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Abstract We model future trends in river export of nutrients
to the Bay of Bengal, and the sources of this pollution. We
focus on total nitrogen (TN), total phosphorus (TP), and dis-
solved silica (DSi) inputs to the Bay of Bengal Large Marine
Ecosystem (BOB LME) in the years 2000, 2030, and 2050. In
2000, rivers exported 7.1 Tg N and 1.5 Tg P to the BOB LME.
Three rivers (Ganges, Godavari, Irrawaddy) account for 75—
80% of the total river export of N and P. For 2050, we calcu-
late an increase in river export of N to 8.6 Tg, while P export
stabilizes at the 2000 level. Future trends are the net effect of
increasing river export of dissolved N (by 40%) and P (by
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80%), and decreasing river export of particulate N and P.
The increases in dissolved N and P loads are associated pri-
marily with increased N and P losses from agriculture and
sewage systems. The decreasing export of particulate N and
P is associated with damming of rivers and increased human
water consumption. There are large differences in nutrient
export among rivers. Rivers draining into the western BOB
LME generally export more N and P than eastern BOB LME
rivers. Most N and P in western BOB LME rivers are from
anthropogenic sources. Future increases in dissolved inorgan-
ic N and P (DIN and DIP) export can be large for individual
rivers: up to more than a factor of five for DIP and more than a
doubling for DIN. The calculated nutrient export ratios (N and
P relative to DSi) indicate an increasing risk for blooms of
non-siliceous algal species, which can potentially produce
toxins and otherwise disrupt coastal ecosystems. Our results
indicate that basin-specific management may be the most ef-
fective approach towards reducing the risk of coastal eutro-
phication in the BOB LME.

Keywords Bay of Bengal - River pollution - Coastal
eutrophication - Nitrogen - Phosphorus - Silica

Introduction

Nutrient loads exported by rivers to coastal waters have in-
creased in the Bay of Bengal Large Marine Ecosystem (BOB
LME) in the past decades (Sattar et al. 2014), leading to
changes in nutrient stoichiometry (Islam et al. 2004;
Tripathy et al. 2005) and, as a consequence, harmful non-
siliceous algae blooms (Garnier et al. 2010). Hypoxia and
algal blooms have been observed along the coastlines of the
BOB LME (Buapet et al. 2008; Das et al. 2004; Lee and Bong
2006; Meybeck and Helmer 1989; Periyanayagi et al. 2007).
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Hypoxia may be harmful to aquatic ecosystems and result in
dead zones. This, in turn, can lead to a number of negative
changes in coastal ecosystems including algal blooms, alter-
ations in community composition, production of toxic algae,
hypoxic or anoxic conditions, and increased turbidity (Glibert
et al. 2010; Glibert et al. 2014). Harmful algal blooms may
cause socio-economic problems too, such as threats to fisher-
ies and tourism (Bricker et al. 2008).

The rivers draining into the BOB LME cover a large area.
Some of these rivers are transboundary rivers, with drainage
areas in several countries. Examples include the Ganges,
Irrawaddi, Salween, as well as rivers crossing borders of
Thailand and Myanmar, or rivers draining into the Malacca
strait in-between Malaysia and Indonesia.

Understanding the sources of nutrients in rivers is impor-
tant for effective river basin management, and for understand-
ing potential future loadings and effects. Human activities on
land are the most important causes of increased nutrient inputs
(especially N) to rivers and of coastal eutrophication (Howarth
2008). Damming of rivers also affects river water quality.
Nutrient retention in rivers may increase as a result of dam-
ming and consumptive water use. As a result, less nutrients are
transported to coastal seas, potentially offsetting the increase
in export due to human activities on land. This holds especial-
ly for particular forms of N and P (Suwarno et al. 2014b).

Since the industrial revolution, worldwide, the twentieth
century meant exponential increases in both nutrient loads
and eutrophication (Howarth 2008), and damming and nutri-
ent retention (Syvitski et al. 2005). Rivers draining into the
Bay of Bengal transport increasing amounts of nutrients from
land to sea (Seitzinger et al. 2010). Past trends (1970-2000) in
Sattar et al. (2014) and Suwarno et al. (2014b) suggest a net
increase in nutrient export even with increased river damming.
Sources of nutrients include fertilizers used in agriculture (De
et al. 2011; Subramanian 2008), urbanization and domestic
sewage (Pote et al. 2012), and aquaculture (Chua Thia et al.
1989; Das et al. 2004). Future changes in nutrient pollution are
associated with population growth and urbanization (UNPD
2013; UNPD 2015), but also with changes in hydrology and
damming (Seitzinger et al. 2010; Suwarno et al. 2014b).

Although hypoxia and algal blooms have been reported
along the coastlines of the BOB LME, no systematic monitor-
ing of coastal eutrophication exists. There are only a few ex-
perimental studies that report nutrient concentrations on an
annual basis for rivers discharging into the BOB LME.
Likewise, there are only a few analyses of major sources of
nutrients in these rivers (Panigrahi et al. 2007;
Sundaramanickam et al. 2008).

