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Abstract. A profound understanding of temporal and spatial nent hot spots for soil pbD emissions as well as locations of
variabilities of soil carbon dioxide (C£), methane (Chl) permanently lower soil Clduptake rates at the extensively
and nitrous oxide (BO) fluxes between terrestrial ecosys- managed alpine site. Including hot spots was essential to ob-
tems and the atmosphere is needed to reliably quantify thes&in a representative mean soil flux for the respective ecosys-
fluxes and to develop future mitigation strategies. For man-tem. At the intensively managed grassland, management ef-
aged grassland ecosystems, temporal and spatial variabilfects clearly dominated over effects of environmental drivers
ties of these three soil greenhouse gas (GHG) fluxes occuon soil N,O fluxes. For C@ and CH, the importance of
due to changes in environmental drivers as well as fertil-management effects did depend on the status of the vegeta-
izer applications, harvests and grazing. To assess how sudion (LAI).

changes affect soil GHG fluxes at Swiss grassland sites
we studied three sites along an altitudinal gradient that cor-

responds to a management gradient: from 400 ma.s.l. (in-

tensively managed) to 1000ma.s.l. (moderately intensivel ~Introduction

managed) to 2000 m a.s.l. (extensively managed). The alpine

grassland was included to study both effects of extensivedbout 10 % of the fossil fuel emissions that originate from
management on CHand NO fluxes and the different cli- EU-25 countries have been shown to be absorbed by ter-
mate regime occurring at this altitude. Temporal and spatiafestrial ecosystemslgnssens et al2003 Schulze et a.
variabilities of soil GHG fluxes and environmental drivers 2009. While most of the atmospheric GOs sequestered

on various timescales were determined along transects of 18Y forests, grasslands are a small net sink for atmospheric
static soil chambers at each site. All three grasslands wer&02- Croplands are reported to be g@eutral, and man-
N,O sources, with mean annual soil fluxes ranging from@aged peatlands act as net sources for atmospheri{Ciais
0.15to 1.28 nmol m2 s~L. Contrastingly, all sites were weak €t al, 20108. However, the net terrestrial sink for atmo-
CHa sinks, with soil uptake rates ranging from0.56 to  SPheric CQ is almost counterbalanced by gtnd NO
—0.15nmol nT2s~1. Mean annual soil and plant respiration emissions from agricultureCfais et al, 20103. Despite the
losses of C®, measured with opague chambers, ranged fronfelatively small atmospheric concentrations of Zthd NoO,

5.2 to 6.5pumolm2s~1. While the environmental drivers these two greenhouse gases (GHG) account for 26 % of the
and their respective explanatory power for sojNemis-  9lobal warming effect due to their high global warming po-
sions differed considerably among the three grasslands (adéntial (GWP) on a per-mass basis over a 100 yr time hori-
justedr2 ranging from 0.19 to 0.42), CHand CG soil fluxes 20N (PCC, 2007). Thus, understanding temporal and spatial
were much better constrained (adjustédanging from 0.46  Variabilities of soil CQ, CHs and NO fluxes between ter-

to 0.80) by soil water content and air temperature, respecfestrial ecosystems and the atmosphere is of key importance
tively. Throughout the year, spatial heterogeneity was particl0 reliably estimate these GHG fluxes and to develop miti-

