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Evaluating annual nitrous oxide fluxes at the ecosystem scale 
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and Claudia Wagner-Riddle7 

Abstract. Evaluation of N20 flux has been one of the most problematic topics in environmental 
biogeochemistry over the last 10-15 years. Early ideas that we should be able to use the large 
body of existing research on terrestrial N cycling to predict patterns of N20 flux at the ecosystem 
scale have been hard to prove due to extreme temporal and spatial variability in flux. The vast 
majority of the N20 flux measurement and modeling activity that has taken place has been process 
level and field scale, i.e., measurement, analysis and modeling of hourly and daily fluxes with 
chambers deployed in field plots. It has been very difficult to establish strong predictive 
relationships between these hourly and daily fluxes and field-scale parameters such as 
temperature, soil moisture, and soil inorganic N concentrations. In this study, we addressed the 
question of whether we can increase our predictive understanding of N20 fluxes by examining 
relationships between flux and environmental parameters at larger spatial and temporal scales, i.e., 
to explore relationships between annual rather than hourly or daily fluxes and ecosystem-scale 
variables such as plant community and soil type and annual climate rather than field-scale 
variables such as soil moisture and temperature. We addressed this question by examining 
existing data on annual fluxes from temperate forest, cropland, and rangeland ecosystems, 
analyzing both multiyear data sets from individual sites as well as cross-site comparison of single 
annual flux values from multiple sites. Results suggest that there are indeed coherent patterns in 
annual N20 flux at the ecosystem scale in forest, cropland, and rangeland ecosystems but that 
these patterns vary by region and only emerge with continuous (at least daily) flux measurements 
over multiple years. An ecosystem approach to evaluating N20 fluxes will be useful for regional 
and global modeling and for computation of national N20 flux inventories for regulatory purposes 
but only if measurement programs are comprehensive and continuous. 

1. Introduction 

Soil:atmosphere nitrous oxide (N20) flux is one of the most 
difficult to quantify components of the terrestrial N cycle. These 
fluxes are the product of multiple processes, with complex 
regulation, and they exhibit extraordinary spatial and temporal 
variability [Matson and Vitousek, 1990; Bouwman et al., 1995; 
Bruinroe et al., 1999]. Uncertainty about the nature and extent of 
N20 fluxes is beguiling given that terrestrial N cycling is one of the 
most extensively studied topics in ecosystem ecology and 
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biogeochemistry [Schlesinger, 1995]. This uncertainty has great 
practical importance owing to the fact that N20 is a "greenhouse" 
gas which can influence the Earth's radiative budget and plays a role 
in stratospheric ozone destruction [Mooney et al., 1987; Prather et 
al., 1995]. 

Nitrous oxide is a by-product of two nitrogen (N) cycle processes 
in soil, nitrification (the oxidation of ammonium to nitrate and 
nitrite) and denitrification (the reduction of nitrate and nitrite to 
nitric oxide, nitrous oxide, and dinitrogen). This gas is emitted 
during the intermediate steps in these processes in variable amounts 
depending on a wide range of soil conditions. A "hole-in-the-pipe" 
model is commonly used to conceptually depict control of N20 flux 
where N is flowing through a pipe and N20 and NO "leak" out via 
holes in the pipe [Firestone and Davidson, 1989; Davidson et al., 
2000]. The size of the pipe is controlled by the rate of ecosystem N- 
cycling, and the sizes of the holes are controlled by factors such as 
soil water content, pH, carbon, and the concentration of N-oxides. 
Once in the atmosphere, N20 has a long (-120 years) residence time 
[Prather et al., 1995]. 

The vast majority of the N20 flux measurement and modeling 
activity that has taken place has been process level and field scale, 
i.e., measurement, analysis, and modeling of hourly and daily fluxes 
with chambers deployed in field plots [Davidson, 1991; Smith et al., 
1995]. It has been very difficult to establish strong predictive 
relationships between these hourly and daily fluxes and field-scale 
parameters such as temperature, soil moisture, and soil inorganic N 
concentrations [Groffman, 1991; Davidson and Verchot, this issue]. 
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In this study, we addressed the question of whether we can increase 
our predictive understanding of N20 fluxes by examining 
relationships between flux and environmental parameters at larger 
spatial and temporal scales, i.e., to explore relationships between 
annual rather than hourly or daily fluxes and ecosystem-scale 
variables such as plant community and soil type and annual climate 
rather than field-scale variables such as soil moisture and 

temperature. We addressed this question by examining existing data 
on annual fluxes from temperate forest, cropland, and rangeland 
ecosystems, analyzing both multiyear data sets from individual sites 
as well as cross-site comparison of single annual flux values from 
multiple sites. 

