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Abstract

Three measurement campaigns were carmied out to answer questions related to the factors con-
irolling variations in nitrous oxide (N,0) fluxes from intensively managed prassland on peat soil,
comparison of flux measurements with a closed flux chamber method and a flux gradient tech-
nique and the development and testing of a simple empirical model for the estimation of N0
fluxes from intensively managed grassland on peat soils. Fluxes of N,0 were measured with
42-48 flux chambers and ranged from less than 0.01 to 6.66 mg N m™ hr'. Fluxes were signifi-
cantly correlated with denitrification activity (R? = 0.34-0.56). Contents of nitrate (NO3) and am-
monium (NH}) in the top soil and the water-filled pore space (WFPS) explained 37-77% of the
varianee in M,0 flux. Spatial variability of N0 fluxes was large with coefficients of variation
ranging from 101 to 320%, Spatial variability was suggested to be related to distribution of min-
eral N fertilizer and cattle slurry, urine and dung patches and variations in groundwater level
within the field. Average field fluxes obtained with the closed flux chamber method were about a
factor 0 larger than those with the flux gradient technique on one measurement day but were
gimilar on two other measurement days. The results of the measurement campaigns were used to
derive a simple empirical model including total mineral N content and WFPS. This model was
tesied using an independent data set, i.e. the results of a monitoring study of two years carried out
on iwo other grassland sites on peat soil. The model reasonably predicted magnitude of and tempo-
ral variations in N,O fluxes, It is suggested that a simple empirical model which requires only easi-
ly obtainable data such as mineral N content and moisture content, in combination with a few days
Insting measurement campaigns, may be a valuable tool to predict N,O fluxes from similar sites.

Keyworeds: denitrification, empirical model, flux chamber technique, flux gradient technique,
grassland, nitrous oxide, peat soil .

Introduction

‘Total annual N,O emissions from soils can be quantified by field measurements of
N,O fluxes, but due to the very large spatial and temporal variability in these fluxes,
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intensive sampling is required (e.g. Ambus & Christensen, 1995; Flessa et al., 1995;
Velthof ef al., 1996a, b). Estimates of N,O emissions can also be obtained using
models. Mechanistic models that simulate the basic processes involved in N,O emis-
sions (e.g. Bril et al., 1994; Grant ef al., 1993a, b) are generally complex and more-
over need a large number.of input data. Therefore, mechanistic models are not easily
applicable to a field scale (Rolston, 1990). Empirical or regression models and com-
binations of mechanisfic/empirical models are rather simple and may provide rea-
sonable estimates of fluxes and total emission of N,0O (eg. Clayton ef al., 1994 and
Parton ef al., 1988), but these models are site specific by definition.

It is a generally held view that variations in N,O fluxes at a certain site are mainly
related to variations in moisture content and in the amounts of nitrate (NO3) and am-
monium (NHj) in the soil (e.g. Clayton ef al., 1994; Mosier ef al., 1983) and to a
lesser extent by-temperature and mineralizable carbon (C). These soil variables can
be readily obtained and a number of studies have indeed provided regression models.
Simple empirical models, derived .at one site, have rarely been applied at other sites
to. test the. validity. The present study focuses on the development and subsequent
testing of a simple empirical model for the estimation of N,O fluxes from intensively
managed grassland on peat soils in the Netherlands. Cultivated peat soils are a major
source of N.O (Anonymous, 1996), due to the large amounts of mineralizable N and
C and the shallow groundwater levels. The model in the present study is based on the
results of three' measurement campaigns carried out on managed grassland. Fluxes of
N,0 were meastred using a laige number of flux chambers and a flux gradient tech-
nique and were related-to a number of soil variables. The study was designed to an-
swer three questmns

