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Abstract: Widespread urban expansion around the world, combined with rapid demographic and
climatic changes, has resulted in serious pollution issues in many coastal water bodies. To help
formulate coastal management strategies to mitigate the impacts of these extreme changes (e.g.,
local land-use or climate change adaptation policies), research methodologies that incorporate
participatory approaches alongside with computer simulation modeling tools have potential to be
particularly effective. One such research methodology, called the “Participatory Coastal Land-Use
Management” (PCLM) approach, consists of three major steps: (a) participatory approach to find
key drivers responsible for the water quality deterioration, (b) scenario analysis using different
computer simulation modeling tools for impact assessment, and (c) using these scientific evidences
for developing adaptation and mitigation measures. In this study, we have applied PCLM approach
in the Kendrapara district of India (focusing on the Brahmani River basin), a rapidly urbanizing
area on the country’s east coast to evaluate current status and predict its future conditions. The
participatory approach involved key informant interviews to determine key drivers of water quality
degradation, which served as an input for scenario analysis and hydrological simulation in the next
step. Future river water quality (BOD and Total coliform (Tot. coli) as important parameters) was
simulated using the Water Evaluation and Planning (WEAP) tool, considering a different plausible
future scenario (to 2050) incorporating diverse drivers and pressures (i.e., population growth, land-
use change, and climate change). Water samples (collected in 2018) indicated that the Brahmani
River in this district was already moderately-to-extremely polluted in comparison to the desirable
water quality (Class B), and modeling results indicated that the river water quality is likely to further
deteriorate by 2050 under all of the considered scenarios. Demographic changes emerged as the
major driver affecting the future water quality deterioration (68% and 69% for BOD and Tot. coli
respectively), whereas climate change had the lowest impact on river water quality (12% and 13%
for BOD and Tot. coli respectively), although the impact was not negligible. Scientific evidence to
understand the impacts of future changes can help in developing diverse plausible coastal zone
management approaches for ensuring sustainable management of water resources in the region.
The PCLM approach, by having active stakeholder involvement, can help in co-generation of the
coastal management options followed by open access free software, and models can play a relevant
cost-effective approach to enhance science-policy interface for conservation of natural resources.
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1. Introduction

Interactions between the land, ocean, and atmosphere in the coastal zone makes it
highly dynamic in terms of structure and functioning [1]. Due to the high productivity
of coastal areas, they are also among the most exploited and threatened geomorphic
units and ecosystems on the earth [2]. The ease of access and abundant resources of
coastal zones attracts diverse anthropogenic interferences, and because of the complexity
of coastal zone management, has resulted in the misuse and abuse of these sensitive
ecosystems [3]. More than 60% of the global population lives in coastal areas and low-lying
deltaic zones. Hence, it is imperative to monitor the effects of diverse drivers affecting
water quality in coastal areas [4]. Water security is key to ensuring and developing the
overall resilience of coastal communities, where water security refers to the capacity of
a population to safeguard sustainable access to adequate quantities of acceptable quality
water for sustaining livelihoods, human well-being, and socio-economic development, as
well as for ensuring protection against water-borne pollution and water-related disasters,
and for preserving ecosystems in a climate of peace and political stability [5,6].

There is significant evidence that major drivers of change in coastal waterbody zones
include rapid population growth, urban expansion/industrialization along the coast-
line, and climate variability (e.g., changing frequency and intensity of extreme weather
events) [7,8]. Cumulative impacts of natural and anthropogenic activities can drive changes
in the land-use/land cover in coastal zones, which in turn affects the services provided
by the local ecosystems (e.g., their capacity for water provisioning and regulating surface
water and groundwater) [9,10]. These key factors can cause a negative effect on the coastal
ecology and economy of coastal communities, leading to eutrophication, contamination
of seafood, land subsidence and/or salinization of underground aquifers, building up of
solid wastes including non-biodegradables such as plastics, and chemical contamination
from industrial and agricultural products such as pesticides and fertilizers [11-16]. The
situation is further exacerbated by the lack of water governance and inadequate infrastruc-
ture in many developing countries [17,18]. Recognizing these concerns, the United Nations
Sustainable Development Goals (SDGs) highlight the necessity of clean water for achieving
different goals related to the environment (e.g., Goal 14, Life below water; Goal 15, Life on
Land) and human well-being (e.g., Goal 6, Clean water and sanitation, Goal 12, Responsible
consumption and production, Goal 13, Climate Action, Goal 2, Zero hunger) [19].

