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Abstract. The process-oriented model PnET-N-DNDC describing biogeochemical cycling
of C- and N and N-trace gas fluxes (N2O and NO) in forest ecosystems was tested for its
sensitivity to changes in environmental factors (e.g., temperature, precipitation, solar
radiation, atmospheric N-deposition, soil characteristics). Sensitivity analyses revealed that
predicted N-cycling and N-trace gas emissions varied within measured ranges. For model
validation, data sets of N-trace gas emissions from seven different temperate forest
ecosystems in the United States, Denmark, Austria, and Germany were used. Simulations
of N2O emissions revealed that field observations and model predictions agreed well for
both flux magnitude and its seasonal pattern. Differences between predicted and measured
mean N2O fluxes were ⬍27%. An exception to this was the N-limited pine stand at
Harvard Forest, where predictions of fluxes deviated by 380% from field measurements.
This difference is most likely due to a missing mechanism in PnET-N-DNDC describing
uptake of atmospheric N2O by soils. PnET-N-DNDC was also validated for its capability
to predict NO emission from soils. Predicted and measured mean NO fluxes at three
different field sites agreed within a range of ⫾13%. The correlation between modeled and
predicted NO emissions from the spruce and beech stand at the Höglwald Forest was
r 2 ⫽ 0.24 (spruce) and r 2 ⫽ 0.35 (beech), respectively. The results obtained from both
sensitivity analyses and validations with field data sets from temperate forest soils indicate
that PnET-N-DNDC can be successfully used to predict N2O and NO emissions from a
broad range of temperate forest sites.

1.

Introduction

Estimates of the contribution of temperate forest ecosystems, which cover 107 km2 of the global land surface [e.g.,
Steudler et al., 1989; Potter et al., 1996], to atmospheric nitrous
oxide (N2O) and nitric oxide (NO) have a high degree of
uncertainty. The source strength of these ecosystems are estimated to be in a range of 0.05–2.0 Tg N2O-N yr⫺1 [e.g.,
Schmidt et al., 1988; Davidson, 1991; Houghton et al., 1992] and
0.1– 0.85 Tg NO-N yr⫺1 [Davidson, 1991; Potter et al., 1996; Lee
et al., 1997]. These uncertainties are mainly due to (1) the
limited number of field measurements; (2) the restricted temporal coverage of data sets to assess daily, seasonal, and interannual variations in fluxes [Papen and Butterbach-Bahl, 1999;
Gasche and Papen, 1999]; (3) limited information on the impact of anthropogenic influences (e.g., enhanced atmospheric
N input into these ecosystems leading to changes in source
strengths) [Butterbach-Bahl et al., 1998]; and (4) a lack of
information about the effects of different forest types (e.g.,
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coniferous, deciduous forests) on N-trace gas emissions from
forest soils.
In view of the huge spatial and temporal variability of environmental conditions in forest ecosystems, it is doubtful that
the uncertainties associated with global estimates of N2O and
NO source strengths of temperate forest soils will be significantly reduced by additional field measurements alone. We
believe the most promising strategy to overcome these problems is the development of process-oriented models, which are
able to describe the processes in forest soils involved in N-trace
gas production and emission (e.g., mineralization, nitrification,
denitrification, plant-microbe competition for inorganic nitrogen) and their dependency on changing environmental conditions. Such models could be used to quantify N-trace gas flux
rates from temperate forest soils on a regional and global scale,
as has been already demonstrated for agricultural ecosystems
of the United States [Li et al., 1996]. In addition, the process of
model development highlights data gaps and can suggest areas
where field and laboratory studies can focus.
In a companion paper [Li et al., this issue] the development
and structure of the process-oriented model PnET-N-DNDC is
described in detail. This model simulates the cycling of C and
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Figure 1. Sensitivity of the anaerobic volume fraction (ANVF) of the soil, the N-turnover rates, and the
N-gas emissions to changes in air temperature.
N in temperate forest ecosystems and the production and emission of N-trace gases by the microbial processes of nitrification
and denitrification and the physicochemical process of chemodenitrification.
In order to validate the capabilities of PnET-N-DNDC in
predicting N-trace gas fluxes the model was applied to seven
deciduous and coniferous forest sites in the United States and
Europe, and the results were compared with field measurements. These comparisons as well as a sensitivity analysis for
the environmental factors used as drivers or input parameters
to run PnET-N-DNDC are presented in this paper.

2.
2.1.

