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Abstract. An automated open system for measurement ofof CO, (NEE) vs. photon flux density response functions,
soil CO, efflux (Rsc) was developed and calibrated against therefore potentially affecting the gap filling procedures and
known fluxes. The system was tested in the field, whileto lead to a situation (3) when the measured surface and the
estimating soil respiration simultaneously by the gradientreal time ecosystem fluxes will necessarily differ in the short
method Rsg) at a dry, sandy grassland site (Bugac, Hun-term. Simultaneous measurementsRgf, and soil CQ ef-
gary). Ecosystem respiratiomlR{:o) was measured using fluxes may reveal the timing and magnitude of the decou-
the eddy covariance technique. The small chamber sizgling, thereby contributing to decreasing uncertainty associ-
(5¢cm in diameter) made it possible to use the chambers irated with eddy flux measurements over flat terrains. While
vegetation gaps, thereby avoiding the necessity of removihe correlations between G@ffluxes measured by indepen-
ing shoots and disturbing the spatial structure of vegetadent systems are stronBsgwas generally larger thaRsc or

tion and the upper soil layer. Low air flow rates associatedReco, mainly due to overestimation of effective diffusivity in
with small chamber volume and chamber design allowed thehe soil.

overpressure range to stabilize between 0.05-0.12Pa. The
correlation between ecosystem and soilG&flux rates as
measured by the independent methods was signifidags,
rates were similar or even lower thaty in the low flux

(up to 2 pmolC@m~2s1) range but the differences were o _
within the uncertainty limits for the two fluxesRsc from  1N€ emission of C@from the soil surfaceRs) represents the

trenched and non-trenched plots amounted to 16 % and 44 9grgest fraction (60-80%) of ecosystem respiration (Raich

of Reco, respectively. The gradient method showed both upand Schlesinger, 1992; Janssens et al., '2002; Lgo and Zhou
and downward C@fluxes originating from the main root- 2006). Currently, most of the commermally avall_able sys-
ing zone after rains. Diffusive retardation played a smallerl€MS forRs measurements use chambers with a diameter of

role than CQ production considering the soil air G@on- 10cm or greater. This size often necessitates the removal of
centration increase after rains in a given layer. Downward2Poveground plant biomass, especially in closed grasslands,
fluxes within the soil profile amounted to 15 % of the simul- where the average gap size between tussocks18cm.
taneous upward fluxes and t67.6 % of the total (upward) Removal of above-ground biomass prior to taking measure-
effluxes during the 3-month study. The upper 5 cm soil layerments (usually 24 before the measurements, Bahn et al.,
contributed to~50 % of the total soil C@efflux. Downward 2008) is a serious intervention, as it destroys the spatial struc-
fluxes are expected to seriously affect (1) BugoVs. temper- ture of the vegetation, which can influence vegetation dy-

ature response functions and (2) the net ecosystem exchang@mics (Hook etal., 1994). Cutting and biomass removal af-
ects radiation at the surface, soil temperature and moisture,

increases plant stress and disrupts the photosynthate supply
Correspondence taZ. Nagy to roots and rhizospheric microbes (Tang et al., 2005a; Cao
BY (nagy.zoltan@mkk.szie.hu) etal., 2004).
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Pesplt_e thelr simple design and ease of o.peratlon, OP€RAple 1. Depths of sampled soil layers for computations of bulk
soil respiration systems are not widely used (Iritz et al., 1997 yensities, air filled porosity, the tortuosity factor (as used in Egs. 1
Fang and Moncrieff, 1996, 1998). The main problem with anq 2), the average soil organic matter content (in gCldry soil)
this configuration is caused by the pressure difference beat the different depths.
tween the chamber and the ambient air, often caused by the

applied high flow rates. Any pressure differences larger than | ayers reference b . s Corggkgl
one-fifth of a Pa can seriously affect the measured €P measured  depths (cm)  (gc)

flux (Fang and .Moncrleff, 1998;. $m|th etal, 2010). Senou; Upper 05 118 0554 087 515
changes in environmental conditions above the soil surface in g 10-20 1.35 0.491 091 20.3
the chambers (decreased boundary layer caused by high flow Lower 30-50 1.44 0.457 0.94 3.8

rates, very low or very high C£concentrations, etc.) should
also be avoided during the measurement period (Subke et al.,
2004).

Our first aim was to develop a new, simple, cost-effective2 Materials and methods
open system suitable for soil G@fflux measurements ful-
filling the following criteria: 2.1 Site description

— Minimizes modification to environmental respiration The study site (Bugac, 46.6%, 19.6 E, 114ma.s.l) issitu-
drivers through small chamber diameter, reduced inserated in a pasture of 550 ha, with a chernozem type sandy soil

tion depth and no collars (i.e. Wang et al., 2005). with high organic carbon content (Table 1). The average an-
nual precipitation is 562 mm (10 year average, 1995-2004),

— Avoids disturbance to the current photosynthetic supply2Nnu@l mean temperature is 106Gt Main plant species in-
to the root zone. Larger chamber diameters fail to mee(C!Ude Festuca pseudovindack. ex Wiesb.Dactyliy glom-

this criterion due to the regular cutting/weeding needed grate L., Elymus repens.., Carex stenophyllavahibg. and

in addition to the initial disturbance caused by systemSalvia pratensisL., the total species number exceeds 80.