The first question deals with the major factors controlling MN,0 fluxes from man-
aged grassland on peat soil and which can be easily man:pulatﬁd by grassland man-
agement. In soil, N,O is produced during two different processes, i.e. nitrification
and denitrification. Both.processes are controlled by complex interactions of biolog-
ical, chemical and-physical factors. Generally, the major soil variables controlling
N,0O flux at the field scale are.contents of moisture, NO3, NH} and mineralizable C.
It is suggested that microsites contents of these variables do better explain N,0
fluxes than concentrations in bulk sa'mples (e.g. Clayton et al., 1994). Therefore,
the size of the flux chambers-and the size of the soil samples are crucial for the as-
sessment of relationships between fluxes and soil variables in the field. We used
relatively small flux chambers (300 cm?), from which two 9 ¢cm? soil cores from the
top soil were taken for analyses -of soil variables. We considered the top soil as
most important in the control of N,O flux from peat soils, because (i) both denitri-
fication potential and contents of mineralizable C in the top soil of peat soils are
much larger than the sub soil (Velthof & Oenema, 1995b), (ii) contents of mineral
N in this layer are generally much higher than in the sub soil, due to applications of
mineral N fertilizer.and.cattle slurry and deposition of urine and dung during graz-
ing, and (iii) soil moisture and .oxygen concentrations in this layer respond rapidly
to changes in weather conditions and these conditions promote N,0 production dur-
ing nitrification and denitrification. To provide more insight into the microbial
processes involved in the production of N,0 in managed grassland on peat soils,
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denitrification activity in the top soil was determined after the N,O flux measure-
ment,

The second question deals with spatial variability of N,0 fluxes from managed
grassland on peat soils and the comparison of the flux chamber method with the flux
gradient technique. A better knowledge of the spatial patterns of N,0 fluxes and the
factors controlling:these. patterns may improve strategies for M,O flux measure-
ments, Micrometeorological methods, like the flux gradient technique, are less ham-
pered by spatial variability of N,O fluxes than a flux chamber method and may ob-
tain a more precise estimation of the average field N,O flux. However, micrometeo-
rological methods are more difficult to operate than flux chambers, require large
uniform soil areas, have a relatively large detection limit for N,0 flux and, therefore,
can be less widely applied than flux chamber methods. We expected that diurnal
variations in N,O flux were most pronounced in the flux gradient data due to diurnal
changes in atmospheric turbulence. Therefore, N,0 fluxes were continuously mea-
sured using both methods during a period of two days.

The third question deals with the applicability of a simple empirical model for
NzO flux from managed grassland on peat soil at other sites. A simple empirical
model based on the results of three 1-day measurement campaigns was tested using
an independent data set, i.e. the results of a monitoring study of two years carried
out on two other grassland sites on peat soil (Velthof & Oenema, 1995a, b; Velthof et
al., 1996a).

Materials and methods
Experimental sites

Measurements were carried out in 1993 on an intensively managed grassland mea-
suring 270 by 50 m in Zegveld in the Netherlands (site 1). The peat soil was classi-
fied as Terric Histosol (FAD classification). Organic matter content of the 0-5 cm
soil layer was 50.6%, pH(K.CI) 4.9 and clay content was 20.1%. The grassland was
surrounded by ditches. At one side the average water level in the ditches was kept at
40 em and at the other side 60 cm below the soil surface. Nitrogen application was
244 kg N ha™!, both as mineral N fertilizer (140 kg N ha™' in 6 dressings in the period
March-July) and cattle slurry (104 kg N ha™ in 4 dressings in the period February-
August using trailing feet). Grassland was grazed with dairy cows in April (3 days),
May (4 days), July (7 days), August (5 days), September (5 days) and October (2
days), Herbage was mown once, on 2 June.

