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The biogeochemical cycles of phosphorus in rivers are
intimately linked to the processes that occur in terres-
trial ecosystems. Riverine networks hold a crucial role
in the transfer of nutrients from the land and atmos-
phere to the coastal oceans and often act as pool for
numerous inorganic and organic compounds. Biogeo-
chemical transformation of elements in river network
is extensively influenced by catchment alteration and
anthropogenic inputs. By means of the rising con-
sciousness of human impact on the excellence of
rivers, emphasis is given on rivers, as an ecosystem by
itself and also on the river-coast continuum. In this
study, the major forcing functions that affect the riv-
erine composition of phosphorus have been examined,
in Indian context. An attempt has been made to study
and inventorize phosphorus flux from major Indian
rivers. Relatively high concentrations of dissolved
PO; (dissolved inorganic phosphorus — DIP) are ob-
served in few of the Indian rivers, which may be due
to modifications in river catchment. The flow of DIP
and particulate inorganic phosphorus to the coastal
ocean from Indian rivers is estimated to be about
190 x 10° tonnes year and 1367 x 10° tonnes year™
respectively. Suspended load is significant in Indian
rivers and its cumulative flux is in the order of
1450 x 10° tonnes year™. The DIP concentration in the
Indian rivers is more than twice the concentration
observed for the other rivers in the world. Such
increased nutrient input into the riverine system re-
flects the imbalances and alterations in terrestrial
sources. Thus, the quantity and quality of nutrient
input to the rivers need to be monitored to cope with
the existing and future climatic and environmental
changes.
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Introduction

LAND—OCEAN exchanges in the coastal province are pres-
ently the hub of regional and global research, to compute
fluxes of matter from land to the coastal area and to
verify the alteration and consequence of human exploit
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on the coastal environment'. Global nutrient cycles have
been greatly altered by land-use changes resulting from
human disturbance over the last century’. The universal
transport of phosphorus in rivers has augmented to a
great extent as a result of human activities'. Smith ez al.’
reported that the sum of dissolved phosphorus load from
rivers has amplified nine times more than pre-industrial
levels. These augment are not equally dispersed around
the world; they are strongly related with the human popu-
lation in the catchment area®. During recent decades,
inputs of anthropogenic nutrients into coastal seas have
generally increased steadily’°. Relative concentrations of
nutrients and extreme nutrient discharge have been
known to result in eutrophication, thereby modifying
aquatic food webs and causing severe hypoxic events in
coastal environments’*®,

The global riverine flux of dissolved inorganic phos-
phorus (DIP) has been estimated and modelled by a number
of workers”'?, and the global average DIP concentration
has been estimated to be 0.32 uM (ref. 11) and the global
annual riverine flux to be 1.3 x 10'* to 8.4 x 10'° mol
year ' (ref. 12). However, these compilations lack DIP
data for the major rivers of the Indian subcontinent. Few
authors'>™'® have previously studied the chemical chara-
cteristics and transport by the major Indian rivers. Among
nutrients, Phosphorus is limiting nutrient in most of the
ecosystems'’. Contrast to C and N, phosphorus supple-
mented to an aquatic ecosystem or released through the
decay of organic matter generally reside within the sys-
tem, ensuing in an increase of phosphorus in detritus and
surface sediment'®. Phosphorus is present in the water
column as particulate inorganic phosphorus (PIP), parti-
culate organic phosphorus (POP), dissolved organic phos-
phorus (DOP), and DIP. DIP is the most bio available
form of phosphorus and may be quickly taken up by
organisms. Organic phosphorus microbially alters into
bio-accessible inorganic phosphorus by decomposing
the organic matter. These courses of action are mainly
decided by nutrient content (C, N and P) of the soil, water
as well as by the pool of microbial size'®. Agriculture
runoff contains high inorganic phosphorus (on average
20-fold higher than phosphorus levels in the compara-
tively pristine region) having direct influence on the qua-
lity of water. Normally, inorganic phosphorus exists only
in exceptionally small amount in natural waters; natural
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cycling ensures that phosphorus is effectively utilized
during photosynthesis by larger plants, algae and subse-
quently regenerated by microbes for later use'’'. Con-
versely, due to use of PO, fertilizer, an excess of bio-
available phosphorus (chiefly inorganic) is generated,
ensuing changes in water quality and higher plant assembly.
Besides, increased net primary productivity and phospho-
rus hold by wetland vegetation?, increased decomposi-
tion of detritus® and increased organic soil accretion®*
have been documented. The decay of organic matter by
microbes re-mineralizes organic phosphorus, thus prepar-
ing it as bio-available phosphorus to plants and further
intensifying the production of organic matter.