Recently, two modeling studies have been published on
transboundary rivers in the Bay of Bengal. Sattar et al.
(2014) analyzed the impact of food production (agriculture
and aquaculture) on nutrient export by selected rivers to the
Bay of Bengal. And Naeema and Kroeze (2014) presented
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perspectives of citizens on nutrient export by urban areas in
Bangladesh, India, and Myanmar. These two studies indicate
that, in the future, human activities may result in considerable
increases in nutrient loadings of the rivers. However, these
analyses are not complete, as they focus on selected rivers,
or selected drivers of nutrients in the BOB LME. Their studies
also lack spatial analyses of the sources of nutrients in rivers.

In this study, we, therefore, analyze current and future
trends in river export of nutrients to the Bay of Bengal LME
up to 2050, and the associated potential for coastal eutrophi-
cation. Our analysis differs from earlier studies in that (1) we
include the complete drainage basin; (2) we include all
sources of nutrients in rivers, and a spatial analysis of these
sources; and (3) we calculate nutrient export on the basis of
observed hydrology where available rather than modeled
hydrology.

River-delivered inputs of nitrogen (N), phosphorus (P), and
silica (Si) to the Bay of Bengal for the year 2000, and for a
future scenario for the years 2030 and 2050, are calculated
using the Global NEWS (Nutrient Export from WaterSheds)
approach (Mayorga et al. 2010; Seitzinger et al. 2010). Major
N and P sources are identified (including sewage, agriculture
from crops and from livestock, atmospheric deposition direct-
ly to watershed). We also present the Indicator of Coastal
Eutrophication (ICEP) (Garnier et al. 2010) for rivers draining
watersheds of the BOB LME. The calculations for future
years are based on one scenario from the Millennium
Ecosystem Assessment (MEA) (Alcamo et al. 2005).

Method
A modeling approach for the Bay of Bengal

We adapted the Global NEWS 2 (hereinafter defined as
“Global NEWS™) approach for the Bay of Bengal (see
Online Resource | for an overview of the modeled 133 river
basins). Global NEWS is a global, spatially explicit model of
nutrient export from land to sea. It models river export of
dissolved and particulate forms of N, P, and Si to coastal
waters. For details, we refer to Global NEWS publications
(Mayorga et al. 2010; Seitzinger et al. 2010) and for an over-
view we refer to the supporting material (Online Resource 2).

We modified the Global NEWS 2 approach in two ways.
First, we used observed rather than modeled hydrology for the
BOB LME basins. Using observed hydrology results in a
more realistic simulation of hydrological conditions (see
Mayorga et al. 2010). Thus, we used climate observations
(New et al. 1999) as drivers for the hydrological model
(Water Balance Model Plus, WBMplus), and a discharge-
gauge correction (Fekete et al. 2002). As in the global appli-
cation, we do this for the year 2000 (Mayorga et al. 2010;
Seitzinger et al. 2010). Future hydrology was scaled to the
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observed hydrology in the year 2000 as described below
(Eq. (6)).

Second, we aggregated small river basins into larger calcu-
lation units (Eq. (1)). We did this because Global NEWS out-
put is known to be less accurate for basins consisting of only a
few grid cells (Mayorga et al. 2010). By aggregating basins,
we eliminate part of the uncertainty associated with the size of
basins.

Basin aggregation

We first selected Global NEWS basins that drain into the BOB
LME using the 2013 revision of the LME polygon boundaries
shapefile obtained from http://www.lme.noaa.gov. An initial
selection of Global NEWS basins to the BOB LME was
performed via an automated procedure that expanded
(buffered) the LME polygon boundary by 0.3 ° (approximate-
ly 33 km at the equator, decreasing with latitude) and selected
Global NEWS basin polygons that intersected this expanded
boundary. This step was followed by manual assessment and
correction. As aresult, 133 exoreic Global NEWS basins were
assigned to the BOB LME (see Online Resource 1). Many of
these basins are small and contain relatively few input grid
cells (0.5 x 0.5 ° for most inputs) per basin. Model output is
less reliable for basins consisting of a few grid cells.
Therefore, we aggregated basins following the principles of
spatial adjacency. Basins that cover less than 10 grid cells and
are adjacent to each other are aggregated, resulting in nine
“combined basin regions.” All results in this report are for
these “combined basin regions” and for the 13 largest individ-
ual basins.

The Global NEWS model was then used to analyze the
following model output by river basin: annual river export
of N by form (DIN, DON, PN), total N (sum of N forms), P
by form (DIP, DOP, PP), total P (sum of P forms), and dis-
solved Si. River export of nutrients is presented as load (Tg/
year) or yield (kg/km?® basin/year). Moreover, the relative
share of sources of nutrients in rivers are identified (Online
Resource 2), including diffuse and point sources. Diffuse
sources include natural soils, fertilizer leaching from crop pro-
duction and animal production, and atmospheric N deposition.
Point sources are from urban wastewater (human sewage)
exports. Modeled yields for “combined basin regions” have
been aggregated by summing the loads of the individual ba-
sins and dividing by total basin area as in Eq. (1):

Z?: 1 (Warca basin 'xyicld)
Zle Warea basin

Xyield = (1)

In order to estimate the potential for eutrophication in the
near-shore waters of the Bay of Bengal we calculate, for each
river basin, the Indicator for Coastal Eutrophication Potential
(ICEP), which is based on the Redfield molar ratio (C/N/P/

Si=106:16:1:20) (Garnier et al. 2010). This indicator assumes
that N and P levels in excess of Si may favor growth of po-
tentially harmful non-siliceous algae.