Results and Discussion
Model Sensitivity

Within PnET-N-DNDC, three different processes can contribute to N-trace gas production in the soil. Two of them are
microbiological (nitrification and denitrification) and one is
physicochemical (chemodenitrification). As has been already
described by other authors [e.g., Firestone and Davidson, 1989;
Conrad, 1996], the magnitude of these processes and thus the
magnitude of N-trace gas production in the field strongly depends on environmental conditions (e.g., soil temperature, soil
moisture, pH value, O2 concentration, size of anaerobic mi⫺
crosites, NH⫹
4 and NO3 concentrations in the soil). A variety
of equations have been used within PnET-N-DNDC to numerically describe processes involved in N-cycling and N-trace gas
production in forest ecosystems and to quantify their sensitivity
to environmental factors [Li et al., this issue]. Because the
cycling of nitrogen within the ecosystem (e.g., mineralization,

nitrification, denitrification, immobilization, plant uptake, Nleaching) and the processes involved in N-trace gas production
are closely linked in PnET-N-DNDC, a sensitivity analysis was
performed to study the impact of changes in environmental
conditions on model predictions of N-trace gas production and
emission. These sensitivity analyses demonstrate the basic behavior of the model.
As a baseline scenario, a 90-year-old beech stand on a loamy
soil with a pH value of 3.6 in the uppermost mineral soil and a
soil organic carbon content (SOC) of 5.1% was assumed. Meteorological data for 1995 from the Höglwald field site, Germany (48⬚30⬘N, 11⬚19⬘E), were used as climate drivers in the
exercise. Rainfall N-concentration was set at 2.5 ppm in the
baseline scenario. This scenario is in accordance with current
parameters at the beech site at the Höglwald Forest [Papen
and Butterbach-Bahl, 1999]. Model sensitivity was tested for
model drivers (temperature, precipitation, photosynthetically
active radiation (PAR)) and model input parameters (Nconcentration in precipitation, litter mass of the forest floor,
soil organic carbon content (SOC), pH, soil texture, and dominant tree species) by varying one factor and keeping all others
constant.
We found in our study that even for the baseline scenario
gross nitrification rates were above 400 kg N ha⫺1 yr⫺1. It is
worthwhile to acknowledge that this figure is in good agreement with estimates of Ingwersen et al. [1999], Davidson et al.
[1990, 1992], Zak et al. [1990], and Stark and Hart [1997], who
showed that gross nitrification rates in temperate forest soils
are in a range of 73–1142 kg N ha⫺1 yr⫺1. These high values for
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Figure 2. Sensitivity of the anaerobic volume fraction (ANVF) of the soil, the N-turnover rates, and the
N-gas emissions to changes in precipitation.

gross nitrification rates were explained by the internal cycling
of nitrate in forest soils [e.g., Davidson et al., 1992; Stark and
Hart, 1997].
One of the major factors controlling N-turnover and N-trace
gas production in forest ecosystems is temperature Figure 1
summarizes model outputs for key variables (anaerobic volume fraction (ANVF) of the soil or anaerobic balloon) and
processes (N-mineralization, nitrification, plant N-uptake, and
N2O, NO, and N2 emission) involved in N-cycling if the baseline temperature is varied from ⫺2⬚C to ⫹2⬚C. Changes in
average annual air temperature from 5.9⬚C (2⬚C lower than
baseline) to 9.9⬚C (2⬚C higher than baseline) resulted in decreases in the volumetric fraction of the anaerobic balloon and
N-mineralization and increases in plant-N-uptake. The latter
finding is in agreement with field measurements performed by
Geßler et al. [1998], who found that the uptake of NH⫹
4 and
NO⫺
3 by spruce and beech roots at the Höglwald Forest site
was positively correlated with soil temperature.
Model predictions of decreasing nitrification rates with increasing temperatures are at a first glance somewhat surprising, but can be explained by the reduced availability of NH⫹
4
for nitrification at higher temperatures due to higher N-uptake
rates by plants (Figure 1) and increased microbial immobilization (e.g., at 2⬚C higher than baseline microbial biomass increased by 3%). The consequences of lower nitrification rates
on N-trace gas emissions are at least partially compensated for
by increased emission of N2O and NO during nitrification at
higher temperatures [Li et al., this issue] (Figure 1), so that
nitrification-related N-trace gas emissions were fairly constant

