation.
Habitat fragmentation can divide large populations into
smaller subpopulations and subsequently regulate their level
and patterns of genetic diversity (Poff and Schmidt 2016).
These resultant smaller sub-populations exhibit reduced
genetic diversity (Junker et al. 2012), which enhances the
risk of losing rare alleles from the populations. Such frag-
mented populations are believed to exhibit higher levels of
genetic differentiation (Habib et al. 2012) in order to adapt
to environment challenges and are more prone to sudden
expansion along with the emergence of low frequency new
haplotypes.

A correlation investigation of habitat fragmentation and
population genetic diversity of European grayling (Thymal-
lus thymallus) in south-eastern Norway (Van-Leeuwen et al.
2017) was done by genotyping and radio-tracking of adult
fish throughout the river section. The findings confirmed the
evidences of declining genetic diversity due to major migra-
tion barriers that restrict the gene flow. Similarly, consid-
erable effects of habitat fragmentation on genetic diversity
levels were also observed in Silonia silondia (Mandal et al.
2021), Chitala chitala (Dutta et al. 2020), and Tor tor (Sah
et al. 2021).

Consequence criteria

Two among the four consequence criteria, viz., change in
water quality and trophic impact, are specifically included
in the study to assess the impact of selected anthropogenic
stressors on Pranhita riverine ecosystem and its aquatic
biota. Among the stressors listed, the impact of upstream
barrages, riparian zone modification, and subsequent sedi-
ment loading causes habitat loss (change in area) by reduc-
ing the actual water spread, channel width, and depth of
water pools (Ward and Stanford 1995; Robertson et al. 2006;
Kantharajan et al. 2020a).

The present study evaluated the habitat risk of river
Pranhita on its aquatic biota. The stressors selected had
consequences on water quality and therefore its impact on
fish species at various trophic levels was also inevitable
(Table 3). Hence, a maximum score was assigned for most
of the stressors, such as riparian zone modification, sewage,
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solid waste dumping, sand mining, sediment loading, and
nutrient runoff.

Risk assessment

The riverine ecosystem is extremely dynamic and its interac-
tions with catchment stressors are convoluted at a spatiotem-
poral scale with fluctuating physical and chemical setting,
which impacts the associated biota (Yamani et al. 2011).
Hence, impact assessment of land use/catchment stress-
ors on the riverine ecosystem is essential for conservation
and restoration planning (Gupta et al. 2014; Lemm et al.
2021). The lower overall risk score (0.64) and occurrence
of the major portion of Pranhita habitat under the “low”
risk zone attributed to the negligible influence of anthro-
pogenic activities on riverine ecology, presence of intact
forest vegetation (Fig. 4), and contiguous water flow (Kan-
tharajan et al. 2022a). These findings are also supported by
the recent fish diversity assessment in the Pranhita River,
wherein they reported rich fish diversity compared to other
adjacent tributaries (Kantharajan et al. 2022b). Furthermore,
the low overall score reported may also be due to the dilution
of spatial averaging of exposure and consequence criteria
score of stressors (Arkema et al. 2014; Studwell et al. 2021).
Regarding individual stressors, a relatively higher risk
score (> 1) was estimated for stressors such as sediment
loading, inflow of nitrogen, habitat fragmentation, and their
influence on a sizeable portion of Pranhita riverine habitat
(29-75% of the total area under high-risk zone), which indi-
cated the mounting threat from catchment activities. The
high-risk zone habitats may experience habitat degradation
and ecosystem health deterioration which may lead to the
loss in ecosystem services (Ghehi et al. 2020). The non-
point source pollutants including sediment and nutrients
are widespread. Their management requires effective source
control through public participation (Weiner and Matthews
2003). The sediment export from agriculture and degraded
landscape causes damage to fish species and deterioration in
water and stream bed quality (Robertson et al. 2006; Mateo-
Sagasta et al. 2017). Likewise, the inflow of nitrogen-based
nutrients to the riverine ecosystem may lead to eutrophica-
tion and subsequently loss to native resources (Sarkar and
Islam 2021). Though the influence of sand mining, fishing,
and phosphate inflow was reported to be very low in the Pra-
nhita riverine ecosystem, regular monitoring of their impact
at the micro-scale level is needed for sustainability.
Arkema et al. (2014) emphasized that the HRA model
results can be used in consultation with stakeholders and
resource managers to reduce the spatial extent of high-risk
activities overlapping with sensitive habitats and also to
reduce its consequences by moderating stressor intensity.
For instance, the impact of sediment loading on riverine
habitats of Pranhita can be reduced by deploying effective
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agronomic measures and management practices in its catch-
ment area (Rejani et al. 2016). Likewise, maintaining the
intactness of forest cover and riparian vegetation in the
catchment reduces the impact of non-point source pollutants
on riverine ecosystem health (Jontos 2004; Xu et al. 2019).
Furthermore, awareness of waste management and proper
sewage treatment in villages with high-intensity exposure
will help in moderating the impact of point source pollution.