We calculate ICEP following Garnier et al. (2010); ICEP is
calculated for N (when N is limiting) and P (when P is limit-
ing) as follows:

N-ICEP = [NFIx/14 - 16-SiFlx/28-20] - 106 - 12 (2)
P-ICEP = [PFIx/31-SiFlx/28 - 20] 106 - 12 (3)

where:

PFIx, NFIx, and SiFIx are the fluxes (yields) of total N
(TN), total P (TP), and dissolved silica (DSi), respectively,
delivered at the mouth of the river. N, P, and silica fluxes are
expressed in kilogram/square kilometer basin/day. ICEP is
expressed in kilogram C/square kilometer/day. Total N and P
fluxes are calculated as the sum of the three constituent ele-
mental forms as shown in Egs. (4) and (5), whereas silica
fluxes are derived from Beusen et al. (2009):

NFIx = DINyield + DONyield + PNyield 4)
PFIx = DIPyield + DOPyield + PPyield (5)

Considering that the N/P ratio is indicative of which nutri-
ent (N or P) is most limiting, we have opted for a combined
ICEP (indicated simply as ICEP) for which we use the N or P
ICEP with the lowest value (Garnier et al. 2010).

A negative ICEP (ICEP <0) indicates a low potential for
non-siliceous algae development. A positive ICEP (ICEP >0)
indicates a potential risk of harmful algal blooms.

Future scenario analysis

We analyze a future scenario for the years 2030 and 2050,
based on the Global Orchestration MEA scenario (Alcamo
et al. 2005). Input databases to Global NEWS for future sce-
nario analysis include several anthropogenic drivers derived
directly from the MEA storylines. Additional inputs for nutri-
ent management scenarios have been developed and added to
these storylines to generate quantitative nutrient management
scenarios and the input datasets for the Global NEWS model.
In brief, the MEA scenarios consist of internally consistent,
plausible global futures and their implications for ecosystem
services which differ in terms of environmental management
(proactive and reactive) and in their degree and scale of inter-
national integration (globalization or regionalization) growth
(Alcamo et al. 2005).

As increased urbanization, and intensification of agricul-
ture and economic activities (FAOSTAT 2015; UNPD
2013), are likely major drivers of increased nutrient loads in
the Bay of Bengal, future trends for the years 2030 and 2050
are analyzed for the GO scenario.
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Input datasets for the 2030 and 2050 Global Orchestration
(GO) scenario analysis were taken from earlier Global NEWS
studies (Seitzinger et al. 2010) and are summarized in Online
Resource 2.

Previous scenario analyses using Global NEWS were
based on modeled climate drivers (“Modeled Hydrology™)
for both the year 2000 and future conditions (Seitzinger
et al. 2010). Here, we modeled future conditions according
to “Realistic Hydrology” for the year 2000. We scaled future
nutrient export rates (“X”) as follows:

Xyear = (X 2000 Realistic Hydrology /X 2000 Modeled Hydrology )

x X year Modeled Hydrology (6)

where:
“year” is the scenario year (2030 or 2050) and (X000
Realistic Hydrology/XZOOO Modeled Hydrology) is the Scaling factor.

River export of nutrients and eutrophication
potential in the Bay of Bengal 2000-2050

Drivers of N and P export by rivers

Important drivers of changes in N and P export by rivers
include trends in population, GDP, and the associated N and
P inputs to soils and changes in hydrology (See Online
Resource 3 for the complete table of drivers).

According to the GO scenario, GDP increases faster than
population between 2000 and 2050 in the BOB LME. The
population density increases by about one third, and the urban
population by about two thirds. GDP is projected to increase
by a factor 7-11. However, there are regional differences.
Basins in the Indian subcontinent have more or less similar
trends with a GDP PPP (Purchasing Power Parity) between
1900 and 2200 1994US$/inhabitants/year (Global NEWS in-
put data, see Van Drecht et al. (2009) for calculations). The
lowest GDP PPP is calculated for Myanmar, Irrawaddy, and
Bangladesh basin regions with, respectively, 1107, 1242, and
1422 1994US$/inhabitants/year, whereas the highest GDPs
PPP in 2000 are in Malaysia, Thailand, Sri Lanka, and
Indonesia (respectively, 8144, 3800, 3138, and 2915
1994US$/inhabitants/year). Higher population densities are
found in, for instance Damodar, parts of India, and
Bangladesh with >500 inhabitants/km?. Generally, basins in
the eastern part of the Bay of Bengal have lower population
and urban population densities, with the exception of
Malaysia where in spite of a relatively low average popula-
tion, the urban population density is 133 inhabitants/km?, the
third highest in the BOB LME. These trends are projected to
continue in the future for both population and GDP growth.
Basins with the highest GDPs PPP in 2050 are calculated to
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Fig. 1 Selected drivers of nutrient export in the Bay of Bengal: N and P P>
from fertilizer and manure application and population density
highlighting spatial variability in the Bay of Bengal for the year 2000
(in kg/km*/year) and changes 2030-2000 and 2050-2000 (in kg/km?/
year) for the Global Orchestration scenario

also have the highest GDPs PPP in the year 2000, with the
exception of Sri Lanka.

