N

N

Sources of nitrous oxide emitted from European forest
soils
P. Ambus, S. Zechmeister-Boltenstern, K. Butterbach-Bahl

» To cite this version:

P. Ambus, S. Zechmeister-Boltenstern, K. Butterbach-Bahl. Sources of nitrous oxide emitted from
European forest soils. Biogeosciences, 2006, 3 (2), pp.135-145. hal-00297548

HAL Id: hal-00297548
https://hal.science/hal-00297548
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00297548
https://hal.archives-ouvertes.fr

Biogeosciences, 3, 13545, 2006 A . .
www.biogeosciences.net/3/135/2006/ ‘6\5’ Biogeosciences
© Author(s) 2006. This work is licensed _
under a Creative Commons License.

Sources of nitrous oxide emitted from European forest soils

P. Ambus!, S. Zechmeister-Boltenster®, and K. Butterbach-Bahl3

IRisg National Laboratory, Biosystems Department (BIO-309), 4000 Roskilde, Denmark

2Federal Research and Training Centre for Forests, Natural Hazards and Landscape (BFW), Vienna, Austria
3Karlsruhe Research Centre, Institute for Meteorology and Climate Research, Atmospheric Environmental Research
(IMK-IFU), Garmisch-Partenkirchen, Germany

Received: 27 June 2005 — Published in Biogeosciences Discuss.: 9 September 2005
Revised: 16 November 2005 — Accepted: 23 December 2005 — Published: 20 March 2006

Abstract. Forest ecosystems may provide strong sourcesl Introduction

of nitrous oxide (NO), which is important for atmospheric

chemical and radiative properties. Nonetheless, our undemitrous oxide (NO) is an important trace gas with impli-
standing of controls on foresti® emissions is insufficientto  cations for atmospheric chemistry and radiative properties
narrow current flux estimates, which still are associated with(IPCC, 2001). Several independent studies have demon-
great uncertainties. In this study, we have investigated thestrated that MO is emitted in significant quantities from for-
quantitative and qualitative relationships between N-cyclingest ecosystems (e.g. Ambus and Christensen, 1995; Bow-
and NO production in European forests in order to evalu- den et al., 1990; Schmidt et al., 1989; Struwe and Kjgller,
ate the importance of nitrification and denitrification f/Ql ~ 1994; Papen and Butterbach-Bahl, 1999). In Europe, forest
production. Soil samples were collected in 11 different sitesecosystems cover about 1.9 Mill. Rror ca. 28% of the to-
characterized by variable climatic regimes and forest typestal land area and may thus have significant importance for
Soil N-cycling and associated production o was as-  European scale 0 budgets. However, the importance of
sessed following application dfN-labeled nitrogen. The temperate forests for the atmospherigNbudget still re-
N20 emission varied significantly among the different forest mains highly uncertain with a 20-fold range in the emission
soils, and was inversely correlated to the soil C:N ratio. Theestimates (IPCC, 2001). Such high uncertainty arise due to
N20 emissions were significantly higher from the deciduousa combination of mere factors including lack of experimen-
soils (13 ng NO-N cm—3d~?1) than from the coniferous soils  tal data for upscaling, inevitable inaccuracy in flux measure-
(4ng N;O-N cnm3d~1). Nitrate (NG;) was the dominant  ments, and large spatial and temporal variability of fluxes
substrate for NO with an average contribution of 62% and (Kroeze et al., 2003). Moreover, insufficient process under-
exceeding 50% at least once for all sites. The average corstanding for example on the importance of forest type and
tribution of ammonium (Nif) to N2O averaged 34%. The atmospheric N-deposition is also an impediment to narrow
N20 emissions were correlated with gross nitrification ac-flux estimates (Kroeze et al., 2003; Skiba et al., 1999).
tivities, and as for NO, gross nitrification was also higher  microbial C and N turnover processes, including min-
in deciduous soils (3.4gNcm 2d™) than in coniferous  erajization, nitrification, denitrification and microbial im-
soils (1.1ugNcm2d™). The ratio between O produc-  mopjlization are the main reason for,®8 production and
tion and gross nitrification averaged 0.67% (deciduous) a”d:onsumption in soils (Conrad, 2002). Therefore, a de-
0.44% (coniferous). Our study suggests that changes in forggjled knowledge of these processes is of fundamental im-
est composition in response to land use activities and globghortance to understand the microbially mediated biosphere-
change may have implications for regional budgets of greenytmosphere exchange of trace gases, and to build, parameter-
house gases. From the study it also became clear #@t N ;e and further improve process oriented models. Such mod-
emissions were driven by the nitrification activity, although e|s constitute crucial tools in the upscaling of plot-scale mea-
the N,O was produced per se mainly from denitrification. In- syrements in view of the large spatial and temporal variabil-
creased nitrification in response to accelerated N inputs Preity of environmental conditions in forest ecosystems across

dicted for forest ecosystems in Europe may thus lead to ingyrope, and as tools to predict future N trace gas emissions
creased greenhouse gas emissions from forest ecosystemssrom forest soils (Butterbach-Bahl et al., 2004).

