Chapter 6

The Nitrogen Cycle: Implications
for Management, Soil Health,
and Climate Change

Bijay-Singh

6.1 Introduction

Nitrogen (N) is the primary nutrient limiting plant growth throughout the world.
While 78.08% of the earth’s atmosphere is N, this is not readily available for use by
the majority of living organisms, because the N, molecules do not easily enter into
chemical reactions. The exception to this is biological N fixation, which until the
preindustrial age was the only process where N, molecules were converted to
reactive N forms, such as ammonium (NH,") and nitrate (NO3~). Biological
N fixation is a process undertaken by bacteria, living in soil or symbiotically within
plant root nodules. However, in the postindustrial age, reactive N is increasingly
being added through manufactured fertilizers, which accounts for more than half of
the annual amount of N fixed by human activities (Schlesinger 2009). Burning of
fossil fuels where the air becomes so hot that the N, molecules break apart
constitutes another anthropogenic-driven N addition to terrestrial ecosystems. The
N, which is lost from soils in gaseous forms to the atmosphere, can also redistribute
across the landscape via wet and dry deposition.

A large amount of soil N exists in organic forms, which depending upon carbon
(C)-to-N ratios and the chemical composition of the soil organic matter can be
mineralized by microbes, transforming it into plant available forms, NH,* and
NO;~ (mineralization) or immobilizing the mineral N forms to organic forms
(immobilization). During microbially mediated processes of nitrification and deni-
trification, the reactive N is lost from soil as nitrous oxide (N,O), a powerful
greenhouse gas. The N cycle (Fig. 6.1) is completed through the process of
denitrification, in which many soil microorganisms use NO3~ as the electron
acceptor and return N, molecules to the atmosphere, especially under highly
anaerobic conditions (see Chap. 8). Losses of reactive N from the soil can also
occur via leaching as NO; ™, runoff, erosion, and ammonia volatilization (Fig. 6.1).
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Fig. 6.1 The nitrogen cycle

The contribution to climate change by human-induced changes in the N cycle at
regional and global scales is becoming more widely acknowledged. Concurrently,
controlling the impact of agriculture on N cycling and vice versa is a growing
challenge for sustainable development (Gruber and Galloway 2008). Increasing
temperatures and atmospheric CO, levels, the two components of climate change,
also influence a number of pathways in the terrestrial N cycle. For example, Rustad
et al. (2000) reported that an increase in atmospheric temperature leads to signifi-
cant overall increase in N mineralization and nitrification in terrestrial ecosystems.
On the other hand, the direct influence of increasing atmospheric CO; is mainly
limited to plant leaves (photosynthesis, stomatal aperture, and perhaps respiration),
but there may be indirect effects on soil N transformations, mediated through the
changes in the aboveground biomass and belowground C allocation (Koch and
Mooney 1996). For example, Miiller et al. (2009) observed that gross N minerali-
zation and immobilization were increased in a temperate grassland soil under
elevated CO, while nitrification was decreased. Thus, the effects of climate change
on soil N transformations can be complex, and the long-term implications on
N retention and N use efficiency are unclear.

The application of synthetic N fertilizers together with the development and
introduction of rice and wheat cultivars has helped food production to keep pace
with human population growth since the late 1960s. However, excessive use of
N fertilizers can negatively influence soil properties, leading to decreased levels of
exchangeable Ca, Mg, and K, reduced effective cation exchange capacity and
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acidification of soil, along with increased N leaching and production of N,O.
Management practices, such as the introduction of legumes into crop rotations, tillage
practices, and stubble retention versus incorporation, also influence N availability and
supply in agro-ecosystems, thereby providing significant implications for soil fertility
and the environment.

In this chapter, an attempt has been made to evaluate the impacts of anthropo-
genic drivers (such as climate change, N deposition, and land management) on
the terrestrial N cycle along with implications for soil health and climate change.
Consequences of changes in soil health parameters such as N availability,
C sequestration, and acidification in relation to managing fertilizer N use in agro-
ecosystems with the aim of increasing N use efficiency and crop productivity but
reducing greenhouse gas emissions have been discussed.

6.2 Nitrogen in the Biosphere

Globally, the creation of reactive N has increased nearly 50% between 1890 and
1990 (Galloway and Cowling 2002) and continues to increase every year. Although
the creation of reactive N is dominated by agricultural activities, via the production
and consumption of N fertilizers and N fixation by legumes, production of energy
from fossil fuels also plays an important role (Table 6.1). The residence time of
reactive N in vegetation and soils varies widely (ten to several hundred years)
depending on the type of vegetation and its age. The residence time of reactive

Table 6.1 Budgets for nitrogen on the global land surface

Preindustrial Human-derived Total
Inputs
Biological nitrogen fixation 120 20* 140
Lightning 5 0 5
Industrial N fixation 0 125° 125
Fossil fuel combustion 0 25 25
Totals 125 170 295
Fates
Biospheric increment 0 9 9
River flow 27 35 62
Groundwater 0 15 15
Denitrification 92°¢ 17 109
Atmospheric transport to the ocean 6 48 54
Totals 125 124 249

All values are Tg N year™'. Unless otherwise indicated, preindustrial values and human-derived
inputs are for the mid-1990s from Galloway et al. (2004) and Duce et al. (2008). Fates of human-
derived (anthropogenic) nitrogen are derived by Schlesinger (2009)

“Net of human activities

*Us Geological Survey (2008) for 2007

Calculated by difference to balance the N budget
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N affects the permanence of the biospheric N sink. An adequate understanding of
the fate of the reactive N in the biosphere is lacking; mass-balance studies of
agricultural fields indicate that more than 50% of N in synthetic fertilizers escapes
from the point of application (Deutsch et al. 2007). Globally, ~10% of the N applied
as fertilizer is contained in food (Galloway and Cowling 2002); most of the
remaining reactive N is lost to the environment during food production. Some of
the N applied to agricultural land becomes unavailable to crop and pasture species
through immobilization processes and can remain in the soil for long periods of
time (Jagadamma et al. 2007).