Total inputs of N and P to rivers from point sources
(sewage) are projected to increase by more than a factor of
three between 2000 and 2050 in the GO scenario. This is
mainly a result of the population increase and the assumed
increase in the percentage of people connected to sewage sys-
tems (Van Drecht et al. 2009). In addition, the amount of P in
sewage may increase because of a more widespread use of P
detergents. Point sources are calculated to increase faster in
time than diffuse sources. For the year 2000, we only calculate
considerable sewage inputs for Damodar, South East India
(India 2), Malaysia, Indonesia (Sumatra), and the Ganges. In
the future, inputs from point sources will increase relatively
fast, up to 27% of total nutrient inputs for Damodar. By 2050,
there are sewage inputs to almost all river basins, since more
people are assumed to be connected to sewage systems.

Inputs to land from fertilizer and manure are projected to
increase by 60—155% between 2000 and 2050. These in-
creases are larger than the population increase. This could be
explained by an increase in per capita caloric intake and meat
consumption. Highest N and P input are found in the western
part of the Bay of Bengal: in GHAAS basin 404, followed by
South East India (India 2), Penner, Damodar, Cauweri, and
Krishna (the latter mostly because of P from fertilizer). These
basins are also among the most populated, with population
densities above 500 inhabitants/km? in the year 2000
(Fig. 1). Spatial distributions of both population densities
and N and P inputs from diffuse sources are projected to fol-
low similar patterns to the reference year in the future (Fig. 1).
N inputs from fertilizer and manure and P inputs from manure
will increase up to >16 kg/km?*/year in large parts of the west-
em part of the Bay of Bengal, but also in parts of southern
Myanmar and Indonesia.

River export of nutrients in the BOB LME (2000-2050)

In 2000, rivers exported 7.1 Tg N to the BOB LME (Fig. 2), of
which 4.1 Tgas DIN, 0.9 Tgas DON, and 2.1 Tg as PN. In the
GO scenario, the loads increased fastest between 2000 and
2030, of which we calculated a 27% increase for DIN and
12% increase for DON. Meanwhile, PN loads decreased by
18% between 2000 and 2030 as a result of increased retention
in dammed reservoirs. By 2050, total N load may amount to
8.6 Tg. This increase is mainly caused by a 45% increase in
DIN loads from 4.1 Tg in 2000 to 6.0 Tg in 2050. The two
main sources of DIN in rivers are fertilizers and manure
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(Fig. 3), accounting for 32 and 26% of the total DIN loads for
the year 2000, respectively.

Loads of DON (0.9 Tg in 2000) are small compared to DIN
(4.1 Tg) and PN (2.1 Tg) (Fig. 3). In 2000, about 90% of the
DON was from leaching with similar amounts from agricul-
tural and natural areas (42 and 48% respectively). In 2050,
leaching accounts for 73% of the total DON load, and sewage
for 18% according to the GO scenario.

Unlike dissolved N and P loads, particulate N and P loads
are expected to decrease in the future. This can be explained
by increased damming of rivers in the GO scenario, which
results in increased particulate retention. This effect is most
visible for PP which decreases by 27%, i.e. from 1.2 Tg in
2000 to 0.9 Tg in 2050 (Fig. 2).

Total P exports amounted to 1.5 Tg P in 2000. TP loads do
not change a lot over time (Fig. 2). This is a net effect of the
decreasing trend in PP loads and increases in DIP (92% in-
crease, i.e., from 0.2 Tg in 2000 to 0.5 Tg in 2050) and DOP
(21% increase, i.e., from 0.05 Tg in 2000 to 0.06 Tg in 2050).

In 2000, 69% of DIP export can be attributed to agriculture
(fertilizer and manure) (Fig. 3). In the future, sewage may
become more important. By 2050, point sources (sewage)
are calculated to account for 39% of the total DIP load, or
0.2 Tg P/year based on the GO scenario.

The DOP load was 0.05 Tg in 2000 (Fig. 2). Leaching from
natural and agricultural land was the dominant source of DOP
in 2000 (accounting for 79% of the load) with fertilizer and
manure accounting for the remaining 20% (10% ecach).
According to the GO scenario, by 2050, fertilizer and manure
account for 17 and 15% of the total DOP loads, respectively.

Patterns in nutrient export and source attribution
across BOB LME watersheds (2000-2050)

Nutrient loads and yields

Two units for nutrient export are used in this study, load and
yield. Load is expressed as the total amount of an element
(e.g., N, P, Si by form) exported from the watersheds to the
mouth of the river, in units of teragrams per year (Tg = 10" g).

_ 10

s 1 . OPN

50 8 |

E

‘Z 6 4

i @ DON

2 47
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5 5

3 9

= m DIN
U 4

2000 2030 2050

Yield is also the amount of an element exported to the mouth
of the river but is normalized by basin areas with units of
kilogram per square kilometer of watershed per year. Yield
can provide insight into the intensity of anthropogenic activity
in a watershed. Yield is particularly useful in comparing the
intensity of nutrient export across watersheds of widely differ-
ent sizes. Because eutrophication in coastal systems is related
more to the amount (load) rather than the yield of nutrients
exported, we focus hereinafter on loads and provide future
trends for yields in Online Resource 4. Ratio of nutrients (N,
P, and Si) is important in determining the response of coastal
systems to nutrient export. Algal blooms develop locally and
temporally, and depend on nutrient loads, ratios, and local
conditions. The river nutrient loads and ratios from BOB
LME rivers likely most directly affect the near coastal regions
(estuaries, bays), as they would be substantially altered
through biological processing and dilution both within near
coastal regions and in open waters of the BOB LME. Beyond
nutrients, the particular morphological, climatic, and hydro-
logical conditions, including temporal variations, also are im-
portant in determining the response of both near coastal sys-
tems and the open waters of the BOB LME to nutrient loads
and ratios. Evaluating the exact response of the BOB LME to
the river nutrient export would require further modeling and
analysis with coastal hydrological-biogeochemical-ecosystem
models.

