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Abstract. The productivity of boreal forests is considered 1 Introduction
to be limited by low nitrogen (N) availability. Increased at-

mospheric N deposition has altered the functioning and N . o ) )

cycling of these N-sensitive ecosystems by increasing thd*Ntropogenic emissions of reactive nitrogen (N) have
availability of reactive nitrogen. The most important com- markedly increased the atmospheric N deposition to forests,
ponents of N pools and fluxes were measured in a boregfsPecially around industrialized regions (Pinho et al., 2012;
Scots pine stand in Hyyila, Southern Finland. The measure- C'uber and Galloway, 2008; Galloway et al., 2003). There
ments at the site allowed direct estimations of nutrient pooldS: however, a large spatial variability in the effects by N
in the soil and biomass, inputs from the atmosphere and outdePosition (Magnani et al., 2007; Fischer et al., 2010). For-

puts as drainage flow and gaseous losses from two micro€St ecosystems with slow N cycling and low or moderate at-

catchments. N was accumulating in the system, mainly inmospheric N deposition are called nitrogen limited, as their
woody biomass, at a rate of 7 kg N'HayrL. Nitroéen in.  productivity is enhanced by the increased N inputs. For-
put as atmosph,eric deposition was 7.4 kg Nhgr—L. Dry est ecosystems with high deposition rates receive N in ex-
deposition and organic N in wet deposition contributed ¢€SS: which increases the ou_tputs markedly. In such a case
over half of the inputs in deposition. Total outputs were the ecosystems are called ”_'”099” satur:_':lted_ (Aber et al.,
0.4kgNhalyr-1, the most important outputs being® 1998). Here we divide N cycling in forests into inputs, out-
emission to the atmosphere and organic N flux in drainagd®Uts and intemal cycling. Inputs include atmospheric N de-
flow. Nitrogen uptake and retranslocation were equally im_position, fixation, and fertilization. Outputs include N losses
portant sources of N for plant growth. Most of the assim- in gaseous emissions and drainage_ flow. Internal cy_cling in-
ilated N originated from decomposition of organic matter, cludes all the Processes where N is transported within t_he
and the fraction of N that could originate directly from de- ecosystem. The inputs and outputs of N to apd from und.|s-
position was about 30 %. In conclusion, atmospheric N de_turbgd forest ecosystems are small, and the internal cycling
position fertilizes the site considerably, but there are no signglominates the N flow (Mlkonen, 1974). The increased N de-
of N saturation. Further research is needed to estimate soff0Sition in turn affects the whole N-cycling process in forest

N, fluxes (emission and fixation), which may amount up to €COSYyStems. _ _ _
several kg N halyr—1. In boreal forests, the inputs of N via atmospheric de-

position and N fixation are relatively small, at maximum
around 10kg N hal yr~1 (Flechard et al., 2011; Syri et al.,
2004; Mustairvi et al., 2008) and 0.1-3.5kg Nthyr—1
(DelLuca et al., 2002, 2008; Zackrisson et al., 2004, 2009),
respectively. In these systems, the N outputs are reported to
be small, both via leaching of ammonium (I}lFN), nitrate
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(NO3-N) and dissolved organic nitrogen (DON) into ground- 2 Materials and methods
water (Kubin, 1998), and through volatilization of oxidized
nitrogen (NO, NO) into the atmosphere (Pilegaard et al., 2.1 Measurement site
2006; Pihlatie et al., 2007; Maljanen et al., 2010). The soil
emissions of M are highly uncertain as there are no measure-Measurements were conducted at a Scots pine stand at the
ments available from boreal ecosystems. In general, the toteBMEAR 11 station in Hyytald (Hari and Kulmala, 2005),
N inputs and outputs in boreal forests are markedly less thaisouthern Finland (651 N, 24°17 E). The mean annual air
those in more N-affected Central European forest ecosystentemperature and precipitation at Hyaf from 1971 to 2000
(Flechard et al., 2011; Holland et al., 2005). In boreal forestswere 3.3C and 713 mm, respectively (Drebs et al., 2002).
N is reported to accumulate into the soil (Berg and Dise,The stand is an even-aged forest, and it was regenerated
2004; Hattenschwiler and Vitousek, 2000) and biomass ofby sowing after clear-cutting, prescribed burning, and soil
growing trees. preparation in 1962. The measurement station was estab-
According to the current knowledge, plants can take up Nlished in 1995. The stand was partially thinned from January
either in mineral (Nlj‘ or NO3) or amino acid forms (e.g. to March 2002 (Vesala et al., 2005).
Kielland et al., 2006). Nitrogen uptake by plants is affected The dominant tree species is Scots pine, covering 93 %
by the availability of these compounds, released via decomef the stem basal area in the study area. Of the other tree
position, but also by the atmospheric N deposition and N species, mainly in the understorey, the most important are
fixation. Even though there are large pools of N in the borealNorway spruce Ricea abie} and Silver birch Betula pen-
ecosystems, there is less N available for plant uptake thadula), contributing 2.6 % and 1.1 % of the total basal area,
plants are able to consume. This is concluded from the factespectively. Other species in the understorey include rowan
that N fertilization tends to increase the productivity of bo- (Sorbus aucuparip Grey alder Alnus incand, Goat willow
real forests (Saarsalmi andaikonen, 2001). In boreal up- (Salix capred and Eurasian aspePdpulus tremula The
land forests, the low N availability results from the cool cli- dominant species in the field layer are the shrdlscinium
mate and the chemical composition of soil organic matter.myrtillus andVaccinium vitis-idaeaand in the ground layer
However, plants can reuse N efficiently because it is a mobilehe mosse®icranum polysetunand Pleurozium schreberi
nutrient. A major fraction of the N that is being lost in senesc- (Kulmala et al., 2008).
ing plant tissue can be resorbed and retranslocated when new The soil at the site is Haplic podzol on glacial till (FAO-
tissue is grown. UNESCO-ISRIC, 1988), overlaying homogeneous granite
As several studies recognize, the role and magnitude obedrock at an average of 0.6 m depth. The study area is de-
organic N inputs to and outputs from the ecosystems and difined as the area inside the borders of two mini-catchments
rect plant uptake has largely been overlooked (Kielland et(C1, 889 %, and C2, 301 ) that receive water only from
al., 2007; Neff et al., 2002; Mustajvi et al., 2008). Recent precipitation, since they are located at the top of a small hill
studies show that organic N can contribute as much as 30 %Fig. 1). The mini-catchment borders were mapped based on
of the total N deposition into ecosystems (Neff et al., 2002),bedrock topography, and measured by soil penetrating radar
and up to 80% of the total N lost as runoff (Mugtaji et in 1994. Two concrete weirs were built to guide the lateral
al., 2008). It seems evident that trees uptake N from soil di-outflow of water to outlets of the two weirs. The radar mea-
rectly as amino acids (Jones and Kielland, 2002; Kielland etsurement showed that there were no major vertical cracks in
al., 2007). the bedrock. The lowest soil layer on the bedrock has a high
Here we present a measurement-based N budget of a beilt fraction, rendering the watershed water tight. Thus water
real Scots pine forest in Southern Finland. We show the Nflows in the soil along the direction of the slope and outflow
budget based on a comprehensive data series covering thaecurs only via the outlets in the weirs as reported in lives-
inputs, outputs, pools, and internal cycling of N within the niemi et al. (2010).
forest ecosystem from 2006 to 2010. We further calculate
the individual sources of N for the plants and the total N 2.2 Nitrogen pools
atmospheric deposition. The study compliments the long-
term measurements of carbon and water balances of the sit@,2.1 Total and non-soluble nitrogen in soil
which are presented in llvesniemi et al. (2009, 2010), respec-
tively. The pool of N bound to the soil matrix (the non-soluble soil
N pool) was calculated by subtracting extractable and soil
water N pools from the total soil N pool.
The total soil N pool was determined from soil samples
collected from different soil horizons in 1995. The samples
were taken using steel cylinders (148twolume, 6 cm di-
ameter) from each morphologic soil horizon (L/F/H, eluvial
E horizon, illuvial B horizon and parent material C horizon)
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from the vertical face of 5 soil pits. The samples were air mium column (Dorich and Nelson, 1984). The water analysis
dried at 60°C, sieved through a 2 mm sieve, and ground be-is explained in Sect. 2.3.2.
fore the analysis. The C and N contents of each sample were
analyzed using an elemental CN analyzer (LECO, Leco Cor2.2.4 Aboveground biomass nitrogen
poration, St. Joseph, MI, USA). ] ) ) )
The N pool was calculated for each soil horizon and for 10 estimate N pools in aboveground biomass, the diame-