Sustainable management of the coastal zone requires accurate information on the
various aspects that affect it, e.g., information on the local coastal habitats, coastal pro-
cesses, natural hazards and their impacts, water quality, and living resources [1]. Effective
management practices also depend on indigenous/local knowledge and suitable responses
from concerned government agencies. For water resources, understanding how water
and solutes move within and across the land-sea interface, and groundwater-freshwater
interactions, are necessary for managing resources in a way that promotes ecological, soci-
etal and human well-being [20,21]. However, most coastal water resource management
studies have focused on groundwater salinization and contaminant transport in the coastal
aquifers, while assessing the status quo of river water quality from inland areas is still
not well explored, especially for developing and underdeveloped countries [22]. This is
one reason why hydrogeological /hydrogeochemical studies of coastal aquifers (e.g., to
decipher their hydrological processes) have received greater scientific and societal interest
in recent years.

Coastal aquifers, especially shallow ones, often experience intensive saltwater in-
trusion because of natural and anthropogenic processes [23]. A summary of key drivers
affecting coastal aquifers, their effects, and counter measures to manage these precious
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resources is shown in Figure 1. One of the major requirements of planning coastal protec-
tion works is addressing the processes of erosion, deposition, sediment transport, flooding,
and sea-level changes that is continuously altering the shorelines [24]. Along these lines,
Jha et al. [25] demonstrated the application of a coastal water quality index (CWQI) and
Geographical Information System (GIS)-based overlay mapping technique as one of the
effective integrated approaches that is widely used to demarcate healthy and polluted
areas. Keesstra et al. [26] mentioned holistic and integrated land-use management practices
that can be used to achieve and localize SDGs related to water, food, health, and climate
change. More importantly, water governance has an important role to play in all inclusive,
holistic/integrated land-use management. Water governance is a particularly important
issue when it comes to coastal aquifer systems because of their vulnerability to saltwater
intrusion. A summary of the list of key drivers affecting coastal aquifers, their effects, and
counter measures to manage these precious resources is shown in Figure 1.
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extraction, land
reclamation, mining

etc.)
Changes in \
hydrological regime | Natural processes
(Change in natural {Coastal erosion,
recharge, shoreline threat,
precipitation, / tidal effect etc.)
evaporation etc.) ]
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Figure 1. Drivers affecting coastal aquifer and their management options.

India, with its long coastline, is endowed with some of the world’s most extensive and
diverse mangrove ecosystems. Management of these ecosystems faces several challenges
including lack of awareness of their benefits, poor governance, and inadequate manage-
ment policies [27]. Hence, it is necessary to integrate local socio-economic understanding
with the knowledge database of the coastal zone to appropriately understand the impact of
anthropogenic activities and climate vulnerabilities [27-29]. The government of India has
implemented Integrated Coastal Zone Management (ICZM) all across its coastal states for
resource conservation, sustainable development, and pollution control. However, several
constraints, ranging from insufficient scientific information, lack of guidelines, lack of
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sufficient baseline information and weak social basis, ambiguity of project activities, poor
local governance, rapid economic reforms, lack of scientific forecasting, undue favors to
coastal zone development followed by ineffective implementation, and enforcement are
foreseen threats to these sensitive ecosystems [30].

