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Importance of this paper: Nitrous oxide is a greenhouse gas and a contributor to stratospheric ozone depletion. Current

United Nations treaties require the compilation of national emission inventories for all greenhouse gases. Riparian zones are

areas that receive and process large amounts of agriculturally-derived nitrate and may be ``hotspots'' of nitrous oxide

production in agricultural landscapes. However, the current inventory methodology for nitrous oxide does not account for

these zones. Here we review the data on nitrous oxide emission from riparian zones and propose an approach for accounting

for these areas in national emission inventory calculations.

Abstract

Riparian zones, which sit at the interface between terrestrial and aquatic components of the landscape, often receive

and process large amounts of excess nitrogen (N) that moves out of agricultural ®elds towards streams. These areas thus

have the potential to be ``hotspots'' of nitrous oxide (N2O) production in the landscape. However, current Intergov-

ernmental Program on Climate Change (IPCC) methodologies for calculating national N2O emission inventories do not

explicitly account for riparian N2O production. In this paper, we examine the nature and extent of N2O production in

riparian zones, present some new data on N2O production in these areas, and propose a modi®cation to the current

IPCC methodology for quantifying N2O emissions from agriculture. We also present an example of how large-scale

riparian restoration e�orts to achieve agricultural water quality objectives could cause signi®cant changes in regional

N2O budgets. Although current data are inadequate to propose a quantitative emission factor for riparian N2O

emissions, they suggest that these emissions are likely to be signi®cant in many regions. Speci®c data on riparian N2O

emissions should be collected in association with detailed watershed mass balance studies that allow for evaluation of

several aspects of the IPCC methodology at once and provide constraints on the magnitude of ¯uxes that are di�cult to

measure, e.g. N2O ¯ux, N2O:N2 ratio. Riparian and wetland restoration projects to reduce NOÿ3 delivery to coastal

waters are being considered in many areas of the world. These projects may a�ect regional and global N2O budgets, but

only if they alter the N2O:N2 ratio during denitri®cation. Ó 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Riparian zones are the interface between terrestrial

and aquatic components of the landscape. These areas

have unique characteristics due to the mixture of ter-

restrial and aquatic factors that in¯uence their structure

and function (Gregory et al., 1991; Naiman and
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Decamps, 1997). Riparian ecosystems have received at-

tention in several contexts including biodiversity, water

quality maintenance and stream ecosystem habitat pro-

tection (Gilliam, 1994; Lowrance et al., 1997).

Nitrous oxide (N2O) is a ``greenhouse'' gas which can

in¯uence the earthÕs radiative budget and plays a role in

stratospheric ozone destruction (Mooney et al., 1987;

Prather et al., 1995). Atmospheric N2O concentration is

increasing at a rate of 0.2±0.3% a year (IPCC, 1997) and

contributes approximately 5% of the global enhanced

greenhouse e�ect (Schimel et al., 1995). Interest in N2O

production in riparian zones has arisen from the real-

ization that these areas can be critical ``hotspots'' of

nitrogen (N) transformation in the landscape. Many

studies have found that riparian zones have the ability to

intercept N moving in surface runo� and groundwater

from uplands, preventing its movement into streams

(Gilliam, 1994; Hill, 1996). Given that N2O is a by-

product of N processing (Firestone and Davidson,

1989), these studies suggest that rates of N2O production

in riparian zones may be quite high, especially in agri-

cultural landscapes where there are large amounts of

excess N leaving crop ®elds and moving towards streams

(Gro�man et al., 1998).

The United Nations Framework Convention on

Climate Change (UNFCC) calls for the compilation of

national emission inventories for trace gases (CO2, CH4,

N2O) that contribute to climate change. The Intergov-

ernmental Program on Climate Change (IPCC) has de-

veloped protocols for quantifying N2O emissions from

industry, agriculture and natural ecosystems (IPCC,

1997). The methods for computing N2O emissions from

agriculture (described below) take a ``cradle to grave''

approach, accounting for ``direct'' emissions associated

with fertilizer and manure inputs to crop ®elds as well as

``indirect emissions'' that occur as N is processed after it

leaves the ®eld in harvest, surface runo� or groundwater

¯ow (Mosier et al., 1996, 1998). As N leaves crop ®elds

in these hydrologic vectors, N2O can be emitted as the N

is processed in groundwater, riparian zones, streams,

estuaries and ultimately in the ocean (Kroeze et al.,

1999). In this paper, we examine the nature and extent of

N2O production in riparian zones, present some new

data on N2O production in these areas, and propose a

modi®cation to the current IPCC methodology for

quantifying indirect emissions from agriculture. We also

present an example of how large-scale riparian restora-

tion e�orts to achieve water quality objectives could

cause signi®cant changes in regional N2O budgets.