each pit by using a horizon-specific average for each of thd€r &t 1.3m height and height of every tree in the catch-
following: N concentration, horizon depth, soil density and ment were measured. Regression functions described in Re-

stone fraction. The N pool for each soil horizon was calcu- P02 (2008, 2009) were used to model the dry weight of

lated as the average of the N pools of the specific horizon itV00d, stems, bark, needles, leaves, roots, alive branches,
each pit. The total soil N pool was calculated as the sum oftnd dead branches. The dry weights of the biomass classes
N pools of all horizons. were then multiplied with the representative N concentra-

tions, presented in Table 1. The data of coniferous needles
used in the regression were collected in the autumn, when
part of the needles were already shed (Repola, 2009). There-
) ) ) fore the model gives an underestimation of the maximum fo-
The extractable pools of soil ammonium (§HN), nitrate liage pool. As follows, 60 % of the annual needle litter fall
(NO3-N) and organic nitrogen (§) were determined from \yas added to the estimation, as based on the litter fall mea-

samples taken from litter- and humus-layers and from min-gyrements on the site. This 60 % represents the amount of
eral soil at 0-0.1m and 0.1-0.3m depths. The samples wergeedle litter fall occurring during the autumn.

collected with a Westman soil auger (Westman, 1995) 1 t0  Annual biomass N pool changa §; kg N hayr—1) cal-

3 times per year (8 times in total) from 2006 to 2009. Freshcyjations were based on the difference between the biomass
soil samples were extracted with 2MKClI for 2h, and the ¢|asses from 2003 and 2008. We consider the model results
extracts were filtered through Whatman 40 filter papers andor the increase of wood and bark biomass to be relatively

frozen until analysis. Dissolved NH NO3 and Noginthe  reliable, but we consider the biomass change in branches and
extracts were analyzed by flow-injection spectrometry, as defgjiage to be only suggestive, because the needle mass is usu-

scribed in Sect. 2.3.2. Nitrogen pools on soil particle surfaces|ly assumed not to increase after the canopy has been closed.
were estimated by subtracting N pools in soil water in the up-

permost 0.3 m depth from the measured values of extractablg.3 Nitrogen transport in water
N pools.

2.2.2 Extractable nitrogen in soil

2.3.1 Sampling and maintenance

2.2.3 Ni i il "
3 Nitrogen in soil water Bulk deposition, throughfall and stemflow waters were col-

lected in canisters, which were changed monthly during the

The pools of NH{-N, N_OB'N and Norg in S,O'I water were  yinter and once a fortnight during the summer, or when-
calculated by measuring the concentrations in every So.'lever they were getting full. All of the canisters were al-

layer, and mult|ply|ng the measured c_oncentratlons W'_t_h SO',lways changed at the same time. The canisters were washed
water storage specific to each soil horizon. Layer specific SOIl\Nith hot water and Decon@laboratory cleaning detergent

water pool was calculated based on time-domain reﬂeCtomZBorer Chemie AG, Zuchwil, Switzerland), rinsed with tap

etry measurements, as described in llvesniemi et al. (2010). . ) ; . . L
y ( )vvater three times, and finally rinsed twice with deionized wa-

The concentrations of N1‘+N, NO; -N and were mea- . .
) . -3 . N’rg. .__ter. Throughfall collectors were cleaned daily using a brush,
sured in soil water samples obtained with suction cup lysime-

ters. Suction cups were installed at 7 locations (pits) and afjemmzed water, and washcloth to remove needles, pollen

