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Abstract
Aims The possibility of NOx (NO + NO2) emissions
from plants and the underlying mechanisms are still
under discussion. Excess NO created possibly as a result
of nitrite accumulation in plant leaves has been suggested to result in emissions. Such emission has been
observed in laboratory conditions due to nitrate fertilization. In this study, we tested whether nitrate fertilization of Scots pine seedlings growing outdoors leads to
accumulation of NO3- or NO2- in the needles and
subsequent NOx emission.
Methods The experiment was done at the SMEAR II
station in Southern Finland. The seedlings received
nitrate or ammonium fertilizer or neither. Shoot NOx
emissions were measured with dynamic chambers. Total
dissolved nitrogen, inorganic nitrogen, NO3-, NO2- and
NH4+ concentrations in the soil and needles were
determined.
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Results NOx fluxes from the shoots were, on average,
deposition. There was no indication of fertilizationinduced NO or NOx emissions. The highest NO fluxes
were observed at night and were humidity-related.
Conclusions It seems unlikely that additional nitrate in
the soil could cause significant NOx emission from
boreal Scots pine forests in field conditions, possibly
because of soil chemistry.
Keywords Nitrogen oxides . Shoot emissions .
Chamber measurements . Nitrogen fertilization

Introduction
As reactive trace gases in the atmosphere, nitrogen
oxides (NOx, here nitric oxide NO + nitrogen dioxide
NO2) have an important role in atmospheric chemistry.
Both are taken up by plants through plant stomata, but
the possibility of emissions at ambient concentrations
below a certain level (known as compensation point) is
still under discussion. At high ambient NOx concentrations the observed leaf-level NOx fluxes are always
deposition, but when the ambient NOx concentration
is low, emission has sometimes been observed (e.g.
Teklemariam and Sparks 2006; Hereid and Monson
2001; Thoene et al. 1996), other times not (e.g.
Breuninger et al. 2013; Gut et al. 2002; Rondón and
Granat 1994; Johansson 1987). Suggested mechanisms
underlying the possible emissions include biological
and/or physiological reactions (Eller and Sparks 2006;
Ramge et al. 1993; Teklemariam and Sparks 2006;
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Wildt et al. 1997) and photochemical surface reactions
(Raivonen et al. 2006), but the answers are far from
conclusive. It seems also possible that the compensation
point (the ambient concentration of NO below which
emissions are greater than deposition, resulting in net
emission) varies depending on the species (Thoene et al.
1996) and/or conditions like solar radiation and stomatal
closure (Raivonen et al. 2009).
NO fluxes between plants and the atmosphere are
small compared to NO2 (Rondón et al. 1993; Hereid and
Monson 2001), but for plants NO carries more significance. In plants, NO is involved in the regulation of
physiological processes such as stomatal closure, germination and defence responses (see Baudoin 2011 for a
review). For these purposes, production of NO from
nitrite (NO2−) is catalyzed by a nitrate reductase enzyme
(NR); another proposed pathway is production from
arginine by a nitric oxide synthase (NOS) (discussed
in Fröhlich and Durner 2011 and Gupta et al. 2011).
Excess NO created in the NR-nitrite process could then
result in NO emission. NO and NO2 emissions have
been observed from plants treated with a herbicide that
blocks nitrite reduction (Klepper 1979) as well as from
plants lacking the enzyme nitrite reductase (NiR)
(Morot-Gaudry-Talarmain et al. 2002), thought to result
from reactions of accumulated nitrite and plant
metabolites.
Nitrogen present in soil as ammonium (NH4+) or
nitrate (NO3-) is easily available to plants. In addition
to inorganic nitrogen, plants can uptake amino acids
(e.g. Kielland et al. 2007). For use in synthesis of e.g.
amino acids, nitrate is first reduced to ammonium in a
reaction catalyzed by NR. Depending on the species,
this happens either in the roots or in the leaves (Andrews
1986; Lambers et al. 2008). In boreal forest soils inorganic nitrogen species are usually scarce, and plants
readily take up all available inorganic nitrogen
(Korhonen et al. 2013). Ammonium is generally present
in higher concentrations than nitrate in the soil, but
nitrogen deposition from the atmosphere creates a
man-made addition of both nitrate and ammonium –
this “fertilization” amounts in Central Finland annually
to approximately 7.4 kg N ha−1 (Korhonen et al. 2013).
Nitrogen deposition may lower the natural ratio of ammonium and nitrate ions in forest soil (Tang et al. 2012).
Pine trees preferably reduce nitrate already in their
roots (Pietiläinen and Lähdesmäki 1988), and nitrogen
transportation within the tree therefore mostly happens
in other chemical forms. In Scots pine (Pinus sylvestris
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L.) NR activity in the needles has been found to be
higher in the spring and early autumn (Lähdesmäki
and Pietiläinen 1989), when soil temperature is low.
This indicates translocation of nitrate from the roots into
the needles. Increased needle NR activity has been
observed also when pine seedlings have received abundant nitrate fertilization (Sarjala 1991; Pietiläinen and
Lähdesmäki 1988). This suggests limited nitrate reduction capacity in the roots and holds evidently for all
plant species (Andrews 1986; Andrews et al. 2013).
Nitrite accumulating in the needles could then serve as
a secondary substrate for NR, leading to NO production
and possibly emission from the needles.
Such emission has been observed in laboratory conditions: Wildt et al. (1997) and Rockel et al. (2002)
observed clear NO emission from different species of
plants, including a coniferous tree (Norway spruce
(Picea abies (L.) Karsten)), when given nitrogen as
nitrate only, but not when fertilized with an ammonium
fertilizer. Teklemariam and Sparks (2006) report leaf
NO emissions from plants grown in an urban atmosphere. A recent study reports potential to emit NO for
a range of plant species, including conifers, after simulated nitrogen deposition (Chen et al. 2012). If a similar
phenomenon exists in nature, it could affect plantatmosphere interactions in a significant way. Forests
growing on nitrate-rich soils could then have higher
emissions or a higher compensation point.
The aim of our study was to test whether nitrate
fertilization of Scots pine plants leads to accumulation
of NO3- or NO2- in the needles and subsequent NOx
emission from the shoot, as could be expected based on
the literature above. To test this, we fertilized Scots pine
seedlings with a nitrate fertilizer, an ammonium fertilizer or neither and measured their shoot NOx emissions.

