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Abstract

The fisheries sector is crucial to the Bangladesbnomy and wellbeing, accounting for
4.4% of national Gross Domestic Product (GDP) ah8% of agriculture sector production,
and supplyinga.60% of the national animal protein intake. Fiskital to the 16 million
Bangladeshis living near the coast, a number tasitdoubled since the 1980s. Here we
develop and apply tools to project the long terodpictive capacity of Bangladesh marine
fisheries under climate and fisheries managemeamas®s, based on downscaling a global
climate model, using associated river flow andieatrloading estimates, projecting high
resolution changes in physical and biochemical m@eaperties, and eventually projecting
fish production and catch potential under differgstiing mortality targets. We place
particular interest on Hilsa shat(ualosa ilisha), which accounts fota.11% of total
catches, and Bombay dudKdrpadon nehereus), a low price fish that is the second highest
catch in Bangladesh and is highly consumed by fmeme communities. It is concluded that
the impacts of climate change, under greenhousssens scenario A1B, are likely to reduce
the potential fish production in the Bangladeshl&sige Economic Zone (EEZ) by less than
10%. However, these impacts are larger for thetasget species. Under sustainable
management practices we expect Hilsa shad catolstmw a minor decline in potential
catch by 2030 but a significant (25%) decline bg@0However, if overexploitation is
allowed catches are projected to fall much furthgralmost 95% by 2060, compared to the
Business as Usual scenario for the start of tiec2mtury. For Bombay duck, potential
catches by 2060 under sustainable scenarios witlyme a decline of less than 20%
compared to current catches. The results demoashat management can mitigate or

exacerbate the effects of climate change on ecarsygtoductivity.
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I ntroduction

Bangladesh is recognized as being highly vulnertbléhe potential impacts of global and
regional climate change due to its geographic ionand low-lying topography, putting it at
risk of extreme flooding and weather events. Thadghkadesh delta region is home to over
500 million of some of the poorest people worldw{@#AO, 2007), who rely on the rich
ecosystem services available (Newton et al., 280@msuddoha and Chowdhury, 2007). The
coastal population of Bangladesh has doubled smed980s, now reaching in excess of 16
million (~ 10 % of the total population), most diem experiencing both poverty and
environmental vulnerability. It is known that inaomic systems close to or below the
poverty line, both subsistence and cash elementiseoéconomy rely disproportionately on
ecosystem services (Newton et al., 2007; Allis@99. Understanding the effects of climate
change on ecosystem services is thus particulalgvant in poor regions (Nicholls et al.,

2015).

Fisheries play an important provisioning servic8angladesh, supplying 60% of the protein
intake (DoF, 2013). Fisheries catches can be dividéo marine ¢a. 17%), inland open
water or capturedcé. 28%) and closed water or cultureca.(55%). Inland open water
includes river and estuaries, the Sundarbans maagnea, shallow marshy lakes known as
Beels, Kaptai Lake and seasonally flooded plainianid closed water corresponds to ponds,
semi-enclosed water bodies, lakes and shrimp/priasms. Although cultured fisheries
dominate the catch data, these depend stronglyiven and marine ecosystems for the
provision of larvae and juveniles. Marine catchesne from the Bangladesh Exclusive
Economic Zone (EEZ), which covers an area of 86,888, and represent an important

economic activity, with 0.55 Mt of fish production 2011. About 225 trawlers and 52,514
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mechanized and non-mechanized boats are engadisthimy (DoF, 2013). Climate change
has been predicted to decrease the productive tpiteh fisheries in South and Southeast
Asia (Barange et al., 2014). Understanding how this imhgeanslates into the future
provision of fish products in Bangladesh is crucial the sustainability of fisheries

dependent communities in coming decades.

In this paper we assess the impacts of climate gham Bangladesh’s fish resources by
quantifying the cumulative physical, biological amgological impacts in the EEZ of
Bangladesh over the 2Xentury, and how these affect the fish producpiotential in the
coastal zone. We include a set of contrasting mamagt and exploitation scenarios for the
EEZ of Bangladesh to project plausible scenariofistf production by 2060 that combine
sustainable management and environmental impacés€elscenarios are specifically focused
on the two species that provide the largest maminland catches, Hilsa shdénualosa
ilisha, and Bombay duckHarpadon nehereus. The management scenarios are intended to
inform fisheries managers in Bangladesh in theptuof sustainable management strategies

under a future dominated by climate change.

Hilsa shad is a euryhaline anadromous shad foundanamine, coastal and freshwater
environments, often schooling in coastal waterdsaHis the single most important fish
species in Bangladesh, accounting for more than @D%e total national fish production,

and responsible for about 1% of Bangladesh’s GIaul 460,000 fishers of 148 Upazilas
(sub-districts) are directly employed in Hilsa fislp with an indirect employment of about
2.5 million people in the wider Hilsa sector (tnagli processing etc.). Bombay duck is the
second highest catch in Bangladesh and a much ehéap than Hilsa Shadyfprox. 65

BDT.kg" vs 430 BDT.kd, unpublished data). As it is cheap and still caughabundance,
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Bombay duck, currently, is one of the most preférfesh for poor and middle class
consumers all over the coast (on average, 14%laladly sales is Bombay duck). Dried
Bombay duck is also regarded as the number ond @isle and is very popular, particularly
in the eastern part of the coast. It is a very soff highly perishable table fish and also

valuable in laminated or dried from.