I . : nd other dirt. No anti-microbial substances were used in the
each location in every soil horizon. Samples were collecte : .
) . . . , canisters or the throughfall collectors. The water collecting
in weekly to fortnightly intervals during the periods when the

. . . . system is described in more detail by llvesniemi et al. (2010).
soil was not frozen. At the time of sampling, a suction pump
(—400 mbar) was applied to the tubes connected with suction, 5 Laboratory water analyses
cups in different soil depths. Water was sampled when either
the water volume reached a minimum of 250 mL, or after 7 toThe water samples (precipitation, throughfall, stemflow, soil
34 h of collecting. During the summer months when the soil\ater and drainage flow) were analyzed as follows: (1)
was r9|ative|y dry, even the 34-h collection did not prOVide the amount of collected water was measured by Weigh_
sufficient amounts of water from all locations. To determine ing (1 kg~ 1dm?), (2) precipitation, throughfall and stem-
the I’a'[iO betWeen nitrate and nitrite (QONOE) in SO” wa- ﬂOW Subsamp|es were each poo'ed into one Samp|e (3)
ter, we used data measured in 1997. Nitrate {)N@nd nitrite pH and electric conductivity were measured, (4) precipita-
(NO3) concentrations were measured colorimetrically from tion, throughfall, and stemflow samples were filtered with
the drainage flow water by a nitrate reduction tube with cad-a vacuum-driven filtering system (Millipore) using 0.45 um
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membrane filters (Millipore), and (5) samples were bottled upper values for the N flux in the drainage flow by assuming

and stored at-17°C until further analysis. that the lower value was zero and that the upper value was the
Ammonium (NH;), nitrate (NG)) and organic nitrogen detection limit. The lower and upper values were used to cal-

(Ntot) were measured from all the water samples and the soitulate the uncertainty for the average flux. The drainage flow

extracts by flow-injection spectrometry at the Finnish Forestmeasurements are explained in more detail in llvesniemi et

Research Institute, Vantaa Unit (modified 1SO 11732:2005al. (2010).

(FIA), SFS-EN ISO 13395:1997: SFS-EN ISO 11905-

1:1998 (FIA), respectively). Detection limits for NHN, 2.4 Atmospheric N deposition

NO3z-N, and No; were 0.03, 0.001 and 0.1 mg dr) respec-

tively. Organic N (Nyrg) was determined using total N con-

centrations in the samples as follows:

The total annual N deposition to the site was calculated as
the sum of estimated wet and dry deposition. Wet deposition
was estimated from the measured bulk deposition data, and
[Norg]=[Nt0t]—[NHj{—N]—[NOg—N]- (1) the values for dry deposition were taken from Flechard et

al. (2011).
The filtering of the soil extracts with Whatman 40 filter pa-

per (8 um) does not remove all the particulate N. Therefore2.4.1 Bulk deposition
we recognize that the 4, includes both dissolved organic

nitrogen and some particulate N. Different N components (ND, NH;, Norg) in the bulk N
deposition were sampled in a tower above the forest canopy
2.3.3 Stemflow using two rain water collectors made of polyethylene fun-

nels (0.13m in area; Plastex Oy, Lohja, Finland). In the
Stemflow was measured from 2006 to 2009 during snow-fregyinter, snowfall was collected into circular canisters (02 m
periods from 4 trees by directing stemflow water into insu- jn area). The canisters were changed monthly in winter and
lated canisters. For that purpose cleaved silicon rubber tubegpce a fortnight in summer, or whenever they were getting
(diameter 25 mm) were attached around the trees. The N fluxy||. No anti-microbial substances were used in the canisters.
rate in separate chemical N forms (WHN, NO3 -N, Norg) in - The bulk deposition rate was calculated by multiplying mea-
stemflow §c; mg Nmi2day 1) in the forest was calculated sured concentrations of NQ NHZ and Ny by precipita-

as follows: tion and dividing by collection time. The precipitation was
14 Abtot  CeiVei measured optically with a DRD12 rain detector (Vaisala Oyj,

S — n , 2 . . . . . .
<=2 E :,_1 Api (Aci+ Aco)1 (2) Helsinki, Finland). The water collecting system is described

in more detail by llvesniemi et al. (2010).
where “c” refers to the chemical forms of Nrefers to a mea-

sured tree, 4 is the number of measured trégsis the con-  2.4.2  Throughfall

centration of N (mg dm?3) in the stem flow water in different .

chemical forms (N@-N, NHI-N, Norg), Vci is the volume Throughfall water was collected using seven rectangular
of the collected stem flow water (& Ay is the stem cross ~ 'ainwater collectors installed below the forest canopy at
section area of the trees from where the stem flow was mea@PProximately 0.5m height from soll surface. The collec-

sured,Ap ot is the total stem cross section area of the trees 'S Were made of stainless steel and were 4m long and

the catchments (A1 C1+ C2), Ac1 and Ac; are the areas of Q.l m wide, with effective water collecting arga{Q be-
the two micro-catchment areas J)rdescribed in Sect. 2.1, N9 0.385 nt. Throughfall waters were collected in insulated
and is the length of the collection period (in days). canisters installed below the midpoint of each collector. Dur-

ing the winter, when precipitation was dominated by snow-
2.3.4 Drainage flow fall, the throughfall collectors were replaced with circular
canisters (0.2 ).
As described in Sect. 2.1, the study site is defined as the area Throughfall rates c; mgN m~2d~1) were calculated as
inside two micro-catchments, and the outflow water is di- follows:
rected to the two weirs. The water flow through the weirs was v
measured automatically with a flow meter (Schlumbergerr, = £/¢**. ©)
Aquatic, Schlumberger Water Services, Paris, France), and At

when flow existed, water was sampled for chemical analysisyhere subscript “c” refers to the concentration of N stored in
on a daily basis from the outlet of the weirs. The daily sum giterent chemical forms (NO, NHI or Norg), cic is the con-

?f waterhflow W?? mump]['?\ld V"\’l'th I:IheNcé)Pcl\(lantNratlons of dif- centration of the compound in the water sample (mg&m
erent chemical forms of N ( ht' ' 3N, Norg) t0 get V; is the volume of the water sample (8mA4; is area of the

the daily N fluxeg sepa_rately. When the concentratigns WeTIollector, and is the length of the collection period (days).
under the detection limit, we used half of the detection limit

as the measured value. We also calculated the lower and the
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Fig. 1. Map of the measurement site indicating the sampling design for measuring nitrogen fluxes in precipitation, throughfall, stemflow,
litter fall, drainage flow, NO- and pD-emissions and nitrogen pools in the soil water. The two catchment areas (C1, C2) are marked on the
map with a line, and the drainage flow is directed to the two weirs on top of the map. The height and the diameter at 1.3 m of every tree in
the catchment areas were measured for biomass inventory.