ularly high for soil NO and CH, fluxes. We found perma- 9ation strategies. Whilgleeshouwers and Verhag¢2002
andJanssens et 003 reported that the GWP of European
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grasslands is still highly uncertairgoussana et 2007 seasonal and annual timescales; and (3) to identify the spatial
andSchulze et al(2009 estimated that European grasslands variations within sites.
had negative GWPs (including vertical and lateral fluxes of
the three GHGs: e.g., fertilizer input, harvested biomass, ani-
mal emissions). In particular, all these investigated Europear? Materials and methods
grasslands were net sinks for €©On an annual timescale.
Soil fluxes of CH and NO, expressed in Cequivalents, 2.1 Site description
reduced the net COsink capacity, but were too small to
change the overall effect into a positive GWBo(@ssana The three-stage farming system that is typical for many
et al, 2007 Schulze et a).2009. These two studies, how- parts of the Swiss AlpsEhlers and Kreutzmani2000 was
ever, did not consider grasslands at higher elevations, withhepresented exemplarily by the three ETH research sites
cooler and wetter climatic conditions that may subsequentlyChamau (CHA), Ribll (FRU) and Alp Weissenstein (AWS).
lead to higher soil Chland NbO emissions. Mountain re- The lowland site is represented by Chamau, situated north
gions are characterized by more orographic precipitation unef Lake Zug in the pre-alpine lowlands of Switzerland at
der episodic influences of maritime air masses, with lower400 ma.s.l. (471237’ N, 8°24'38" E), with a mean annual
evapotranspiration rates due to lower temperatures, both conemperature of 9.9C and 1151 mm of precipitatiorS{eber
tributing to wetter soils Beniston 2005 and potentially et al, 2011 Finger et al.2013. The dominating soil type at
higher soil emissions of CiHand NO. CHA is a Cambisol (pH=5) with bulk density ranging be-
Many studies used manually operated closed soil chamtween 0.9 and 1.2 £&gm~3 in the uppermost 20 cm. The
bers to measure soil fluxes of GOCH4 and NO (Flessa  grass mixture consists of two dominating species, i.e., Italian
et al, 2002 Pumpanen et gl2004 Wang et al. 2005 Jones  ryegrass l(olium multiflorumLam.) and white cloverTri-
et al, 2006 Jiang et al.201Q Rochette 2011, as they are  folium repend..). In 2010 and 2011, the pastures were used
applicable in a wide range of ecosystems with varying sitefor forage productionSautier 2007 Zeeman et aJ.2010.
conditions. Moreover, chamber methods, in contrast to theThe site is intensively managed, with 5 to 10 management
eddy covariance method, are capable of detecting small fluxevents per calendar year, including harvests and subsequent
magnitudes that are characteristic for £&hd NO fluxes  slurry applications. The exact number of management events
between climatic- or management-driven pulse evaB#d-(  per calendar year naturally depends on seasonal weather con-
docchi et al. 2012. In addition, the use of chambers al- ditions.
lows for detection of spatial patterns in GHG fluxédelssa The so-called Maiensaess site (early season moun-
et al, 2002 Merbold et al, 2011), an important aspect tain rangeland) is represented byubil, situated at the
when studying managed or undulating grassland shes(  Zugerberg mountain ridge, east of Lake Zug°@%37’ N,
bus and Christensed994 Ball et al, 1997 Mathieu et al. 8°3216"E) at 1000 ma.s.l., with a mean annual tempera-
2006. Especially NO and CH, fluxes are known for their ture of 6.1°C and 1682 mm of precipitatiorS{eber et al.
non-uniform spatial distribution of sources and sinks (e.g.,2011, Finger et al, 2013. At FRU, the dominating soll
Matthias et al.198Q Folorunso and Rolstqri984 van den  type is a Gleysol (pH=4.5), with bulk density ranging be-
Pol-van Dasselaar et a1998. The spatial patterns are often tween 1.3 and 1.4 £kgm~2 (uppermost 20 cm). The grass
controlled by grazing, vegetation and soil properties such asnixture is more diverse than at CHA, consisting of rye-
soil type and texture, soil temperature and soil water contentgrass Lolium multifliorum Lar), meadow foxtail Alopecu-
as well as soil C and N contents and microtopography (e.g.rus pratensislL.), cocksfoot grassactylis glomeratal.),
Dalal and Allen 2008. In managed grasslands, temporal dandelion Taraxacum officinalg buttercup Ranunculug..)
variability of soil GHG fluxes needs to be taken into consid- and white clover Trifolium repensL.) (Sautieyr 2007, Zee-
eration additionally since flux magnitudes respond not onlyman et al. 2010. The pastures at FRU are used for cattle
to environmental forcings but also to human-induced activi-grazing in late spring (May) and early fall (September). The
ties such as harvesting and fertilizatidduchmann2011). management includes two to four harvests and/or fertiliza-
To understand how annual soil GHG fluxes respond totion events (slurry/manure) per calendar year, depending on
environmental- and management-induced forcings, we quantocal weather conditions and resulting vegetation growth.
tified temporal and spatial variations of chamber-based soil The alpine site is represented by Alp Weissenstein, sit-
COp, CHy and NO fluxes at three Swiss grasslands, which uated near the Albula pass at 2000ma.s.l. in the canton
are part of a traditional three-stage farming system at differ-Grisons (463459" N, 9°47 25" E), with a mean annual tem-
ent altitudes\(Veiss 1941, Boesch 1951 Ehlers and Kreutz- perature of—1.4°C and 877 mm of precipitationS{eber
mann 2000. Our specific objectives were as follows: (1) to et al, 2011, Finger et al. 2013 Michna et al, 2013. The
investigate the source/sink behavior of soil £@H, and  soils at AWS are slightly humus to humus sandy loam
N2O fluxes at three differently managed grasslands locatedpH =5.6), with comparable bulk density in the uppermost
along an altitudinal gradient under different climatic condi- 20 cm as reported for FRU (1.3 to 1.43ky m~3). The grass
tions; (2) to assess temporal variation of soil GHG fluxes atcomposition is classified &eschampsio cespitosae—Poetum
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Fig. 1. Topographical map of Switzerlarfel) showing the geographic position of the sités, Chamau (CHA)(c) Fribil (FRU) and(d) Alp
Weissenstein (AWS) as well as site setup m@psl). The red star indicates the position of the eddy covariance tower, and the red dots the
position of the chambers along the prevailing wind direction (flux footprint; modified Z&teman et al.2010. The numbers refer to the
chamber numbers along the transects. Dots denote individual trees, and gray bold lines paved roads.

alpinag with red fescue Kestuca rubrg, alpine cat's tail chambers (Figlc). This was done to adopt the sampling ap-
(Phleum rhaeticuln white clover {rifolium repensL.) proach to the usual management regime, which is coerced by
and dandelionTaraxacum ofcinalg(Sautier 2007 Zeeman  two differently managed field parcels. Spacing was chosen
etal, 2010. AWS represents the summer rangelands for cat-so that the transects would fit into the previously calculated
tle grazing without harvests in normal years. Manure is ap-footprint of the eddy covariance towers at the respective sites
plied to the pastures at the end of the grazing season, typiiZeeman et a).2010, as well as to cover the topographic
cally in the second half of September. The geographic locadifferences at each site. At FRU and AWS, chamber collars
tion of the three sites as well as the site setups are shown iwere fenced to avoid trampling and/or removal by the cattle.
Fig. 1, while dates for harvests and fertilization events are Sampling of the chambers was performed on a weekly basis

shown in Tablel. during the growing season, and at least once a month during
the winter season (except for AWS, which is inaccessible in
2.2 Experimental setup winter). The vegetation inside the chamber collars was man-

