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Abstract Topographic factors affect nitrogen
cycling in forest soils, including nitrous oxide (N,O)
emissions, which contribute to the greenhouse effect.
We measured the N,O flux at 14 chambers placed
along a 65-m transect on a slope for 1 year at 2- to
3-week intervals. We applied a hierarchical Bayesian
model with a conditional autoregressive (CAR) model
to assess the spatiotemporal N,O flux along a slope
and quantify the effects of environmental factors on
N,O emissions. N,O fluxes at chambers located at
lower positions along the slope were relatively greater
than those at higher positions. During the non-soil-
freezing period, N,O fluxes fluctuated seasonally
depending on soil temperature. The soil temperature
dependency of N,O fluxes at each chamber increased
with descending slope position (the median of the Q¢
equivalent simulated from posterior distribution
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ranged from 1.18 to 3.64). According to the Bayesian
hierarchical model, this trend could be partially
explained by the C/N ratio at each chamber position.
During the soil-freezing period, relatively high N,O
fluxes were observed at lower positions along the
slope.
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Introduction

Nitrous oxide (N,O) is the third highest emitted
greenhouse gas responsible for human-induced cli-
mate change (IPCC 2001). In addition to its contri-
bution to global warming, N,O plays an important
role in ozone depletion in the stratosphere (Crutzen
1995). Forest soils are thought to contribute about
20% of the annual N,O emissions into the atmo-
sphere, but estimations of forest soil emissions of
N,O are highly uncertain (IPCC 2001). This is largely
because N,O fluxes from forest soils exhibit high
spatial heterogeneity even on a plot scale-level (e.g.,
Ishizuka et al. 2005; Konda et al. 2008). To quantify
N,O estimation more accurately, a comprehensive
understanding of N,O variations at a plot scale-level
as well as factors controlling their spatial and
temporal variability is required (Mosier 1998).
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Recent studies suggest that in a forest ecosystem,
micro-topographic factors such as slope position are
highly important in determining the spatial variability
of N,O emissions given the differing oxidation status
of soils (McSwiney et al. 2001; Osaka et al. 2006).
These studies suggest that the highest N,O emissions
come from lower positions on the slope. Although the
spatial variability of N,O flux has been studied, the
temporal (seasonal) variation of the spatial variation
of N,O flux is still poorly understood. To reduce the
uncertainty of the N,O budget, detailed simultaneous
monitoring of both the spatial and temporal variabil-
ity of N,O fluctuations is needed. In addition, to
clarify the phenomena of spatiotemporal variability,
including the effects of environmental factors such as
temperature dependency, precise empirical modeling
is required (Hawkins et al. 2007).

Studies have reported highly skewed N,O fluxes,
both temporally and spatially, in various environments
such as cropland, grassland, and forested areas (e.g.,
Velthof et al. 1996; Lark et al. 2004; Ishizuka et al.
2005). In addition, the distribution of N,O flux both
temporally and spatially appeared to follow an approx-
imate lognormal distribution. Thus, many reports use
log-transformed N,O flux values to estimate model
parameter values for statistical modeling (e.g., Davidson
et al. 2004). Log-transformation can achieve lineariza-
tion of the relationship between the objective (response)
and explanatory (predictor) variables as well as stabil-
ization of the model error variance, thus satisfying the
assumption of equal variances. However, a log-trans-
formed analysis induces bias even when used as a
correction factor (Stow et al. 2006). A Bayesian
approach can be applied to address this problem.
Recently, improved processing rates of personal com-
puters as well as free software such as WinBUGS
(http://www.mrc-bsu.cam.ac.uk/bugs/winbugs/contents.
shtml) have resulted in the availability of a Bayesian
statistical model using the Markov chain Monte Carlo
(MCMC) method (Spiegelhalter and Best 2000). In the
Bayesian approach, similar to a generalized linear
model, many probabilistic distributions are covered.
Therefore, analysis of N,O flux as a lognormal distri-
bution using a Bayesian framework without transfor-
mation of variables is straightforward.