Our hypothesis that we can increase our predictive understanding 
of N20 fluxes by examining relationships between flux and 
environmental parameters at larger spatial and temporal scales, i.e., 
annual fluxes at the ecosystem scale, is based on several preliminary 
analyses that have found that predictive power was higher in larger- 
scale analyses [Matson and k'itousek, 1987; Groffman and Tiedje, 
1989; Groffman et al., 1992; Bruinroe et al., 1999]. Conceptually, 
these studies likely succeeded because much of the spatial and 
temporal variability in the fluxes and much of the complexity of the 
controlling factors were integrated or subsumed in the large-scale 
analyses. More fundamentally, much of our trace gas analysis and 
modeling is based on the idea that different ecosystem types should 
exhibit distinctive patterns of trace gas flux [Groffman et al., 1988; 
Matson et al., 1989; Matson and l/itousek, 1990]. This idea has its 
origin in the extensive successful body of work that has 
demonstrated that different ecosystem types exhibit distinctive 
patterns of N cycling. This work has encompassed a wide range of 
ecosystems and a wide range of N cycle processes, from N supply to 
plants, to loss of N following clear cutting [k'itousek et al., 1982; 
Pastor et al., 1984; Abet et al., 1989]. In a practical sense, efforts to 
assess and control N20 fluxes at national, regional, and global scales 
requires identification of specific ecosystems that are strong sources 
of N20 [Intergovernmental Panel on Climate Change (IPCC) 
1997]. 

Although our previous success with ecosystem-scale studies of N 
cycling suggest that we should be able to identify coherent and 
practically useful patterns of N20 flux at the ecosystem scale 
[Matson et al., 1989; Riley and k'itousek, 1995; Potter et al., 1996], 
several recent studies have suggested that these patterns may be 
quite complex. For example, Brumme et al. [1999] were able to 
stratify N20 emissions from temperate forest ecosystems into three 
types of patterns (seasonal, background, and event) but could not 
discern the factors that influence these patterns in different systems. 
In the study presented here, we analyze several cases where an 
annual flux, ecosystem-scale approach fails and attempt to determine 
if the failures are due to (1) insufficient data collection, (2) incorrect 
hypotheses about ecosystem-scale controllers of flux, or (3) the 
multifactor control and/or chaotic nature of N20 fluxes, i.e., there 
may not be coherent patterns of annual N20 flux at the ecosystem 
scale. 

This paper is a product of the U.S. Trace Gas Network 
(TRAGNET) and a Trace Gas Fluxes Working Group with 
international participation sponsored by the U.S. National Center for 
Ecological Analysis and Synthesis (NCEAS). TRAGNET is 
centered around a multisite database of trace gas (CO2, N20, CH4) 
fluxes from forest, cropland and rangeland ecosystems. The 
objectives of the NCEAS working group were to analyze the 
TRAGNET database and synthesize our understanding of the nature 
and extent of trace gas fluxes in these ecosystems. This paper is part 
of a series that addresses different aspects of this understanding by 

applying simulation, conceptual and statistical modeling, and 
analysis of trace gas fluxes at site, ecosystem, regional, and global 
scales. 

2. Materials and Methods 

In this study, we conducted two types of analyses: (1) evaluation 
of multiyear data sets from individual sites and (2) cross-site 
comparison of single annual flux values from multiple sites. Data 
were taken from the literature and from the TRAGNET database. 

We were particularly interested in long-term (multiyear), continuous 
flux (at least daily sampling) data sets, which are rare. There were 
separate analyses for temperate forest, cropland, and rangeland 
ecosystems. This paper presents very little new data. Rather, we 
attempt a synthetic reanalysis of previously published data, 
consistent with the mission of our NCEAS working group. 