The east coast of Odisha in India is facing particularly diverse drivers of change in the
coastal zone viz., shrimp culture, aquaculture, typhoons/cyclones, sea-level rise, climate
change, changes in river water quality and quantity, and land-use land cover changes,
resulting in damage to its important mangrove ecosystems [31]. Kadaverugu et al. [27]
highlighted changes in the local hydrological regime (i.e., reduction of clean water from
upstream areas) as the most important factor, which will determine the salinity exposed
to the mangroves. Additionally, this area is very important considering the Bhitarkanika
National Park and many adjoining high value ecosystems host several mangrove species,
saltwater crocodiles, and diverse floral and faunal components of high conservation value.
Therefore, it is very important to monitor the river water quality of Odisha at regular inter-
vals to develop science-based coastal management options in a timely manner. However,
on the other hand, this area is very poorly investigated and hence calls for comprehensive
scientific attention on an urgent basis.

Considering this information need, in this study we used the Participatory Coastal
Land-Use Management (PCLM) approach to design future scenarios and simulate future
water quality in Odisha, with the goal of aiding water resource management planning
of the Brahmani River in the coastal aquifers of Odisha. The PCLM approach integrates
scientific evidence for upscaling policy interventions, especially from Integrated Coastal
Zone Management (ICZM) programs, and helps in developing appropriate preparedness
plans and mitigation measures against the changes the region is facing. Such successful use
of PCLM approach for water resource management and making land use more resilient to
rapid global change in the case of the Philippines is well documented in Brian et al. [32].

2. Study Area

Kendrapara is one of the densely populated districts of India’s Odisha state, and is
situated on the central coastal plain zone of the state, on the eastern coast of India (Figure 2).
The district has an area of 2644 km?, and topographically, the region is flat, with an average
elevation of 13 m above the mean sea level. The annual average rainfall of the region is
1556 mm which is realized in around 53 days, and nearly 80% of rainfall occurs in the
monsoon season between June to September [33]. The region experiences a tropically hot
and humid climate with the hot summers and cold winters. Summer is from March to May
with the maximum temperature of 42.04 °C, while winter is from October to February with
the minimum temperature of 12.8 °C.

The rivers Mahanadi, Brahmani, and Baitarani, along with their distributaries, de-
fine the drainage systems of the district, majorly comprising anastomosing drainage pat-
terns [34]. Other rivers in the district include Karandia, Gobari, Brahmani, Kani, Baitarani,
Birupa, Kharasrota, Paika, Chitroptala, and Hansua [35]. The delta region formed by the
rivers Brahmani and Baitarani has underlain alluvial deposits, which resulted in fertile
agricultural land. The soils in the district are predominantly of tertiary and recent alluvium
deposited by the rivers. The thickness of alluvium of the Mahanadi delta is more than
600 m [36]. The coastlines of the district are dominated by Aeolian and sandy soils espe-
cially in the Rajnagar and Rajkanika blocks of the district. In general, 50% of the soil type is
of entisols followed by inceptisols, water bodies, and mudflats, and the geographical area
has a slope within 0-3% [37].
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Figure 2. Study area map.

The Kendrapara district has a population of about 1.4 million as per the 2011 cen-
sus [38], with a density of 545 people per square km. Nearly 94% of the population resides
in rural areas of the district, and agriculture is the mainstay of the locals with 70% de-
pendence on agriculture. Nearly 63% of the geographical area is under-cultivated with
a cropping intensity of 194% [37]. Despite having enough water resources, this region is
facing waterlogging and increasing salinity of cropland as the major concerns related to
agriculture, mainly due to a lack of necessary irrigation structures, and proper manage-
ment solutions in place [37]. Additionally, the region experiences frequent flooding from
the dense network of rivers due to the geographical disadvantage owing to flat terrain
and high rainfall intensity [35,37]. The district also has rich groundwater resources that
fall under the safe category according to the Central Ground Water Board classification,
having an overall stage of the groundwater development of 52.97% [38]. The pre-monsoon
groundwater-level depth varies in the range of 1.65 to 5.43 m below ground level, while the
post-monsoon level varies from 0.11 to 4.90 m below ground level [38]. The Brahmani River
is very important for the Kendrapara district considering its invaluable contribution for
water demand for different industries especially mining industries in the upstream region
as well as managing rich species diversity among mangrove forests near the downstream
area. Therefore, understanding the current status as well as future projection of river water
quality is very crucial for sustainable socio-economic development.