The analysis of the total loads in the Bay of Bengal in the
previous section gives insight in the magnitude of the total
nutrient inputs to the BOB LME. Three rivers have a relatively
large share in the total nutrient export: the Godavari, Ganges,
and Irrawaddy. In the year 2000, these three basins were re-
sponsible for 79% of total DIN river export (load) to the BOB
LME, 65% of total DON load, 76% of total DIP load, and
68% of total DOP load. The six rivers with the highest DIN
loads are the Ganges, Irrawaddy, Godavari, Salween,
Indonesia, and Mahanadi which are also six of the seven larg-
est basins of the Bay of Bengal. As noted above, the degree of
eutrophication (algal blooms, anoxia, etc.) in response to nu-
trient loads will be a function of not only the magnitude of the
nutrient loading but also will depend on the local
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Fig. 2 River export of nitrogen and phosphorus to the Bay of Bengal for the years 2000, 2030, and 2050 (Global Orchestration Scenario). The graphs
present dissolved inorganic N and P (DIN and DIP), organic N and P (DON and DOP), and particulate N and P (PN and PP)
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morphological and hydrological conditions. Therefore, rivers
with smaller nutrient loads can also lead to eutrophication in
estuaries and bays. Furthermore, rivers with large discharges
might rapidly transport their nutrients and their effects further
offshore.

Nutrient sources

Changes in nutrient export by rivers are the net effect of
changes in N and P input to watersheds from human activities,
and changes in hydrology as a result of damming, consump-
tive water use, and climate change. Here, we focus on anthro-
pogenic sources of dissolved N and P in rivers (Fig. 3).
Fertilizers and manure are the two largest sources of DIN,
32 and 26% respectively, in rivers draining into the BOB
LME. Only 22% comes from natural deposition and N fixa-
tion in natural areas; 19% from anthropogenic N, fixation and
atmospheric deposition in agricultural areas. Sewage makes
up only 1% of total DIN load in 2000. Exceptions are in
eastern rivers where N, fixation in, and atmospheric N depo-
sition to, natural soils are generally the dominant sources of
DIN. By 2030 and 2050, contribution from each source will
vary little +/— 3%, and +/—4%, respectively, though total loads
of DIN will increase by 27% (from 4.14 Tg/year in 2000 to
5.27 and 5.99 Tg/year in 2030 and 2050, respectively). That
means that all sources of DIN will contribute proportionally
similarly to 2000 trends. Fertilizers and manure will still pro-
vide the major contribution to DIN loads up to 2050.
However, the relative contribution will slightly decrease: in
2050, fertilizers and manure will contribute with 27 and
29%, respectively, to the total load and sewage will constitute

IWeathering in natural areas

|:| Weathering in agricultural areas
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5% of total DIN loads. In the BOB LME overall, these trends
can be explained by a relatively fast increase in manure input
(more than a doubling by 2030 already) and pressure due to
population growth and population connected to sewage. The
relative share of sources of DIN in eastern BOB LME rivers
will not change much. For most other rivers, agriculture (fer-
tilizer and increasingly manure) remains the largest sources of
DIN. An exception is the Damodar River where sewage inputs
are projected to become dominant.

Leaching was the main source of DON (90% of the total) in
all BOB LME rivers in the year 2000, with the exception of a
few watersheds where sewage and fertilizer are the two largest
sources of DON. The other sources in 2000 were sewage
(3%), manure (3%), and fertilizer (4%). Total loads of DON
will increase by 19%, from 0.88 Tg/year in 2000 to 1.04 Tg/
year in 2050 (Fig. 2). Leaching from natural areas is generally
larger than leaching from agricultural areas, with 0.42 and
0.37 Tg/year in 2000. Loads from leaching will decrease sen-
sibly: in 0.42 and 0.35 Tg/year in 2030 and 0.41 and 0.36 Tg/
year in 2050. However, the proportion of total leaching will
decrease dramatically, already in 2030 because of decrease in
natural areas, increased N deposition in agricultural land. By
then, sewage will make up for 14% of the total DON load and
will increase from 0.03 Tg/year in 2000 to 0.19 Tg/year in
2050. There are big differences though across river basins:
sewage will increase to become the third source of DON in
2050 in the two major rivers such as Ganges and Godavari,
after leaching, and the main source in many Indian basins and
in Thailand and Malaysia. In eastern basins of the BOB,
leaching from natural areas will remain the main sources also
in the future.
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A total of 0.24 Tg/year of DIP were exported to the BOB.
Compared to DIN, there is more variation in dominant DIP
sources across basins. As with DIN, agriculture (manure and
fertilizer) is important as a source of DIP in much of the BOB
LME under 2000 conditions; 69% of total DIP loads come
from manure (35%) and fertilizers, 16% from sewage (includ-
ing 4% from detergents), and 15% from weathering (of which
7% from agricultural areas). In some basins, sewage is the
largest source of DIP. In a number of eastern basins in the
BOB LME, natural weathering or weathering from agricultur-
al soils are the two largest sources.