ually harvested at the times of regular management activities,
From June 2010 to June 2011, we measured soil fluxese., harvests and grazing.
of COp, CH4 and N:O using opaque static soil chambers ~ Additionally, we measured diel patterns of soil £&ind
at all three sites. The diameter of the polyvinyl chloride N2O fluxes in an intensive observation campaign in Septem-
chambers was 0.3 m, the average headspace height 0.136&r 2010. During this campaign, soil GHnd NO fluxes
(£0.015m) and average insertion depth of the collars wagvere measured over 48 consecutive hours at all three sites
0.08 m @0.05m). On sampling campaigns with vegetation Simultaneously, at intervals of two hours. During this 48 h
inside the chamber- 0.20m, collar extensions (0.45m) intensive observation campaign (21-23 September 2010), 75
were used. Chamber lids were equipped with reflective alumean chamber fluxes of GHind N;O were obtained at the
minum foil to minimize heating inside the chamber during three sites (Wxa = 25; Nrru = 25; Naws = 25).
the period of actual measurement. At each site, transects of
16 soil chamber collars were installed in May 2010 (Rig.
Spacing between the chambers was 7m at CHA and FRU,
and 5 m at AWS. At FRU, two transects were established, one
consisting of 12 chambers and a second consisting of four
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Table 1. Management activities (harvests and fertilization:=S&lurry; MA = manure) and nitrogen inputs (kg Nhlc\) during flux mea-
surement periods at the three sites Chamau (CHA)bFr(FR) and Alp Weissenstein (AWS). Numbers indicate nitrogen inputs from
slurry/manure in kg hal. At AWS, no harvest was performed ().

CHA FRU AWS
Cuts 20 Aug 2010 2 Jul 2010 -
2 Oct 2010 2 Aug 2010
21 Apr 2011
15 Jun 2011

Fertilization 6Jul 2010 SL, 18 19Jul 2010 MA, 33 30Aug 2010 MA, n.a.
25Aug 2010 SL,30 11 Sep 2010 SL, 10
280ct2010 SL,44 23 Mar2011 SL, 140
10 Mar 2011 SL, 60
28 Apr2011 SL, 35
22Jun 2011 SL,52

2.3 Data acquisition and processing wherec is the respective GHG concentration (umol ol
. _ for CO,; nmol mol~1 for CH,s and NoO). Time ¢) is given in
2.3.1 Flux sampling and calculations seconds, atmospheric pressupg i Pa, the headspace vol-

_ ume (V) inm3, the universal gas constarR)is 8.3145m
GHG fluxes were calculated based on the rate of changing, k-1 mol-1, T is ambient air temperaturek( and A is
gas concentrations inside the chamber headspace. After cloge syrface area enclosed by the chambé?).(imdividual
ing the chambers, four samples were taken, one immediatelnamper fluxes were only computed if the linear regression
after closure and then at 10 to 13 min increments so that,, each individual GHG yielded & > 0.8. If the slope be-
the chamber was no longer closed than 40 min. This closyyeen the first and second concentration obviously deviated
ing time was sufficiently short to avoid saturation effects in- 51 the one of the remaining three concentration measure-
side the chamber headspace. We inserted 60 mL syringes intdants then we omitted it and calculated the flux from the
the chambers lid septums to take the gas samples, and th@Bmaining three. Chambers for which the rate of change of
injected the gas into pre-evacuated 12 mL vials (Labco L|m-CO2 was negative were also discarded, as photosynthesis is
ited, Bucking_hamshire, UK). Prior to the second, third and ;s5umed to be zero inside the opaque chamber. The mean
fourth sampling of each chamber, the chamber headspacg,amper flux was then calculated as the arithmetic mean of
was flushed with the syringe volume of air from the cham- 5| ayailable individual chamber fluxes for each date and site.
ber headspace to minimize effects of built-up concentration A i5tal of 81 sampling campaigns were performed be-
gradients inside the chamber. Gas samples were analyze(q,een June 2010 and June 2011c(N = 35; Negy = 32;
for their CQy, CH4 and NbO concentrations using gas chro- Naws = 17), resulting in an equivalent number of mean
matogrgph_y (Agilent 6890 gas chrom_atograph equipped Witht:hamber fluxes of pD, CH; and CG. We follow the mi-
aflame ionization detector, a methanizer and an electron CaRsymeteorological convention, where positive fluxes are di-
ture detector, Agilent Technologies Inc., Santa Clara, USA)rgcted to the atmosphere, and negative fluxes to the ecosys-
as described biartmann et al(2011). tem.

Data processing, which included flux calculation and qual-

ity checks, was carried out with the R statistical softwdte ( 2.3.2 Ancillary measurements
Development Core Tear@010. The rate of change was cal-
culated by the slope of the linear regression between gas corAt each field site, the following environmental variables
centration and time. Fluxes were always small enough ( were recorded in the center of the transects (eddy covari-
and visual inspection of concentration changes with time)ance towers, Figl) as 10 min averages: air temperature
that no saturation in measured concentration data could bér,) at 2m (HydroClip S3, Rotronic AG, Basserdorf, CH),
detected that would be indicative of saturation effects insidesoil temperature Zs) at —0.02m (TL107 sensors, Marka-
the chamber. We used the following equation to derive thesub AG, Olten, CH), volumetric soil water content (SWC) at

flux estimateFgHg: —0.05m (ML2x, Delta-T Devices Ltd, Cambridge, UK), and
photosynthetic active radiation (PAR) at 2 m (PARlite, Kipp
FGHG = g i (1) and Zonen B.V.,, Delft, The Netherlands). Leaf area index
6t R-T-A (LAI) of the vegetation outside the chambers was measured

at each flux sampling campaign (LAI-2000, Licor, Lincoln,
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Fig. 2. Annual courses of pO, CH; and CQ fluxes at Chamau (CHA), Bbil (FRU) and Alp Weissenstein (AWS). The black lines indicate

the mean soil flux of the respective greenhouse gas (GHG), and the gray-shaded areas indicate the 95 % confidence intervals. Dashed, vertic
lines indicate fertilizer applications. Black boxes for FRU and CHA denote periods of permanent snow cover. Note the different scaling for
N5O fluxes at the three sites. Fluxes of®and CH, are given in nmolm2s—1 and CQ in pmolm2s1,