Increasing emissions of nitrogen oxide (NO) from fossil fuel burning and NHj;
emissions associated with intensification of agriculture has led to a three- to
five-fold increase in N emissions over the last century (Denman et al. 2007).
Global NO and NHj3 emissions are mainly terrestrial in origin. In the year 2000,
52.1 TgN year ' of NO and 64.6 Tg N year ' of NH; were emitted with between
30 and 50% of NO and around 40% of NHj; deposited on the open ocean and
coastal zones, while the rest is believed to have been distributed across terrestrial
ecosystems (Dentener et al. 2006). Both NO and NH; emissions are predicted to
increase further in many regions during the twenty-first century due to the growth
of the global population leading to increased demand for food, particularly animal
protein (Dentener et al. 2006). By 2100, N deposition over land may increase by a
factor of 2.5 (Lamarque et al. 2005). Along with emissions of NO, from fossil fuel
combustion, gaseous forms of N emanating from agricultural soils produce an
N enrichment of natural ecosystems, with documented effects on forests, deserts,
grasslands, coastal ecosystems, and oceans (Boulart et al. 2006; Brooks 2003;
Scavia and Bricker 2006).

It is estimated that 9 Tg N year ' may be accumulating in the terrestrial
biosphere in pools with residence times of ten to several hundred years
(Schlesinger 2009). Atmospheric deposition of N on land has increased due to
anthropogenic activities by ~46 Tg N year ' (Galloway et al. 2004), with about
one-third of the increase deposited in forests (18 Tg N year ') (Hudson et al.
1994), where trees provide a long-term sink for N in biomass. Studies indicate that
~25-30% of the N applied as fertilizer or through N deposition is retained in tree
biomass (Nadelhoffer et al. 1999), and a similar amount is retained in forest soils
(Schlesinger 2009). If ~50% of N deposition is stored within the ecosystem, then
~9 Tg N year ' might be sequestered in terrestrial woody biomass (Schlesinger
2009). Some of this N is returned to the atmosphere as NO, or N,O when woody
biomass is burned. As summarized by Schlesinger (2009), anthropogenic
N applied to land as fertilizer and as N deposition is ~124 Tg N year '. The
current estimate of reactive N produced by industry, biological nitrogen fixation,
and from fossil fuel combustion is ~170 Tg N year' (Table 6.1). The budget for
the terrestrial portion of the N cycle is thus not balanced and is thus linked with
several serious environmental problems, such as increasing the greenhouse effect,
reducing the protective ozone layer, adding to smog, contributing to acid rain, and
contaminating drinking water.
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6.3 Nitrogen Deposition, Soil Health, and Climate Change

The response of terrestrial ecosystems to N depositions can be interpreted to some
extent from the conceptual “nitrogen saturation” model described by Aber et al.
(1989). The N-limited systems initially retain the deposited N by using it for plant
and microbial growth as well as via accumulation in plant biomass and soil organic
matter. However, when inputs of N begin to exceed the biotic demands within the
ecosystem, the excess N can be potentially lost via leaching and gaseous emissions
(Matson et al. 2002). The nitrogen saturation model of Aber et al. (1989) predicts an
eventual decrease in net primary production, occurring due to the loss of cations and
nutrient imbalances. Plants may be less important than soils in retaining N when
inputs are relatively low, especially in the range expected from current levels of
atmospheric N depositions. However, chronic N additions may increase rates of soil
N mineralization because of the incorporation of additional N into organic matter
that could decrease its C:N ratio (Aber et al. 1998).

As soils in most agro-ecosystems already receive substantial inputs of N as
fertilizer to achieve better crop yield, additional input through N deposition would
not be expected to have a large effect on the cycling and sequestration of C in plant
biomass or soil (Reay et al. 2008), unless N fertilization strategies are revised to
account for additional N input through atmospheric deposition. Whereas, the
unintended fertilization of forest ecosystems in the form of atmospheric N deposi-
tion has not only stimulated forest growth, but also affected soil microbial activity,
and the cycling of C and nutrients in soils (Janssens et al. 2010).

Forest ecosystems contain a large part of the terrestrial C store, and also control
the transfer of C between the atmosphere and the soil (Dixon et al. 1994). Since net
primary production in both temperate and tropical forests is strongly N limited
(LeBauer and Treseder 2008; Vitousek and Howarth 1991), even a small stimulation
in tree growth rate in forest ecosystems due to an increase in the reactive N supply
may cause a large change in the C sink capacity of forests. Nevertheless, a large
amount of CO, that is taken up from the atmosphere by forest trees through
photosynthesis are returned rapidly (back to the atmosphere) through respiration by
roots and decomposer communities in soil (Bhupinderpal-Singh et al. 2003; Hogberg
et al. 2001; Hogberg et al. 2008). Since C stocks in soil exceed those in vegetation by
about 2:1 in northern temperate forests to over 5:1 in boreal forests (Dixon et al. 1994;
Schlesinger 1997), changes in soil C stocks can be more important than changes in
vegetation C stocks for a positive forest C budget (Medlyn et al. 2005).