setup. The study site is a part of the Kiskunsag National Park and

has been under extensive management (low grazing pres-
sure) for the last 20 years. G@Blux measurements (continu-

a AIIrowis I\;V a;[err] tover:]tter thrzgl;?hnirlﬁ Vemri?:lisrog the tct)p ous eddy covariance and occasional soil respiration measure-
(precipitation events) a 0 € perimeter ( a§e) 0'ments) have been started in 2002 (Nagy et al., 2007; Balogh
ward the center of the chamber. Water transport is sup- tal., 2011)
posed to be adequate over the 2.5 cm distance (radius of & '

the chamber) range. 2.2 Soil respiration measurements by the automated

. . open system
— Serves as a tool for continuous automatic measurement

of soil CQ; efflux, capable of operating for long periods The system consists of an infrared gas analyzer SBA-4 (PP-
when unattended. Systems, UK, IRGA), two pumps (MP, P), mass flow me-
ters (MFM, type D6F-01A1-110, Omron Co. Kyoto, Japan),
The second goal of the study was to compare the soif CO electric valves (V1-4) and four PVC-metal soil chambers
efflux rates as measured by the chamber method Rétl ~ (Fig. 1). The main pump of the system (Eheim 400, Eheim,
from eddy-covariance measurements in an effort to addresGermany, MP) is situated in a 2 | buffer volume. The cham-
the previously reported problem of similar or higlythan  bers are 10.4 cm high with a diameter of 5¢cm, and an area
Reco values (Goulden et al., 1996; van Gorsel et al., 2007,covering approximately 19.6 éhof the soil surface. The
Myklebust et al., 2008). In the present study we sought toPVC chambers (C) are enclosed in a white metal cylinder
contribute to decreasing the uncertainty arising from typicalwith 2 mm airspace in between to stabilize the chamber and
nighttime limitations in eddy flux measurements over flat ter- to prevent warming by direct radiation. Four vent holes with
rain (Massman and Lee, 2002; Smith et al., 2010). a total area of 0.95 cfrwere drilled in the top of the cham-
A third goal of the study was to investigate soil respira- bers. Vent holes also served to allow precipitation into the
tion dynamics by the gradient method within the soil profile chambers.
after rainstorms, as a significant percentage of the total CO The reference air flow from the main pump is divided into
fluxes occur during these events in drought-prone grasslandsvo ways: one stream goes to the IRGA, the other through
ecosystems (Xu et al., 2004). Information leading to bet-MFMs into the chambers at a flow rate of 220—-240 mindin
ter characterization of fluxes during these periods may con{as measured by MFMs). The inlet of the reference air flow
tribute to improved models of soil respiration and decreasings positioned at the lower part of the chamber, 1 cm above the
uncertainty of CQ balance estimates. soil surface. Air from the funnel in the chamber is sampled
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Development, calibration and field test of the system were

Ref air performed during 2007 and 2008 and the final version of the
= system was implemented during the summer of 2009.
— [¥F 2.3 Gradient method

Three GMP343 (Vaisala, Finland) IRGAs were inserted into
the soil at depths of 5, 12 and 35 cm, respectively, within 3m
of the eddy station and within 1-2m of the soil respiration
chambers. The sensors were sampled by the CR5000 (Camp-
bell, UK) data logger (which also controlled eddy measure-
ments) at 10-s intervals and averaged half-hourly. Soil tem-
peratures and soil (volumetric) water contents were measured
| Air out and stored at the same time interval. An 0.6 m-deep ditch
was dug, and sensors were inserted into the ditch wall at the
Fig. 1. Schematic air-flow diagram of the system (B: buffer vol- previously-listed depths before the soil was replaced. Much
ume, MP: main pump, P: sampling pump, OF: overflow, MFM1-4: attention was paid to avoiding disturbing the soil structure
mass flowmeters, MV: main valve, V1-4: valves, VH: vent holes, where the sensors had been inserted, and soil layers were
C: chamber with a funnel, Cy: metal cylinder, IRGA: gas analyzer, packed back into the ditch in the same order as they had been
Ref air: reference air flow, Sample air: sample air flow, Air out: air removed.
outlet from the system). The gradient method was applied to estimate fluxes using
the diffusion model as reported previously (e.g. Tang et al.,
2003, 2005a; Moldrup et al., 1999; Myklebust et al., 2008),
by a pump (P) with a flow rate of 160-180 mimihand  calculating the flux ) as:
then guided to the same IRGA. Measuring both the refer-
ence and the analysis cycle took 14 s, including also the necF = — . (C,— C1) (1)
essary purge times. The system works as an open steady- 2
state system (Fig. 1). No in-soil base collars were used with (n— SWG29S
the chambers; the sharpened chamber base was inserted &-= Dco, air- D==
rectly into the soil to a depth of3-5 mm, thereby avoiding n
deeper disturbance of the soil (Wang et al., 2005). The sys-

. . . . 21
tem was controlled using software written to operate a date\%';/]'éh (f Qb ig]r?c?rirsactjilénc?nzfzg::rgg z:nfé%% rk?ei f\t f)r’orcn the
logger CR23X (Campbell Sci., UK), control timing of mea- g

. . surface (in pmol C@mM~—3), K the diffusion coefficient be-
surements on a particular chamber, switch valves, measurte\zNeen the soil layers at distange (m), D the diffusiv-
the signals from the MFMs, the IRGA and other sensors (se€ ol ‘ayers a el
: . ity for COs in air, with its value taken as 1.4710°m-s
below) and also to store data. Air and soil temperature Sen?nulti lied by (T/293.275 (Jones 1992); the air-filled
sors, a soil moisture sensor (thermocouples and CS616 wa- P y ' d

ter content reflectometer, Campbell Sci., UK) and a pressur(goms'ty of dry sail (fraction), SWC the volumetric soil water

sensor (SDP1000-L05, Sensirion AG, Staefa, Switzerland)Content atthe particular depth (fraction), wiflealculated as

were used to measure pressure difference between the cha ?g) ;Khob)rfﬁg' V\/‘:/ﬁ:aegal;f (;Zis(ijt?enss;ﬁty cgfttr;]i Z]cl)?lelfles;gll
ber and the ambient air, and were also attached to the dat c_o.nside?ed a)r,e listed in Table 1. as vl:/)ell as values (:/br-
logger. Low air flow rates, small chamber volume, cham- : . ' . .
. . . tuosity factor), given by the sum of silt and clay fractions.
ber design (relatively large tube diameters, vent holes on thie: :
. . : S luxes between the soil layers were also calculated as de-
top of the chambers, inner funnel dimensions) stabilized the

overpressure range between 0.05-0.12 Pa. scribed above.