(N2O) or increased (NO) in the temperature range tested. A
similar statement holds for the contribution of denitrification
to N-trace gas emission. Although the volume of anaerobic
fraction decreases with increasing temperature due to increased evapotranspiration and decreased soil moisture, the
increase in unfavorable conditions for denitrification is more
than compensated for by the temperature effects on rates of
N-trace gas production by denitrification (Figure 1).
Precipitation has a major impact on biogeochemical cycling
of nitrogen in forest soils. Changes in the amount of precipitation and its temporal distribution directly influence the soil
moisture regime and, consequently, the water availability for
plant production and soil microbial processes. The sensitivity
of PnET-N-DNDC was tested for changes in total annual precipitation amount of up to 20% (Figure 2). It is obvious that all
of the parameters tested, that is, size of the anaerobic balloon,
N-mineralization, nitrification, and denitrification, as well as
N-gas production and emission, increased with increasing precipitation. N2O and N2 emissions due to denitrification were
most sensitive to increasing precipitation (in comparison to the
baseline scenario: decreases of 78% (N2O) and 75% (N2) for
a scenario with 20% lower precipitation rates, increases of
134% (N2O) and 136% (N2) for a scenario with 20% higher
precipitation rates) since this depends on the size of the “anaerobic balloon” [Li et al., this issue], which strongly increases
at higher precipitation rates. The increase in mineralization,
nitrification, and nitrification-related production of N-trace
gases with increasing precipitation is due to the fact that under
low-precipitation scenarios these processes are limited by low
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PAR

Change

⫺56.0
26.6
21.0
52.4
54.9
64.8
63.5
74.2

9.2
3.5
⫺3.5
⫺5.7
⫺5.0
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19.6
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Table 1. Results of the Sensitivity Study for the Impact of Changes in Photosynthetic Active Radiation (PAR), N-Concentration in Rainfall, Litter Mass of the Forest Floor,
Soil Organic Carbon Content (SOC), Soil pH, Soil Texture, and Tree Species on Predictions of PnET-N-DNDC for the Anaerobic Volume Fraction of the Soil (ANVF), NMineralization, Nitrification, N-Uptake by Plants and Emission of N-Gases (NO, N2O, N2)
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Table 2. Site Characteristics of the Different Temperate Forest Sites Used for Validation of PnET-N-DNDC

Spruce

Beech

Harvardc,d,e
United States
42⬚N
Pine/Hardwood

90

94

62/80

31

55

135

70

loam
0.1
3.2
3.2
0.029

loam
0.1
4.0
3.6
0.051

sandy loam
0.1
3.2/3.3
3.8
0.058/0.076

7.3
800
2.5

7.3
800
2.5

7.4
1120
0.2

loamy sand
0.09
3.7
3.7
0.061
j
7.3
800
1.5

loamy silt
0.29
5.2
4.5
0.064
k
8.9
1036
1.0

loamy silt
0.19
5.0
4.2
0.038
l
10.1
973
4.2

silt loam
0.14
4.8
4.8
0.053
m
14.2
860
0.5

Höglwalda,b
Germany 48⬚N

Forest age
Soil
Texture
Clay fraction
pH (litter layer)
pH (mineral soil)
SOC at top mineral soil
Climate
Annual mean temperature, ⬚C
Annual precipitation, mm
N in precipitation, ppm

Copenhagenf
Denmark
55⬚N
Spruce

KlausenLeopoldsdorfg
Austria 48⬚N
Beech

Schottenwaldh
Austria
48⬚N
Beech

Oak Ridgei
United States
36⬚N
Oak

a

Rothe [1997].
Kreutzer [1995].
c
Bowden et al. [1991].
d
Aber et al. [1993].
e
Magill et al. [1997].
f
Ambus and Christensen [1995].
g
Daten der FBVA.
h
Jandl et al. [1997].
i
Williams and Fehsenfeld [1991].
j
Danish Meterological Institut.
k
Hydrographischer Dienst Niederösterreich.
l
Zentralanstalt für Meteorologie.
m
National Oceanic and Atmospheric Administration (NOAA).
b

soil moisture values during summer. The impact of changes in
precipitation on plant uptake of nitrogen from the soil was
negligible, indicating that forest growth was not limited by soil
water shortages (Figure 2).
Changes of the intensity of photosynthetically active radiation (PAR) in a range of ⫾20% of the baseline had significant
consequences on the N-uptake of plants. PnET-N-DNDC predicts a reduction of plant nitrogen uptake of 6.5% under 20%
reduced PAR. As a result of increased N-availability in the soil,
both nitrification and denitrification increased, although mineralization did not change (Table 1). It must be noted, however, that the sensitivity study was done for only a 1-year time
period and that for longer model runs predictions of this parameter may change significantly, since N input by litter fall
will decrease markedly with time.
The sensitivity of PnET-N-DNDC to changes in input parameters required to run the model are summarized in Table 1.
Processes involved in N-cycling and N-trace gas production
within PnET-N-DNDC were most sensitive to changes in soil
pH and texture and to changes in dominant tree species. Over
a 1-year time frame at least, the model was less sensitive to
changes in rainfall N-concentration, soil organic carbon
(SOC), and forest floor litter mass (Table 1). These results are
discussed in more detail below.
Soil pH is especially important for N-trace gas production by
the microbial processes of nitrification and denitrification and
also by the physicochemical process of chemodenitrification
[Li et al., this issue]. Therefore, for example, an increase in soil
pH by ⫹0.4 units (referenced to the baseline) resulted in an
increase in N2O emission by 67.1%, while a pH increase of
⫹0.9 resulted in an increase in N2O emission by 206.1%. Rates
of NO production by chemodenitrification are most sensitive
to changes in soil pH. Reducing soil pH by ⫺0.5 units resulted
in an increase in NO-production by chemodenitrification by a
factor of approximately 7, whereas an increase in soil pH by

