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Abstract. We built an automatic chamber system to mea-1 Introduction
sure greenhouse gas (GHG) exchange in forested peatland
ecosystems. We aimed to build a system robust enough whicklimate change and international agreements to mitigate it
would work throughout the year and could measure throughhave given rise to a need for understanding and quantify-
a changing snowpack in addition to producing annual GHGIing greenhouse gas (GHG) exchange in all kinds of ecosys-
fluxes by integrating the measurements without the need ofems and regions of the world. Chamber measurements are
using models. The system worked rather well throughout thehe most used method for doing this. A manual measurement
year, but it was not service free. Gap filling of data was still with a closed chamber is an easy and inexpensive way to get
necessary. a grasp of the instantaneous emission from any spot where
We observed problems in carbon dioxide (§@espira-  a chamber can be inserted.
tion flux estimation during calm summer nights, when &CO It is essential to understand that the chamber measure-
concentration gradient from soil/moss system to atmosphergient method has its limitations. One of these is that cham-
builds up. Chambers greatly overestimated the night-timebers can be used to measure net ecosystem carbon dioxide
respiration. This was due to the disturbance caused by théCOy) exchange and respiration only in systems where the
chamber to the soil-moss G@radient and consequent ini- vegetation can be enclosed inside the chamber. This works
tial pulse of CQ to the chamber headspace. We tested differ-in low-vegetation ecosystems, such as open wetlands and
ent flux calculation and measurement methods to solve thigrasslands, but excludes the biggest dry land biome, forests.
problem. The estimated flux was strongly dependent on (1)n forests tower-based eddy covariance (EC) measurements
the starting point of the fit after closing the chamber, (2) themust and have been extensively used to measure net ecosys-
length of the fit, (3) the type of the fit (linear and polynomial), tem exchange (NEE)Baldocchi and Meyers1991). How-
(4) the speed of the fan mixing the air inside the chamberever, the major limitation of the EC method is that it does
and (5) atmospheric turbulence (friction velocity;). The  notreveal any small-scale spatial variation which is typically
best fitting method (the most robust, least random variation)present in ecosystems. Unlike chambers, the EC method can-
for respiration measurements on our sites was linear fittingnot be used to separate fluxes from different components
with the period of 120-240's after chamber closure. Further{e.qg. soil, litter, plants and roots). By using chambers, one
more, the fan should be adjusted to spin at minimum speed¢an measure the responses of different treatments applied to
to avoid the pulse-effect, but it should be kept on to ensurethe forest soil (e.g., certain C cycle compartments like root
mixing. If night-time problems cannot be solved, emissionsor litter respiration can be excluded). Thus, chamber mea-
can be estimated using daytime data from opaque chamberssurements are an important tool for understanding the small-
scale variation and functions in the ecosystem — even under
the canopy. Understanding small-scale spatial variation in the
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carbon flux in an ecosystem allows for more accurate estimaet al. (2012 showed that the flux estimate was greatly af-
tion of the carbon balance of a site by assessing the prevaected by the chamber closure time. The problems occurred
lence of each microtopographical feature. during night-time CQ measurements, which are rarely made
Most commonly, measurements have been conducted withising manual chambers. To overcome the observed problems
manual chambers, which offer great spatial but low tempo-they suggested far longer closure times30 min, than usu-
ral resolution. Because of this low temporal resolution, esti-ally applied in CQ@ measurements. On the other hand, the
mates of longer periods (seasons, years) are based either finx calculation method has been shown to markedly affect
linear interpolation or models, derived from only a few mea- the results. Some papers emphasize the importance of non-
surements (e.@janen et al.2010. These gap-filling meth-  linear fitting when calculating the flux from the concentra-
ods are likely to leave considerable uncertainty in the long-tion time seriesilutchinson and Mosie 981, Kroon et al,
term estimates. Also short-term events, such as soil thawin@008 Kutzbach et a].2007%, Livingston et al, 2006 Pedersen
(Bubier et al, 2002 and rainfall {Vayson et al.2006 which et al, 201Q Pihlatie et al. 2010, while linear fitting is used
may contribute considerably to annual GHG fluxes, can ben several other papers (e.@janen et al.201Q Maljanen
missed on account of a sparse measuring schedule. For eet al, 2003 Lai et al, 2012. Pihlatie et al(2013 compared
ample, the NO flux from peatlands is highly dynamic with linear and exponential regressions in £#ux calculation
potentially large emissions during short freezing—thawingand found that the linear fit systematically underestimated
episodesNlaljanen et al.2003 Pihlatie et al, 201Q Regina  the flux, whereas the exponential one both over- and under-
etal, 1996. estimated it. On the other handgvy et al.(2011) analysed
Furthermore, as an operator is needed, disturbance to theearly one thousand chamber measurements on six sites and
soil may occur, and measurement errors due to soil comfound the linear fit to be better than the alternatives in many
pression cannot be ruled out when making measurementsases.
with manual chambers. Also, it is very difficult to mea- Deciding the best time period for flux measurement and
sure CQ exchange manually between forest floor and atmo-calculation is a compromise. With a longer measurement
sphere under a canopy frequently enough so as to account féime, possible storage effects are mitigated somewhat but
rapidly changing light and temperature conditioBadorek  the increasing C®concentration in the chamber headspace
etal, 2017). This in turn impedes attempts to understand andeventually lowers the C®gradient between soil and air so
model the carbon cycle in ecosystems in various present antchuch that it affects the flux from the soil to the chamber.
future situations. In order to obtain comparable data from different sites and
In the boreal region, snowpack during winter poses a matimes of day and seasons, one must select a fitting procedure
jor challenge to measuring gas emissions from the groundand period that works well on every occasion.
Thus, this justifies the need for a year-round operating auto- The problems and considerations associated with chamber
mated chamber system which functions in freezing as well agneasurements in general have been well summarized in the
sweltering temperatures and adapts to changes in the thickntroduction ofKutzbach et al(2007).
ness of the snowpack. Further, the chamber system should Our aim was to study the differences in gas exchange be-
affect the measurement plots as little as possible, both duringween two drained peatland sites, with a high temporal res-
and between measurements. olution. To achieve this we built a robust, year-round func-
Ideally, an automated chamber system that operates in ationing, high-frequency chamber system for the measure-
seasons, day and night, with a high measuring frequencynent of gas exchange between the forest floor and atmo-
would allow the derivation of long-term gas balances, di- sphere. In principle, this would enable unbiased measure-
rectly from the measurements without modelling. In practice,ments in rapidly changing light conditions under the tree
data gaps always occur and gap-filling is needed. Howeverstand canopy, and interfere minimally with the measuring
with high frequency data it is possible to examine the re-plot. In this study, the respiration of the soil, mosses and sur-
sponse of forest floor gas exchange to rapid temporal changdace vegetation was measured.
in environmental conditions more effectively. The use of au- The design of the structure was driven by the principle that
tomated chamber systems should therefore greatly imprové should be simple with as few moving parts and movements
the accuracy of GHG exchange models and consequently dexs possible but nonetheless capable of lifting the measure-
crease the uncertainties in seasonal and long-term estimat@sent chamber away and aside from the measurement plot
compared to those gained using manual chambers. when measurement was not in progress. An important aim
It has, however, been demonstrated that the chambewas also to make the system operable throughout the winter
method poses a number of challenges. For example, evewith a changing snowpack. It was also necessary to make the
a simple measurement of G@fflux from soil gives different  chambers wide and tall enough to fit the shrubs typical for
results depending on seemingly small differences in chambepeatlands inside them. Data wise we expected that the high
design and technigueB@mpanen et 312004). temporal resolution would enable us to calculate the yearly
Soil type may also have a great impact on the results. Imet gas exchange directly from the measurements. Addition-
chamber measurements on vegetated, porous peatabil, ally, we sought more detailed information on the soil-related
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reasons underlying the different carbon fluxes of the twoTable 1. Tree stand characteristics measured in 2009 at Lettosuo
forestry-drained peatlandkdhila et al, 2011). and 2008 at Kalevansuo. N is stand density (1haV is stand