The system’s parts (datalogger, IRGA, valves, air flowme-2 .4  The eddy covariance setup
ters, pumps etc) were built into a waterproof box. The system
was programmed using the Edlog software (Campbell Sci.,;The basic eddy covariance system at the Bugac site con-
UK) to make measurements during one half-hour period ev-sists of a CSAT3 sonic anemometer (Campbell, USA) and
ery two hours during the field measurements. Data from eacla Li-7500 (Licor Inc, USA) open path IRGA both connected
chamber was measured for 3 min, by saving the average db a CR5000 logger (Campbell, USA). Additional measure-
the CQ-concentrations in the last minute. Average valuesments (e.g. temperature, precipitation, global radiation) were
of further variables (air flow rates, air and soil temperatures,performed as described in Nagy et al. (2007) and Pintér et
soil water content, pressure differential between the chambeal. (2008). Fluxes of sensible and latent heat and Gére
and the ambient air) were also saved at the same time. processed using an IDL program after Barcza et al. (2003),

@)
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adopting the CarboEurope IP methodology. Spikes in the  « 1
raw (10 Hz) wind speed, $0 and CQ concentration data S preciptation [
caused by electric malfunctions or dew formation were de-
tected and removed after Vickers and Mahrt (1997). Sys--
tematic error caused by the possible inaccurate leveling of
the sonic anemometer was corrected by the planar fit methoc
(Wilczak et al., 2001). Linear detrending was also performed
on the raw data. Errors caused by the large angle of attack
were avoided by the method described in van der Molen et
al. (2004). The effects of density fluctuations on the turbu-
lent fluxes were corrected by the method described in Webb
et al. (1980). Damping effect of the sensor line averaging
and the limited response time of the anemometer and the gas

analyzer were corrected by Moore (1986). Storage term calrig. 2. Time courses oReco (nighttime, storage corrected* fil-
culated from the rate of change in @@oncentration below  tered (threshold: 0.1 nT¢)) EC data,Rsc from chambers placed in
the measuring level (Flanagan et al., 2002) was used to colvegetation gaps (not trenched) and from the trenched plots (lower
rect half-hourly CQ fluxes. When comparing to soil respi- panel) and precipitation (upper panel left axis), daily average tem-
ration values only nighttime, storage corrected (Aubinet etperature (left axis) and volumetric soil water content (right axis) in

al., 2001) values oRecoWith u* higher than 0.1 ms! were  the upper 30 cm of the soil during summer, 2009 at Bugac site. Lack
used. of Rsc data (middle of the graph) was caused by disruptions in the

electricity supply.

Cl
8

Precipitation [mm]
Temperaure [
>
[Lw W] oms

R.. (not trenched)
R.., (not trenched)
R.. 5, (trenched)
Recoeaay (NiGhY)

N A O ®

Respiration [umol m? s"]

1/6/2009 15/6/2009 29/6/2009 13/7/2009 27/7/2009 10/8/2009 24/8/2009

2.5 Uncertainty analysis

Random measurement error of EC and chamber measurdtom the tank into the infrared gas analyzer (Li-820, Li-Cor,
ments was quantified using pairs of independent flux mealJ-S-A., equipped with the 5-cm long sample cell enabling it
surements under identical conditions after Hollinger andto measure C@concentration up to 20 000 ppm) and blew it
Richardson (2005). Environmental conditions were consid-Pack to the tank. The analyzer was connected to a DL-3000
ered identical if the difference between half-hourly PAR, data logger (Delta-T Devices, U.K.). Concentration ofCO
temperature and windspeed data in the same time of day offiside the tank was measured and logged every 15 minutes.
consecutive days were less than 75 pmofsr?, 3°C and ~ Measured data were fitted by a Chebyshev Rational Order
1ms1, respectively. Uncertaintyl{) of a given flux was 5/6 function (using software TableCurve 2D, Systat, USA).
estimated as the standard deviation 6f the difference be- CO2 efflux from the tank was calculated as in Pumpanen

tween the paired fluxes. et al. (2004). The Chebyshev function fitted measured data
better than the theoretically expected exponential function.
U= ig (X1—X2), (3) The differences between fluxes calculated from the two fits,
V2 Chebyshev and exponential, were smaller than 2 % and were
where X and % are the paired EC or chamber fluxes meet- C@used by not totally constant conditions in the room with
ing the above criteria. calibration tank (air pressure and temperature mainly).