The exchange of pD between soils and the atmosphere
Correspondence td®. Ambus depends specifically on the simultaneous, opposing pro-
(per.ambus@risoe.dk) cesses of nitrification and denitrification (Wrage et al., 2001).
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136 P. Ambus et al.: Nitrous oxide from European forests

Table 1. List of sampling sites with information on geographical location, species composition of tree stands, dominant undergrowth
vegetation and forest age. The sites are grouped according to major forest type.

Site (country) Location Tree species Dominant undergrowth vegetage (yrs)
tion
Coniferous sites
Hyytiala (SF) 61.85N 24.28 E  Scots pineRinus sylvestris Calluna vulgaris; Vaccinium sp. 42
Glencorse (GB) 55.85N 2.17 E Sitka spruceRicea sitchens)s None 19
Speulderbos (NL) 52.22N 5.65 E Douglas fir Pseudotsuga Scattered mosses 41
menzies)i
Hoglwald (D) 48.50N 11.17E Spruce Picea abies) Mosses 110
Achenkirch (A) 47.58N 11.65 E  Spruce-beech Pjcea abies; Carex alba; Sesleria albicans; 127
Fagus sylvatica Melica nutans
Nyirjes (HU) 47.89 N 19.98 E  Spruce Picea abiep None 40
San Rossore (I) 43.7N 10.28 E  Pine Pinus pinaster) Pistacia lentiscus; Erica ar- 40
borea

Deciduous sites

Sorg (DK) 55.48N 11.63 E Beech Fagus sylvatica Anemone nemorosa >80
Schottenwald (A) 48.23N 15.25% E  Beech Fagus sylvatica Allium ursinum, Salvia gluti- 142
nosa

Bosco negri (1) 45.20N 9.07 E Oak Quercus robu); Poplar Convallaria majalis; Anemone >150
(Populus spp Ash (Fraxinus nemorosa

spp
Parco Ticino (1) 45.20N 9.07 E Poplar Populus euroameri- None 13
canal-219

Nitrification is an oxidative process that requires the avail- conditions. Soil N-cycling and associated production gON
ability of molecular oxygen and during which ammonium was assessed following application N-labeled nitrogen
(NHj{) is oxidised to nitrite (N@) and nitrate (N@). In as tracer.

contrast, denitrification is a reductive process, which mainly

occurs in oxygen depleted soil zones. Under anaerobic con-

ditions, some microbes use NCand NG, as alternative 2 Materials and methods

electron acceptors, thereby reducing NRO, sequentially

to NO, N;O and finally to N (Conrad, 2002). Although ni- 2.1 Study sites and sampling

trification and denitrification are characterized by different

environmental controls and have optima under different en_The Study included 11 different forest sites situated across
vironmental conditions, it is well known that both processesEurope from Finland in the north to Italy in the south, and
may occur simultaneously in the soil, thus giving rise to du- from Scotland in the west to Hungary in the east. Main
plicate sources for pO (Davidson et al., 2000). botanical characteristics are listed in Table 1 and soil char-

The i N f oth i inth ducti acteristics are compiled in Table 2. Undisturbed soil samples
€ importance Of oth€r Soil processes In e produclion, o e ¢ojlected at each site in response to predefined con-

0f N20, inpluding any role 9f d_is;imilgtory nitratg reduction ditions with respect to soil temperature to ensure identical
to ammonium, heterotroph|c_n|tr|f|cat|on by fungi and anaer- preincubation conditions. Subsequent incubation took place
obic oxidation of N'_I' remains poorly known, (e.g. Dals- in the laboratory under uniform temperature and moisture
gaard et al., 2003; Wolf and Brumme, 2002; Wrage et al"conditions. This procedure allowed identifying to which ex-
2001). tent differences in chemical and biological conditions among
In this experiment, we have investigated the quantitativethe sites would lead to differentJ® emission rates. At least
and qualitative relationships between N-cycling angON  two sampling occasions were considered for each site, i.e. at
production in European forests in order to evaluate the im-the onset of the growing season and at the end of the growing
portance of nitrification and denitrification foro® produc-  season, which subsequently will be mentioned as the spring
tion. Soil samples were collected in 11 different sites char-time and autumn time samplings, respectively. The spring
acterized by variable climatic regimes and forest types, andampling took place when average soil temperature (5cm
incubated in the laboratory under controlled environmentaldepth) exceeded°® and the autumn sampling took place

Biogeosciences, 3, 13545 2006 www.biogeosciences.net/3/135/2006/
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Table 2. Soil characteristics of the study sites.