2.4.3 Estimating wet deposition from bulk deposition  of the dry deposition. When this dry deposition data was used
measurement in conjunction with the measured bulk deposition data from
this study, the modeled aerosol particle Nand gaseous
The bulk deposition measurement gives an underestimatioNHaf deposition were coupled with the measuredjll\u}epo-
of the total (wet+ dry) deposition, and an overestimation to sjtion, and modeled aerosol particle N@nd gaseous NO

the wet deposition. This is due to the fact that in the bulk 5nq HNQ; deposition were coupled with the measuredNO
deposition measurement, some but not all of the dry depOSideposition.

tion is included. A simple model to fractionate the bulk de-

position into wet and dry deposition was formulated baseds 5 Gaseous emissions

on the amount of precipitation and the period of time during

which the dry deposition could have occurred. As the result,2.5.1  Nitrous oxide (NO)

the model gives an estimate of wet nutrient deposition of the

ecosystem. The model also gives an estimation of the dry deThe fluxes of nitrous oxide (pO) were measured with one
position, but only of the deposition on the bulk deposition automatic and six manual static chambers. The automatic
collector, not the deposition of the whole ecosystem. As a rechamber and four of the manual chambers were located
sult of the model, we get that the wet deposition was 57 % ofin the two catchment areas, whereas two manual chambers
the measured bulk deposition. To calculate the total wet dewere located outside the catchment (Fig. 1). The automatic
position at the site, the amount of bulk deposition was multi-chamber was made of stainless stee#@0< 0.80 x 0.32 m:
plied by this number (57 %). The model is described briefly width x lengthx height), and was equipped with two fans

in Korhonen et al. (2012). and a thermocouple for chamber air temperature measure-
ment. The chamber was automatically closed 1-4 times per
2.4.4 Dry deposition day for 60 min. During each enclosure a minimum of 4 gas

samples were withdrawn from the headspace by a custom-
The mean of the dry deposition of four models presented irmade autosampler (MaSa, Pohja-Metadijgaja, Juupajoki,
Flechard et al. (2011) for Hyydla were used as an estimate Finland). The manual chambers were made of stainless-steel
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1088 J. F. J. Korhonen et al.: Nitrogen balance of a boreal Scots pine forest

Table 1. Nitrogen concentrations of aboveground biomass classedable 2. Nitrogen and carbon contents and carbon-to-nitrogen-
used for biomass nitrogen pool calculations. The wood concentraratios in the annual litter fall, and in different litter fractions in Scots

tion was measured in Juupajoki, near the measurement site. pine forest at Hyy#la during 2006 to 2008. “Cones and seeds” rep-
resents all the material distinguished as reproductive material, but it
Biomass class N Description Reference mostly consists of cones. Uncertainty is standard error of the annual
(mgg™h means.
Wood 0.72 Literature Mlkdnen
(1974) Cmggl Nmgg!? C:N
Scots pine 12 Measured Palmroth and Hari
needles on site (2001) Needles 5123 4.9+0.3 104+ 7
Norway spruce 11 Literature  Braekke et al. Leaves 4864  8.8+£0.7 55+5
needles (1998) Large branches 4990 4.7£0.1  105-1
Broad-leaved 24  Literature Berg and Small branches 4942 4.4+0.3 113+7
species McClaugherty (2003) Bark 4924+ 6 3.7£0.2 134t 6
Bark 4.2 Measured Litter trap data Cones and seeds 4713  2.1+0.2 221+18
on site (this study) Other 503t 3 1241 4142
Branches 1.3 Measured Litter trap data Total 5023 5.1+03 99+ 6
on site (this study)

2.6 Internal cycling
(0.29 x 0.40 x 0.24), and they were equipped with a fan and

a sample port in the middle of the chamber (Pihlatie et al.,2.6.1 Litter fall
2007).

The manual chamber measurements were conducted onldtter fall was measured monthly from 2006 to 2010 using
weekly basis during summer months and monthly in the win-20 circular litter collectors (0.2 fneach) installed systemat-
ter as described by Pihlatie et al. (2007). The concentrationéally on the two catchment areas (Fig. 1) as described in
of N,O in the gas samples were analyzed by a gas chromatdivesniemi et al. (2009). The litter collectors were emptied
graph equipped with an electron capture detectp® Ruxes ~ once a month, dried at 6C for 24 h, and weighed. Dried
were calculated by linear regression method. Non-linearity oflitter was then separated into needles, leaves, bark, branches,
the concentration change over chamber closures was testeggeds (including cones), and remaining material. Each com-
Due to measuring PO fluxes close to the detection limit (see partment was weighed, ground, and pooled. Carbon and N
Pihlatie et al., 2007), we chose to use the linear regressiogoncentrations were measured from the pooled samples by
method as the more robust calculation method for ta®@ N €lemental CN analyzer (vario Max CN, Elementar Analy-

fluxes. sensysteme GmbH, Hanau, Germany). The N concentrations
of litter fractions are presented in Table 2. Larger branch
2.5.2 Nitrogen oxide (NO) litter was collected into 20 frames .@x 1.0 m) lying on

the ground. The branches were collected once a year and

Flux of NO from the soil was measured using three auto-treated similarly as the other litter. The N flux in litter fall
matic dynamic flow-through chambers during a short cam-(z: gNm—2yr-1) is

paign from 15 July to 30 October 2011. The chamber-

system consisted of three transparent chambers similar tg iZ(m Co)
the automatic MO chamber, and with fluorinated ethylene— =~ 20+ a-e
propylene film as the transparent wall material. The oper-

ation of the chambers was automated: each chamber wa¥herei refers to the number of the litter collectors or the
closed for 15min once every three hours. Sample air wadranch frames, “c” refers to different biomass compartments,
drawn from the chambers at a rate of 4.13nin—2 into mci IS the mass of collected litter compartment (G}, is N

a chemiluminescence analyser (TEI 425, Thermo Environ.£oncentration (mgNg), A, is the area of the collector, and
mental Instruments, Philadelphia, PA, USA). The measure/ iS the length of collection period (in days).