USA), i.e., every week during the growing period and at leastof ANOVA results, the Tukey honestly significant differences
monthly during winter (when there was no snow cover). LAl (HSD) test was chosen.
measurements represent averages of 12 measurements along

the chamber transects.
3 Results

2.3.3 Statistics 3.1 Temporal variation of GHG fluxes

3.1.1 Seasonal flux patterns and management
For each site, mean chamber GHG fluxes were used to estab-

lish functional relationships with environmental drivers on Soil fluxes of NO and CQ showed a commonly known sea-
annual timescales, using stepwise multiple linear regressiosonal pattern, with highest emission rates during the summer
models for annual timescales. A standardized principal commonths (Fig2). Soil emissions of Chlwere mostly observed
ponent analysis (PCA) was performed prior to the multiple during winters, whereas uptake rates were prevailing in sum-
linear regressions to minimize potential artifacts from co- mers.
linearities between environmental drivers. SincesGldxes At all three sites, soil BIO fluxes were mostly positive, in-
at CHA and FRU showed exponential relationships with dicating a source for pD. Occasional uptake was observed
soil water content, data were log-transformed for the respecfor mean and individual chamber fluxes, as indicated by the
tive multiple linear models. The relative importance of each 95 % confidence interval in Fi@. Highest NO efflux rates
driver within the regression model was estimated using hierwere observed at CHA (intensively managed) shortly after
archical partitioningChevan and Sutherlanti991). The un-  slurry applications. These peak fluxes exceeded maximum
certainty of the calculated relative importance was assesseN»0O fluxes at FRU (moderately managed) and AWS (exten-
using parametric bootstrapping methol$rén, 1979. sively managed) by a factor of 2 and higher. Emission fac-
To investigate spatial variability of GHG fluxes, a one-way tors at the intensively at CHA were on average-8.3.6 %.
analysis of variance (ANOVA) was performed. The chamberAt FRU, emission factors were 0480.8 %. At AWS, peak
number along the transect (Fit)) was used as a predictor, emissions occurred around the manure application and
and all valid annual flux values per chamber were included biomass removal, which was done manually during the pe-
To assess the statistical significance of pairwise comparisonsod of grazing. Mean MO soil efflux over the 12-month
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study period was highest at CHA with 1.28 nmotfrs 1,

and lowest at FRU with 0.15 nmolms~1. At AWS, an av- f1 0 1

erage efflux of 0.23nmoln?s ! was observed. The low

mean NO efflux at FRU is likely due to low emission CHA 400 m
rates during winter, which were missing from the AWS data. 14 -

Hence mean emissions were larger at AWS than at FRU.

At CHA and FRU, both positive and negative methane
fluxes were observed, yet uptake dominated at both sites.
During eight sampling campaigns, which represented 20 %
of all campaigns, CHA was a source of @H-RU was a
source during five sampling dates, representing 12.5% of LA
all campaigns, while AWS acted as a sink for atmospheric
CHg4 throughout the measurement period. However, no mea- © p
surements are available for the winter period at this site, -1 - -1
due to the inaccessibility of the site. The response of, CH
fluxes to fertilization, i.e., reduced uptake rates, was not as
distinct as for NO fluxes. Over the 12-month study pe-
riod, mean uptake rates for GHvere —0.15, —0.22 and
—0.56 nmolm?s~1 at CHA, FRU and AWS, respectively.

Temporal flux patterns of COwere comparable at all swc
three sites. The annual range of flux magnitudes was slightly
smaller at AWS than at CHA and FRU. Respiration in-
creased after fertilization at all three sites, yet the magni-
tude of this response was variable (FR). Over the 12-
month study period, mean respiration rates were 6.5 and
6.3umolm?s1 at CHA and FRU, respectively. At AWS,
respiration rates were slightly smaller, with an overall mean Bl e
flux of 5.2 umol nT2 s~1 (growing season average). -1 Tt - —1

PAR

FRU 1000 m

Component 2
o
o

3.1.2 Seasonal response of fluxes to environmental

drivers . AWS 2000 m | 1

With the PCA, we were able to identify similarities among
potential driver variablesTg, Ts, SWC, PAR and LAI) and
to reduce the set of driver variables for exploring functional
relationships to those drivers that (a) are as independent from LAl
each other as possible, and (b) that are of similar relevance 0 ‘ -0
at all three elevations, such that functional relationships built
with the selected drivers can be compared among sites. Ni-
trogen inputs in the form of slurry/manure applications were A sWC Tair
not considered for the PCA, as only six and three data points
would have been available at CHA and FRU, respectively, 14 L _1
and LAl can already be seen as a proxy for management
activity. At CHA and FRU,T, and Ts had similar loadings T T T
(Fig. 3) because both followed a similar annual cycle. Since
T, generally had the higher explanatory power tianwe Component 1

selectedrl,. The first and second principal components fur-

ther indicated that PAR and SWC may be treated as one varifig. 3. Biplots of the first two components of a standardized
able at CHA and FRU (Fig), where variations in PAR were principa}l component analysi§ 9f environmental varie_tbles for_ the
of opposite sign compared to variations in SWC, simply in- three sites Chamau (CHA), il (FRU) and Alp Weissenstein
dicating that episodic increases in SWC after rain events aEAWS)' Environmental variables measured during sampling cam-