2.6 Tests of the automated soil respiration measurement  2.6.2  Field test

system . I
y The system was set up after performing the calibration at

Performance of the new system was checked by (1) calibraBugac, Hungary (Pintér et al., 2008) for 4 months to test
tion of the system against GCfluxes estimated indepen- It under different meteorological conditions and continuous
dently and (2) testing the system in the field under contin-OP€ration. Two chambers were placed in vegetation gaps,

uous, unattended operating conditions. and another two in a trenched plot. Trenches were estab-
lished in autumn of 2007, by removing all living roots from
2.6.1 Calibration a 0.4mx 0.6 m plot to 0.4 m depth, replacing the soil, and

applying plexiglass sheets to 0.5 m depth at the sides to pre-
Calibration of the new system was carried out in a calibrationvent root ingrowths. During the 4 month period, the system
tank, made after Pumpanen et al. (2004) at Global Changeemained operational despite high temperatures (exceeding
Research Centre in Brno. The calibration tank is cylindrical,38°C) and rainstorms (Fig. 2), except for failures in electric-
1.13m in diameter and 1.08 m in height. The internal vol- ity supply.
ume of the tank is 1.08 fawith a calibration area of 1.00Mm
designed as a 0.12 m-thick layer of pure quartz sand placed
on perforated partitions. An air pump drew the air sample

Biogeosciences, 8, 2523534 2011 www.biogeosciences.net/8/2523/2011/
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Table 2. Slopes, standard error of slopes and determination co- Ch_1 R, =0386R_, ,+0567 | | Ch_2 Ry ,=0494R_,  +1367
. . . . . . . 2 = 2 =
efficients ¢2) of linear regressions constrained through the origin 51 Reoo00t |1 . o0 0ont
(modely = mx) between the “true” C@effluxes (the efflux as cal- n | e ° o

culated for the calibration tank) and the efflux rates as measured by

the chambers of the new system (Ch1...Ch4). The slopes were use 3 - ¢
later on (during evaluation of field measurements) as calibration co-
efficients.

chl ch2 ch3 ch4 B
o 0 i

slope 1.05 0.99 0.95 0.93 E Ch_3 Re2= 0189 R, 27099 | | Ch_4 R4 = 0129 R,y 4 +0.834

SEofslope 0.0068 0.0052 0.0059 0.0047 B8 Fososo0n | F0.5008

r2 0.967 0.969 0.955 0.934 4]

3 -
° ° ® °
9 21e :.'. s ° e - ° ... ° °
J - ° ee” g0

-_ e chi 1 e ° ) e o o
N"’ 8 v ch2
e e ch3 0
o} o ch4 o 1 2 3 4 5 0 1 2 3 4 5
Q 74
g R.., [umol m?s™]
=
x 01
% Fig. 4. Regressions between soil respiratidtyf) and ecosystem
S s . ?ﬁ‘ respiration Reco) rates as measured during nights by the automated
%’ &:r y open (chamber) system, and the eddy technique, respectively. Data
ERRA s for chambers in vegetation gaps (Chl and Ch2) and trenched plots
i d (Ch3 and Ch4) are shown. Only original (not gapfilled) storage cor-

8 s . . . ; s 0 rected and:*-filtered ¢* >0.1 ms 1) eddy data (half hourly aver-

ages) anRsc data with pressure difference (between the chambers’
headspace and the ambient air) less than 0.15 Pa were used in the
analyis.

CO, efflux from the chambers [umolCO, m?s™]

Fig. 3. CO, fluxes from the calibration tank (“true” CQefflux)
vs. the fluxes as measured by the four chambers (ch1-4) of the soil

respiration system. The 1.1 line is shown (dashed line). Table 3. Statistical parameters for the regression between chamber

(chl—ch4) vs ECReco fluxes.

3 Results Regression Standard Error P
3.1 Calibration of the chambers of the automated soil slope intercept slope intercept  slope intercept
respiration system chl 038 0567 0033 0063 <0000l <0.0001

ch2 0.494 1.367 0.069 0.124 <0.0001 <0.0001

. ) ch3 0189 0990 0.034 0064 <0.0001 <0.0001
The system was calibrated after checking for zero fluxes cha 0129 0834 0037 0.067 0.0008 < 0.0001

(i.e. by measuring a glass plate) against effluxes from a
calibration tank. The agreement between the systems’
fluxes is characterized by? values of linear fit between
0.934 and 0.969 (by constraining the regression through _ . . .
the origin, Table 2), for fluxes within the range of 3.5— technique (Flgs.*Z z_ind Fig. 4) in the low flux ranges. As NEE
9umol Cem—2s-1 (Fig. 3). Slopes were applied after- data have been fll';erield,_storage was small (in th_e.ord.er
wards as calibration coefficients when calculating the fluxesOf 0-01 HmolCQ m™s75) in these cases, although it s sig-
during the field test. nificant at the S|Ite durlr)g (quite freque.nt) cond|t|9n§ pf low
turbulence. While the intercepts on Fig. 4 are significantly
3.2 Field test of the automated soil CG efflux chamber higher than zero (Table 3), flux uncertainties (considering
system both eddy and chamber fluxes, Table 4) were large enough
to consider the differences (intercepts) insignificant.
Results from the continuously-operating field chamber sys- Rsc from the trenched plot were generally lower than
tem demonstrated that the two chambers placed in vegetaRsc from the chambers placed within natural vegetation
tion gaps measured similar or higher values of soil respiratiorgaps (between grass tufts). This picture was different after
than nighttime NEE Reco), measured by the eddy covariance rain events, when chambers in the trenched plots measured

www.biogeosciences.net/8/2523/2011/ Biogeosciences, 8, 25332011
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Table 4. Uncertainty values for the EC fluxes and the chamber mea- " e T
surements. 12000 4 e s
g 10
. S 10000
Uncertainty £ ., [*7
f 8000 - oo - % ;i
(umolC;m2s™1) 2 / | 5 el
chl 0.594 £ o000 N 2| 2
ch2 0.328 % 4000 4 zgz_;z.s L4 103
ch3 1.065 g R
ch4 1.706 O 2000 - - sw_;g.s t2 rs
EC 1011 0l .’ [— pl;ecip . .