Site Soiltexture  pH %C (dw) %N (dw) C:N BBgcm3) WFPS (% vol vol~1)
Hyytiala Sandy loam 3.7 4.3 0.27 16.3 0.71 448
Glencorse Silty loam 4.2 4.5 0.32 13.8 0.78 483
Speulderbos Sand 3.7 6.9 0.26 26.4 0.85 +66
Hoglwald Loam 3.7 125 0.56 22.7 0.33 623
Achenkirch Loam 7.0 14.1 0.80 17.8 0.43 684
Nyirjes Sandy loam 3.9 4.8 0.27 16.2 0.87 +7AL
San Rossore Sand 5.8 2.7 0.08 35.9 0.86 +88
Sorg Loamy sand 4.5 2.6 0.15 17.7 0.85 +83
Schottenwald  Silty loam 4.2 3.6 0.25 15.0 0.88 32
Bosco negri Loamy sand 4.2 5.6 0.42 125 0.58 +52
Parco Ticino  Sandy loam 5.9 1.2 0.10 12.0 1.15 +28

§ Bulk density of incubated soil cores.
"'Water filled pore spaceHSE) measured after incubation.

when soil temperature had decreased to beld@.3n the  ing 300.g N core ! and a homogeneous distribution of the
Hyytiala and Sorg sites, two additional samplings were con-applied N was ensured by injecting slowly in synchrony with
ducted in early summer (June) and late summer (Septembenhe vertical 0-8 cm travel of a side hole needle facilitated
respectively. In the San Rossore site a spring time sampléy the use of a precision liquid processor (Hamilton Micro-
was not achieved until June. lab 500). The cores were then incubated in individuality at
At each sampling, 16 intact soil cores, 5cm diam., were15°C for 48h in a 2-I gas tight Kilner jar fitted with a rub-

collected from the top 0—10 cm soil after removal of the litter ber septum in the lid for headspace gas sampling by syringe
|ayer by pushing down 10cm |ong PVC_Cy”nderS Sharpenedand needle. A small beaker with water in the jars served to
at the bottom end. The cores were gently excavated, seale@revent evaporation losses from the cores. Two gas samples
firmly by wrapping with Parafil® and then shipped in a Were removed from the headspace at 0, 24 and 48 h, respec-

cool box to the laboratory by overnight carrier. tively, for subsequent analysis of headspag®Noncentra-
tions and®N enrichments of NO. A 5-ml sample was trans-
22 Incubation ferred to a pre-evacuated 3-ml Venof@cblood—collecting

tube for the NO concentration measurements, and a 120-ml
. . _sample was transferred to a pre-evacuated crimp-sealed 100-
Upon arrival to the laboratory, the samples were stored in a s :
o . e o ml serum bottle for determination N content in the NO.
cold room (3C) until incubation was initiated, within one

week. Incubation included a two-step procedure. Firstly,Pnor to each sampling, the Kilner jars were pressurized with

the soil water content was adjusted to a pF value of 2.36.an equal amount of Ato maintain atmospheric headspace

_ pressure.

The Parafilf® was removed and the cores wrapped at the

bottom by a cotton cloth and then gently wetted with 40ml 2 3 Apalysis

of deionised water. Subsequently a 230 cm water suction

was applied to the bottom of the cores achieved by placingThe soil cores were analyzed for inorganic N contents and
them in an elevated sandbox for 60 h 4C5 After equili- 15N enrichments two hours and 48 h after the label was ap-
bration of the soil water content, the cores were re-sealeglied. The soil was removed from the PVC cylinder, mixed
at the bottom. Then, three quadruplicate sets of cores wereghoroughly by hand and sieved to pass a 2mm mesh. Sub-
treated with different combinations of nitrogen-15 enriched samples of 20 g were suspended in 100 ml & KCI and
substrates prior to incubation fopR flux measurements and  shaken for 1 h prior to filtration and analysis of inorganic N
gross N-cycling assay. In treatmeat!°N-enriched Nl-lL and®®N.

was added as ®(NH4)2SOy solution with 2 atom% excess Gross N turnover rates were calculated based of3Ne
(APE) *N; in treatmend 2°N-enriched N@ was added as a  isotope pool dilution principle using the analytical equations
K1°NO; solution (2 APE). A third set of cores received both of Kirkham and Bartholomew (1954). Gross rates of N min-
lSNHI and15NO§ and was subject to immediate extraction eralization were obtained from the isotopic dilution of the
for dissolved inorganic N to assess start values. A fourthNH, pool in treatmentd. Gross rates of nitrification were
treatment constituted a zero N control by adding deionisedbbtained from the isotopic dilution of the NOpool in treat-
water. The solutions were applied in six 1-ml doses provid-ment N. Net nitrification was calculated from the change
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138 P. Ambus et al.: Nitrous oxide from European forests

N.0 24 h) and pH was measured in water suspension (1:2.5 w:vol)
DN of air-dried soil samples.
Nitrification / Denitrification The sites differed considerably in bulk densities (Table 2)
and to facilitate comparisons between sites data are given on
NH¢  ——— NHOH . NO,; === NOy basis of soil volume. Statistical evaluation of the data was
Ammonium Hydroxylamine Nitrte Nitrate undertaken using s-PLSS (Insightful Corporation, Seat-

tle, USA). Two-sample population means were compared us-
Fig. 1. Conceptual model indicating the major pathways felON  ing t-tests. Main effects of site and time were evaluated by
formation regarded in this study. Nitrification is indicated with open analysis of variance (ANOVA). Where the main effects were
arrows and denitrification is indicated with bold arrows. Adapted Signiﬁcant' mu|tip|e-means Comparisons were done by the
from Wrage et al. (2001). Tukey critical point calculation to determine differences in

response factors. Single linear regression and stepwise mul-

tiple linear regression analysis was used to describe the effect
in soil NO; concentrations in treatmet over the two-day of single or multiple variablgs upon response variables. Data
incubation. were assumed normally distributed except farONfluxes,
which were log-transformed before evaluation. All tests were