The empirical model was tested at two other grassland sites (sites 2 and 3) on peat
soil in Zegveld surrounded by ditches. Organic matter content of the 0-5 cm soil lay-
er was 39.9% and 50.0%, pH(K.CI) was 4.9 and 4.7, and clay content was 15.3% and
19,1%, at site 2 and site 3, respectively. The water level in all ditches surrounding
site 2 was kept at =40 cm and at site 3 at —60 cm. Fertilizer N applications were in
the same range as on site 1 (Velthof ef al., 1996a).
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Closed flux chamber method

Measurements with flux chambers were carried out at site 1 on 22-24 June, 23
September and 9 November 1993. Fluxes were measured using closed circular PVC
flux chambers (diameter 20 cm, height 15 cm) directly attached to Briiel & Kjer
photo-acoustic spectroscopic infra-red gasanalyzers and multi-sampler, as described
in detail by Velthof & Oenema (1995a). Fluxes in 6 to 12 flux chambers were mea-
surcd simultaneously. '

In June, 48 flux chambers were placed in a row over the width of the plot between
the two ditches with different water level and perpendicular to the direction in which
cattle slurry and N fertilizer had been applied. The distance between the chambers
was 90 cm from the centre of each flux chamber. This sampling scheme was chosen
to assess the possible effects of application of cattle slurry and fertilizer N and
groundwater level on the spatial variability of N,O fluxes. In September, 48 flux
chambers were placed at 1 m intervals in a grid of 4x12; in NMovember, 42 flux
chambers were placed at 1 m intervals in a grid of 6x7. These sampling schemes
were chosen to assess the random variation of N,O fluxes from the grazed grassland.
It was expected that the random variation of N,O fluxes was large at the end of the
growing season, due to the heterogeneous distribution of urine and dung and due to
treading during the grazing periods earlier in the season.

In June, N,O fluxes were measured continuously during a period of two days to
compare the results of the flux chamber method with results of a flux gradient tech-
nique, The 48 flux chambers (four series of 12 flux chambers) were sampled once
every 4 hours, in total 11 times during two days. In September and November, mea-
surements were carried out during the afternoon.

Flux gradient system

Measurements with a flux gradient technique were carried out on 22-24 June and 9
November 1993, A detailed description of the experimental set up and N,0O analyses
are given by Duyzer (1995). Briefly, air was drawn from various heights above the
soil surface (0.25-7.5 m) via teflon tubing connected with mass flow controllers and
airtight pumps into 12 L aluminum coated airtight bags. During sampling, bags were
stored in aluminum cases at the tower base. It was assumed that the samples were
taken at the appropriate temperature. In June, samples were taken from 0.35 m and
7.5 m above the soil surface. In November, samples were taken from 4 heights (0.25,
0,60, 2,00 and 4.15 m above the soil surface), to improve sensitivity.

Bags were analyzed in the laboratory using ECD detection after gas chromato-
graphic separation (Chrompack CP9001 system). To improve the sensitivity of the
method 50 repetitive samples were taken from each bag. The repeatability of this
method was 3.6%. Using a robust method described by the Analytical Methods
Committee (Anonymous, 1989) outliers were traced and rejected. Typical 95% con-
fidence intervals of the value of Ac (difference in N,O concentration) after outlier
rejection were in the order of 0.5 ppb. This leads to a detection limit of approximate-
ly 0.06 mg N m2hr! during day time and 0.02 mg N m2hr! at night.
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Denitrification activity; soil variables and weather conditions

Denitrification activity in the soil in the flux chambers was determined immediately after
the last N,O flux measurement, Denitrification activity was determined from the amount
of N;O evolved from two soil cores (diameter 4.7 cm) of the 0-20 cm soil layer, incubat-
ed for 24 hrs in an atmosphere with 7% acetylene at in situ soil temperature (Koops et
al,, 1996a), After denitrification measurement, the soil samples were analysed for mois-
lure, by drying at 105°C for 24 hours, and NO; and NHj, after extraction of 10 g dry soil
(24 hours at 40°C) in 100 mi 0.01 M CaCl, (Houba et al., 1989). To be able to compare
soil moisture status at the three sites, all moisture contents were transformed into water-
filled pore space (WFPS). Bulk density of the soil cores was measured in September and
November. Contents of water soluble C was measured with a Dissolved Organic Carbon
Analyzer in the samples of November, after extraction of 10 g dry soil in 100 ml water.
During the flux measurements, soil and air temperatures, amounts of rainfall and
groundwater levels were recorded.