Materials and methods
This experiment was conducted in May-July 2012 at the
SMEAR II station in Hyytiälä, Southern Finland. For
more details on the station and the set-up see Hari and
Kulmala (2005) and Raivonen et al. (2003). The plant
material consisted of 15 grafted Scots pine seedlings,
grown for 5 years in an outdoor plant nursery field. The
median height of the seedlings was 141 cm, and the
median diameter at the base was 2.4 cm. In late May
they were transplanted into 10 l plastic pots and kept
outdoors in full light. Water was supplied by natural
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rain, which there was plenty of (in June-July 2012 a total
of 219 mm, with 33 days of more than 1 mm of
precipitation).
The seedlings were placed atop a 20 m scaffolding
tower 2 weeks before the start of the flux measurements
to allow them to recover from transportation stress and
acclimate to the environment. The location was chosen
to allow fully sunlit conditions within reach of the
measurement system originally designed for measuring
tall trees (Hari and Kulmala 2005).
In July sun rises at 4 AM and sets before 11 PM. In
addition, twilight lasts for more than 1.5 h, which results
in only a few more or less dark hours per day. In this
experiment, “nighttime” refers to the time period 7 PM–
5 AM.

Experimental design
The seedlings were randomly assigned to the three
fertilization treatments, five to each treatment. The measurement chambers were rotated between treatments.
The gas exchange measurements were done 11–25
June 2012. We had four gas exchange measurement
chambers side by side. To prevent varying weather
conditions from creating a difference between the treatments, one seedling was measured from each treatment
in randomized order and combination at the same time.
The fourth measurement chamber was kept empty for
blank correction and measured immediately before each
round of measurements from the shoot chambers. Each
shoot was measured three times per hour for 23 h (from
7 to 6 p.m.). After all seedlings were measured once, the
chambers were cleaned. This cycle was repeated three
times, yielding a total of three measurement days per
tree. The three chambers were rotated between treatments for each of the three measurement rounds.
The NOx fluxes of an empty chamber can vary between individual chambers (Raivonen et al. 2003). For
comparison, the four chambers used in this study were
measured empty for 2 days at the end of the experiment.
To assess the success of the fertilization treatments
we compared nutrient levels of the soil before and after
the treatment and needle nutrient levels between the
treatments before and after the experiment. The differences in the nutrient levels were tested with one-way
ANOVA. The effect on shoot NOx fluxes was assessed
by comparing the fluxes between the three different
treatments. The goodness of fit of the mass balance
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was evaluated by calculating the residual sum of squares
(RSS) for each fitting (each closure).
Fertilization
The seedlings received three different fertilization treatments: fertilization with ammonium sulphate
(NH4)2SO4, fertilization with potassium nitrate,
KNO3 or no nitrogen fertilization. To compensate for
the fertilizing effect of potassium in the nitrate fertilizer,
the ammonium and control treatments received the same
amount of potassium as potassium sulphate K2SO4.
Accumulated dirt and chemical compounds, probably
nitrogenous, may affect the observed NOx fluxes via
chemical reactions on needle surfaces (Raivonen et al.
2006). To minimize this effect, we applied the nutrient
solution as irrigation instead of spraying. The fertilization was given in three doses along 8 weeks, the first one
in early June and the last one on the day before the last
round of measurements for each seedling. For both
nitrogen treatments, the total fertilizer dose was equivalent to 1.0 g N/seedling or approximately 20 g N m−2,
which is approximately 60 times the annual nitrogen
deposition in the area (Lindroos et al. 2002).
Gas-exchange measurements
We measured the shoot-level gas fluxes (NO, NOx, O3,
CO2 and H2O) with the dynamic field gas-exchange
system described in Altimir et al. (2002) and Raivonen
et al. (2003), using four box-shaped chambers with a
volume of 1 dm 3 . The chambers were made of
plexiglass coated on the inside with FEP film with
silicone adhesive, with an UV-transparent quartz glass
roof. Each chamber enclosed a single shoot; the biomass
of the shoot was on average 4.4 g of fresh weight (2.1–
7.6 g).
NO and NO2 concentrations were each measured
with a chemiluminescence analyzer (TEI 42CTL,
Thermo Environmental Instruments, USA). The instrument used for NO2 measurements was equipped with a
photolytic converter (BLC, Droplet Measurement
Technologies). CO2 and H2O concentrations were measured with a URAS 4 analyzer (Hartmann and Braun,
Germany). We also measured temperature inside the
chamber and photosynthetically active radiation (PAR)
on top of the chamber. UV radiation measurements,
ambient NOx and O3 measurements and additional
meteorological measurements (ambient temperature,