ment principle for the soil NO flux was similar to that of the
shoot NQ flux described in Raivonen et al. (2003), except
that an_empty chamber_was not used as ar_eference chamb@f,<aq on Helmisaari (1992), retranslocation of K: (
At the time of the sampllng,_compensanon air from the abovekg Nhalyr1) was calculated as follows:

canopy atmosphere was directed into the chambers at a rate

L )
L

2.6.2 Nitrogen retranslocation and senescence

of 4.5dn? min~*. Soil flux was calculated using a flux cal- p _ 1.49mpcg — mucp (5)
culation method for flow through chambers as described in ALty ’
Kolari et al. (2012). wheremy, is the mass of (brown) foliage litter collected by

litter traps per year (g)p is the N concentration of that litter

Biogeosciences, 10, 1088695 2013 www.biogeosciences.net/10/1083/2013/
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(mgg™), cg is N concentration of green needles (12 mgg Table 3. Nitrogen concentrations, nitrogen pools and carbon-to-
Palmroth and Hari, 2001}, is the area of the litter collec- nitrogen ratios in different physical soil horizons (O, A, B, C1 and

tor, 1, is the litter collection time (1yr), 1.49 is the relative C2). The average depth of the mineral soil is 0.59 m.
mass of a single green needle to a single brown needle, cal-

culated as an average from the three plots from various years _ & A B Cl c2
(n = 11) presented by Helmisaari (1992). This number was Horizon thickness (m) 005 0.041 016 0.19  0.20
applied to all tree species. N concentratlogl(mgg ) 13 1.2 1.0 0.17 0.053
! 11 N pool (kgN ha't) * 710 240 860 190 75
Plant N loss during senescencg& kg N ha ~yr—) was C'N o8 33 23 36 19

calculated as the sum of litter fall and retranslocation. For all

biomass classes other than foliage, retranslocation was as:1ha=10000nf.
sumed to be negligible. We assumed that the pool of dead

plant material attached to the trees does not change, and thus

that the values for N loss in the litter fall represent the N loss
in senescence.

2.7 Variables based on mass balance calculations

The total N balance of the ecosystent\Ns+ ANp;
kg N halyr—1) was calculated as follows:
ANs+ ANp=Dy + D4— En,0—Eno— Dy, (6)
where ANg is the change of N pools in the soi\ Ny, is the
change of N pool in aboveground biomasy, is the wet N
deposition,Dy is the dry N depositionEn,o and Eno are
the N losses in BO and NO emissions, respectively, abg
is N loss in the drainage flow.

The amount of N used for growtty( kg N ha 1 yr—1) was
calculated as follows:
Yi =AB; +S;, (7)
whereA B; is the change of N in biomass afdis the senes-
cence in the biomass class, both measured in kg M a!
and where subscript refers to the aboveground biomass
class (needles, leaves, branches, bark, wood). The tot
amount of N used by plant®{y:; kg N ha tyr~1) was calcu-

lated as the sum of N used for each individual abovegrounqsj

biomass class.

Nitrogen uptake by plantdf; kg N ha 1 yr—1) was calcu-
lated as follows:
U=Bpt— R, (8)
where Bt is N use by plants and is the retranslocation of
N.

Net release of N from the decomposition
(Rg;kgNhatlyr~1) was calculated by assuming that
the pool of plant-available-N is constant in a time scale of a
couple of years as follows:
Rd = U + Etot + Dt — Drot, 9)
whereU is N uptake by plantsEiot is the gas emission of N

(Eny0 +ENo), Dy is the drainage flow andyq is the total
deposition Py, + Dg), all in kgN hatyr—1.

www.biogeosciences.net/10/1083/2013/

The change of the non-soluble soil N poohNsom
kg N hatyr—1) was calculated as follows:
ANson=L— Ry, (10)
whereL is N flux in the litter fall andRg is the net release of
N from the decomposition, both in kg N hayr—1.

3 Results
3.1 Soil nitrogen pools

The total N pool in the soil was 2070kgNha
(1ha!=10000nT2). The vast majority of the soil N was
bound to the soil matrix (2050 kg N hi&). The organic layer
(litter and humus) and the uppermost 0.2 m mineral soil hori-
zons (A and B horizons) contained 710 and 1100 kg Ntha
respectively, which comprised 87 % of the total soil N (Ta-
ble 3). The highest N concentration in the soil was in the
organic layer, 12.9mgd of soil. In the mineral soil the

N concentration was on the order of 1mglgin the A
and B horizons, and on the order of 0.1 mggin the C1

nd C2 horizons. The calculated soil non-soluble N accu-
ulation rate ANsom was—1kg N halyr—1, suggesting a
light decrease in the soil N pool. However, the estimation
oes not differ from 0, taking into account the error margin
(£8kgNhalyr1.

The extractable N pool in the organic layer and the top-
most 0.30 m of the mineral soil (26.8 kg Nt was small
compared to the total soil N pool. Of the extractable soil N al-
most all (98.9 %) was in organic form gN), 26.5kg N ha.
The vast majority of the mineral N was ammonium-N (1&H—|
N; 0.31kg N hal; 99.4%), and only a minor fraction was
nitrate-N (NG, -N; 2gN hal; 0.6 %). The nitrate-N estima-
tion is relatively uncertain.

