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Abstract. The nitrogen dioxide (N@) exchange betweenthe 1 Introduction

atmosphere and needlesRitea abied.. (Norway Spruce)

was studied under uncontrolled field conditions using a dy-

namic chamber system. This system allows measurementditrogen is an essential nutrient for all living organisms. At-
of the flux density of the reactive NO-N@D; triad and mospheric N is made available by biological fixation by pro-
additionally of the non-reactive trace gasesCfd HO. caryotic microorganisms delivering amino acids and ammao-
For the NQ detection a highly N@ specific blue light nia, both of which can be taken up by higher plants. However,
converter was used, which was coupled to chemiluminesmost of the nitrogen taken up by higher vegetation is intro-
cence detection of the photolysis product NO. ThisNO duced by nitrification performed by other groups of microor-
converter excludes known interferences with other nitrogendanisms which oxidize ammonia and deliver nitrate gNO
compounds, which occur by using more unspecificN6n- which is taken up by plant roots. Nitrate can also be re-
verters. Photo-chemical reactions of NO, N@nd Q in- duced again to by microbial denitrification. In the course
side the dynamic chamber were considered for the determiof both nitrification and denitrification, nitrogen monoxide
nation of NG flux densities, N@ deposition velocities, as (NO) can be released, oxidized to nitrogen dioxide ¢NO
well as NG compensation point concentrations. The cal- and contribute to the atmospheric pool of these two nitro-
culations are based on a bi-variate weighted linear regresgen oxides, also termed N@Williams et al., 1992; Robert-
sion analysis (y- and x-errors considered). The,NBpo- ~ SON and Groffman, 2007). NO and N@re highly reactive
sition velocities for spruce, based on projected needle aredface gases in the atmosphere which influence its oxidation
ranged between 0.07 and 0.42 mm sThe calculated N® processes, the generation and destruction of ozogke &0d
compensation point concentrations ranged from429463 thus the atmospheric lifetime of various less reactive green-
t0 29.0 16.30 nmol i3 (0.05-0.65 ppb) but the compensa- house gases. Both, NO and hére also produced by anthro-
tion point concentrations were all not significant in terms of Pogenic activities such as fossil fuel combustion, and they
compensation point concentration is unequal to zero. Thesgan be oxidized to nitrate and to nitric acid which is returned
data challenge the existence of a NEmpensation point 0 the Earth’s surface by dry and wet deposition. In the at-
concentration for spruce. Our study resulted in lower valuegnosphere, NO, N@ and Q are in a photostationary equi-
of NO, gas exchange flux densities, h@eposition veloci- librium, referred to as the NO-Nf©O3 triad (Seinfeld and
ties and N@ compensation point concentrations in compar- Pandis, 2006).

ison to most previous studies. It is essential to use a more N addition to the root uptake of N atmospheric N@
specific NG analyzer than used in previous studies and touptake may occur directly via plant stomata (Hanson et al.,

consider photo-chemical reactions between NO,Nand ~ 1989; Hanson and Lindberg, 1991; Ramcet al., 1993; Neu-
Oz inside the chamber. bert et al., 1993; Hereid and Monson, 2001, Sparks et al.,

2001; Chaparro-Suarez et al., 2011). Plant metabolic con-
sumption of NQ has been investigated by using thN
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isotope as atracer (Nussbaum et al., 1993; Weber et al., 1995pecific NG analyzer suggested at least considerable lower
Yoneyama et al., 2003). Dissolved in the apoplastic solutioncompensation point concentrations, and questioned the com-
NO: is disproportionated to nitrate and nitrite (@ which pensation point at all (Chaparro-Suarez et al., 2011).
are reduced to ammonium (M by the nitrate or nitrite re- The aim of this study was to investigate the stomatabNO
ductase enzymes, respectively (Lea and Miflin, 1974; Thoeneiptake of spruceRicea abie} in order to identify NG
et al., 1991; Ammann et al., 1995; Maeck, 1995: Sakakibarecompensation point concentrations using a dynamic chamber
et al., 1996; Tischner, 2000). Moreover, the reduction 0NO system and a highly N®specific measuring technique. In
by apoplastic antioxidants, particularly ascorbate, has beegontrast to controlled laboratory measurements, typical field
proposed (Ramge et al., 1993). The theoretical calculationsonditions do not exclude chemical reactions of NO and O
of Ramge et al. (1993) demonstrated sufficient rates to exinside the plant chamber. Therefore, N®O, and Q con-
plain observed N@leaf fluxes if the reactions between wa- centrations were measured simultaneously at the inlet and
ter and NG and between N®and ascorbate are taken into the outlet of the dynamic chamber to determine the chemi-
account. This direct role of ascorbate in the foliar uptake ofcal source strength of NfXreaction between NO andzD
NO, has been experimentally demonstrated by Teklemarian@s well as the chemical sink of N@photolysis of NQ un-
and Sparks (2006). They observed a significant correlatiorder daylight conditions). Furthermore, as pN@ptake is trig-
between leaf ascorbate concentrations and the N@ake  gered by air chemistry, transport, and plant physiology also
by leaves. However, differences in apoplastic ascorbate con€O; and HO exchange rates were monitored. In this paper
centrations between plant species and individuals as well enwe present the field measurements only. The laboratory mea-
vironmental factors must be taken into account (Polle et al. surements have been presented in a recently published paper
1995; Luwe, 1996). Another source for the apoplasticoNO (Breuninger et al., 2012).
is the uptake of NO and its oxidation to NQGhaffari et al.,
2005).
The NG gas exchange between plants and the atmo2 Material and methods
sphere is mainly controlled by concentration gradients in-
side/outside the leaves, the stomatal aperture and internal le&fO, uptake ofPicea abied.. (Norway Spruce) was studied
resistances (the aerodynamic resistance is generally mualnder field conditions during an intensive observation period
smaller, Meixner, 1994). Plant stomatal regulation is affectedof the EGER project (ExchanGE processes in mountainous
by climatic factors like light, temperature, and water va- Regions; see Foken et al., 2012) from 1 June to 15 July 2008
por pressure deficit. Several studies have demonstrated linising dynamic plant chambers.
ear relationships between N@ptake, stomatal conductance
and increasing atmospheric N@oncentration (Johansson, 2.1 Plant material and site description
1987; Thoene at al., 1991, 1996; Chaparro-Suarez et al.,
2011). Despite numerous investigations, Néxchange be- The EGER project took place at the field site “Weidenbrun-
tween the atmosphere and plants is still a matter of debatgien” located in northeast Bavaria, Germany (Fichtelgebirge;
Emission of NQ is reported urging the discussion of bi- 50°0831"N, 11°5201" E; 774ma.s.l.). The area is best de-
directional exchange and a corresponding so-called “comscribed as a mountainous area, mainly covered with forest
pensation point”. The N®compensation point concentra- and mixed with agricultural areas including meadows and
tion defines that N@ concentration at which the NOex- lakes. It is located in the transition zone from maritime to
change is zero (as a net balance of Naptake and N@ continental climates with some maritime impact. Mean an-
emission). When ambient Noncentrations are below the nual temperatures are°€ with extreme values 0f-20°C
compensation point for N§ plants act as a source for MO during winter and4+30°C during summer time. Mean an-
They turn out to be a N®sink when ambient concentra- nual precipitation is 1162 mm (1971-2000; Foken, 2003).
tions exceed the N compensation point. Previous stud- The spruce forest ecosystem resulted from intensive refor-
ies reported N@ compensation point concentrations rang- estation in the last century. The plant cover is dominated by
ing from 0.3 to 3 ppb depending on tree species (Ronet  Picea abied.. (Norway Spruce). The stand has a density of
al., 1993; Thoene et al., 1996; Weber and Rennenberg, 1996;007 ha! (Alsheimer, 1997), a mean canopy height of 23 m
Sparks et al., 2001; GeRler et al., 2000, 2002; Hereid andSerafimovich et al., 2008), an age of 56 yr, and a leaf area
Monson, 2001). But Lerdau et al. (2000) questioned the exindex (LAIl) of 5.2 (Thomas and Foken, 2007).
istence of such compensation points. For example, Jacob and For the gas exchange measurements the front part of an
Wofsy (1990) showed that even at ambient Nédncentra-  intact spruce branch was enclosed to around 40cm length
tions of 0.2 to 0.4 ppb a strong uptake by plants is requiredoy the dynamic chamber. Branches of two different trees
to align measured N©concentrations in the canopy with were monitored at the same time. For the determination of
measured NO soil emission rates. Furthermore, a recent latleaf area the enclosed branches were harvested at the end
oratory study on five European tree species, using a highlof the field experiment. The needles were scanned by a
calibrated scanner system (DeskSCAN II, Hewlett-Packard,
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USA) using an area determining software (SIZE{ilMr, 2.2.2 Trace gas analyzers

