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Abstract
In India’s Indo-Gangetic plains, river flows are strongly altered by dams, barrages and water diversions for irrigation, urban
supply, hydropower production and flood control. Human demands for freshwater are likely to intensify with climatic and
socio-economic changes, exacerbating trade-offs between different sustainable development goals (SDGs) dependent on
freshwater (e.g. SDG2, SDG6, SDG7, SDG11 and SDG15). Freshwater ecosystems and endangered aquatic species are not
explicitly addressed in the SDGs, but only nested as targets within SDG6 and SDG15. Thus, there is high risk that decisions
to advance other SDGs may overlook impacts on them. In this study, we link a water resource systems model and a forecast
extinction risk model to analyze how alternative conservation strategies in the regulated Beas River (India) affect the likelihood of survival of the only remaining population of endangered Indus River Dolphins (IRD) in India in the face of climate
change-induced impacts on river hydrology and human water demands, explicitly accounting for potential trade-offs between
related SDGs. We find that the frequency of low flow released from the main reservoir may increase under some climate
change scenarios, significantly affecting the IRD population. The strongest trade-offs exist between the persistence of IRD,
urban water supply and hydropower generation. The establishment of ecologically informed reservoir releases combined
with IRD population supplementation enhances the probability of survival of the IRD and is compatible with improving
the status of relevant SDGs. This will require water managers, conservation scientists, and other stakeholders to continue
collaborating to develop holistic water management strategies.
Keywords Sustainable development goals · Dams and barrages · Punjab · Floodplain rivers · Indus Dolphin · Conservation
planning
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Water is essential to the achievement of the Sustainable
Development Goals (SDGs) such as Zero Hunger (SDG2),
Clean Water and Sanitation (SDG6), access to Affordable
and Clean Energy (SDG7), Sustainable Cities and Communities (SDG11) and Life on Land (SDG15). The SDGs are
highly intertwined and understanding their inter-relationships is essential to ensure balanced progress towards their
achievement (Fonseca et al. 2020; Hall et al. 2020; Banerjee et al. 2019). Water-related SDGs represent different and
often competing ways of using water; for example, water use
for irrigation, urban, and industrial supply and hydropower
production (Momblanch et al. 2019a). Moreover, water supply to these uses generally involves dams, barrages and water
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diversions that strongly alter natural river flows that sustain
freshwater ecosystems (Grill et al. 2019). These relationships, along with the way in which SDGs are defined and
structured, require careful consideration of the targets and
indicators to use in SDG assessments. Importantly, the IPCC
Report on Climate Change and Land (Hurlbert et al. 2019)
highlights the absence of an explicit goal for conserving
freshwater biodiversity. Freshwater ecosystems and biodiversity are only mentioned as targets nested under SDG6
and SDG15 (Reid et al. 2017, 2019) in contrast to conservation of marine and terrestrial ecosystems that are defined as
explicit goals (SDGs 14 and 15). Although conservation of
fresh-water ecosystems is covered in target 6 under SDG 6,
in practice, diversions of river water are often prioritised to
the detriment of ecological requirements, to meet targets
related to drinking water for cities and towns (George et al.
2009; Shrestha et al. 2017; Bhave et al. 2018; Long et al.
2020). This omission at the goal level might aggravate and
pose significant risk for freshwater biodiversity conservation
(Irvine 2018) by masking the existing trade-offs in water
management between human demands, climate change
mitigation and ecological conservation targets (Clark et al.
2021).
Climate change, population growth and economic development are expected to intensify pressures for further regulation and use of water resources around the world (Madhusoodanan et al. 2016; Vörösmarty et al. 2010, 2013). This
can increase water scarcity and adversely impact freshwater
environments, biodiversity and ecosystem services (e.g. habitat for endangered aquatic fauna, fisheries, tourism, water
purification). In this context, understanding and mitigating
trade-offs between water-related SDGs and their targets are
crucial to develop consistent sectoral policies.
The transformation of river ecosystems for irrigation,
urban supply and hydropower forms a major threat to the
two species of endangered river dolphins in the Indian
subcontinent (Braulik et al. 2014, 2021). In regulated rivers, trade-offs between human water needs and river ecology become particularly acute when small populations of
endangered species are directly affected by water management decisions. The Beas River in Northwestern India is
a typical example of conflicting human and environmental
uses of water and, thereby, the related SDGs. The Beas flows
from the Western Himalayas to the plains of Punjab, India,
and sustains rural communities, growing cities, substantial
hydropower generation and extensive irrigated lands, with
water diversions from the river extending to the neighbouring states of Haryana and Rajasthan. These demands overlap
an important conservation area for endangered Indus River
Dolphins (Platanista minor (Braulik et al. 2021); hereafter
IRD). River flows in the Beas River are determined by the
management of existing water infrastructures in relation
to dynamic hydrological processes. None of these aspects
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will remain static in the future due to climatic and socioeconomic changes. Therefore, tools capable of integrating
hydrology, water demands and infrastructure management
policies are required to understand future water availability
and address potential water security problems for human
and environmental uses through basin planning (Momblanch
et al. 2019b).
Our paper aims to understand the relative ability of different plausible measures for the conservation of the IRD population in the Beas River to enhance its probability of survival across the full uncertainty spectrum of climate change
scenarios and the associated implications for other waterrelated SDGs. We evaluated three conservation scenarios:
(1) business as usual (based on the current Beas Conservation Reserve measures); (2) ecologically-informed reservoir
management and (3) conservation translocations for IRD
population supplementation, by combining a system modelling approach that integrates both the natural and socioeconomic aspects of water resources management, with an
extinction risk model for the IRD population incorporating
environmental and demographic stochasticity. Our coupled
modelling outputs identify the range of future changes in the
timing and magnitude of water availability due to climate
change that could influence trade-offs between SDGs. We
also discuss the conditions and emerging opportunities for
IRD conservation planning in the near future and how they
can be aligned with socio-economic development.