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precipitation) were available from a nearby measurement mast at 16.8 m from the ground (horizontal distance from the experiment was 50 m).
Most of the time the measurement chamber was
open, allowing ambient air to enter and keeping conditions inside the chamber close to ambient (not including
precipitation). At the start of a measurement, the chamber closed. During the 1-min closure, the gas concentrations at the chamber outlet were measured at 5-s
intervals. The sample flow (4.8 l/min) was replaced by
ambient air flowing into the chamber at an equal rate.
The incoming ambient air is assumed to have the concentration measured in the open chamber just before the
measurement. When not in measurement, the chambers
were well-ventilated, keeping conditions inside the
chamber close to ambient (not including precipitation).
The gas analyzers measured the concentration of
each gas in the chamber at 5-second intervals. From
the concentration development in the chamber, we estimated the gas flux from the shoot (and/or chamber)
using a mass balance equation (Altimir et al. 2002;
Raivonen et al. 2003). The full 60 s dataset for each
closure was used for calculating the fluxes. The flux
observed in the empty chamber was subtracted from the
fluxes in each shoot chamber to obtain the flux from the
shoot. After the measurement, the shoot was cut from
the tree, photographed and the needles were weighed.
All-sided needle area was estimated from the photograph using the ImageJ software (Schneider et al.
2012). We then dried the needles at 70 °C for 48 h and
weighed again.
The detection limit of the NO analyzer is 0.1 ppb,
accuracy 0.3 ppb and precision 0.05 ppb (Raivonen
et al. 2006). The identical NO2 is affected by the NO2
conversion efficiency (0.48), resulting in 0.3 ppb detection limit and 0.15 ppb precision. Because of the requirements of the fast chamber measurement system,
the absolute concentration values are not always accurate, which is why we generally use the mast measurements to describe ambient concentrations. The ambient
NO concentrations measured from the chamber system (while the chamber is open) have been constantly slightly higher (by 0.2–0.4 ppb) than those measured from the mast (Raivonen et al. 2014). Since
the flux measurement is based on concentration differences rather than absolute concentrations, this possible inaccuracy does not influence the results. The
properties of our measurement system are described
in detail in Raivonen et al. 2014.
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Chemical analyses
In order to determine the fertilization effect, we sampled
the seedlings for needles and soil before the treatments
and in the end of the experiment. Before the experiment,
only second-year needles were available, since budburst
had not yet occurred. From soil samples, we determined
pHH2O and gravimetric soil water content and extracted
the rest of the sample with 1 M potassium chloride
(KCl) for exchangeable inorganic and organic nitrogen.
To achieve a soil-solution ratio of 1:5, approximately 2 g
of fresh soil was weighed in 50 ml centrifuge tubes, in
which 20 ml of 1 M KCl was added. The mixture was
shaken with reciprocal shaker (100 rpm) for 80 min at
room temperature to ensure effective extraction. Raw
extracts were then filtered through 0.45 μm cellulose
acetate filters (Pall Life Science, US, Michigan, Ann
Arbor) and frozen in −20 °C until analysis.
The needle samples were frozen in liquid nitrogen
immediately after sampling, ground at −196 °C and kept
deep-frozen until extraction. The extraction method for
needles was a modification of the method introduced by
Sarjala (1991). 0.5 g of ground fresh needle mass was
weighed in a 2 ml centrifuge tube, and 1.5 ml of 80 mM
phosphate buffer (pH 7.5) with 5 % 2-propanol was
added. For effective extraction, the samples were kept
under vacuum for 10 min and then centrifuged
(5000 rpm) for 20 min to separate the extract from the
needle mass. The extracts were then filtered through
0.45 μm cellulose acetate filters (Whatman GmbH,
Germany, Dassal). The needle extractions for nitrate,
nitrite and total dissolved nitrogen analysis analysis
were stored in −20 °C until analysis.
We used colorimetric microplate assay methods introduced by Hood-Nowotny et al. (2008) to determine
inorganic nitrogen, nitrate (NO3-), nitrite (NO2-) and
ammonium (NH4+) concentrations in the soil and needle extracts. The colorimetric assay for NH4+ was a
modified indolphenol method based on the Barthelot
reaction (Kandeler and Gerber 1988) and a modified
acidic Griess reaction was used for NO2- and NO3-. For
the acidic Griess reaction to occur, vanadium chloride
(VCl3) was used to reduce NO3- to NO2-. Absorbance
values were measured with a microplate reader (Infinite
M200, Tecan Group Ltd., Swizerland, Männedorf).
Dissolved organic nitrogen content was calculated by
subtracting the sum of inorganic nitrogen species from
total dissolved nitrogen. Total dissolved nitrogen was
determined by a total organic carbon analyser equipped
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with total nitrogen unit (TOC-Vcph/cpn TNM-1,
Shimadzu Corporation, Japan, Kyoto).