2.1. Forests 

2.1.1. Multisite data. Bruinroe et al. [1999] recently published a• 
comprehensive review of annual N20 fluxes from temperate forests. 
Their analysis focused on 11 oak/beech and spruce sites in 
Germany that receive high rates of N deposition (20-40 kg N ha-1 yr- 
l) but also included data from other mixed deciduous and coniferous 
temperate forest studies [Schmidt et al., 1988; Bowden et al., 1990, 
1993; Arebus and Christensen, 1995; Klemedtsson et al., 1997; 
MacDonald et al., 1997]. 

2.1.2. Multiyear data. Papen and Butterbach-Bahl [2000] 
recently published 3 years of continuous measurements of N20 flux 
from spruce and beech forests at the HOglwald, a well-studied site in 
southern Germany that receives high rates of N deposition (20-30 kg 
N ha-I yr-•). Fluxes were measured using an automated chamber 
(0.25 m2) system every 2 hours [Butterbach-Bahl et al., 1997] over 
the 3-year period from 1994 to 1996. While there are many 
multiyear data sets on N20 flux from forest ecosystems, this is the 
only one that we are aware of that is based on continuous (at least 
daily) measurements. 

2.2. Croplands 

2.2.1. Multisite data. Bouwman [1996] assembled a 
comprehensive database of over 250 estimates of direct emissions of 
N20 from crop fields. The estimates were based on different 
temporal and spatial sampling regimes, but the focus of the analysis 
was on annual fluxes. The analysis evaluated crop type, soil factors, 
fertilizer type, and fertilizer amount as controllers of annual flux. 

2.2.2. Multiyear data. Dobbie et al. [1999] and Clayton et al. 
[1997] summarized multiyear data on N20 fluxes from intensively 
managed grassland and row crop agricultural systems in Scotland. 
Their analysis focused on systematic differences between cropping 
systems and on the factors controlling variation in annual flux. 
Sampling was daily for the first few days after fertilization, then at 
gradually increasing intervals. There were six to eight 0.125 m2 
flux chambers at each site. 

Wagner-Riddle et al. [1997] measured N20 fluxes over a 3-year 
period from five crop rotation sequences in southern Canada. 
Fluxes were measured hourly using micrometeorological techniques 
and a tunable diode laser trace gas analyzer. We believe that this is 
the only multiyear data set based on continuous (at least daily) 
sampling of croplands that is available. 

2.3. Rangelands 

2.3.1. Multisite data. There have been no multisite evaluations 

of N20 fluxes from rangelands. 
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2.3.2. Multiyear data. Nitrous oxide fluxes have been measured 
from fertilized and unfertilized rangelands at the Central Plains 
Experimental Range (CPER) in eastern Colorado, using 0.32 m2 
chambers since 1990 [Mosier et al., 1996a]. The study site was 
established in April 1990 within a paired fertilized (PF) and native 
(PN) pasture. The PF site had been fertilized with 2.2 g N m-2 yr-1 
of ammonium nitrate from 1976 until October 1989. Both pastures 
were grazed from May through October of each year by cattle (20 
head/130 ha). The terrain ofthe two pastures is essentially flat, and 
the soil is an Ascalon sandy loam (fine-loamy, mixed, mesic Aridic 
Argiustolls). 

A simulation model for N2 and N20 formation from nitrification 

and denitrification (NGAS) was developed from data at CPER 
[Parton et al., 1996] and has been used to produce estimates of 
annual flux that can be compared with estimates of annual flux 
derived from field measurements. This model is a component of 
DAYCENT (a daily time-step version of the CENTURY simulation 
model), which integrates submodels for land surface parameters, soil 
organic matter and nutrient levels, plant productivity and trace gas 
fluxes [Parton et al., 1998; Kelly et al., 2000]. We also used the 
field measurement data set to evaluate the effect of sampling 
frequency (monthly, twice a month, and weekly) on annual flux 
estimates. 

3. Results and Discussion 

3.1. Forests 

The analysis of 11 German forest sites conducted by Brumme et 
al. [1999] found very poor relationships between annual N20 flux 
and a series of long-term ecosystem-scale "state variables" (soil 
organic C, annual temperature, annual precipitation, pH, N leaching, 
N deposition, base saturation, bulk density). Even when the data 
from Bruinroe et al. [1999] are combined with data from several 
other forest studies, strong predictive relationships between annual 
N20 flux and soil pH, annual precipitation and mean annual 
temperature do not emerge (Table 1). Combining N20 flux and soil 
organic carbon data from several temperate forest studies shows that 
soil organic carbon is also not a strong predictor of annual N20 
emissions (Figure 1). These data suggest that the multisite approach, 
i.e., evaluation of single annual flux values from multiple sites, does 
not produce strong relationships between flux and forest ecosystem 
properties. 