The response of soil C to changing N deposition will be dictated by the balance
between N-induced increases in C inputs, due to increased plant growth, and
C outputs via soil organic C decomposition and microbial respiration (see Chaps. 5
and 7). However, only a few experiments have studied the effects of long-term
additions of small amounts of N on soil organic matter decomposition and micro-
bial respiration (Janssens et al. 2010). A meta-analysis by Knorr et al. (2005a)
indicated that litter decomposition was stimulated with N deposition at sites containing
high quality (low-lignin) litters, whereas it was decreased at sites containing
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low-quality (typically high-lignin) litters. Fog (1988) observed a positive relationship
between C:N ratio and CO, evolution rate in the litter and humus layers in European
forests, but no clear relationship was observed in the mineral soil (Persson
et al. 2000). In two Swedish forest fertilization experiments, Persson et al. (2000)
added N annually for up to 27 years. A 30% reduction in the mineralization rate
was observed in the mor (litter) layer where N had been applied at a rate
of 60 kg ha~! year™' in comparison to unfertilized plots. Similarly, Franklin
et al. (2003) showed that 100 years of fertilization with N applied at a rate
of 30 kg ha™' year™' could result in a doubling (1.3 kg C m~?) of the amount of
C stored in the mor layer. About 60% of this increase is estimated to be the result of
decreased decomposition rate and the rest a result of increased litter production.
A recent meta-analysis carried out by Janssens et al. (2010) also suggests that
N deposition impedes organic matter decomposition and promotes C retention in
temperate forest soils where N is not limiting microbial growth. According to
Agren et al. (2001), the retention of more C in N-fertilized forest soils may result
from decreased growth rate of decomposers due to formation of recalcitrant
compounds. The N-induced decrease in decomposition rate may also result from
increased decomposer’s C-use efficiency (production-to-assimilation ratio) (Agren
et al. 2001; Franklin et al. 2003).

Conversely, anthropogenic N deposition can have a detrimental impact on
terrestrial ecosystems through soil acidification and a consequential reduction in
plant biodiversity (Galloway et al. 2003). During the acidification process, soils
release base cations, such as calcium and magnesium, neutralizing the increase in
acidity. However, over time and with continued addition of N, the base cations can
be depleted, at which time aluminum (A13+) is released from soil minerals, often
reaching toxic levels. The acidification response may depend on the form of
N added, the net balance between proton-producing and consuming processes,
and the buffering capacity of the soil (Uehara and Gillman 1981). Soil acidification
leads to reduced microbial N immobilization (Venterea et al. 2004). Most temper-
ate-zone soils are buffered by base cations, which are replaced by AI’* at pH ranges
below pH 4.5, while many tropical soils are highly weathered, depleted in primary
minerals and poorly buffered (Uehara and Gillman 1981), and hence these soils
may be prone to acidification through N additions.

6.4 Interaction Between N and C Cycling in Relation
to Climate Change

With human activities exerting so much impact on different systems of the planet,
the interactions between the N cycle, the C cycle, and climate are expected to
become an increasingly important determinant of the earth system (Gruber and
Galloway 2008). Although understanding of the consequences of human alteration
of the N cycle, and possible strategies to manage these, has increased over the last
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two decades, not enough emphasis has been placed on the study of the interactions
of N cycling with that of C, and how these cycles interact with the climate system.
In the recent past, the C cycle-climate change models generally assumed a strong
CO, fertilization effect and did not consider N limitation of the terrestrial bio-
sphere. Thus, these models may have overestimated the ability of the terrestrial
biosphere to act as a CO, sink in the future (Thornton et al. 2009) and predict a slow
rise in the atmospheric CO2 and a slow rate of climate change (Hungate et al. 2003).
Furthermore, N limitation may become more pronounced in some ecosystems as
atmospheric CO, concentration increases (Luo et al. 2004; Reich et al. 2006a). On
the other hand, future increase in temperature may enhance soil N mineralization,
thereby counteracting any adverse effects of elevated CO, on N availability
(Hovenden et al. 2008). Additionally, interactions between C:N ratios in plants
and soils, increased soil fertility, and microbial activity are also not very well
understood and may need to be addressed in climate models. Thus the nature and
importance of N—C-climate interactions are becoming increasingly pressing. The
central question is: how will the availability of N affect the capacity of earth’s
biosphere to continue to absorb C from the atmosphere and hence mitigate climate
change (Gruber and Galloway 2008)? However, increased supply of fertilizer N for
food production may also have unintended negative environmental consequences
such as elevated levels of N,O production and increasing eutrophication of
waterways. Thus, a tight coupling between N availability and plant uptake is
desired and necessary to prevent detrimental environmental impacts.

The concentration of N,O in the atmosphere is primarily determined by the
magnitudes of nitrification and denitrification in soil — the two central microbial
processes of the N cycle that result in gaseous emissions of N from soil. Over the
past 60,000 years, close correspondence between atmospheric CO, levels, temper-
ature, and atmospheric N,O concentrations demonstrate that the N cycle is closely
coupled to variations in the climate system and C cycle (Gruber and Galloway
2008). Nevertheless, anthropogenic alterations of the global C and N cycles appear
to have led to the highest atmospheric concentrations of CO, and N,O in 650,000
years (Forster et al. 2007). A significant correlation between the flux of CO, and
N,O from soils has been reported by Xu et al. (2008). The N,O flux from soil may
increase globally with rising atmospheric CO, and temperature, because these
climate change drivers can alter N mineralization—-immobilization turnover pro-
cesses (Hoyle et al. 2006; Miiller et al. 2009), and in turn nitrification and denitrifi-
cation (Fig. 6.2).