Using the example of denitrification rates in crop-
land soil, Parkin and Robinson (1989) demonstrated
that the stochastic model is preferable over determin-
istic models for improving the prediction of a highly
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skewed distribution. Bayesian statistics can more
readily cope with stochastic variables and parameters,
and thus a Bayesian framework is most suitable for
modeling spatiotemporal N,O fluxes. This type of
approach enables quantification of the uncertainty of
the prediction by presenting a credible interval (Clark
2005). Furthermore, Bayesian statistical tools can be
applied for complex models such as hierarchical
structures that always exist in field study (Clark
2005). The traditional model (nonspatial, single-level
regression model) could not handle problems such as
spatial dependence and thus would not adequately
quantify the uncertainty of such parameters (Gelfand
etal. 2005). As a solution to this problem, Gelfand et al.
(2005) suggested that adding random spatial effects to
the model enables it to cope with spatial problems.

We aimed to evaluate the spatiotemporal variability
of N,O fluxes induced by micro-topographic factors
using measurements of the N,O flux at 14 chambers
sequentially located along a slope in even-aged
Japanese cedar (Cryptomeria japonica) forest for
1 year. We used a Bayesian hierarchical linear mod-
eling approach to analyze the spatiotemporal N,O flux
data. In this model, a conditional autoregressive
(CAR) spatial random effect model was used to
analyze spatially dependent data, and thus we were
able to evaluate the effect of environmental factors on
spatiotemporal N,O fluxes.

Materials and methods
Site description

The study was conducted within the Nagoya Uni-
versity Forest (35°81'20”N, 137°83/40"E, altitude
1,010 m), Toyota, Aichi Prefecture, Japan. The site
was located on a north-facing slope with a 24° incline
(detail information in Nishina et al. 2009). The veg-
etation consisted of even-aged (35 years old) Japanese
cedar trees without undergrowth. The tree density was
approximately 2,000 individuals/ha and the mean tree
height was 20 m. The soil type was categorized as
inceptisols according to the USDA soil taxonomy
(USDA/NRCS 1999). The mean annual temperature
and the annual precipitation at a camp located 100 m
from the study site were 10°C and 2,200 mm, respec-
tively (2001-2004; Yoshida and Hijii 2006). The
annual litterfall was approximately 5 mg dry weight
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Fig. 1 The location of chambers along the transect. Solid
circles show the location of chambers and the numbers indicate
the chamber ID. Open squares show the location of frost
measurements

ha™' year™' (Yoshida and Hijii 2006). During the
measurement period, the maximum air temperature
was 27.5°C in August and the minimum temperature
was —6.8°C in March. We also measured daily
throughfall precipitation (mm day ') in the plot using
a rain gauge (ECRN-50; Decagon Devices, Pullman,
WA).

Table 1 General soil properties of each chamber position

A 65-m line transect was established along a slope
from the shoulder to the bottom (Fig. 1). The
elevation difference between the uppermost and
lowest points was 25 m. The slope angles along the
transect ranged from 5° to 36° (mean 24°, SD 8°).
Fourteen chambers were set at 5-m intervals along
the transect. These chambers were sequentially
numbered from the top of the slope with number 1
as the uppermost chamber and 14 as the lowest. The
transect was divided into three parts: shoulder, back
slope, and foot slope according to Schoeneberger
et al. (1998) (Fig. 1). The general properties of the
soil samples that were taken after the last flux
measurement on December 2007 are summarized in
Table 1. The humus type of O layer was mull at the
shoulder and moder at the foot slope.