N pool in soil water was 0.70kg N ha, and similar to
the extractable N, the majority of it was in organic form
(0.66 kg N hal). Ammonia and N@ pools in the soil wa-
ter were approximately 30 and 3 g Ntfa respectively. Ni-
trate concentrations were typically under the detection limit,
and thus the extractable and especially soil wateg NOol
sizes are uncertain. A more reliable estimation was obtained
from the extracted N© concentration, which includes both

Biogeosciences, 10, 108%-2013
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Table 4. The measured atmospheric annual bulk N deposition, esti-3.4 Drainage flow and gaseous emissions

mated annual wet N deposition and modeled annual dry N deposi
tion, all in kgN halyr—1,

NH; NO; Nog Total
Measured bulk deposition 1.3 2.1 15 4.9
Estimated wet deposition 0.7 1.2 0.9 2.8
Modeled/estimated dry deposition ~ 1.0*  2.5* 11 4.6
Estimated total deposition 1.7 3.7 2 7.4
Measured throughfall 0.5 11 1.4 3.0

* Flechard et al. (2011); Nji and NH; are combined as N, and NGj , NO, and
HNO3 are combined as ND. Organic N deposition was not included in the study.

Annual N flux from the ecosystem via drainage flow var-
ied between 0.04 and 0.23kgNHayr—! and was on av-
erage 0.13kgNha yr—1. The N flux in drainage flow was
dominated by Nyg, on average 0.12kgNhayr—1. The av-
erage flux of mineral N in drainage flow was very low,
0.005kg N hatlyr~t and 0.002 kg N hat yr—1 for NH; and
NOj3, respectively. The uncertainty for the mineral N values
is approximatelyt50 %, and for the organic N up 690 %.
The uncertainty is primarily caused by the fact that the fluxes
were very small and most of the time the N concentrations
were below the detection limit. Therefore, it is more likely

NO3 -N in soil particle surfaces and in soil water. Based onthat our estimate of the drainage flow is an overestimation
the measurements in 1997, the median and mean ratios béan an underestimation.

tween nitrate and nitrite (ND: NO) in the drainage water
measurements were 9.3 and 7.4, respectively.

3.2 Biomass nitrogen pools

Both NbO and NO were emitted from the soil and NO
was deposited into the soil, however, the fluxes were very
small. Annual cumulative soil §D emission averaged to
0.2kgNhalyr-1. Measuring NO emission and N@epo-
sition from/to the soil was challenging because of the small

Nitrogen stored in the aboveground tree biomass in 2008juxes. During the campaign in the autumn period 2011, mea-

was 210kgNhal, which was 9% of the total N in

sured NO-N emission was around 0.01 kg Nhgr—! and

the ecosystem. Nitrogen was distributed quite evenlyNO,-N deposition was even smaller.

to foliage (77kgNhal), branches (58kgN hd), wood
(49kgNhal) and bark (24kgNhal). Of the branch N
pool, 12kgNha! was estimated to be stored in dead
branches.

3.5 Nitrogen balance

The inputs to the system were one order of magnitude higher

The total N accumulation to aboveground biomass wasthan the outputs (Fig. 2). The total N accumulation was

7.4kgNhalyr-1. The wood and bark biomass increase
were 2.3 and 0.8 kg N hd yr—1, respectively. The more un-

7kgNhatyr—1. Dry deposition was higher than wet depo-
sition, but they both were on the same order of magnitude.

certain estimates for foliage and branch biomass accumulaapproximately three fourths of the N lost from the system

tion were 1.8 and 2.6 kg N hayr—1, respectively.
3.3 Atmospheric N deposition and throughfall

Most of the total atmospheric deposition
(7.4kgNhalyr~1) occurred in the form of dry depo-
sition (4.6 kg N halyr—1). Most of the total deposition was
in mineral form, but organic deposition contributed over

was in the form of gaseous®-N emissions, and one third
as Nyg in the drainage flow. Nitrous oxide gd) emission
to N deposition ratio was approximately 0.03 angtON NO
emission ratio was approximately 20.

3.6 Internal nitrogen cycling

3.6.1 Litter fall

one fourth of the total deposition. Between 2006 and 2010

the annual measured bulk N deposition varied from 4.0
to 6.3kgNhalyr—1, the mean bulk N deposition being
49kgNhalyr1. The distribution of the deposition is
described in Table 4.

The measured throughfall of N was 2.9 kg Ntgr—1,
which consisted mostly of § and NG;-N, 1.4 and
1.1kgNhalyr—1 respectively. The measured N flux in
stemflow, 0.1kgNhatyr~1, was very low compared to
throughfall, and consisted mainly ogp. The measured con-
centrations of Nlj and NG; were 25% to 90 % higher in
bulk deposition than in throughfall, but the concentration of
Norg Was on average 33 % higher in throughfall than in bulk

From 2006 to 2010, the amount of N flux in annual
aboveground litter fall from trees varied from 14 to
22kgNhalyr—1, being on average 18 kg N hayr—1. Half

of the N flux in the aboveground litter fall was in needles and
leaves, 8.0 and 1.0kgNhayr—1, respectively. Branches
contributed about one fourth of the N in aboveground lit-
ter fall, 5.3 kg N halyr—1. Nitrogen flux in the litter fall of
bark, reproductive matter and unidentified matter were 1.1,
0.35and 2.1 kg N hat yr—1, respectively.

3.6.2 Senescence and retranslocation

deposition. However, the measured throughfall flux was onirogen retranslocation from needles and leaves was esti-
average lower than the measured bulk deposition for mineral,ated to be 21 kgNhayr! and 2.8kgNhalyr!, re-

N and Nyrg.