⫹0.4 units reduced NO-production via chemodenitrification to
0 (Table 1).
Soil microbial processes modeled within PnET-N-DNDC
were sensitive to changes in soil texture (Table 1). This is
largely due to the importance of soil texture in the soil water
regime, which directly influences the diffusion of gases within
the soil and the availability of O2 within the soil profile. Because of this, soil texture has a major impact on the size of the
“anaerobic balloon” within the different soil layers [Li et al.,
this issue]. Changes in soil water regime and in the size of the
anaerobic balloon directly feed back to N-trace gas production
and emission within PnET-N-DNDC since (1) rates of N2O
emission by nitrification are positively linked to soil moisture
[Ingwersen et al., 1999] and (2) denitrification activity is strictly
coupled to the size and occurrence of anaerobic sites [Li et al.,
this issue]. Therefore changing the soil texture in PnET-NDNDC from sand to sandy clay resulted in N2O emissions
from the soil ranging from 0.5 kg N ha⫺1 yr⫺1 (⫺77.3% referenced to baseline) to 5.4 kg N ha⫺1 yr⫺1 (⫹131.5% referenced to baseline) (Table 1).
PnET-N-DNDC models several forest types, such as pine,
spruce, fir, hemlock, mixed hardwoods, oak, birch, and beech.
The effect of different tree species on N-cycling and N-trace
gas emission from soil was also investigated (Table 1). Beech
showed the highest N demand due to its distinctly low C/N
ratio in leaves and roots. As a consequence of high N-uptake
by beech, less available nitrogen is left in the soil to support
microbial N-turnover (nitrification and denitrification). The
model results indicate that (1) beech had the lowest nitrification rate, and (2) total N gas emission (e.g., NO ⫹ N2O ⫹ N2)
from beech was lower than that from other forest types. Owing
to the prediction that the beech forest had a relatively high
fraction of anaerobic volume in the soil (ANFV), a consequence of leaf geometry since beech leaves on the forest floor
can create a gas diffusion barrier and of an intense O2-
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Forest, United States (pine); Copenhagen, Denmark (spruce);
Klausen-Leopoldsdorf, Austria (beech); Schottenwald, Austria
(beech); Oak Ridge, United States (oak). With the exception
of the site at Oak Ridge, measurements of N-trace gas emissions (N2O and/or NO emissions) covered approximately an
entire year. Site characteristics, required as input parameters
for PnET-N-DNDC, are listed in Table 2. More specific information about the sites and about methods used for measurements of N-trace gas emissions can be found in the relevant
literature (Höglwald Forest [e.g., Kreutzer, 1995; Rothe, 1997;
Butterbach-Bahl et al., 1997; Papen and Butterbach-Bahl, 1999;
Gasche and Papen, 1999]; Harvard Forest [Aber et al., 1993;
Bowden et al., 1991; Magill et al., 1997]; Copenhagen [Ambus
and Christensen, 1995]; Klausen-Leopoldsdorf and Schottenwald [Zechmeister-Boltenstern and Meger, 1997; Jandl et al.,
1997]; and Oak Ridge [Williams and Fehsenfeld, 1991]). Meteorological input data, required as model drivers, that is, minimum and maximum daily temperature as well as the sum of
daily precipitation, were either obtained from continuous measurements at an open site close to forest stands (Höglwald
Forest) or were supplied by the meteorological services of the
various countries for weather stations closest to the sites (see
Table 2).
For documentation of model performance and for comparison between measured and simulated values, r 2 values were
calculated by use of the following equation:
r2 ⫽ 1 ⫺

Figure 3. Comparison of measured and simulated values of
percent water-filled pore space (WFPS) of the spruce ((a) litter
layer and (b) mineral soil 10 cm depth) and (c) beech site at the
Höglwald Forest (Germany) for the year 1995. For data on
precipitation and air temperature, see Figure 4. Soil moisture
data were provided by Rothe [1997] and used for calculation of
percent WFPS as described by Papen and Butterbach-Bahl [1999].
consumption in the soil due to enhanced mineralization of the
relatively easily decomposed litter, the probability that nitrification-produced NO and N2O will be further involved in denitrification is higher than for the other forest types (Table 1).
Therefore beech soil favors the emission of more reduced
N-gases such as N2O and N2, rather than NO. In contrast, the
model predicts relatively low N2O emissions from coniferous
forests, although they had higher total N gas emissions as
compared to the beech forest scenario. Because of the relatively low ANVF of the spruce forest, NO emissions by nitrification in particular are enhanced. Only limited information is
available in the literature about the effects of tree species on
N-trace gas emissions from soils. Butterbach-Bahl et al. [1998],
Papen and Butterbach-Bahl [1999], and Gasche and Papen
[1999] showed for the Höglwald Forest that the primary Ntrace gas emitted from the beech soil was N2O, whereas NO
emissions were quantitatively more important at the spruce site.
The model predictions thus are in agreement with the field
observations.
2.2.

