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The coastal and marine nitrogen cycle occupies a
complex, central role within the biogeochemical cycles.
Human interventions in the earth system have risen to
unprecedented levels, strongly influencing the global
nitrogen cycle. The nitrogen cycle in the open ocean
compared to coastal ecosystems appears to have re-
mained unharmed, although recent observations have
shown increasing anthropogenic influence. Projections
suggest that global nitrogen cycle is being altered ei-
ther directly by the continued addition of anthropo-
genically created fixed nitrogen to the earth system
and its cascading effects, or indirectly through an-
thropogenically induced climate change. These altera-
tions have the potential to cause positive feedbacks in
the climate system, but they are neither well under-
stood nor quantified. In the atmosphere, concentra-
tions of the greenhouse gas, nitrous oxide and of the
nitrogen-precursors of smog and acid rain are increa-
sing. This unprecedented nitrogen loading has con-
tributed to long-term decline in coastal fisheries. This
article reviews some of the major processes, transfor-
mations and fluxes of nitrogen in the coastal ecosys-
tems with reference to mangroves, occurring naturally
and also due to human perturbations.
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NITROGEN (N) is an extremely essential element, existing
in both inorganic and organic forms as well as many dif-
ferent oxidation states. Typically five main processes cy-
cle N through the biosphere, atmosphere and geosphere:
N-fixation, N-uptake, N-mineralization (decay), nitrifica-
tion and denitrification. Microorganisms, particularly
bacteria, play major roles in all of the principal N-
transformations. Its rates are affected by environmental
factors that influence microbial activity, such as tempera-
ture, moisture, and resource availabilityl. Recent work™™
in diverse areas of the coasts and oceans has produced
strong evidence that the marine nitrogen cycle is both
more dynamic and less well understood than previously
thought of. Application of new experimental methods and
the extension of fieldwork to previously un- or under-
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sampled regions of the ocean support the notion that the
major inputs (e.g. N,-fixation) and outputs (e.g. denitrifi-
cation) of the nitrogen cycle are both acting at high
enough rates to turn over nitrogen on a timescale of several
millennia. The best current estimates of the global N cycle
suggest that the oceans are currently well out of steady
state and are losing substantially more nitrogen through
denitrification than they are gaining via transport from
land and in situ N,-fixation®.

Major nitrogen sources to coastal ecosystems include
atmospheric deposition onto land, freshwaters and estuary,
fertilizers from agriculture and wastewater from sewage.
Tidal exchange can introduce marine nitrogen, but this
source is relatively unimportant in embayments receiving
high nitrogen loads from the riverine systems and estuaries.
N exists in the surface ocean mostly as dissolved organic
nitrogen (DON), but despite decades of research, only a
small fraction of the DON in surface ocean waters has
been chemically characterized.

Estuaries and shallow lagoons are the link between
terrestrial and oceanic ecosystems and receive consider-
able external inputs of nutrients and organic matter. Excess
inorganic nutrient loading from coastal watersheds has
been directly related to increases in primary production,
changes in habitat structure and trophic dynamics of the
receiving waters. Coastal ecosystems and bays constitute
a major type of land margin ecosystem on most continents
and a major difference in the nitrogen cycling processes
between these systems is the large influence that benthic
primary producers have on nutrient transformations in
shallow coastal lagoons and bays. Exchanges across the
sediment—water interface play a key role in nutrient
cycling in coastal systems because the water column is
well-mixed and small in volume relative to the large
sediment surface area. It is this coastal-margin interface
that makes the biogeochemical cycles complex as also
challenging to our understanding of these complexities.

Atmospheric sources of N to coastal and marine
systems

Atmospheric deposition is currently a major source of N
to many aquatic and terrestrial ecosystems®™®. The global
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nitrogen cycle has been massively perturbed by human
activity’ and this includes the atmospheric component.
Not only have total atmospheric nitrogen emissions
changed over the last few hundred years associated with a
doubling of overall global nitrogen fluxes'’, but the na-
ture of sources continues to change as global patterns of
agriculture and industry evolve®''. Because N is the pri-
mary nutrient-limiting plant, algal and microbial produc-
tion in many terrestrial and marine environments, as well
as some freshwater environments, increases in N inputs
can markedly alter the ecosystems'>™'.

The current fixed N inputs to the world’s oceans (Table
1) as given by Jickells", emphasizes the contribution of
the atmospheric and riverine sources, which have proba-
bly doubled due to human activities.