Results
Ambient conditions
The weather was intermittently cloudy with frequent
rain showers for the duration of the 3-week measurement campaign (Fig. 1). Daily maximum temperature
varied from 14.2 to 20.7 °C and precipitation from 0 to
13 mm. The average daily maximum temperature in
July at the station is 21.7 °C (Pirinen et al. 2012) and
the average number of rain days (≥0.1 mm) is 17.
Due to technical problems, ambient NOx and O3
measurements from the mast were only available for
the first and last days of July, covering only the last
3 days of the experiment. On these days, ambient NOx
Fig. 1 UVA radiation, ambient
air temperature, precipitation and
RH (at 16.8 m) during the
measurement campaign
(July 11–25, 2012)
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concentration was 0.1–1 ppb, while ambient O3 concentration was 20–45 ppb, both typical of the location
and season (Kulmala et al. 2000). Ambient NO concentrations were 0–0.14 ppb with the lowest values at night.
Between 7 PM and 5 AM ambient NO concentration
was 0–0.04 ppb. The ambient concentration measurements from the open chambers, while not optimized for
this use, give no indication of any unusual NOx of O3
concentrations during the experiment. We also calculated the possible effect of reactions with O3 in the chamber and sample line on the observed NO fluxes, but the
effect was negligible.
Effect of fertilization on tree growth
The measured current-year shoots varied somewhat in
size and stage of needle development, but this variation
showed no relationship to the fertilization treatment.
This was to be expected, since pine shoot growth is
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needles, nitrate 5.0 μg N /g and DTN 178 μg N /g in the
first-year needles after the experiment.

predetermined and depends mostly on the growth conditions of the previous summer. Furthermore, there were
no significant differences in the specific dry needle mass
(per needle area) or moisture content between the
treatments.