The contribution of Nlj‘ to N2O production (Fa) was .
performed at the 5% probability level.

achieved in treatment by the use of the linear mixing model
Fa=(NOe-Nle)/(AMe—NIle), where NOe, Nle and AMe are
the atom9%°N enrichments of MO, NO; and NH{, respec- 3 Results
tively. NOe was calculated from the paired measurements
of N>O concentration antPN enrichments in the incubation 3.1 Site characteristics
jar. Nle and AMe were calculated as the average between
the NG; and Nl—ﬁ enrichments, respectively, observed at the The 11 sites included in this study represented seven dif-
onset and at the end of the incubations. The Fa-value was caferent major tree species, comprising both deciduous and
culated under the assumptions that IabelequaHd labeled coniferous forest types (Table 1), which were distributed on
NO; were the only sources ford® as illustrated in the sim- ~ five different soil textures ranging from sand to loam (Ta-
ple, conceptual model pictured in Fig. 1. The contribution ble 2). Except for the Achenkirch site, which was located on
of Nog to the NbO production (Fn) was evaluated from the limestone (Schindlbacher et al., 2004), all sites were char-
results of experimenv by the approach Fn=NOe/Nle. acterized by acidic pH-values (Table 2). Théd#vald and
Concentrations of BD were measured by gas chromatog- Achenkirch spruce soils revealed notably high organic C con-
raphy (Shimadzu GC 14B, Kyoto, Japan) with electron cap-tents of 12.5% and 14.1%, respectively. For the remaining
ture detection. Thé®N content of NO was analysed us- SOilS organic C ranged between 1.2% and 6.9% (Table 2).
ing a Finnigan MAT PreCon unit (ThermoFinnigan, Bremen, 1 he soil moisture adjustments prior to the incubations com-
Germany) interfaced with a GC coupled in continuous flow- Pined with the subsequent substrate additions resulted in soil
mode to a Finnigan MAT Delta PLUS isotope ratio mass Water filled pore spaces (WFPS) ranging from 38% in the
spectrometer (IRMS). Briefly, using a double hole needle andandy San Rossore soil to 73% in the sandy loam soil of
He carrier the sample in the 100-ml serum bottle was purged\Yiries (Table 2). _ .
through a chemical trap of Mg(ClQ» and Ascarite (KOH) Soil inorganic nitrogen contents varied between sampllng
for removal of water and C§) respectively, and the sample {imes in three of the sites (Table 3). Between the sites,
N,O was then concentrated cryogenically (lig)Mefore in- NH; was uniform in the spring, whereas in the autumn the
jection into the GC. Hyytiala site contained most I\Q'—I Soil NO; in the spring
Soil extracts were analysed for concentrations ofj{NH reached peak values in Glencorse whereas in the autumn soil

and NG, on a Bran+Luebbe AutoAnalyzer 3 system NOj in Bosco negri exceeded most other sitesQF001 for

(Bran+Luebbe, Norderstedt, Germany). To determine theaII effects). The early summer and late summer samplings in

15\ enrichments of NE‘J and NG, the content of each com- _Hyytiala and Sorg showed that_ the two _sites Qiﬁgred ianH
ponent in an 80-ml portion of the KCI extract was concen- in the late summer, but otherwise remained similar.

trated on acidified filter paper prior to analysis (Sgrensen an%_2 Emissions of MO from soil columns

Jensen, 1991).

Soil total N and'®N was determined in finely ground 40- During the 48 h incubation time, the majority of the forest
mg portions of air-dried soil samples. Dried filter papers andsoil columns emitted PO at median values ranging from
soil samples were wrapped in tin cups followed by analysis<0.5ng NO-N cm3d~1 in the Hyyt&éla soils to about
on a CE 1110 elemental analyser (ThermoFinnigan, Milan,15 ng NN O-N cm~3d~1 in soil from the Schottenwald beech
Italy) coupled in continuous flow mode to the IRMS. forest (Fig. 2). At three occasions a slight decrease in

Soil moisture was determined gravimetrically (205 N>O headspace concentrations was observed suggesting that

Biogeosciences, 3, 13545 2006 www.biogeosciences.net/3/135/2006/
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Fig. 2. Emissions of NO from soil cores incubated after soil moisture adjustment only (zero N), %ﬁwﬂj{ additions (treatment)

and after15NO§ additions (treatmen¥), respectively. Data points indicate the median value for each sampling occasion and horizontal
bars indicate the 25 percentile and 75 percentile boundaries. For each forest type the sites are grouped along the vertical axis according t
N>O emission magnitude. Sampling times for the sites were Higy(May, June, August, November); Speulderbos (April, December); San
Rossore (June, Janauary); Glencorse (April, December); Nyirjes (December); Achenkirch (April, Noverdgkuglti (April, December);

Sorg (May, June, September, November); Bosco negri (May, January); Schottenwald (April, November); Parco Ticino (May).