Methods
Study system
The Beas River flows in the Indian states of Himachal
Pradesh and Punjab and joins the Sutlej River, a tributary
of the Indus (Fig. 1). The Beas flows from the Rohtang pass
in the Himalayas at an altitude of 4361 m above sea level
(m asl) for 320 km until it meets the Sutlej at Harike Pattan
in the plains of Punjab, India. The hilly and mountainous
parts of the river basin have mainly natural land cover, while
the lower reaches are almost entirely irrigated cropland and
urban areas. Average temperatures in the Beas basin are
highly variable, ranging from 14 to 36 °C in the summer
(March–May) and 0.2–15 °C in winter (December–February) (Bhattacharya et al. 2019). An annual average precipitation of 1500 mm falls mainly as rainfall during the monsoon
season (July–September), although westerlies contribute a
significant amount of snowfall above 2000 m asl in winter
(Bookhagen and Burbank 2010) and facilitate groundwater
recharge in the plains. The hydrological regime is highly seasonal, with low flows occurring from winter to summer and
the highest river discharges taking place during the monsoon. The Beas has been regulated since the late nineteenth
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Fig. 1  Location and main features of the Beas–Sutlej water resource
system and detail of the Beas River downstream Pong dam. National
borders (Bjorn Sandvik; http://thematicmapping.org); regional borders (GADM version 1.0; http://gadm.org/); Sutlej and Beas river

catchments, sub-catchments and river network (delineated with
GIS tools), main reservoirs (official shapefiles; National Institute of
Hydrology Roorkee); command areas (India Water Resources Information System; https://indiawris.gov.in)

century by weirs and diversion channels, principally by the
Pong dam constructed in 1975. Because of a large interbasin
water transfer from Pandoh reservoir on the Beas to the Sutlej, the Pong, Pandoh and Bhakra (on the Sutlej River) dams
(Fig. 1) are conjunctively managed for hydropower generation, flood control and irrigation. These dams, along with the
Harike barrage, commissioned in 1953 at the confluence of
the Beas and Sutlej rivers, supply water for canal irrigation
across the states of Punjab, Haryana and Rajasthan, with
most canals diverting water from Sutlej River upstream and
downstream its confluence with the Beas.
The Beas River stretches along approximately 185 km
between Pong and Harike and has been declared as the Beas
Conservation Reserve (WWF-India 2018). The annual average flow in the Beas River in this stretch ranges between
250 and 400 m3/s (WWF-India 2018). It receives hydrological inputs from its catchment area and additional resources
from a water transfer from the Ravi River with a discharge
of approx. 100 m3/s transferable to the Beas downstream of
the Pong dam (Rao and Ramaseshan 1985). Additionally,
downstream of the Pong dam, Beas water is diverted at Talwara headworks through the Shahnehar canal for irrigation
and the Mukerian canal for hydropower generation, the latter being returned to the main river channel approximately
60 km downstream of its intake. The Beas city is located
by the river around 50 km upstream of Harike barrage and
abstracts river flows for urban use. At Harike, the contribution of flow from the Beas is about 60% and from the Sutlej
is around 40% of annual flows (Rao and Ramaseshan 1985),
which have shown recent declines (Jain et al. 2008). Releases
from the Pong dam account for over 88% of the average
annual flow of the Beas River. The maximum contribution

to flows from Pong dam releases can be over 95% during the
postmonsoon and winter months (October–December) and
the minimum contribution from Pong dam releases to river
flow is during April (14–44%) which indicates the period of
lowest dry-season flows in the Beas River.

Indus river dolphins in the Beas: the current status
and likely trajectories of decline
IRD were once found throughout the Beas and Sutlej rivers
in the plains of Punjab (Anderson 1879) but were thought
to have been extirpated. However, a remnant population
of IRD was discovered by scientists of the Punjab Forest
Department and World Wide Fund for Nature (WWF-India)
in 2007 (Behera et al. 2008). It is the only IRD population in
India, as the major population occurs in the main stem of the
Indus in Pakistan (Braulik et al. 2014). This small population of an estimated 5–11 dolphins has since been monitored
and is known to occur within a 50 km river stretch of the
Beas River upstream of the Harike barrage (Khan and Pant
2014). The IRD were historically extirpated from all tributaries of the Indus in India (except the Beas), mainly due to
sequential decline in river habitat following flow regulation
barriers and diversions (Braulik et al. 2014), besides other
factors such as pollution. The Beas–Sutlej Rivers have witnessed increasing flow regulation since 1920 (described in
Table S1), which reduced the potential riverine extent available to the IRD from 380 km to about 50 km (about 87%)
in the period from 1920 to date (Figure S1). The strongest
declines in available extent were between 1953 and 1975,
which marked the period of most intensive water regulation on both Beas and Sutlej rivers. It is likely that that the
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extent of river habitat reduction during this period would
be directly correlated with a corresponding decline in the
local dolphin population in the Beas. The past four to seven
decades of continued habitat degradation may be estimated
to have caused population reduction down to 11.5% of the
original abundance from simulations based on Huang et al.
(2012), suggesting that the Beas–Sutlej Rivers might have
had between 52 and 87 dolphins at the time of the construction of the Harike barrage in the early 1950s.
In March–April 2017, the Beas River witnessed a major
water management-induced hydrological stress event that
posed a serious risk to the survival of the IRD population.
The water releases from the Pong dam were stopped to allow
de-silting operations of the downstream Harike barrage
(WWF-India 2018). The de-silting of the Harike barrage
was planned to improve the efficiency of canal operations
and also remove the sediment and macrophytes affecting
the barrage reservoir and led to a major de-watering crisis
for the Beas River. The IRD were found, during a WWFIndia survey, to be restricted to and isolated in river pools.
A similar incident recurred on 25th March 2018, when the
flow released from the Pong dam was reduced from around
340 m3/s to around 55 m3/s (an 84% reduction; WWF-India
2018). These de-watering events of the Beas River led to
major disruptions in longitudinal connectivity and reduction in channel area (over 25%) available to dolphins. This
makes it apparent that a water management perspective and
practices that ignore aquatic ecosystem requirements can
pose “catastrophic risks” to the survival and persistence
of this endangered IRD population, emphasising the need
for conservation measures that adopt ecologically oriented
water management. Additionally, the recent reintroduction
of the endangered gharial crocodile in the Beas Conservation Reserve increases the concern and importance regarding
ecological flows in the river.