Atmospheric deposition rates of nutrients, including ni-
trogen and contaminants are in general higher into coastal
waters than to open ocean areas because these are closer
to the sources. The higher NH; concentrations in the at-
mosphere and complex ammonia cycling in the atmos-
phere and nutrient-rich waters indicate that air-sea
exchange fluxes for ammonia can be particularly com-
plex'®'7. Assessing the impacts of atmospheric deposition
to coastal waters is complicated by the importance of
other inputs such as rivers and groundwater'*>. These are
not completely independent because a significant compo-
nent of the fluvial nitrogen input may be derived from
atmospheric inputs to the catchment. For instance, the
contribution®' of atmospheric inputs to the total fluvial
nitrogen input ranges from 7 to 61%. Thus atmospheric
nitrogen sources are clearly significant compared to other
terrestrial nitrogen sources, and these inputs have been
significantly increased by human impact. In addition, re-
sponses can be anticipated from different coastal biogeo-
chemical communities in response to nutrient loadings
depending on the hydrography of each coastal area (e.g.
refs 11 and 18).

Riverine nitrogen inputs

River discharge is a major source of nutrients (Table 1) to
coastal waters and river inputs are important both in
terms of the physical structure of the systems and as a
source of N**. Inputs of N to rivers arise primarily from
fertilizers, atmospheric deposition to the catchment, and
to a lesser extent, direct discharges. Following discharge

Table 1. Current fixed nitrogen inputs to the world’s
oceans'®

Source Flux (10" mol yr™")

Atmospheric 3.1-7.9

Biological N,-fixation 5.7

Rivers 5.4

Lightning 0.6
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to a river system, denitrification, photosynthesis and par-
ticle-water interactions can modify N and P fluxes. The
balance of inputs and river processing of nutrients is such
that river fluxes have not only increased in absolute mag-
nitude, but the N : P ratio of those inputs has increased to
a value greater than that required for optimal plant
growth (16: 1 on an atomic basis”* **). This has led to a
pressure to reduce inputs, which has met with some suc-
cess for P, but less for N**%. Rivers of the humid tropics,
which drain about one-fifth of the exoreic drainage area
and carry about half of the river water to the oceans,
transport about 55% of the dissolved organic carbon, ni-
trogen and total dissolved phosphorus®’ >’

Riverine discharge injects both soluble and particulate
N to the ocean, which has substantial impact on the
coastal regions of Asia®*!. Anthropogenic and natural
inputs of reactive nitrogen (N) to terrestrial landscapes
and the associated riverine N fluxes have been quanti-
fied* (Figure 3 a) using an empirical model relating total
N inputs per landscape area to the total flux of N dis-
charged in rivers based on watershed data from contrasting
ecosystems spanning multiple spatial scales. Anthropo-
genic N sources were greater than natural sources in Asia
(74%), North America (61%) and Europe (59%). A direct
linear relationship between total net nitrogen inputs
(TNNI) and the total N fluxes in these watersheds was
observed, which suggests that on average 75% of the N
inputs is retained in the landscape (that is stored in soils
and vegetation or lost via volatilization and denitrifica-
tion), while 25% of the N inputs is exported to rivers.
Rates of riverine N export vary greatly among the conti-
nents, reflecting the regional differences in N inputs. This
significantly affects water quality, as riverine N fluxes
from Asia to the coastal zone (16.7 TgNyr') and to
inland waters (5.1 Tg N yr') are the largest in the world.
Model studies on the fate of N from Asian rivers” show
that about 12 Tg N yr' of dissolved inorganic N is dis-
charged annually from Asian rivers into adjacent coastal
seas (Figure 3 b). This value is about 20% of the anthro-
pogenic N mobilized within Asia™.

In developing nations, wastewater inputs can be an ad-
ditional major source of nitrogen to an estuary or coastal
system®. Human sewage and wastewaters are obvious
sources of nitrogen to rivers. An analysis®® of 42 major
world rivers concluded that sewage inputs alone are suffi-
cient to account for the increased flux of nitrate observed
in rivers whose watersheds have a higher population den-
sity. Other factors that contribute significantly to nitrogen
export from rivers are deforestation, atmospheric deposi-
tion and fertilizer application.

Coastal ecosystems of India

The Indian sub-continent has an area of 3.28 million km’
(329 million hectares) and a coastline of 7516.5 km. The

CURRENT SCIENCE, VOL. 94, NO. 11, 10 JUNE 2008