Terrestrial C stocks have been altered by increasing atmospheric CO, concen-
tration and N deposition, as well as by changing land use (Matson et al. 2002; see
Chap. 1). In 2005, agriculture accounted for an estimated emission of 5.1-6.1 Gt
CO,-eq year ', which is 10-12% of total global anthropogenic emissions of
greenhouse gases (Smith et al. 2007a). There are four main global sinks for these
emissions: the atmosphere, the oceans, tropical vegetation, and temperate and
boreal vegetation, mainly forests. It has long been recognized that N limitations
often constrain C accumulations in mid- and high-latitude ecosystems, such as
temperate and boreal forests (Tamm et al. 1982). Deposition of N to forests ranges
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Fig. 6.2 Potential nitrogen—carbon-climate interactions. The main anthropogenic drivers of these
interactions during the twenty-first century are shown. Plus signs indicate that the interaction
increases the amount of the factor shown; minus signs indicate a decrease; question marks indicate
an unknown impact (or, when next to a plus or minus sign, they indicate a high degree of
uncertainty). Arrow thickness denotes strength of interaction. Only selected interactions are
shown (adapted by permission from Macmillan Publishers Ltd: Nature, Gruber and Galloway
(2008))

between 1 and 100 kg ha™' year™'; the smaller amounts generally occur in remote
forests in rural areas at high latitudes and the large amounts in industrialized central
Europe (Jarvis and Fowler 2001). However, there exists uncertainty as to the extent
and for how long high annual rates of N additions will be able to stimulate the
production of mature forests. Recent findings on plant responses to elevated CO,
concentrations also confirm that low N availability can constrain C sequestration in
terrestrial ecosystems (Luo et al. 2004; Reich et al. 2006b).

Thornton et al. (2007) and Sokolov et al. (2008) conducted modeling studies by
introducing prognostic C and N cycle interactions in the stand-alone land surface
component of an atmosphere-ocean general circulation model (AOGCM) and in a
reduced-complexity climate model. They observed that the land-atmosphere
components of the global climate-C cycle feedback are fundamentally influenced
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by C-N cycle interactions. Thornton et al. (2007) demonstrated that N limitation
significantly reduced the stimulation of net C uptake on land associated with
increased CO, concentration in the atmosphere. This should lead to predictions of
higher CO, concentration in the atmosphere for a given level of fossil fuel con-
sumption in a coupled climate-C cycle simulation. Studies carried out by Thornton
et al. (2007) and Sokolov et al. (2008) predict a 53—78% reduction in the effect of
elevated CO, on land C sink strength due to C—N coupling. Thornton et al. (2007)
showed that C—N interaction fundamentally alters the terrestrial C cycle response to
interannual variability in temperature and precipitation. Sokolov et al. (2008) found
that the introduction of C-N coupling in a reduced-complexity climate model
produced a change in the sign of the terrestrial C cycle response to warming,
switching from a strong positive feedback in which warming leads to a net release
of C from the terrestrial biosphere, to a weak negative feedback in which warming
leads to a modest uptake of C aided by increased N mineralization. More recently,
Thornton et al. (2009) demonstrated a weaker dependence of net terrestrial C flux
on soil moisture changes and a stronger positive growth response to warming in
tropical regions, than that predicted by a similar AOGCM model implemented
without terrestrial C—N interactions.

6.5 Nitrogen in Agro-Ecosystems, Soil Health,
and Climate Change

6.5.1 Nitrogen Cycling in Natural Versus Managed Ecosystems

An understanding of soil N turnover in natural or unmanaged ecosystems can
provide clues about how to efficiently manage N fertilization while maintaining
soil health and crop production. In natural ecosystems, atmospheric deposition and
biological N, fixation constitute the external sources of N which then is returned to
the soil either as plant litter or as residues from herbivore-based food chain. The
accumulation of organic forms of N in soil is a characteristic feature of unmanaged
terrestrial ecosystems. Mineral N released through mineralization—-immobilization
turnover can be taken up by plant roots or is lost from the system. Natural
ecosystems often exhibit a high degree of temporal and spatial synchrony and
synlocation between the release and uptake of N by mixed plant communities.
This results in a minimal transfer across system boundaries relative to the extent of
N cycling within the ecosystem, consequently leading to minimal losses via nitrate
leaching or gaseous emissions (Christensen 2004). On the other hand, agro-
ecosystems are often relatively open with respect to N cycling. In agro-ecosystems,
besides inputs of N through deposition and biological N, fixation, N is also applied
externally as chemical fertilizers or organic manures to compensate for the
N removed in exported in harvested yield. In modern agro-ecosystems, the removal
of as much as 300 kg N ha~! in harvested aboveground portions of the crops each
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year necessitates substantial inputs of N to maintain productivity (Cassman et al.
2002). The intensive nature of agricultural cropping systems exhibits large
N uptake during active but often relatively short growth phase. If the supply of
N in synthetic fertilizers is not sufficient to meet crop demands in agro-ecosystems,
soils can become N depleted. Reduced synlocation and synchrony in the N turnover
and reduced return of organic matter to the soil adversely affect N use efficiency
and soil health in managed agro-ecosystems. Furthermore, changes in hydrology
through irrigation and drainage, and changes in soil structure through tillage, can
further change the N dynamics within agro-ecosystems in comparison to those of
natural systems.

6.5.2 Fertilizer N Use Effects on Soil Health
in Agro-Ecosystems

One of the most important soil health parameters in relation to both climate change
and N management is organic matter content of the soil. It is in fact a key indicator
of soil health because it plays a role in a number of vital functions affecting soil
fertility, productivity, and the environment. Managing soil organic matter for a
maximum contribution to soil health and resilience presents a conundrum. Decom-
position and mineralization of organic matter are required for functions such as
providing energy and nutrients, whereas maintaining or increasing the quantity of
organic matter can have positive effects on chemical, physical, and biological
properties of soil (see Chaps. 2 and 5).