Growth of human populations and changes in globasemption patterns will continue to
place heavy demands on fish populations (Delgadalet2003), particularly in fish-
dependent regions like Bangladesh (Toufigue andoBe2014). Here we used quantitative
scenarios of climate and socio-economic changekarBangladeshi marine ecosystem and

its major fish species to assist in the developroéataptation measures.
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Material and Methods

In order to provide estimates of fish productiortemtial under climate change we used a
combination of atmospheric, hydrological, oceancudation and ocean biogeochemical
models, driving changes in ocean productivity astdries potential (Fig. 1). These models
produce yearly time steps and spatially resolvedite. The Bay of Bengal (BoB) physico-

biogeochemical model simulates the cycling of trEmmutrients through the benthic and
planktonic pelagic ecosystems. Outputs from thislehalrive two fisheries models: a size-
spectrum model to provide time-series of total mafish production by size, and a species-
based model to compute total marine productiorhefrhain species by size. The effects of
human activities and fisheries management polisiee explored through fishing mortality

scenarios. Details of each model are provided helow

Climate and hydrological models

Previous climate modelling studies in this regi@vd tended to focus on the wider Indian
subcontinent rather than Bangladesh. Most studi@gg a generic increase in atmospheric
temperature, annual rainfall and heavy precipitagoents. Climate data for this study was
taken from the UK Met Office regional climate moddRCM) HadRMS3P, which is

dynamically downscaled from the global circulatimmodel HadCM3 (Caesar et al., 2015).
The greenhouse gas emission scenario used hereeisSpecial Report on Emissions
Scenarios (SRES) A1B (IPCC 2007), a medium-highssimins scenario developed for
Intergovernmental Panel on Climate Change (IPCEZ)arSd A Assessment Reports, which
still underpins research into climate impacts. dep to capture some of the model
uncertainties we considered three different clin@atgections from a 17-member ensemble

of HadCMS3 runs (Caesar et al 2015). The three ¢émaodel runs selected correspond to a
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range of possible future outcomes for the Bay ofiga¢, between the standard (QO), drier
and warmer (Q16) and intermediate rainfall and emajure (Q8) projections (Caesar et al.,
2015). QO0, Q8 and Q16 have successively higheritsgtysto greenhouse gas forcing
because of the different parameter values usethangeneral circulation model for these
ensemble members. As delta regions are particusargitive to precipitation and river run-
off, outputs from an Integrated Catchment ModelGIWNWhitehead et al., 2015a,b) were
used to determine run-off and associated nutr@adihgs from the delta rivers into the BoB
for each projection. The model simulates factorgr@dling flow and water quality dynamics
in both land and stream components of river catctisndhe INCA model application took
account of both climatic scenarios (Q0, Q8, Q16) aatterns of upstream water use
according to three socioeconomic scenarios (LestaBable, LS, Business as Usual, BaU,
More Sustainable, MS) scenarios (Whitehead e@ll5a,b). We used the results of the QO-
BAU, Q8-LS and Q16-MS INCA simulation runs to cagtuhe variation of the simulated
river flows and nutrient loads (Table I). The rigen the Ganges-Brahmaputra-Meghna delta
region (Fig. 2) account for 40% of flow into the deb domain. For all other rivers, for which
INCA data was not available, data was extractednfigiobal databases (GlobBIEWS,

http://marine.rutgers.edu/globalnews/datasets dutich Dai and Trenberth Global River Flow

and Continental Discharge Datasetjttp://www.cgd.ucar.edu/cas/catalog/surface/dai-

runoff/index.htm).

Ocean dynamics and biogeochemistry

A regional POLCOMS-ERSEM coupled model (Holt anch@a, 2001; Blackford et al. 2004;
Holt et al.,, 2009) was used to project both thesptal state of the ocean (temperature,
salinity, currents, light level), and the biogeath&try and lower trophic levels of the marine

food-web in the BoB. The model simulates four ppldaokton functional types, three



156 zooplankton functional types and bacteria, as a®lthree size classes of particulate organic
157 matter and dissolved and semi-labile organic makeur nutrients (C, P, N and Si) are
158  explicitly tracked within the model. The model damaovers the coastal area of the whole
159  BoB (77° to 104° W, 1.3° S to 23° N), and its widthfiem the coast to 200 km beyond the
160 edge of the continental shelf (Fig. 2). The mods&sua rectangular grid with a horizontal
161 resolution of 0.1° and 42 vertical levels distrdgditaccording to bottom depth. At the
162  atmospheric boundary it was forced using 3-hourg daily outputs from the HadRM3P
163  regional climate model described above, and phlysmaditions at the open ocean boundary

164  were set using monthly outputs from the HadCM3 GCM.

165

166  Nutrient values at the ocean boundary were fixedataes from the World Ocean Atlas

167 (Garcia et al., 2010); since future projectionsrayeavailable for these variables the values
168  were kept constant during the run. The boundaagli®ctive, so although nutrient values are
169  kept constant nutrient losses and gains at thedzsuies are allowed. Keeping nutrient levels
170  at the boundary fixed could have some effect om@ry production, but since production

171 here is very low (Martin and Shaji, 2015) the efffiedikely to be small compared to changes
172 in more productive zones nearer the coast.