Applications in spatial prioritization of riverine
ecosystem

The sub-regional level assessment of riverine habitats according
to their existing spatial conservation measures revealed com-
paratively higher anthropogenic risk to river reaches bordering
the unprotected area (R=0.76) as compared to PAs (R=0.71),
though the difference in risk value was reported to be low. The
LULC map of the Pranhita riparian zone revealed the presence
of intact riparian vegetation (Fig. 3) and minimal direct influ-
ence of anthropogenic stressors on river reaches bordering the
terrestrial PAs. This is also supported by the rich fish diversity
reported in the river stretch bordering the PAs over the unpro-
tected area in Pranhita River (Kantharajan et al. 2022b). Gupta
et al. (2015) reported the effectiveness of terrestrial PAs and
managed river reaches over unprotected sites in conserving fish
species against anthropogenic stressors, viz., over-fishing, river
fragmentation, and pollution, in the Shivalik ranges, India. How-
ever, the contribution of terrestrial PAs to safeguard freshwater
biodiversity depends on their location and the appropriate man-
agement measures undertaken (Acreman et al. 2020).
Furthermore, the targeted management of representative
river zones in each river basin yields an overall positive ben-
efit to the entire ecosystem (Gupta et al. 2014). The river
basin-wise habitat risk assessment through InVEST HRA
model will aid in the process of science-driven conserva-
tion planning and certainly improve the efficacy of pro-
posed environmental management schemes. Additionally,
the incorporation of fish diversity at spatial scales will help
resource managers and policymakers to prioritize the areas
for conservation (low risk; high diversity) and restoration
(high risk; high species diversity). The HRA model results
are spatially explicit (Arkema et al. 2014; Huang et al.
2020), which provide a risk-based classification of habitats
and ranking of the stressors based on their exposure and
consequence (Zhang et al. 2022), which will facilitate the
basin scale approach to river ecosystem management.

Limitations

A few stressors listed in the present study, viz., fishing and
agriculture, are contributing to food, livelihood, and other
benefits to the local communities residing along the river.

However, this study acknowledges that activities that are
associated with the ecosystem benefits are expected to affect
the structure and function of the same habitats upon which
their livelihood depend (Wyatt et al. 2017). The calculated
risk score is relative (Sharp et al. 2020), which does not
reflect the influence of past activities (Arkema et al. 2014),
and low-risk score does not necessarily mean that the par-
ticular area is free from anthropogenic activities. Further-
more, the indirect effects and synergistic interaction between
the stressors selected are not captured by this model (Wyatt
et al. 2017; Tussadiah et al. 2021).

Conclusion

This study demonstrates the potential use of InNVEST Habi-
tat Risk Assessment model to assess the ecological risk to
riverine habitats due to anthropogenic activities, which will
be useful for conservation and restoration planning. The
methodology framework followed for spatial ecological
risk assessment of riverine ecosystem can be replicable in
other inland waterbodies in India and elsewhere. The study
results conclude the overall healthy state of the ecosystem
with initial indications of the mounting threats due to the
influence of sediment export, nutrient runoff, and habitat
fragmentation. Thus, the model results help in the moderat-
ing of anthropogenic activities, which pose a high ecologi-
cal risk and provide a scope for developing an appropriate
mitigation measure. Furthermore, using this model, the role
of spatial conservation measures and the efficacy of various
environmental management schemes on ecosystem health
and species conservation can be assessed. The case study
demonstrated in a tropical river Pranhita in Godavari Basin
proves its potential for utilization in conservation and res-
toration planning at regional and national scales to ensure
global sustainable development.
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