N,O flux measurement

N,O flux was measured using a closed chamber
method with a cylindrical stainless steel chamber
(40 cm diameter and 15 cm height; Ishizuka et al.
2000). The chambers were inserted approximately
5 cm deep into the soil with a cutting root. Gas
sampling was initiated 1 month after setting to avoid
the influence of soil disturbance. A 40-ml gas sample

Chamber Physical properties Thickness (cm) pH Carbon Nitrogen C:N ratio
ID of surface layer (A layer) content content
(gkg™ gkg™

Dry bulk density  Solid phase O A B A B A B A B A B

(Mg m™3) ratio (%) layer layer layer layer layer layer layer layer layer layer layer
1 0.417 12.7 5.0 28 351 398 1398 628 94 3.7 149 16.7
2 0.412 12.6 5.0 38 371 424 847 383 53 2.7 159 141
3 0.610 19.5 4.0 34 391 432 764 397 54 2.7 141 148
4 0.615 19.5 2.5 15 37 393 434 87.0 274 58 2.1 150 129
5 0.491 14.4 5.0 12 33 4.03 4.26 745 287 5.1 23 145 125
6 0.447 13.8 5.0 15 47 378 426 1034 337 64 2.6 16.1 144
7 0.441 14.7 4.0 8 23 363 414 1019 461 72 3.0 141 152
8 0.348 10.5 4.0 10 30 375 420 96.0 549 7.2 39 12.7  14.0
9 0.338 10.9 2.0 16 88 391 438 94.6 407 172 3.1 13.1 133
10 0.525 15.6 1.0 10 28 422 437 746 553 59 4.1 126 135
11 0.558 17.4 1.0 17 47 421 436 837 574 1.1 43 11.8 133
12 0.555 16.9 1.5 10 35 422 443 91.8 340 7.6 3.0 122 113
13 0.809 26.0 0.0 20 32 523 521 315 354 31 32 102 11.0
14 0.836 29.3 0.0 24 32 512 5.14 376 91 38 1.4 9.9 6.5
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was taken 0, 30, and 60 min after sealing the chamber
with a polyvinyl carbonate lid that was attached to an
air bag to equilibrate the inside air pressure to the
atmospheric pressure. Each gas sample was taken
from the headspace of the chamber using a 50-ml
syringe equipped with three-way cocks and a rubber
septum. Gas samples were brought back to the
laboratory for gas concentration measurements. The
concentration of N,O was analyzed using a gas
chromatograph with a ®*Ni electron capture detector
(GC-8A; Shimadzu, Kyoto, Japan); 5% CH, in argon
was used as the carrier gas and N, was the make-up
gas. N,O fluxes (pg-N m™ 2 day ') were calculated
using the nonlinear model of Hutchinson and Mosier
(1981) to correct for the reduction in soil gases
concentration gradient with time as the gas accumu-
lated inside the chamber. The flux measurements
were conducted from December 2006 to December
2007 at 2- or 3-week intervals.

Soil temperature and soil moisture measurements

Soil temperature was measured using a thermometer
(NT-250; NT Co., Tokyo, Japan) at each chamber
during each sampling period. In addition, the soil
volumetric water content (hereafter VWC; %) for a
12 cm depth of surface soil was measured using a
handheld water content reflectometer with a 12-cm
time domain reflectometry (TDR) probe (Hydro-
Sense; Campbell Scientific, Logan, UT) at each
chamber during each sampling. The VWC for each
chamber was determined by taking seven repeated
measurements near the chamber. The percentage of
water-filled pore space (WFPS, %) was calculated
from the VWC as well as the solid phase ratio of the
soil (Danielson and Sutherland 1986). Soil frost depth
was measured using the methylene blue method
(Hardy et al. 2001). A PVC tube with methylene blue
solution was inserted into the soil, and we defined the
length of frozen dye as the frost depth.

Statistics

We incorporated a hierarchical Bayes model into the
spatiotemporal model for determining N,O flux. A
Bayesian framework allowed us to cope with the
spatial dependency of the data by adding a precise
error structure to the model. In addition, we incor-
porated a CAR model to the statistical model to
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account for spatial dependency. We did not incorpo-
rate the data of N,O flux during freezing periods into
the model given the unreliable mechanism for
determining N,O emissions in frozen soil.