Data
Physical data about the catchment, e.g. land use/land cover,
soils, was obtained from global datasets (European Space
Agency Climate Change Initiative land use/land cover map,
Hollmann et al. 2013; Harmonised World Soil Database,
Fischer et al. 2008). The data related to water resources
including reservoir storage in Bhakra and Pong along with
the main policies and operation strategies driving their
management; technical data on hydropower plants; and the
main crops in the states of Punjab, Haryana and Rajasthan
and their irrigation schedules were obtained from stakeholders (i.e. Bhakra–Beas Management Board, State Water
Resources and Irrigation Departments and hydropower companies). Historic meteorological data were available for the
mountainous and hilly regions (Bannister et al. 2019) and
the plains (ERA-Interim downscaled with RegCM4 from

13

CORDEX), while future projections of temperature and
precipitation were sourced from the Climate Model Intercomparison Project Phase 5 (CMIP5) through the KNMI
Climate Explorer (Trouet and van Oldenborgh 2013) and
downscaled using the monthly delta change method (Momblanch et al. 2020).
Time series of river flows at five river gauges (Fig. 1)
and reservoir releases were available from the Bhakra–Beas
Management Board. In addition, the data on inflows into
the Harike barrage were obtained from a report by WWFIndia (2018). We collected the data on dry-season discharge,
cross-sectional area, depth, channel width and flow velocity at ten reference sites along the Beas between Pong and
Harike in 2020 (Fig. 1). These were used to derive statistical
relationships between dry-season river discharge and channel width so that river channel width (measured from past
satellite images) could be used as a proxy (Pavelsky 2014)
for Beas flows in past years (1989–2020) and related changes
in Indus dolphin habitat (Braulik et al. 2012). This helped
characterise ‘catastrophic’ events taking March 2017 and
2018 as the worst known conditions in the Beas River. For
extinction risk models, we used an IRD population size of
10 as the initial input, based on the estimate of 5–11 reported
by WWF-India (2018).

Modelling approach
A water resource systems model and an extinction risk
model were combined to assess how future changes in climate and the effects of conservation measures can moderate
or exacerbate future extinction risks to the IRD population
in the Beas River and affect water-related SDGs (Fig. 2).
The outputs of the previously calibrated water resource systems model for the historic period 1991–2008 were used
as the baseline for climate change impact analysis and to
identify the Pong flow release threshold that could lead to a
hydrological risk or “catastrophe” used in the extinction risk
model. The water resource systems model was forced with
climate change data and subsequently modified to introduce
ecologically oriented reservoir management. The generated
dry-season river flow frequencies were fed as hydrologic
risks to the extinction risk model, which also incorporated
nonhydrologic background risks and conservation measures in different scenarios as appropriate. Figure 2 presents
a schematic describing the model integration and important
variables included. The components of the methodology
are described in detail in later sections (“Indus river dolphin population model: forecasting extinction risk”, “Water
resource systems model”, “Description of future scenarios”
and “Analysis of trade-offs in the SDGs”).
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Fig. 2  Diagram of the modelling approach and scenario development. *For a subset of Global Climate Models (GCM) in each Representative
Concentration Pathway (RCP) covering the range of frequency of low flow releases from Pong dam (see “Climate change scenarios”)

Indus river dolphin population model: forecasting
extinction risk
We used stage-based population projection models to forecast IRD population trends and stochastically simulate future
extinction risk for the IRD until mid-century, i.e. 2050, in
the software Vortex 10.5.0 (Lacy and Pollack 2020). In all
models, extinction risk was defined as “animals of only one
sex remaining” within the small population. We evaluated
intrinsic extinction risk (due to small population size and
related genetic and demographic stochasticity) in our baseline extinction risk model. All models included appropriate
parameterisation for population abundance, demographic
and genetic variables based on Huang et al. (2012) and
Braulik et al. (2015). Details of the models can be found in
Table S2 of Supporting Information.
We simulated changes in future extinction risk
(expressed as probability of population persistence or
survival) by reducing the probability of survival of IRD
by 10% in the event of each ‘catastrophic’ hydrological
risk. We assumed that an event of catastrophic hydrologic
risk might cause this reduction in individual survival of
dolphins, due to mortality from indirect threats such as
stranding in the event of de-watering or sudden reduction in dry-season flows, causing loss of along-river connectivity. The levels of ‘catastrophic’ risk were informed
from estimates of lowest dry-season flows simulated by the
water resource systems model (see “Water resource systems model”) under future climate change scenarios. The
hydrological risk was defined as a water release from Pong