The Brumrne et al. [1999] analysis, Table 1, and Figure 1, raise 
several questions about the value of the annual flux/ecosystem-scale 
approach to evaluating N20 fluxes. First, we can question the 
robustness of annual estimates based on a single year of data; that is, 

Table 1. Correlations Between Annual N20 Flux and 
Environmental Factors in Temperate Forest Soils 

Environmental Variable Annual N20 Flux 

Soil pH 

Soil bulk density 

Annual precipitation 

Annual temperature 

-0.18 (n = 31, p < 0.32) 

-0.60 (n = 18, p < 0.01) 

0.35 (n=21,p < 0.11) 

0.35 (n = 21, p < 0.11) 

Data from Brumme et al. [ 1999], ,4rnbus and Christensen [ 1995], 
Bowden et al. [1990, 1993], Klemedtsson et al. [1997], Schmidt et 
al. [1988], MacDonald et al. [ 1997], Luizao et al. [ 1989], and Keller 
and Reiners [1994.]. 

0 2 4 6 8 10 12 14 16 

Soil organic carbon (% w/w) 

Figure 1. Annual N20 flux versus soil organic carbon in 21 
temperate forest sites. (Data from Schmidt et al. [ 1988], Arebus and 
Christensen [1995], Borken and Bruinroe [1997], Goodroad and 
Keeney [1984], and Goldman et al. [1995], TRAGNET database.) 

do we know that this is truly a representative year for a given 
ecosystem type? This question is addressed by our analysis of 
multiyear data below. Second, we can ask if our concepts about 
ecosystem-scale control of N20 flux are correct. While we might 
expect that soil organic C, N deposition, and N leaching would be 
strong controllers of annual N20 flux, perhaps there are other 
predictors that are more suitable. Bruinroe et al. [1999] point out 
that physical structures within an ecosystem (plant canopy 
architecture, forest floor depth, and bulk density) that influence soil 
aeration may be critical controllers of annual N20 flux. It is 
interesting to note that bulk density is the only statistically 
significant (p < 0.01) predictor of flux in Table 1. Bruinroe et al. 
[1999] also point out the importance of relatively short-term climate 
events (soil freezing events and summer rainfall patterns) as 
controllers of annual flux. These ideas suggest that links between 
ecosystem "type" and N20 flux may be more complex than the links 
between ecosystem type and other N cycling processes (e.g., N 
mineralization, and N loss following clear cutting) and that we need 
to rethink our concepts about ecosystem-scale control of N20 flux. 

The multiyear data set collected by Papen and Butterbach-Bahl 
[1999, Table 2] strongly suggests that several years of data and year- 
round monitoring are required to produce robust estimates of annual 
N20 flux. These data show that (1) interannual variability in flux 
can be quite high, (2) interannual variability is not controlled by 
mean annual climate, and (3) that it is easier to see consistent 
differences between ecosystems when we have continuous, 
multiyear data. Analysis of these data suggests that some of our 
ideas about ecosystem-scale controls on N20 flux are sound and that 
others need reexamination. 

The German data (Table 2) show consistent differences between 
spruce and beech forests that are consistent with well-established 
ideas about differences in N cycling between deciduous and 
coniferous forests [Pastor et al., 1984; Hobbie, 1992; Finzi et al., 
1998]. Deciduous vegetation generally has higher litter quality (low 
C:N ratio and low lignin) that fosters high rates of N cycling, 
availability, and loss than coniferous vegetation. 