173

174  For each climate dataset, the model was run camisly for 1971-2099. Model outputs
175 including temperature, salinity, current speedsnary production, dissolved oxygen, pH and

176  plankton biomass were recorded at daily intervats@sed to run the fish production models.

177

178 The BoB POLCOMS-EREM model was validated by commamodel outputs to in situ

179 measurements of temperature and salinity and &tlisatalues of surface chlorophyill.



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Temperature and salinity data were taken from tbdd\Ocean Database (Boyer et al. 2013),
using all available data for the model domain fa period 1993 to 2009. Monthly-
aggregated satellite chlorophyll data for 1997-2@@%e taken from the database of the
Ocean Colour Climate Change Initiative (Hollmanmlet2013; http://www.esa-oceancolour-
cci.org). For validation purposes the model waswith forcing from reanalysis data

(ERAiInterim, Dee et al., 2011, and GLORYS, Ferrgplet2012).

Fish production models

Outputs from the POLCOMS-ERSEM model were used tiveda dynamic marine
ecosystem model that explicitly accounts for foodbwinteractions by linking primary
production to fish production through predation.eTmodel estimates potential for fish
production by size class, taking in to account terafure effects on the feeding and intrinsic
mortality rates of organisms (Blanchard et al. 20Ehd hence can make climate-driven
projections of changes in potential fish productiSize-based methods like this capture the
properties of food webs that describe energy flmd @roduction at a particular size,

independent of species’ ecology (Barange et al4p01

To make projections for key species, we used a DymaBioclimate Envelope Model

(DBEM), a combined mechanistic-statistical approdlcht has been applied to a large
number of marine species globally (Cheung et &Q92. The DBEM projects changes in
species distribution and abundance while explictiynsidering known mechanisms of
population dynamics and dispersal (both larval awldilt), as well as ecophysiological

changes caused by changing ocean conditions (Chetungl. 2011). Specifically, we
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employed the SS-DBEM version of the DBEM that ipmyates species interactions based
on size-spectrum theory and habitat suitabilityrfgades et al., 2013). In SS-DBEM, current
distributions of the studied species (Hilsa shad Bombay duck) are first estimated using
the Sea Around Us database method (Close et ab)200en the suitability of each species
to different environmental conditions was defineding its model inferred environmental
preference profile (Cheung et al., 2008). Combiroegan dynamics with mortality, growth
and dispersal processes the model projects futateerps in distribution, biomass and
potential catch (see Cheung et al 2008, 2009 faerdetails). We applied the size-spectrum
model to explore potential changes in the totaldpotivity of the Bangladesh Exclusive
Economic Zone under both climate change and fiskoenarios and the SS-DBEM for the

two target species (Hilsa shad and Bombay duck).

Fisheries Management scenarios

The fisheries scenarios considered are based oredbgystem carrying capacity of the
Bangladesh Exclusive Economic Zone (EEZ) and aimpréwide trends of fish potential for

particular species by size class according to fipdevels of fishing pressure in relation to
the species’ maximum sustainable yield (MSY). MSYdefined as the highest average
theoretical equilibrium catch that can be contirslpuaken from a stock under average
environmental conditions (Hilborn & Walters 199Based on a simple logistic population

growth function and under equilibrium conditionsSM can be defined as:

MSY = Bw * intR /4

where intR is the intrinsic rate of population iease and 8 is the biomass at carrying

capacity (Schaefer 1954, Sparre and Venema 1982)ui application, the intR values are
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calculated based on natural mortality (Pauly 198Bieung et al., 2008). This is an

approximation and not as reliable as estimates ioféss using survey-based methods
(McAllister et al. 2001; Pauly et al.,, 2013). Howevthese estimates have proven to be
significantly correlated with those from aggregastdck assessments (Froese et al., 2012;

Fernandes et al., 2013).

Fishing mortality (k) scenarios were defined by comparingeStimates for Hilsa shad from
the literature with the modelled fishing mortaligssociated with MSY. Our modelled
averaged frsy is ca. 0.6, which contrasts with much higher levels shing mortality in the
literature (Haldar and Amin 2005, Amin et al. 20@8med et al.,, 2008, Rahman et al.,
2012), which would be consistent with expectatiohsignificant overfishing in the region
(Khan, 2007; Hussain and Hoqg, 2010; Dutta et 812). Thus, we considered three fishing
mortality scenarios to provide fish catch and biegarojections as follows:

a) Sustainability scenario (MSY): Fishing effort castent with averagewsy (0.6). This
is the theoretical value that results in maximunicltas while maintaining the
population at their productivity peak.

b) Business as Usual scenario (BaU): Fishing mortaidgsistent with the average of
recent estimates of,H{Fsau). The average fishing mortality for Hilsa shack targest
fishery in the country, is 1.86, or 3iky. We will consider that Hilsa shad and many
of the brackish species in tBeB are being exploited at that rate.

c) Overfishing scenario @r): Corresponds to a scenario where managementtis no
constraint to the fishery. Initial runs indicatellapse of catches and biomass at 4 *

MSY (Fy of 2.4). This is the highest exploitation scendniat we can consider.
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Results

Correlation between modelled and observed valubgyis for temperature and salinity (0.97
and 0.87 respectively). Chlorophyll was observeldde@onsistently over-estimated compared
to satellite values in the region (validation nlebwn), but the spatial and seasonal patterns of
variation reproduced well. The model estimated prehary production is highest in deep
waters near the coast, with production fallingdw lvalues at the model boundary (Fig. 3),
consistent with the oligotrophic conditions expeécter the central Bay (Martin and Shaji,
2015). The exception is some areas to the northnastl of the domain, where production at
the boundary is about half that of the maximum ltetree model may miss some production

in this part of the domain.