dam into the Beas of around twice the discharge observed
in the critically low flow conditions in 2017 and 2018 (as
described in “Indus river dolphins in the Beas: current
status and likely trajectories of decline”), equivalent to the
5th percentile (Q95) of Pong dam releases in the baseline
scenario (127.35 m3/s). The lack of access to the “classified” or restricted data as per Government of India policy
for the Beas River water level and discharge, in the stretch
where IRD are now surviving, prevented the derivation of
metrics such as 7Q10. Therefore, an alternative approach
was used based on setting a threshold of twice the discharge known (from previous data and knowledge) to have
adversely impacted dolphins. This way, we allowed for
sufficient buffering flows in the dry season, as compared
to the observed catastrophic risk conditions, to ensure that
the probability of hydrological risk was zero. In addition,
we included a “background risk” variable (with 0%, 5%
and 10% annual risk of occurrence) in the extinction risk
model to include uncertainty from any undesirable events
such as sudden releases of polluting effluents (as seen in
2018; WWF-India 2018), risks from illegal fishing or other
risks, e.g. from diseases. Background risks events were
assumed to have a 30% reduction in individual IRD survival rates and to act independently from effects of hydrological risks. The reductions in survival rates assumed in
this study were based on factors known from other literature (e.g. Williams et al. 2011; Ackleh et al. 2017; Lacy
et al. 2017) on direct mortality rates of cetaceans (lethal
effects) and indirect effects on mortality through fecundity,
prey resource scarcity or health-related risks (sublethal
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effects) of human impacts. For IRD, direct threats such
as entanglement in fishing nets or diseases coupled with
pollution would have a higher impact than hydrological
risks, which would have more indirect effects on survival.
Hence, the rationale for using a reduction in survival rates
by 30% was to include a higher level of impact than that
of hydrologic risk (10%). The assumed rates were similar
to those reported by Domiciano et al. (2016) for cetaceans
with similar body size and ecology. Related biological
details are presented in Table S2 and associated references
of Supporting Information.
Water resource systems model
The Water Evaluation and Planning (WEAP) (Yates et al.
2005) systems model was used to simulate multisectoral water allocations in the interlinked Beas–Sutlej river
basins. The development, calibration and validation of the
Beas–Sutlej WEAP model is fully detailed in Momblanch
et al. (2019a, 2020), but is briefly described here. WEAP
represents the main hydrological processes including snow
and glacier accumulation and melt which are particularly relevant for Himalayan hydrology, water demands (i.e. urban,
hydropower and irrigation), water infrastructures (e.g. reservoirs, canals, hydropower barrages and interbasin transfers) and management (e.g. irrigation scheduling, reservoir
operation rules, demand priority and supply preferences),
through a node and link structure that allows representing
spatial dependencies.
The Sutlej and Beas basins were spatially distributed
into 165 elements resulting from the intersection of 23 subbasins and 600 m elevation bands based on the location of
main water management infrastructures, to achieve a balanced representation of the study area that took advantage
of the high-resolution meteorological data (Bannister et al.
2019) and accounted for the influence of elevation on hydrometeorological variables (Momblanch et al. 2019a). The
characterisation of glaciers within the two basins (area, ice
depth and elevation) was informed by comprehensive glacier
surveys and modelling (Prasad et al. 2019). WEAP parameters were manually calibrated and validated, in a sequential
process from upstream to downstream using Nash–Sutcliffe,
percent bias and Pearson’s correlation coefficient as model
performance indicators (Moriasi et al. 2007). Firstly, the soil,
vegetation and cryosphere parameters controlling river flows
were calibrated by comparing simulated and observed river
flows at three gauging stations in the Sutlej River and two
in the Beas River (Fig. 1). Secondly, the supply priorities
and reservoir operation rules were calibrated to match the
observed water storage in the main reservoirs (i.e. Bhakra
and Pong) and the water transferred from Beas to Sutlej
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through the Dehar transfer. The model performance was
further evaluated against the published studies on observed
monthly average inflows to the Harike wetland (Ahluwalia
et al. 2013) and the relative importance of meltwater in the
total runoff (Ahluwalia et al. 2013; Wulf et al. 2016). Finally,
the calibrated operation rules of the Pong and Bhakra reservoirs were compared with optimised rule curves (Adeloye
and Dau 2019) to ensure that the volumes in the reservoirs
were reproduced in line with common reservoir operation
strategies. Based on the detailed process understanding and
the robust model evaluation, the model produces reliable
outputs related to runoff, river flows, water storage in reservoirs, water supply to different uses and associated productivity at a monthly time step.

Description of future scenarios
Climate change scenarios
The largest water demands in the interconnected Beas–Sutlej
basins are located downstream of Pong and Bhakra reservoirs, which is also the current range of IRD. In order to
reduce the number of climate change scenarios to analyse,
but still account for the whole spectrum of uncertainty,
we selected a subset of future climate change scenarios
based on the frequencies of releases from Pong reservoir
below the hydrological risk threshold as simulated by the
water resource systems model under all scenarios (since
the strongest trade-offs between water uses mostly emerge
under low flow conditions; Laaha and Blöschl 2005; Yin
et al. 2011; Rolls et al. 2012; Pang et al. 2018; Crespo et al.
2019). Firstly, all scenarios resulting from the combination of Representative Concentration Pathways (RCP) and
Global Climate Models (GCM) available in CMIP5, i.e.
RCP × GCM, were run in the water resource systems model
for the period 2033–2050. Then, for each RCP, we selected
the five GCMs that resulted in the maximum; 10th, 50th
and 90th percentiles; and minimum number of months in
the period 2033–2050 with simulated releases from Pong
dam below the hydrological risk threshold. For each of the
selected scenarios, we also used model outputs to derive
SDG indicators (see “Analysis of trade-offs in the SDGs”).
Indus River Dolphin conservation scenarios
To understand how the IRD population will be affected by
future climate and reservoir management changes, we modelled the potential effects of three incremental conservation
scenarios on future population persistence.
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Business as usual (Beas Conservation Reserve) The Beas Conservation Reserve was declared in 2017 along 185 km of the
Beas River with measures to regulate pollution and fishing, to
strengthen the conservation of the IRD (WWF-India 2018).
We assumed these will continue until 2050 with effective protection measures for the dolphin population to prevent future
increases in these threats. The operation of Pong dam was not
modified with respect to the baseline so that under business
as usual, hydrologic risks would continue affecting the IRD
population, which would add to the environmental stochasticity impacts on the population in the extinction risk model.
To minimise the possible negative impacts of climate changedriven risk on the IRD population, we further assessed the
effects of two potential future conservation measures.
Ecologically oriented reservoir management This scenario
considered future reservoir operation rules to incorporate ecological considerations that ensure that reservoir release thresholds are always well above the critical conditions of March
2017 and 2018 (0–55 m3/s released from the Pong dam) at
any time until 2050. In the water resource systems model, we
considered a flow release requirement for the Pong dam at
127.35 (m3/s), which is more than twice above the worst-case
scenario of the de-watering event. Therefore, we assumed that
maintaining flows above this threshold would result in zero
probability of hydrological risk to IRD.
Indus river dolphin population supplementation In the
extinction risk model, we evaluated the impact of future “conservation translocations” to supplement the IRD population
with two bouts of translocation of one male and one female
dolphin separated by an interval of 10 years (i.e. in 2030 and
2040) from other source populations of the IRD in Pakistan.
This measure was implemented together with ecologically
oriented reservoir management. However, it did not require
simulations in the water resources systems model, as it did not
affect any hydrological, water demand or water management
variables.