Germany). The total enclosed leaf areas were 09@ree

1) and 1.02rA (tree 2). As stomata are distributed over the An infrared dual channel gas analyzer (LI-7000, LiCor, Lin-
whole needle surface in the case of spruce (amphistomaticoln, NE, USA) was used for the continuous determination
leaves) the total leaf area to be taken into account was estief CO, and HO concentration differences between the refer-
mated by multiplication of the projected area with the fac- ence and sample chambers. A second gas analyzer (LI-6262,
tor 2.74 (Riederer et al., 1988). During the field measure-LiCor, Lincoln, NE, USA) measured the absolute £&nd
ments leaf area varied with leaf flushing and was interpolatedH,0O outside the chambers.z@vas monitored with an UV-

retroactively for the individual measurement periods. absorption analyzer (Model 49C, Thermo Fisher Scientific,
Waltham, USA). For the detection of NQve used a highly
2.2 Set-up NO> specific blue light converter (photolytic converter, BLC)
_ (manufactured by Droplet Measurement Technologies Inc.,
2.2.1 Dynamic chamber system Colorado, USA) with subsequent chemiluminescence anal-

For the gas exchange measurements a dynamic chambers;}lssiiS of the generated NO (Model 42C, Thermo Fisher Sci-
9 . 9 . . y .—entific, Waltham, USA). The BLC converts NQo NO at
tem was used which consisted of thin transparent Teflon film

(FEP) bags (Safer e 1. 1992 Kessemeier ct al, 1996, 1100 O S0l 598 Forbeter ccuey
1997; Kuhn et al., 2000), which transmit 90 % of the pho- P y

tosynthetically active radiation and 70 % of the photolysis was operated with pure oxygen for the internal generation of

. N . . ozone, necessary for the reaction with NO in the low pres-
rate j(NOp) (Scfafer et al., 1992; Breuninger et al., 2012)'. sure reaction chamber. The conversion efficiency of the BLC

!n Qrder to ensure a contmuo_u; t_urbulent mixing of the alrfor NO, was 32-36.5 % under field conditions. The limit of
inside the chambers and to minimize turbulent and boundary ; . . .

i . .. “detection (LOD) was defined as 3 times the standard devia-
layer resistances, Teflon coated micro-fans mounted insid

the chambers were installed (Meixner et al., 1997; Pape et al(ﬁon’ .WhICh was obtained during zero-air measurements. Cal

. . . : . ibration was performed every seven days. The LOD for the
2009; Gut et al., 2002). Details are described in Breuninger, :
etal. (2012) NO concentration was 0.10 ppb and for NQ.31 ppb. For

) ore details of the analytical devices used and characteriza-
During the measurements two chambers acted as sample

. . ion of th namic plant chamber m Breuninger
chambers and an identical but empty one as the reference0 of the dynamic plant chamber system see Breuninger et
X al. (2012).
chamber. The chambers were mounted at a height of 13 m -
" . . . As only one set of analyzers was used, their intakes were
(above ground). Additionally an inlet for sampling ambient : ) A
. : . continuously switched to the corresponding inlet and outlet
air was installed at the same level. The chambers had an in-

ne amete of 0, heightof 0o an avolue (11T 1 e T el The suiciie
of about 75L. The air flow through the chamber3) (was 9

approximately 60 L mint which created a complete air ex- in four samples in a cycling time of 16 min.
change of the chamber within 75 s.

The reference chamber was used for the,GBd HO
measurements which were made with a dual channel gas an
lyzer, enabling difference measurements between the samp
chamber outlet and the reference. For the other trace gaseﬁ e NO» exchange flux density, was calculated ac

: ! ex,NO, -
we used single channel gas analyzers, so we had to me"(i:ording to Eq. (1) based on the concentration differences be-
sure the samples successively. The reference chamber w > een the outlet of the plant chamberso, in nmol n3)

. . . . \ NO» ,
qsed to det_ect basic contam_lnatlo_n in the system, adso.rpv'/hich is equivalent to the concentration within the plant
tion/desorption, as well as to investigate gas-phase Chemlc%hamber ided , . :
: - provided the plant chamber’s volume is well mixed
reactions within the chamber volume and at the wall surface . ; ]
. . .. by appropriate fans (Meixner et al., 1997; Pape et al., 2009),
Photosynthetic active radiation (PAR) was measured out S : : . 3
. - and the ingoing ambient ait no, iN NmMol M), the cham-
side the chambers with LiCor quantum sensors (model LI- . N P
190SA, LiCor, Lincoln, NE, USA). Temperature and rela- ber purging rate @ in m*s ), and the enclosed leaf area
. R ! el ) (Ajeatin m?). For the correct determination of N@xchange
tive humidity were monitored with combined temperature

and relative humidity probes (Model MP100A, Rotronic, flux densitiesFexno,, NO, deposition velocitiesigepno,
and NG compensation point concentrationgompno, Un-

Switzerland). Air temperature and needle surface tempera-, =~ . " . .
o er field conditions, photo-chemical reactions between NO,
tures inside the chambers were recorded by Teflon covere N )
,, 03, and G inside the chamber have to be considered. Rel-
thermocouples (0.005”, Chromega™-Constantan, Omega . : A
UK) évant photo-chemical reactions are the oxidation of NO by
' O3 to NO, and the regeneration of NO by the photolysis of
NO; under daylight conditions. Consequently, the calcula-
tion of the photo-chemical reactions is based on the NO and

2.3 Calculations

%3.1 NG exchange flux densities

www.atmos-chem-phys.net/13/773/2013/ Atmos. Chem. Phys., 13, 7783-2013
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O3 concentrations at the outlet of the plant chambeyNo flux densities, deposition velocities, and compensation point
andms,o, in nmol m3), the plant chamber’s volumé/(in concentrations of NO and{are described there as well.

md), the reaction coefficient of the N@ Oz reaction k in To decide whether or not a compensation point concen-
m3 nmol-1s~1) (Atkinson et al., 2004), and the photolysis tration was significant we tested the hypothesis whether or
rate of NG (j(NOy) in s™1). not the average of the compensation point concentration was
different from zero. We applied the following limits: highly
FexNO, = — (ma,Noz — MsNO, significantly @ = 0.999), significantly ¢ = 0.99), and likely
Aleaf (e = 0.95). Therefore the limit for the statistical significance