Model Validation at Different Field Sites

2.2.1. Site descriptions. For model validation, PnET-NDNDC was applied to seven different temperate forest ecosystems in Europe and the United States. These sites are
Höglwald Forest, Germany (spruce and beech); Harvard

冉 冘冘

共 x mod ⫺ x meas兲 2

冊

共 x meas ⫺ x̄ meas兲 2
where x mod is the value obtained from simulation runs using
PnET-N-DNDC, x meas is the value obtained from the measured field data, and xmeas is the average of measured field data.
2.2.2. Soil moisture. All processes related to C- and Ncycling in forest ecosystems are strongly dependent on water
availability of soils. Therefore successful modeling of soil hydrology in forest ecosystems is a prerequisite in order to exactly
model C- and N-cycling in forest soils. In order to validate the
soil hydrology submodule in PnET-N-DNDC we compared
measured and simulated values of water-filled pore space
(WFPS) for the Höglwald Forest site (Figure 3), for which data
of WFPS values (calculated from continuous measurements of
soil moisture) exist for the entire year 1995. For the litter layer
of the spruce forest, PnET-N-DNDC was able to capture the
seasonal trend of changes in WFPS as well as the magnitude of
WFPS with high accuracy (Figure 3a).
Also for the mineral soil (10 cm depth) a good agreement
between measured and simulated values of WFPS was found,
though WFPS was underestimated by approximately 5% in
winter and spring (Figure 3b). In Figure 3c, measured and
simulated values for WFPS in 10 cm soil depth for the beech
stand are compared. Also for the beech site, WFPS was slightly
underestimated during winter and spring by approximately
5%; however, in summer and, especially, in early autumn the
model overestimated measured values of WFPS up to approximately 10%. This discrepancy between measured and simulated values of WFPS at the beech site is mainly due to an
underestimation of evapotranspiration by the beech stand. Future work will concentrate on further improvement of the soil
hydrology submodule of PnET-N-DNDC especially for deciduous forest sites.
2.2.3. N2O emissions. For all sites except Oak Ridge,
field measurements of N2O emissions were available and could
be used for model validation. For the Höglwald Forest site,
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Figure 4. Precipitation, air temperature, and measured and simulated N2O emission rates from soil of the
spruce and the beech stands at the Höglwald Forest (Germany) for the year 1995. Field data represent daily
means of N2O emission rates. Field data from Papen and Butterbach-Bahl [1999].

which is strongly influenced by atmospheric N-deposition [Göttlein and Kreutzer, 1991], we used the 1995 data set published
by Papen and Butterbach-Bahl [1999] (Figure 4). For both the
spruce and beech stands, modeled and measured emissions
were in general agreement in terms of magnitude and seasonal
pattern of emission rates (Figure 4 and Table 3). Averaged
daily N2O-emission rates from field measurements at the
spruce and the beech site were 2.1 ⫾ 1.3 g N ha⫺1 d⫺1 and
9.9 ⫾ 8.3 g N ha⫺1 d⫺1, respectively (Table 3). PnET-NDNDC overestimated the N2O-emission rate from the spruce
soil by 15% (2.4 ⫾ 1.3 g N ha⫺1 d⫺1) and underestimated it by
26% at the beech site (7.3 ⫾ 6.6 g N ha⫺1 d⫺1). For the spruce
site, differences between measured and predicted N2O fluxes

are largely due to an overestimation of N2O-fluxes during
spring (April–June); modeled N2O fluxes for all other periods
of the year are in general agreement with field measurements
(Figure 4). The overestimation of N2O fluxes in spring by
PnET-N-DNDC may result from underestimating N-uptake by
plants in this season, thereby reducing the competition for
inorganic nitrogen between microorganisms and plants and
favoring microbial N-turnover. Underestimation of N2O fluxes
from the beech site at the Höglwald Forest by PnET-N-DNDC
occurred mainly in autumn. During this season, measured N2O
emissions in the field are approximately twice as high as predictions by PnET-N-DNDC (Figure 4). The reason for this
discrepancy may be an underestimation of fresh litter miner-