Blank chamber
Chamber measurements of NOx fluxes are often limited
by the chamber blank: signal-to-noise ratio is small
when the plant-related fluxes are small. Therefore, we
analyzed the blank chamber carefully in order to be able
to evaluate whether the fluxes we see are plant-related or
not. The average NOx flux in the always empty chamber
was practically zero (0.15 pmol/s) (Fig. 2). The values
for individual closure ranged from −6.85 pmol/s
(deposition) to 6.60 pmol/s (emission); these extreme
values are not visible in Fig. 2 with hourly averaging.
The average NO flux was 0.41 pmol/s (range −0.66 to
2.55 pmol/s) (Fig. 2). The NOx or NO emissions did not
show a clear daily pattern. The NO emissions were
strongly humidity-related. For the NOx fluxes there
was no such connection.
We observed NOx emission from the chambers that
held the shoots even after the experiment, when they
were measured empty alongside the blank chamber
(Fig. 3). These 2 days were warm and sunny, with daily
maximum temperatures reaching 25 °C. Ambient NOx
concentration remained at or below 1 ppb. The NOx
emissions from the previous shoot chambers assumed a
clear diurnal pattern with emissions peaking at midday.
NO emission was observed on the latter of the 2 days,
without a diurnal pattern (Fig. 3). RH was very high on
the second day.

Effect of fertilization on the N concentrations of soil
and needles
Soil nutrient content was very similar before the treatments and very different after the experiment between
the treatments, as was expected (Table 1). After the
experiment, soil NH4+ content was more than 150fold in the NH4+ treatment and over sixfold in the
NO3- treatment, compared with the control (165, 7.34
and 1.08 μgN/gDW, respectively), while soil NO3content was over 90-fold in the NO3- treatment and
more than 16-fold in the NH4+ treatment compared
with the control (185, 32.7 and 2.03 μgN/gDW, respectively). Soil NO2- content increased in the NH4+ and
NO3- treatments, but not as dramatically. These changes
were naturally reflected in the values for total inorganic,
but also total organic nitrogen content. Soil pH after the
experiment in the NO3-, NH4+ and control treatments
was 5.4, 4.7 and 5.2 (respectively).
Needle nitrite, nitrate and DTN (total dissolved nitrogen) contents of second-year needles were very similar in all treatments before the fertilization. The average
nitrite concentration was 0.57 μg N /g of fresh needles,
nitrate 5.9 μg N /g and DTN 247 μg N /g. After the
experiment there was some indication of a lower nitrite
and nitrate concentration in the first-year needles of the
NO3- treatment and lower dissolved total nitrogen in the
control treatment compared with the other two, although
the variation was quite large. Accordingly, the differences were not statistically significant (p>0.05). The
average nitrite concentration was 0.42 μg N /g of fresh

Fluxes in shoot chambers
The NOx fluxes from all four chambers (including the
empty chamber) behaved very similarly during the experiment (Figs. 2 and 5). The average NOx flux in the
chambers with a shoot (without correcting for the flux in

Table 1 Nitrogen content of the soil samples (μgN/gDW) before and after the experiment
A
Treat.

NO2-

NH4-

0.002

B

A

B

A

0.007

0.047

32.717

NO3-

B

A

Total (inorg.)

DTN

164.508

0.842

197.232

NH40.793

B

A

B

A

B

A

Total (org.)

% org.

13.298

303.545

12.456

106.313

93.8

B

32.4

NO3-

0.002

0.011

0.065

184.734

0.750

7.342

0.817

192.086

14.051

438.049

13.234

245.963

94.0

54.4

Control

0.003

0.003

0.075

2.028

0.638

1.075

0.716

3.106

12.515

14.488

11.799

11.382

94.0

74.3

A=before experiment, B=after experiment
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Fig. 2 Time series (hourly averages) of the NOx and NO fluxes in the shoot chambers and the empty chamber during the experiment.
Positive sign indicates emission