N2O uptake occurred, but always at low ratet ng NbO-N treated soil columns, and a trend{P.06) was evident for
cm—3d~1 (Hyytiala autumn with NH, Nyirjes with NH;,  the NH treated soils, also when the asymptotic values for
and Sorg autumn with N respectively). Sampling time the Parco Ticino poplar site were excluded from the analysis.
had no influence on thedO activity except for the Hglwald

site, where NO emission was greater in the autumn than in 3.3  Sources for pO

the spring (R0.05). Addition of the Nlj‘ and NG, sub-

strates roughly doubled the® activity, independent of sub- The data in Fig. 3 shows the averd@dl enrichments of the
strate form, when all sites and sampling times are combinednorganic N pools during the course of the incubation, com-
(Fig. 2). However, due to the prevalent scatter in data the Nbined with thel®N enrichment of the cumulated,®. Two
effect was only significant in the Nyirjes soil in the autumn days after thd>NH; -labelling (treatmenti) an increase in
where activity peaked at 7 ng®-N cm3d~* after NOy 15NO; could be observed for most of the soils indicating
additions and in the églwald soil in the spring where activ-  that nitrification occurred (Fig. 3). Th&N enrichments

ity peaked at 0.9 ng pO-N cm3d~* upon NH; -addition. of the NpO emitted from*SNH; -labeled soil columns var-

The N;O emission varied significantly among the different i€d considerably among the different sites. For some sites,
forest soils both under zero N conditions as well as for the®-9- Hyyt&la, Speulderbos (spring), and San Rossore the
nitrogen amended soil columns<B.001). This site related €Mitted RO contained almost no exce$N despite sig-
effect on O emissions remained significant also when theNificant enrichments of both the NHand NGy pools. In
asymptotic high values for the Parco Ticino (Fig. 2) was re-the remaining sites, theJ® enrichments were intermedi-
moved in the ANOVA. The average emission inthe zero € t0 the enrichments of the fjHand NCJ pools, apart
N samples was inversely correlated{(®05) to the soil C:N  for three observations (Hyytia late summer,lSAcher?kwch
ratio (Table 1), but did not correlate with any other of the soil 2utumn and ldglwald autumn) where the 0 N enrich-
variables listed in Tables 2 and 3. The@emissions from ~ Ments exceeded the enrichments of both inorganic N pools
the zero N samples were significantly<B.01) higher from  (Fig. 3). With the!>NO; -labelled soil (treatmen®) no in-
the deciduous soils (13ng®-N cn3d-1) than from the ~ crease if°NH} was observed. ThEN isotopic signature of
coniferous soils (4ng pD-N cm3d~1). A similar effect ~ emitted NO was less than that of the N@pool to varying
of forest type was also significant {®.05) with the NQ degrees indicating variable source strengths of N@ N>O

www.biogeosciences.net/3/135/2006/ Biogeosciences, 314352006
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Table 3. Soil inorganic N contents at each sampling occasion.

P. Ambus et al.: Nitrous oxide from European forests

Location Sampling timer(0) Inorganic nitrogen contenfug N cm3)
NH; NO3
Hyytiala Spring (May) 7% 0.8
Early summer (June) 0 0.7
Late summer (Aug) 6.4 2.0
Autumn (Nov) 30.3 0.2
Glencorse Spring (April) 7.1 111
Autumn (Dec) 1.8 5.8
Speulderbos Spring (April) 3.7 #5
Autumn (Dec) 6.1 5.4
Hoglwald Spring (April) 0.6 4.2
Autumn (Dec) 11 2.2
Achenkirch Spring (April) 2.6 7.1
Autumn (Nov) 2.9 1.6
Nyirjes Spring (n.a.) n.a. n.a.
Autumn (Dec) 15 0.5
San Rossore Spring/Summer (June) 0 0.3
Autumn (Jan) 1.3 0.4
Sorg Spring (May) ) 1.48
Early summer (June) 8.3 0.2
Late summer (Sep) 0.6 0.8
Autumn (Nov) 0 1.2
Schottenwald  Spring (April) 3.5 6.8
Autumn (Nov) 0.4 5.5
Bosco negri Spring (May) 2.8 11.3
Autumn (Jan) 53 13.3
Parco Ticino  Spring (May) 19.7 11.0
Autumn (n.a.) n.a. n.a.