3. Materials and Methods
The methodology adopted for this work is shown in Figure 3.
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* Participatory approach to identify key drivers and pressures for water
environment degradation

o Current status and future prediction of water quality considering following
drivers and pressures

¢ Land use land cover change
¢ Population growth
¢ Climate change

» Coastal area zoning
« Building sufficient wastewater management infrastructure
¢ Integrated Coastal Zone Management

Figure 3. Flowchart for the study methodology.

3.1. Key Informant Interview

First, to identify key drivers and pressures which affect water quality in this study
area, key informant’s interviews (KII) were conducted with 18 resource persons who hold
strong knowledge of the study area, including representatives from the national and state
water ministry (n = 3), the agriculture ministry (n = 3), NGOs (n = 4), community members
(n = 2), scholars and researchers (n = 6) (Figure 4). They were asked to summarize the
different drivers and their intensity, which are affecting the land use of coastal zones. Here,
we have employed the STEEP (sociological, technological, economical, environmental, and
political factors) approach for driver classification through impact-uncertainty matrix [39].
At first, they discussed the main drivers and then, all of the informants prioritized different
factors according to their level of impact and uncertainty on water resources on a Likert
scale. For impact, level ‘5" corresponded to the highest impact and ‘1" represented the
lowest impact, respectively. For uncertainty, level ‘1’ corresponds to very certain whereas
level ‘5’ corresponds to highly uncertain. Previously, this method has been successfully
used for scenario planning in coastal areas (e.g., Dasgupta et al. [39]).
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Figure 4. Key informant interview.

The analysis of the interviews and respective scoring indicated that among different
drivers, sociological factors (i.e., population growth, awareness about water management,
etc.) were the most significant, while political factors (like absence of law pertaining to
freshwater exploitation, land allocation for aquaculture, etc.) were the least significant.
The order for different drivers found was sociological > environmental > technological >
economical > political. Digging further into the different key components of these factors,
it was found that population growth, land-use land cover change, and climate change are
the key factors responsible for water stress in this region.

Hence, we set up a numerical model to quantify the current status as well as future
prediction of water resources using different scenario analyses.

3.2. Hydrological Model
3.2.1. Model Set-Up

In this study, the WEAP model was used to simulate streamflow and river water
quality variables. The reason to select WEAP model for this simulation is because it is
freely available to the developing nations and hence, its replicability by the local stake-
holders will be easier. In addition, WEAP model functionality enables to generate various
scenario building, necessary to answer “what-if” questions for the policy and decision
makers. The schematic diagram for the problem domain was developed using different
shapefiles such as administrative boundary of the study area and drainage network (de-
veloped with ArcGIS), and inbuilt links and nodes from WEAP. Here, the whole study
area is divided into smaller catchments based on the topographical, hydrological, and
confluence points, and climatic characteristics of the river basin. Different hydrological
modules, namely rainfall-runoff (simplified coefficient method), irrigation demands only
(simplified coefficient method), and rainfall-runoff (soil moisture method) are available in
the WEAP platform to simulate various components of the hydrological cycle including
the catchment’s potential evapotranspiration, infiltration, and streamflow. However, based
on the data availability, the rainfall-runoff method (simplified coefficient method), is used
for the catchment simulation in this study [40].