12000 { ©  -5cm gz 30 4
L -12.5cm s
il B £ |
2 10000 | 80 cm 3
= 8000 - 8
oy i
il 0 A
S 6000 | 1 A
S , F ! 10 L—— . g . — ———r . .
8 4000 A ‘]I'/ o !// 0 3 6 9 12 15 18 21 24 27 30 33 36
8 \ 0 - i Hours from the start of rainfall [h]
S 2000 1 ) _’”‘f{\/

? Fig. 6. Time course of CQ concentrations at the three depths af-
0 : : : : : ter a rain event (on the 4 August, also shown in Fig. 9). F_upper:
4 6 8 10 12 CO, flux between 5cm depth and the surface, F_mid:o>GOx
SWC [m® m?] between 12cm and 5 cm depths, F_lower: Gl0x between 35 cm

and 12 cm depths, respectively. Rsc_1, Rsc_2, Rsc_3, Rsc_4 and
Fig. 5. Dependence of C@concentrations on volumetric soil wa- NEE are the fluxes measured by the chambers and EC system, re-
ter content at three measurement depths during the summer of 200§Pectively.
Diurnal cycles (probably due to daily temperature changes) and oc-
casional peaks of Cfconcentration (after rain events) are shown

superposed on the relationship. 3.3 CO, concentration dynamics in the soil profile and

soil respiration as estimated by the gradient method

similar or higher values than chambers in natural vegetation
gaps. Further differences between the treatments (trenchindy©O2 concentration in the measured soil layers were depen-
were that fluxes from the non-trenched treatment respondeélent on the soil layer’s wetness, with superimposed daily cy-
to rain without delay, while fluxes from the trenched ones cles (probably reflecting that of temperature) and occasional
started to rise 6 to 9 h later (Fig. 6). high CO, concentrations after rain events (Fig. 5). After rain-
The soil respiration measurement system was operationgtorm events, the usual G@oncentration gradients were re-
during the summer of 2009 in spite of the large temperatureversed for several hours (Fig. 6). @@oncentrations in the
range and precipitation events (Fig. 2), except for a periodPper 5-cm layer peaked at 3 to 7 h after rain, at 6 to 9h in
with electrical supply failure in July. Precipitation pulses 12cm depth and at 9 to 17 h in 30 cm depth and also several
caused respiration bursts (Potts et al., 2006, Baldocchi et alhours after SWC had already leveled off (Fig. 6). Tthe in-
2006), demonstrated by both the eddy and the soil respiracrease in C@ concentration at a particular depth depended
tion systems. When pairing non-trenchRgk data to night- ~ On the total precipitation sum brought by a rain event (Fig. 7)
time eddyRecodata (applying:* filter of 0.1 ms1), therela- ~ during the drought. A simple model, based on Eg. (1) and
tion proved to be statistically significant, aftdeoin the low  Ed. (2), was applied to calculate the relative contribution of
range (below 2 pmol COM~2s~1) was similar to or smaller  diffusive limitation vs. CQ production to CQ@ concentration
than Rsc (Fig. 4). While the four chamber system (2 replica- increases observed in the upper two layers after a rain event.
tions) might not provide enough data to characterize spatiaf\verage CQ production in a layer during the day prior to the
variability, Rs data together wittRsc from the trenched plots rain event was calculated as the difference between the aver-
may help to estimate the range of soil respiration. age (half hour) fluxes at the top and the bottom of a given
layer. This pre-rain production rate was used as a constant
in the model, while the same conductan&e Eg. 2) values

Biogeosciences, 8, 2523534 2011 www.biogeosciences.net/8/2523/2011/
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s 1.0 14

2 12000 - g »

g ..g 0.8 4 \ %

S 10000 - 5 s °E
= 2 : £
c S 06 A B =
e} £ e T8 <
= [0} o
@ 8000 - ol R TR TR 5
E 8 04 SWC (vol%) -6 é—
8 o) 0-5cm | §
S 6000 - © 5-120m iayer ‘+ o
(@] 02 4 EE precipitation

ON k/‘———" 2

4000 -

&_) 0.0 4= | [ i . . 0

o 0 10 20 30

S 2000 - -

g Hours from start of the precipitation event [h]

[0}

£ 0 ; . : ; Fig. 8. Share of diffusion limitation in increase of GQ&oncen-

0 10 20 30 40 tration in a given layer after the start of a rain event (also shown

in Fig. 6) in the upper (0-5cm) and in the middle (5-12 cm) soil
layer. Average diurnal pre-rain GQproduction level in the layers

) ] ) N have been used in parallel with actu&( as estimated by Eq. 1) val-
Fig. 7. Increase of C@ concentration due to different precipita- es. Diffusion limitation caused by the rain (decrease of air filled

tion sums after the summer drought period in August and start Ofpore space) accounted for about 10 % (middle layer), or less than

September. Differences between £€oncentration maxima (as 109, (upper layer) of the Cf£xoncentration increase, showing pro-
measured after the rain events) and initial values oh@Gncen-  qgyction as the main driver of GOconcentration increase. Inset:
trations in the half hour prior to the rain at the three measuremenbonductance[(’) values have been recalculated after replacing the
depths are presented. estimated flux (Eq. 1) by chamber (Ch2) measurements. The ratio
of the conductance values (from chamber/gradient fluxes, respec-
tively) is shown in the function of volumetric soil water content in

were used as for the calculation of the gradient fluxes. Sim—the upper (5cm) soil layer for two SWC ranges. The rain event

. . . causes the ratio to strongly depart from 1.
ulated soil air CQ concentrations in the upper two layers gly dep
have been compared to the measured €C@nhcentrations in

the layers. The concentration ratio was considered as a meg,. \vithin the 3-month period. The upper 5-cm soil layer

Slfjrﬁ of d_|ffu5|ve retarlgart]lon. Decrgsselgfalo?eha:‘telr star:] contributed to~50 % of the totalRsy flux during the 4-month
of the rain event would have contributed to slightly less t @Ngt,dy period, shown in Fig. 9.