8: Indicates significant differences between sampling times.

n.a.: Data not available.

production between the sites. Unexpected Higit enrich-

3.4 Gross N cycling rates

ments of NO were observed at two occasions, i.e. Nyirjes
autumn and Achenkirch autumn (Fig. 3). Gross N mineralization varied significantly between the sam-
pling sites for both springtime samples and autumn-time
samples, and four sites, i.e. Hygf, Glencorse, Achenkirch,
contribution of NG to N,O in experimentN, calculated and Sorg, also varied between sampling times (Fig. 4). The
from the 15N values in Fig. 3, suggests that yQvas the  lowest gross mineralization, 04 N cm3d~*, was ob-
dominant source for pD on most occasions across sampling served in a coniferous site (Hygta in autumn) and the high-
time and location (Table 4). The contribution of fito N,O  est, 13.3tg N cm3d~, in a deciduous site (Bosco ne-
averaged 34%. Data for the Achenkirch site showed that th@ri in spring). The average coniferous activity of 3§ N
contribution from NH consistently exceeded 50%, which cm~2d~*, however, did not differ from the average decid-
was significantly (R0.05) higher than for the other sites ex- uous activity of 4.2¢g N cm—3d~1. A step-wise multiple
cept Hyytala, Bosco negri and Parco Ticino. In contrast, we regression analysis with mean gross mineralization rates as
found that the contribution of NDto N,O averaged 62% response variable and soil physical and chemical character-
and exceeded 50% in at least one observation in each sitéstics (Tables 2 and 3) as main effects indicated a negative
but independent of sampling time. Thedgiwald site re-  correlation with soil total C (R0.05) and a positive correla-
vealed a significantly higher NDsource strength (20.01)  tion with soil total N (P<0.05).

than Hyytala, San Rossore, Achenkirch and Sorg (Table 3). Gross nitrification rates ranged froeD.1.g N cm3d—1

The source strengths of I\Il—'and NG to NoO were notin-  to 5.7ug N cnm3d~1, and fluctuated significantly among
fluenced by major forest type, i.e. deciduous versus conifersites in the spring, but not autumn (Fig. 4). Sampling time
ous. fluctuations were evident only at two sites, i.e. H@jdiand

The contribution of Nlj[ to N2O in experimentd and the

Biogeosciences, 3, 13545 2006 www.biogeosciences.net/3/135/2006/
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Treatment A ("NH," Treatment N (°NO,’ o _
N Area ren AL reimen (o) Table 4. The contribution of NI{ and NG; to N,O formation. The
L ] . NH, .
Hyy"a'ag " * OV . No. numbers are percent of produced derived from1°N-labeled
Speulderbos kp » @ o 4 NO NH;{ (treatmentd) and NG (treatmentV), respectively.
a San Rossore &g ™ . A D .
§ -t - Location Sampling timenGo) % contribution to I‘QO§
% Glencorse (m & @ ca% From1SNHF  From15NOS
Q P
o Nyirjes o . 4 Hyytiaka Spring (May) a9 50+4
Achenkirch | g ® » o, Early summer (June) 09 60+29
ate summer (Aug) ~100+24 1945
v Hoglwald | = N N R Autumn (Nov) Q1 88+14
Glencorse Spring (April) 3211 19+-4
Sorg jgdfs 40 ° W55 am Autumn (Dec) n.a. 539
L] o A | ]
) Speulderbos Spring (April) 5 37+6
S Bosconegri | =g 5 @ -5 Autumn (Dec) 4a-8 84+21
2 Hoéglwald Spring (April) 9211 100t16
%]
a Schottenwald |5, o ¢ & Autumn (Dec) n.a. 10820
Parco Ticino v e rm Achenkirch Spring (April) 10815 80+11
‘ ‘ ‘ Autumn (Nov) ~100+12 ~100+21
00 05 1.0 00 10 20 Nyirjes Spring (n.a.) n.a. n.a.
atom% "°N excess Autumn (Dec) n.a. ~100+8
San Rossore  Spring/Summer (June) +80 33t15
Fig. 3. Nitrogen-15 enrichments of soil NH soil NO; and emit- Sora Asl”;znmg”(f\jz;; :g 6129:??4
ted N;O, respectively, aftet>NH; additions (treatmen#t) and Early summer (June) o3 477
15NO3 additions (treatmeny). Data points indicate the atom% Late summer (Sep) B1 40+6
15 Autumn (Nov) n.a. 1819
N excess for each ‘c.ompone.nt. Data fquilHnd .NO\; are aver- Schottenwald  Spring (April) 23 100420
ages _between the initial and final sampllngs during _the mcgbatlon. Autumn (Nov) 1267 47416
The sites are grouped along the vertical axis according to Fig. 2. Bosconegri  Spring (May) 2411 45+3
Autumn (Jan) 5317 6923
Gross N turnover Net nitrification Parco Ticino ASuFt)LrJIrr;gn (('\:Zy)) iEaZ 53§C:1
3 Hyytiala i E
-
d = 8: The contribution ofSNH; and>NO3, respectively td>N,0
Speulderbos & M, production in experimen#t and experimentv. Mean of n=2—4
g San Rossore ™ samplestSE. )
o i n.a.: data not available.
g Glencorse M= =5
[= fr— [} e—
8 Nyirjes
F—{ - . .
_ = Sorg, where sampling took place four times during the sea-
Achenkirch L2 My son. The average coniferous gross nitrification of,agIN
v Hoghwald =, . cm—2d~1 was significantly (R0.01) lower than the decidu-
oy l ous activity of 3.4.g N cm3d~1. Across all sites, the av-
Sora B, A erage gross nitrification was inversely correlated to the soil
3 . i = C:N ratio (P<0.05).
0OSCO negri  ——1 oy age .
3 9 — Gross nitrification was generally lower than the gross
§ Schottenwald e mineralization. The ratio between gross nitrification and
Parco Ticino m=—t, _, L gross mineralization tended to be higher for_the decidl_Jous
— : : soils (0.83t0.14; n=4LSE) than for the coniferous soils