The Streeter—Phelps model within WEAP was used to estimate pollution concentra-
tions in water bodies. Simulation of oxygen balance in a river within this model is governed
by two processes, i.e., consumption by decaying organic matter and reaeration induced
by an oxygen deficit. The removal of BOD from water is a function of water temperature,
settling velocity, and water depth as shown by Equations (1) and (2):

—kBopL

BODfinal = BODjpjtexp U @
1.047 (1-20) | ©
kygop = k5o (=20 4 ﬁs ()

where BOD;;;;; = BOD concentration at the top of the reach (mg/L), BODf;,q) = BOD concen-
tration at the end of the reach (mg/L), t = water temperature (in degrees Celsius), H = water
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depth (m), L = reach length (m), U = water velocity in the reach, vs = settling velocity
(m/s), kr, kq and k, = total removal, decomposition and aeration rate constants (1/time),
k420 = decomposition rate at reference temperature (20° Celsius).

3.2.2. Data Requirement for Model Set-Up

Future prediction (for the year 2050) of Brahmani River water quality was made using
a scenario analysis to assess different possible water management plans. Key datasets
used for the modeling were domestic wastewater discharge, past river water quality at
different monitoring stations, population, rainfall, temperatures, river cross-section, river
length, river discharge, land-use/land cover etc. List of data used to run the model and
their sources is shown in Table 1.

Table 1. List of data used in this study with their source.

S. No. Parameters Time Interval Scale Source
2008 Yearly Census of India [41]
1 Population
2011-2050 Yearly UNDESA [42]
Water quality (BOD, g Odisha Water Resource
2 Tot. Coli) 2008-2019 Quarterly Board [43]
River cross section, Odisha Water Resource
3 streamflow 2008-2019 Quarterly Board [43]
1984-2018 (Past data)—Average gave a Indian Meteorological
value for current condition for year 2018 Department [44]
4 Rainfall, Temperature Monthly
2021-2070 (Future data)—Average gave a IPCC [45]
value for future condition for year 2050
Land-use land 2008 and 2018 LANDSAT [46]
5 Yearly
cover map 2050 Land change modeler [47]

For water quality parameters, we have used biochemical oxygen demand (BOD)
and Total coliforms collected at three points on the Brahmani River. Data for both water
quality parameters were analyzed by the Odisha water resources board following the
standard method of water quality analysis from APHA [48]. The reason to choose these two
parameters is that this was the only available dataset at a regular basis for the simulation
period. The principal reasons for selecting sampling locations were the accessibility of
water samples, saving cost, and observing the effect of urbanization at approximately
equidistant throughout the river length passing through the watershed. For hydrological
modeling, three catchment areas in the Brahmani River watershed, which experienced inter-
basin transfers, were considered. Pollutant transport from a catchment accompanied by
rainfall-runoff is enabled by ticking the water quality modeling option. During non-rainy
days, pollutants accumulate on the catchment surfaces and reach water bodies through
surface runoff.

Regarding future precipitation data, two different Global Climate Models (GCMs)
(MRI-CGCM3 and MIROCS5) and Representative Concentration Pathway (RCP) (4.5 and
8.5) output were used after downscaling and bias correction. We have evaluated the
average value of the change in monthly average precipitation for both RCP 4.5 and 8.5 to
evaluate the climate change on water quality. The whole study area is divided into nine
demand sites for estimating the effect of population growth and its associated domestic
wastewater discharge on river water quality status. Primarily, these demand sites denote
the population of different administrative units (blocks in this case) lying on either side
of the Brahmani River within our study area. Future population in these demand sites
were estimated by ratio method using UNDESA projected growth rate [42]. In the absence
of exact information on the total domestic wastewater production, the daily volume of
domestic wastewater generation per person considered for this study was 130 L [49]. Land-
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use land cover map was generated using LANDSAT 8 OLI satellite image and future map
was generated using land change modeler; detailed information of this work was submitted
for a peer-reviewed article and is under review at present [50]. Simulated water quality
result is compared with Class B, i.e., class for outdoor bathing, a standard set for surface
water quality desired by the state of Orissa. The local government set a goal to achieve
Class B for the ambient water quality. Besides, it is relatively easier to achieve compared to
Class A, i.e., water for drinking purposes. For Class B, the standard value for BOD and
Total coliform are <3 mg/L and <500 CFU/100 mL respectively. The whole simulation
process is divided into three phases: (a) model set-up and data input, (b) calibration and
validation, and (c) future simulation using scenario analysis. The schematic diagram for
the model set-up is shown in Figure 5.