2. Methods

We used data from several sources to achieve our

objectives of (1) evaluating the nature and extent of N2O

production in riparian zones and (2) proposing a mod-

i®cation to the current IPCC methodology for quanti-

fying indirect N2O emissions from agriculture. We ®rst

make a case that riparian zones are hotspots of N

transformation in agricultural landscapes. We then de-

scribe the existing IPCC methodology for quantifying

indirect N2O emissions and highlight de®ciencies in the

way that this methodology handles riparian dynamics.

This is followed by a review of the existing literature,

and a presentation of some new data on N2O ¯uxes in

riparian zones. We also use data from an agricultural

watershed mass balance study to evaluate the IPCC

methodology. Finally, we present a case study showing

how large-scale riparian restoration e�orts to achieve

water quality objectives could cause signi®cant changes

in regional N2O budgets.

3. Riparian zones as hotspots of N transformation in

agricultural landscapes

3.1. Magnitude

Numerous studies over the last 20 years have dem-

onstrated that riparian zones are hotspots of N trans-

formation in agricultural landscapes (Lowrance et al.,

1984; Peterjohn and Correll, 1984; Jacobs and Gilliam,

1985; Lowrance et al., 1997; Hill, 1996; Correll, 1997).

There have been several attempts to propose ``typical''

or ``default'' values for N retention in these areas for use

in regional assessments. Lowrance et al. (1997) sug-

gested that 50±90% of the total load of nitrate (NOÿ3 )

that leaves crop ®elds in the Coastal Plain of the

southeastern USA is retained in the riparian zone. Gil-

liam et al. (1997) assumed that 30% of the N that leaves

crop ®elds is retained in riparian zones in the same re-

gion. Of 20 studies reviewed by Hill (1996), 12 reported

greater than 90% retention and only three reported less

than 50%. Mitsch et al. (in press) assumed an N reten-

tion rate of 4 g N mÿ2 yÿ1 in riparian zones in an as-

sessment of N dynamics in the Mississippi river

watershed of North America. It is important to note

however, that there has been no systematic attempt to

develop a community-wide ``best professional judge-

ment'' estimate of riparian N processing by groups of

scientists involved in regional water quality assessment

and mitigation e�orts. These types of estimates are

critical to the development of IPCC emission inventory

methodologies.

3.2. Mechanisms

Riparian N removal is based on complex interactions

between several biological processes and hydrologic

vectors. The vast majority of N movement from agri-

cultural ®elds towards streams is as NOÿ3 in ground-

water ¯ow (Keeney, 1986). Due to its high solubility and
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negative charge, NOÿ3 is readily transported to ground-

water from the surface soils of agricultural ®elds. As

NOÿ3 laden groundwater moves towards riparian zones,

NOÿ3 can be denitri®ed in the subsurface or taken up by

plants that have roots in the groundwater (Lowrance

et al., 1984). Nitrate taken up by plants can be returned

to the surface soil in litterfall where it can be denitri®ed,

taken up again by plants, or returned to the ground-

water (Hanson et al., 1994). Nitrate can also be taken

up, or ``immobilized'' by microbes in either surface or

subsurface soils (Davidson et al., 1992). Immobilized N

in plant or microbial tissues can ultimately be stored,

long-term, in soil organic matter (Paul and Clark, 1996).

Riparian N2O production can occur during denitri®ca-

tion of NOÿ3 inputs or during nitri®cation of N that has

been taken up by plants or microbes and remineralized

(Firestone and Davidson, 1989).