0 5 10 15 20 10 5 0 5 10 (0.50+0.14; n=ASE). Variations in the ratio occurred in-
M- Vineralizaion 0 N om ™ d” dependently of the soil parameters listed in Tables 2 and 3.
As for gross nitrification, net nitrification fluctuated also

Fig. 4. Left hand plot shows rates of gross N mineralization and Significantly among the different sites (Fig. 4) indicating that
gross nitrification obtained from treatmeatand treatmentv, re- some sites each time provided a net]Néburce (e.g. Bosco
spectively. Right hand plot shows net nitrification rates obtainednegri) and others a net NOsink (e.g. Hbglwald). Net ni-
from treatmentV. The bars indicate mean rates (n=4+1SE) from trification also differed significantly (20.05) between the
e.aCh sampling occasion. The vertical grouping is according toconiferous S|tes_€llug N Cm—3 d—l) and deciduous sites
Fig. 2. (1.6g N cnr3d1).
Nitrous oxide emissions were not correlated to the gross
mineralization rates, neither among all sites, nor within the
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LOGIN>O emission] and gross N mineralization activis), gross
nitrification activity (b), and net nitrification activity(c), respec-
tively. The positions of values for coniferous and deciduous soilsity (€.9. N, lignin, and phenolic contents) could not explain
are indicated by different legends. The trend lines indicate the pomechanisms of control on forest N cycling and suggested that
sitions of linear regressions lines when all data are included in theexternal factors may play an important role. In line with this,
analysis. n.s. not significant; *0.05.
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two forest types (Fig. 5a). However, a trend in the data
(P<0.09) indicated a positive relationship betweefONand
gross mineralization for the coniferous soils. Thg\Nemis-
sions correlated significantly ¢0.03) with gross nitrifica-
tion activities when all sites were included in the analysis
(Fig. 5b). For the individual forest types, however, theCN
emissions were not correlated to gross nitrification although
a positive trend (R0.08) was observed for the deciduous
soils. In contrast to the relationship with gross nitrification,
the NbO emissions were not related to net nitrification activ-
ities, but a positive trend @0.08) could be observed for the
deciduous soils (Fig. 5¢).

4 Discussion
4.1 Impact of forest type and C- and N-pools

Nitrogen cycling processes in forest soils is widely believed
to be regulated by litter quality parameters such as C:N ra-
tio, contents of N, lignin and phenolic compounds (Ven-
terea et al., 2004). It is also believed that deciduous tree
species generally increase nutrient cycling and microbial ac-
tivities compared to coniferous tree species (Menyailo et al.,
2002; Smolander et al., 2005). In accordance with this gen-
eral perception, incubation of intact samples from a range
of European coniferous and deciduous forest soils indicated
that soils under deciduous forest types emit mog®han
soils under coniferous forest types. A similar difference be-
tween these two main forest types was also observed in a
field study by Butterbach-Bahl et al. (1997) who found that
a German beech forest emitted approximately twice as much
N2O as a spruce forest. Field measurements within the sites
encountered in the current study also indicated that decid-
uous forests are stronger sources giONthan coniferous
forests (Butterbach-Bahl, 2005). Other soil incubation stud-
ies have also confirmed that soils under deciduous forests
may emit more NO compared with soils under coniferous
forests (Menyailo and Huwe, 1999; Menyailo et al., 2002).
We also observed that thex® production was inversely
correlated to the C:N ratio of soil carbon and nitrogen pools.
This observation suggests that not only the chemical quality
of the litter input, but also external factors, such as nitrogen
deposition, which may have a long-term cumulated effect
on the soil C:N ratio constitute important proxy controllers
for the NbO production across European forest sites. Lovett
et al. (2004) found that standard measures of litter qual-