In this article we (1) describe an automated chamber sysvolume (m?ha?), Hyeqn is mean height of the stand ang,H,, z
tem capable of high temporal resolution gas exchange meds basal area (BA)-weighted mean height of the stand (m).
surements of the forest floor throughout the year, (2) examine

the technical problems we encountered and present our solu- SPecies N v Whean  Hmeans

tions to them, and (3) examine technical and environmental | ettosuo

factors that affect the respiration measurements made with AJl 2220.6 223.29 10.03 16.72

automated closed chamber systems on porous organic soils. Pinus sylvestris  476.5  154.03 18.17  19.04
Picea abies 1026.5 22.502 6.52 8.86

Betula pubescens 717.6 46.761 9.64 16.33

Kalevansuo

2 Material and methods Al 17515 13039 7.43  14.27
_ Pinus sylvestris  943.9 127.33 10.97 14.53
2.1 Measurement sites Picea abies 37.9 0.084 3.64 4.71

Betula pubescens 769.7 2.973 3.27 7.76

We installed the measurement system in two peatland forests
that had been drained by ditching in the beginning of 1970s,
Kalevansuo and Lettosuo (888'N , 2421 Eand 6038 N,  and 0.03 gcm® at Kalevansuo, but there was high variation
2357 E, respectively). The sites are located at the same lathetween the plots (Tab®.