Statistical analyses

Multiple regression analyses were carried out for each period with the logtrans-
formed N,O flux in pg N m™ hr' as dependent variable and the logtransformed NO;3
and NH# contents in kg N ha!, WFPS and WFPS? as independent variables. WFPS?
was included, because it has been suggested that the relation between N,O flux and
WFPS has an optimum (Davidson, 1991). The models for September and November
also included bulk density in kg dm™3, and the model for November included also
water soluble C in mg C kg™ !

All regression analyses were carried out using stepwise multiple regression tech-
niques in Genstat 5.0 (Anonymous, 1987). Distributions of N,0 fluxes and logtrans-
formed N,O fluxes (n=48) were tested for normality using Shapiro-Wilk’s W Test at
a=0,05. Because most distributions were not approximated by both normal and log-
normal distribution we used the arithmetic mean as the estimator of the mean N;0
{lux, because it is a robust estimator of the mean (Velthof & Oenema, 1995a).

Testing of the model’

A regression model of the pooled data of the present study was tested against inde-
pendent data: results of a monitoring study carried out between March 1992 and
March 1994 on two other grasslands on peat soil in Zegveld (Velthof & Oenema,
1995a, b; Velthof ef al., 1996a). This model included logtransformed total mineral N
content (NH:=N + NO3;-N) in kg N ha™', WFPS, and WFPS2. Contents of NH} and
NOj3 were not included separately in this model, because only data on total mineral
N ﬂﬂntﬂnls were available for the monitoring studjr

In the monitoring study, N,O fluxes were measured weekly in six replicates on un-
fertilized-mown, N fertilized-mown and N fertilized-grazed grasslands on both soils.
Soil mineral N and soil water contents of the 0-30 cm soil layer of all treatments
were determined in 4 replicates weekly during the growing season and monthly in
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the winter. The results of the 0-30 cm layer were multiplied by 2/3 to correct for the
difference in length of the soil cores taken in the flux chambers (0-20 cm). There
was a fair correlation between N concentration in the 0-20 cm and 0-30 cm soil lay-
ers (data not shown). All analytical methods used in the monitoring study were simi-
lar to those described for the present study. The regression model was tested with the
means per measurement time of mineral N content (n=4), WFPS (n=4) and N,O flux
(n=0), of all treatments of the monitoring study.

Results
Filux chamber measurements in June

There was a marked relationship between N;O flux and NO-; content (Figure 14).
Flux of N,O and NO-, content were low at the borders of the field and large in the
middle of the field. Fluxes were largest on the part of the field with highest ground-
water levels and highest WFPS (Figure 1B). Observations in the field indicated that
chambers with largest fluxes and highest NO-; contents generally contained largest
amounts of cattle slurry. Contents of NH*, were much lower than NO-; contents and
the range in NHY, content was small in comparison to that of NO- (Table 1). WFPS
decreased from one side to the other side of the field (Figure 1B), with a minimum of
0.45 and maximum of 0.85. Groundwater level also decreased from one side to the
other side of the plot, from 41 ¢cm to 66 cm below soil surface (Figure 1B). A multiple
regression model with logtransformed NO-; content and WFPS as the independent
variables explained 77% of the variance in logtransformed N,O flux (Table 2).

Table 1. Mean and range of N,0 fluxes, denitrification rates, soil properties, soil temperature and
groundwater level, for all measurement days.

Variable : 24 June' 23 September 9 Movember
: mean  range mean  range mean  range
N;0 Mux, mg N m2 hr!
Chambers 1.07 =0.01-6.66 022 <001-462 026 <0.01-1.28
Flux gradient 0.89 0.59-1.38 nd™ 0.15  0.1-0.5
Denitrification, mg N m~ hr! 2.54  0.75-6.69 L1 0.27-10.0 1.31 0.43-5.13

Ratio NyO flux/denitrification rate 040 0.01-323 014 0.01-1.17 0.14 0.01-0.37
Mineral N content, kg N ha!