Projections of change for the2tentury show a steady rise in sea surface temyperdiut a
more mixed picture for net primary production (Fggand Table 1). For the QO (standard)
climate run, there is a fall in net primary prodactacross most of the northern Bay of
Bengal, except for a small area in the main Megivexr mouth. The overall effect for the
Bangladesh EEZ is to leave net primary productiargdly unchanged (<5% change).
Primary production in the EEZ rises in both of t@mer runs, Q8 and Q16, and is greatest
for Q8 in spite of decreasing river nitrate and ggtate inputs. In the wider bay the general
tendency in the longer term is for decreasing pctdo on the Indian coast, but rising
production in the Andaman Sea to the east; howdwerdndian coast shows rising production
at the start of the century for Q8 and Q16. Theptenature rise is greatest for the Q16 climate
run, which has the highest climate sensitivityea surface temperature rise of nearly 3°C for

the Bangladesh area, compared to 2.3°C for QO.
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In order to investigate the impacts of changesisim &nd fisheries potential we ran a size-
based model to compute the total potential fislipetion capacity from 2000 to 2100, in the
absence of fishing (Fig. 4). This model projecte thansfer of energy from primary to
secondary and tertiary producers based on metabelary (Blanchard et al. 2012). It has the
advantage of having relatively limited parametandeds while providing good estimates of
potential catch from the EEZ, which emphasizedgitirainant role of body size in accounting
for patterns of predatory interaction and produci{Blanchard et al. 2012). The results (Fig.
4 and Table Il) indicate that all three climategfall associated with an A1B greenhouse gas
emission scenario) project declines in fish promitgt As would be expected, a significant
inter-annual and inter-scenario variability is alveel. Averaging the results per decade shows
that the total fish productivity would decline betwn 2.6% (Q8 — intermediate temperature
rise) and 8.3% (QO0 — standard run) by 2100, depgndin the climatic ensemble run
considered (Table Il). However, the trajectory luktdecrease is different for each scenario:
steady, significant decrease over time under thes€@bario, moderate variations (increase
followed by a decrease) until the mid-century untther Q8 scenario, and moderate decrease
after the mid-century under the Q16 scenario (B)g.The results for the Bangladesh EEZ

domain are consistent with results for the entio®Bhelf region (Table II).

The weakness of the size-based model is that & dog provide predictions of production
and thus potential catches from individual speces] thus does not account for their
specific responses to environmental change andh§shn order to explore the impact of
management scenarios we conducted runs using dugesghased SS-DBEM model for the
two major marine captured species, Hilsa shad amdlBy duck. Given the small difference
in overall fish production between the climate enke runs (Table Il), and to facilitate

analysis, we averaged outputs of the three climasembles in subsequent species-specific
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runs and focused on the relative impacts of figsernanagement decisions. The results
indicate that both Hilsa shad and Bombay duck emtdre expected to decline over time
regardless of the fisheries management regimeplditferent degrees (Fig. 5). For Hilsa the
decline stabilises under MSY considerations at A0, by 2035, while it virtually collapses
around the same period under overfishing (OF) sanhaA significant inter-annual
variability is observed (Fig. 5a). By the 2050s tleeline in catches is between 39% (under
MSY) and 87% (under OF, Table Ill). For Bombay duter-annual variability is reduced
but climate ensemble variability increases the sizne error bars (Fig. 5b). Catch potential
declines continuously under all management scemarid without biological collapse. By the
2050s this decline is around 35% for all managemseanarios (Table Ill). It must be noted
that the projected catches of both species atténed the presented time series (2010) differ
between management scenarios. This is becausadismortality rates were applied in the
model starting in 1980, to allow populations tabgise in response to these rates. Thus, by
2010 each management scenario is already delivesiggificant differences in catch
potential. Potential catches are on average highédne more sustainable scenarios (MSY)
than in the Business and Usual (BaU) scenariobdtr species (91% in Hilsa Shad and 37%
in Bombay Duck by the 2050s) (Table Ill). The lssstainable scenario (Overfishing, OF)

projects a decrease of catches of Hilsa shad t&6<@0the BaU potential by 2050s (Table

).