3.3. Uncertainties

There are several important uncertainties and sources

of variation in assessments of N removal in riparian

zones. Of primary importance is the fact that riparian N

processing is a spatially explicit phenomenon based on

interaction of NOÿ3 in agricultural drainage water with

the biologically active zone of the riparian zone (Hill,

1996). Groundwater ¯ow paths that bypass the biolog-

ically active zone eliminate riparian N processing. By-

pass ¯ow can occur when groundwater intersects with

the ground surface and emerges as a ``seep'' across the

surface. On the other hand, groundwater can move deep

below the microbially active portion of soil and emerge

below the river, i.e., under¯ow. Bypass ¯ow can also be

human caused (e.g., arti®cial drainage). However, there

are good prospects for identifying areas of bypass ¯ow

in regional scale assessments (Winter, 1988; Hill, 1996;

Lowrance et al., 1997).

In addition to groundwater ¯ow paths, there is

marked control of riparian function by soils, climate,

vegetation and land use history (Correll, 1997). These

factors are all topics of active research. However, the

fact that high rates of riparian NOÿ3 removal have been

reported from a very wide range of sites suggests that as

long as there is a hydrologic connection between the

upland and the riparian zone, there will be active N

processing.

While there is strong evidence in support of riparian

zones as hotspots of N transformation in the landscape,

there are very few data on N2O ¯ux from these areas.

Conceptually, there are problems in (1) partitioning N

removal between plant uptake, microbial immobiliza-

tion and denitri®cation, (2) predicting the N2O yield

during denitri®cation and (3) accounting for N2O pro-

duced during remineralization, nitri®cation and deni-

tri®cation of N that has been taken up by plants or

microbes. Practically, the fact that riparian zones are wet

and have high variation in plant, soil and hydrologic

conditions has made it more di�cult to measure N2O

¯uxes in these areas compared to crop ®elds. The lack of

data and synthetic models of riparian N2O production

are the most critical limitations to our ability to include

riparian zones in regional and global N2O assessments.

4. The IPCC methodology for calculating indirect N2O

emissions from agriculture

The objective of this methodology is to provide a

complete accounting of the N2O production associated

with agricultural use of N on a country by country basis

(IPCC, 1997). Direct emissions from fertilized ®elds are

assumed to be 1.25% of fertilizer and manure N applied

to the ®eld. Earlier methodologies accounted only for

these direct emissions. The methodology for calculating

indirect N2O emissions from agriculture is

N2O �Indirect� � N2O �G� �N2O�L� �N2O�S�
where N2O �G� ± emissions associated with atmospheric

deposition of agricultural N that has been transferred to

the atmosphere, N2O �S� ± emissions associated with

human sewage, N2O �L� emissions associated with the N

that leaves crop ®elds in leaching and runo�. This is the

N that is processed in riparian zones.

N2O �L� � NLEACH � EF5

where NLEACH ± the amount of N that leaves crop

®elds in leaching and runo�. This is assumed to be 30%

of the fertilizer and manure N that is applied to crop

®elds. EF5 ± N2O emission factor for N that leaves crop

®elds in leaching and runo� and is processed as it moves

ultimately to the world ocean. This factor is assumed to

be 2.5% and is partitioned as EF5-g (groundwater,

1.5%), EF5-r (rivers, 0.075%) and EF5-e (estuaries,

0.025%).

The methodology suggests that the indirect emissions

account for approximately 1/3 of the total agricultural

source (Mosier et al., 1998; Kroeze et al., 1999).

Leaching and runo�, i.e., N2O(L), accounts for 75% of

the indirect emissions. Groundwater, i.e., EF5-g, ac-

counts for 60% of N2O(L). However, the indirect emis-

sions are considered to be the most uncertain component

of the methodology because they are based on a small

set of highly variable reported N2O emission factors

(Nevison, 2000).

In the current methodology, EF5-g is conceived to

represent N2O that degasses from groundwater. We

suggest that this emission factor is conceptually unreal-

istic because it assumes that there is no N processing or

N2O production in either groundwater or riparian

zones. The current factor is based on six studies from

the literature that reported N2O:NOÿ3 ratios in agricul-

tural drainage and groundwater. Nevison (2000) has
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re-evaluated these ratios and has proposed reducing

EF5-g from 0.015 to 0.001 kg N2O±N per kg of N input.