First, we defined the likelihood of models as follows:
N,O flux (abbreviated as N,0;) at the ith Chamber on
the jth day was lognormally distributed with the scale
parameter |/ ; and the shape parameter ¢/,;

N,0ij ~ log —normal(ul;;, ol;) (1)

Given that the WFPS (WFPS;) and the annual
mean WFPS at each chamber (anWFPS;) were
estimated by repeated measurements, these factors
were suitable for representing a normal distribution
with mean and variance, which were calculated using
the measurement values.

WFPS;; ~ normal(iyrps, Cwrps;) (2)
anWFPS; ~normal(Uy,wrps, GanWrps;) (3)

The descriptions of explanatory variables as a
probabilistic distribution enabled us to account for
their uncertainty in the inference of parameters.

Second, in a process model, the temporal mean y;
was considered to be explained by soil temperature
(8T;) with betalj for each chamber, and WFPS
(WFPS;) as well as spatially structured random inter-
cept for the chambers (betalD;. defined as follows).

uly = betal; x ST;; + beta2 x WFPS;; + beta0
+ betalD; 4)

Third, we set up parameter models in which Betal;
(or Betal;) determined the soil temperature depen-
dency of N,O flux at the ith chamber.

betal; ~ normal(2;, 62;) (5)

We assumed that p2; depended on environmental
factors. Previous reports suggest that the temperature
dependency of N,O emissions is controlled by soil
moisture and environmental factors (Brumme 1995;
Maag and Vinther 1996; Smith et al. 1998; Papen and
Butterbach-Bahl 1999). Therefore, we incorporated
the annual mean WFPS (anWFPS;) and surface C/N
ratio (CN_ID;) as fixed effects into p2;.

u2; = alphal x anWFPS; + alpha2 + CN_ID;
+ alphaQ (6)

For betalD;, we incorporated the spatial structured
random intercept for each chamber, which is referred
to as an intrinsic CAR model (Besag et al. 1991). We
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fit this spatial model using the “car.normal” function
within WinBUGS.

betalD; ~ normal(b;, ID;/n;) (7)

bi:i dTob (8)

nij:neighbor(i)

where n; is the number of neighbors of neighborhood i.

Finally, we specified the hyper prior distribution
for the other parameters. We used a non-informative
prior for the each parameter, where all ¢ values were
set to inverse gamma (0.001, 0.001).

We made use of MCMC methods implemented
with a Bayesian inference using Gibbs’ sampling
software WinBUGS. For convergence diagnostics,
we used Gelman Rubin’s convergence diagnostic as
an index. For each model, we ran the Gibbs sampler
for 50,000 iterations for three chains with a thinning
interval of 10 iterations. We discarded the first 25,000
iterations as burn-in and used the rest as chains to
calculate posterior estimations.

For each chamber and overall chambers (plot
scale), we simulated a Q;, equivalent as the ratio of
N,O flux at T + 10°C to the flux at T in °C (0-10°C)
from the posterior distribution of the foregoing model.
Then, for the simulated data set, the WFPS at each
chamber was randomly sampled from the posterior
distribution of anWFPS;. Soil temperature (7) was set
as a sequence of integers from 0 to 10°C (n = 1,002).
At each soil temperature for each chamber, we
determined the estimation via 1,002 simulations. In
the same way, to evaluate the predictive properties of
the model, we also simulated N,O flux from the
posterior distributions of the model, with the condi-
tion that soil temperature was set from 0 to 21°C (a
sequence of integers, n = 1,002).