Projected future changes in sources of DIP follow from the
projected urbanization in the BOB LME basins. Contribution
of weathering from both agricultural and natural areas will
decrease because of a decrease in loads from those sources
(10 and 17% decrease in natural and agricultural areas respec-
tively). Instead, loads of DIP originating from sewage, deter-
gents, manure, and fertilizer will increase between 2000 and
2030. The total, DIP load in 2030 will be 0.38 Tg/year (of
which two thirds originating from the Ganges). Loads of sew-
age will increase by 270% up to (0.11 Tg/year) and detergents
by 250% (0.03 Tg/year) between 2000 and 2030. Because
manure and fertilizer will increase by 28 and 38%, respective-
ly, between 2000 and 2030, sewage contribution to the total
DIP load in 2030 will be larger than in 2000. The share of DIP
loads will be: fertilizer (29%), sewage (28%), manure (27%),
detergent (7%), weathering in natural areas (5%), and
weathering in agricultural areas (4%). The trends between
2000 and 2030 will continue also between 2030 and 2050,
but slower. Total DIP loads will be 0.46 Tg/year, with sewage
becoming the main source, 0.14 and 0.04 Tg/year loads of
DIP from sewage and detergents, respectively. Fertilizers
(0.13 Tg/year), manure (0.12 Tg/year), and weathering (in
total 0.03 Tg/year) will also contribute to the total load of
DIP in 2050. In other words, by 2050, sewage is projected
to be the largest source of DIP in most rivers, with agricultural
sources and P in detergents second largest in many rivers. As a
result of agricultural development, diffuse agricultural sources
(fertilizer and manure) will be important sources of DIP in the
large eastern basins and in Godavari and Penner in the Indian
subcontinent.

Total DOP loads amount at 0.05 Tg/year in 2000 and in-
crease by 21% in 2050. Seventy-nine percent of DOP loads in
2000 come from leaching from agricultural and natural areas,
10% from manure and 10% from fertilizer. The ranking will
not change for the BOB as a whole, but speed of increase will
be faster for sewage (including also detergents). Though in-
creasing fast (+556% in 2050 compared to 2000), total loads
from sewage will make up only 4% of total DOP loads in
2050. Leaching will account for 68 and 64% of total loads
of DOP in 2030 and 2050, respectively. Fertilizer loads will
double in 2050, reaching 0.01 Tg/year in 2050 (similar load
for to manure). While leaching from natural or agricultural
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areas is projected to remain the largest source of DOP in most
rivers by 2050, manure becomes the second largest source in
the Ganges, and the cluster of basins in southern India.

In this scenario, increased economic activity and food pro-
duction lead to N and P inputs to both point and diffuse
sources, manure, fertilizers, anthropogenic N, fixation, and
N deposition being major diffuse sources until 2050 in the
Bay of Bengal. Practices aimed at closure of the (local) nutri-
ent cycle are not included. For example, direct input of human
N and P collected from households is not accounted for
(Bouwman et al. 2009).

Input from sewage is expected to increase the loads of both
N and P. Relative contribution of manure and fertilizers is
expected to decrease, because larger shares of the population
will be connected to the sewage system. Our analysis indicates
that future DON and DIP loads may increase due to the fast-
growing inputs from sewage. Because point sources may be
underestimated by Global NEWS (Suwarno et al. 2014a), DIP
and DON future trends may capture the effect of increasing
urbanization but underestimate the increase in loads.

Effects on coastal ecosystems

Eutrophication from excess anthropogenic nutrient inputs to
coastal waters is an increasing problem in many areas around
the world. Both nutrient loads and nutrient ratios are important
determinants of the algal biomass and species composition
that develop and consequently the negative effects on coastal
systems (e.g., very high algal biomass, decrease in dissolved
oxygen, toxin production, changes in ecosystem structure and
function). ICEP is an indicator for assessing the potential ef-
fect of changing nutrient ratios (ratio of N and P to Si in river
export) on coastal ecosystems (Garnier et al. 2010).

For the year 2000, lowest yields of DSi are generally dis-
tributed across basins in India, whereas relatively higher
yields are calculated for the Ganges and eastern BOB LME
rivers (>2000 kg/km?). Future trends in DSi yields are
projected to increase in some basins and decrease in others
under the GO 2050 scenario. Future changes in water runoff
and biological removal in reservoirs are two important factors
that control DSi yields (Beusen et al. 2009).

Figure 4 presents ICEP values for BOB LME basins.
Positive values (ICEP >0) indicate a risk for non-siliceous
algal biomass (e.g., dinoflagellates) many of which produce
toxins and otherwise disrupt near-shore coastal ecosystems
(Glibert et al. 2010). Negative values (ICEP <0) indicate that
on average silica is in excess over N or P for algal growth and
as such diatom growth is favored rather than the growth of
potentially harmful algal species. However, negative ICEP
values do not guarantee that there is no coastal eutrophication,
since high biomass algal blooms (e.g., diatoms) may develop
due to high nutrient loads. Neither nutrient loads nor ICEP
take into account the particular morphological, climatic, and
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Fig. 4 Calculated ICEP for rivers draining into the Bay of Bengal for the
years 2000. Yellow dots represent eutrophic sites, whereas red dots
correspond to observed hypoxic conditions as reported by the World
Resources Institute (Diaz et al. 2011). Both eutrophic and hypoxic
conditions are generally observed during the 1990s and early 2000s,
temporally in line with the Global NEWS?2 reference year (2000)

hydrological conditions, including temporal variations, which
also are important in determining the response of algae in
coastal systems. However, as Garnier et al. (2010) have
shown, positive ICEP values indicate that the yearly averaged
N and P loads favor non-siliceous algal species, and should
therefore be considered a strong indication that the coastal
waters are at risk. As noted above for nutrient loads
(“Nutrient loads and yields” section), the effects of river de-
livery of nutrients (loads and ratios) is likely most strongly
expressed in near-shore receiving waters (estuaries and bays).