Fig. 3 Hourly average NOx and NO fluxes in empty chambers after the experiment. Positive sign indicates emission
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the empty chamber) in the NH4+, NO3- and control
treatments was slightly on the side of deposition
(−0.36 pmol/s, −0.38 pmol/s and −1.01 pmol/s, respectively, with values ranging from −6.19 to 4.24 pmol/s).
Variation in all the fluxes was large and RSS values
were often extremely high, especially for the empty
chamber. The shoot chambers showed no daily flux
pattern for NOx (Fig. 4). After correcting for the empty
chamber, the average NOx flux in the chambers with a
shoot in the NH4+, NO3- and control treatments was
−0.050 nmol/m2/s, −0.036 nmol/m2/s and −0.11 nmol/
m2/s, respectively, with values ranging from −0.88 to
0.30 nmol/m2/s.
For the NO fluxes, the picture is more diverse (Figs. 2
and 5). Sometimes the fluxes in all chambers were very
similar and close to zero (e.g. July 21–23), while at other
times there was clear emission from the shoot chambers,
but not the empty one (e.g. July 16–17). The average
flux in the shoot chambers (without correcting for the
empty) in the NH4+, NO3- and control treatments was
emission (0.85 pmol/s, 0.79 pmol/s and 0.91 pmol/s,
respectively, with values ranging from −0.79 pmol/s to
3.79 pmol/s). The shoot chambers showed a daily flux
pattern for NO, with highest emissions towards the end
of the night (Fig. 4). A similar pattern was observed in
all treatments. There was no systematic difference between individual chambers (that were rotated between
treatments) or individual trees, neither could we observe
a clear difference in the mean fluxes for the different
treatments (Fig. 5). After correcting for the empty chamber, the average NO flux in the chambers with a shoot in
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the NH4+, NO3- and control treatments was
0.051 nmol/m2/s, 0.038 nmol/m2/s and 0.057 nmol/
m2/s, respectively, with values ranging from −0.17 to
0.57 nmol/m2/s.
The CO2 flux of the shoots was used as an indicator of
plant activity. There was no systematic difference in the
CO2 fluxes between the treatments. We also analyzed the
relationship of the observed NOx fluxes with ambient
NOx and O3 (measured from the open chamber), UVA
radiation and temperature. Ambient NOx showed a weak
relationship with the observed flux: at higher ambient
NOx there was slightly more uptake. There was no
difference between the treatments in this respect. The
comparison of UVA, temperature and CO2 flux to those
of NOx and NO fluxes gave no indication of any of these
having a marked effect on the NOx or NO flux.
The highest NO fluxes were observed at nighttime
(Figs. 2 and 6). On some nights the fluxes from the
empty chamber were very similar to those from the
chambers with a shoot, but on other nights all chambers
with a shoot inside showed a clearly larger flux than the
empty chamber. The nighttime NO fluxes were highest
on rainy nights (Fig. 6). The NO emissions in the shoot
chambers were even more strongly humidity-related
than those in the empty chamber (Fig. 7).

Discussion
As opposed to the results by Wildt et al. (1997), Rockel
et al. (2002) and Chen et al. (2012), we observed no

Fig. 4 Average daily patterns on NOx and NO fluxes in in the shoot chambers (after correcting for the flux in the empty chamber) during the
experiment. Positive sign indicates emission
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Fig. 5 Shoot-level NOx and NO fluxes in the different fertilization treatments (mean +− SD) after correcting for the flux in the empty
chamber. Positive sign indicates emission

indication that nitrate fertilization would induce emissions of NO or NOx from Scots pine shoots. There was
NO emission from the chambers with seedlings, but the
fertilization treatment did not affect the magnitude of the
flux. Our observed shoot NO fluxes (−0.17–0.57 nmol/
m2/s, mean 0.038–0.057 nmol/m2/s) are close to the
range observed by Wildt et al. (1997). In their laboratory
experiment, Wildt et al. (1997) generally observed NO
fluxes in the range 0–0.04 nmol/m2/s, with occasional
uptake, for sunflowers grown in a hydroponic solution;
they report a maximum value of 0.15 nmol/m2/s. The
highest emissions were seen during the first hours of the
photoperiod, but after adding NO3- to the growth medium, they observed transient nighttime peaks up to
0.5 nmol/m2/s. For a sunflower growing in soil, they
report a nighttime maximum emission of 0.3–0.4 nmol/
m2/s. For spruce they only report that it was “similar to
agricultural plants” regarding NO emissions. The potential NO emissions (0.014 nmol/m2/s) observed from
conifers after simulated N deposition by Chen et al.
(2012) are also similar to our mean fluxes. The potential
NO emission without simulated N deposition
(0.003 nmol/m2/s, Chen et al. 2012) is much lower than
the mean flux in the control treatment of our study
(0.057 nmol/m2/s). Chen et al. (2012) do not specify if
they used one- or all-sided leaf area in their calculations.
Also the NO fluxes (−0.003–0.070 nmol/m2/s) reported
by Teklemariam and Sparks (2006) are in the same
range.
The NOx fluxes in the shoot chambers were, on
average, deposition. The fertilization treatments did
not turn the net NOx fluxes into emission. Any NOy

