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Abstract

Aims We investigated N,O emissions from stems of
Fraxinus angustifolia and Fagus sylvatica, hypothesiz-
ing that trees emit N,O through the stem via diffusion
out of the transpiration stream.

Methods We used static chambers fixed at different
heights of the stem to estimate N,O stem effluxes.
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Chambers were also used for monitoring soil N,O emis-
sions. To stimulate soil N,O production and stem N,O
emissions we fertilized the soil.

Results Before soil fertilization, stem N,O emissions
were at most 2 pg N,O-N m 2 bark h™'. After fertiliza-
tion, stem and soil emissions were linearly correlated,
stem emissions decreased linearly with increasing height.
Stems of Fagus sylvatica emitted up to 80 pg N,O-
N m 2 bark h™! at 20 cm above soil level; at 200 cm,
stem N,O emissions were below detection limit.
Fraxinus angustifolia stem N,O emissions reached
35 pug N,O-N m 2 bark h™" after soil fertilization.
Conclusions Stem N,O emissions in upland trees occur
even without aerenchyma, associated with xylem water
transport. However, stem N,O emissions represented
only 1-3 % of total (soil + stem) N,O emissions at the
forest level. If this holds for other forest ecosystems,
stem N,O emissions would be a minor pathway of N,O
loss from terrestrial ecosystems into the atmosphere.

Keywords Tree stem N,O emissions - Soil N,O
emissions - Fagus sylvatica L - Fraxinus angustifolia
Vahl

Introduction

Microbial processes in the soil are considered to be the
most dominant source of nitrous oxide (N,O) in terres-
trial ecosystems. Specifically, denitrification and nitrifi-
cation are the key processes for N,O production in soils
(e.g., Butterbach-Bahl et al. 2013). Once N,O is
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produced within the soil profile, its most likely fate is the
further reduction to N, (Vieten et al. 2009); or the
diffusion through the soil profile and the further release
into the atmosphere (Shcherbak and Robertson 2014).
To a lesser extent, N,O can also dissolve in the soil
solution, be transported via percolation and potentially
degas elsewhere (Haas et al. 2013). It is therefore the
soil-atmosphere interface (i.e., the soil surface) which
has devoted the most scientific attention to investigate
the contribution of terrestrial ecosystems to the N,O
efflux to the atmosphere.

The vast majority of experiments studying the N,O
source strength of forest ecosystems apply soil cham-
bers (e.g., Butterbach-Bahl et al. 2002b; Luo et al. 2012;
Pilegaard et al. 2006), despite some studies used the
eddy covariance flux measurement technique within
and above the forest canopy (Eugster et al. 2007;
Pihlatie et al. 2005a). Measurement chambers —either
static or dynamic— are of reduced dimensions and do not
allow enclosing trees in the chamber headspace. Thus,
only the tree-free soil surface is usually monitored for
N,O effluxes to the atmosphere.

However, several authors have already showed that
herbaceous (Chang et al. 1998; Chen et al. 1999) as well
as various tree species (Pihlatie et al. 2005b; Rusch and
Rennenberg 1998) may directly emit N,O to the atmo-
sphere. The uptake mechanism is believed to be via
dissolved N,O which is absorbed by roots and
transported via the xylem to the aboveground organs
of the plants. Some authors argue that N>O is ultimately
emitted by the stomata, after being transported by the
transpiration stream (Chang et al. 1998; Pihlatie et al.
2005b). There are experimental indications that N,O
may be released through the aerenchyma (Rusch and
Rennenberg 1998), a tissue containing enlarged gap
spaces for downward transport of oxygen to the rhizo-
sphere (Evans 2003), which could also act as a upward
escape conduct for gases.