7% of CQy concentration increase in the upper soil layer
(Fig. 8), assuming pre-rain GCproduction levels at peak 3 4 comparing fluxes measured by the gradient method
concentrations. This shows the share of enhanced respiration (Rsg) to those measured by the open system’s
activity in the observed increase in @@oncentration to be cthbers (Rso) and to the eddy fluxes

more than 90 % (Fig. 8) at peak concentrations. However, s

overestimation oK' Eg. (2) by the gradient method during g data collected during periods of (soil air) gEoncentra-
and after rains (rapid SWC changes, Fig. 8 inset) obviouslyion gradient inversion after rain events (as shown in Fig. 6)
modifies the relative magnitudes of the above limitations by,ere excluded from the comparison to parallel chamber ef-

increasing the effect of diffusive retardation. flux data. The regression betwe®g, and Rsc was highly

Soil respiration, as estimated by the gradient meth@g)(R  significant showing the intercept very close to and not sig-
strongly decreased with soil depth (Fig. 9). After precipita- nificantly different from O (Fig. 11). This also may serve as
tion events, during the dry summegg within the soil profile  an independent check of the calibration of the chamber flux
had both up and downward components as calculated fronsystem at zero efflux, since it shows that the chamber sys-
the 5 and 12.5 cm sensor depths, respectively (Fig. 9). Théem would measure zero efflux at concentration gradients ap-
downward CQ fluxes were caused by a temporary rever- proaching zero (the likely situation when the gradient system
sal of CG concentration gradients that developed after rainwill measure zero)Rsqgvalues were higher than thi (con-
events (Fig. 6, Fig. 9, Fig. 10). The longest continuous pe-sidering the two chambers’ data from the untrenched treat-
riod of downward flux was 4.5 days, while the duration of ment). While spatial heterogeneity of soil g@fflux might
downward fluxes (i.e. when both up and downward fluxes oc-well have caused the difference between the two chambers,
curred) represented 11.4 % of the measurement period. Theverestimation of soil respiration by the gradient method is
magnitude of downward fluxes was 15 % of upward fluxessuggested aRsc values were calibrated against an indepen-
occurring at the same time andr.6 % of the total upward dent flux measurement (i.e. the efflux from the calibration

Precipitation sum by a rain event [mm]
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Fig. 9. Time course of soil respiration rates at three soil depths (sed 19 10- COz concentration profiles within (and 5 cm above) the soil
Table 2.) during drought in summer and autumn recovery (down-after the start of a larger rain event on 4th of August (also shown in

ward fluxes have negative signs, upper graph)p €@ncentration Fig. 6).
within the soil profile at 5, 12.5 and 35 cm below ground, respec-

tively, and course of precipitation events (lower graph).
balanced from outside and from below at that scale (2.5 cm).

One further disadvantage of the system in its present setup
tank). Rsq from the upper soil layer was significantly corre- is that it does not manage the problem of spatial variabil-
lated tou*-filtered eddy (daytime uptake and nighttinrRgco ity of soil respiration. The size of the eddy flux footprint

fluxes (Fig. 12), too. Rain events led to unrealistically high is larger by several orders of magnitude than the area cov-
Rsg estimates. ered by the soil respiration chamber. Using larger chambers

(diameter of 10 cm, for example) would probably not miti-
gate this problem much. The deployment of more chambers

4 Discussion and geostatistical analysis of the data may help on the scale
problem by providing the average patch diameter (as inferred
4.1 Characteristics of the soil respiration system from semivariogram analysis) for soil respiration. The spatial

range associated with semivariance maximunkgflata for

The chamber system for soil respiration measurement waf1e Bugac grassland was found to be between 0.8 m to 4m
successfully calibrated against known £€Xfluxes in the  depending on season and the water availability (Foti et al.,
lab, and demonstrated reliable performance in the field. The2008), suggesting that average soil respiration of a patch/area
main advantages of the new system are the minor disturbancef this diameter can be considered as spatially representative
to the soil structure and the spatial structure of the vegetafor this grassland.

tion and the possibility for continuing long-term, unattended Rsc data from the trenched plot were used in this study as
measurements of soil GCefflux. Avoiding disturbance of a lower baseline value for soil respiration. While estimating
vegetation spatial structure is thought to be important bethe upper limit of theRs range is not possible on the basis
cause this structure might have been formed over years andf the present data, other measurements of soil respiration at
patches with different vegetation cover are expected to bethe Bugac site (Balogh et al. 2011) gave the same range as
have differently, considering the dependence of soil respirathat measured by the new system.

tion on current photosynthesis (Hogberg et al., 2001, Tang The Rs; average from trenched plots was generally lower
et al., 2005hb), for example. When applying larger chambersthan Rsc from the chambers placed within natural vegetation
the disturbance of the vegetation spatial structure (i.e. partiagaps (between grass tufts); this was probably due to a lack
or complete removal of vegetation in order to have enoughof fresh carbon supply, even if the soil surface temperature
space to insert the chamber) is expected to disturb also thévhich was probably higher in the trenched plots not shaded
relative weights of processes contributing to soil respirationby the grass) may have favored higher soil respiration rates.
(i.e. root respiration, microbial respiration). A disadvantage After rain events, however, chambers in the trenched plots
of the system operating in the same place for extended perimeasured similar or higher values than chambers in natu-
ods is that it may potentially alter the temperature and wateral vegetation gaps. As rain interception by the canopy was
content of the soil under the chamber, causing it to differprobably non-zero in vegetated plots, while it was zero in
from that of the surrounding soil. On the other hand, thethe trenched plots, different rain intensities (higher in the
chambers are insulated against radiation (outer white cylintrenched plots) might have caused the fluxes running higher
der), they are ventilated during measurements, there are veir the trenched plots than in the not trenched ones after rains.
holes on the top of the chambers (also allowing precipitationRsc in the trenched treatment started to respond to rain by 6
water to enter the chamber) and the radius of the chamber i® 9h later thanRsc in the not trenched treatment (Fig. 6).
2.5cm. Any gradient of the driving variables (i.e. soil tem- While the background of difference in response dynamics
perature and water content) developing from inside will beis unclear, it might have been related to the amount and
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are separated,d2; and Rycp). Paired Rsgand Rsc) data were used
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Fig. 13. CO, concentrations at the eddy measurement height (4m)