4392

STANGE ET AL.: MODEL SENSITIVITY ANALYSIS AND VALIDATION

Table 3. Compilation of Results for N2O-Emissions From the Different Field Sites as
Derived From Model Runs With PnET-N-DNDC and From Field Measurements

Measured

Modeled

Model
Accuracy,
% of measured
flux

2.1 ⫾ 1.3
9.9 ⫾ 8.3
0.1 ⫾ 0.2
2.3 ⫾ 2.2
5.2 ⫾ 5.2
13.4 ⫾ 15.2

2.4 ⫾ 1.3
7.3 ⫾ 6.6
0.6 ⫾ 0.4
1.7 ⫾ 1.0
5.5 ⫾ 4.5
12.8 ⫾ 17.0

115
74
481
73
105
96

Mean N2O Emission Rate,
g N ha⫺1 d⫺1

Höglwald spruce
Höglwald beech
Harvard Forest
Copenhagen
Klausen-Leopoldsdorf
Schottenwald

alization in autumn, thereby underestimating in particular nitrification in the soil. Furthermore, PnET-N-DNDC underestimated N2O emissions during periods of frost and soil thaw at
the spruce site by 100% and the beech site by approximately
50% (Figure 4) indicating that some processes involved in N2O
emission during these periods are at present not sufficiently
described in the model. In view of the quantitative importance
of frost periods and of soil thaw for annual rates of N2O
emissions from temperate forest sites [Papen and ButterbachBahl, 1999], future work will concentrate on a better implementation of these processes in the model in order to further
improve the performance of PnET-N-DNDC.
The Harvard Forest represents a temperate forest ecosystem
with low atmospheric N-deposition and low rates of N cycling.

Modeling
Efficiency,
r2
0.08
0.45
䡠䡠䡠
0.17
0.08
0.79

For model validation, measurements of N2O emissions from a
pine stand were used [Bowden et al., 1991]. These authors
observed a maximum in N2O emissions (approximately 0.4 g
N2O-N ha⫺1 d⫺1) in March and N2O fluxes close to zero or
even an uptake of atmospheric N2O in late spring and summer.
Although the modeled N2O-emissions for this site were lowest
in comparison with other sites, the prediction of N2O fluxes by
PnET-N-DNDC were still too high (0.6 ⫾ 0.4 g N ha⫺1 d⫺1) as
compared to the field measurements (0.1 ⫾ 0.2 g N ha⫺1 d⫺1)
for the Harvard Forest pine stand (Table 3 and Figure 5).
Bowden et al. [1991] clearly show that uptake of atmospheric
N2O does occur in N-limited forest soils at certain times. At
present, this observation can only be explained by a further
reduction of N2O to N2 by the enzyme N2O-reductase (deni-

Figure 5. Precipitation, air temperature, and measured and simulated N2O emission rates from soil of the
pine stands at the Harvard Forest (United States). Field data from Bowden et al. [1991].
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Figure 6. Precipitation, air temperature, and measured and simulated N2O emission rates from soil of the
spruce stands at a forest in the near of Copenhagen (Denmark). Field data from Ambus and Christensten
[1995].
trifying pathway). The kinetic characteristics of this atmospheric N2O-uptake by soils is not known and therefore could
not be considered in PnET-N-DNDC. As a consequence of
neglecting atmospheric N2O-uptake, PnET-N-DNDC can only
predict net emission of N2O from soils, either produced by
nitrification or denitrification.
A further validation study was performed for a spruce forest
site in Denmark (Table 2) for which biweekly N2O emissions
during 1992 have been published by Ambus and Christensen
[1995]. Figure 6 shows that the seasonal trends of measured
and predicted N2O emissions are in good agreement; that is,
model predictions are confirmed by field measurements. Low
N2O fluxes, for example, during a dry period in June and high
fluxes of N2O after rewetting of the soil in August and September are well simulated. In general, PnET-N-DNDC underestimated N2O-emissions at this site, especially in summer and
late autumn (Figure 6). The predicted mean N2O-emission
rate is 27% lower than the mean N2O emission rate calculated
from the field data (Table 3). Further model studies revealed
that the underestimation of N-turnover rates for this site was
most likely due to a general moisture limitation. If soil moisture was increased by initializing the model with a higher clay
content, that is, choosing a soil texture of silty loam (clay
content: 14%) instead of loamy sand (clay content: 9%), the
model performance was improved significantly from r 2 values
of 0.17 to r 2 ⫽ 0.55. This underestimation of soil moisture
may be due to special site characteristics (e.g., additional water