. L . . . . paigns within the 12-month study period were considered (num-
the lower two sites coincided with periods of high cloudi- bers 1 to maximum 34 at CHAYa— air temperatureTs = soil

ness '.[hat reduced PAR over seve_ral dfr’lys' In contrast, urFemperature; SWE: soil water content; LAk leaf area index; and
der fair weather conditions, the typical diurnal cycle of PAR par— photosynthetic active radiation.

was likely linked to a similar cycle of SWC in the opposite

Biogeosciences, 10, 5934945 2013 www.biogeosciences.net/10/5931/2013/
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direction. Since our selection @i, already represented at- O CHA oge = 0.42
mospheric conditions at a site, we selected SWC instead of
PAR as the second variable. The third variable selected via 100+

O
PCA was LAI, which was almost independent of SWC at |
all three sites (Fig3), and hence was expected to add ex- 7
planatory value to a functional model where the three com- 50 AT

o

FRU r?odel = 0.19
B AWS r?oge = 0.34

partments atmospher&y], soil (SWC) and vegetation (LAI)
were represented (Fig). 25
The explanatory power of the multiple linear model with
regard to the temporal variation o6 fluxes varied consid-
erably at the three sites, with adjust€dvalues ranging from
0.19 to 0.42. The relative importance (RI) of each selected
driver, i.e., the contribution to the overall variance of flux
variability explained by the model, was not consistent among
sites (Fig4). At CHA, the model was able to explain 42 % of

N,

O CHA Progel = 0.46
1007 CH4 2mode\

B FRU Pogel = 0.72

Relative Importance [%]

B AWS e = 0.83
the total variance inherent in annual soi®!flux data, with 25
LAl and T, being the most important explanatory variables ]l
(RIal =45%; Rl, =38.9%). SWC had much less influ- 0- D CHAZ =080
ence on the PO efflux, with a Rl of 16.1 %. At FRUT, was CO, i rzm"”e‘:'o'so
clearly the most important driver, with a Rl of 84.7 %, fol- = Aws rzm""e' oar
lowed by SWC with a Rl of 14 %. LAl was of minor impor- 75 mocel =
tance, with a Rl of 1.3 %. In total, only 19 % of the variance
in soil N2O fluxes was explained by the model at FRU. At 507
AWS, 34 % of the variance was explained. Here, SWC was 25 m
the most powerful explanatory variable, with a Rl of 54.7 %,
followed by LAI (RI=43.7 %).T, had almost no impact on 0- T, Swe LAl
the variability of the NO flux at AWS (RI=1.7 %) (Fig.4). Driver variable

The variation of explanatory power among the driver vari-
ables within the multiple linear model for the prediction of Fig 4. Explanatory power of driver variables for GHG fluxes on
CH, fluxes was more pronounced than that fagiQNfluxes. the_annual _tlmescale at ChamE}u (CHA) il (FRU) and Alp
However, soil CH fluxes were better constrained by the set EiSSenstein (AWS), witlia as air temperature, SWC as soil wa-
of drivers, with adjusted? values ranging from 0.46 to 0.83. ter content and LAI as leaf area index. .CO”tf'b”‘_'O” (Fe'a“ve im-

. . . . ortance) to the overall variance explained is given in %. Error
Aga'n’ the RI of the drivers was _nOt consistent among S'_tesgars indicate 95 % confidence intervals as determined from boot-
(Fig. 4). At CHA, the model explained 46 % of the total vari- gyrapning (Muns= 1000).r2 values represent overall model perfor-
ance inherent in all annual soil GHlux data, with LAl and  mance. Significance levels of each driver can be found in T2ble
SWC being the most influential variables (Rl = 45.4%;  The upper panel shows the model performance at all three sites for
Rlswc = 35.4 %), followed by T, with a Rl of 19.2%. At N0 fluxes, the middle panel for CHluxes and the lower panel
FRU, 72 % of the total variance was explained, with SWC for CO; fluxes.
being the most important variable, exhibiting a RI of 89 %.

At AWS, 83 % of variance was explained by the model, of
which 82.7 % were due to changes in SWC. At both sites,3.1.3 Diel variation of N, O and CH,4 fluxes
FRU and AWS, the variables LAl anfl, had minor influ-
ences on soil Ciifluxes. Mean chamber efflux rates ob® and mean chamber uptake
The explanatory power of the multiple linear model for rates of CH were observed during the intensive observation
soil CO; fluxes was almost the same at CHA and FRU, with campaign at all sites in September 2010 (FHy. The diel
80 % total explained variance. At AWS, the model was still N2O flux magnitudes along the elevational transect yielded a
able to explain 47 %. At CHA and FRU,; was the most different ranking among sites than that observed at the annual
influential variable, with RI values of 71 and 81 %, respec- scale. During the intensive observation campaign, highest
tively. Yet, at CHA, LAI had a considerable influence on the emissions of NO were measured at AWS, with an average
temporal variability of CQ fluxes, with a RI of 21.8%. At  flux of 0.54 nmolnT2s1, followed by CHA with 0.21 and
FRU, the contribution of seasonal changes in LAl was lessFRU with 0.15nmolm?s-1. Diel variations of soil NO
important (RI=9.1%). At AWS, T; was the most impor- fluxes were clearly found only at FRU, where high emission
tant variable in the model similar to CHA and FRU (RI of rates were observed during the day, and smaller emissions
55.7 %), followed by SWC with a Rl of 30.9 % (Fid). during nights (Fig5). T, was a good predictor for O ef-
flux rates at the diel timescale at CHA and FRU, explaining

www.biogeosciences.net/10/5931/2013/ Biogeosciences, 10, 33352013
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Fig. 5. Diel courses of NO (top) and CH (bottom) fluxes at Chamau (CHA), ol (FRU) and Alp Weissenstein (AWS). The gray-shaded

areas indicate the 95 % confidence intervals of mean chamber fluxes (black line). Measurements started at noon (12:00) on September 2

and ended at noon (12:00) on 23 September.