NO3 ; 58 . 4-328 7 1-70 9 1-29

NHZ 20 13-32 10 5-47 15 6=131

Tolal 78 21-351 17 7-101 24 E-141
Water-filled pore space "0.62 045-085 091 077-100 092 0.74-1.00
Bulk density, kg dm= n.d. - 043 033049 045 0.37-0.93
Water-soluble C, g C kg™ n.d. n.d. 0.63  0.20-1.00
Soil temperature, °C 144  13.6-15.6 148  14.7-14.9 1.7 6.9-8.0
Groundwater level, cm 49 4]1-66 37 3342 47 43-50

* fluxes of N,0 and temperatore of the last measurement period of 4 hours on 24 June
** not determined
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Logtransformed N,0 flux was also significantly correlated with logtransformed den-
itrification rate (R2 = 00,34%). Denitrification rates were generally (much) larger than
N,O fluxes (Figure 2). The ratio N,0 flux/denitrification rate ranged from 0.01 to
3.23 and was on average 0.40 (Table 1). There was a tendency that this ratio in-
creased with increasing mineral N content (not shown).

Flux chamber measurements in September and November

The spatial variability in N,O flux, denitrification rate, contents of NH and NQOs,
WFPS and bulk density was large and had a patchy pattern (Table 1 and Figure 3).
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Table 2, Best multiple regression-models with logtransformed N,0O flux in pg N m™ hr! as dependent
variable, for the three periods and for the pooled data. Models only include significant (2=0.05) inde-
pendent variables,

PMeriod Model® n R,
June In(MN,0)=-4.2 + L.5In(NO3) + T.2WFPS 48 0.77
Sept, - In(N;0) ==2.2 + 0.5In(N03) + 2.4In(NHJ) 48 0.54
Nov. In(MN,0) =1.5 + 0.7In(NO3) + 0.8In{MNH3) 42 0.37
Tolal In(N;0) =~ 11.9 + 2.0In{(NO; +NH] ) + 20.7TWFPS - 10.5WFP5? 138 0.64

*contents of MO;3 and MHJ in kg N ha™!

Soil was wet in both September and November: the average WFPS was 0.92. Mean
N;O flux obtained by chamber measurements was similar in September (0.22 mg N
m™2 hr') and November (0.26 mg N m™ hr'). The best regression models for
September and November included contents of NO3 and NH} and explained 54 and
37% of the variance in N;0 flux, respectively (Table 2). Logtransformed denitrifica-
tion rates and logtransformed N,O fluxes were significantly correlated (Figure 2),
with R? of 0.54 in September and 0.56 in November. In both September and
November, denitrification rates were mostly larger than the N,O fluxes (Figure 2).
The average ratio of N,O flux/denitrification rate was 0.14 (Table 1).
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Figure 2, Logiransformed M,O flux versus logiransformed denitrification rate, for June (M}, September

(4} and November {(O).
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Comparison of the flux chamber and the flux gradient measurements

In June, the average flux of the 48 flux chambers decreased from 2.3 mg N m™ hr',
for the first measurement to 1.1 mg N m™ hr', for the last measurement (Figure 4).
Fluxes derived from gradient measurements were continuously well above the detec-
tion limit (Figure 4). In the morning of the 24th an inverse gradient was observed.
This may be related to rapid changes of the conditions in the boundary layer just after
sunrise. Around this time there was also some rainfall. Since no good explanation is
available for this result it should be interpreted with care. During the first day the flux
estimates by the gradient method were a factor 10 smaller than the estimates of the
chamber measurements. The results obtained during the second day showed a much
better agreement. Both flux chamber and gradient measurements showed no clear di-
urnal fluctuations in N,O flux, as found for air and soil temperatures (Figure 4).