Results

Soil temperature and WFPS during
the measurement period

Soil temperatures ranged from approximately —1 to
21.0°C, with no substantial differences among cham-
bers on the same sampling day during the measure-
ment period. The soil was frozen on days 31 and 70.
In these days, the forest canopy of this site had a
snow cover, however, there was no snow cover on the
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Fig. 2 Spatial variation in N,O flux (a) and soil depth (b)
during freezing periods. Circle and bar colors indicate
sampling day (day of year)

ground and the chamber. The depth of soil freezing
varied along the slope and it was deepest at the foot of
slope on the 70th day (Fig. 2b). The mean value and
range of the WFPS differed among chambers. WFPS
gradually increased with descending slope. The
annual mean of the WFPS at each chamber position
ranged from 37.8% (Chamber 1) to 84.1% (Chamber
13). The average and standard deviation of the
coefficient of variation of the WFPS at each chamber
during the measurement period were 22.3 and 3.2%,
respectively. The standard deviation of WFPS for
each chamber on each day (n = 7) ranged from 0.8%
to 20.2% over the entire measurement period.

N,O flux

N,O fluxes within all chambers for the entire measure-
ment period ranged from 1.44 to 1,330 pg-N m~2 day ™
(median 110 pg-N m~ 2 day ") and the distribution of
N,O fluxes was highly skewed (skewness was 2.86 and
kurtosis was 16.6). The N,O fluxes were generally
greater in the summer than the winter (Fig. 3c).
However, during the freezing period (on days 31 and
70), the N,O fluxes in some chambers were relatively
high (i.e., 656 pg-N m~2 day ' at No. 14 on the 31st
day), compared to nonfreezing days in winter.
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When comparing the N,O fluxes among chambers,
the N,O fluxes at the foot of the slope were relatively
higher than those at the shoulder of the slope (Fig. 4).
In most of the chambers, the frequency distributions
of N,O flux were skewed and the mean values were
greater than the median. The median of the N,O flux
at each chamber ranged from 70.2 to 322.9 pg-N
m 2 day”'. In addition, during the freezing period,
the N,O flux varied spatially and ranged from 4.95 to
656 ug-N m~2 day ' (Fig. 2). The highest N,O flux
during the freezing period was observed at Chamber
14 on days 31 and 70.
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Relationship between N,O flux and soil
temperature or WFPS

Although a large variance occurred in the N,O flux in
the summer, the highest N,O flux values were observed
during the period with the highest soil temperature
(Fig. 5). During the nonfreezing period, the 10th
percentile for N,O flux (i.e., higher than 426 pg-N
m~2 day ") was above 13.3°C in soil temperature. In
addition, the highest N,O fluxes were observed mostly
in the chambers at lower positions on the slope, which
also exhibited the highest WFPS values (Fig. 5).
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percentile). Solid squares indicate the mean N,O flux in each
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Model parameters and evaluation

Because Gelman Rubin’s convergence statistics of
parameters were lower than 1.1, the parameters
represented successful convergences. The mean and
credible intervals (CIs) of the posterior of each
parameter are summarized in Table 2.

The coefficients betal (for soil temperature) and
beta? (for WFPS) were always positive within the
95% CI, which indicates that both variables posi-
tively affected N,O flux (Table 2). Betal; at each
chamber showed a gradual increase with descending
slope (Fig. 6). The 95% CI of alphal and alpha2
included O (Table 2). Therefore, the trend of betal;
along slope was not fully explained by annual mean
WFPS and C/N ratio at each chamber (Table 2;
Fig. 7). However, the 80th percentile of the posterior
distribution of alpha? was marginal (—0.033 to
0.006), which indicates that the C/N ratio had a
weakly negative effect on soil temperature depen-
dency (betal).

We calculated the Q( value via simulations using
posterior distributions (Table 3). The median of Q¢
varied from 1.18 to 2.64 and the highest Q;y, was
observed in Chamber 14. All Q;( values for each
chamber exhibited large uncertainties. For example,
the Qo at Chamber 14 ranged from 0.49 to 19.4 with
a 95% CI and 0.90-10.02 with an 80% CI.