We suggest that there should be a complete re-evalua-

tion of both the conceptual basis and actual magnitude

of this emission factor.

The conceptual basis for EF5-g is clearly ¯awed.

Numerous studies have found that denitri®cation occurs

in groundwater (Hiscock et al., 1991; Korom, 1992),

especially in groundwater in riparian zones receiving

NOÿ3 enriched agricultural drainage (Lowrance, 1992;

Jacinthe et al., 1998; Addy et al., 1999). Moreover, the

current EF5-g, which does not include riparian e�ects,

ignores the large body of research on riparian N pro-

cessing reviewed above. We suggest that EF5-g should

be reformulated to encompass all N2O produced be-

tween the surface soil of the crop ®eld and the river. This

new emission factor would include N2O produced as

NOÿ3 leaches through the soil pro®le, N2O produced in

groundwater beneath the crop ®eld and N2O produced

in the riparian zone.

5. Data on N2O emissions from riparian zones

Comprehensive data on N2O production from a

riparian forest in Maryland, USA were presented by

Weller et al. (1994). This forest has been demonstrated

to remove between 4.5 and 6.0 g N mÿ2 yÿ1 of agricul-

turally-derived NOÿ3 . Flux of N2O from the soil surface

was measured with large (1±20 m2) ¯ux chambers and a

tunable diode laser over the course of a year. Of the 4.5±

6.0 g N mÿ2 yÿ1 of groundwater NOÿ3 that was trans-

formed in this riparian zone, 0.039 g N mÿ2 yÿ1 was

converted to N2O. The investigators assume that a much

larger amount of N left as N2. The N2O ¯ux was 0.65±

0.87% of the N input to the riparian zone, or 0.0065±

0.0086 kg N2O±N produced per kg of N input.

Production of N2O was measured in mesocosms of

groundwater material taken from two positions (mod-

erately well-drained soils at the upland edge of the rip-

arian zone and poorly drained soils at the wetland end of

the riparian zone) in a riparian forest in Rhode Island,

USA (Jacinthe et al., 1998; Table 1). Emissions of N2O

ranged from 0.02% of N input at the upland edge of the

riparian zone (0.0002 kg N2O±N per kg of N input) to

3.7% (0.037 kg N2O±N per kg of N input) of N input in

the wetland transition zone. These results and other

studies (Gro�man et al., 1992, 1996; Simmons et al.

1992; Nelson et al., 1995) clearly show that riparian N2O

emission depends fundamentally on the abundance of

speci®c soil types at speci®c sites. Ratios of N2O:N2 were

very high in this study.

Nitrate removal and denitri®cation rates were mea-

sured in two poorly drained sites in Rhode Island using

the same mesocosm technique used by Jacinthe et al.

(1998) by Addy et al. (1999), except that mesocosms

were dosed with NOÿ3 at 5, rather than 10 mg N Lÿ1.

Here we report N2O production from this same study

(Table 2). Emissions of N2O ranged from 0.085%

(0.00085 kg N2O per kg of N input) of N input to

0.449% (0.0045 kg N2O±N per kg of N input) of N input

and averaged 0.163% (0.00163 kg N2O±N per kg of N

input) of N input. There were signi®cant relationships

between the N2O:N2 ratio and pH (Fig. 1, r2 � 0:49;
p < 0:01) and total denitri®cation rate (Fig. 2, r2 � 0:71;
p < 0:001). The N2O:N2 ratio ranged from 0.002 (1:500)

to 0.047 (1:21) with a mean of 0.02 (1:50).

High variation in the N2O:N2 ratio during denitri®-

cation has complicated assessment of N2O production in

many cases (Firestone and Davidson, 1989). Data from

our Rhode Island studies, where this ratio varied from

1:500 to 99:1 suggest that this ratio is a critical controller

of riparian N2O emission. During denitri®cation, NOÿ3
and N2O are used as electron acceptors during respira-

tion, with reduction of N2O to N2 the last step in the

process. The reduction of N2O has been found to be

strongly in¯uenced by low pH and high soil O2 levels

that can denature the N2O reductase enzyme. The re-

duction can also be a�ected by the demand for electron

acceptors, i.e., if NOÿ3 levels are low and denitri®cation

rates are high, N2O is more likely to be reduced.