supply by slope water) or to the model’s weakness in capturing
effects of high organic carbon content on the hydrology in
sandy soils.
Figure 7 shows the results of model application to the field
site of Klausen-Leopoldsdorf, a 55-year-old beech forest stand
in Austria, for which biweekly N2O-emissions covering the
entire year of 1997 are available (site characteristics are shown
in Table 2). The model captured the general seasonal trend
and magnitude of N2O emissions, although the correlation
between the modeled and measured results was rather low
(r 2 ⫽ 0.08) (Table 3). During summer the model underestimated N2O emissions, whereas in late spring and autumn N2O
fluxes were overestimated. We hypothesize that the modeled
N-availability in the soil during the period of vegetation growth
was poorly simulated due to an inaccurate estimation (1) of
plant N-uptake in late spring (underestimation) and summer
(overestimation) and (2) of mineralization activity of fresh
litter in autumn (overestimation). More complete field data on
N-cycling within forest ecosystems (e.g., mineralization, gross
nitrification and denitrification activity, and plant uptake) are
required to further validate this hypothesis and to improve the
model. Nevertheless, it must be stressed that model prediction
of the annual mean N2O-emission rate (5.5 ⫾ 4.5 g N2O-N
ha⫺1 d⫺1) was in very good agreement with field measurements (5.2 ⫾ 5.2 g N2O-N ha⫺1 d⫺1) (Table 3).
Predicted and measured N2O-emissions for the Schottenwald, another beech forest stand in Austria (age: 135 years) for
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Figure 7. Precipitation, air temperature, and measured and simulated N2O emission rates from soil of the
beech forest at Klausen-Leopoldsdorf (Austria). Field data from S. Zechmeister-Boltenstern and S. Meger
(personal communication, 1997).

which N2O-emissions for 1997 are available, were in excellent
agreement (Figure 8). Correlation between predicted and
measured results for the Schottenwald was highest (r 2 ⫽
0.79) among the sites; the predicted average daily N2O emission rate differed only by 4% from the average daily N2O
emission as calculated from field measurements (Table 3). In
view of the similarity in climatic background and soil characteristics for both stands in Austria (Schottenwald and KlausenLeopoldsdorf), one may ask why N2O emissions are roughly a
factor of 3 higher for the Schottenwald site. Model results
suggest that the likely reason for this difference in emissions is
due to pronounced differences in amount of atmospheric Ninput; the Schottenwald site receives approximately 35 kg N
ha⫺1 yr⫺1, whereas the site at Klausen-Leopoldsdorf receives
only approximately 10 kg N ha⫺1 yr⫺1. This additional N stimulates microbial N-turnover and hence N2O-production by nitrification and denitrification. Furthermore, higher N-demand
of the younger beech forest at Klausen-Leopoldsdorf is an
additional factor which contributes to differences in Navailability between the sites.
2.2.4. NO emission. PnET-N-DNDC is designed to predict both N2O and NO emissions from temperate forest soils.
Owing to sparse data of NO-emissions from temperate forest
soils in the literature, we focused model validation on only
three field sites. For the Höglwald spruce and beech sites,
complete annual cycles of NO-emissions are available [Gasche
and Papen, 1999], while for the Oak Ridge site (United States)

measurements of NO-emissions from an oak forest only covered an 18-day period [Williams and Fehsenfeld, 1991].
For the spruce forest stand at the Höglwald Forest, prediction of NO-emissions by PnET-N-DNDC were in general
agreement with field observations in terms of flux magnitude
and seasonal pattern (Figure 9). Predictions of NO emissions
by the model are high as compared to measured NO-emissions
only during a rainy period in June 1995 (Figure 9). Gasche and
Papen [1999] have hypothesized that during this period the
forest floor, the horizon in which most of the emitted NO is
produced, was close to water saturation, and therefore NO
diffusion in this layer was decreased. Consequently, the sharp
decrease in NO-emission observed in the field could be explained by increased NO consumption, for example, by denitrification [Gasche and Papen, 1999]. PnET-N-DNDC failed to
predict high NO consumption rates by denitrification during
high soil moisture contents in the forest floor since the model
assumes that all NO produced by nitrification in the forest
floor is immediately emitted to the atmosphere [Li et al., this
issue], in contrast to the mineral layer, where consumption of
NO can occur. Further model development is required to improve the NO diffusion mechanisms from the forest floor into
the atmosphere. The correlation between the predicted and
measured NO emissions for the spruce forest stand was low
(r 2 ⫽ 0.24). However, mean daily NO emission rates, calculated from field measurements and predicted by PnET-NDNDC, were identical (23.6 g NO-N ha⫺1 d⫺1, see Table 4).
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Figure 8. Precipitation, air temperature, and measured and simulated N2O emission rates from soil of the
beech forest at Schottenwald (Austria). Field data from S. Zechmeister-Boltenstern and S. Meger (personal
communication, 1997).