. . . . dat0.15 b dlevel tively.
4.2 Comparison of different methods for measuring soil anda M above grotind level, respectively

COy, efflux

Nighttime Reco as measured by the eddy system was income more significant in affecting storage (Haszpra et al.,
many cases smaller than soil respiration measured by thd005; Smith et al., 2010). The above limitation of the eddy
automated chamber systerRsf), but the differences were technique at localities where low turbulence conditions are
smaller than the sum of the uncertainty estimates for the twdrequent may necessitate application of measurements, inde-
fluxes. The analysis was carried out usirigfiltered and ~ Pendent of the eddy system for measuring soib@@luxes.
storage corrected eddy flux data. Nighttime flux losses fre-One possible solution to the problem of low nighttiReco
quently result from low turbulence conditions (56 % with ~ fluxes is that of multiple constraints, when independent mea-
threshold of 0.1 st in the investigated period). Applying Surements are considered in parallel (Myklebust et al., 2008).
higheru* thresholds, on the other hand leads to even largerf0 date, chamber measurements are the most direct way of
fraction of flux losses. Underestimation of night fluxes has determiningrs, although conductance within the chamber is
also been observed in other studies (Goulden et al., 199gindoubtedly different from that outside the chamber (Balogh
van Gorsel et al., 2007, Myklebust et al., 2008). Spatial het-t al., 2007).

erogeneity of fluxes, and unaccounted storage are among the The gradient method demonstrated higher fluxes of
candidates, the latter showing up as a build-up of ®@&- soil respiration than those measured by the open system
low the level of measurement (Fig. 13) during still nights, (Rsg>Rsc). The regression between the two, physically
a situation that can be common in the plains over smoothindependent systems was highly significant, except around
and flat surfaces (Smith et al., 2010). While measurementsain events. These events may differently affect the tortuos-
over flat terrain may be less prone to advection (Osborne eity and connectedness of the soil diffusion paths at different
al., 2010), low atmospheric turbulence conditions can be-depths (e.g. advance of the wetting front), thereby causing
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Table 5. Statistics of linear regressions betwesy and NEE (see Fig. 12).

Data selection Coefficients SE of coefficients P value
Intercept 1.531 0.103 < 0.0001

Pre-rain (x: nightReco) Slope 0.551 0.060 < 0.0001
R2=0.311 <0.0001
Intercept 2.111 0.062 < 0.0001

Pre-rain (x: daytime uptake) Slope —0.286 0.017 <0.0001
R?=0.256 <0.0001

uncertainty (overestimation) of conductance. Overestimatiorfile of downward direction occurring after rains (interrupting
of soil CQO; efflux at the soil surface by the gradient method serious droughts) amounted to 15 % of the simultaneous up-
is suggested also, becauRe: values (compared to parallel ward fluxes and te-7.6 % of the total (upward) effluxes dur-
Rsq data) were calibrated against an independent flux meaing the 3-month study. The longest (continuous) downward
surement (i.e. the efflux from the calibration tank). One pos-flux lasted for 4 and a half days, with an average intensity
sible explanation for the deviation between the two methodsf ~1 pmol CQ m—2s-1, when the upwardRs flux was in
is the error in the calculated conductance values. This erthe range of 4 to 6 pmol COn—2s~1 (Fig. 9). This (down-
ror, in turn, may likely have arisen in part from the tortuosity ward) component, together with the wind shear dependent
factor estimates based on the silt and clay fractions (Tang estorage flux component (Hirsch et al., 2004), may seriously
al., 2005a). Overestimation & by the gradient method af- affect Reco estimates (Flechard et al., 2005, van Gorsel et
ter the start of the rain event, was probably also related tal., 2007, Myklebust et al., 2008), with obvious effect on the
the vertical distribution of soil water. The average soil wa- apparent temperature dependencekgd,. A percentage of
ter content (as measured by the horizontally placed CS616ail respiration-derived Cwas only detectable by the eddy
sensor) will necessarily differ from the highest SWC in the or chamber system significantly after the respiration process
layer, setting the limit forkK. Eq. (2). assumes steady state took place in the soil layers. This situation led to a temporal
conditions, which are unlikely to persist during rapid SWC decoupling of above- and belowground respiration processes.
changes. Gradient fluxes demonstrated greater increases afhe decoupling ofReco COMponents is not important when
ter rain events than chamber fluxes. Consequently, the calcieonsidering that the Ctransported downward will finally
lated conductance values are probably in error during thesefflux from the soil and the carbon balance of the surface will
periods. Diffusive retardation after rains explained less tharbe valid in the longer term. The decoupling Réc, compo-
10 % of the observed increases in soil air£Zgncentration  nents (surface vs. ecosystem fluxes) may become important,
in the upper soil layer showing dominance £@oduction  however, when considering partitioning and gap filling pro-
in concentration increase. cedures, usually working at half-hourly time steps. The phe-
The strong correlation betweeRsc and Rsg values sug-  nomena (and determining the possible relative magnitude) of
gests that after a longer period of continuous parallel operdownward respiratory fluxes is likely of general importance
ation, Rsc value could be used to scalyg by adjusting the  in seriously water-limited ecosystems.
tortuosity value (paramete¥ in Eq. 2) and by considering
(modeling) the vertical distribution of SWC at finer spatial
(vertical) resolution. This latter aspect can be critical during® Conclusions
rapid SWC changes (after rains). Soil fluxes estimated by the . ) o
soil gradient method were strongly correlated to eddy fluxes.The open system developed for measuring soil respiration
Rain effect (highk values) showed up in the repsonses in Was successfully calibrated against effluxes from a calibra-