Vv {72 of mcompNo, # 0 was greater than 95 %.
+§kms"\'oms‘03 o’/ (NOZ)mWOZ) @ In Breuninger et al. (2012), we have simulated (random
number application) the effect of different NQletection
limits (1.0, 0.1, and 0.01 ppb) on the minimum possible,
but still highly significant NQ compensation point con-
centration considering several ambient and quality parame-
ters (Fig. 2). For the given performance parameters of the
NO/NO, analyzer used for this study, but otherwise opti-
mal conditions, the minimum possible, but still highly sig-
Deposition velocity {deano, i ms 1) and compensation nificant NQ compensation point con‘f:entr_at.ion would be
point concentrationgcompno, in NMol m3) are commonly < 0.1 ppb. He.nceforth, whe_n tf:g term nggl|g|ble NEm-
determined from the linear relationship betweggno, and pensation point concentration” is used, it should be under-
msNO,, Wherevgepno, is the slope andicompno, is the in- stood asncompno, < 0.1 ppb. _
tersect of the corresponding regression line withvthgio,- All trace gas cor_wcentranons were normalized for tempera-
axis. However, we decided to use the basically measured!re and barometric pressure’(@, 1013.25 hPa).
quantities, namelynano, andmsno,, to avoid the calcu-
lation of the linear regression betweé&gy, no, andmsNo,. 2.3.3 Photosynthesis rates, transpiration rates, stomatal
This is because the dependent varialiigno, contains the conductance
independent variable:sno,. We used bi-variate weighted
linear regression analysis to evaluate (graphically) the in-The CQ net exchange flu¥ex co, (in umol m2s~; photo-
tercept fino,) and the slopebvo,) of the regression line  synthetic uptake minus the simultaneously occurring respira-
between measuredsno, and measureea no,. HOwever,  tion and photorespiration), and the transpiration #&e4,o

The dynamic chambers’ mass balance equation fop,NO
which leads to the formulation of Eq. (1), is derived in Ap-
pendix A.

2.3.2 NQO deposition velocities and NQ compensation
point concentrations

the linear relationship betweefxno, andmsno, are still  (in mmol m~2s1) were calculated by use of the results of
maintained: the infrared gas analyzer operated in differential mode. The
2 v calculation is based on the difference between the molar con-
0 (nno, - _ - )
FexNo, = —— — = kmsNomMs 0, centration at the outlets of the reference and plant chambers,
Ajeat \NO, O

o ! v the enclosed leaf areal 1) and the chamber purging rate
4+ - (1_ + T]_'(NOZ)) M NO, ) (0 acco_rdmg to Eqg. (1), but in this case without the chemi-

Aleaf bno, cal reaction terms.

The stomatal conductance for@ (gH,o0 In ms1) was
calculated according to von Caemmerer and Farquhar (1981)
A from the transpiration rate and the humidity gradient, which
0 1 7

—1-—=j(NOy)

The NG, deposition velocity fgepno,) Was determined by:

VdepNO, = ) is the difference between the absolute humidity inside the

Aleaf \NO, leaf and the absolute humidity of ambient air.
and the NQ compensation point concentrationdompno,)
by: 2.3.4 Standard errors of exchange flux densities,
_ deposition velocities and compensation point
nNO, — bNo, % ks NO :
NOz = PNO2 5 /77t NO/Ts, O3 concentrations
McompNO, = (4)

1—bno, — bno, %j (NO2)
The standard errors of NGexchange flux densitieBex NO,,
where the quantitie®, Ajeat, j(NO2), k, msNo,, msNo and deposition velocitie®gepno, and compensation point con-
ms 0, With overbars represent mean values averaged over theentrationsncompno, Were calculated by applying the gen-
same data set of thea no, andms no, Measurements from  eralized form of the Gaussian error propagation, which con-
which the quantitieano, andbno, have been derived. The siders the dependence of all variables of the individual equa-
derivation of Egs. (2)—(4) are described in great detail in Bre-tion (Egs. 1, 3 and 4) of each other (Taylor, 1982; Phillips et
uninger et al. (2012). For the sake of completeness exchangal., 2002). The general formulation of the standard esyor
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of a quantityy = f(x1, x2, x3, ..., x;) reads as follows: Table 1. Overview of the ambient measurements. Parameters were
measured near the dynamic plant chambers (16 m above ground
"y 2 -l g 5 within the canopy) except for global radiation, which was recorded
2 Y y oy above the canopy (31 m above ground).
mu(me) L Y a
i=1 i=1j=i+1 J
average range
< Swi e Sw,j o7 (x5 x) (5) g J
NO, ppb 0.19+0.17 0.07-2.89
wherer (x;; x;) are the correlation coefficients between each NO, ppb 2.46+1.42 0.42-21.49
. ) O O3, ppb 47.12+11.67 19.00-77.10
pairs of allx; and x;. For a detailed listing of all error-
b djh dertvat . Breuni COy, ppm 380+ 8 293-409
prone variables and the derivativesiofdx; see Breuninger H»0, ppth 13+ 26 7_05
etal. (2012). relative humidity, % 70.5:17.4  31.2-99.9
temperature;C 144+ 4.5 3.8-27.7
2.4 Control of plant-physiological conditions PAR, umolnr2s-1 265+ 402* 0-1910

global radiation, Wm?2 232+ 276* 0-100%

As long-term field measurements may affect the enclosed
plant parts we performed control experiments to check plant
metabolic integrity. We determined the photosynthetic capac-
ity of the enclosed spruce needles in comparison to a non-
enclosed control. These measurements of in-sity @@ 3 Results

H20O needle gas exchange in response to temperature, radia-

tion, CO» mixing ratio and relative humidity were performed 3.1 Microclimatic conditions

with a portable gas exchange system (WALZ GFS3000,

Walz, Effeltrich/Germany). Light-response curves allowed Ambient concentrations of NO, NQ O3, CO,, and HO,

the determination of the light compensation poilgi @nd the  relative humidity and air temperature were recorded during
light saturation point ). Furthermore, inorganic nutrient the entire EGER experiment (Table 1). Global radiation was
content (calcium, potassium, magnesium, manganese, phogetermined on the top of the tower (31 m above ground, 8 m
phorus, sulfur, carbon and nitrogen) of the control and en-above the canopy). NO concentrations were mostly near the
closed spruce needles were measured according to validatestetection limit with some sporadic peaks. The NEbn-
analytical methods by thBayreuth Center ofEcology and  centration varied between 0.4 and 21.5 ppb. The diel course
EnvironmentalResearch (BayCEER). Therefore at first all exhibited generally higher Nfoconcentrations at night. £0

the samples were ground by a ball mill. Carbon and nitrogenmixing ratios ranged between 3 and 78 ppb with a gradual
were measured by a C/H/N elemental analyzer by combustdecline in the morning hours. Air temperature ranged from 4
ing the sample in an oxygen stream at temperatures of@00 to 28°C with a mean temperature of 1@.

with subsequent measurement by a thermal conductivity de-

tector. The other elements were measured by using inducg3.2 Plant physiological conditions after long-term

tively coupled plasma optical emission spectrometry (ICP- enclosure

OES).

* Daytime only data.

Plant physiological processes such as photosynthesis and
2.5 Significance of NQ concentration differences stomatal regulation can be affected by pollutants and the

availability of mineral nutrition. C@ response and light re-
Before calculating the N@exchange flux densityFex no,) sponse of C@ uptake are reported as quantitative measures
the difference of the gas concentrations at the inlet and thg¢Selinger et al., 1986). With regard to that, an overview of
outlet of the dynamic chambetmyo, = (ma N0, —7sNO,): the photosynthetic capacity of enclosed and control branches
i.e. the major component of this calculation, was checkedis given in Fig. 1. We distinguished between control (non-
for significance by the application of a t-test taking into ac- enclosed during the whole campaign) and enclosed branches
count the individual concentration measurements:9fio, as well as between young and older needles. The latter dif-
andmaNo, during one measurement cycle (4 min). Outliers ferentiation was made because £€xchange rates may dif-
in the data sets were identified by the Nalimov-test. Concenfer with needle age (Grennfelt et al., 1983; Wallin et al.,
tration differencesAmpno, with statistical significance be- 1992). The photosynthesis rates of our younger needles were
low 99% (@ <0.99) were not included in subsequent cal- around 50 % higher than the rate of the older needles. But
culations. During the field experiment nearly 3000 pairs of enclosed and control needles were found to behave very sim-
ma; andms; were obtained. After applying the significance ilarly. The light compensation poini{) was in the range of
criterion and the LOD around 60 % of the M@ata pairs 40 to 70 pmol photons it s~ and light saturation/§) was
remained (see Breuninger et al., 2012). reached between 500 and 1100 pmol photonésn.

www.atmos-chem-phys.net/13/773/2013/ Atmos. Chem. Phys., 13, 7783-2013
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Fig. 1. Photosynthetic light response curves at ambieng €ahcentration (370—390 ppm) of control and enclosed spruce ne@)l¥sung
control needlegqb) young enclosed needlgg) older control needlegd) older enclosed needles.