Measurements of dissolved phosphorus and in sus-
pended loads are rather limited in Indian rivers. In this
regard, the present study was undertaken to inventorize
the available data on transport of phosphorus from major
peninsular and Himalayan rivers of India.

River basin characteristics

A number of rivers in India receive water mainly from
both south-west and north-east monsoons. However, dur-
ing summer, the rivers draining from Himalayas are sup-
plied with water from the glacier melt. In India, a total
area of ~3.1 x 10° sq. km is drained and ~1650 km® of
water” is discharged annually by rivers, with a mean run
off of about 500 mm year ' for the entire country. It is es-
timated that approximately 4.5% global river discharge is
from India®. The monthly pattern of river discharge fol-
lows the rainfall, with maximum for most rivers being
July—August, which coincides with the peak of south-
west monsoon. Among the four different types of Indian
rivers, Himalayan rivers and peninsular rivers form a signi-
ficant natural resource as they make a great contribution
to irrigation, domestic and industrial water supply, hydro-
power generation and inland water transport. Depending
on the degree of urban development, agricultural and
industrial practices, water pollution across the Indian
river basins differs significantly. Most of the urban areas
in India are located in and around the polluted stretches
of the rivers. Municipal sewage supplies about 75%,
whereas industrial pollution contributes to the rest of the
point-source pollution®®. Class-I and class-II cities of India
together produce an estimated 38,254 million litres per
day (MLD) of sewage®. This leads to poor water quality
causing severe crisis in the river basins. Low water qual-
ity will further reduce the availability of freshwater for
diverse human uses. Due to indiscriminate discharge of
wastewater from the agriculture, industry and households
sectors, about 70% of the surface water resources and
large extent of groundwater reserves have been ruined.
The peninsular rivers, such as the Mahanadi, Godavari,
Krishna, Cauvery, Narmada and Tapti, together drain a
significant portion of the Indian subcontinent, which is
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considered to be both religiously and culturally impor-
tant.

Phosphorus transport and flux

The DIP concentration and their fluxes obtained from
various Indian rivers are summarized in Table 1 and Figure
1. For this study, data collected from earlier studies that
were conducted during the last three decades were con-
sidered. It was also noted that all the studies followed
almost similar methodologies, which compares various
studies systematically. Total suspended solids (TSS) was
measured by filtering, a known volume of water through
0.45 um membrane filters, by determining the difference
of initial and final weights of the filter. Samples for PO; -
P were analysed following the standard methods’. For
PIP, particulate matter retained in the filters was treated
with perchloric acid, evaporated and the residue was
heated to oxidize the organic matter and liberate phos-
phorus as inorganic phosphate. The phosphate was then
determined by following the molybdenum blue method”’.

DIP concentrations in the peninsular rivers were in
contrast to the Himalayan rivers. It can be noted that the
Himalayan rivers, such as the Indus, Brahmaputra and
Ganges, carry more than ~30 x 10° tonnes of DIP per
year (82% of total DIP influx is transported by the Hima-
layan rivers), in comparison to the peninsular rivers, such
as Godavari, Krishna and Cauvery, which carry, on an
average, about ~5 x 10’ tonnes year '. Among the three
Himalayan rivers, Brahmaputra alone contributed ~37%
of DIP flux to the coastal waters annually. Peninsular
rivers together contribute ~18.22% of total DIP flux to
the coastal waters with a major contribution from the
river Godavari.

The high rate of discharge from Himalayan rivers
(Table 1), coupled with high elevation and rock weather-
ing are the primary contributing factors for the increased
DIP flux rates. High-elevation catchments are highly sen-
sitive to even small environmental changes relative to
forest catchments®®. For instance, little alteration in
energy, chemical and water fluxes to these catchments
may transform into large changes in ecosystem dynamics
which, in turn, may influence the quality and quantity of
dissolved inorganic matter leached to surface waters. The
weathering of rocks leads to release of phosphorus as
soluble alkali phosphates and colloidal calcium phos-
phate, the bulk of which is carried to the coastal waters.
In addition, anthropogenic inputs of super phosphate as
fertilizer and alkyl phosphate as detergents, lead to an
increase in the content of phosphorus in the coastal
waters.