Maintenance of soil organic matter is an important goal in agriculture, both in
terms of sustaining soil fertility and sequestering atmospheric CO,. As C is
sequestered in a soil, the availability of N can decrease as N binds with the organic
matter and precluding it from participation in the N cycle. Thus, the role of
C:N ratio in soil organic matter should also be considered in assessing fertilizer
N use efficiency and designing long-term N management strategies. With growing
dependence on chemical N fertilizer, the assertion has often been made that these
inputs are a positive factor in maintaining or increasing soil organic matter as higher
yields enhance the input of crop residues. Such a view is, however, at odds with the
long-term changes in soil C reported for the Morrow Plots, the world’s oldest
experimental site under continuous corn (Khan et al. 2007). For example, after
40-50 years of applying chemical fertilizers that exceeded corn N removal by
60-190%, a net decline in soil C occurred despite the incorporation of residues,
which is consistent with the data from numerous cropping experiments involving
synthetic N fertilization (Khan et al. 2007). These data implicate fertilizer N in
promoting the decomposition of crop residues and soil organic matter through the
stimulation of microbial activity. Several contrary reports are also available in the
literature, which show that N fertilization increases soil organic C sequestration in
certain ecosystems (Khan et al. 2007). According to Khan et al. (2007), such
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contradictory observations may be due to the following reasons: (1) absence of
baseline data in assessing soil organic C changes; (2) soil organic C data represent
only a very limited depth of surface soil; or (3) the study period is inadequate for
detecting the changes. Furthermore, fertilizer N applications may reduce microbial
activity if acidity generated during NH,* oxidation is not controlled (Vanotti et al.
1997), thereby leading to a decline in the rate of organic matter mineralization.
Nitrogen additions in certain ecosystems have also been shown to adversely affect
the activity of lignin-degrading microorganisms or enhance lignin-N complexes
resistant to decomposition, thereby favoring organic matter accumulation in soil
(Fog 1988).

To fully realize the potential benefits of N fertilizers, application rates must be
adequate but not excessive, so as to maximize the economic profitability of crop
production while minimizing microbial oxidation of residue C and native soil
organic matter. This strategy merits serious consideration because soils hold more
than twice as much C as the atmosphere, and even a minor change in terrestrial CO,
balance could have a significant global impact (Powlson 2005). After reviewing
data from long-term experiments worldwide to quantify the long-term impacts of N
fertilizers on soil N cycling, Glendining and Powlson (1995) concluded that N
applications increased N recycling from crop residues, root turnover, and exudates.
Initially, mainly labile fractions of soil N were influenced from these inputs, but
over years and decades the fractions of soil organic N that cycle more slowly were
also affected. Soil productivity can be enhanced both through N fertilization and by
growing legumes in rotation, although the two management strategies may have
different influences on nutrient cycling and soil health (Liebig et al. 2002).

Logically, soil should gain N if fertilizer inputs exceed grain removal. However,
Mulvaney et al. (2009) recorded a decline in total soil N similar to that recorded in
soil organic C in the Morrow plots (Khan et al. 2007). This decline is in agreement
with numerous long-term baseline data sets from chemical-based cropping systems
involving a wide variety of soils, geographic regions, and tillage practices, as listed
by Mulvaney et al. (2009). Furthermore, these trends from long-term experiments
reveal that chemical fertilization is often ineffective in preventing soil N depletion,
even in cases involving an ample input of N and greater production and
incorporation of crop residues. As mentioned above, these effects are more likely
due to the fact that mineral N, particularly in the form of ammoniacal fertilizers, can
stimulate microbial carbon decomposition, thereby promoting the decay of added
crop residues and also the indigenous organic matter that serves as the major
reservoir of soil N.

When N used in the synthesis of plant biomass is returned to soil, it exists in
equilibrium with a larger and more stable pool associated with humus. This
equilibrium is shifted toward immobilization when the input of C is higher than
N and toward mineralization when the input of N is higher than C. The ultimate
effect in the latter case may be a net loss of applied organic N through crop uptake,
leaching, or gaseous emissions of mineralized N. Dissolved organic N may also be
lost through profile transport. As reviewed by van Kessel et al. (2009), dissolved
organic N losses can range from a minimum of 0.3 kg N ha™' year™ ' in a clover-based
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pasture to a maximum of 127 kg N ha™' year ' in a grassland to which urine was
applied. Mulvaney et al. (2009) have compiled a global data set to compare net
mineralization with and without N fertilization and at different N application rates,
which demonstrates the inherent potential of synthetic N to enhance microbial
decomposition. This data set is remarkably consistent in documenting more rapid
mineralization for fertilized than unfertilized soils, and in many cases identifying a
positive effect from increasing the rate of N applied. Although Powlson et al.
(2010) has criticized the way Mulvaney et al. (2009) interpreted the data from
long-term experiments, they agree that the observation of significant soil C and
N declines in subsoil layers deserves further consideration.