The German data are also consistent with current ideas about the 

response of forest ecosystems to high rates of N deposition. These 
forests can be considered to be N "saturated," a condition that is 

expected to lead to high rates of N20 flux [Abet et al., 1989] (note 
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Table 2. Annual N20 Fluxes, Annual Temperature, and Annual 
Precipitation in Beech, Spruce, and Limed Spruce Stands at the 
Hbglwald, Germany in 1994, 1995, and 1996 

Annual Annual 

N20 Flux, Temperature, Precipitation, 
oC mm kg N ha-1 yr-1 

Beech 

1994 0.97 6.5 952 

1995 3.7 7.4 955 

1996 6.6 5.6 936 

Spruce 
1994 0.42 8.9 952 

1995 0.81 7.6 955 

1996 3.1 5.7 936 

Spruce •ime• 
1994 0.71 8.9 952 

1995 • 1.1 7.6 955 

1996 4.0 5.7 936 

Data from Papen and Butterbach-Bahl [1999]. 

that the N20 flux rates in Table 2 are quite high). The strong 
difference between beech and spruce may have been accentuated by 
the high rates of N deposition at the site. Ecosystems dominated by 
species with high-quality litter may be much more susceptible to N 
saturation than ecosystems with low quality litter. In the German 
studies, 10% of the atmospheric N that was deposited on the beech 
ecosystem was emitted as N20 (a very high percentage), while only 
0.5% of the atmospheric N that was deposited on the spruce 
ecosystem was emitted as N20. These differences in percent 
emission were due to higher rates of N deposition and lower rates of 
N20 emission in spruce. High rates of N input do not always lead to 
high N20 emissions, however. At the Harvard Forest in 
Massachusetts, large (845 kg N) additions of N over a 6-year period 
to pine and hardwood forest stands did not lead to increases in 
emissions [Magill et al., 1997]. Bowden et al. [2000] reported that 
N additions to an inherently N-rich forest soil did not increase N20 
fluxes. 

The responses to liming observed in the German studies are also 
consistent with generally held ideas about the effects of pH on 
ecosystem N cycling, i.e., that increasing pH increases rates of N 
cycling and loss [Nyborg and Hoyt, 1978; Petsson et al., 1989; 
Nagele and Conrad, 1990; Papen et al., 1993; Nodar et al., 1992]. 
However, consideration of other pH and N20 flux data shows how 
links between ecosystem properties and N20 flux are more complex 
than links between ecosystem properties and other N-cycling 
processes. While the German data reported in Table 2 show a clear 
and coherent response to liming, other German studies show 
decreases in N20 flux in response to liming [Borken and Brumme, 
1997]. Differences between these studies are likely caused by a 
complex interaction between soil pH, bioturbation, the structure of 
the forest floor/litter layer, soil anaerobiosis, and N20 production by 
nitrification and denitrification. In acid soils, bioturbation (e.g., 
earthworm activity) can be eliminated leading to the development of 
denser soils and litter layers, increases in soil anaerobiosis or 
microaerophilic conditions, and increases in N20 flux [Ball et al., 
1997]. Liming these soils can thus result in decreases in N20 flux. 
An increase in soil pH also influences (negatively) the N20:N2 ratio 

of denitrification, which can also contribute to decreases in N20 flux 
associated with lime additions [Firestone, 1982]. These 
contradictory responses to lime show that while we may be able to 
make predictions about the nature and extent of N20 flux from 
forest ecosystems given information on plant community 
composition, these predictions should be refined with data on soil 
pH and soil biotic activity. It will be quite challenging to develop 
data on soil pH and biotic activity at the scales necessary for 
regional- and global-scale analyses of N20 flux. 

The German forest data also show that we need to think carefully 
about factors controlling annual variation in flux. There were 
marked increases in N20 flux in the German studies in 1996 owing 
to soil freezing during the winter of 1995-1996. While it has long 
been known that soil freezing can result in increases in N20 flux 
[Goodroad and Keeney, 1984b], these data show that freezing is a 
critical controller of variation in annual N20 flux from some forest 
ecosystems. It will be important to develop approaches to 
evaluating and predicting the nature and extent of freezing events as 
we refine methods for producing regional and global estimates of 
N20 flux [Groffman et al., 1999]. 

3.2. Croplands 

We expected that ecosystem-scale analysis of N20 flux from 
agricultural ecosystems would be especially difficult because of the 
high diversity and complexity of agricultural management practices. 
There are multiple management activities that can affect flux 
(tillage, planting, pesticide use, crop rotation, and fertilizer type), 
and these vary in space and time. However, analysis of agricultural 
systems is of great importance to greenhouse gas assessment and 
mitigation efforts [Mosier et al., 1996b]. There is a great need to 
know which agricultural ecosystems emit high amounts of N20 so 
that these can be accounted for in national N20 emission inventories 
and targeted in mitigation efforts. 