54 and 59 % of the variance, respectively. In contras©®N
emissions did not significantly correlate wiily at the diel
scale (nor at the annual scale) at AWS (Fip.

Highest mean uptake rates of gitere measured at AWS
with —0.47 nmolm2s-1, followed by CHA and FRU with
—0.31 and-0.16 nmol nT2s~1 (Fig. 5). Although consider-
able variation in soil CH flux rates was visible at CHA and
FRU, no obvious diel trend was identified. At AWS, ¢H

0.52, indicating no significant differences among individual
chambers. This suggested that the spatial variability of soil
N2O fluxes was not larger than the temporal variability of
the fluxes measured at AWS. Spatial variations of annual av-
erage NO fluxes at FRU were negligible (Fi@), and in a
similar magnitude as at the diel scale (not shown).

Spatially invariant annual averages of soil £fHixes were
found at CHA and FRU (FigB). At AWS, we observed a spot

uptake rates were almost constant, with only very little tem-of significantly (p = 0.02) lower CH, uptakes rates around
poral variation. Hence, regression analysis to determine fluxchambers two and three (Fig).

drivers was not successful. At CHA, 13% of the variance

in CH4 uptake rates could be explained By while no sig-
nificant relationship could be established at FRU and AW

SWC \_/arlatlons_, Important 6.“ the "?‘”””a' scale_, were affe_cte(lit was not a priori expected that the three grasslands at dif-
only slightly during the 48 h intensive observation campa|gn,ferem elevations, and thus management intensities, were all

and were ther_efore omitted for developing any explanatoryWeak net sinks for Cii due to abundant precipitation in
power at the diel scale.

mountainous areas, whereas the tight coupling between soll
N,O efflux rates and fertilization confirmed earlier studies.
The alpine grassland (AWS), characterized by sufficient rain-
water supply and hypothesized to be a net source of, CH
acted as a net sink of methane, given the fact that the long
winter period could not be included in our measurement
regime. In addition, soil MO as well as CH fluxes were
highly variable in time and space, supporting previous stud-

3_4 Discussion

3.2 Spatially invariant hot spots of GHG fluxes on the
seasonal scale

Spatial variability of annually averaged soip® fluxes, i.e.,
the flux variation among chambers along the transect, wa
highest at CHA (Fig6), in contrast to the spatial variation
seen over 48 h. The one-way ANOVA with chamber as a fac- .

tor yielded ap value of 0.57 for soil MO fluxes, indicating €S (€-9-Folorunso and Rolstori984 Mosier et al, 1993
that all chambers showed high variation during the 12 montha/elthof et al, 2000.
of measurements. At AWS, chambers one to three showed

a wider range of annual average® efflux rates relative

to the other chambers along the transect. Yet, due to some

very high flux estimates, the ANOVA yielded avalue of
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and Alp Weissenstein (AWS). The values refer to the ANOVA results with chamber as a factor. Values below 0.05 indicate significant
differences among mean chamber fluxes over the 12-month study period.

4.1 Seasonal GHG fluxes and drivers of their temporal  previous studies, which identified air temperature and soil

variability water content as influential variables (e\yang et al.2005
Liebig et al, 201Q Schaufler et al.2010. The high relative
41.1 NO fluxes importance of LAl at CHA (intensively managed) can be ex-

plained by the fact that step changes in LAI due to regular
harvests during the growing season reflect subsequent slurry
SEbplications at CHA (N addition usually within five days af-
ter the harvest). This finding underlines the importance of
a realistic management consideration when predictip@ N
fluxes. This was corroborated in Fig. which shows the re-
sponse of the three GHG fluxes to their primary environmen-
tal driver (at two LAI classes) on the annual scale (Té)le

Our measurements give strong evidence that managed gra
lands are a constant source of® as hardly any uptake was
observed Ryden 1981 Wagner-Riddle et al1997 Glatzel
and Stahr2001, Neftel et al, 2007). The small number of
negative soil NO fluxes (uptake) observed was evenly dis-
tributed throughout the 12-month study period. As expected

the intensively managed site, CHA, was the strongest source . N,O we found thatr, had no significant influence on

of N2O. While total N addition (per application) at CHA flux magnitudes at constant LAl ranges. Thus, management

was comparable to FRU, mean annual emissions were morg, .
. . . ith LAl as proxy) had a larger effect onJ® fluxes than
than 8 times higher than those at FRU, leading to mucl"ltt;\;:\le environmgnt (>\l/\)/itl‘T as prgxy) 20
a .

higher emission factors at CHA. FRU was characterized by
the lowest mean annual2® emissions. Emission factors
at the intensively managed grassland (CHA) were on av#-1.2 CHsfluxes

erage 3.1 3.6%, and therefore considerably higher than

the IPCC (2007 default value of 1.25% (without grazing). Our results showed consistently small £sinks at all three