Additionally, we checked the changes of needles’ nutrient(LOD(mno) = 0.1 ppb = 4.46 nmol n73). NO» concentra-
content due to the enclosure. A nutrient composition analytions (nsno,) ranged always above the limit of detec-
sis of our needles (total carbon and nitrate concentrations agon (LOD(mno,) = 0.31 ppb=13.8 nmol nr3) with means
well as calcium, magnesium, manganese, phosphate and subr day and night around 2 ppb. High concentrations were
fur) exhibited no substantial differences between the controbbserved peaking at 17 ppb for NGand at 1.8 ppb for
and enclosed needles, except the potassium content whiddO caused by rush-hour traffic in the morning between
differed significantly between young control (6.9 mg'giw) 06:00 and 12:00 resulting from a public road near the site.

and enclosed needles (8.6 mggiw). O3 concentrationsrso,) were 40ppb on average. Both
. branches displayed similar photosynthesisco,), transpi-
3.3 Overview of plant chamber measurements ration (Fex 1,0) as well as leaf conductances of® (gi,0)-

An overview of the atmospheric concentrations of NO,JNO 3.4 NO, exchange flux density, deposition velocity and
and &, as well as their exchange flux densities are re- compensation point concentration

ported in Table 2 together with the enclosure data of pho-

tosynthesis, transpiration, leaf conductance, light and temConsideration of potential compensation point concentration
perature covering the entire period of the EGER field cam-and determination of the deposition velocity require a certain
paign. Corresponding diurnal variations of exchange fluxamount of data obtained under comparable plant physiolog-
densities of CQ, H,0O, NO, NG, and & for spruce (plant ical adjustments. For that, a suitable guide is the stomatal
chamber 1) for the entire study are presented in Fig. 2conductance for WO (gn,0) because this parameter gives
NO concentrationsn{sno) inside the two sample cham- information about the condition of the plant affected by air
bers were on average 0.16 ppb during the day and 0.1 pptemperature, radiation and water vapor deficit. Furthermore,
at night approaching the limit of detection of the analyzer NO, exchange is known to be strongly regulated by stomatal

Atmos. Chem. Phys., 13, 773790, 2013 www.atmos-chem-phys.net/13/773/2013/
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Table 2. Overview of chamber measurements for spriRieda abiey Given are mean data from 4 min average values from day and night
measurements. Values in brackets present the range of data.

plant chamber 1 plant chamber 2
day? night day night
ms NO» PPb 0.16+0.12 0.10+0.04 0.16+0.13 0.09+:0.04

(0.10°-1.53) (0.18-0.35) (0.18-1.75) (0.16-0.35)
FexNo, nmolm2s™1  —0.006+0.015 0.008:0.005  —0.005+0.007 0.01G:0.004
(-0.110-0.044)  (0.002-0.019) —0.026-0.090) (0.002—-0.023)

Mg NO,» PPD 2.19+1.35 2.28+1.31 2.13:1.27 2.30£0.91
(0.73-17.19) (0.76-12.28) (0.77-11.91) (0.66—7.63)

FexNO,» nmolm?s™1  —0.011+0.015 —0.014+0.025 —0.019+0.020 —0.013+0.022
(-0.079-0.058) £0.414-0.085) {0.341-0.045) +0.205-0.155)

UdepNOy, MM s ™1 0.19+0.11 0.24+0.11
(0.07-0.35) (0.14-0.42)
mg 05, PPD 40.80£11.88  37.418.23 40.16-11.88  40.42-10.80
(17.76-72.41)  (21.31-63.41)  (15.58-72.95)  (19.41-70.27)
Fexos nmolm2s™1  —0.367+£0.174 —0.019+0.316 —0.386+0.156 —0.180+0.123
(-1.153-0.086) 40.889-0.293) +1.167-0.152) +1.141-0.255)
Vdep0g, MMs 1 0.22+0.11 0.20+0.09
(0.07-0.38) (0.06-0.32)
Fex.co,, Hmoln2s™t  —0.57+0.47 0.09+0.07 —0.59+0.45 0.13+0.07
(-2.66-0.20)  £0.05-0.34)  {2.01-0.24)  {0.77-0.52)
FexH,0, mmolmr2s~1  0.07+0.06 0.01+£0.01 0.09+ 0.06 0.01£0.01
(0-0.39) (0-0.03) (0-0.28) (0-0.03)
gH,0,cmst 0.03+0.04 0.01+0.03 0.05+0.06 0.01£0.014
(0-0.54) (0-0.07) (0-0.83) (0-0.17)
Tieaf, °C 17.9+4.7 11.3+2.8 18.3:4.9 13.3:3.3
(6.5-38.7) (6.3-16.7) (6.3-33.1) (6.3-22.4)
RHout, % 66.7+17.5 85.4+11.1 66.0+17.8 79.0+14.2
(32.3-99.9) (62.5-99.9) (32.6-99.9) (40.3-99.9)
PAR, umolnt2s~1 231+273 - 255k 280 -
(0-1875) - (0-1848) -

2 Daytime values were used when global radiatios W m~2, b Limit Of Detection (LOD).

conductance (Thoene et al., 1991; Geller et al., 2000; Tekbi-variate regression analysis of the concentrations at the dy-

lemariam and Sparks, 2006; Chaparro-Suarez et al., 2011pamic chambers’ inlet and the outlet{no, andmsno,)

Hence, our data were classified into seggpo classes. Ta- for spruce showed a strong correlation betweegno,

ble 3 lists the ambient and plant conditions of the classes foandmsno,. The regression coeﬁiciemz(maNoz, MsNO,)

each plant chamber. reached values between 0.8709 and 0.9951. The deposition
Figure 3 shows the Nexchange rategexno, I re- velocity vdgepNo, derived from this analysis ranged between

lation to NO» concentrations (at the outlet of plant cham- 0.07 and 0.42 mms', and was found to clearly increase with

ber 1) without classification and only filtering for (a) day- leaf conductance. Both spruce branches showed a linearly

time conditions, (b) significance of NGconcentration dif-  correlated increase of NQuptake with increasing leaf con-

ferences, and (c) for concentration peaks of NOoN&hd  ductance. This circumstance is presented in Fig. 6, where the

O3 from the advection from the country road near to the sitecalculated deposition velocitiegenno, Were plotted against

(~1.1km). A closer look using leaf conductance classifica-stomatal leaf conductangg;,o.

tion furthers the understanding of the exchange (Fig. 4, plant The NG, compensation point concentrationsompno,

chamber 1; Fig. 5, plant chamber 2). Deposition velocity were between 2.4 9.63 and 29.6 16.30 nmol nt3 (0.05—

vdepNO, and compensation point concentratiefompNo, 0.65ppb), however, with significance probabilities for

was determined for each class. The details of statistical eval#compno, 7 O ranging from 19.98 to 91.22 %.

uation for all data are listed in Table 4. The behavior of both

spruce branches was highly comparable to each other. The
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Fig. 2. Overview of exchange rates over the entire measurement péajpphotosynthesis rat€ex co, (green line), PAR (orange line);
(b) leaf temperaturdieas, (C) transpiration ratéey H,0 (blue line), leaf conductancgif,o) (black line);(d) Oz exchange fluxFey o, (red
line); () NO, exchange fluxFey no, (light blue line);(f) NO exchange fluXex No (green line).Fex 0,, FexNO,» Fex NO based on data
pairs which were significant fokm; = (ma; —ms;) and their errors are shown as gray areas.