itude, only 20 km apart from each other. The measurements At hoth sites, fluxes of C®and latent and sensible heat
started in October 2010 on Lettosuo and in December 201Gave been measured using the EC technique. At Kalevan-
on Kalevansuo. Both of the sites were Scots pine-dominateduo the measurements took place between autumn 2004 and
(Pinus sylvestrigpeatlands before drainage, but differences spring 2009 (ohila et al, 2011). At Lettosuo, the measure-

in site fertility have led to different outcomes: Kalevansuo, ments have been running since autumn 2009. At both sites,
which is a nutrient-poor site, is a virtually pure pine stand, the measurement systems have consisted of a closed-path
while Lettosuo, a nutrient-rich site, is a mixture of pine, Nor- CO,/H,O analyzer (Li-7000, LiCor, Inc.), which was lo-
way spruce Ricea abieyand birch Betula pubescefsand  cated at a height of 5m from the ground, and a 3-D sonic
much denser than the tree stand at Kalevansuo (TabBe-  anemometer (USA-1, Metek, Inc.), which was installed, to-
cause of higher shading in Lettosuo, the ground vegetation igiether with the inlet of the sample tubing, on a head of a
patchy and very variable depending on the level of shadingelescopic mast at a height of 21.5 and 25.5 m at Kalevansuo
and moisture. Herbs likBryopteris carthusianand shrubs  and Lettosuo, respectively (at Kalevansuo, SATI-3SX (Ap-
like Vaccinium myrtillusare common. The moss layer is also plied Technologies, Inc.), was used until spring 2006),CO
patchy, and dominated byleurozium schreberDicranum  concentration was also monitored on half-hourly basis with
majusandD. polysetumSphagnum girgensohn$. russowii  i-820 analyzer (LiCor, Inc.) at a lower height to account for
andsS. angustifoliunare present in moist patches. The mossthe storage fluxes of GQ(Lohila et al., 2011). In addition,
species are similar at Kalevansuo, but their coverage there ige measured meteorological parameters such as soil temper-
almost 100 % Badorek et al.2011). The sparse tree stand ature profile, moisture and heat flux. Air temperature and rel-
causes much less shading than at Lettosuo and the groungtive humidity, and radiation variables, including net radia-
vegetation is therefore vivid. Mire shrubs likedum palus-  tion, global radiation and photosynthetic photon flux density
tre and Vaccinium uliginosunare abundant together with  (PPFD) were measured at the top of the mast. This measure-
vitis-idaeaand V. myrtillus Eriophorum vaginatums also  ment set-up provided us with the supporting meteorological
abundant in moist patches. data, most importantly wind speed and friction velocity)(

We selected six plots from both sites representing the dif-on a half-hourly basis. On both sites, the EC mast was located
ferent plant communities and empty patches in the peatlandsibout 50m from the instrument cabin of the chamber system,
To analyse the impact of the moss layer and soil surfaceyhile the chambers themselves were located at a maximum
structure on the fluxes and to better characterise the gas meaf 15m from the cabin. The EC measurements have high-
surement plots, the fresh and dry bulk densities of the livinglighted differences between the sites: whereas the Kalevan-
moss layer and peat soil below it were determined by takingsuo site has been a net sink for £Qohila et al, 2011),
volumetric samples of the top 22 cm from separate plots sim+the increased degradation of peat has cancelled the increased
ilar to the gas measurement plots and dividing them into thecarbon uptake of the growing tree stand at Lettosuo (unpub-
living moss layer and different peat layers, if applicable. Thelished data).
divided samples were dried at 70 until their weight did
not change measurably during 8 h in the oven. The peat (0—

22 cm) bulk density was on average 0.09 gémat Lettosuo
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Table 2. Surface peat and moss layer (total) and living moss layer (moss) fresh and dry bulk densities)gothsurface layer thickness
(cm) at the Kalevansuo and Lettosuo sites.

Plot Total fresh  Totaldry Moss fresh  Mossdry  Moss thickness

Lettosuo

1 0.38 0.09 0.10 0.01 6

2 0.47 0.12 0.04 0.01 4

3 0.57 0.13 0.29 0.06 2

4 0.19 0.04 0.05 0.01 5

5 0.43 0.10 0.37 0.09 1

6 0.22 0.03 0.10 0.01 6

mean 0.38 0.09 0.16 0.03 4

Kalevansuo

1 0.27 0.03 0.23 0.02 3

2 0.17 0.03 0.16 0.02 4

3 0.15 0.04 0.09 0.01 6

4 0.19 0.04 0.09 0.02 5

5 0.20 0.03 0.10 0.01 5

6 0.14 0.02 0.24 0.03 2

mean 0.19 0.03 0.15 0.02 4
2.2 Description of the chamber system a b

The basic structure of our chamber system consisted o
a frame made of stainless steel L and U beams to whic
a transparent polycarbonate chamber was attached with tw#E=
hinges (Fig.1). The lower frame was supported by five
legs on which it could be vertically moved to keep it above
the snowpack. The legs rested on wooden Zid.in. poles

gnven into the s(;nl aT_KaIeVanSLlJJOZjWh?]re fthe peat \évas Ies‘l':”—ig. 1. Photographs of the chamber systenfahsummer position
ense compared to Lettosuo. Under the frame, a 5cm angt the Lettosuo site an@d) winter position with additional collars