The flux gradient measurements in November were severely troubled by shifis in
the wind direction that necessitated reinstalments of the meteorological equipment,
Possibly as a result of the shifts in wind direction the results obtained by the gradient
method were variable. Only five 90 minute average flux estimates were obtained.
The average flux amounted to 0.15 mg N m? hr!, ranging from the detection limit
of around 0.1 mg N m= hr! to a maximum of 0.5 mg N m2hr! (Table 1). These re-
sults agreed quite well with the observations using the flux chamber method.
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Figure 3, Spatial variability of N,0 flux, denitrification rate and contents of NOj and NH} in grassland
on a peat soil in Scptember 1993,
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Figure 4. Resulls of N0
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Testing the empirical model

Mineral N content and WFPS were the major factors controlling N,O fluxes from the
peat soil. The best model of the pooled data of the three experiments included total
mineral N contents, WFPS and WFPS? and explained 64% of the variance in N,0
flux (Table 2)., This model reasonably predicted N,O fluxes from the monitoring
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Site 2
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Figure 5. Measured N,O flux (mean of 6 replicates) in the monitoring study versus predicted N,0 flux
using the empirical model derived in the present study, for site 2 and site 3. Note logarithmic scales.
Painls in parentheses indicate that the mean measured N,0 flux was negative.

study, especially for site 3 (Figure 5). For site 2, the model systematically overesti-
mated the N3O flux for measured fluxes smaller than about 25 pg N m™ hr'. The
model reasonably simulated the temporal behaviour of N,O fluxes, with the largest
Muxes during the growing season, associated with N fertilizer application and graz-
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Figure 6. Time course of measured (O) and modeled (M) N,0 fluxes during March 1992 to March 1994,
for N-fertilized and grazed grassland on site 3.

ing, and the smallest fluxes during winter (Figure 6). For site 2, 45% of the predicted
N;O fluxes fell within the standard deviation of the measured flux (n=6), 2% of the
fluxes fell below and 55% of the fluxes fell above the standard deviation of the mea-
sured flux. For site 3, 50% of the predicted fluxes fell within the standard deviation
of the measured flux, 16% were smaller and 34% were larger.

Total annual N,O emissions based on the fluxes derived from the simple empirical
model reasonably agreed with those based on the measured fluxes (Figure 7). For
site 2, total annual N,O emissions derived from the modeled fluxes were somewhat
Iargcr than those derived from the measured fluxes (Figure 7). For site 3, the oppo-
site was found: the modeled fluxes resulted in a sumewhat smaller total annual N,O
emission than the measured fluxes.

Discussion

The study was designed to answer questions, related to (i) the factors controlling
N,O fluxes from peat soil, (ii) spatial variability of N,O fluxes and comparison of
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Figure 7, Bstimated total annual N,O emissions based on N,O fluxes measured in the monitoring study

versus those based on the Nuxes derived from the empirical model.
O = unferlilized-mown en site 2, > = N fertilized-mown on site 2, O = N fertilized grazed on site 2, B
= upleriilized-mown on site 3, 4 = N fertilized-mown on site 3, and ® = N fertilized grazed on site 3.

flux measurement methods and (jii) testing of a simple empirical model for N,O
fluxes from peat soils.

Controlling factors

Multiple regression models including contents of NO3 and NH; and WFPS explained
37 to 77% of the variance in N,0 flux, indicating that these were major factors con-
trolling the N,O flux, The relatively large percentage of the variance in N,O flux ac-
counted for by these variables suggests that the chosen combination of flux chamber
size and soil sampling strategy was adopted sufficient to study the controlling fac-
tors of N,O flux,

In June, the flux of N,O was strongly related to the NO3 content and WFPS
(Figure | and Table 2). September and November models only included contents of
NOj3 and NHY, The fluxes of N,O and denitrification rates were both much larger in
June than in September and November. This coincided with much higher contents of
NO3, much smaller WFPS and a higher ratio N,O flux/denitrification rate in June
than in September and Movember (Table 1). Generally, high NO; contents and mod-
erale WFPS increase relative production of N,O during denitrification (e.g.
Davidson, 1991). The higher denitrification rate in June than in September and
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November may have been due to the higher NO3 content, The results suggest that the
relatively low WFPS in June did not hamper denitrification activity. In September
and November, fluxes of N,O were similar. Also denitrification rates and contents of
NOj3 and NHY, bulk density, and WFPS were similar in September and November
(Table 1). Apparently, the lower temperature in November than in September did not
reduce N,O flux and denitrification activity.