The correlation between predicted and measured NO emission for the beech forest stand at the Höglwald site was improved over that of the spruce stand (r 2 ⫽ 0.35). However,
especially during summer (July and August 1995), the model
did not capture the extremely high short-term temporal variability of NO fluxes measured in the field (e.g., Figure 9:
beech). The more “smoothed” picture given by the model is
most likely related to the fact that as a climatic driver in the
model daily rainfall amount with a fixed intensity is used [Li et
al., 1992] and not with the actual real intensity: however, shortterm rainfall of high intensity (as was the case during summer
1995) will have dramatic short-term effects on those soil processes, which quickly react to sudden changes in soil water
availability (e.g., microbial activity, diffusion of gases). Nevertheless, both the seasonal pattern and the magnitude of NO
emissions were captured by the model, and the mean daily NO
emissions were in good agreement with field measurements
(model: 7.0 g NO-N ha⫺1 d⫺1; field: 6.2 g NO-N ha⫺1 d⫺1, see
Table 4). NO emissions were approximately a factor of 4 lower
than at the spruce site, largely due to three factors: (1) the
higher soil pH value of the beech site decreased NO production from chemodenitrification markedly. At the spruce site,
approximately 30% of NO emissions were due to chemodenitrification, whereas for the beech site chemodenitrification
contributed only approximately 9%; (2) based on lower C/N
ratios in the litter, PnET-N-DNDC predicts enhanced mineralization and higher nutrient allocation from the forest floor to
the uppermost mineral layer, thereby increasing the impor-

tance of the uppermost mineral layer at the beech site for Nand C-turnover. Since NO produced by nitrification in this
layer can be consumed during denitrification, rates of NO
emitted to the atmosphere will decrease, and emissions of N2O
and N2 will be favored; and (3) the increased N-demand of
beech as compared to spruce limits N-availability in the soil for
microbial processes.
Owing to the brief period of NO measurements from the oak
forest soils at Oak Ridge (September/October 1988), the extent of model validation for this site is limited. Model simulation for this site over the period for which measurements of
NO emission are available revealed a general agreement between model and field observations with regard to the magnitude of NO emissions (field: 0.2 g NO-N ha⫺1 d⫺1; model:
0.3 g NO-N ha⫺1 d⫺1; see Table 4). For further model validation, year-round measurements of NO emissions would be
desired.

3.

Conclusion

The results obtained from validation studies indicate that
PnET-N-DNDC can be used to predict N2O as well as NO
emission rates from temperate forest soils with reasonable
accuracy since measured and predicted values of N gas emissions from a wide range of temperate forest ecosystems are
fairly comparable (Figure 10). Under conditions of considerable atmospheric N input, PnET-N-DNDC appears to slightly
underestimate N2O emissions from the soil (e.g., Höglwald:
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Figure 9. Precipitation, air temperature, and measured and simulated NO-emission rates from soil of the
spruce and the beech stands at the Höglwald Forest (Germany) for the year 1995. Field data from Gasche and
Papen [1999].

Table 4. Compilation of Results for NO-Emissions From the Different Field Sites as
Derived From Model Runs With PnET-N-DNDC and From Field Measurements

Measured

Modeled

Model
Accuracy,
% of measured
flux

23.6 ⫾ 13.5
6.2 ⫾ 4.4
0.20 ⫾ 0.00

23.6 ⫾ 13.6
7.0 ⫾ 4.6
0.33 ⫾ 0.03

100
113
95

Mean N2O Emission Rate,
g N ha⫺1 d⫺1

Höglwald spruce
Höglwald beech
Oak Ridge

Modeling
Efficiency,
r2
0.24
0.35
䡠䡠䡠
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Figure 10. Comparison of measured versus simulated N-gas emission for the different field sites used for
model validation.

beech, Figure 10). For the Höglwald Forest, at which data sets
on N2O as well as NO emissions are available for both a beech
and spruce site, the impact of forest type on the magnitude of
N-trace gas emission was well described by PnET-N-DNDC.
This validation study suggests that PnET-N-DNDC needs
further improvement, especially with regard to seasonal
changes in N-uptake by plants and to atmospheric N2O uptake
by N-limited forest soils. In addition, modules need to be
adapted/developed and implemented in PnET-N-DNDC to
simulate high N2O emissions during extended period of frost
and freezing/thawing cycles of soils, which field measurements
have shown to make significant contributions to annual emission rates from forest soils [Papen and Butterbach-Bahl, 1999].
We anticipate that PnET-N-DNDC may prove to be a useful
tool in improving the estimations of regional and global N2O
and NO emissions from forest soils. This will require a coupling of PnET-N-DNDC to a Geographic Information System
(GIS) containing a detailed database on the regional distribution of soil (e.g., soil organic matter) and climate characteristics and land use patterns (e.g., forest type).
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