Still, a potentially overlooked N>O loss pathway is
the direct emission from the stem of N,O dissolved in
transpiration water, specially for trees lacking acrenchy-
ma (Machacova et al. 2013). So far, there are no empir-
ical evidences that adult trees may show this capability
of emitting N,O under field conditions, despite indica-
tions from studies with saplings (Machacova etal. 2013;
Pihlatie et al. 2005b). If tree stems emit N,O, the N,O
source strength of forests ecosystems could have been
underestimated and would need to be revised by incor-
porating this missing pathway.
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In the present study, we investigated the effects of
tree species and age on the amount of N,O released by
tree stems and its relative contribution compared to soil
N,O emissions. For this purpose, we conducted simul-
taneous field measurements of stem and soil N,O emis-
sions from mature ash (Fraxinus angustifolia Vahl) and
both mature and young European beech (Fagus
sylvatica L.). We applied a series of fertilization exper-
iments, differing in fertilization type and application
rates, to test whether stem N,O emissions were occur-
ring under varying conditions. We hypothesized that
N,O produced by soil microorganisms dissolves in the
soil water, is absorbed by tree roots and transported
upwards via xylem sap flow from where it diffuses into
the atmosphere.

Material and methods
Site description & experimental design
Stem and soil N>O emissions of ash trees

Ash trees were investigated directly adjacent to the
Institute of Meteorology and Climate Research,
Atmospheric-Environmental Research (IMK-IFU),
Garmisch-Partenkirchen, Southern Germany (47°30’
N; 11° 6" E). Garmisch-Partenkirchen is located
about 720 m a.s.l., and is characterized by a mean
annual temperature of 7.5 °C and a mean precipita-
tion of 1360 mm (period 1993-2013). Total N depo-
sition in the area is around 12 N kg ha ' a”'
(Kirchner et al. 2014). Topsoil samples were ana-
lyzed in a commercial laboratory (Dr. Janssen,
Gillersheim, Germany); total soil carbon and soil
carbonate contents were estimated following DIN
ISO 10694 and Hoffman (1991), respectively. Total
soil nitrogen was determined after DIN ISO 13878.
Main soils characteristics are depicted in Table 1.

Stem and soil N,O emissions were monitored by
using manual static chambers from the 2nd to the 20th
of August 2012; measurements were conducted every
1-2 days. In order to stimulate soil N,O production and
emission, ammonium-nitrate (NH4NO3) dissolved in
distilled water was applied to the field two times during
the course of the experiment (2nd and 6th of August,
75 kg N ha ! each time, mimicking 20 mm precipitation
events) to an area of about 100 m?.
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Table 1 Main characteristics of

the topsoil at the experimental sites Plot Soil organic C Total soil N Soil C:N pH Soil texture
(mgg ) (mgg)

Data from adult ash and adult

beech plots determined in this Adult ash 156+4 10.8+0.4 14.1£0.2 7.0£0.1. Clay-loam

study (n = 3). Data from young Adult beech 95+10 5.9+0.8 14.2+0.6 6.9+0.0 Clay-loam

beech plot gathered from Matejek  young beech 3242 2.0+0.1 19.0£0.3 3.0-3.5 Sandy-loam

etal. (2010)

Static chambers were used for measurements of stem
N,O emissions. Chambers were made out of opaque
PVC boxes (152x104x102 mm?), equipped with a
rubber septum for gas collection and a thick rubber
sealing (PTFE, 30 mm broad, 24 mm high) to assure
air-tightness between the chamber and the tree bark.
Tight fixation of the chamber onto the stem was
achieved with elastic adjustable rubber bands.
Chambers were placed at 20 cm and 130 cm above the
soil surface (V=2 for each height).

For the investigation of soil N,O emissions, sim-
ilar but larger (355%x255x120 mm®) static PVC
chambers than those used for stem emissions were
used. PVC frames (355x255 mm?) were inserted
about 25 mm into the soil before the start of the
measurements; the frames remained in the soil dur-
ing the whole duration of the experiment. At the
beginning of each manual measurement cycle, PVC
chambers (N=4) were placed onto the frames with
metal clamps and a rubber sealing to assure gas
tightness between the frame and the chamber. Each
chamber was equipped with a non-forced pressure
equilibrator port and a rubber septum for the collec-
tion of gas samples. At 15 min intervals, gas sam-
ples were collected from stem and soil chamber
headspace with a plastic syringe equipped with a
luer-lock stopcock valve at 0, 15, 30 and 45 min
after chamber closure.