6.5.2.1 Fertilizer N Management in Agro-Ecosystems

In agro-ecosystems, crops do not always use N efficiently when it is applied through
fertilizers, manures, and other sources (Galloway et al. 2003, Cassman et al. 2003).
The unutilized N is susceptible to various loss pathways — leaching as nitrate,
ammonia volatilization, denitrification, and runoff (Fig. 6.1). By reducing these
losses, improved N use efficiency can also lead to reduced off-site N,O emissions.
Fertilizer N use efficiency can be improved by: (a) adjusting application rates based
on precise estimation of crop needs; (b) using slow- or controlled-release fertilizer
forms or nitrification inhibitors; (c) improved timing of N application; (d) placing
the N more precisely into the soil to make it more accessible to crops roots; or (e) by
avoiding N applications in excess of immediate plant requirements (Robertson
2004; Paustian et al. 2004; Bijay-Singh 2008; Monteny et al. 2006). Landholders
apply N fertilizer on the assumption that in managed agro-ecosystems this is
the sole source of plant available N. But considerable evidence obtained from
N-tracer investigations suggests that plant uptake is generally greater from native
soil N than from N applied via synthetic fertilizers, even with excessive fertilization
(Olson 1980; Kitur et al. 1984; Reddy and Reddy 1993; Stevens et al. 2005). Saito
and Ishii (1987) showed that native soil N is an important source of N that is used by
crops in managed agro-ecosystems. They investigated the uptake of N by maize
from soil N and fertilizer N sources, from 12 soils, and showed that native soil
N dictates the efficiency of applied fertilizer N as well as the quantity of N lost from
the soil-plant system. Additionally, improvements in N use efficiency can indirectly
lead to reduced greenhouse gas emissions from N fertilizer manufacture.

Given the fundamental coupling of microbial C and N cycling, the dominant
occurrence of both elements in soil organic forms, and the close correlation
between soil C and N mineralization (Dou et al. 2008), the practices that lead to
loss of soil organic C will also have serious implications for the storage of N in soil.
The loss of organic N decreases soil productivity and the agronomic efficiency of
fertilizer N and has been implicated in reports of yield stagnation and the decline of
grain production (Mulvaney et al. 2009). As already discussed, even with intensive
fertilization, soil reserves usually supply the bulk of N uptake by nonleguminous
crops. Thus, a decrease in soil N supply is inherently detrimental to productivity,
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although crop yields may be sustained or even increase because of introduction of
improved varieties or due to higher fertilizer application rate despite the lower
incremental return per unit of N applied. Eventually, however, soil degradation is
likely to lead to a decline or stagnation in yield, an emerging concern for input-
intensive agriculture.

6.5.3 Nitrogen Availability in Relation to Non-CO, Emissions
and Soil C Sequestration

The basic principles of sound N management are well known and need to be
promoted within the context of decreasing N losses from the soil-plant system
including greenhouse gas emissions in the form of N,O as well as for increasing
economic profitability of crop production. It follows from the discussion in
Sect. 6.5.2 that high N use efficiency can be achieved by avoiding excessive
N applications and by synchronizing N supply with crop demand. The latter is
more easily achieved when N is supplied in split doses using fertilizers compared to
where organic N sources are used (both imported organic materials such as animal
manures, and legumes or residues grown on site), where the release of nutrients is
controlled by biological mineralization processes. In general, the release of N from
organic sources continues beyond the period of crop production and when applied
in amounts large enough to meet the nutrient requirement of agro-ecosystems can
contribute to leaching losses and off-site pollution problems, including additional
generation of N,O (Duxbury 2006). Research has also shown that emissions of N,O
from cropland are higher when organic sources of N rather than inorganic fertilizers
are used (Duxbury et al. 1982). As shown in Table 6.2, there exists a large global
potential of N availability through N fixation by leguminous plants via
intercropping and off-season cropping (Badgley et al. 2007) and from livestock

Table 6.2 Global nitrogen input in different agricultural sectors

Nitrogen derived from industrial production 90-100 Mt N year™' Erisman et al.
(by the Haber—Bosch process with fossil (2008);

fuel combustion) IFA (2009)
Potential nitrogen production by leguminous 140 Mt N year ™! Badgley et al.
plants via intercropping and off-season (2007)

cropping (without competing cash crops). This

potential is underexploited by many conventional

farmers

Nitrogen from livestock feces of 18.3 billion 160 Mt N year ™" Niggli et al. (2009)
farm animals (FAO, global figure). In specialized

farming structure with strong segregation between

crop and livestock production, nitrogen from

manure and slurry is inefficiently used
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feces (Niggli et al. 2009). Nitrogen additions through these routes can also contrib-
ute to large N,O emissions from soil (Rochette and Janzen 2005).

According to Smith et al. (2007a), agriculture accounted for 47 and 58% of total
anthropogenic emissions of methane (CH4) and N,O during 2005. Methane and
N,O contributed 3.3 and 2.8 Gt CO,-eq year ', respectively, to the atmosphere.
Despite large annual exchanges of CO, between the atmosphere and agricultural
lands, the fluxes are estimated to be approximately balanced with net CO,
emissions ~0.04 Gt CO,-C year ' only. However, capturing CO, as soil organic
matter can contribute to improved soil health and productivity (Drinkwater et al.
1998) and potentially mitigate climate change. In fact, soil C sequestration
(enhanced sinks) is the mechanism responsible for most of the mitigation potential
in the agriculture sector, with an estimated 89% contribution to the technical
potential (per area estimate of mitigation potential for different greenhouse gases
multiplied by the area for that practice in each region) (Smith et al. 2007a). In
general, agronomic practices that increase crop yield and generate higher inputs of
organic residue can lead to increased soil C storage, although reports do exist that
N fertilizer use on soils to achieve higher crop yield may lead to the loss of organic
C from soils (Khan et al. 2007; see Sect. 6.5.2). No-till agriculture is usually
considered a useful agronomic technique to reduce the rate of loss of organic C and
N from soils as opposed to conventional tillage practices (see Chap. 9). However,
the overall rate of soil C sequestration under no-till agriculture may depend on
local soil and climatic conditions, and hence the reported effects are inconsistent
and not well-quantified globally (Smith and Conen 2004; Li et al. 2005; see Chap. 9).
Emissions of N,O per hectare can be reduced by adopting cropping systems with
reduced reliance on fertilizers; for example, the use of rotations with legume crops
(West and Post 2002). But, as already mentioned, legume-derived N can also serve
as a source of N,O. Furthermore, cultivated wetland rice soils emit significant
quantities of CH4 (Yan et al. 2003). This source of CH4 emissions can be reduced
by draining wetland rice during the growing season (Smith and Conen 2004; Yan
et al. 2003). However, any reduction in CH, emissions achieved due to this strategy
may be partly offset by increased N,O emissions under aerobic conditions.