¥ — River (1)

¥ — Diversion

) A Reservoir

B Groundwater (3)

¥ ® Other Supply

¥ @ Demand Site (9)

¥ @ Catchment (3)

¥ @ Wastewater Treatment Plant
V-~ Runoff/Infiltration (6)
¥ — Transmission Link (%)
)

¥ mRun of River Hydro
¥'¥ Flow Requirement

¥ Streamflow Gauge (3)

Brahmani_river ./~

L0 Modified_wates_kendapara -

.................

Figure 5. Schematic diagram for model set-up.

4. Results
4.1. Future Prediction of Key Factors Considered for Hydrological Simulation

Three key factors, i.e., land-use land cover change, climate change, and population
growth were considered for the hydrological simulation. The future values of all the
parameters were calculated for the target year 2050 and the result is shown in Figure 6.
Figure 6a, showing the result for land-use land cover change, indicates that a significant
amount of changes will occur for vegetation and built-up categories. The built-up area
will be increased (by 96%) at the expense of a decrease in the area of vegetation (by 22%)
mainly. Figure 6b shows the result for comparison between observed and downscaled
data for monthly average rainfall using two different GCMs and two RCPs. The annual
precipitation projected for future scenarios using the GCM downscaling method is almost
the same with the current observed data. However, slight differences in the precipitation
values are observed at a monthly scale. In the present study, we have considered these
marginal changes in the precipitation values and studied whether they impart any sig-
nificant variations in the river water quality. Figure 6¢ shows the result for population
projection in the study area using the UNDESA growth rate. Looking at the result, it is
found that the population for the year 2050 will be increased by 80% when compared to
that of the year 2018.
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Population of the study area, considered in the hydrological simulation.

4.2. Model Performance Evaluation and Future Simulation

The WEAP model performance credibility was tested through calibration and valida-
tion of the data. It is essential to check the performance credibility of models, especially
complex environmental models before projecting the future scenarios. The whole WEAP
module is primarily divided into two parts, i.e., water quality component and hydrological
component. In the present study, the model valuation was carried out using the BOD and
streamflow information for water quality and hydrological components, respectively. Trial
and error method were employed for the model calibration, and the best-fit results were
obtained. The variables—effective precipitation and the runoff/infiltration were adjusted
in the model simulations to match with the measured monthly stream flow data for the
year 2018 (Table 2). The adjusted best-fit values of these variables were 94% and 55/45,
respectively. Similarly, the best-fit values for the water quality components—BOD and
Total coliform were 2.5 mg/L and 220 MPN /100 mL, respectively.

Table 2. Summary of parameters and steps used for calibration.

Parameters Initial Value Steps Final Calibrated Value
Effective precipitation 100% +0.5% 94%
Runoff/ m'flltratlon 50/50 15/5 55/45
ratio
Headwater quality
(BOD—2 mg /L) 2mg/L +0.5/0.5 25
Tot. coliform
100 MPN /100 mL +10/10 220

(MPN /100 mL)
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Results show a significant relation between the simulated and observed values of BOD
and streamflow for the years 2018 and 2019, respectively. The reason for selecting 2018 and
2019 for validating BOD and streamflow, respectively, was regular availability of observed
data without any gap. The validation of the model in terms of both BOD and streamflow is
presented in bar diagrams of Figure 7a,b, respectively. BOD was simulated with a strong
correlation with a correlation coefficient (R?) = 0.86 having an average error of around 11%
(Figure 7a). Streamflow for the Brahmani River at midstream was also simulated with a
significant degree of correlation (R?) = 0.81 with an average error of 13% for most of the
months during 2019 (Figure 7b). Once validation is done with a satisfactory result, future
water quality simulation was done.
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Figure 7. Validation of the model output by comparing simulated and observed (a) average biochem-
ical oxygen demand (BOD) values for different locations for the year 2018 and (b) average monthly
river discharge for year 2019 at Brahmani River midstream.