It can also be observed from Table 1 that the DIP
transport by the Himalayan rivers is in three orders of
magnitude, higher than that of the Amazon river
(21.6 x 10° tonnes year'). DIP concentrations in the
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Table 1. Hydrological, erosional characteristics and average annual flux of phosphorus of major Indian rivers

Length  Drainage area Discharge Population TSS PIP DIP DIP Load to sea

River (km) (x 10° sq. km) (x 10° m® year') (million) (x 10°tonnes year ') (tonnes km>year') (mgl™) (x 10° tonnes year ')
Indus 3200 1.17 238 59.01 59 - 0.15 36.0
Ganges 2525 0.91 393 505.54 520 707 0.12 47.0
Brahmaputra 2900 0.58 603 49.71 540 516 0.12 72.0
Mahanadi 858 0.14 54 37.45 60 - 0.16 8.6
Godavari 1465 0.31 92 76.02 170 141 0.16 15.0
Krishna 1300 0.25 30 85.62 4 3 0.07 2.1
Cauvery 765 0.07 11 41.27 1.4 0.13 0.17 1.87
Narmada 1290 0.09 47 20.70 70 - 0.10 4.7

Tapti 724 0.05 10 20.85 25 - 0.10 1.0
Periyar 244 0.01 19 3.50 0.74 - 0.07 1.28

TSS, Total suspended solids; PIP, Particulate inorganic phosphorus; DIP, Dissolved inorganic phosphorus; —, Not available; Drainage area and
mean annual water discharge are from Central Water Commission and also compiled from refs 15, 40—42.
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Figure 1. Variations in hydrological and erosional characteristics of major Indian rivers: a, Water discharge (x 10° m®
year"); b, Dissolved inorganic phosphorus load to sea (x 10° tonnes year'); ¢, Sediment erosion rate (x 10° tonnes year ');
d, Total suspended solids load to sea (x 10° tonnes year ).
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peninsular rivers were in contrast to Himalayan rivers.
High concentrations of DIP are observed in all peninsular
rivers. On a spatial extent, DIP concentration in river wa-
ter was in tune with the land-use character of the catch-
ment basin. According to the solubility of various
phosphate minerals, such as fluorapatite, the DIP levels
should not exceed 0.05 uM (ref. 29). The reported high
values of DIP in peninsular rivers reflect the additions
from anthropogenic sources, such as deforestation, which
increase erosion, the use of phosphorus fertilizers and
detergents and the disposal of industrial wastes and
domestic sewage. The physiography and microclimatic
environments broadly fluctuate in the region and often
even inside a single river system. For instance, the
Ganges has snow-roofed semi-temperate upper reaches in
the Himalayas, whereas in the middle and down-stream,
some of its tributary carry water from tropical system
weathering soft volcanic rocks®’. Therefore, water quali-
ties in different regions of the rivers differ widely due to
disparity in weathering pattern under local environmental
condition. In the upper reaches of the Himalayas, the
Ganges water proves to contain moderately low levels of
different solute loads®'**>. While the river flows through
the alluvial terrain of mid-stream with a large number of
tributaries of varied lithology (varying from hard rock to
loose soil) indicative of wider geological age (Precam-
brian to up to date), the water quality becomes poor as it
reaches the major urban centres. By the time the river
Ganges reaches Kolkata mega city about 2500 km
downstream of the source, the chemical character of the
water is completely altered, reflecting both natural
weathering and also contribution from anthropogenic in-
put via a very large number of urban and industrial outlet
in the mid-stream area. Dutta and Subramanian® studied
the water quality of the Ganges—Brahmaputra combined
river system in the Bengal basin and concluded that
the chemistry of water is controlled by rock weathering in
the upper reaches and probably limited atmospheric
deposition in the lower reaches, while in the mid-reaches
human impact is visibly evident. Almost all the phospho-
rus on land is originally derived from the weathering of
calcium and phosphate minerals. The main flux of phos-
phorus in the global cycle is carried in rivers, which
transport about 21 x 10° tonnes phosphorus year' to
the sea™. This flux may be slightly higher than in prehis-
toric times as a result of erosion, pollution and fertilizer
runoff.

Although invasion of dissolved phosphorus to sediment
could also occur, the settling of particulate matter is the
primary transfer mechanism of phosphorus to sediments.
A combination of particulate inorganic and organic com-
pounds consisting of phosphorus is received by the sedi-
ments. The aggregated PIP can be bounded by Ca’, Mn',
Fe and Al, while the POP comprise living and dead
algae, plant debris, zooplankton, bacteria and detritus. A
fraction of these settled particulate phosphorus acts as
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inert material and is buried in its original form, whereas
part of the phosphorus in mobile phosphorus is involved
in a variety of physico-chemical and biological processes
before final burial in sediments. More than 50% of the
total phosphorus (TP) comprises mobile pools of free
Fe-bound and inorganic phosphorus, however, mostly
depleted below a depth of few centimetres. Stable miner-
als such as apatite and refractory organic phosphorus
constitute chiefly the non-mobile, buried phosphorus,
while a negligible amount of burial flux of phosphorus is
made up of Fe-bound phosphorus.