If we compare the outcomes of the current “BusirasstJsual” (BaU) scenario in the 2000s
(2000-2009) period with a more sustainable scenaricoming decades, we expect the
management change to result in a very minor deatinmtential catches by the 2020s but a
still significant (25%) decline by the 2050s (Tablg. Conversely, a future that follows BaU

with an overexploitation scenario will bring catehigy 2050s almost 95% lower than in the
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BaU scenario for the start of the*2dentury (Table V). For Bombay duck, potentialotegs

by 2020s under an MSY scenario will produce ové¥2@ore fish than under BaU at the

start of the century, with a decline of less th@fey the end of the projection period. (Table
V). Conversely, maintaining BaU fishing to the emidcentury would result in 40% decline

in catch potential. This demonstrates that managewsn mitigate or exacerbate the effects

of climate change on ecosystem productivity.
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Discussion

The results presented constitute the first effofirbject fish and fisheries catch potential in
the Bangladesh EEZ over the®2fentury, combining state of the art regional ctenaodels,
associated river run-off and nutrient loading vobsma shelf-specific biochemical model and
two conceptually distinct high trophic level mofi@meworks. The results also assess the
subsequent impacts of a number of plausible managescenarios in order to investigate
the consequences of global environmental changenamégement options on the

sustainability and food provision of Hilsa shad &wambay duck.

Climate change showed a clear impact in the modejegtions, with sea surface
temperatures rising by 2-3° C over thé'2entury and the biggest increases generally in the
north of the BoB. The change in net primary produrctor the whole domain is 3% or less
(Table 1), in line with the near-static values fduoy Bopp et al. (2013) in a global study and
Blanchard et al (2012) for the Bay of Bengal. Tongrall small change hides sub-regional
differences, with the east and west of the BoB shgwdifferent, and scenario-dependent
patterns (Fig. 3); further modelling studies, witlore up to date climate scenarios and a
model domain that includes more of the Bay, woutdneeded to fully characterize this
variation. Net primary production is positivelyroelated to temperature in the north-western
part of the model domain, negatively correlatethm south. Production is weakly correlated
to nitrate and phosphate values in the coastaldattd areas but strongly correlated for the
deepest areas, suggesting that production is nutimeited in the central Bay. Production in
much of the Andaman Sea is correlated to nutriahies but not to temperature, suggesting
that this shallow area is also nutrient-limitedf lemperature seems to be a stronger factor

for the GBM delta.



360 Projected change in net primary production forBlamgladesh EEZ is in the range 0-5% and,
361 as for the wider bay, there are scenario-deperateas of positive and negative change. Two
362  of the three climate runs tested showed a risimgdtin primary production, with the standard
363  climate run the exception. The highest primary poin was associated with reduced river
364 flows and nutrient loadings, suggesting that therease is more affected by changing
365 temperature and sea dynamics than by river inpliss is supported by analysis of
366  correlations between the modelled nutrient levels @et primary production, which show a
367 relatively weak link in the area of the EEZ.

368

369 In spite of the slight increase in primary prodantithe projections show a decrease in the
370 potential fish production in the Bangladesh EEZQ-df0%. This is because at a higher

371 temperature the steepness of the primary produatidrfish abundance relationship will

372 increase. This means that there would be highgrgrtion of fish biomass of smaller size,

373  but lower total fish biomass. As an example usisghgle size-spectrum approach that uses
374  only temperature and primary production (Jenningd.e2008), at the same primary

375 production level, an increase of 2 degrees in teatpee can mean a 20% decrease in total
376  biomass. Our model is more complex as it usesrdiftephytoplankton and zooplankton

377 functional groups and additional prey-predatortreteships (Blanchard et al., 2012).

378 Blanchard et al. (2012) project declines of 30-6a%opical shelf and upwelling areas and
379 anincrease of pelagic predators by ca. 30-90%gim latitude shelf areas. This temperature
380 driven effect has been also suggested for the Meditean Sea (Lejeusne et al., 2010) where
381 temperatures have steadily increased. Hilsa marasi synchronous with the increase of the
382 average water flow and increase in average temyperaf river water (Haroon, 1998;

383 Bhaumic et al., 2011). The preferred (optimum)gernature for Hilsa in the breeding ground
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is 29.3-30.2°C and in the nursing ground is 29.830. The surface temperature is the

principal factor governing the distribution of Boaybduck in Bay of Bengal (Bapat 1970).

Official statistics reveal that marine and inlarghfcatches in Bangladesh have doubled since
1995 reaching 1.6 million tonnes per year, of whiilsa has contributeda. 350,000 tonnes
(Fig. 6). Over the same period, the number of neafishing boats and gears has increased
about 4 times resulting in tremendous pressureitsa ldopulations. In addition, the intensity
of marine catches has increased due to the inttimucf nylon twine and mechanized boats
(Rahman et al., 2012). Given that our results et@icro evidence of increased productivity,
we conclude that such increase in catches is duketoncrease in demand for fish on the
Bangladeshi and global markets. Although, the pafjan in the South-West coastal zone has
not increased significantly between 2001 and 2@t 13.9 million to 14.1 million, Szabo
2015), because of rural to urban migration, thaltpbpulation of Bangladesh has steadily
increased from 135 to 153 million in the same pk(@001-2011) and from 120 million to
158 million people during the 1995-2014 period (WoBank 2015). Fish takes up the
majority of the animal protein intake in Bangladestd its consumption has increased from
42.1 (2005) to 49.5 (2010) grams per capita per(B®5 2011). This increase in fish intake
was greater in urban areas (49.6 to 59.9 g petacppr day). Thus, the increasing domestic
population coupled with changes in consumption Ikevand urbanisation might be
responsible for the increasing commercial and stdrste fishing pressure.