The oxidation of CH, by CH4-oxidizing microorganisms (methanotrophs) in soil
is important in defining the global CH, budget (see Chaps. 9 and 10). Oxic soils are
a net sink while wetland soils are a net source of atmospheric CH,. The consump-
tion of CH, in upland as well as lowland systems may be inhibited by NH,*
produced in soil or added through ammoniacal fertilizers because NH,* can com-
petitively inhibit CH, oxidation by methanotrophs (Bedard and Knowles 1989).
However, NH,"-based fertilization has also been demonstrated to stimulate CH,
consumption in rice paddies, especially when methanotrophs are N limited
(Bodelier and Laanbroek 2004). Available literature reveals that N limitation of
CH, consumption occurs in a variety of lowland soils, upland soils, and sediments.
Obviously, depriving CHy-oxidizing bacteria of a suitable source of N hampers
their growth and activity.
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6.5.4 Global Significance of N,O Emissions from Terrestrial
and Oceanic Sources

Based on data pertaining to N,O flux from soils, wetlands, and the sea, globally
~2.6-3.9% of the denitrification flux consists of N>,O (Denman et al. 2007;
Seitzinger et al. 2006), which is increasing in earth’s atmosphere by ~0.3% per
year (Denman et al. 2007). Schlesinger (2009) has calculated recent changes in
global denitrification by dividing the observed increase in N,O in earth’s atmo-
sphere (~4 Tg N year_l) by an estimate of the ratio of N,O to the total N, + N,O
produced by denitrifiers. For wetland, stream, and lake sediments, the values for
this ratio are always low because the denitrification flux consists of greater propor-
tion of N, than N,O (Kralova et al. 1992; Riley and Matson 2000). For upland
ecosystems, a significant percentage of the efflux due to denitrification occurs as
N,O. The mean ratios N,O/(N, + N,O) for soils under natural or recovering
vegetation, agricultural soils, and freshwater wetlands and flooded soils are
0.492 4+ 0.066, 0.375 4+ 0.035, and 0.082 £ 0.024, respectively (Schlesinger
2009). According to Schlesinger (2009), assuming that the rise in N,O in the
Earth’s atmosphere is solely from denitrification in terrestrial ecosystems and if
53% of denitrification occurs in upland agricultural soils with a N,O/(N, + N,0)
ratio of 0.37, and 47% occurs in wetlands with a ratio of 0.08 (Bouwman et al.
2005), then the weighted mean ratio becomes 0.23 and the calculated total rate
of denitrification is now 17 Tg N year ' greater than in preindustrial times
(Schlesinger 2009).

6.6 Nitrogen Management Under Future Climate
Change Scenarios

As already discussed, sequestration of C in the soil is a mechanism that could
potentially be responsible for significant mitigation potential for climate change.
According to Smith et al. (2007a), reduction in CO,, CH4 and N,O emissions from
soils can contribute 89, 9, and 2%, respectively, to the total mitigation potential. Of
course, the level of adoption of appropriate measures, effectiveness of these in
enhancing C sinks, and persistence of mitigation, as influenced by future climatic
trends, economic conditions, and social behavior will determine the exact contribu-
tion. The projected changes in climate in coming decades may influence emissions of
greenhouse gases from agriculture and the effectiveness of practices adopted to
minimize these emissions. For example, increasing atmospheric CO, concentrations
may affect the functioning of terrestrial ecosystems through changes in plant growth
rates, plant litter composition, drought tolerance, and N demands (van Groenigen
et al. 2005; Jensen and Christensen 2004). Similarly, atmospheric N deposition and
increasing temperature may affect the net C sequestration potential of forests and
crop production systems. Increasing temperatures are likely to have a positive effect
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on forest and crop production in colder regions due to a longer growing season (Smith
et al. 2007b), but increasing temperatures may also accelerate decomposition of soil
organic matter, releasing stored soil C into the atmosphere (Knorr et al. 2005b; Smith
et al. 2007b). Increasing mineralization rates will also elevate the rate with which N is
released from soil organic matter and therefore its availability for uptake by plants.
Similarly, higher rates of N deposition are expected to increase plant growth, but may
alter C sequestration and soil N,O emissions in unexpected directions. Furthermore,
complex interactions between the climate change drivers and C and N cycles may
produce high levels of uncertainties on the potential effects of climate change on soil
N availability and CO, emissions (see Sects. 6.3 and 6.4).

With the prediction that the increase in atmospheric CO, levels by 2100 will
result in an additional warming of up to several degrees Celsius (Forster et al.
2007), one can expect the intensification of N cycle in terrestrial ecosystems, in
addition to direct anthropogenic inputs (Gruber and Galloway 2008). Thus, future
management of the N cycle in terrestrial ecosystems is expected to be highly
challenging. A meta-analysis of data generated in different soils and ecosystems
carried out by Rustad et al. (2001) revealed that warming significantly increases
N mineralization and nitrification. Furthermore, Groffman et al. (2009) found that
N cycling processes are more sensitive to variations in soil moisture induced by
global warming. It was observed that net N mineralization and nitrification were
slower in warmer climate, but these processes were more driven by lower soil
moisture content than higher temperature. In northeast China, Hu et al. (2009)
observed that N mineralization rate in the soil under meadow steppes increased
significantly due to a 2°C rise in soil surface temperature, although warming did not
have a significant influence on total N content. In a semi-arid soil, Hoyle et al.
(2006) observed that nitrification increased linearly with temperature and
dominated over immobilization for available ammonium in soil incubated above
20°C, indicating that nitrification is often the principal process influencing NH,*
consumption. These findings suggest that the N mineralization—immobilization
turnover at soil temperatures above 20°C is not tightly coupled, and there is a
high potential for loss of N as nitrate.