emissions (including more oxidized nitrogenous species, like HONO and N2O5, and organic nitrogen species such as peroxyacyl nitrates (PANs), in addition to
NOx) from the shoot chambers could be expected to be
highest in sunny and warm weather with high UVA
radiation (Raivonen et al. 2006), and emissions of a
physiological origin would likely correlate with photosynthesis. Neither was observed. On the contrary, the
highest NO fluxes were observed at night and were
related to humidity. It is worth notice that in the
Scandinavian summer, “nighttime” is a much more
vaque concept than in a laboratory.
The high variability of the observed NOx fluxes may
at least partly be caused by variability in atmospheric
conditions. The observed relationship between ambient
NOx and the NOx flux is in line with earlier studies
setting the compensation point of NOx exchange at 0.3–
3 ppb (see Raivonen et al. 2009 for a review); the
variation in the ambient NOx concentration covers
many of the reported compensation concentrations. It
has to be noted, however, that not all studies have found
a compensation point. None of the other variables
showed a relationship to the observed NOx fluxes.
Since all treatments were measured side by side, any
variations in ambient concentrations were experienced
by all treatments and should not hinder comparison.
The fertilization of the soil seemed to be successful:
the nutrient concentrations were higher in the fertilized
pots. The extremely high nutrient concentrations after
the experiment reflect the fact that the last fertilizer
application was done very close to the end of the experiment; the fertilizer was unevenly distributed in the soil,
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Fig. 6 Night-time shoot-level
NOx flux (top) and NO flux
(bottom) in the different
fertilization treatments
(mean +− SD) after correcting for
the flux in the empty chamber.
Left panel: rainy nights
(precipitation >5 mm), right
panel: dry nights. Positive sign
indicates emission

concentrated in the topmost layer where the soil sample
was taken. Soil nitrate and nitrite as well as soil organic
nitrogen increased in both nitrogen fertilization treatments as a result of soil chemistry. Soil pH changed
because NO3- is a weak base, whereas NH4+ is a weak
acid.
Although the soil clearly received high nitrogen inputs, we observed no significant differences in the

nutrient concentrations of the needles. The fertilization
treatment was started before the onset of needle elongation, so the nutrients were available to the trees at the
time of growth. The slightly lower DTN content of the
unfertilized first-year needles indicates that the fertilization did reach the needles during the experiment. The
slightly lower nitrite and nitrate content in the NO3treatment could be a result of NO3- induced NR activity