Multifactor control by pH, NOÿ3 concentration and

Table 1

N2O production in groundwater mesocosms (15 cm diam by 40 cm long intact horizontal sections of aquifer material) from moderately

well-drained (upland/wetland transition zone) and poorly drained (wetland) locations within a forested riparian zone in Rhode Island,

USAa

Moderately well drained Poorly drained

% of N input 0.026 3.7

kg N2O per kg N input 0.00026 0.037

N2O:N2 99:1 99:1

pH 4.8±5.3 4.8±5.3

% C 0.07 0.13

a Mesocosms were treated with natural groundwater enriched with 10 mg NOÿ3 ±N Lÿ1 (99% 15N) and incubated at ambient tem-

perature and dissolved oxygen levels at a ¯ow rate of 0.025 m dÿ1. N gases were collected with silicone membrane samplers (Jacinthe

and Dick, 1996) and analyzed by electron capture gas chromatography (N2O) and isotope ratio mass spectrometry (N2O and N2,

Mosier and Schimel, 1993). Data from Jacinthe et al. (1998). Table adapted from Gro�man et al. (1998).
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denitri®cation rate can explain the variation in N2O:N2

in our Rhode Island studies (Figs. 1 and 2) and likely

causes high variation in nature.

Clearly, there are not enough data to make a new,

well-justi®ed EF5-g (Table 3). The few data that are

available range over three orders of magnitude, with

some exceeding the current IPCC value and others even

lower than the much lower value proposed by Nevison

(2000). There is a strong need for more data on riparian

N2O emissions given the importance of these areas as

hotspots of anthropogenic, agriculturally-derived N ¯ux

in the landscape.

An alternative approach to evaluating N2O emission

from riparian zones (and other aspects of the IPCC

methodology for indirect N2O emissions) is to analyze

long-term N budgets from small agricultural water-

sheds with intact riparian zones. For example, Stein-

heimer et al. (1998) report a 23 year N budget for an

intensively monitored, 40 ha agricultural watershed in

Iowa, USA with continuous maize production. Over

the 23 year period, approximately half of the applied

fertilizer was removed as grain, 16% of the applied N

was transported to the adjacent stream and 31% was

considered to be ``lost'' or ``stored'' in the watershed

(Table 4).

The IPCC methodology for calculating indirect N2O

emissions from agriculture assumes that 30% of N fer-

tilizer leaves the ®eld in leaching and runo�. However,

there is great uncertainty and much active research on N

leaching losses. For example, for the Iowa watershed

described above, Steinheimer et al. (1998) report only

16% leaching. It is important to note that this watershed

Table 2

Fluxes of N in groundwater mesocosms (15 cm diam by 40 cm long intact horizontal sections of aquifer material) from two sites (six

mesocosms each) with poorly drained soils in Rhode Island, USAa

Core Nitrate removal

(lg N kgÿ1 dÿ1)

Denitri®cation N2O production N2O production

(% of N input)

pH

1 16.4 13.2 0.467 0.449 4.7

2 )0.1 6.5 0.181 0.174 4.3

3 4.6 4.0 0.182 0.175 4.6

4 3.7 4.0 0.148 0.142 6.0

5 )4.3 4.0 0.185 0.178 6.0

6 20.3 20.5 0.190 0.183 5.8

7 38.1 6.0 0.107 0.10. 6.8

8 36.5 32.1 0.111 0.107 7.1

9 39.7 32.5 0.127 0.122 7.0

10 54.5 51.0 0.154 0.148 6.4

11 50.1 46.3 0.088 0.085 6.5

12 24.5 29.1 0.090 0.087 6.3

a Mesocosms were treated with natural groundwater enriched with 5 mg NOÿ3 ±N Lÿ1 (0.5% 15N) and incubated at ambient temperature

and dissolved oxygen levels. N gases were collected with silicone membrane samplers (Jacinthe and Dick, 1996) and analyzed by

electron capture gas chromatography (N2O) and isotope ratio mass spectrometry (N2O and N2, Mosier and Schimel, 1993). Nitrate

removal and denitri®cation data from Addy et al. (1999).