Bouwman's [ 1996] analysis of over 250 estimates of direct N20 
emission from agricultural fields was hindered by variation in 
measurement period and frequency of measurements. As a result, he 
was able to develop few conclusions about just what type of 
agricultural systems emit high amounts of N20. Bouwman was 
unable to establish systematic, robust patterns of N20 flux with soil 
texture, soil drainage, crop type (grass versus row crop versus 
legume), residue management, or soil pH. He was able to 
tentatively verify that different fertilizer types seem to support 
different amounts of N20 emissions, building on ideas presented by 
Eichner [ 1990]. The analysis also showed that cropping systems on 
organic soils routinely produce high fluxes. 

Using the best data available (i.e., experiments with high 
frequency, year-round measurements), Bouwman [ 1996] was able to 
establish a strong relationship between annual N20 emission and 
fertilizer input (Figure 2). This relationship has proven to be very 
useful for assessment purposes and is the basis for the IPCC 
National Greenhouse Gas Methodology for N20 from agriculture 
[Mosier et al., 1998]. However, the relationship, and the IPCC 
methodology, is limited in several important regards. Given the 
complex interactions between cropping system parameters and 
climate that influence N20 flux, there are many regions where there 
will not be strong relationships between fertilizer input and flux 
(e.g., Figure 3). Nitrous oxide flux is controlled by multiple 
factors. If any one of them is "limiting," flux will not occur. Given 
that at least one of the factors is likely to be limiting in multisite 
analyses, it is very difficult to establish strong predictive 
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Figure 2. Relationship between N fertilizer application and N20 emission for mineral soils with N application rates 
< 500 kg N ha-] yr-] and a full year of flux measurements. From Bouwman [1996]. 

relationships between any one factor (e.g., fertilizer input) and flux 
that are applicable over regional or global scales. 

The results reported by Wagner-Riddle et al. [1997] amplify the 
conclusions of Bouwrnan [ 1996] and Papen and Butterbach-Bahl 
[ 1999] that multi-year continuous flux measurements are necessary 
for evaluating annual N20 fluxes at the ecosystem scale. They were 
able to demonstrate coherent differences between grass and arable 
cropping systems using micrometeorological techniques that 
measure fluxes hourly (Table 3). The results reported by Wagner 
Riddle et al. [1997] also raise questions about some of our ideas 
about the factors that control annual N20 fluxes from agricultural 
ecosystems. The consistent patterns of annual flux in all four plots 
in 1993 and 1994, despite marked differences in cropping system in 
some of the plots (i.e., plots 1, 2, and 3), suggest that soil or other 
"site factor" differences between the plots may be more important as 
controllers of annual flux than crop type. Their results also support 
the idea that freezing and thawing events are critical controllers of 
annual N20 flux. Fluxes associated with spring thaw accounted for 
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Figure 3. Annual N20 emission versus N fertilizer application for 
grassland and arable crops in Scotland, showing "Bouwman's" 
regression line from Figure 2 [from Dobbie et al., in press]. 

from 40% to 75% of the annual flux from their plots. The marked 
reduction in flux in 1995 was attributed to less snow accumulation 

during the winter and a low number of freeze/thaw periods when 
compared to 1993 and 1994. 

The multiyear data presented by Dobbie et al. [in press] have 
several important implications for evaluating annual N20 fluxes 
from agricultural ecosystems. The fact that they were able to 
observe consistent differences between the major cropping systems 
in their region (Figure 4) suggests that there is a potential for 
assessing and mitigating agricultural N20 sources. The availability 
of multiyear, continuous flux data allowed them to clearly define 
consistent differences between grassland, winter cereals, and 

Table 3. Annual N20 Fluxes From Cropped Fields in Southern 
Ontario, Canada from 1993 to 1995 