For the BOB LME basins, we generally calculate positive
ICEP values indicating a risk for development of non-
siliceous algal biomass in the near coastal zone. By 2050,
the ICEP values for a number of basins have become more
positive than in 2000, indicating an increased risk. There are a
few exceptions. For Salween and Sittang, current low poten-
tial for non-siliceous algal biomass will remain low. ICEP in
these basins was —1 and —3 kg C/km*/day in 2000. The de-
crease in river export of particulate nutrients (especially for
Salween) and an increase in DSi (especially for Sittang) com-
pensate for an overall increase in dissolved N and P over time.
We calculate a decreasing potential for coastal eutrophication
for a number of smaller coastal river basins around the BOB
LME. This is mostly associated with increasing DSi yields
(e.g., Krishna and Indonesia with 264 and 9539 kg/km?/year
in 2050, or +26 and +9% compared to 2000 yields).

In Fig. 4, we compare calculated ICEP values with ob-
served hypoxic and eutrophic areas in the BOB LME.
Although ICEP is an indicator for non-siliceous algal blooms,
and therefore not directly comparable to hypoxia and eutro-
phication in terms of high nutrient concentrations, the com-
parison may be interesting. Most observed episodes (5 out of
6) of hypoxia and eutrophication are in areas for which a high
ICEP was calculated. These eutrophied systems are the
Uppanar Estuary located in South India, the northern section
of the Chilika Lagoon which receives polluted water dis-
charges from the Mahanadi river, the Ganges river basin, the
Bakkhali estuary located in the Bangladesh aggregated basin,
and the Port Klang system in the Malaysia aggregated basin.
For these systems, there is a risk for algal bloom. We also note
one observed episode of eutrophication with a low ICEP in
Patong Island (Thailand aggregated river basin). This may
either indicate a eutrophied system with a lower risk of algal
bloom, or that a low ICEP does not guarantee that a system is
safe.

Comparisons with other studies and uncertainties

Global NEWS was validated for rivers worldwide (Mayorga
etal. 2010) and for all regional applications, including parts of
the Bay of Bengal and Indonesia (Sattar et al. 2014; Suwarno
et al. 2013). In all studies, the model performance has been
evaluated as acceptable, with a similar performance for BOB
LME in this study (Online Resource 2). For validation, we
have analyzed three widely used indicators to assess model
performance in predicting exports of dissolved N and P and
suspended solids. Additionally, sensitivity analyses were also
performed to assess the model parameters robustness for DIP
and DIN modules globally (Dumont et al. 2005; Harrison
et al. 2005). Although DIP and DIN sensitivity analyses were
performed for the previous version of the Global NEWS mod-
el, the results are still valid for the current Global NEWS
model version (Mayorga et al. 2010). The sensitivity analyses
suggested that the model is relatively insensitive to uncertain-
ty in most parameters, except for N retention for DIN and P
retention in reservoirs for DIP. Output for DIP and DIN mod-
ules was more sensitive to changes in point sources for DIP
and for diffuse sources in DIN. In the new version of NEWS
models, point sources have been updated with estimates of
detergent and improved calculations for human excretion
((point sources), see Van Drecht et al. (2009)) and newly cal-
ibrated retention parameter for DIN (diffuse sources)
(Mayorga et al. 2010). See also Mayorga et al. (2010), Van
Drecht et al. (2009), and Bouwman et al. (2009) for a detailed
report in both inputs and parameterization improvements in
Global NEWS models.

Further validation steps, such as statistical uncertainty and
sensitivity analyses for all forms of nutrients are currently a
challenge for the Bay of Bengal because of lack of further data
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for comparison. This problem has been already pointed out in
similar South Asian-based studies (Sattar et al. 2014; Strokal
et al. 2014). The validation datasets is largely based on the
GEMS GLORI river discharge datasets (Meybeck and Ragu
1995). Further details on the validation datasets are published
in Mayorga et al. (2010). To our knowledge, no other reliable
measurements of dissolved N and P exist for the BOB LME.

As pointed out in Sattar et al. (2014), main uncertainties in
such complex analyses relate to both model assumptions (pa-
rameters and model structure) and observations. We investi-
gated model uncertainties by comparing our results to earlier
studies for the Bay of Bengal (Nacema and Kroeze, 2014;
Sattar et al. 2014; Suwarno et al. 2013) and for other world
regions. We learn from this comparison that we may be miss-
ing sources of nutrients, including point sources from human
and animal waste (e.g. Suwarno et al. 2014a; Suwarno et al.
2014b) and aquaculture (Liu et al. 2009), although this may be
a relatively small source for the Bay of Bengal (Sattar et al.
2014), and atmospheric N deposition on sea (close to urban
industrial areas). In order to partly address these shortcomings,
we have chosen an internally consistent scenario analysis
based on the Global Orchestration narrative. Although the
future is unknown by definition, the Global Orchestration sce-
nario has the advantage to describe strong economic develop-
ment, fast urbanization, and overall increase in anthropogenic
pressures. All these elements are consistent with current and
past trends in the Bay of Bengal (O’Reilly and Louis 2014;
Selvaraj et al. 2004).