Fig. 2. N2O:N2 ratio versus total N gas production in

groundwater mesocosms from two riparian sites with poorly

drained soils in Rhode Island, USA.

Fig. 1. N2O:N2 ratio versus pH in groundwater mesocosms

from two riparian sites with poorly drained soils in Rhode Is-

land, USA.
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includes an intact riparian zone that might have ab-

sorbed much of the N that leached from the fertilized

soils. It is also important to note that excess N (input±

harvest) was approximately 50%, which is consistent

with many previous studies (National Research Council,

1993; Karlen et al., 1998). Cambardella et al. (1999)

reported 29% of applied fertilizer was leached over a

four year period from maize-soybean rotations, also in

Iowa, USA. However, their analysis did not account for

N input by symbiotic ®xation associated with the soy-

beans so leaching as a percent of total N input was lower

than 29%. Vinten (1999) found that percent leaching of

fertilizer ranged from >30% to <10% over a seven-year

period on a clay loam soil cropped to spring and/or

winter barley in Scotland, UK. On a sandy loam soil

with similar cropping in the same region, losses were

much higher, ranging from 40% to greater than 50%

over the same period. In contrast, Toth and Fox (1998)

found close to the predicted average of 30% of fertilizer

leached over a four year period of continuous maize

cropping in Pennsylvania, USA. These results suggest

that the IPCC estimates of N leaching should likely be

revisited (Nevison, 2000), and that riparian zone pro-

cessing may be a critical controller of variability in this

process.

In addition to evaluating some of the basic assump-

tions of the IPCC methodology, we can also use the

Steinheimer et al. (1998) data to make some estimates of

N2O ¯ux. If we assume that their watershed is not

gaining or losing N, then we can assume that the 31% of

fertilizer that was lost or stored was lost as gas by de-

nitri®cation. Assuming that long-term agricultural soils

are not gaining or losing N has a solid basis in the lit-

erature (Paul and Clark, 1996). On the other hand, there

are no measurements to support the high rates of deni-

tri®cation that would be required to account for 31% of

the added N being lost to this process. The enigma of

``missing N'' is common in many agricultural studies

(National Research Council, 1993). However, if we ap-

ply the mean N2O:N2 ratio observed in the Rhode Is-

land studies presented in Table 2 (0.020 or 1:50) to this

31%, then 0.6% of the total fertilizer input would have

gone o� as N2O (Table 4). Using the full range of ratios

observed in our Rhode Island studies would produce

estimates of N2O emission ranging from 0.062% to 30%

of fertilizer input. The standard IPCC methodology

described above would predict that 1.25% would be

emitted as N2O in direct emissions from the crop ®eld

and another 0.45% would go o� as indirect emissions

associated with leaching and groundwater, i.e., N2O(L),

for a total of 1.7% (Table 4).

The above analysis suggests that N2O ¯ux studies

and evaluations of the IPCC methodology should be

carried out in association with detailed watershed mass

balance studies. These balances allow for evaluation of

several aspects of the methodology at once and provide

constraints on the magnitude of ¯uxes that are di�cult

to measure, e.g. N2O ¯ux, N2O:N2 ratio. The analysis

also reinforces the idea that the N2O:N2 ratio during

denitri®cation is a critical controller of N2O emission in

agricultural landscapes.

6. Riparian restoration and N2O ¯ux in the Mississippi

river watershed

The Gulf of Mexico is characterized by a large area

of hypoxic bottom water that is thought be be caused by

high N outputs from the Mississippi River (Turner and

Rabalais, 1991). Proposed solutions to the hypoxia

problem include the restoration of up to 50,000 km2 of

wetlands and riparian zones in the Mississippi watershed

(Mitsch et al., 1999). The objective of this restoration

Table 4

Fate of 23 years of nitrogen fertilizer added to a 40 ha water-

shed in Iowa cropped to continuous maize. All data other than

N2O from Steinheimer et al. (1998)

Fate of added fertilizer Percent of fertilizer input

Grain harvest 50

Loss to stream in ground-

water

16

Loss as sediment 2

Loss as surface runo� 1

``Lost'' or ``stored''a 31

N2O ± IPCCb 1.7

N2O ± Mass balancec 0.9

(0.06±30)

a ``Lost'' refers primarily to gaseous loss, ``stored'' refers to

storage in soil organic matter.
b Includes direct production (1.25% of input) and N2O (L), the

indirect production associated with leaching and groundwater.