The difference in trends between fish landingshe tecent past (2000-2015, Fig. 6) and
model projections over the same period (Fig. 5edess clarification. As mentioned above,
historical landings reflect more than ecosystem &sHd productivity, especially when
management is not sophisticated enough to resmpmderannual productivity cycles. There

is no detailed spatial and temporal informationilaiée in Bangladesh to estimate the annual
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level of fishing pressure that resulted in the reggmbrecent fish landings. In our simulations,
however, we fix fishing mortality over the time thfe simulation according to our defined
management scenarios (Fig. 5). Thus, the trend raagnitude of the simulated catches
within a single simulation reflects ecosystem pitiity changes, while differences between
simulations show the impact of a fixed fishing gte® on top of the effects of environmental
variability. These trends are therefore not expkdte match past landings, although their

average is consistent with the yield obtained eBlisiness as Usual scenatrio.

Larger decreases are projected for the two maicispeompared to the total fisheries
productivity change from the size-spectrum modetneunder sustainable management
practices. This apparent discrepancy can be cdustte potential replacement of species
such as Hilsa shad and Bombay duck by alternapigeiss, thus resulting in more stable total
potential catches at ecosystem level. In the chsi@sa Shad there are two fish species that
have the potential to replace Hilsa Shad: Chac@idzard ShadAnodontostoma chacunda)
and Toli ShadTenualosa ilisha). Due to their morphological similarity they aribem

confused with Hilsa on the markets, particularlthéy are young, and are often sold as
Hilsa, even though the real value of an adultisghimes lower. It is known that the
complexity of ecological interactions in the marfoed web makes it difficult to extrapolate
studies on individual species to community or estey level (Walther et al. 2002). Thus, it
is quite possible to observe differential impadtha community level compared to species
patterns. The second cause for this discreparstyustural: overall fisheries potential is
computed using a size-based model, while individpakies responses rely on a species-
based model. However, both models are forced \Wwetsame environmental data, and
previous comparisons suggest that both model frameatend to have comparable outputs

at the right scale (Barange et al. 2014).



434  Model runs that combine environmental change antaigement considerations demonstrate
435 that the management options to be followed in cgndiecades are crucial for the

436  sustainability of fisheries and their role as aitiohal and economic resource for the

437  country. Hilsa shad is the largest fishery by vaduiand a species with significant economic
438  and cultural value. We showed that the implememnatif sustainable management practices
439  would stabilise the marine catchapprox.170,000 tonnes by the 2050s, at 70% of current
440 catches, is likely to reduce Hilsa catches by up0% by 2050A decrease in Hilsa shad

441  catch of this order would have important conseqgesné/hile some fish sellers will be able
442  to weather the storm by focusing on other alteweagpecies, it is expected that the impact
443  will be more severe for fishers that have adapted practices to the dynamics of this

444  species and its consumers’ demand. As many of figdss depend heavily on Hilsa any
445  decline in Hilsa population will result in poorérihg conditions for the people engaged in
446  fishing. The cultural value (Urquhart et al., 20&hg unique taste of Hilsa, which drive its
447  higher value and demand, make it unlikely thatitiss of catches for this species will be

448  compensated by fishing other species. This migh$ea shift in the workforce from fishing
449  to other livelihood options (Hossain et al., 200i&;holls et al., 2013). The loss of fishing
450 livelihood may thus lead to migration to alreadgprerowded large cities in search of

451  alternative livelihoods.

452

453  Bombay duck productivity is around half that of $dilshad, but the catches and biomass are
454  more stable. Our projections indicate that catadidg®ombay duck may not collapse as a

455  result of unsustainable fishing practices and diengdfects by 2060, contrary to projections
456  for Hilsa. Sustainable practices would maintairrent catches to a large extent. The reason
457  for the different response compared to Hilsa redieshe fact that Hilsa shad has slightly

458  higher estimated intrinsic population growth rades adult movement rate (FishBase
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databasehttp://www.fishbase.org/compared to Bombay duck, which makes it more

abundant and widely distributed, allowing it tockaenvironmental changes more closely but
this also means that it is more sensitive to emvitental and climate conditions. In addition,
Bombay duck has a higher range of feeding optifsas) zooplankton, fish larvae and

shrimp to other fish species of smaller size (Zhang Jin, 2014); whereas Hilsa shad is
mostly herbivorous though it does eat crustacean#id et al., 2014). Thus Bombay duck

seems to be more resilient to changes in the méootechain.