At FRU (moderately managed), emission factors were onlysites, which is in agreement with other studies on temperate
0.8+ 0.8 %. grasslands at low altitudeMesier et al, 1997 Liebig et al,

Our findings also underline the challenge of predicting 2010. Positive soil CH fluxes mostly occurred during peri-
N2O fluxes from grasslands.-® fluxes were weakly con- ods with high SWC and/or after fertilizatiohgssard et al.
strained by a set of three environmental variables. Their in-1997), and hence were observed most frequently at the in-
fluence on the flux varied temporally and from site to site, in- tensively and moderately managed site, CHA and FRU. For
dicating the importance of additional factors (e.g., land man-FRU, our results are in contrast to the results presented by
agement, fertilization). Yet, our results are in agreement withHartmann et al(2011), who exclusively measured uptake of
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managed site Chamau (CHA). For glnd N,O, fluxes are given in nmol i¢ s~1; for CO, in umol n2 s~1. Soil water content is given
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Table 2. Multiple linear model equations for annual GHG fluxes at the three sites Chamau (CH#WIl FFFRU) and Alp Weissenstein
(AWS); p values are given for the individual drivergy(= air temperature; SWE soil water content; LAk leaf area index).

CHA

N,O

=684+ 270. Ty + 84 +3e 4. SWC—-2654+ 678 . LA
a = 0.002 8 = 0.014 y = 0.002

log(CHy)

= —0.0140.02- Ta+ 7.14+ 2.77- SWC— 0.17+ 0.05. LAI
— 0.751 8 = 0.016 y = 0.003

IS

CO

= 0.38+0.05- Tq+ 24.244+8.43- SWC+0.451+0.16- LAI
a < 0.001; B = 0.024 y = 0.009

FRU

N,O

=77 +975. Ta+ 3¢5+ 2e5. SWC—-1e/ £ 176 LAl
= 0038 = 0222y = 0.900

S

log(CHg)

— 8¢5+ 0.01- Ta+ 4.36+ 0.68- SWC+ 0.01+ 0.03- LAI
— 0.990 8 < 0.00% y = 0.860

S

CO

= 0.39+0.05- T3+ 0.47+4.11- SWC+0.20+0.17- LAI
a <0.001 B = 0.910 y = 0.250

AWS

N,O

— 0.0140.02- Ta+ 1.79+ 1.17- SWC— -0.19+ 0.12- LAI
« = 0590 8 = 0.160 y = 0.160

CH,

=3¢ 34773, T+ 245+ 0.39- SWC— 0.09+ 0.04- LAI
o = 0.990 B < 0.001; y = 0.860

CO,

= 0.26+0.07- Tqa+ 7.96+3.71- SWC+ 0.244+0.39- LAI
a = 0.004 8 = 0.057, y = 0.557

Biogeosciences, 10, 5934945 2013
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CH,4 at FRU in the years 2007, 2008 and 2009. However,
their measurements were taken in generally drier soils, sup-
porting the idea of regulating effects of SWC on £ftuxes

(RI of 89%). At the extensively managed AWS site, both
Hartmann et al(2011) and this study exclusively observed
uptake of CH.

Annually, soil CH, fluxes were well predictable by SWC
(Liebig et al, 201Q Schrier-Uijl et al, 201Q Hartmann et aJ.
2011). Furthermore, at the intensively managed site (CHA),
LAI had comparable explanatory power to SWC. As men-
tioned before, step changes in LAl during the growing period
reflect management activities (fertilization at low LAI). Al-
though ammonium-based fertilizers (e.g., organic fertilizers)
can inhibit CH, uptake (oxidation) by methanotroph&/ifli-
son et al. 1995 Stiehl-Braun et a).2011), SWC still had a
highly significant impact on Cidfluxes at LAl< 1 (Fig. 7),
indicating dominant environmental drivers.

tion by eddy covariance [umol m2s™]

4.1.3 CO fluxes

spiral

Opague soil chambers were used to exclusively measure res- ?=0.80; y = 1.1+0.1 x + 0.8+0.7

(&)
piratory fluxes of CQ®, which were in the expected range = 0
from close to zero in winter up to 15 pmolths—! during T 25
summer, similar to, e.gMyklebust et al.(2009. At FRU, 2 AWS
chamber measurements agreed well with eddy covariance—%S 20 -1l
based respiration data, simultaneously recorded at all three®
sites (Fig.8). At CHA, eddy-covariance-based fluxes were 15
systematically higher, which is likely due to the different
scale of both measurement techniqué&ig et al. 2009. 10
Except for one outlier of eddy-covariance-based soil respira-
tion, chamber measurements agreed well with eddy covari- S
ance data at AWS. This outlier on August 25 may be an ar- P r*=0.49;y = 1.9+0.5 x - 3.6+2.9
tifact of the gap-filling procedure for eddy covariance respi- 0 1~

ration data. Besides the the expected importancg, @nd (; ; 1‘0 1‘5 2‘0 2‘5

SWC for CQ efflux rates, LAl was once more a reasonable

predictor (RI of 21.8 %) at the intensively managed grassland Soil and plant respiration by chamber [umol m2s™]
(CHA). Keeping LAI constant ak 1 (Fig. 7) revealed a still . _ o

highly significant effect offx on soil CQ fluxes, supporting Fig. 8 Soil and plant CQ rt_asplratlon rates (_:alculated from eddy
the notion that management impacts on soil flux magnitude%ovanance and corresponding chamber-derived values. Mean cham-

of CO, are rather small compared to environmental drivers er fluxes are shown for all sampling campaigns at Chamau (CHA),
P Frubll (FRU) and Alp Weissenstein (AWSy;, values of the linear
(Peng et a.2011).