Information about soil solution inorganic nitrogen (NH4* + NO3 ™) is important
from the point of fertilizer N management. Shaw and Harte (2001) recorded no
increase in soil solution N despite increases in mineralization rate. This result was
ascribed to increased plant uptake. While Ineson et al. (1998) showed a decrease,
Peterjohn et al. (1994) observed no change in soil solution inorganic N concentra-
tion upon soil heating. According to Rustad et al. (2000), soil solution inorganic
concentrations will increase only in N-saturated ecosystems, whereas most N will
be taken up by vegetation in N-limited systems. Verburg (2005) found that by
increasing air temperatures by 3°C in summer and 5°C in winter, soil inorganic
pools increased indicating an enhanced mineralization which exceeded plant
demand and led to leaching losses.

There is good reason for concern about sustaining world food production by
supplying additional N because crop N uptake originates largely from the native
soil source rather than fertilizer N (see Sect. 6.5.2.1). In view of the changing
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scenario with regard to N cycle process under a warmer climate, the immediate
need is to use scientific and technological advances that can increase input
efficiencies. The most important aspect of this strategy would be to more accurately
match the input of ammoniacal N to crop N requirement by accounting for site-
specific variations in soil N supplying capacity and by synchronizing application
with plant N uptake. Across a wide range of crop-growing conditions, information
to reduce uncertainty in synchronizing crop N demand and soil N supply can
contribute substantially to reducing fertilizer application rates and the associated
economic and environmental costs. In the long term, a transition toward agricultural
diversification using legume-based crop rotations, which provide a valuable means
to reduce the intensity of ammoniacal fertilization with the input of less reactive
organic N, may be required. A number of management options which have limited
potential now are also likely to have increased potential in the long term. Examples
include better use of fertilizer through precision farming, wider use of slow and
controlled-release fertilizers and adoption of nitrification inhibitors.

An analysis based on measurements and model studies as reported by Reay et al.
(2008) indicates that the likelihood of greatly enhanced global CO, sequestration
resulting from future changes in N deposition is low. A doubling of the N emission
levels in the year 2000 may achieve approximately three billion tonnes of additional
CO, sequestration in northern and tropical forests each year. However, using
emission factor given by Crutzen et al. (2007), this would induce global annual
emissions of 2.7 billion tonnes of CO, equivalent, in the form of N,O, via increased
nitrification and denitrification on land and in the oceans. Such pollution-swapping
would greatly offset any climate change mitigation benefits of N deposition. Under
such situations, protection of the existing terrestrial C sinks from deforestation and
land use changes, rather than possible enhanced C sequestration through N deposi-
tion, will provide greater climate change mitigation benefits in coming decades
(Reay et al. 2008).

6.7 Summary and Conclusions

The large generation of reactive N by industry, fossil fuel burning, and biological
N, fixation has been able to maintain adequate availability of N for crop plants,
thereby ensuring ample production of food and fiber to meet the increasing demand
of a growing population. However, ~10% of the applied N remains in food and the
remainder generally ends up in the environment, polluting the atmosphere and
water bodies, and influencing the climate. The N cycle in natural ecosystems is
highly conservative to loss pathways, but it is heavily disrupted in managed agro-
ecosystems, leading to enhanced N,O emissions and N leaching. Production of
fertilizer N for application in managed agro-ecosystems is still accelerating, and
this trend is not likely to change in the near future. Furthermore, many terrestrial
and marine ecosystems will continue to receive an increasing supply of reactive
N produced by industry and fossil fuel burning, and also indirectly via atmospheric
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deposition. Questions remain as to the likely consequences for terrestrial C sink
capacity, specifically whether increasingly heavy inputs of reactive N will serve to
significantly reduce rising atmospheric CO, concentrations.

The evidence for changes in soil C stocks under N deposition scenarios is
contradictory, with some studies suggesting that soil C may decrease while others
suggest no change or significant increases in soil C. It remains a challenge to obtain
a clear understanding of the impacts of N additions through fertilizer application or
atmospheric N deposition on soil health. Furthermore, changes in soil health due to
excessive external N inputs such as acidification, cation exchange capacity, green-
house gas emissions, and nutrient leaching are likely to have serious negative
implications for plant productivity and the environment.

Climate change drivers such as elevated CO, and temperature can influence the
terrestrial C and N cycling and alter soil N availability, which constrain the CO,
sink capacity of earth’s biosphere. As C-N interaction fundamentally alters the
terrestrial C cycle response to interannual variability in temperature and precipita-
tion (see Sect. 6.4), future atmospheric CO, concentration and associated anthro-
pogenic climate change may be accurately predicted as climate change models
introduce C-N interactions in their land components.

Effects of global warming on different processes and pathways of the N cycle are
going to be very complex as several interactions will be involved and the overall
effects are likely to be site specific. Management of N fertilizers in agro-ecosystems
that improve fertilizer N use efficiency by avoiding excessive N applications and
synchronizing N supply with crop demand should help produce enough food for
growing populations with minimal contributions to climate change effects.
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