Stem and soil N>O emissions of mature European beech

European beech individuals (diameter at breast height,
dbh=50 cm approximately) were investigated at IMK-
IFU for stem and soil N,O effluxes from the 27th of
August to the 19th of September 2012. Soil character-
istics are shown in Table 1. Potassium nitrate (KNO5)
was applied two times to the tree surrounding (1st and
12th of September, at a rate of 50 kg N ha™' each time)
to increase available substrate for microbial N turnover

and consecutive soil N,O production, covering approx-
imately 150 m?. Both soil and stem N,O effluxes at 20,
130 and 200 cm height (N=3) were monitored one to
three times per day, following the same methodology as
for the ash trees site. Soil temperature and soil volumet-
ric water content was measured at 10 cm depth with
ECH20 5TM sensors (DECAGON, Pullman,
Washington, U.S.A.) at 10 min intervals.

In addition to stem and soil N,O measurements,
investigations of the N,O concentration at different soil
depths (N=3) were conducted from the 5th September
until the end of the experiment. For this purpose, a
modification of the gas probes used by Butterbach-
Bahl and Papen (2002) was applied. Briefly, the probe
consists on a stainless steel column inserted into the soil
(6 cm diameter). Small headspaces at different depths
(7.5, 15, 23, 33, 43 and 63 cm) are in contact with the
soil atmosphere by a PTFE filter; the headspace is
connected to a rubber septum located on the surface by
1/16" stainless steel tubing. Through the septum, the
headspace is sampled with a plastic syringe and concen-
tration of N,O at different soil depths is determined by
gas chromatography.

Stem and soil N,O emissions of young European beech

Young European beech individuals were monitored at
the Hoglwald forest, South Germany (48°50" N, 11°17'
E). The area is located about 540 m a.s.l., with a mean
annual precipitation of 932 mm and a mean annual
temperature of 8.6 °C (period 2004-2010). The soil is
a dystric Cambisol (FAO 2006) and it is very acidic in
the topsoil (Kreutzer 1995). The area has a N deposition
rate of about 30 kg N ha' a~' and it can be considered
as N saturated (Butterbach-Bahl et al. 2002a).
Comprehensive site descriptions can be found Table 1
as well as in several articles (e.g., Butterbach-Bahl et al.
2002a; Kreutzer and Weiss 1998; Kreutzer 1995; Luo
et al. 2012; Matejek et al. 2010). The area under
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investigation is a former Norway spruce stand, which
underwent a clear cut followed by plantation of
European beech in February 2000. At the time of the
experiment (September to November 2012), beech trees
had a dbh of 6-8 cm. Fifty kg N ha ' was applied in
form of KNOj; dissolved in water on October 21st 2012
in the tree surrounding area, equaling a precipitation
event of 20 mm. The area under investigation was about
500 m>. Soil temperature and soil moisture was moni-
tored at 10 cm depth by PT100 probes (UMS, Germany)
every minute and results were aggregated for obtaining
hourly values.

Due to the low stem size, a cylindrical transparent
chamber (N=3) was made out of PVC (27 cm
height, 10 cm diameter) for monitoring stem-
atmosphere N,O exchange rates. The chamber per-
mitted the measurement of stem N,O fluxes corre-
sponding to a height from 7 to 34 cm. The chamber
opened in its longitudinal axis and both the top and
the base of the chamber had a circular orifice to
allow the enclosure of the whole circumference of
the tree stem in the headspace of the chamber. Since
tree stems are not perfectly circular and bark shows
some irregularities, there was usually a small air
space between the tree stem and the top and base
of the chamber. This space was carefully filled with
sealing material to ensure gas tightness of the head-
space of the chamber. Likewise, sealing tape was
used in the unions between the two longitudinal
halves of the chamber, assuring the air tightness of
the headspace. The chamber was equipped with a
gas sampling port via a PTFE septum and fixed to
the trees by means of elastic rubber bands firmly
placed around the tree stem. Five ml gas samples
were collected at 15 min intervals (0, 15, 30 and
45 min after chamber closure) with a plastic syringe
equipped with a luer-lock stopcock valve. For inves-
tigation of soil N,O emissions, an automatic cham-
ber system was used, allowing flux measurements in
two-hourly time resolution. Specific details on the
chamber characteristic, configuration aspects and
analytical determination can be found in
Butterbach-Bahl et al. (1997) and Butterbach-Bahl
and Papen (2002). Stem N,O emissions rates were
determined three times a day at two occasions prior
to the application of fertilizers (27th of September
and 2nd of October). After the fertilization event,
stem N,O emissions were monitored between one
and three times a day, one week long.
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Determination of N,O concentrations and calculation
of N,O efflux rates