Despite the complexity of the modelling framewdhere are still processes that may be
under-represented, such as top-down effects (Kgatnal., 2012). Top-down pressures in
terms of predator mortality is represented in tloelets as part of the natural mortality. There
is some data about natural mortality of Hilsa, whiad a mean value of 1.24 £ 0.08 in the
period between 1992 and 2006 (Ahmed et al., 20GBIBVIE, 2010), however this is
insufficient to say something quantifiable aboyt-ttown effects. Moreover, Hilsa is a highly
fecund fish enabling it to compensate for any glesg of progeny which may occur due to
predation and unfavorable hydrological conditioRaj@, 1985; de Graaf, 2003; Rahman and
Cowx, 2006). There are several piscivorous spehbegshave the potential to predate Hilsa
and Bombay Duck (Bahadur, 2010; Murugan et al. 228lich as sharks, Indian mottled eel
(Anguilla bengalensis), narrow-barred Spanish macker&tdgmberomorus commerson) tunas
(Kasuwonus pelamis, Thunnus albacares, Thunnus obesus), dolphins Platanista gangetica
gangetica), seabirds and tooth whales (Nelson, 1998). Howéwop-predator studies (e.qg.
stomach content) in this area are rare (Sumonthh, &008; Thangavelu et al., 2012;
Mazumder et al., 2014). In Sumontha et al. (200&),represented 38.9% of the stomach
content of several tuna species, the rest wereab@pbd. Thangavelu et al. (2012) shows

predation of Greater lizardfislsqurida tumbil) on Bombay Duck, but the study is too limited
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to determine if it is just an opportunistic predati These fish species are all also fishing
targets (Bahadur, 2010; DoF, 2013) and therefaseeqtible to human pressures similar to

their prey.

We have not considered in the model the impactdhanges in the extension and
composition of mangroves would have on fish productAlthough the importance of
mangroves as fish habitats and nursery groundseognized (Hoq, 2003; Chowdhury et al.,
2010; Hutchisoret al., 2014), the exact impacts of changes are stilertam and

unquantified. Current research efforts aimed akthd of quantification that would be
needed for modelling relate only to indirect fastdfor example, Hutchisat al. (2014)

review work related to the impacts on primary prtchn (Alonsegi, 2009; Harrison et al.,
1997; O’'Donohue and Dennison, 1997). Specific arpamtal and monitoring work would

be needed before we can understand the role ofnoaggyin their ecosystems further than

what-if scenarios.

The present study is part of a much broader arsabfsioastal Bangladesh. The fisheries
model and its results will be used in the integtapalytical framework of the Ecosystem
Services of Poverty Alleviation In Populous Del(BSPA Deltas, www.espadelta.net)
project, which will allow the detailed analysisradt only the fishery resources, but also the
fishing livelihoods and its interactions with othgovisioning ecosystem services such as
agriculture. Since fishing is the second most ingarsource of livelihood in coastal
Bangladesh, the integrated model will allow thelersaiion of the future trajectories of the
fishery sector through testing plausible scena®a tool to aid sustainable resource

management and regional development planning.
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Tables

Table |

Area Climate  Present Mid- End-

scenario day century century

SST (°C) Bangladesh QO 28.3 29.5 30.6
precipitation (mm day) EEZ 8.6 9.1 9.3
net PP (g C mday?) 1.65 1.67 1.66
river flow (x10'° m®) 98 103 104
river nitrate (tonne) 345 321 370
river phosphate (tonne) 50 50 56
SST (°C) BoB Qo0 29.5 30.8 31.7
precipitation (mm day) 6.9 7.2 7.5
net PP (mg C ihday") 1.26 1.24 1.24
SST (°C) Bangladesh Q8 28.4 29.9 31.0
precipitation (mm day) EEZ 7.2 6.8 7.1
net PP (g C mMday?) 1.68 1.77 1.78
river flow x10'° m®) 108 97 109
river nitrate (tonne) 370 319 334
river phosphate (tonne) 56 49 53
SST (°C) BoB Q8 29.5 30.8 31.9
precipitation (mm day) 3.2 6.0 5.9
net PP (mg C iiday") 1.29 1.33 1.29
SST (°C) Bangladesh Q16 29.2 30.8 32.1
precipitation (mm day) EEZ 5.8 5.4 5.8
net PP (mg C fhday") 1.79 1.84 1.83
river flow x10'° m®) 94 97 108
river nitrate (tonne) 322 268 267
river phosphate (tonne) 48 52 55
SST (°C) BoB Q16 30.3 31.7 32.9
precipitation (mm day) 5.0 4.9 5.1
net PP (mg C ifiday") 1.35 1.33 1.37

Table I. lllustration of the differences betweea three climatic and hydrological scenarios
used to drive the oceanic physical-biogeochemiacadehof the Bay of Bengal. Sea surface
temperature (SST), precipitation and net primaodpction (net PP) data are given for the
Bangladesh EEZ region, north of°N8 and for the whole BoB (in shaded rows). Presiyt-
mid- and end-century values are means for 1991-220411-2060 and 2081-2099
respectively. River flow and nutrient loadings Boethe Ganges-Brahmaputra-Meghna
(GBM) system only. Note that the river flow depewasprecipitation in the Ganges and
Brahmaputra basins, to the north and west of th@etlndomain, and on patterns of river

water extraction, rather than precipitation in Bay of Bengal.
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Table Il