This indirect production equals 0.45% of input, assuming that

30% of N input leaches to groundwater and an EF5-g of 0.015.
c Calculated assuming that all ``lost and stored'' N was deni-

tri®ed with the mean N2O:N2 ratio from the data in Table 2

(0.020) and the range of all our Rhode Island data (1:500±99:1).

Table 3

N2O emission factors for riparian zones

Study Emission factor (kg N2O±N

per kg of N input)

Current IPCC methodology,

groundwater emission factor

(EF5-g)

0.015

Proposed new EF5-g

(Nevison, 2000)

0.001

Weller et al. (1994) 0.0065±0.0086

Jacinthe et al. (1998) 0.0002±0.037

This study 0.00085±0.0049
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would be to reduce N delivery to the Gulf by 50%, or

784,000 metric tons of N, by denitri®cation. With an

N2O ratio of e.g, 1:20, this would produce approxi-

mately 4.5 Gg of N2O±N, or 0.045 Tg. For comparison,

Potter et al. (1996) estimate a global temperate grassland

(the natural vegetation of much of the Mississippi wa-

tershed) N2O source of 0.09 Tg. It is important to note

that large-scale wetland and riparian restoration projects

to reduce NOÿ3 delivery to coastal waters are being

considered in many parts of the world.

While these calculations suggest that riparian resto-

ration could produce signi®cant amounts of N2O, it is

important to consider that restoration may just alter the

location of N2O production and not change the total

amount of production. The IPCC methodology suggests

that as agriculturally-derived N moves from ®elds to

groundwater to rivers to estuaries, N2O is produced at

each step along the way. The methodology suggests that

N2O emission is controlled only by the amount of N

added as fertilizer and would thus not be a�ected by

restoration, i.e., the N2O would be produced in restored

riparian bu�ers rather than in rivers or estuaries.

Restoration can only a�ect (positively or negatively)

regional N2O budgets if it alters the N2O:N2 ratio during

denitri®cation. For example, if wetlands are created to

facilitate denitri®cation in watersheds to prevent deliv-

ery of NOÿ3 to the Gulf of Mexico, and if the N2O:N2

ratio during denitri®cation is higher in these wetlands

than it is in Gulf sediments, then restoration will result

in an increase in N2O emissions to the atmosphere.

Conversely, restoration could represent an opportunity

to decrease indirect N2O emissions if we can develop

reliable strategies for reducing the N2O yield during

denitri®cation in created/restored wetlands in the wa-

tershed. Clearly, there is a strong need for evaluating

how the N2O:N2 ratio varies in di�erent environments

and for exploring the potential for manipulation of this

ratio to reduce indirect N2O emissions.

7. Conclusions

· Riparian zones are hotspots of N transformation in

the landscape, converting large amounts of agricul-

turally-derived N into N gas.

· The current IPCC methodology does not account for

riparian N processing and N2O production, concep-

tually or practically.

· There is currently not enough data to propose a new

quantitative emission factor for riparian N2O emis-

sions. Studies to date suggest that riparian N2O pro-

duction is strongly in¯uenced by site hydrologic

conditions, soil type and denitri®cation rate. There

is a strong need for more measurements of riparian

N2O production. These measurements should be car-

ried out in association with detailed watershed mass

balance studies that allow for evaluation of several

components of the IPCC methodology at once and

provide quantitative constraints on measured ¯uxes.

· Riparian and wetland restoration projects to reduce

NOÿ3 delivery to coastal waters are being considered

in many areas of the world. These projects may a�ect

regional and global N2O budgets, but only if they alt-

er the N2O:N2 ratio during denitri®cation. There is a

strong need for determining if management practices

can alter this ratio or if agricultural N2O emissions

can only be reduced by reducing the amount of fertil-

izer applied to crop ®elds.
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