South Asia has been defined a “hot spot” with 28% of the
world TN and TP exoreic export (Mayorga et al. 2010). And
the BOB LME alone represents about 17% of the world TN
and TP export. However, the exact amount may vary,
depending on sensitivity of parameters and improvements to
the model. Suwarno et al. (2014a, b) concluded that improv-
ing damming modeling by adding local data on dams and
adding fish cultivation resulted in overall lower export of
DIN and DIP for rivers in Indonesia. However, when includ-
ing improved parameterization of sewage, all nutrient loads
were higher. Similarly, such improvements may apply also for
BOB LME export modeling, since common anthropogenic
pressures across BOB LME countries still exist such as access
to sanitation and open defecation (O’Reilly and Louis 2014),
and aquaculture (Das et al. 2004; Islam 2003), etc.

Although these steps are promising, it is currently challeng-
ing to downscale Global NEWS for the BOB LME as a whole.
Nutrient retention on land can be improved with process-
based modeling (Suwarno et al. 2014b) and retention on sea
by monitoring at the mouth of rivers and tributaries. However,
both actions require systematic and extensive data collection
and international cooperation. The current version of Global
NEWS, therefore, should be interpreted more carefully for
smaller basins, due to the scaling problem (Van der Struijk
and Kroeze 2010). Small basins have not been addressed in
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past applications as individual basins, due to uncertainties
related to their size and representation. However, they always
were included in regional, continental, or global aggregations
for completeness of mass balance and fluxes. As an improve-
ment from early Global NEWS based analyses, we explicitly
handle aggregations of small basins, in order to better address
regional variability. However, in the optimal situation, a sub-
basin approach would help allocation of nutrient sources
(Strokal et al. 2016) and therefore be more relevant for nutri-
ent management policies, provided process-based modeling
and monitoring to become possible.

Conclusion

In 2000, rivers exported 7.1 Tg N and 1.5 Tg P to the Bay of
Bengal. By 2050, the N load may amount to 8.6 Tg, while the
P load will not have changed much. This is the net effect of
increasing loads for dissolved N and P, and decreasing loads
for particulate N and P.

Future increases in dissolved N and P loads are associated
primarily with increased N and P inputs to agriculture and
with increasing population and economic developments.
Future decreases in particulate N and P loads are associated
with changes in hydrology, and with damming of rivers, in-
creasing the retention of total suspended solids.

Agriculture is a dominant source of N and P in most rivers
draining into the Bay of Bengal from India and Bangladesh in
the western part of the drainage basin from northern Indian
States and Bangladesh (mostly in the Ganges basin and delta)
to southern Indian basins (Krishna, Cauweri, Penner) to
Sumatra in Indonesia and Malaysia in the South East. The
eastern part of the drainage basin (in particular Myanmar
and Thailand) natural sources including leaching, fixation,
and weathering are dominant although this may change in
the future. In general, we may conclude that agriculture is
and will remain an important source of dissolved inorganic
N in rivers, while sewage will become the largest source of
dissolved inorganic P in most basins.

Important drivers of river export of nutrients are population
density and food production. These show large spatial vari-
ability. Population is high in Bangladesh, the northern states of
India which are part of the Ganges drainage basin (>500 in-
habitants/km?). The same holds for N and P inputs to agricul-
tural soils (fertilizer and manure). Other high input areas are
found in southern India and Myanmar. These drivers will re-
main important also in the future.

N and P loadings in excess to Si loadings indicate a risk for
potential non-siliceous harmful algal bloom. These coincide
with observed coastal eutrophication and hypoxia. We gener-
ally calculate positive ICEP values for BOB LME rivers, in-
dicating a risk for coastal eutrophication of non-siliceous algal
blooms. In the future, based on the Global Orchestration
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scenario, the ICEP values are generally higher than in 2000,
indicating an increased risk.

The dominant sources of the different forms of N and P
differ across basins. In addition to this, several rivers draining
into the Bay of Bengal are transboundary rivers, with drainage
areas in several countries. Examples include the Ganges and
Salween, as well as rivers crossing borders of Thailand and
Myanmar, or rivers draining into the Malacca strait in-
between Malaysia and Indonesia. Thus, effective management
of coastal eutrophication calls for a basin-specific approach
rather than national policies.

Next steps to consider for Bay of Bengal near coastal sys-
tems (estuaries, bays) would be to identify those near coastal
systems with signs of eutrophication (e.g., high phytoplankton
biomass, high abundances of harmful non-siliceous phyto-
plankton species such as dinoflagellates, low oxygen condi-
tions, degradation of seagrass environments). The river basins
draining into those coastal systems could then be targeted for
nutrient reductions using the information on major nutrient
sources provided in this paper. Projected future trends in nu-
trient loadings based on the scenario analysis presented here
also could be used to avoid future eutrophication in specific
coastal areas.
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