Fig. 7 Relationship of NO flux (hourly average) from the shoot chambers (after correcting for the flux in the empty chamber) to relative
humidity. Positive sign indicates emission
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in the treatment compared with the NH4+ and control
treatments. Unfortunately, an ammonium analysis was
not possible due to technical limitations. In natural
conditions, NR activity in Scots pine needles shows a
seasonal low during the summer months (Pietiläinen
et al. 1991). During our experiment, the abundant fertilization could have induced “unseasonal” NR activity in
the needles. Such induction has been observed with
NO3- fertilization for pines grown in nutrient solution
(Pietiläinen and Lähdesmäki 1988). Most studies
concerning needle nutrients report the total N content
of the needles. The method used in this study reports
dissolved total nitrogen, preventing direct comparison.
The NOx emissions from the empty shoot chambers
after the experiment add uncertainty to the measurements. The emissions originate most likely in nitrogenous compounds accumulating on the chamber surfaces
during the experiment. A similar phenomenon has been
reported and discussed by Raivonen et al. (2006). This
accumulation happened despite the regular cleanings
(every 5 days) during the experiment. There was no
difference in this respect between the individual shoot
chambers. The chambers were rotated between treatments (after every washing); it is also likely that the
shoots affected the chambers similarly regardless of the
fertilization. Since the maximum NO emissions from an
empty shoot chamber after the experiment are similar to
the maximum emissions with a shoot, the relative contributions of the shoot and the chamber cannot be
distinguished. However, it is unlikely that the chamber
effect could have covered shoot emissions on the scale
observed by Chen et al. (2012) and Wildt et al. (1997).
Our hypothesis was that fertilization would increase
the nitrite concentrations in the needles and the accumulated nitrite would be released as NOx. Since there were
no differences in the nitrite concentration of the needles
(Table 1), there were no differences in the amount of
available substrate for the enzymatic creation of NO,
explaining the similar fluxes.
Wildt et al. (1997) and Rockel et al. (2002) performed most of their experiments in laboratory conditions, where the nutrient concentrations in the growth
medium could be kept constant. However, Wildt et al.
(1997) did observe NO emission also from plants grown
in a nutrient solution with both NH4+ and NO3- and a
spruce seedling grown in soil, especially when the soil
was wet. Soil wetness seems to play an important role,
since also in our experiment the highest NO emissions
were observed on rainy nights. This could be a result of
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increased nutrient mobility and availability to the roots;
High soil NO3- concentrations are known to shift the
NO3- assimilation more towards the shoots in some, but
not all, agricultural plants (Andrews et al. 2004). Chen
et al. (2012) too did their research on soil-grown seedlings, but measured the “potential NO emission” from a
cut leaf rather than a shoot attached to a living tree.
Wildt et al. (1997) observed NO emission only from
plants that had NO3- in their growth medium and considered NO3- in the soil a prerequisite for NO emission.
In our experiment, the NO emissions seemed unrelated
to the amount of NO3- in the soil. In natural conditions,
microbes living in the soil, soil moisture and pH all
affect the NH4+/NO3- balance, among other things.
Nitrification in fertilized Finnish forest soils is favored
by high pH (Paavolainen and Smolander 1998), but it
can occur even in acidic soils, especially if the soil is
rich in ammonium (De Boer et al. 1990; Martikainen
et al. 1993; Persson and Wirén 1995; Paavolainen and
Smolander 1998). Denitrification, on the other hand, is
favored by high soil moisture, high nitrate concentration, high pH and high temperature (Federer and
Klemedtsson 1988; Willison and Anderson 1991;
Henrich and Haselwandter 1991, 1997). Changes in
nutrient input, in turn, alter the microbial flora in the
soil (Frey et al. 2004; Wallenstein et al. 2006). The soil
nutrient status experienced by the tree may therefore not
be as clearly dominated by either NH4+ or NO3- as
might be expected from the treatments alone. Also,
boreal forest soils tend to have low concentrations of
inorganic nitrogen, especially in nitrate (Korhonen et al.
2013). An experiment like ours could then be expected
to cause a dramatic increase in either NH4+ or NO3-. If,
however, these ions are already present in significant
amounts or are interconverted through soil chemistry, a
true either/or situation cannot be reached, and the
trees always receive both forms in the soil. Therefore
it is impossible to say, based on our experiment, if
NO3- in the soil is always required for NO emission
and whether the emission in the control treatment
was induced or not.
Based on our results, it seems unlikely that additional
nitrate in the soil could cause significant NOx emission
from boreal Scots pine forests in field conditions, possibly because of complex soil chemistry that affects the
real nutrient conditions the tree roots experience.
NR induction and consequent nitrite accumulation in
the needles would require the NR system in the roots to
be saturated (Sarjala 1991). It is likely that the nitrate
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fertilization in our experiment did not achieve this, even
though the level was high.
Wildt et al. (1997) observed a transient peak in NO
emission during the night after adding nitrate in nutrient
solution. Pietiläinen and Lähdesmäki (1988) observed a
significant increase in needle NR activity as a function
of NO3- concentration in the nutrient solution; the activity increased for 48 h. Adding NH4+ (as
(NH4)2SO4) to the solution reduced KNO3-induced
NR activity in the needles for 48 h. Thoene et al.
(1991) observed a similar transient increase in needle
NR activity after fumigation with NO2, with a maximum after 2 days. In Wildt et al. (1997), the presence of
NH4+ in the nutrient solution prevented any NO emission from the plants. The NO emission seems to be a
very short-lived phenomenon related to drastic, abrupt
changes in the NO3- concentration of the growth medium. Our experiment, using natural soil, did not produce
such dramatic changes. It is unlikely that any changes
happening in nature would do so either. The effects of a
long-term fertilization (simulating more realistically atmospheric N deposition in natural conditions) could be
clarified with a new experiment, preferably with an
improved measurement system. Since the NR activity
of pines peaks in the autumn (Lähdesmäki and
Pietiläinen 1989), it would be interesting to monitor
the possible annual pattern of NOx fluxes with different
fertilization treatments.
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