On the same day of sample collection, gas samples were
analyzed by gas chromatography with a Shimadzu GC-
14B equipped with a “*Ni Electron capture detector. The
gas samples were manually injected from syringes to the
gas chromatograph. Reference gas (360 ppb N,O in
synthetic air, Air Liquide) was periodically injected into
the gas chromatograph for calibration purposes. For
further details on analytical conditions see Butterbach-
Bahl et al. (1997).

Stem and soil N,O emissions were calculated by
using the increase in N,O concentration within the
headspace along closing time. Since no saturation effect
was observed with time, a linear regression was used for
calculation of the N,O concentration vs. time slope.
Relatively small headspace volume together with long
deployment chamber time allowed for a detection limit
below 5 ug N,O-N m > h™! for soil emissions (Parkin
et al. 2012). Given the different volume and area of the
stem chambers for the different sites, detection limits for
stem N,O emissions were slightly different and
amounted to 4 and 1.5 pg N,O-N m > bark h™' for
IMK-IFU and Hoglwald, respectively (Parkin et al.
2012).

Up-scaling of stem N,O emissions to the forest level

The contribution of stem N,O emissions to the total
forest N,O emissions (soil + stem emissions) depends
on the N>,O emission rate of the bark and the area of the
bark per unit of land; the latter depends on the forest
structure i.e., number of tree stems per ha and distribu-
tion of tree diameter classes (Eq 1).

NZOforest = N2Ogi1 + N2Ogiey X N X 7 X dbh
X height (1)

where N>Op,. is the total N,O efflux at the forest level
in pug N,O-N ha 'h™'; N,O,,; s the N,O efflux coming
from the soil surface in pg N,O-N ha 'h™'; NyOy is
the mean N,O efflux coming from the effective emitting
stem surface in pg N,O-N m 2 bark h'; Nis the number
of tree stems per ha; dbh is the mean diameter at breast
height in m; and height is the effective N,O emitting
height of the tree stem in m.

By applying Eq. 1, we estimated the significance of
stem N,O emissions at the forest level under three
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contrasting forest scenarios: 1) a dense young forest,
with 6.000 stems ha ' and a dbh of 8 cm; 2) a mature
open forest with 200 stems ha ' and a dbh of 65 cm and
3) an uneven forest with a reverse J-shaped diameter
distribution (von Oheimb et al. 2005). For the uneven
forest, contribution of stem N,O efflux from each diam-
eter class was calculated separately and then summed

up.

Results
Ash trees experiment

Addition of fertilizers to the soil surface of the ash stand
resulted in peak soil N,O emissions of nearly 300 pug
N,O-N m 2 h™!; which occurred at the same time as the
maximum stem N,O efflux of 36 pug N,O-N m 2 bark
h™" (Fig. 1). Across the 20 days observation period, N,O
emissions at 20 cm stem height were 14.5£3.4 ug N,O-
N m 2 bark h ™! and were linearly correlated to soil N,O
emissions (R*=0.69, p<0.001, N=16, Fig. 2), which
were 94.8+19.0 ug N,O-N m 2 h™' during the

monitoring period. Stem N,O effluxes at 130 cm high
were three-fold lower than at 20 cm high (4.7+1.4 ng
N,O-N m 2 bark h™!, Fig. 1) and were not correlated to
soil N,O effluxes anymore (p=0.593, N=16, Table 2).