regressions were 0.001 at CHA and FRU, and 0.003 at AWS. Un-

) o certainties in the model equations are standard errors.
4.2 Diel variation of NoO and CHj4 fluxes

In contrast to what we learned on the annual scale, highest
emissions of NO of all three grasslands were observed atfluxes Christensen1983 Skiba et al.1996 Maljanen et al.
AWS, being twice the observed seasonal mean. As manur@002 Duan et al. 2005 Hendriks et al. 2008 Baldocchi
was applied to AWS pastures 10 days prior to sampling, weet al, 2012. Duan et al.(2005 suggested that the type of
likely captured a “hot” moment, supporting our conclusion ecosystem might have an influence on the presence of diel
that management impacts are dominating seDNlux vari- soil NoO and CH flux variations. However, our study exclu-
ability. Already studies byChristenser{1983 andFlechard  sively investigated grasslands, and we found significant diel
et al. (2007 have shown that peak emissions ofNap-  variations of MO fluxes for one out of three sites (FRU). At
peared lagged to manure application (8 to 12 days). CHA, changes in air temperature affected sojCNfluxes

In the literature, there is no consistent picture regardingless strongly, and thus no significant diel patterns yON
the presence of significant diel patterns ofONand CH fluxes were observed. This might be attributable to the fact

www.biogeosciences.net/10/5931/2013/ Biogeosciences, 10, 33352013
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that the last slurry application at CHA was more than four
weeks prior to the intensive campaign (25.08.2010; slurry — 0.7
30kgNhal), and that the vegetation composition at FRU @ 0.6 - 13

exhibits a larger fraction of legumes. This suggests that not € 057 2

r=0.06; p = 0.373

w

only ecosystem type, but also site specifics (e.g., manage-g 04
ment intensity or vegetation composition) might influence % 8'2: L et u
diel variations in soil NO fluxes. = 0'1 | 4 16

In contrast to what we observed on the annual scale (Ta- | 7 >0 g e

ble 2), CH, fluxes were not constrained by changes in SWC
over the course of 48 h, probably because changes were tog—
small (decrease of less than 2% vol) to significantly affect ﬁl,"’
the magnitude of CHfluxes.

-0.3 1
-0.4 1

-0.5-
4.3 Spatial patterns and autocorrelation

CH, [nmol m

_06 -
Working with soil chambers requires information on the spa-
tial distribution of GHG fluxes at ecosystem scale to design
appropriate experiments and to be able to correct mean soil—
fluxes for potential biases. In relation to the magnitude of " 671 s 1 1
mean chamber fluxes of J® and CH, individual chamber
fluxes are highly variable in space (e atthias et al.198Q
Folorunso and Rolstqri984 Mosier et al, 1991), as they
are largely determined by small-scale biochemical processe
(Ambus and Christensefh994 Dalal and Allen 2008. 3]

We observed that out of our three sites, only AWS ex- 3 6 9 12 15 18
hibited permanent spots where ghptake was significantly Inclination [°]
smaller than at the rest of the transect. This corresponde

ngl V.wth local mlcrqtopo.graphlcal conditions, €., the N at Alp Weissenstein (AWS) plotted against inclination at the respec-
Cl!nat'on of the ’Ferr:?un (Fig9). Chambers plgced IN teIrain e chambers. The numbers indicate the chamber position along the
with greater inclination systematically exhibited lower SWC {ansect. Regression coefficients as welpaglues are given.
values (data not shown). This in turn corresponded well with
what was observed at the annual scale, where lower
take rates correlated significantly with higher SWC. At CHA driver of CHs and NO fluxes in grasslands in addition to the
and FRU, we observed that flux magnitudes varied spatiallycommonly shown influences of environmental variables.
spots of reduced CHuptake were, however, not permanent.  We identified the known set of drivers for fluxes of O
Thus, the situation at CHA and FRU represents the ideal cas€H, and NO fluxes ([ and SWC for NO and CH, respec-
when trying to sample a representative mean of an ecosysively). At the intensively managed site (CHA), LAI proved
tem. Omitting permanent hot spots may lead to a systemati¢o be a good proxy for management influence on fluxes of all
bias in GHG flux budgets. In our case, omitting chambersthree GHGs.
one to four at AWS would have lead to an underestimation of ~Spatial variability, especially of soil CHand NO fluxes
annual CH uptake of roughly 5% and an overestimation of was as high as expected. Permanent spots with lower CH
annual NO emissions of 56 % (both regarding annual bud- uptake coincided with smaller inclination of the terrain on
gets). Thus, all aspects of exposition and slope should bevhich chambers were placed. Thus, on sloping terrain, mean
covered when assessing flux estimates o4 @Hd NO in chamber fluxes of Cldshould be estimated from an ensem-
sloping terrain. ble that is (a) sufficient in size, (b) represents the common
species composition including hot spots occurring due to
grazing and (c) representative for the terrain of the site. This
5 Conclusions is important since SWC is one of the major environmental
drivers of CH, exchange. For soil fluxes ofJ®, we suggest
Highest mean annual emissions ofM were observed at the use of portable chambers in conjunction with recently de-
the intensively managed site, whereas highest uptake rategloped laser spectrometers allowing for much shorter sam-
of CH4 were measured at the extensively managed site. Thipling times and therefore sampling of additional hot spots
clearly illustrates the impact that management intensity ha®ccurring during grazing and hot moments after fertilization.
on the magnitude of soil pO and CH fluxes in grasslands.
This clearly illustrates that management acts as a major co-
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