this case. too. tion tank. The new system measured soil G&Hluxes for
months without malfunction.
4.3 Implications for partitioning fluxes Notable findings from the present study are that: (1) In-

dependent measurements Rf by the open system cham-
The inversion of the usual (downward increasing),Q0n- ber and the gradient technique were significantly correlated
centration gradient within the soil profile resulted in £0 to each other and to the eddy fluxes; (2) gas phase con-
fluxes of downward direction. The magnitude of theseductance values (gradient method) are overestimated dur-
downward fluxes are interesting since the Céarried by  ing rapid soil water content changes after rains; (3) down-
these fluxes will start to efflux from the soil possibly sev- ward fluxes of respiratory origin in drought-stressed grass-
eral hours (or even days) later. Fluxes within the soil pro-lands may be common after rainstorms; (4) soil air,CO
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concentration increase strongly depends on rainfall amount; European Grasslands in Relation to Climate and Assimilate Sup-

(5) diffusion limitation plays a smaller role than G@roduc- ply, Ecosystems, 11, 1352-1367, 2008. _ o
tion in CO, concentration build up in the upper soil layers Baldocchi, D., Tang, J., and Xu, L.: How switches and lags in bio-
after rains. However, overestimated conductarie\@alues physical regulators affect spatial-temporal variation of soil respi-

ration in an oak-grass savanna, J. Geophys. Res., 111, G02008,
doi:10.1029/2005JG000063006.
alogh, J., Nagy, Z., Féti, Sz., Pintér, K., Czébel, Sz., Péli, E. R.,

during rains show a serious limitation of the gradient method

in this respect. Using several soil water content sensors i%
a way to give finer spatial resolution of vertical SWC distri- Acosta, M., Marek, M. V.. Csintalan, Zs., and Tuba, Z.: Compar-
bution as well as new models describing the diffusion lim- ison of CQ and HO fluxes over grassland vegetations measured

itations _in more detail (Koehler et al., 2010) may help in py the eddy-covariance technique and by open system chamber,
addressing this problem. The difference between observed pnotosynthetica, 45(2), 288-292, 2007.

surface and real time ecosystem fluxes can lead to increaseshlogh, J., Pintér K., Féti, Sz., Papp, M., Cserhalmi, D., and Nagy,
uncertainties in the calculated C-balances at hourly and daily Z.: Dependence of soil respiration on soil moisture, clay content,
scales and also when applying gap-filling functions and/or soil organic matter and Cfuptake in dry grasslands, Soil Biol.
procedures. The problem lies in the temporal lag between Biochem., 43, 1006-1013(0i:10.1016/j.soilbio.2011.01.017
production and efflux of C@®from the soil. As with the 2011. _

balance, increasing the averaging time might be considere§rcza Z., Haszpra, L., Kondo, H., Saigusa, N., Yamamoto, S., and
as a solution. However, the lag is generally not considered Ba7tholy, J.. Carbon exchange of grass in Hungary, Tellus B, 55,

. . . - 187-196, 2003.
when fitting Reco againstTs in subsequent use for gap filling Cao, G., Tang, Y., Mo, W., Wang, Y., Li, Y., and Zhao, X.: Graz-

purposes. Wh'le neglecting th'slt'me lag m?‘Y be acceptable ing intensity alters soil respiration in an alpine meadow on the
when calculating surface fluxes in general, it is probably not  Tipetian Plateau, Soil Biol. Biochem., 36, 237—243, 2004.

so in cases where downward fluxes of varying durations anQ‘Zang, C. and Moncrieff, J. B.: An improved dynamic chamber tech-
intensities occur within the soil profile. The probability of  nique for measuring Cefflux from the surface of soil, Funct.
these events is high after rains in an otherwise dry period. Ecol., 10, 297-305, 1996.

These situations are responsible for significanp@0xesin  Fang, C. and Moncrieff, J. B.: An open-top chamber for measuring
dry ecosystems (Xu et al., 2004), demonstrating the neces- soil respiration and the influence of pressure difference op CO
sity of a better description of the component processes. The €fflux measurement, Funct. Ecol., 12, 319-325, 1998. =

15 % share of downward fluxes within the soil profile as ex- F1anagan, L. B., Wever, L. A., and Carlson, P. J.: Seasonal and inter-
perienced during and immediately after rain events in this gnnual variation in carbon dioxide exchange and carpon balance
study seems to be large enough to seriously affect gap filling in a northern temperate grassland, Glob. Change Biol., 8, 599—

. 615, 2002.
procedures. The strong correlation between data, measur§dachard. c. R. Neftel. A. Jocher. M.. Ammann. C.. Leifeld. J.

by independent systems, shows the possible utility of these 544 Fyhrer, J.: Temporal changes in soil pore spacg @@-
systems to the multiple constraints approach. centration and storage under permanent grassland, Agric. Forest
Meteorol., 142, 66-84, 2007.
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