Area Climate  Fish Class 2020s-2000s 2050s-2000s 2090s-2000s
Scenario A change (%) A change (%) A change(%)
Bangladesh QO Total (<120 cm) -0.6 -4.9 -8.3
EEZ <30cm -0.7 -5.5 -9.1
30-90cm -1.0 -5.3 -9.0
BoB Qo0 Total (<120 cm) -3.0 -7.3 -7.7
<30cm -3.2 -8.0 -8.8
30-90cm -2.9 -7.2 -7.7
Bangladesh Q8 Total (<120 cm) -0.7 -2.6 -2.6
EEZ <30cm -0.8 -3.1 -3.4
30-90cm -1.1 -3.3 -3.4
BoB Q8 Total (<120 cm) -0.3 -1.8 -5.3
<30cm -0.8 -2.4 -7.2
30-90cm -0.8 -2.4 -5.6
Bangladesh Q16 Total (<120 cm) -1.8 -1.3 -5.6
EEZ <30cm 24 -14 -6.5
30-90cm 2.1 -1.6 -6.4
Q16 Total (<120 cm) -1.9 -4.3 -3.5
BoB <30cm -4.4 -5.0 -2.2
30-90cm -1.8 -4.2 -3.7

Table II. Change in production potential in the @922050s and 2090s decades (10-year

averages), compared to the 2000s decade, by clenatamble run. Potential production

refers to total fish, and fish of <30cm and betw88+90cm, using a size-spectrum model.



729  Table Il

730
2020s-2000s 2050s-2000s 2000s 2020s 2050s
A catch (%) Acatch (%) Average Average Average
catch (‘000 catch (‘000 catch (‘000
tonnes/yr) tonnes/yr) tonnes)
MSY -20.6+145 -39.0+20.1 283.0+ 221.7+ 168.5 + 35.3
30.0 14.9
Hilsa Shad BaU -30.7+12.7 -421%7.6 2279+ 156.7 £ 101.3£11.9
14.0 19.7
OF -29.3+8.8 -87.2+111 1656%x3.0 1169+ 15.7+13.6
13.0
MSY -7.4+4 -37.2+4.0 124.2 + 114.7 + 77.8+11.4
15.6 10.2
Bombay Duck BaU -13.9%+1.9 -32.4+7.0 98.2+23.84.4+195 57.3+154
OF -19.2+1.7 -33.5+7.3 80.3+20.7 65.0+17.33.5+13.6
731
732

733 Table lll. Change in catch potential for Hilsa sleamtl Bombay duck in the 2020s and 2050s,
734  referenced to the 2000s decade (in %), and avestghk in each of the three decades (t/yr),
735 according to three fisheries management scendiesreported values are the mean and
736  standard deviation across Q climate scenarios.

737

738



739 Table IV

740
20204\ catch (%) 20504 catch (%)
Present BaU to MSY -25+7.6 -25.9+14.0
Hilsa Shad Present BaU to BaU -31.1+8.3 -6111.8
Present BaU to OF -48.6 + 5.6 -03.1+5.2
Present BaU to MSY 209241 -18.0+18.4
Bombay Duck Present BaU to BaU -11+24.4 -39.841
Present BaU to OF -31.5+20.4 -54.7 +15.1
741

742  Table IV. Change in catch potential for Hilsa shad Bombay duck in the 2020s and 2050s,
743  according to three fisheries management scenaefesenced to the period 2000-2010 under
744  the Business as Usual (BaU) scenario (in %). Therted values are the mean and standard
745  deviation across the three climate ensemble runs.

746

747
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Figures

Figure 1. Flowchart and structure of the modelslusesstimate the impacts and consequences of
climate change and socio-economic scenarios onlBaesh fisheries. The shaded boxes represent

the models directly used in this paper.

Figure 2. Map of the Bay of Bengal showing the POIMS-ERSEM model domain
(shaded), the position of river mouths in the maaw the Bangladesh Exclusive Economic
Zone. Diamonds show the position of rivers whose find nutrient loadings were estimated
from the INCA model; circles indicate river flowadnutrients estimated using global

databases (see text for details). Depth contoerstamwn for 100 and 1000 metres.

Figure 3. Changes in sea surface temperature (&@&iliyet primary production (net PP)
projected by the Bay of Bengal model for the 20208%0s and 2090s, compared to a
baseline of values for the 2000s. The rows showltefor the three climate ensemble runs
QO (top row), Q8 (middle) and Q6 (bottom row). Cges in river flow volume, nitrate (N)
and phosphate (P) loads of the GBM rivers are shawime left hand panel of each pair,
these values also hold for the right hand panele wat the SST legend changes for each

time slice.

Figure 4. Time series of changes in projected figheries production potential in the
Bangladesh EEZ according to the three climate ebhkerans (Q0, Q8 and Q16) and in the
absence of fisheries extractions. Values are egpdeas a percentage deviation from the 2000

production for each ensemble run.
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Figure 5. Time series of catch potential projecti¢th in the Bangladesh EEZ for Hilsa shad (A) and
Bombay duck (B) under different fisheries managemnseanarios (MSY or Sustainable exploitation,
BaU or Business as Usual and OF or Overfishingas@@n Error bars indicate variability between the

three climate ensemble runs (Q0, Q8 and Q16) aswtied river run-off and nutrient loadings.

Figure 6. Time series of marine and inland catdtg[Tand for Hilsa shad) and total

aguaculture production in Bangladesh since 1950r¢go FAO Global database).
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784
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Figure 6
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