the soil characteristics encountered in this study as indices
for quality of litter input (Table 2) did not differ between the
two major forest types despite the differens®l emission
strengths.
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The supply of inorganic N, as expressed by gross N min-from NOj; under similar soil moisture conditions. There
eralization, was also similar in magnitude for the two forestis no obvious reason to explain why these two spruce sites
types and did not explain the difference in@®l emissions. in particular exhibited the capability to switch betweestN
Gross mineralization in hardwood and Pine stands of Harproduction entirely from nitrification or from denitrification.
vard Forest (Venterea et al., 2004) were similar in magnitudeCommon characteristics to the two sites making them distinct
to those reported herein and, in agreement with our conclufrom the other sites were a loamy texture with relatively high
sion, not different between the two forest types. Not surpris-contents of organic C and N. This environment could sustain
ingly, however, current gross mineralization increased withnot only a high microbial biomass but also probably a greater
increasing total N contents among all sites and decreasenhicrobial diversity with the capability of a rapid switch be-
with increasing C content. The combined effect of these twotween different pathways for /D production, i.e. nitrifi-
parameters thus suggests that gross mineralization would ircation, denitrification and perhaps also less well described
crease with a decreasing C:N ratio of the soil organic matterpathways such as heterotrophic production fromj{l\(M/oIf
but in our analysis, this relationship was just about significantand Brumme, 2002). Data for the Hygk pine soil also
(P<0.06). suggested a transient production ofNfrom NI—E{ in Au-

The extent of nitrification in relation to substrate input, as gust (late summer) that, in combination with a reduce®N
expressed by the ratio between gross nitrification and grosgroduction from NQ at the same time, do imply a shift in
mineralization, is basically regulated by the competition be-N2O production pathway during the season, in accordance
tween heterotrophic and autotrophic ildssimilation (Ven-  with the observations by Wolf and Brumme (2002).

terea et al., 2004). The current data suggests that the com- one of the most important environmental controls in the
petitive ability of nitrifying communities in deciduous soils - partitioning of NO from nitrification and denitrification is
is stronger than in the coniferous soils, which may explainso;| aeration, which mainly is regulated by the soil moisture
exceeded nitrification in the coniferous sites. The magnitudeygisture was regulated to pF 2.3, slightly below field capac-
of nitrification was also mediated through the soil C:N ratio, ities, with the aim to promote conditions abundant follow-
in agreement with observations in other studies suggestingng rainfall events when peakJ® emissions are anticipated
that nitrification increases with decreasing C:N ratio below aiq gccur. Soil moisture conditions in the current range (Ta-
C:N ratios were almost all below this threshold. . nitrification as well as denitrification (Davidson et al., 2000).
In th|s experiment the |_|ttef layer was removed prior 1o Apart for the Achenkirch and élwald spruce sites, how-
sampling for methodological reasons. Presence of litterever, NHf constituted a less significant source forQithan
however, may influence the0 gas exchange and it can not No_ | indicating that denitrification is the most important
be ruled out that absence of litter will lead to biased results.process for NO production across these European forests.
First of all, as demonstrated by @ygemann et al. (2005), lit-  Thjs observation is very much in agreement with previous
ter from various tree species constitute a substrate for extenggrks by Wolf and Brumme (2002, 2003) who found that
sive mineralizatio_n and nitrification a_ctivity, _suggesting that yenitrification was responsible for® production in Ger-
also NO production can take place in the litter. Moreover, an beech forests, and Ambus (1998) finding that denitri-
different shapes of tree litters can have an influence on thgcation was the only source for4®d in Danish spruce and
gas diffusivity through the litter layer (Brumme and Borken, peech forest stands. MacDonald et al. (1997) also found evi-

1999). Litters from broad leaved trees may, in particular yence that denitrification was the source feONin Scottish
when they are wet, restrict oxygen diffusion into the soil gjika spruce plantations.

to a greater extent than litters from spruce or pine needles | b hasized that th .
with variable impacts on soil aeration and thusNemis- t must be emphasized that the current experiment can not

fatinattich i 5 SN
sions. Contrasting these observations, however, Vasconcelc?gsnng“'Sh if the'N20 Qe”e“’“‘tef‘ fror'l' NH4_ In 'Freatme.nt
et al. (2004) observed no changes igNand CH, fluxes in A Was produced as an intermediate in Nbixidation or via

a tropical forest after litter had been removed. nitrification denitrification reduction of nitrite (Fig. 1). In
some sites, e.g. Hyyia, Speulderbos, and Sorg, labeled
4.2 Sources of BD N>O was not produced in the presence of labeled{NH

spite of a significant nitrification activity, which does imply

Although N,O production was correlated with gross nitri- that nitrification denitrification did not contribute to the®
fication activity, the current data do imply that nitrification Production irlsthesE.soils. For soils with modestNpro-
activity per se was not responsible for theQ\formation in  duction from™NH" it can be argued that all 7D was pro-
most of the sites. Exceptions to this were the Achenkirchduced by nitrification denitrification and that the isotope sig-
and Fbg|wa|d sites, where all theiﬂ) was derived direct|y nal was diluted by unlabeled I\EO‘rom denitrification reduc-
from NHj under nitrifying conditions. However, both of tion of NO;. However, itis still debatable whether the NO
these sites were also capable for producingdNentirely  products from nitrification NIj{I oxidation and denitrification
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NOj reduction, respectively, do mix in the soil due to diffu- thus lead to increased greenhouse gas emissions from forest
sional constraints (Russow et al., 2000). In the San Rossorecosystems.

pine stand the lack of°NH; derived NO was very likely
due to the limited nitrification capacity (Fig. 4). AcknowledgementsThe work was part of the Nofretete-project
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