The impact assessment on the river water quality and flow was carried out by consid-
ering three main drivers of change viz. population growth, climate change, and land- use
land cover change. A combination of these drivers was considered to obtain the following
‘what-if’ situations viz. (a) with only population growth; (b) population growth and with a
moderate climate change; (c) population growth with an extreme climate change; (d) com-
bination of population change, moderate climate change and land-use land cover change,
and lastly (e) combination of population change, extreme climate change and land-use
land cover change. In all these scenarios, the impact on the river was assessed without
considering the adaptation measures. The obtained results through hydrological modeling
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were compared with that of national guidelines (Figure 8) outlined by the Central Pollution
Control Board (CPCB) for Class B category of river quality (i.e., swimmable category for
which BOD <3 mg/L and Tot. coli <500 CFU/100 mL).
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Figure 8. Results show simulated water quality parameters: (a) BOD; (b) Tot. coli for future scenario without adapta-

tion measures.
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The model simulated concentration of BOD for the year 2018 varies from 10.6 to
35.4 mg/L considering all the scenarios. When compared with the desired concentration
of BOD from Class B category of river quality classification, it can be said that all the
simulation values throughout the year falls under the moderately-to-extremely polluted
category. On the other hand, the value of Tot col. ranged from 27,863 to 68,771 CFU /100 mL.
Looking into the results from future scenarios, it can be inferred that water quality status is
significantly affected by all the drivers—climate change, land-use/land cover change, and
population changes, and water quality will deteriorate further in 2050 when compared with
the current situation. Furthermore, predominantly, the fifth scenario (e) has the highest
negative impact on the water quality, which is the effect of population growth, land-use
land cover changes, and climate change with RCP 8.5. Here, the average percentage
increase in the BOD and Tot. coli by 2050 is 161.3% and 215.4%, respectively, when
compared with the situation in 2018. We have further analyzed the impact of individual
drivers and pressures on river water quality deterioration, and the results are presented
in Table 3. Results show that the river water quality in terms of both BOD and Tot. coli is
determined by the individual drives in the decreasing order of population growth > land-
use land cover change > climate change. This result can be explained as the amount
of wastewater being generated will grow proportionately with the population increase
without any countermeasures. On the other hand, the drivers—land-use land cover change
and climate change-induced extreme weather conditions, will trigger the changes in River
discharge due to various complex environmental interactions in the river catchment. This
change in River discharge and other local factors will induce a cascading change in water
quality parameters due to the modifications in oxidation-reduction process and overall
contaminate transport. The results depict the significance of these key drivers of change
which are likely to affect water resources of a region, and the development of local level
climate resilient plan must consider these drivers for effective policy planning. Further,
as the river quality simulations indicate a high degree of water contamination, this is
likely to pose potential health risks like gastroenteritis if consumed accidentally (microbial
contamination), and death of aquatic organisms such as fish (because of high BOD).

Table 3. Summary for order of contribution of different drivers on water quality deterioration in
Santa Rosa sub-watershed.

Average % % Contribution % Contribution % Contribution
Parameter Increase (2018 from Population from LULC from Climate
to 2050) Growth Change Change
BOD 161 68 20 12
Tot. coli 215 69 18 13

5. Possible Management Options Based on the Scientific Evidence

Finally, based on the hydrological simulation output, we propose the following feasible
management solutions for the water resource management in the study area.