Analysis of trade‑offs in the SDGs
Based on the global indicator framework for the Sustainable
Development Goals and the targets of the 2030 Agenda for
Sustainable Development (A/RES/71/313: United Nations
General Assembly 2017), we identified a set of indicators for
the SDG targets sensitive to water availability and management and directly derived from our modelling outputs. Table 1
shows the selection of SDG targets and the estimation of corresponding indicators for every simulated year. For comparison
across scenarios, the annual values were averaged to obtain a
single value per scenario. All indicators took values from 0 to
1 with higher values indicating better status of the SDG goal
or target.

In order to identify trade-offs that can hamper the simultaneous progression of the selected SDGs, we analysed the
relationships between SDG targets using Pearson’s correlation coefficient within the baseline and future periods, based
on the annual values of pairs of indicators. We considered
correlation values > 0.5 as synergies and < − 0.5 as trade-offs
(Kroll et al. 2019).

Results
Climate change scenarios and impacts on Pong dam
releases
Climate change was predicted to have a major impact on
annual future average temperature with increasing greenhouse gas emissions (lowest and highest emissions in
RCP2.6 and RCP8.5, respectively) across the full range
of climate change scenarios in CMIP5 (RCP × GCM;
Fig. 3a), with median change of + 1.0 °C (RCP2.6) to
+ 1.7 °C (RCP8.5). Annual average precipitation will
likely increase under all RCPs (from a median change of
+ 4.0% (RCP4.5) to + 9.7% (RC6.0), but a small number of
climate models projected a significant decrease (Fig. 3b).
Due to the complex hydrology of the region, which is the
result of land–atmosphere interactions, rainfall–runoff and
cryospheric processes, many climate change scenarios
led to an increase in water resources up to mid-century
(2050), which can be partly explained by the accelerated melting of glaciers (Immerzeel et al. 2013; Su et al.
2016; Shirsat et al. 2021). This, along with the regulation
provided by Pong reservoir, resulted in most scenarios
projecting lower likelihood of catastrophic low releases
(dam releases below the baseline 5th percentile, Q95, i.e.
127.35 m 3/s) compared to the baseline. RCP6.0 had the
lowest median number of months with low releases across
all GCMs (median values in Fig. 3c). However, RCP6.0
also produced the scenario with the largest number of
months with low dam releases across the four RCPs (i.e.
69 months) within the 17 years modelled, with the other
RCPs producing maximum number of months with low
flow dam releases from some GCM up to 24–51 months
which were significantly higher than the baseline (Fig. 3c
and Table 2) and translated into high hydrologic risk for
IRDs. Table 2 summarises the changing hydrologic risk of
low flow ‘catastrophes’ for each RCP for the final selection
of climate change scenarios representing the median, 10th
and 90th percentiles and minimum and maximum number
of months with low flow dam releases.
We estimated that nearly 90% of variability in Beas
flows from December to April can be attributed to discharge from the Pong dam, even though winter rains in the
catchment below the dam, driven by Western disturbances
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Targeta

Annual crop yield of irrigated land/Potential
crop production

Population receiving 100% of their per capita
annual water requirements/Total population
1—(Annual water withdrawal/Annual
runoff)

2.4.1 Proportion of agricultural area under
productive and sustainable agriculture

6.1.1 Proportion of population using safely
managed drinking water services

1—(Months that Pong or Bhakra reservoirs
enter into the flood protection or water
saving zones/(2*Total number of simulated
months))

1—(Indus River Dolphin extinction risk due to
hydrological risk only)

11.5.1 Number of deaths, missing persons
and directly affected persons attributed to
disasters per 100,000 population

15.5.1 IUCN Red List Index

6.6.1 Change in the extent of water-related
ecosystems over time

Median of monthly streamflow entering
to Harike barrage/(2*Median during
baseline)b
7.2.1 Renewable energy share in the total final Annual hydropower production/Annual
energy consumption
energy production from any source

6.4.2 Level of water stress: freshwater
withdrawal as a proportion of available
freshwater resources

Calculation

Indicatora

b

a

The denominator of this indicator is the doubling of the baseline median to show that potentially increased future flows at Harike are beneficial to water-related ecosystems

As in the original source (UN 2017)

Bold cells indicate calculations using results from the water resource systems model and italics cells from the forecasting extinction risk model

Goal 2. End hunger, achieve food security and 2.4 By 2030, ensure sustainable food production systems and implement resilient agriimproved nutrition and promote sustainable
cultural practices that increase productivity
agriculture
and production, that help maintain ecosystems, that strengthen capacity for adaptation
to climate change, extreme weather, drought,
flooding and other disasters and that progressively improve land and soil quality
Goal 6. Ensure availability and sustainable
6.1 By 2030, achieve universal and equitable
management of water and sanitation for all
access to safe and affordable drinking water
for all
6.4 By 2030, substantially increase wateruse efficiency across all sectors and ensure
sustainable withdrawals and supply of
freshwater to address water scarcity and
substantially reduce the number of people
suffering from water scarcity
6.6 By 2020, protect and restore water-related
ecosystems, including mountains, forests,
wetlands, rivers, aquifers and lakes
Goal 7. Ensure access to affordable, reliable,
7.2 By 2030, increase substantially the share
sustainable and modern energy for all
of renewable energy in the global energy
mix
Goal 11. Make cities and human settlements
11.5 By 2030, significantly reduce the
inclusive, safe, resilient and sustainable
number of deaths and the number of people
affected and substantially decrease the
direct economic losses relative to global
gross domestic product caused by disasters,
including water-related disasters, with a
focus on protecting the poor and people in
vulnerable situations
Goal 15. Protect, restore and promote sustain- 15.5 Take urgent and significant action to
reduce the degradation of natural habitats,
able use of terrestrial ecosystems, sustainhalt the loss of biodiversity and, by 2020,
ably manage forests, combat desertification
protect and prevent the extinction of threatand halt and reverse land degradation and
ened species
halt biodiversity loss

Goala

Table 1  Definition of SDGs, targets and indicators and calculation based on the modelling outputs for those indicators that are sensitive to water availability and management and can be directly
derived from the modelling outputs

Sustainability Science

Sustainability Science

Fig. 3  Uncertainty in future (a) annual average temperature, (b) precipitation and (c) number of months with Pong flow releases below baseline
Q95 across all GCMs for each RCP