Biogeosciences, 10, 1088695 2013
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A 6 - B 05 -
5 Norg T 04 -
= 1 /NOS' H>~
Tt NHs T 0.3
a0 3 )
= Norg NO, =902
52 5
= - HNO, %
> 1 - Eﬁs+ NH +3 > 0.1

0 L B B
Wet deposition  Dry deposition Gas emission Drainage flow

Fig. 2. Inputs(A) and outputyB) of N in boreal Scots pine forest in Hygé. Note the different y-scale in the images. The error bar of

the wet deposition is based standard error of mean of the annual precipitation amount and on the uncertainty of estimating N concentration
in precipitation from bulk deposition measurement. The error bar of the dry deposition represents the standard deviation between the four
models used in Flechard et al. (2011) and the uncertainty of estimagjpg $ystematic uncertainty in the models and uncertainty in the

model input parameters are not included. The error bar of the gas emission is the standard error of mean of average flux between the chamber
The error bar of the drainage flow is the standard error of mean annual drainage flow of years 2006—-2010.

foliage. Nitrogen retranslocation was higher than the N fluxsources. Most of the assimilated N originates from the de-
in the aboveground litter fall. composition of organic matter. The atmospheric N deposi-
Nitrogen flux in litter fall of branches, bark, cones and tion was about one third of the total N uptake. This means
unidentified litter was assumed to present the N loss in seneghat release during decomposition is the main origin of N for
cence. The senescence of needles and leaves was estimatedhe plant uptake, but also that N deposition has clearly in-
be 33 and 3.9kg N hd yr—1, respectively. The total senes- creased the total N uptake, boosting the plant growth and
cence was 43kgN hayr—1, which is approximately one productivity. Internal cycling and pools of N at Hyita

fifth of the aboveground biomass N pool (210 kg N'ha were systematically slightly higher than those of a similar
35-yr-old Scots pine forest in Mekéivi, southeast Finland
3.6.3 N use by plants (Helmisaari, 1995). Overall, the results of these studies agree
_ _ very well.
Estimated N use for growth was 50 kg Nayr=* (Fig. 3). The amount of N released from decomposition annually

Nitrogen uptake and retranslocation were as importanis approximately the same as the amount of N released to
sources for the N use, 26 and 24 kg N'hgr—2, respectively.  the soil in litter fall. We hypothesize that a considerable part
Nitrogen uptake comprised 19 and 7kg Nhgr—tof net N of the N released in decomposition originates from fresh lit-
release from decomposition and deposition, respectively.  ter, which naturally contains more easily decomposable frac-
Most of the used N, 36kgNhayr~*, was allocated to  tions than old litter does. Therefore, we conclude that the N
the foliage. The amount of N used to grow branches, woodrelease in the decomposition is at least partly dependent on
and bark were 7.8, 2.3 and 1.9kg N'gr—, respectively.  the amount of litter fall. As the atmospheric N deposition
The amount of N used to grow cones, seeds and flowersncreases the plant growth, and thus also the litter fall, we
was relatively low, 0.35kgNha yr~. A relatively large  argue further that this effect accumulates over time. There-
amount, 2.1kg ha yr~1, of unidentified litter fall was mea-  fore, based on the N balance, the N deposition increases
sured. An equivalent amount was interpreted to be used bylant productivity in three ways: (1) it directly increases the
trees to grow an unknown biomass fraction. availability of plant-available N, (2) it indirectly increases
the availability of N by increasing the rate of retransloca-
tion and the release of N from the decomposition, and (3)

4 Discussion the indirect effect accumulates over time. In addition, it has
. . . . long been known that N availability affects the leaf-to-fine-
4.1 Nitrogen balance and internal nitrogen cycling root ratio (Helmisaari et al., 2007; Ericsson, 1995), as hy-

] - . ) _ pothesized in the functional balance concept (Brouwer, 1962;
Overall N cycling at Hyytla Scots pine forestis presented in payidson, 1969). A low leaf-to-fine-root ratio reduces plant
Fig. 4. The outputs of N from the system are very Smf“l" andgrowth, because of the fact that when more carbon is allo-
N is accumulating to the system atarate of 7Tkg N . ¢ated to the root system, less carbon is available for the fo-
Internal cycling of N within the forest is a very important liage growth. The large maintenance costs of a large root sys-

source of N for the plants in this N limited ecosystem. Ni- tem can be reduced by higher N availability, and successively
trogen retranslocation and N uptake are equally important N

www.biogeosciences.net/10/1083/2013/ Biogeosciences, 10, 108%-2013
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the minimum amount of N released from soil by decomposi- 1 |
tion. It is calculated based on the hypothesis that all the N from N
the atmospheric deposition was taken up by plants. The vari-Fig_ 4. Flow chart of nitrogen cycling in Hyyéila Scots pine for-
ables marked in bold are direct measurements and the variabless; The solid boxes are pools and the light boxes and arrows are
marked in italics are cal(;ulated fr.om the other variables as fOHOWS:processes. Thas inside the boxes denote the annual pool change.
Growth= Senescence Biomass increment; UptakeGrowth — 5 s outputs and internal cycling of nitrogen are separated by
Retranslocation; Release from seillptake —Net ecosysteminput;  445hed lines, and arrows are colored accordingly. The values origi-
Net ecosystem input Deposition — Gaseous emissions — Drainage ating from direct measurements are in bold. The values which are
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Systematic errors are mostly not taken into account in the uncer-

] ) _ tainty estimations.
large growth enhancements can be achieved by increasing N

input (Saarsalmi and &lkdnen, 2001; Hyénen et al., 2008).