Adult beech trees experiment

Nitrous oxide emissions from adult beech stems at the
IMK-IFU site remained below the detection limit prior
to the addition of fertilizers. Soil temperature averaged
16.3 °C (5 cm soil depth), with a maximum of 19.0 °C
and values of approximately 13.0 °C towards the end of
the experiment (Fig. 3). Soil moisture was high through-
out the experiment and influenced by application of
fertilizers. Thus, volumetric soil water content was
about 60 % before fertilization and reached values up
to 75 % afterwards. The application of KNOj; to the soil
led to a sudden increase in soil N,O emissions up to 150
and 130 pg N,O-N m 2 h™! after the first and second
fertilization event, respectively. Both fertilization events
also stimulated stem N,O emissions 20 cm above the
ground (80 and 40 pg N>O-N m 2 bark h™"). The
maximum efflux rate from stems was observed one
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Fig. 1 Soil and stem N,O emissions at different stem heights of ash at IMK-IFU, Garmisch-Partenkirchen, Germany. Dark red arrows
indicate fertilization (NH4NOs3) events
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Fig. 2 Relationship between soil
N,O efflux and stem N,O efflux
at different stem heights in ash
trees
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day after soil N,O peak emissions (Fig. 3). Nitrous
oxide emission rates from soil and stems at 20 cm were
linearly correlated (Fig. 4). Roughly, emission of 100 pig
N,O-N m 2 soil h ™! corresponded to a stem emission of
36+7 ug N,O-N m 2 bark h™' (R*=0.48, p<0.001,
Table 1, Fig. 4). At 130 cm stem height, mean N,O
emissions were already about 50 % lower than at 20 cm
(16 vs. 7.7 ug N,O-N'm > bark h™' respectively) but still
correlated to soil N,O emissions (R*=0.40, p<0.001,
Table 1, Fig. 4). At two meters stem height, N,O ef-
fluxes were always below the detection limit (data not
shown).

Soil N,O concentrations in 7.5 cm depth reached
values up to 1600 ppb and increased with increasing
soil depth to values up to 9000 ppb N,O in 63 cm
depth (Fig. 3). Soil N,O emissions were correlated to
soil air N,O concentrations at any soil depth, with
higher correlation coefficients and statistical

T T T T T
100 200 300

Soil N,O efflux (ug N,O-N m? h")

significance in upper soil layers (8 cm, R*=0.60,
p<0.001) than in lower soil layers (63 cm, R*=0.21,
p=0.05). Stem N,O emissions were detectable only
when N,O concentration in the uppermost soil layer
was above 1400 ppb N,O, but no significant correla-
tion was found between N,O emitted from stems and
N,O concentration at any soil depth.

Young beech trees experiment

Prior to the application of fertilizers, soil and stem
N,O effluxes at the Hoglwald forest were low
(around 2 pg N,O-N m 2 h™') but above detection
limit (Fig. 5). Soil temperature was 10.7 °C and the
volumetric soil moisture content was about 20 %
prior to the application of fertilizer, which took
place on the 21st of October. After fertilization, soil
N,O emission rates increased from previous levels

Table2 Mean soil N,O emissions and their relationship with stem N,O emissions at different heights from ash (Fraxinus angustifolia Vahl)
and European beech (Fagus sylvatica L.) at IMK-IFU and the Hoglwald forest as determined by linear regressions

Plot N,O efflux (ug Nm 2 h'")

Soil Stem (20 cm) Stem (130 cm) N
Adult ash 95 14.5 (R*=0.69, p<0.001) 4.5 (R*=0.05, p=0.59) 16
Adult beech 52.9 15.1 (R*=0.48, p<0.001) 8.0 (R*=0.40, p<0.001) 33
Young beech 20.1 4.1 (R*=0.30, p<0.01) n.d. 19

n.d. denotes not determined
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Fig. 3 Upper panel: Soil and stem N,O emissions; middle panel: 10 cm depth for mature European beech at the IMK-IFU,
N,O concentrations at different soil depths; lower panel: soil Garmisch-Partenkirchen, Germany. Dark red arrows indicate fer-
temperature (black line) and soil moisture (blue line) measured at tilization (KNOs) events