Table 2  Summary of the
months with values less than
Q95 of Pong dam flow releases
(127.35 m3/s), for the different
RCPs and GCM models used

RCP

No. months
< Q95 (statistic)

GCM

No. months

Hydrologic risk

Predicted mean probability of persistence

2.6

Maximum
90th percentile
Median
10th percentile
Minimum
Maximum
90th percentile
Median
10th percentile
Minimum
Maximum
90th percentile
Median
10th percentile
Minimum
Maximum
90th percentile
Median
10th percentile
Minimum

MIROC-ESM
GFDL-CM3
BNU-ESM
IPSL-CM5A-MR
BCC-CSM1-1
HadGEM2-AO
GISS-E2-Hp1
NorESM1-M
CSIRO-Mk3-6-0
CESM1-CAM5
GFDL-ESM2G
FIO-ESM
HadGEM2-AO
GISS-E2-Hp1
BCC-CSM1-1
GFDL-ESM2G
FGOALS-g2
GFDL-ESM2M
BCC-CSM1-1
IPSL-CM5B-LR

24
18
6
1
0
48
41
12
3
1
69
17
2
0
0
51
32
5
0
0

0.11
0.08
0.03
0
0
0.22
0.19
0.06
0.014
0
0.32
0.08
0.009
0
0
0.24
0.15
0.02
0
0

0.26
0.28
0.35
0.40
0.40
0.19
0.20
0.36
0.35
0.40
0.14
0.28
0.40
0.40
0.40
0.11
0.15
0.35
0.40
0.40

4.5

6.0

8.5

Predicted mean probabilities of population persistence from models, including only hydrologic risk corresponding to all GCM models are also shown

(i.e. cyclonic circulation originated in the Mediterranean
region which produces extreme precipitation events during
winter in the north of the Indian subcontinent; Hunt et al.
2018) could make a significant contribution in some years.
The effective contribution of winter rains to Beas flows in
this period could be affected by groundwater pumping,
which could have otherwise maintained higher base flow.

Effects of Indus River Dolphin conservation
measures and implications for SDGs
Business as usual
The probability of population survival based on intrinsic
risks, i.e. the effects of stochastic demographic and genetic
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processes affecting the dynamics of small populations was
estimated at 0.40 (range 0.38–0.43), assuming no changes
in the hydrologic conditions of the Beas between 2020 and
2050. In comparison, our climate change scenarios that
included purely hydrologic risks (with zero background
risk), predicted lower persistence probabilities. Considering
the range of frequencies of RCP-predicted hydrologic risks
as “catastrophes”, median persistence probabilities were
similar across the RCPs. However, for the maximum risks,
RCP2.6 yielded the highest persistence probability (i.e. 0.26)
with the RCPs 4.5, 6.0 and 8.5 predicting the lowest probabilities (range 0.11–0.19; Table 2 and Fig. 4).
Upon adding different levels of background risks to
the above results, extinction risks increased (probability
of persistence reduced) across climate change scenario
uncertainty. Adding 5% and 10% background risk to the
RCP-predicted hydrologic risks, survival probabilities
ranged between 0.16 and 0.03, indicating almost certain
extinction.
The outputs from the water resource systems and extinction risk models were used to produce indicators for waterrelated SDG targets for the baseline period and for the
subset of future climate change scenarios which represent
the uncertainty across RCPs and GCMs in relation to dam
catastrophic low flow releases. SDG15, which refers to the
probability of survival of the river dolphin population only
accounting for intrinsic and hydrological risks (business
as usual), takes a value of 1 during the baseline since we
know the IRD population has persisted over the baseline
period. Climate change led to reduced SDG15 (and increasing uncertainty) due to the effect of intrinsic extinction risk
of the small IRD population linked to the increased likelihood of low release shocks in some climate change scenario
(Fig. 5). This was despite the status of most of the other
SDGs improving given the increased water resources availability which seems to offset the climate-induced changes
in water demand for irrigation due to the changing balance
between precipitation and evapotranspiration. However,
there was significant uncertainty in the direction of magnitude of change across the subset of climate change scenarios (variability between models providing the maximum,
90th–50th–10th percentiles and minimum of catastrophic
low discharges from Pong dam).
The correlation analysis for the scenario representing the median number of months with catastrophic low
dam releases within each RCP indicated that the selected
SDG targets are highly inter-dependent. Significant synergies (green ribbons in Fig. 6) and trade-offs (red ribbons
in Fig. 6) emerged for all indicators. Notably, SDG15 only
presented negative correlations with other SDG targets,
particularly with SDG6.1 (urban water supply) and SDG7
(hydropower production). The SDG15-SDG7 trade-offs
derive from the fact that water that is diverted through
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Pandoh dam for hydropower production in the Dehar plant
(one of the most productive plants in the system), does not
reach Pong and cannot contribute to water releases to the
Beas. Strangely, SDG2 was not negatively correlated with
SDG15, owing to the fact that there are not large irrigation demands directly dependent on Pong dam. SDG6.4 and
SDG11 were always positively related, which was reasonable as less water stress could translate into increased water
reserves. Trade-offs between the multiple SDG6 targets were
most pronounced under RCP6.0, which poses a challenge to
the achievement of the overarching SDG6.
Ecologically oriented reservoir management
The implementation of ecologically oriented reservoir management had obvious positive effects on the probability of
survival of the river dolphin population as it removed hydrologic risks, increasing the likelihood of population persistence up to 40%. This increased probability was 15% above
the business as usual scenario that included 0% background
risk and RCP-predicted hydrologic risks and predicted values of 25% (range 11–36%) across climate change scenarios,
by the mid-century (2050).
This measure had variable impacts on other SDG targets
as compared to the indicator values under the Business as
usual scenario (Table 3). SDG7 were the most negatively
affected relative to those climate change scenarios which
originally provided the highest frequency of catastrophic
low flow releases from Pong. SDG2, SDG6.1, SDG6.4 and
SDG11 were also impacted but the magnitude of the impact
was lower than 1% with respect to the Business as usual
scenario. The trade-off analysis revealed that the reduction of diversions through the Dehar transfer negatively
impacted energy production (SDG7) while coverage of
supply to urban water uses was slightly reduced upstream
of Pong and in the Sutlej basin causing a decrease in the corresponding SDG6.1. Efficiency issues linked to these tradeoffs need to be understood in future studies incorporating
cost–benefit analyses as well. The increase in requirements
of low flow releases in the driest years reduced storage in
reservoirs (SDG11) which further impacted the coverage
of irrigation demands (SDG2). However, under most future
scenarios, SDG indicators remained unchanged with ecologically oriented reservoir management. In addition to SDG15
that is the “target” of the measure, SDG6.6 experienced the
largest improvement as the increase of releases from Pong
also increased inflows to Harike barrage. SDG6.4 was also
enhanced owing to the slight reduction of water supply in
some scenarios.