Over two thirds of the N available was used to grow new
foliage. The residence time of foliage was 2.6yr and thusof 0.92mgg? and 4.79mgg?, respectively, for a 47-yr-
most of the allocated N was cycling quickly. Nitrogen al- old Scots pine stand near the SMEAR Il station, whereas
located to structural biomass (wood, branches, bark) cycleddelmisaari et al. (2007) reported a Scots pine fine root N con-
much more slowly, the residence times (pool size/annuakentration of 7.7 mggt. Using these values, we got that the
senescence) being 12 and 21yr for branches and bark, rdN pool in coarse roots was 13 kg N'aand in the fine root
spectively. The N allocated to wood was immobilized for up pool varied from 24 to 37 kg N ha. Kulmala et al. (2008)

to half of a millennium. reported that the total aboveground forest floor biomass at the
study site was 1240 kg ha. Using the plant species distribu-
4.2 Nitrogen pools tion reported by Kulmala et al. (2008) and the corresponding

N concentrations presented byaMonen (1974), we get an

We estimate that the soil N pool at Hyg Scots pine forest  estimate of 14 kg N hat in the aboveground forest floor at
is staying rather constant. Berg and Dise (2004) estimatedhe SMEAR Il station. As follows, the total biomass N in
that N has been accumulating in north-Scandinavian foresthe ecosystem was approximately 265 kg NhaRoots and
soils at a rate between 3.0 to 3.5kg Nhgr—1. This esti-  aboveground ground vegetation contributed about 16 % and
mate is not different from our result, taking into account the 5 % of the total biomass N pool, respectively.
uncertainty. It is worth noting that their estimation mostly Based on the biomass equations presented by Re-
considers preindustrial time and full succession of forestspola (2009, 2008), we estimated that the foliage and coarse
whereas our study considers a young growing forest withroot N pool was increasing. The forest was partly thinned in
higher N deposition rate. early 2002 (Vesala et al., 2005). We did not observe any trend

Our estimations of biomass pools only consider the abovein the needle litter fall in the time series from 2003 to 2012,
ground tree biomass. Based on the regression functionghich would support the foliage N pool growth, although
in Repola (2009), the coarse roat £ cm) biomass was there was an increasing trend in the leaf litter fall. However,
14 100 kg dry mass (DM) h&. A fine root biomass includ-  before the thinning, from 1998 to 2001, the needle litter fall
ing fine roots of the ground vegetation was 4760 kg DMha  was 36 % #11 %; standard error) higher than that after the
as reported for the study site in llvesniemi et al. (2009).thinning. Therefore, we assume that the foliage and branch
Malkonen (1974) reported coarse and fine root N contentgnass are probably still recovering from the thinning, and
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thus increasing. The increase in coarse root biomass givenificant, they may reduce the estimated N accumulation rates
by biomass equations was 0.7 kg Nthgr—1, but it is very in the forest, which underlines the importance of quantifying

difficult to estimate the validity of this value. these N exchange rates. Using s\ Np emission ratio of
0.15 for N saturated Norway spruce forest (Butterbach-Bahl
4.3 Inputs and outputs et al., 2002), we estimate that the Bimission is on the order

of 1TkgNhalyr1.
The total losses of N from our study site in the form of N
leaching or N-oxide emissions were approximately 5% of
the N inputs, which is much smaller proportion than those
measured in Central European forest ecosystems with high h‘.

deposition (e._g. Kreutzer et al., 2009). Kreutz_er etal (_2009)a Scots pine forest at the SMEAR I station were quantified.
showed that in an N-saturated spruce foresbghald) in . T
L . Our measurements show that N is accumulating in this Scots
Southern Germany, over 80 % of the N deposition was lost in_. 1
. e pine forest at a rate of 7 kg N hayr—1. Most of the N accu-
the form of NG; leaching and KO and NO emissions. ; i
- . . mulates to the aboveground biomass, whereas the soil N pool
At Hyytiala, most of the N leaching was in the form of . . .
is close to a steady state. The largest external N input into the

g%?\?ilZtn;tlr(zgggia()l&saﬁg?cl)i;zThg?eD(v)vll\tlh reisnu(l;tjro;llj/(lju?- forest was atmospheric deposition. Outputs from the system
) i ' o y were very small and emissions to the atmosphere in the form

was the dominant N species in the percolation water of 16 . . . X
pine and spruce forests in Finland. Mugtaj et al. (2008) of NoO and NO were higher than the N flow in drainage in

+ — . . . . .
also found that the runoff of DON was larger than the input the form o'f'N),g, NH, or NO3 ' H!gh gncgrtamﬂes remain in
) . . .~ "the quantification of the input viaNixation and especially
of DON into the forest canopy via atmospheric deposition. . : . :
: . . in the output via N emissions from the soil.
We found that the input of §gy into the forest was higher ) L
. . Boreal forests are considered to be N limited; though these
than the output in the runoff, which may be due to the fact cosvstems are not deprived of N. the large organic N bool
that the measurement sites and the methods were differenf. o> P ' ge org P

o . ) in the soil is not directly available for plant uptake. We es-
Overall, our findings show thatdy, is an important compo- . . ”
2 timated that the release of N from litter decomposition and
nent of the N cycling in boreal forests.

N, fixation and N emissions are two unknowns in the N retranslocation are the main sources of N for the plants. An-

. . L . nually, the plant uptake rate of N originating from the decom-
balance of the Hyy#la forest site. Symbiotic Nfixing bac- L _ . .
teria in the root é?//stem of alder anilj birch tl?\leeérqgl%l s o Positionisatleast 18kgN hayr—1. The fraction of assimi-

al., 1993: Smolander, 1990), and in association with Com_Iated N originating directly from the atmospheric deposition

0 . o
mon feather mosses (DelLuca et al., 2002, 2008; Zackrissofy 2> UP to 30 %. The main source of N for plant use is internal

et al., 2004), have a potential to bring significant amountscy.C|.mg’ demonstrated by th_at half of the N used for growth
] originated from retranslocation.
of N into the boreal forest floor. However, due to the small

. .. Organic N deposition in the studied forest was an impor-
coverage of alder and birch trees at our measurement s'te{ant component of the N balance, and N losses in drainage
we estimate that their role in bringing N into the forest is '

- flow were mostly in the form of organic N. The largest output
minimal. Also, based on our laboratory measurementsof N of N from the system was 30 emission, while NO emission
fixation by forest floor mosses at the SMEAR 1l stand (un- y '

published data), we estimate that moss-relatgdiédtion at was extremely small.

Hyytiala Scots pine forest is at the lower range of that (0.1

to 4kg N ha*yr~1) reported for boreal forests by DelLuca et AcknowledgementsThis study was supported by the Maj and
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5 Conclusions

he main inputs, outputs, internal cycling and pools of N in
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