of about 13.1 to 25.6 pug N,O-N m 2 h™'. Ten days temporal evolution of N,O emitted from the tree
after fertilization, soil N,O effluxes returned to ini- stems followed the same pattern as N,O emitted
tial levels (13.6 ug N,O-N m 2 h™'; Fig. 5). The from the soil. Thus, baseline stem N,O emissions
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Fig.5 Upper panel: Temporal evolution of soil and stem N,O emissions from young European beech in the Hoglwald forest. Lower panel:
Soil temperature (black line) and soil moisture (blue line) measured at 10 cm depth. The dark red arrow indicates a fertilization event

were about 2.2 pg N,O-N m > bark h™' before
fertilization and increased to 7.3 pug N>O-N m 2
bark h™' during the week after fertilizer application.
Stem N,O emissions decreased with time, and
10 days after fertilization they showed similar values
as before fertilization (2.3 nug N,O-N m 2 bark h™ ).
Soil and stem N,O emissions were significantly
correlated (R?=0.30, p<0.01).

Upscaling to the tree and forest scale

We inferred the distribution of the N,O emissions along
the whole stem using the observed decrease in N,O
emission rates with increasing stem height. According
to the linear, negative relationship between stem N,O
emission rates and stem height, we calculated that stem
N,O emissions peaked at the soil level; then, stem N,O
emissions decreased linearly until the height of 2 m,
where they equaled zero. With this information we
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estimated an effective emitting stem length of 2 m for
beech trees, and a mean N,O emission rate along the
emitting stem height, which resulted in a ratio of 1:5 (ug
N,O-N m 2 bark: ug N,O-N m 2 soil) if stem emissions
are directly compared to soil emissions. In other words,
5 png N,O-N emitted per unit of soil area equaled 1 pg
N,O-N emitted per unit of bark area. For ash trees, no
up-scaling was used due to the lack of correlation be-
tween stem and soil N,O emissions for stem heights
above 20 cm (Table 2, Fig. 2).

Results of single stem measurements from beech
were further used for up-scaling stem N,O emissions
to the forest scale (Eq. 1). Depending on the forest
structure and the ratio of N,O emitting bark to soil area,
stem N,O emissions from beech forests represented 1 to
3 % of the N,O emitted by the soil surface. Here, young
dense beech forests showed a higher contribution of
stem N,O emissions to total N,O efflux than adult and
un-even aged forests (Table 3).
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Table 3 Estimation of the N,O emitted from stems of beech trees in relation to the total forest N,O emissions (stem + soil N,O emissions)

Forest structure BA (m” ha ") Stems ha ! m? bark ha™’ Stem contribution to forest N,O emissions (%)
Young 22.6 2000 1508 3.0
Adult 52.0 128 1.1
J-shaped 60.5 334 806 1.5

BA denotes basal area

Discussion

We show here for the first time that young (Fagus
sylvatica) and adult (Fagus sylvatica and Fraxinus
angustifolia) trees can emit significant amounts of
N,O via the stem surface under field conditions. The
experiments illustrate that N,O can be directly released
from the stem of trees under field conditions if soil N,O
production and concentration are sufficiently high, as
evidenced by peak emission from ash (3040 ug N,O-
N m 2 bark h™!) and beech trees (80 and 12 pug N,O-
N m 2 bark hfl, for mature and young individuals,
respectively) in response to fertilization. For the young
beech stand, modest but significant stem N,O emissions
(2.2 ug N,O-N m 2 bark h™") were detected even with-
out soil fertilization, likely due to high N deposition
rates in the area —Hoglwald forest-, which have been
shown to promote soil N,O production (Butterbach-
Bahl et al. 2002a). Results from European beech, a tree
species lacking aerenchyma, are especially relevant. So
far, direct plant-mediated N,O release was observed
only for plants having aerenchymous tissues (Chang
et al. 1998; Rusch and Rennenberg 1998) or in tree
saplings and seedlings under laboratory conditions
(Machacova et al. 2013; Pihlatie et al. 2005b).

For both tree species, stem N,O effluxes were signif-
icantly correlated with soil fluxes, and, for the adult
beech experiment, stem N,O effluxes were correlated
with soil N,O concentrations, strongly indicating that
the N,O produced in the soil by microbes was taken up
by the trees and released to the atmosphere through their
stems. In previous studies (Chang et al. 1998; Jorgensen
et al. 2012) it was argued that the likely mechanism of
N,O release is diffusion through the stem from the
transpiration stream. Apparently, the N,O molecule,
high soluble in water (Weiss and Price 1980), is taken
up by the root system, transported through the xylem
and finally released by the stomata. Gas diffusion
through the bark in the absence of aerenchyma was
thought to be only of minor importance (Pihlatie et al.