Finally, we compared the posterior predictive N,O
flux simulated by the model with the observed N,O
flux in Fig. 8. The upper of 95% CI included high
values, suggesting that the model exhibited a large
uncertainty for high N,O flux values. The simulation
of N,O flux gave good predicted values at each
chamber. Most of the observed values were close to
the 50% prediction line and all of the observed values
fell within the 95% prediction interval (Fig. 8).
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Table 2 Summary of the posterior distribution for each parameter

Coefficients Mean 50% (median) 95% CI 80% CI

beta0 2.755 2.770 1.965-3.013 2.27-3.26
betal (overall)* 0.069 0.069 0.002-0.126 0.033-0.107
beta?2 0.019 0.019 0.005-0.033 0.010-0.028
sigmal 0.813 0.812 0.743-0.835 0.77-0.858
sigmalD 0.167 0.148 0.062-0.381 0.08-0.273
alpha0 0.298 0.297 —0.319-0.918 —0.109-0.682
alphal —0.0067 —0.0007 —0.0048-0.0036 —0.0032-0.0018
alpha2 —-0.014 —0.013 —0.044-0.017 —0.033-0.006
sigma2 0.051 0.049 0.033-0.083 0.037-0.067

* betal values represent as the plot scale values (Fig. 6a), which indicate marginalized over all chambers
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Fig. 6 Posterior distribution of betal (parameter of tempera-
ture dependency) for plot scale (a) and individual chambers
(b). Line color indicates chamber ID

Discussion

Spatiotemporal variation in N,O flux during
the nonfreezing period

The range in N,O flux values at our site (1.44—
1,330 ug-N m~2 day™') was comparable to those
reported by Morishita et al. (2007) in eight Japanese
cedar forest sites (01,720 pg-N m > day"). In
addition, our N,O flux values were on the same order
as those in non-fertilized pine forest (144-1,272
ng-N m~2 day~'; Butterbach-Bahl et al. 1997). In
comparison to N,O fluxes recorded in European
deciduous forests (e.g., 14,400 pg-N m™ > day '
Papen and Butterbach-Bahl 1999), the maximum
N,O flux in our study was relatively low.
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The spatial variations in N,O flux followed a
gradient such that more N,O was emitted with
descending position (Fig. 4). This is in accordance
with previous reports (McSwiney et al. 2001; Osaka
et al. 2006). For example, on the day of the highest
air temperature (27°C, day 227 of the observation
period), the highest N,O flux observed at Chamber 13
(5782 pg-N m 2 day~") was approximately six
times larger than the lowest N,O flux at Chamber 2
(91.5 pg-N m~2 day™"). Thus, our results suggest
that lower positions along a slope are more substantial
sources of N,O.

The temperature dependency of N,O flux also
gradually increased with descending slope position
(Fig. 6b). The variance of each chamber’s coefficient
(betal;) was sufficiently smaller than that of the plot
scale (overall betal in Fig. 6a). This suggests that
spatial information regarding slope position is impor-
tant for spatial estimation of N,O flux as it enables
reduced uncertainty in the estimation of parameters
(Fig. 6).

Our hierarchical model indicated that the gradient
of temperature dependency along a slope was
partially explained by the C/N ratio rather than
annual mean WFPS (Table 2). At our study site, the
C/N ratio gradually decreased with descending slope
(Table 1). Hirobe et al. (1998) reported the same
spatial trend in the C/N ratio along a slope of a
coniferous forest, and stated that the net N mineral-
ization and net nitrification rates were low at the
shoulder due to the high C/N ratio and low water
content. Therefore, a higher position along the slope
might be characterized by a low concentration of
substrates (i.e., NH,, NO; ™) for both nitrification
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Table 3 Simulated Q¢ value from the Bayesian model