Denitrification was significantly related to the N,O flux, for all periods (Figure 2).
Denitrification rate was generally (much) larger than the N,O flux (Table 1 and
Figure 2). This indicates that N, was the major end product during denitrification.
The addition of acetylene to the soil during the denitrification measurement inhibits
the nitrification activity and thus N,O production during nitrification. Ratios of N,O
flux/denitrification rate higher than 1 indicate that nitrification was a major source
of N,O. Kester ef al. (submitted) and Koops et al. (1996b) also showed that nitrifica-
tion may be a significant source of N,O in managed grasslands on peat soils. The
large variation in the ratio N,O flux/denitrification rate, ranging from <0.01 to 3.23
indicates that estimation of denitrification rate on the basis of measured N,O fluxes
and a fixed ratio N,O flux/denitrification rate is not feasible for grasslands on peat
soil. In the present study, the N,O flux/denitrification rate tended to increase with in-
creasing mineral N contents, but no clear relationship between the soil variables and
this ratio could be established.

Spatial variability

In all three periods, the spatial variability of N,0-fluxes was large. The coefficients
of variation of the mean flux were 163% in June, 320% in September and 101% in
November, Similar coefficients of variation are also found for N,0 fluxes from
grasslands on mineral soils (e.g. Ambus & Christensen, 1994; Velthof et al., 1996b)
suggesting that the presence of large amounts of organic C in the peat soil did not
decrease spatial variability of N,O flux.

The significant relationship between the N,O flux and WFPS (Table 2) and the re-
lationship between groundwater level and WFPS (Figure 1), indicate that differences
in groundwater level atiributed to the observed spatial variability in the N,0 flux in
June. Velthof ef al. (1996a) pointed out that groundwater level may be an important
factor controlling N;O flux from managed grasslands in the Metherlands. The distri-
bution of NOj in the plot in June with high contents in the middle and low contents
at the borders (Figure 1) was probably related to heterogeneous distribution of cattle
slurry with trailing feet. Observations in the field indicated that the flux chambers
with the highest NOj3 contents and the highest N,O fluxes contained largest amounts
of slurry. The low NOj contents at the borders of the field were due to the fact that
the borders were not supplied with cattle slurry and fertilizer, because farmers gen-
erally do not apply fertilizers near ditches.

The patchy - distribution of NOj, % N.O flux and denitrification rate in
September (Figure 3) and November (not shown) were probably related to the un-
even distribution of urine and/or dung patches. The average size of urine and dung
patches from dairy cattle are typically less than 1 m? (e.g. Afzal & Adams, 1992).
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Comparison of the flux chamber and the flux gradient measurements

During the first 24-h measurements in June, the fluxes obtained with the flux cham-
ber method were much larger than those with the flux gradient technique (Figure 4).
We do not have a clear explanation for this large difference between the methods.
Fluxes obtained with both methods were similar during the second 24-h measure-
ments in June and during the measurements in November. Because of the narrow
Fields and rapidly changing wind directions flux gradient techniques require fre-
quent adjustments of the positions of the masts. The reinstalment of the masts is nec-
essary because the N,O fluxes from adjacent grassland fields may largely differ from
the grassland field on which measurements are made, e.g. because of different grass-
land management,

Neither measurement technique detected clear diurnal variations in N,O flux
(Figure 1). We expected a stronger diurnal pattern with the flux gradient technique
than with flux chambers, due to diurnal variations in atmospheric turbulence.
Apparently, changes in atmospheric turbulence did not largely affect N,O fluxes. In
several studies using flux chambers, distinct diurnal variations in N,0O flux have
been observed, attributed to diurnal variations in soil temperature and moisture (e.g.
Christensen, 1983; Denmead et al., 1979). The results of the chamber measurements
in the present study suggests that the site of N,O production in the soil was not sig-
nificantly affected by diurnal variations in moisture content and temperature.