(a) Coastal area zoning—The Government of India has a very comprehensive Integrated
Coastal Zone Management (ICZM) program, which acts as a spatial decision-support
tool using both ground-based data and satellite data. However, its field implementa-
tion is not satisfactory due to various factors such as rapidly changing environmental
systems in these coastal environments owing to both natural and anthropogenic
factors [51]. If scientific forecasting of different environmental components such as
water quality and biodiversity based on the “what if” situation are incorporated in
these programs, the zoning for different activities can be made more effective and
sustainable [52]. For example, in the case of Brahmani River, people indiscriminately
using the downstream floodplain area for aquaculture, and bring brackish or saltwa-
ter towards inland [53]. This disturbs the sea water-fresh water equilibrium, a main
cause for saltwater intrusion, deterioration of mangrove species, and permanently
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damaging agricultural fields. Hence government should demarcate the area with
clear job allocation and there should be a strict penalty if someone fails to comply.

(b) Building sufficient wastewater management infrastructure—Good river water qual-
ity is very important for maintaining the ideal environment for a healthy coastal
ecosystem as shown by Kumar [10]. So, monitoring and regulating all wastewater
flowing into the river is vital. At present, there is not enough infrastructure to cater
to the wastewater being generated from both the domestic as well as industrial sec-
tor. Hence, we must have precise information about wastewater being generated
both for the current situation and in the coming future. This will help to design the
infrastructure of sufficient capacity.

(c) Public awareness—Local people must be made aware of the benefits of a healthy
coastal ecosystem in providing economic benefits, protection from climate change,
and overall human well-being as reported by several scientific reports and publi-
cations [54,55]. They should understand that a participatory approach is a key to
achieve the sustainable management of the coastal environment. Since water is the
limiting factor for socio-economic dimension for people living in Kendrapara district,
it is very important for the people to understand about different water management
options available and how they can play a critical role in this.

6. Conclusions

Despite diverse international and national initiatives and programs, coastal zone
management in India still faces many obstacles at institutional, societal and financial levels.
This study shows that by including different factors such as population growth, climate
change and land-use land cover changes, average value of the BOD and Tot. coli in the
river water body will be increased 161.3% and 215.4%, respectively, by year 2050 when
compared with the situation in 2018. Due to the dynamic nature of coastal areas and the
major impacts of demographic and climatic changes (historically and in the future), it
is essential that climate uncertainty be included in water resource management policy
planning. Active involvement of local stakeholders in scientific research on water resources
and environmental change is essential to help them understand their future requirements
and risks, and design effective mitigation measures. This process of climate resilient
planning will help in developing ecosystems and social resilience in the region against
increasing climate vulnerability and uncertainty. The situation of Indian coastal zone
management requires an all-inclusive, integrated multidisciplinary and transdisciplinary
approach (both bottom-up and top-down) for addressing water resource management
issues. Especially, vulnerable coastal zones such as inland and coastal water bodies being
an important part of the complex coastal ecosystem require a more sound water resource
management, and if not efficiently planned, can be the limiting factor for the ecological,
social and economic growth of the region that may largely affect human well-being.

Our study provides clear insights about the future water quality under diverse “what
if” conditions, and provides broader perspectives and meaningful considerations for
appropriately designing diverse policy relevant to sustainable management solutions
keeping climate uncertainty in its core. Hydrological simulation for water quality of
Brahmani River in the sensitive coastal district Kendrapara in Odisha provided a clear
overview of the existing as well as plausible alternative future scenarios. Our study
illustrates that the Participatory Coastal Land-Use Management (PCLM) approach is an
effective approach ready for implementation for ensuring sustainable management of
coastal water resources. The PCLM approach, as an all-inclusive integrated framework
for water resource management, helped in retrofitting models by regular interactions and
feedbacks from diverse stakeholders having stakes in water resource use and management
in the district to ensure stakeholder needs are well addressed and included, and they also
understand and own simulated results. The key enabling condition for effectiveness of
PCLM approach is an all-inclusive participation of stakeholders that supports the planning,
implementation, and monitoring of the approach in a more holistic manner.
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