Sustainability Science
Table 3  Changes in SDG indicators under future climate change scenarios with the application of ecologically oriented reservoir management
relative to future scenarios with business-as-usual management. Positive changes indicate an improvement

Fig. 4  Probability of Indus dolphin population persistence only under hydrologic risks predicted by different RCP–GCM scenarios from 2033 to
2050. Grey lines denote loess-fitted trends for the different statistics under each of the scenarios

Indus River Dolphin population supplementation
Under the conservation scenario based on IRD population supplementation, the average probability of

survival until 2050 was 0.60 (range 0.22–0.85) across
all climate change scenarios (all hydrologic risks) and
all background risks. In contrast, average probability of
population persistence was 0.21 (range 0.01–0.46) under
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Fig. 5  SDG indicators for the baseline and future climate change scenarios considering GCM uncertainty under each RCP

business as usual with background risks added. This indicated that conservation translocations might reduce IRD
extinction risk by three times, irrespective of hydrological risks or other background risk factors (Fig. 7). Under
combined scenarios of ecologically oriented reservoir
management and supplementation, probabilities of population persistence were maximised across all scenarios by
1.5–4 times (Fig. 8). All SDGs except SDG15 remained
identical to the scenario with ecologically oriented reservoir management.

Discussion
Biodiversity is threatened in many regions by multiple direct
(e.g. land and water use, hunting, climate change) and indirect drivers of change (e.g. production and consumption patterns, human population dynamics, trade) (IPBES 2019),
resulting in ecologically unintended consequences of socioeconomic development. The 2030 Agenda for Sustainable
Development recognises that while socio-economic development is essential to end poverty, hunger and other deprivations related to health, education, or inequality, its management must go hand-in-hand with tackling climate change
and preservation of natural ecosystems and resources. This
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is only possible through a deep understanding of the synergies and trade-offs between natural capital and existing
development strategies (Papadimitriou et al. 2019), which
become most critical in case of increasingly stressed freshwater resources and endangered aquatic biodiversity.
Our results indicate complex and interesting trade-offs
between water related SDGs under future climate change
scenarios, particularly in relation to water human demands
and ecological needs in the Beas River. Despite future scenarios forecasting an increase in water availability by the
middle of the century, a substantial number of simulated
scenarios (in the maximum and 90th percentile of the distribution of number of months with very low flow releases
from Pong) projected drier conditions than the baseline. The
general prediction of our models is that the persistence of
IRD hinges critically on (1) allowing adequate dry-season
releases from the Pong dam into the Beas and (2) optimal
management of the operating space for allocations to hydropower, urban and irrigation demands. Other aspects not considered in this study may exacerbate the identified tensions.
By the end of the century, many studies predict a reduction
in dry-season flows in the region, partly related to substantial
reductions in glacial extent, which could initially cause an
increase in future summer stream flow followed by a reduction, with significant uncertainty (Wijngaard et al. 2017;

Sustainability Science

Fig. 6  Chord diagrams representing synergies (green ribbons) and
trade-offs (red ribbons) between annual time series of SDG indicators for the median scenario of each RCP. Grey ribbons indicate cor-

relations between − 0.5 and 0.5. The width of the ribbon indicates the
absolute value of the Pearson’s correlation coefficient between the
linked SDGs

Krakauer et al. 2019; Li et al. 2019; Momblanch et al. 2020).
Moreover, the contribution of winter rains to ecologically
compatible flows in the Beas, especially in the dry season,
will depend on the strength of tele-connections with Western
Disturbances under future climate change (Pal et al. 2015;
Kumar et al. 2015; Dimri et al. 2015; Yin et al. 2016). This
will come in addition to expected socioeconomic changes
linked to population growth and increase in water demands
for drinking, irrigation and energy production. For example, the increased abstractions from Beas City located just
upstream of the reaches inhabited by the endangered IRD
could have significant effects on IRD habitat.

In case of future extremes of dry-season climate, especially drought-like conditions, reservoir storages can buffer
the impacts of water stress by allowing for urban water supply and irrigation. However, these storages can affect river
flows for IRD, creating potential trade-offs. How these tradeoffs can be reconciled is a significant challenge for water
management and conservation policy, by state water management institutions such as the Bhakra–Beas Management
Board. Our models reveal that a simple ecologically oriented
reservoir management rule consisting in a guaranteed release
from Pong dam can considerably improve the probability of
survival of the IRD population. The threshold of release may
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Fig. 7  Probabilities of IRD population persistence from 2033 to
2050 across the median hydrologic risk predicted by all simulated
RCP × GCM scenarios and at varying levels of background risks (0%,