Matthias et al, (1993) and Mosier & Hutchinson (1981) obtained similar N,O
fluxes with closed chambers and micrometeorological methods, when flux was rela-
tively large and atmospheric conditions stable. In a study on grassland in which dif-
ferent chamber and micrometeorological methods were compared (Smith ef al.,
1994), mean N,O fluxes derived from chamber measurements were about a factor
two larger than the N,O flux derived from micrometeorological methods. This was
attributed either to spatial variability of the fluxes, with chambers located in regions
of relatively greater source strength or to factors associated with the methods, like
for example possible disturbance of the soil and atmosphere in the chambers and
possible effects of spatial variability on the measurement with micrometeorological
methods, Similar factors may have played a role in the differences between the
chamber method and the flux gradient technique as found in the present study, and
especially during the first measurement day in June.

Testing of the model ..

Reasonably correlations between N,0O fluxes and soil variables were found in this
study (Table 2) and by e.g. Clayton et al. (1994) and Mosier ef al. (1983). By con-
trast, very weak correlations between N,0 fluxes and soil variables were found by
e.g, Folorunso & Rolston (1985) and Velthof et al. (1996b). Obviously, the soil vari-
ables in bulked samples did not represent the interactions of factors in soil mi-
crosites controlling N,O production in these studies.

The model derived in the present study was tested using the results of the indepen-
dent data set of the monitoring study. Spatial variability of the measured fluxes in
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this monitoring study was large on both site 2 and site 3 (Velthof & Oenema, 1995a),
with typical coefficients of variation of the mean flux (n=6) between 50 and 300%.
Temporal variations in N,O fluxes were also significant (Velthof et al., 1996a).
Taking the spatial and temporal variability of the measured fluxes in the monitoring
study into account, the simple empirical model reasonably predicted the magnitude
of the W,O fluxes, the temporal variations of the fluxes, and total annual N,O emis-
sions from site 2 and site 3 (Figures 5, 6 and 7).

Results were better for site 3 than for site 2, especially for the smaller fluxes. Site
2 had lower organic C content, a higher bulk density and a lower porosity than sites 1
and 3. These differences in the top soils were due to top soil remediation by applica-
tion of town waste on site 2 in the beginning of this century. The applicability of the
model was thus better for the soil which was most similar to the soil from which the
model was derived. The model systematically overestimated the small fluxes on site
2, Most of these fluxes were obtained during winter, when soil was generally com-
pletely saturated with water and WFPS was larger than 0.95. Site 3 was less wet dur-
ing winter, and winter fluxes were predicted reasonably by the model. Clearly, the
model poorly predicted N,O fluxes during prolonged wet periods during winter. A
factor which may have played a role in this is the temperature. Temperature was not a
varjable in the model, by which a possible limitation of N,O production during win-
ter by low temperature could not be predicted. The three experimental periods during
which the model was derived were carried at soil temperature at 5 cm of 7.7 to
14,8°C, which is higher than the soil temperatures generally found in winter in the
Netherlands,

The empirical model derived in the present study reasonably predicted N,O fluxes
from managed grasslands on peat soil sites. This model for peat soils overestimated
the fluxes of N,O when applied to managed grassland on sand and clay soils (results
not shown), indicating that such a simple empirical model will be applicable only for
similar vegetations, crops and soil types. The availability of C is probably a major
factor causing differences between soils in N,O flux. To obtain a more widely ap-
plicable model for N,O fluxes, a mechanistic or a mechanistic-empirical approach
should be chosen (e.g. Bril ef al., 1994; Grant et al., 1993a, b). These types of mod-
els are mostly coupled to larger mechanistic models in which, for example, water
flows, C and N.transformations and gas transport are described. They generally re-
quire a large amount of input data to characterize soil, crop and climate conditions
and are therefore difficult to apply on a field scale. The results of the present study
suggest that a simple empirical model which requires only easily obtainable data as
mineral N content and WFPS, in combination with a few days lasting measurement
campaigns, may be a valuable tool to predict N;0 fluxes from similar sites.
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