4 Discussion and optimal temperaturd{= 30—40 umol photons it s~ 1,
Is=800-1000 pmol photonsm s~1; Larcher, 2003).
4.1 Effects on enclosed plants Mineral nutrient concentrations may differ within species

in relation to age and also between tissues (Bates, 1971;
Application of a chamber system which encloses plants ofFoulds, 1993). Furthermore, it is known that the nutri-
parts of plants requires the control of plant conditions in or-tional status influences the photochemical activity of plants
der to be certain that observations and data are transferab|@fluger and Mengel, 1972; Burns, 1992). For longer enclo-
and not created under unnatural conditions. It is important tosure studies it is of interest that plant species efficiently with-
make sure that the plant is not affected by the chamber, esdraw nutrients from leaves prior to senescence (Langkamp
pecially for long-term studies. Consequently, we controlledand Dalling, 1982, 1983; Lohman et al., 1994; Buchanan-
the status of the plants after field experiments. We couldwollaston, 1997). The analysis of the nutrient composition
not identify visual differences between enclosed and non-of the needles also showed no obvious differences, with the
enclosed plant material. Moreover, no variations in physio-exception of potassium. The higher concentration of potas-
logical performance were detectable. The photosynthetic casjum was found for the young enclosed needles but the con-
pacities of enclosed and control needles were similar and irtentration was in a normal range, which is specified in the lit-
the same range as the results of independent measuremendgture to be between 5 and 70 mgglw (Frey and Bsch,
of photosynthetic light response curves of several spruce004). Potassium is needed during leaf development and it
trees using the same gas exchange system during the samgresponsible for the maintenance of the status of plasma
experiment period (data not shown). Also the differencesswelling. A potassium deficit can be identified by tips of
of the light compensation pointdcf and light saturation needles drying out and by premature shedding of needles
points (s) between enclosed and control needles were small(Larcher, 2003). Such symptoms were not observed. How-

Our values correspond to literature values specified for surever, as the low concentration of potassium in the young
shoots of coniferous trees under conditions of ambient CO
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Table 3. Definition of the classes of leaf conductances, which were used for the classification of measured data. All displayed data are mean
values. Leaf conductanceg{,o) are listed once calculated on basis of projected leaf area and once on total leaf surface area.

class 1 2 3 4 5 6 7

&H,0 cms1 0.01-0.025 0.025-0.06 0.06-0.08 0.08-0.1 0.1-0.13 0.13-0.16 0.16-1.0
projected

Aleaf

&H,0 cms1 0.004-0.01 0.01-0.02 0.02-0.03 0.03-0.04 0.04-0.05 0.05-0.06 0.06-0.4
total Ajeaf

PAR pumolnT2s~1 130+ 261 200+ 334 253+ 311 279+ 300 297+ 312 355+ 335 319+ 365

Tair °C 18.8+4.9 16.8+4.9 16.5+4.2 15.4+3.7 14.3+3.8 13.9+3.6 12.0+3.4

RH % 54+ 17 64+ 18 64+ 16 67+ 14 69+ 14 70+ 13 80+ 14

Fex.co, pumolm2s! 0154012 -0.37+0.22 -0.62+0.26 —0.74+0.31 —0.86+0.37 —1.0240.42 —1.05+0.46
Fex H,0 mmolm2s1  0.03+0.02 0.05:0.04 0.08+0.05 0.09+:0.05 0.10+0.06 0.1140.07 0.09+:0.08

PAR pmolnr2s~1 514158 157+ 251 279353 336+ 387 278+ 290 320+ 307 322+ 329
Tair °C 16.9+ 4.7 17.4+5.1 17.4£ 4.7 16.8-4.2 15.8£3.9 14.6+3.7 12.6+3.5
RH % 63+ 19 61419 59+ 17 61+ 16 66414 69+ 14 77+ 16

Fex.co, pumolm2s1  —0.03+£0.11 -0.25+0.22 —0.53+0.26 —0.67+0.31 —0.774£0.31 —0.88+0.36 —0.98+0.42
Fex H,0 mmolm2s~1  0.0240.02 0.06+0.05 0.10+0.06 0.114-0.07 0.114-0.06 0.114+0.06 0.09+:0.06

plant chamber Pplant chamber [L

M no, » ppb 4.2 NO, exchange with leaves
006 b ?¥"4 s 4 Under field conditions an increase in N@ptake was found
1 ‘ | in relation to increasing N® concentrations. This agrees
0.04 i 1, - with previous studies (Rorah et al., 1993; Thoene et al.,
"0 1! R 1 1991; Weber and Rennenberg, 1996, Geliler et al., 2002,
“c 0027 i il 1 Chaparro-Suarez, 2011) and confirms the assumption that
S 000 : NO, exchange is driven by the NCconcentration differ-
IS I | i ence between atmosphere and the gaseous phase of the leaf
c | -1~ . . L
L2 1 interior. Up to now, NQ emission has_ been foun_d qnly at
g 004: ! 4] (very) low atmospheric N@concentrations. N©emissions
5 ] X ] have been measured in several studies. Teklemariam and
v 0.06 4 5 ‘ 4 Sparks (2006) reported emissions from four species (wheat,
18 - 1 corn, sunflower, and Madagascar periwinkle) that ranged be-
-0.08 +—— T v x v tween 36.8 and 101.0 pmolmAs—L. Sparks et al. (2001) ob-
° 50 100 150 200 served NQ emissions up to 50 pmoln¥s—1 from several
Mg no, nmol m tropical trees and Hereid and Monson (2001) from field-

grown corn. NQ emissions from spruce needles were re-

Fig. 3. NO, exchange flux densityFex No,) VS. NO, concentra-  ported by Rondn et al. (1993) and GeRler et al. (2002). In

tion measured at the outlet of the dynamic plant chambeio,) the present study the significant leaf emission of,N@mM

of Picea abiesl over the entire measuring period. Data were filtered spruces varied between 0.07 and 58 pmofisr 1. However,

for daytime conditions, period of possible advection and signifi- the emissions were very low compared to theN@change

cance ofAmno, = (ma N 0, —MsNO,)- FexNo, Were calculated  fjyx densities. Furthermore, the releasedNfiay represent

according to Eq. (1), their standard errors according to EQ. (7). 3 release from the leaf surface instead of being an emission
from inside the leaves. Evidence for this is given by the sep-

. . - . aration and classification of the N@xchange flux densities

needles did not reach potassium deficiency U@t and for leaf conductance (see Figs. 4 and 5). It became apparent

Mengel, 1972; Sieghardt, 1988; Larcher, 2003), we do nOtthat at higher classes (i.e. higher leaf conductance) thg NO

consider these differences as a sign of a harmful effect of the . " . )
chamber. emission decreased and the compensation point concentra-

In summary our data sets give good reason to assume thztaiton declined.
the enclosedsi)ranches weregr]mt r?armed by the chambers Deposition fluxes of N@ observed in our field study for
Y " spruce varied betweer0.078 and—0.018 nmolm?s1,