Chamber ID 50.0% 95% CI 80% CI

1 1.72 0.21-10.31 0.52-5.78
2 1.58 0.23-9.96 0.50-4.94
3 1.18 0.18-8.35 0.35-4.18
4 1.30 0.22-9.31 0.39-4.40
5 1.35 0.24-10.58 0.44-4.74
6 1.70 0.25-10.29 0.51-5.47
7 2.09 0.28-11.95 0.62-6.53
8 2.06 0.29-12.28 0.60-6.78
9 1.75 0.31-10.28 0.55-5.55
10 2.32 0.36-12.34 0.73-7.30
11 2.56 0.43-16.16 0.79-8.39
12 3.64 0.58-25.65 1.10-12.88
13 2.38 0.34-15.10 0.77-7.66
14 3.03 0.49-19.40 0.90-10.02

and denitrification process. Presumably, the N,O flux
at higher positions on the slope is limited by low
concentrations of substrates rather than soil temper-
ature. In addition, the contribution of each process to
N,O emissions, which vary spatially with position
along the slope (Nishina et al. 2009), might affect the
spatial variability in the temperature dependency of
N,O flux. Therefore, the temperature dependency of
N,O flux was evaluated as the synthesis of these
parameters. However, further research is needed to
clarify response of each process to temperature for a
more accurate evaluation.

The Q¢ value is widely used as an index of the
soil temperature dependency of N,O emissions.
Smith et al. (2003) suggested that the Qo value of
N,O emissions reported by previous studies varied
widely from approximately 2—14. In our estimation,
the median of Q;q values for each chamber simulated
from the posterior distribution ranged from 1.18 to
3.64, which is comparable with the Q;( range of from
2 to 4 reported for typical biological reactions
(Castaldi 2000). However, the simulated Q;, exhib-
ited a large uncertainty (Table 3), likely because the
posterior distribution of N,O flux had a large upper
interval, especially in the high temperature range.
This was due to a characteristic of the error term of a
lognormal distribution, which is proportional to an
increased scale parameter (e.g., Fig. 8). Indeed,
occasional high N,O fluxes were observed in our
study, especially at high temperatures (e.g., on day
206 at Chamber 10; Figs. 3, 8). This was also
observed in many previous studies (e.g., von Arnord
et al. 2005a, b; Morishita et al. 2007). In our
lognormal distribution model, the probability of
observing extreme high N,O flux becomes more
likely (Fig. 8). In addition, the estimation of Qo
calculated by the exponential function often exhibited
a large uncertainty, especially if the regression
coefficient was low. However, this kind of uncer-
tainty is not considered in traditional models.

In some previous reports, an occasional high N,O
flux often reduced the accuracy of linear regression
models for estimating N,O flux because the high
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Fig. 8 Observed and simulated probabilities of N,O flux (during nonfreezing periods). Solid circles indicate observed N,O fluxes.
Simulated probabilities are presented by the 50% line (median; blue line) with a 95% prediction interval (gray line)

values were not explained by a single factor or
combination of parameters such as temperature,
water conditions, and nitrate concentration (e.g.,
von Arnord et al. 2005a; Tang et al. 2006; Advien-
to-Borbe et al. 2007). This type of occasional high
N,O flux in summer could be partly explained by the
development of an anaerobic zone in the soil (Smith
1997). Smith (1997) suggested that such a zone
would contribute to N,O emissions from soil aggre-
gates as a result of stimulation by a reduction in
oxygen caused by the high activity of microorgan-
isms due to increased temperature. In situ, the soil

@ Springer

aggregates contributing to N,O emissions might not
be uniformly distributed even if the WFPS is
consistent. It is possible that this condition occurs
not entirely randomly but with a weak definite
relation to WFPS and other environmental factors.
However, we could not adequately monitor the
detailed oxidative condition of the soil. In addition,
high N,O fluxes occurred infrequently, suggesting
that this kind of N,O emission is hardly observed. To
model infrequently high N,O flux, our Bayesian
hierarchical model accounted for this problem by
treating the occasional high N,O emission as the error



Biogeochemistry (2009) 96:163-175

173

term of the lognormal distribution. We overcame the
second problem by simultaneously modeling the
individual chamber’s flux and that of the plot scale
(overall data) using a Bayesian hierarchical model
with CAR. For example, the upper 95% predictive
interval of chamber 8 was much higher than the
observed flux values (Fig. 8). This is because the
estimation of parameters for Chamber 8 is shrunken
to the estimation parameters of the plot scale. This
complementary use of information in the Bayesian
model enabled plausible estimations of the effects of
environmental factors on highly skewed spatiotem-
poral N,O flux data.