N20 Flux, 

Plot Year Crop kg N ha-I y-I 

1 1993 fallow 4.0 

1 1994 barley 3.7 

1 1995 barley 1.8 

2 1993 fallow plus manure 5.7 

2 1994 soybeans 5.9 

2 1995 soybeans 0.9 
3 1993 alfalfa 3.7 

3 1994 canola 3.8 

3 1995 canola 2.8 

4 1993 grass -0.1 

4 1994 grass 0.3 

4 1995 grass 0.3 

Data from 1993 and 1994 from Wagner-Riddle et al. [ 1997]. 
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Figure 4. Annual N20 emissions from the major cropping systems in Scotland, United Kingdom. Each bar 
represents an annual flux value from a year between 1992 and 1998 (derived from data from Dobbie et al. [2000]). 

specific vegetable crops. Moreover, multiyear continuous data 
allowed them to define key controllers of variation in annual flux. 
For the grassland systems, rainfall in the four-week period around 
fertilizer application explained 68% of the variation in annual flux 
(Figure 5). Perhaps most importantly, the data suggest that 
multiyear, multisite continuous flux data allow for reconciliation of 
the complex interactions between soil, climate, and specific 
agricultural management practices that govern patterns of N20 flux 
at the regional scale. These results have important implications for 
assessment and mitigation efforts, suggesting that intensive, region- 
by-region analysis of this type can produce coherent information on 
key N20 sources and the best prospects for mitigation. Another 
example of this type of analysis is the work by Kessavalou et aL 
[ 1998] who were able to demonstrate clear differences between sod 

and row crop systems in Nebraska, with 3 years of weekly flux 
measurements and were able to evaluate their results relative to C 

sequestration and atmospheric chemistry questions in an agricultural 
policy context. Similarly, Kaiser et al. [ 1998] measured fluxes on a 
weekly basis for 33 months in Germany and were also able to 
demonstrate clear differences in emissions from different cropping 
systems. 

3.3. Rangelands 

Annual fluxes from unfertilized rangelands at the CPER, 
produced using the NGAS model, which was developed using data 
from the site (Figure 6), show that variation in annual flux is much 
less than variation in daily flux (Figure 7). Moreover, a high 
percentage (46%) of the variation in annual flux can be explained 
with annual precipitation (Figure 8), while soil moisture was not a 
significant predictor of daily flux within a given year (Figure 9). 
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Figure 5. Annual N20 fluxes from intensively managed grasslands 
in Scotland, United Kingdom, as a function of summer rainfall 
around times of fertilizer application (based on data in Dobbie e! al. 
[2000]). 
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Figure 6. Annual N20 flux estimates produced using the NGAS 
simulation model for unfertilized rangelands in eastern Colorado 
from 1990 to 1997. 
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Figure 7. Daily N20 fluxes produced using the NGAS simulation 
model for unfertilized rangelands in eastern Colorado in 1993. 
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Figure 9. Daily N20 flux measured in field chambers versus soil 
moisture in unfertilized rangeland in eastern Colorado in 1993. 

The results from CPER amplify the points made above, i.e., that 
continuous, multiyear data show that there are coherent patterns in 
annual N20 flux at the ecosystem scale. It is interesting to note that 
in this case, annual fluxes were produced using a simulation model 
that was well calibrated for this specific site [Parton et al., 1996]. It 
remains to be seen if such models will become accepted as tools for 
producing annual flux estimates in scientific and regulatory 
assessments. 

The CPER data allow us to evaluate how sampling frequency 
affects flux estimates and predictive relationships between flux and 
environmental parameters. Surprisingly, increased sampling 
frequency did not have consistent effects on estimates of the mean 
flux (Table 4) and did not increase the strength of relationships 
between flux and annual precipitation (Table 5). Within any given 
year, weekly sampling did not give consistently different or less 
variable estimates of the annual mean flux than twice a month or 

monthly sampling (Table 4). Increased sampling frequency did not 
increase the strength of the relationship between annual precipitation 
and flux (Table 5). These results suggest that coherent patterns in 
annual flux at the ecosystem scale in these rangelands will only 
emerge with daily or continuous sampling of the type used in the 
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Figure 8. Annual N20 flux estimated with the NGAS simulation 
model versus annual precipitation for unfertilized rangeland in 
eastern Colorado from 1990 to 1997. 

forest and cropland studies described above. It is important to 
consider that increasing sampling frequency from monthly to 
weekly may be more useful in sites with higher flux than CPER. 