2005b). Our observations contradict this statement and
indicate that dissolved N,O from the sap flow is released
through the bark to the atmosphere, even in beech trees,
which do not develop aerenchymous structures, but still
possess lenticels. Given the lack of aerenchyma within
the stem, it is likely that the N,O diffuses from the sap
flow across the cambium and meristem to the bark
where it is then further released into the atmosphere
most likely via lenticels. In spite of the fact that the
diffusion coefficient of N,O in water is several orders
of magnitude lower than in air (Heincke and
Kaupenjohann 1999), our results show that this process
takes place and leads to detectable N,O flux rates
through the stem. Some dissolved N,O might be re-
leased into the atmosphere from transpiration water
outside the stem, due to the increase of the water-air
partial pressure difference in the atmosphere.

The decrease of stem N,O emission rates with in-
creasing stem height can be explained by two factors
affecting the degassing of N,O. First, higher parts of the
stem usually have lower rates of transpiration (Perdméki
et al. 2001) and; second, the N,O concentration in the
plant tissues reduces with height (Pihlatie et al. 2005b),
thus diminishing N,O diffusion, according to First
Fick’s law, by which diffusion is proportional to con-
centration differences. Whereas in beech seedlings and
saplings N,O might be directly emitted by the stomata
(Machacova et al. 2013; Pihlatie et al. 2005b), for larger
trees it seems that most of the plant-mediated N,O
emission takes place at the bark surface of the trunk
near the soil level, since we were not able to detect
emissions from the bark at stem heights > 2.0 m.
However, since we did not conduct N,O exchange
measurements at the canopy level, we cannot exclude
that leaves are an effective source of N,O through their
stomata.

Differences in stem N,O effluxes were larger be-
tween tree species than between tree ages. Ash, a typical
riparian tree species, has the capacity to develop
hypertrophied lenticels (Jaeger et al. 2009). On the
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contrary, European beech is an upland tree and the
development of porous spaces in stem tissues has not
been documented. Still, beech yielded higher stem N,O
efflux peaks; however, the decrease in N,O emissions
with increasing height was not as sharp as in the case of
ash, and the ratio between stem and soil N,O emissions
was also higher at beech stands. Enlarged gas spaces
within the ash tissues likely allowed for rapid release of
N,O —even from belowground organs, i.e., roots - so
that N,O might be no longer present in the sap flow
stream at 1.30 above the soil surface. As a consequence,
differences in stem:soil N,O emissions between adult
and young trees were of minor importance, and likely
due to different transpiration rates, whereas the
outgasing mechanism for N,O was the same for young
and adult individuals. Still, even if the mechanism re-
leasing N,O seems to be the same independently of tree
age, it is possible that the N,O emission rates of trees of
the same species but at different development stages are
different.

It has already been shown that trees and tree crowns
create different conditions in the soil near to them as
opposed to more distant areas, and that these effects
have implications for the dynamics and magnitude of
soil N,O fluxes (e.g., Butterbach-Bahl et al. 2002b).
Therefore, distribution of trees within the forest needs
to be taken into account for obtaining reliable N,O
budgets in forest ecosystems. We now show that there
is a potential risk of underestimation of N,O emissions
from forested ecosystems due to the so far overlooked
stem N,O releases. However, our up-scaling calculation
reveals that stem N,O emission may contribute up to
3 % to total forest N,O emissions (Table 3). This
number holds for a young dense forest, where the
proportion of stem surface effectively emitting is large
(about 1500 m? ha '). In an adult stand with lower
relative stem surface area, stem N,O emissions may
be as little as 1 % of total forest N,O efflux.
Therefore, despite the ecological importance of the
proof of a new pathway for N,O release in vascular
plants, the implications of direct stem N,O emissions
for the accurate estimation of N,O budgets of forest
ecosystems seem to be of minor importance, at least for
the type of forest investigated.
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