These fluxes are much lower than pl@eposition fluxes re-
ported by Thoene et al. (1996) of 1.88 to 0.03 nmofrs 1
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Fig. 4. NO, exchange flux densitiesgx No,) Of Picea abiesl at  Fig. 5. NO, exchange flux densities’éx No,) Of Picea abies2 at
various NG concentrations measured at the outlet of the dynamicvarious NG concentrations measured at the outlet of the dynamic
plant chambers no,). Data were filtered for daytime conditions  plant chambents no,). Data were filtered for day time conditions
and periods of possible advection. Only data pairs whose differenceind period of possible advection. Only data pairs whose difference
of NO, concentrations at the inlet and outlet of the dynamic plant of NO, concentrations at the inlet and outlet of the dynamic plant
chamber was statistically significafinno, = (ma,NO, — s NO,) chamber was statistical significantnno, = (ma y 0, — MsNO,)

were applied. Data were separated and classified for leaf conwere applied. Data were separated and classified for leaf con-
ductance (class 1-a-g). NO, compensation point concentration ductance (class 1-a-g). NO» compensation point concentration
(mcompNo,) is represented by red filled circle. Blue line is calcu- (mcompno,) is represented by red filled circle. Blue line is calcu-
lated according to Eg. (2) and represemisyno,- Dashed line in-  Jated according to Eq. (2) and represenisyno,- Dashed line in-
dicates the limit of detection ¢3definition) for NG, concentration  dicates the limit of detection g3definition) for NO, concentration
measurements. measurements.
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0.6 T——T——T— . . . - - 4.3 Deposition velocities of NQ
2] © Picea abies 2
g 04— T = N NO; deposition velocities exhibited values between 0.07 and
N | . % I ' | 0.42mms? for spruce. These values were in accordance
) o tol = with the lowest values reported up to now of 0.09 mrhs
Z 024+ —— 1= o ——— — — . .
g 6/‘5 for spruce under controlled field conditions (Gef3ler et al.,
=’ 1 %/T i 1 2002). In contrast, Thoene et al. (1991, 1996) described val-
o4+ - ues ranging from 0.4 to 0.9 mmfor laboratory measure-

000 002 004 006 008 010 012 014 016 ments. Rondn et al. (1993) reported even much higher val-
ues from 1.8 to 2.1 mnTs.

As indicated in the previous section, differences between
Fig. 6. NO, deposition velocitiesigenno,) in relationship to the t_he data of our study "’,Ir_]d those of preVIOUS.Stu(.Ziles are most
stomatal leaf conductancgi,o). Deposition velocities were de- likely due to non-specific N@analyzers applied in the pre-

termined for each class of leaf conductance (see Sect. 3.4) therefoddous studies. Furthermore, discrepancies may also be due to
vdepNO, represents averages for these data sets. the fact that some authors have neglected gas-phase reactions

in the dynamic chambers all together, some excluded them

by using corresponding set-ups, and some tried to compen-
for spruce, or by Sparks et al. (2001) of 1.55 to sate them by application of an empty chamber (“reference
0.15nmolm2s~1 for several tropical trees. These discrep- chamber”) (Rondn et al., 1993; GeBler et al., 2000, 2002;
ancies to our values might be related to different detectionHereid and Monson, 2001; Sparks et al., 2001; Raivonen et
techniques for N@. Thoene et al. (1996) used a non-specific al., 2009). Furthermore, different deposition velocities at leaf
molybdenum converter for N while Sparks et al. (2001) level may be related to different ages of the enclosed plant
used a liquid phase chemiluminescence detector (luminol rematerial. Grennfelt et al. (1983) reported higher deposition
action). Both techniques interfere with other oxidized nitro- velocities for 1-yr-old needles compared to current year nee-
gen compounds. Our data are based on the use of a blue lighiles. Unfortunately, studies about gas exchange differences
converter, which is highly specific for NOmeasurements. depending on needle age are very rare.

Oyo: CM s?
2

Very similar deposition fluxes of up to 0.3 nmofths 1 (at Many of the reported N& deposition velocities have
5 ppb) were reported for five European tree spedietiula  been obtained by micrometeorological measurements (aero-
pendula Fagus sylvaticaQuercus robuy Quercus ilex Pi- dynamic gradient or eddy covariance; corresponding data

nus sylvestrisby Chaparro-Suarez et al. (2011) using a dif- for NO» deposition velocity, for both foliar and non-foliar
ferent photolytic converter (PLC 762, Ecophysics, Switzer-sites, refer usually to the projected (soil) area). However,
land). Furthermore, our data are in close accordance withhose measurements generally do not consider gas exchange
NO, deposition fluxes reported by GeRler et al. (2002), rang-with the soil, surface reactions on soil and vegetation ele-
ing between 0.12 and 0.02 nmotths 1, also using an Eco- ments, and reactions with radicals. For example reactions
physics photolytic converter. Thus, discrepancies reported irwith VOCs (emitted from plants) are involved, though not
the literature may be understood to be caused by the use déiken into account. N&deposition velocities (projected soil
insufficiently specific NG-detection techniques. However, area) of 0.35 mms! are reported by Pilegaard et al. (1998)

it might be discussed, whether or not those measurementor wheat fields, and 2 to 6 mnt$ for a fruit orchard by
which have used either non-photolytic converters (molybde-Walton et al. (1997). Monthly mean values (January to Oc-
num or ferrous sulphate) or the luminol technique are justtober) for an oak forest ranged between 0.2 and 6.4 Wim s
measurement artefacts or reflect additional (extra?) fluxes ofPuxbaum and Gregori, 1998)epno, = 2 mm s L for a de-
PAN, HONO, HNQ;, ethyl nitrite, and ethyl-, methyl-, n- ciduous forest were reported by Horii et al. (2004).

propyl-, and n-butyl nitrate. All of these compounds gener- To compare deposition velocities measured over the
ate positive interferences to the detection of N@artly up ~ canopy with those measured at leaf-level (dynamic cham-
to 100 % (see Table 2 in Breuninger et al, 2012). Thereforepers), deposition velocity data per projected needle area must
if those compounds may be actually emitted from vegetationbe converted by multiplying the measured deposition veloc-
elements, either biologically or by surface (catalytic) reac-ity with the leaf area index (LAI). According to Robd et

tions, then those measurements would be (a) an indicatioml. (1993) the existence of a compensation point concentra-
I, corrected__ | LAI

of additional N-fluxes (hard to quantify), but (b) would fake tion can be also be considered b ERNO, = VdepNO, °
enhanced N@compensation point concentrations. (1= mcompNO,/MsNG,), Wherev'&é\émoz is the LAl converted

deposition velocitymcompno, the NG compensation point
concentration (see Sect. 4.4) amgno, iS the mean N@
concentration during the period. Table 5 presents the cor-
rected NQ deposition velocities determined for each class
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Table 4. Parameters of N®field measurements of bi-variate weighted linear least-squares fitting regression analysis (standard error of
msNO, @ndma No, considered). Data were separated for leaf conductgngg and classified intoclasses 1-7. Only significant data of

Amno, = (maNO, — s NO,) Were applied.

class N R(Mano,:MsNO,)  MeompNO, P({McompNo, # 07) VdepNO;
[1] 11 nmol m=3 % mms

Picea abiesl

1 91 0.8939 14.6-33.4 32.50 (ns) 0.0%0.06
2 102 0.8886 22.#30.5 54.16 (ns) 0.02:0.06
3 47 0.8709 13.936.7 29.30 (ns) 0.130.07
4 52 0.9401 —24.3+35.6 50.11 (ns) 0.130.08
5 55 0.9248 23.%14.4 88.43 (ns) 0.2%0.05
6 35 0.9263 29.6-16.3 91.22 (ns) 0.36 0.08
7 75 0.8861 2.4-9.6 19.98 (ns) 0.350.03
Picea abie

1 43 0.9702 6860- 12428 4.37 (ns) —0.002+0.04
2 165 0.9075 —16.7+13.9 76.78 (ns) 0.140.04
3 87 0.8783 —13.6+19.5 51.48 (ns) 0.140.02
4 59 0.8545 16.5-15.3 71.75 (ns) 0.2%0.05
5 74 0.9876 14.58-13.2 72.44 (ns) 0.29 0.06
6 43 0.8912 —34.0+22.6 86.02 (ns) 0.120.05
7 140 0.8106 7.46.4 74.92 (ns) 0.420.07

ns= not significantly different from zero fcmcomp,\‘o2 # 0 (see Sect. 3.4).

of leaf conductance. The application of this correction for thegple 5. Averages of N@ deposition ve|ocitieg@gl Cinmms 1)
. . . . 1
NO, compensation point concentration according to Rond LAI L% _corrected:

. . - corrected in
et al. (1993) results in 11-37 % lower deposition velocities. depNO; inenNoz
of-Al-corrected, < 5 98 mms!. which mm s~1) for NO, compensation point concentration when compen-

The average value aof \ ) !
. depNO ER
is one order of magnitude Izower than the reported averageaatlon pointwas definable. LAI of Spruce forest (EGER).2.

and corrected N@deposition velocity per ground area for a Picea abiod Picea abie
spruce stand by Roim etal. (1993). _These large differences class LA LAl corrected . LAl LAl corrected
may be partly explained by fluctuations over the whole tree depNO;  “depNO; depNO;  “depNO;

per ground area (LAl) and

stand as argued by Robid et al. (1993) who considered their 1 0.37 0.30 n.a. n.a.
converted deposition velocities to be upper limits measured 2 0.46 0.34 0.71 n.a.
at the tree top. We determined our values at branches in the 3 0.68 0.56 0.74 n.a.
middle of the canopy. The radiation intensity and thus the 4 0.56 0.73 1.30 1.04
stomatal conductance in the forest probably differs upwards 5 1.28 0.91 1.50 121
to the top of canopy and downwards to the ground. 6 1.58 0.99 1.00 n.a.