Possible transfer of nutrients from terrestrial to
aquatic ecosystems

The transport pathways of phosphorus to the coastal
waters discussed in Indian context is illustrated in Figure 2.
The first segment highlights the loss of nutrients from
land to riverine system and the second segment empha-
sizes the transfer of these nutrients to coastal waters. The
alternation in the cycle and possible transfer of phospho-
rus from terrestrial to aquatic ecosystem can often be
directly related to human activities and are the result of
the augmented use of phosphorus fertilizers in agriculture
and wastewater discharge of phosphorus to rivers and
coastal waters. Continued loss of phosphorus from land
through erosion of phosphorus-rich particles and through
surface runoff of untreated wastewater containing phos-
phorus continues to be released to streams and rivers of
the Indian subcontinent. Transport of phosphorus from
terrestrial to aquatic systems takes place during diffusive
conduit such as subsurface flow and surface runoff or
through direct inputs into surface waters, often called as
point sources. Mineral erosion and organic constituent
from surface soils that include phosphorus (as PIP and
POP respectively) through rainfall comprise the major
source of phosphorus from agricultural land to streams
and rivers®. Direct runoff containing dissolved phospho-
rus is also significant, particularly when the rainfall fol-
lows the application of fertilizers®®. Grassland and forest
surface runoff transmit little sediment and phosphorus
loads that are usually dominated by DIP from natural
sources. In India, conversion of grassland and forest to
cropland has increased the loss of particulate and dis-
solved phosphorus from land, both due to release of
phosphorus during mineralization of organic matter and
increased erosion and runoff®’. Increase in population has
significantly augmented the total amount of phosphorus
in wastewater discharged into the environment®®. The
fate of dissolved and particulate forms of phosphorus
depends on the chemical nature of phosphorus, means of
release and the biogeochemical and hydrological charac-
teristics of the river basins. Damming of rivers and the
construction of reservoirs has significantly increased the
retention of particulate matter in the rivers of Indian sub-
continent.
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Figure 2. Schematic representation of transfer of nutrients from terrestrial to aquatic ecosystems.

It is expected that by 2020 non-agricultural land use in
India will expand from 16.2 to 26 million hectares, an
increase of 60%. Globally, during 1900-2000, the annual
loss of forest area was 17-20 million hectares and for
India it was 1.3 million hectares. For India, during this
phase, the net spread area increased by 17.8% and gross
area by 38% disproportionate to investments in irrigation.
Soil losses per hectare by erosion in cereal cropping vary
from 30 to 40 tonnes of soil per tonne of grain. The
annual desertion of 4800-12,000 hectares of cropland in
India is reported to be a result of severe soil erosion and
degradation. Increased application of synthetic fertilizers
is a result of utilizing non-fertile lands for agriculture to
meet the needs of increasing population. The inorganic
and organic nutrients originating from land sources, such
as agricultural runoff, soil erosion, land alteration and
flooding, penetrate the natural waterways such as rivers
and estuaries and ultimately the coastal waters.

In India, most of the estuaries and wetlands, with
unique marsh vegetation, act as a net sink for phosphorus
and hence, organic productivity in the systems is very
high. Despite temporary storage of nutrients in the wet-
lands and estuarine sediments, river waters are always a
net source of nutrients to their estuary and coastal zone.
The retention of phosphorus is generally dependent on sa-
linity, with higher removal at freshwater and brackish
sites compared with salt marshes®. This is likely due to
less retention of Fe-bound phosphorus in the sediment
with increased sulphate availability. Natural and human-
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induced variations in phosphorus mobilization in terres-
trial systems ultimately determine the net input of phos-
phorus to the coastal oceans. Over the past century,
human activity has increased the input of reactive phos-
phorus to coastal waters by at least a factor of 2 on a
global scale. This has a major impact on the nutrient
cycling in coastal zones and contributes to coastal eutro-
phication and hypoxia. Enhanced recycling of phosphorus
under low-oxygen conditions may further increase phos-
phorus availability and promote high productivity in
coastal waters.
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