N,O flux during the soil freezing period

Relatively high N,O emissions were observed during
the freezing period (days 31 and 70) in some
chambers. For example, the N,O flux in Chamber
14 at day 31 was 656 pug-N m~2 day ™', which is six
times higher than the median of the whole N,O flux
value in this study. Conversely, no high N,O
emissions were observed during thawing period (days
58 and 88) in any chambers. Papen and Butterbach-
Bahl (1999) and Teepe et al. (2000) also reported
relatively high N,O emissions from frozen forest
soils. Teepe et al. (2001) described an occurrence of
relatively high N,O emissions under freezing soil
conditions compared to thaw periods using incuba-
tion experiments. This was due to a denitrification
process that occurs in unfrozen water in frosty soil
(Teepe et al. 2001). Specifically, accumulations of
dead organisms from freezing produce an abundant
labile carbon source in the unfrozen water (Yanai
et al. 2004). In addition, NOs;~ concentrations in
unfrozen water are thought to increase as a result of
condensation by freezing (Teepe et al. 2001), and the
ice layer suppresses the oxygen supply. Thus, frosty
soil is important site of N,O emissions during
freezing periods.

Our results demonstrated that the N,O flux during
the freezing period varied spatially along the slope.
The highest N,O flux on both soil-freezing days was
observed in the chamber located at the foot slope
(Chamber 14; Fig. 2a). The frost depth at the foot
slope was deeper than that at the shoulder. Although
the frost depth differed markedly between days 31
and 70, no substantial difference in N,O emissions

occurred between these days. Maljanen et al. (2007)
reported that the N,O emissions at deeper soil
freezing point (100 cm) after the removal of snow
cover was greater than those at shallower soil
freezing points (20 cm) on agricultural soil. The
freezing depth in our study site (maximum 14 cm)
was shallower than those examined by Maljanen et al.
(2007). Therefore, the effect of freezing depth on
N,O emissions might be relatively weaker in our
study. Little published information is available on
controlling factors affecting N,O emissions during
freezing periods (Teepe et al. 2004). Thus, we were
unable to thoroughly monitor these factors or to
statistically model the N,O flux during the freezing
period. Groffman et al. (2001) suggested that soil
freezing has become an increasingly important factor
in N,O emissions because of the reduction in snow
insulation due to global warming. To assess the
distribution and contribution of N>O emissions dur-
ing freezing periods to the annual N,O budget, a
more accurate understanding of the controlling fac-
tors and mechanisms is essential.

Conclusions

Our results revealed spatiotemporal variation of N,O
fluxes along a slope of Japanese cedar forest. High
spatial and temporal variations in N,O flux were
observed along the slope for 1 year. The N,O fluxes at
the foot slope were relatively higher than at the top of
the slope. Furthermore, the soil temperature sensitiv-
ity of the N,O flux exhibited the spatial trend of
increasing with descending slope. Our results indi-
cated that spatial information regarding topographic
factors would help reduce the uncertainty in estimat-
ing N>,O flux. In addition, this trend of spatial soil
temperature dependency along a slope was partially
explained by the C/N ratio of surface soils. We
successfully modeled the spatiotemporal N,O flux and
quantified the effect of environmental factors on the
N,O flux with taking account for uncertainty using a
hierarchical Bayesian model with CAR, which is a
more statistically adequate model than traditional
approaches. Finally, our results confirmed that N,O
fluxes during freezing periods exhibit spatial variation
and that they constitute important contributions to the
N,O budget in Japanese coniferous forests.
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