7 1.82 1.75 2.20 1.96

The demonstrated stomatal regulation of theo,Nfptake
fits with the results of previous experiments with five Eu- n.a.= notavailable.
ropean tree species (Chaparro-Suarez et al., 2011) and with
laboratory studies of young spruce trees under controlled
conditions (Breuninger et al., 2012). Figure 7 presents theestimated just by knowing the stomatal conductance. Bond
deposition velocities in relationship to the stomatal conduc-and Granat (1994) also conclude that the relationship be-
tance determined by this study in combination with the re-tween NQ needle conductance and stomatal conductance
sults of the studies mentioned before. Regardless of planvas closeto 11.
species or cultivation the NOdeposition velocities of all
investigated plants are well correlated with stomatal con-4.4 Compensation point concentrations of N@
ductance. Obviously, the plant specific characteristics or the
habitat conditions have only small effects on the uptake ratdn the literature a wide range of NGcompensation point
of NO,. This more comprehensive view intensified the im- concentrationsicompno,) for spruce were reported, rang-
pression that the Nuptake rate of plants can be roughly ingfrom 0.1 to 1.7 ppb. Ror@h et al. (1993) and Roia and

Granat (1994) describetsompno, between 0.1 and 0.7 ppb.
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Ohzo , MM s highly specific for NQ, therefore N@ concentrations will
10 20 30 40 50 be overestimated. Previous studies demonstrated that widely
3.0 ‘ ‘ ‘ . ‘ used molybdenum converters overestimate the true values of
Bp NO; because of substantial NO production from oxidized ni-
trogen compounds like peroxyacetyl nitrate (PAN) and ni-
20 1 tric acid (Winer et al., 1974; Matthews et al., 1977; Gros-
Bp O@ jean and Harrison, 1985; Gehrig and Baumann, 1993; Stein-
o Qr bacher et al., 2007). For example, the processes may convert
Ps up to 92 % of peroxyacetyl nitrate (PAN) and 98 % of ni-
¢ ' tric acid (HNG;) into NO (Winer et al., 1974; Grosjean and
. p Harrison, 1985). The luminol technigque is known for signifi-
i“g . cant interferences with £and PAN (25 %) especially at low
0'00_0 0.05 01 0.15 02 0.25 NO, concentrations (Drummond et al., 1989; Kelly et al.,
1990). Such interferences were found to be negligible with
photolytic converters (Fehsenfeld et al., 1990; Ryerson et al.,

Fig. 7. Maximum NO, deposition velocities iepno,) in re- 2000). The highly sfpecifi_c blue light converter used in this
lation to their corresponding stomatal leaf conductangg,d) study should minimize t.hls SOUVCQ.Of error. .
for five tree speciesBetula pendula Fagus sylvatica Quer- Another reason for different estimations of compensation
cus robur Quercus ilex Pinus sylvestrisat two light intensities ~ point concentrations can be the application of different mea-
(light grey diamonds: PAR: 900 umolm2s~1; grey diamonds: ~ surement setups and data analysis. In many reports it is not
PAR= 450 umol nT2 s~1; black diamonds: night time conditions) clear whether photochemical reactions of the NO-N®
measured by Chaparro-Suarez et al. (2011) Fioea abiesmea-  trigd within the plant chambers were taken into account or
sured in the present study (red filled circle), and focea abies 5 experimental setup was used which excluded reactions of
measgred under laboratory conditions (blue filled circle; data seq\lo2 photochemistry (GeRler et al., 2000, 2002; Hereid and
Breuninger etal, 2012). Monson, 2001; Sparks et al., 2001; Raivonen et al., 2009).
During field measurements chemical reactions of the NO-
NO,-Og3 triad must be regarded as being part of the natu-
These values are comparable to the values determined in thiml conditions; therefore the measured values must be cor-
study, where the range efc.ompno, determined for spruce  rected. The impact of gas-phase reactions on compensation
needles under field conditions was estimated to be betweepoint concentrations is less than on deposition velocities. In
7.446.40 and 29.6 16.30 nmol n73 (0.17-0.65 ppb). But  Breuninger et al. (2012) we have differentiated our calcu-
attention should be paid to the large errors of the compeniated NGQ exchange flux densities into the (chamber) flux
sation point concentrations, which can be 100% or everdensities and the gas-phase flux densities (gas-phase produc-
more. Moreover, the significance probability of the compen-tion and destruction of NO-N£0s3), so we could identify
sation point concentrations in our study was always negligi-the fraction of the gas-phase reactions. For example for a se-
ble. Therefore, the existence of a N@ompensation point lected leaf conductance category (high PAR radiation) the
concentration for spruce is generally challenged. However, iffraction of the gas-phase flux densities at the exchange flux
a compensation point for NQuptake would exist, the con- density of NG was just+8 %, but in particular cases it could
centration would be much less than 1 ppb. These considerbe +22 % or—12 %, respectively. However, this would not
ations are in close accordance with laboratory experimentsuffice to explain formerly reported high values of Nédbm-
performed by Chaparro-Suarez et al. (2011) who also quespensation point concentrations. Furthermore, another source
tion the existence of a compensation point. for the discrepancy could be whether deposition velocities
However, Thoene et al. (1996) determined a compensaand compensation point concentrations were determined by
tion point concentration of 1.64 ppb for spruce, and Geller etapplying simple linear regression (no errors considered at all)
al. (2002) values of 1.7 ppb. Such large values (above 1 ppbdr bi-variate weighted linear regression (y- and x-errors con-
would imply an almost constant N@mission from the for-  sidered). The bi-variate regression is preferred to any stan-
est at regions with small ambient N©@oncentrations, which  dard forms of linear regression analysis, since (a) both con-
have not been reported so far. These differences in the esentrations/mano, andmsno,, are measured with identi-
timation of a compensation point concentration have led tocal analyzers, (b) corresponding standard errors are of the
some discussion (Lerdau et al., 2000). The discrepancy besame order of magnitude, and (c) errors are usually large (for
tween the values determined in this study and those reporteghs no, andmano,, as well as forFexno,) due to the fact
high values may be explained by the fact of using differentthat NO analyzers have in most cases measured at the lower
measurement techniques to detect the,NOncentrations.  end of their capabilities. In most of the previous studies sim-
As mentioned above (see Sect. 2.2.2), most of the commonlyple linear regressions between exchange flux denfgiky
used converters for the conversion of N@ NO are not and the trace gas concentration at the outlet of the sample

Grzo, Mol m= s
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chamberns; were applied (Rongh et al., 1993; Rorith and 4. NO; compensation point concentrationgcbmpno,)
Granat, 1994; Thoene et al., 1996; Sparks et al., 2001; Hereid  determined for spruce needles under uncon-
and Monson, 2001), only GeRler et al. (2000, 2002) applied trolled field conditions ranged from 2#49.63 to

a bi-variate algorithm. 29.0+16.30 nmolm3 (0.05-0.65ppb) but are all

In Breuninger et al. (2012), we have analyzed the effect negligible in terms ofmcompno, #0. These results
of applying simple linear regression or bi-variate weighted challenge the existence of a N@ompensation point
linear regression (see Table 7 there). Applying simple lin- concentration for spruce.
ear regression instead of bi-variate weighted linear regres-
sion analysis does not lead to considerably different val-
ues, neither of N@ compensation point concentrations nor
NO, deposition velocities. However, the statistical signif-
icance ofmcompno, # O changes from “highly significant
(P =0.999)", if simple linear regression is applied, to “un-
likely (P <0.95)", if we used bi-variate weighted linear re-
gression analysis.