4. Conclusions 

1. There appear to be coherent patterns in annual N20 flux at 
the ecosystem scale in forest, cropland, and rangeland ecosystems, 
i.e., the "ecosystem approach" can work. As others have found, 
there is a clear lack of relationship between single annual N20 
emission values and ecosystem properties from forests and 
croplands, i.e., the multisite approach does not work. However, the 
few studies where multiyear, continuous flux (at least daily) data are 
available suggest that different ecosystems do exhibit distinctive 
patterns of N20 flux and that these patterns are strongly linked to 
patterns of C and N flux in these systems. However, the linkages 
between flux and these patterns are complex and often surprising 
(see below). Ultimately, an ecosystem approach to evaluating N20 
fluxes should be useful for regional and global modeling and for 
computation of national N20 flux inventories for regulatory 
assessment purposes. 

2. Ecosystem-scale controls of N20 flux are complex and vary 
within and between regions. For some systems, for example, 
rangelands, annual precipitation is a strong controller of annual flux, 
while in other systems, for example, some north temperate forests 
and croplands, winter freezing is a major factor. Regional 
assessments must be based in a strong experimental context that 
addresses the major factors that control flux at the ecosystem scale. 

3. In intensively managed (e.g., fertilized grassland) systems, 
transient factors such as the degree of coincidence of fertilizer 
timing and the timing of significant amounts of rainfall (or irrigation 
events) can have a dominant effect on annual flux. This prevents 
any assessment of an absolute level of flux typical of the ecosystem. 
However, intensive sampling can be used to characterize when and 
where relatively higher fluxes occur in different agricultural 
management systems in some regions. Such characterizations may 
be very useful for assessing and mitigating N20 on a regional basis. 

4. Continuous (at least daily), multiyear data appear to be 
required to characterize patterns of annual N20 flux at the 
ecosystem scale. Event-based sampling, with daily measurements 
around large rainfall or fertilization events followed by less frequent 
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Table 4. Mean annual N20 flux and annual precipitation in 
unfertilized rangeland in eastern Colorado 

Annual 

Twice a Month, Precipitation, 

Weekly g N ha-• d-I Monthly cm 

1991 0.43 (.05) 0.35 (.07) 0.39 (.11) 35 

1992 0.29 (.05) 0.28 (.08) 0.16 (.05) 36 

1993 0.55 (.12) 0.71 (.22) 0.69 (.21) 39 

1994 0.35 (.13) 0.32 (.23) 0.29 (.44) 26 

1995 0.49 (.10) 0.36 (.05) 0.36 (.07) 43 

1996 0.30 (.06) 0.45 (.11) 0.38 (.18) 35 

6-yr mean 0.40 (.04) 0.41 (.06) 0.37 (.07) 

The full data set of weekly flux measurements was subsampled to 
produce annual flux estimates based on weekly, twice a month, and 
monthly data. Flux values are mean (standard error). 

sampling when there is low activity, may be useful in some systems. 
Weekly or monthly data may be suitable for some systems, 
especially for general comparisons of sites and/or treatments. The 
need for continuous, multiyear data should be strongly considered as 
national or regional environmental monitoring networks are 
established. 

5. Highly calibrated, site-specific simulation models may be 
useful tools for ecosystem-based, regional-scale assessments of 
annual N20 flux. Such models may be able to substitute for 
intensive measurement programs in certain systems. 

Evaluation of N20 flux has been one of the most problematic 
topics in environmental biogeochemistry over the last 10 years. 
Early ideas that we should be able to use the large body of work on 
N cycling to predict patterns of N20 flux at the ecosystem scale 
[Matson et al. 1989] have been hard to prove due to the extreme 
temporal and spatial variability in flux. However, new intensive 
measurement campaigns suggest that our early ideas were robust and 
that we should indeed be able to make sense of landscape, regional, 
and global patterns in N20 flux. 

Table 5. Correlations (With Significance Values) Between Mean 
Annual N20 Flux and Annual Precipitation for Unfertilized 
Rangelands in Eastern Colorado Between 1991 and 
1996 (n - 6) 

Sampling Frequency Correlation 

Weekly 0.56, p < 0.25 

Twice a month 0.33, p < 0.52 

Monthly 0.3 5, p < 0.50 

Annual N20 flux was calculated from actual field measurements 
at weekly, twice a month, and monthly frequency as in Table 4. 
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