5% and 10%, right panels) and with and without population supplementation of IRD in the future

have to be set adaptively, in response to future changes. We
emphasise here that specifying “minimum flows” for management is a limited approach. Instead, we need to consider
the entire ecological flow regime, which includes the whole
range of flow conditions and dynamics (e.g. peak flows, seasonal flow duration and rates of flow change) not only to
ensure suitable habitat conditions but to provide multiple
other ecosystem services (Acreman 2016; Grill et al. 2019).
Further work to reliably define ecological flows in the Beas
River should, therefore, be undertaken building upon the
initial insights gained from this study. These studies should
also include ecological flow and sediment requirements of
other species like the gharial in the Beas River. Studies to
assess potential for restoration of river dolphin and gharial habitat in the Sutlej River upstream of Harike under
improved water quality and flow conditions also need to be
prioritised (Najar et al. 2017; Kaur et al. 2017).
Transforming trade-offs into synergies is crucial to enable
SDG progress (Kroll et al. 2019). In the Beas River, this

means maintaining river ecosystem health by ensuring water
availability, so that several ecosystem services can be sustained together, by reducing potential trade-offs. This should
be done by adopting measures that take advantage of modified system functioning, based on the understanding of system inefficiencies and context-specific interactions (PhamTruffert et al. 2020) which are partly uncovered in this study.
Loss of energy production in Dehar power plant could be
compensated with an increase in the production capacity
in Pong dam and Mukerian canal. Saturation of irrigation
infrastructure in the Punjab plains, both in terms of limited
surface irrigation efficiency and severe groundwater depletion can compel farmers to shift towards alternative crops
with lower irrigation demands (Jalota et al. 2007; Kaur et al.
2010; Sidhu et al. 2011; Srivastava et al. 2017). Such shifts
can result in greater water use efficiency than rice and wheat,
which are now approaching asymptotes in terms of yield and
productivity gains. This can potentially improve water use
efficiency and help in restoring river flows, provided surface
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Fig. 8  Mean probabilities of Indus dolphin population persistence
under different conservation scenarios: (1) BAU = Business As
Usual (hydrologic risk but no background risks because of conser-

vation reserve), (2) BGR = Background Risk added (5–10%), (3)
EWM = Ecologically oriented reservoir management (to ensure 0%
hydrologic risk), (4) Supp. = Population Supplementation (future)

water irrigation demands from canals and reservoirs are
actively reduced and the saved water allocated for ecological and conservation needs along the Beas River. The effectiveness of these alternative management scenarios, which
could be assessed with the modelling framework proposed in
the current study, should be accompanied with cost–benefit
analyses to inform low regret actions.
Combining the ecologically oriented reservoir management with supplementation of the IRD population in the
Beas River emerged as a critical measure for further reducing extinction risk through the increase in IRD population
size. Reduction in pollution (SDG6) and maintenance of
ecological flows in the Sutlej could also create additional
habitat for IRD. Supplementation would require “conservation translocations” of near-mature individuals of IRD from
the nearest source population in the Indus River in Pakistan,
possibly in exchange for Gharials (extinct in Pakistan). Such
an unprecedented conservation agreement between India and
Pakistan would need the creation of institutional coordination between the environmental ministries of both countries.
Given the historic conflict between the two nations, there is a
need to make progress on the SDGs 16 and 17 for peace and
partnerships for conservation. This is only possible when
the countries take active steps towards peaceful negotiations
for cooperative and integrated management of shared transboundary water resources and biodiversity (SDG 6.5). For
this, one needs to first examine the relevance of the specific
contingencies of the Indus Waters Treaty of 1960 between
the two nations. Tributary flows in the Indus basin, which

includes the Beas River, are exclusively used by India as per
the treaty. In this context, the barrages on the Beas may have
even played a part in sustaining the small IRD population
in the Beas. In the future, ecological flow considerations
need to be aligned with any possible revisions of the Treaty.
Further, the practicalities of conservation translocations of
endangered aquatic mammal species across international
borders are challenging. To actually consider this in reality (beyond the theoretical implementation discussed here)
there would be the need for a rigorous assessment of risks,
consideration of tools to monitor success and the necessity of more localised trials within one jurisdiction (IUCN/
SSC 2013). Other actions that favour conservation-related
SDGs are linked to the positive interventions made by the
Punjab Forests and Wildlife Department and WWF-India,
through the designation of the Beas River as a conservation reserve in 2017, followed by an effectively enforced and
managed ban on fishing with nets in the area and sustained
community-based monitoring initiatives over the last several
years (actions enabling SDGs 11.4 and 15.1). These actions
contribute to indicators for SDG 11.4.1 related to positive
total expenditure towards the preservation, protection and
conservation of all cultural and natural heritage, including
public as well as private funding and with governmental
commitment to the cause of conservation.
We have uncovered the existence of trade-offs between
targets nested under SDG6 which, while not generating
unapproachable issues in the analysed context, may well create them in the long term, given the likely impacts of flow
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reductions and socioeconomic development by the end of
the century. The structure of SDGs and their targets, which
includes water-related ecosystems and endangered freshwater species within the more general SDG6 and SDG15, may
also disguise existing trade-offs. With 17 SDGs comprising 169 targets, there is a high chance that assessments to
monitor the progression of the 2030 Agenda for Sustainable Development would focus on a subset of targets across
all SDGs (Forestier and Kim 2020). Some studies overlook
target 6.6 on the protection and restoration of water-related
ecosystems when looking at trade-offs between zero hunger
and clean water (Banerjee et al. 2019; Yang et al. 2020).
Similarly, endangered freshwater species tend to be excluded
from evaluations of target 15.5.1 under ‘Life on Land’ (Reid
et al. 2017, 2019). Therefore, a new explicit SDG for freshwater ecosystems and their biodiversity would be highly
desirable. If progress on achieving the SDGs is to be made
with the assumption that all goals and targets are equally
important, efforts should be done to promote more systematic assessments that adequately cover all relevant SDG targets in the given context. This, at the very least, requires that
assessments of SDGs account for all nested targets rather
than just summarising the overall status of the general goals.

Conclusions
The isolated effects of climate change by the middle of the
century (without consideration of socioeconomic changes)
may not affect the capacity of the Beas–Sutlej water resource
system to sustain water (SDG6) and food security (SDG2),
hydropower production (SDG7) and water-risk reduction (SDG11) under the majority of scenarios across the
full range of equally plausible RCP–GCM combinations.
However, the survival of the small population of endangered Indus dolphins (SDG15) could still be threatened by
increasing hydrologic risks predicted in some scenarios. The
avoidance of catastrophic low flow events linked to the management of Pong dam will remove hydrologic risks without
generating significant trade-offs on other SDGs. Along with
reduction of other background risks with the maintenance of
the Beas Conservation Reserve, conservation translocations
of Indus dolphins could be promising conservation measures in addition to water management. Our study shows that
modifying the management of water supply infrastructure to
support the protection of rare and endangered aquatic species need not be at the expense of human sustainable development and the status of other relevant SDGs.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 11625-0 21-0 1026-6.
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