Other issues potentially contributing to the observed dif- AcknowledgementsThe authors gratefully acknowledge financial
ferences, could be different plant materials used or differ-support by the German Research Foundation (DFG project EGER,
ent habitat conditions. Previous studies suggest that mesdvE 2100/4-1) and the Max Planck Society. We also thank the
phyllic characteristics like leaf ascorbate concentration mayJniversity of Bayreuth for fruitful cooperation. We are grateful to
influence NQ exchange rates (Ramge et al., 1993; Tekle-Gunter ligen and his staff from the analytical chemistry service unit
mariam and Sparks, 2006). The apoplastic ascorbate conceff the Bayreuth Center Qf Ecology_ and Enwror_wmental Research
tration varies with species, environmental conditions (Polle(B2YCEER) for the chemical analysis of the nutrient content of the

. eedles. We thank Tracey W. Andreae for the final editing of the
et al., 1995; Schwanz et al., 1996) and stage of developmenrr%anuscript
(Luwe, 1996). Another reason could be a different coloniza- '
tion of the trees by chemolithoautotrophic nitrifying bacteria. the service charges for this open access publication
It is known that these bacteria colonize the phyllosphere ofhave been covered by the Max Planck Society.
trees. Heuser and Zimmer (2003) demonstrated autotrophic
nitrite oxidizers on the leaf surface of English o&kuercus  Edited by: J. Rinne
robur L.) and Papen et al. (2002) detected them on spruce
needles. Teuber (2003) was able to verify nitrifying bacte- )
ria even living inside the apoplast of spruce needles. Thes&PPeNdix A
organisms are able to metabolize LSII-fhnd NG, which is ) o
formed when NG is dissolved in water. It must be assumed Mass balance equation of the trace gas Nfinside
that NO, uptake and compensation point concentration will @ dynamic plant chamber
differ if plants are colonized by nitrifiers or not. From pre-
vious studies (Papen et al., 2002) it is known thatsNte-
position fluxes significantly increased as a consequence
metabolic activity of nitrifying bacteria. Possibly, this obser-
vation is also valid for NG.

5. The constantly lower values of N@as exchange flux
densities, NQ@ deposition velocities and NOcompen-
sation point concentrations in comparison to most previ-
ous studies are most likely due to using a more specific
NO, analyzer with a blue light converter.

Assuming steady-state conditions within the dynamic cham-
0l%»er and considering the convention fluxes into (out) of the
plant chamber’s volume are counted positive (negative), the
dynamic chamber’'s mass balance equation of the trace gas
NO; may be written as:

+ Fin,No, — FoutNO, + Fwall + FemNO, — FdepNO,
+ FprodNo, — Fdestno, =0 (A1)

o e o et s e fgacegas Nrtering e pan

_chamber,F, the flux of NG leaving the plant cham-
enclosed branches were not harmed by the dynami out O, < g the p
plant chambers and still behaved normally after six

weeks of enclosure.

5 Conclusions

%er, Fwail the flux to the inner chamber wall§emno, the

flux caused by emission from the leavdgepno, the flux

caused by uptake to the leavegyodno, the flux into the

2. NO; deposition velocitiesigepno,) are positively cor- plant chgmber volumes caused by gas-phase production, and
related to leaf conductance. For spruggyno, ranged FgestNO, is the flux out of the plant chamber’s volume caused

between 0.07 and 0.42 mm’s by gas-phase destruction.
The ingoing Fin,no,) and the outgoingKoutno,) fluxes

3. Estimates of NQ deposition velocity per ground area may be known by measurements. Considering the purg-
(on a LAl basis) amounted to 0.98 mm'sfor the  ing rate 0 (m3®s™!) and the molar concentratiomano,
spruce stand. (nmol m~3) of trace gas N@in ambient air (alternative the
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outlet of the reference chamber), the ingoing flux is definedAppendix B

by
List of symbols and abbreviations
F; = -m A2
in,NO» 0 a,NO, ( ) Aloat leaf area A
. . S BLC Blue Light Converter

The outgoing flux leaving the chamber, considering the mo- bro, slope of regression  nmol n-3
lar concentration at the outlet of the plant chambes o, analysis of trace gas
in nmol m~3), is defined by NO,

Fex.co, CO, net exchange flux pmolnmr2s1
FoutNo, = Q -MsNo, (A3) density

Fex H,0 transpiration rate mmol mfs1

FexNO, exchange flux density nmolm2s-1

The flux to the inner chamber waltya; must be quanti-
fied by corresponding laboratory experiments (e.g. Ludwig,
1994; Meixner et al., 1997; Chaparro-Suarez et al., 2011; #H°
Breuninger et al., 2012). Using chemically inert material for I
the chamber wall$,y4 can be neglected.

The gas-phase production and destruction of the trace gas j,
NO; are controlled by the photo-chemical reactions of the j(NOy)
NO-NO»-O3 triad:

k
NO+ O3 = NO2 + Oy,
o — 12 (-131Q'T) LAI
kri:=k=14x10"“xe (R1) LOD
mal
NO2+hv=NO+0, kg2:=j(NO2), A<420nm (R2) ms,
The corresponding fluxeBprodno, and Fgestno, Can be
formulated as: McompNO,
F, L (A4)
prod NO, Aeat s,NO " Mg O3 o,
and
N
Voo PAR
FuestNo, = —— -] (NO) - msNo, (A5)
leaf
0
R2
where V is the plant chamber’s volume &n & the s
(temperature-dependent) reaction coefficient of thefNQy T
reaction (nf nmol~1s~1) (Atkinson et al., 2004) ang(NO,)
(s71) is the photolysis rate of Reaction (R2). 1%
The unknown fluxesFemno, and Fgepno, Can be com- VdepNO,
bined to the bi-directional “exchange flu¥ex no,:
FexNo, = +FemNoO, — FdepNO, (A6)
ULAI
depNO;

Considering Egs. (A1)-(A6) the balance equations of the ex-

change flux densityex no, Will read as follows: vgonio
2

FexNo, = —reaf(ma,Noz — Mg NO,

14 V.
+ o kmsNoms 05 — o’ (NO2) maN02> (A7)

www.atmos-chem-phys.net/13/773/2013/

LAI ,corrected

of trace gas N@

stomatal conductancems!

for H,O

light compensation

point

light saturation point

photolysis rate of N@ s 1

(A <420 nm)

rate constant for

chemical reactions

leaf area index -

limit of detection nmol n?,
ppb

molar concentration  nmoln3,

in ambient air of gas  ppb

molar concentration  nmoln3,

within plant chamber ppb

of gasi

compensation point  nmol 3

concentration of trace or

gas NQ ppb

intercept of regression nmol 3

analysis of trace gas

NO»

number of samples -

photosynthetically

active radiation

purging rate ms1

regression coefficient  —

standard error

temperature °C
orK
chamber volume f

deposition velocity of ms™!

trace gas N@

(quantity is chamber-
specific, see Bre-
uninger et al., 2012)

LAl converted deposi- ms™1
tion velocity

LAl converted deposi- ms™1
tion velocity
consideredncompNo,

pmol photons m2s1

pmol photonsths ™!

cm® moleculels?

pmolm2s-1
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