10cm collar at Lettosuo and Kalevansuo, respectively, coningiajied at the Kalevansuo site. The frame is lifted by bolts on the
nected the frame to the soil surface. The collar extendedive threaded rod legs. Insulation of the cables and tubing is visible

circa 2cm into the surface moss layer, thus leaving most ofn the winter position. Original direction of motors is visible in the
the roots uncut. The connection between soil and collar wasummer position, adjusted direction in the winter position.
sealed with peat and moss by packing a layer of them on the
edge where the collar connected with the soil. During winter,
the frame was raised on top of the snowpack and 1 to 2 exterrespectively, of the rated 24 V. The gas outlet and inlet tubes
sion collars (height 16 cm) were installed between the soil were led through the chamber wall at the rear upper corners.
and lower frame to block the gases from moving horizontally The gas inlet tube was placed in the stream of the fan to
in the snowpack. As a result, we could adjust the height ofevenly mix the returning gas to the chamber airspace and pre-
the collar along the growth of the snowpack. The attachmentent it from going straight back to the outlet. To enable day-
of the chamber to the upper frame was sealed with a sealarniime opaque chamber respiration measurements, two-layered
tape. On the down position, the upside-down U-beam frameshrouds of polyester cloth meant for sunblock curtains were
(width= 1 cm) surrounding the chamber on the upper framemade for the chambers. No cooling system was installed in
sat on a protrusion on the lower frame, and this connectiorthe chambers. For technical drawings of the chamber frames,
was sealed with silicone D-tape. To prevent frost and snowsee the Supplement.
from sticking to the connection, the tape was treated with The chambers were opened and closed by linear actuators
a silicone paste. (Linak Techline LA-35, Linak, 2009) attached to the lower
The chamber was a 57crm57cmx 30cm (I x w x h) and upper frames. Precise control of the closed position was
transparent polycarbonate box with a 12 cm fan attached t@achieved by connecting the actuator to the upper frame with
the ceiling. The fan was measured to induce wind speeds o& bolt so that the connection point could be moved back and
3.5 and 0.9 ms! measured next to the fan with a hot-wire forth relative to the upper frame with a precision of 2 mm.
anemometer in a laboratory when running at 12V and 5V,The actuators were controlled by separate relay cards that
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were in turn controlled with ADAM 4069 relay modules (Ad- fit (linear and polynomial), (4) the speed of the fan mixing
vantech). The actuators relay cards featured a current-limitethe air inside the chamber, and (5) atmospheric turbulence
failure mode, which was monitored by an ADAM 4055 8- (friction velocity,u*). In this paper we discuss measurements
channel digital /O module (Advantech). of respiration. Therefore most of the measurements used are
Gas from the chambers was transferred to a measuredark measurements, either conducted during night-time or
ment cabin through 15m polyurethane tubes (FESTOwith opaque chambers.
OD=6mm, ID=4mm). The selection of the gas source (a We applied several different chamber closure times from
chamber or ambient air) was made with a solenoid valve ar<120 to 1200 s during the course of our study, and tested the
ray. From the array, the gas was sucked through the instruealculation of the C@flux using concentration data of differ-
ments either by a Thomas membrane pump or by the built-irent lengths and starting points after the closing of the cham-
pumps of the instruments. After going through the instru- ber.
ments, the gas was returned to the chambers. The solenoid All calculations were done with R softwarek (Core
valves were controlled by ADAM 4069 relay modules (Ad- Team 2012 using the additional packages zdge{leis and
vantech). For measuring the G@oncentrations, a Li-840A  Grothendieck2005, caTools Tuszynskj 2011) and Lattice
(LI-COR, Inc.) CQ/H,0 analyser was used. Additional (Sarkar2008.
analysers, such as for,® and CH could be and were con- The change in C® concentration over time (dCQdr)
nected to the system. was calculated by fitting a simple linear regression to a cho-
Supporting meteorological data from chambers and theirsen data range. A polynomial fit was also examined. The flux
immediate surroundings were obtained by Nokeval 680-(F) was calculated, based on the ideal gas law, as follows:
loggers. Temperatures were monitored with pt100 tempera- o M s a
ture probes. Soil temperature profiles with probes at 2,5, 10F = — . —— - V/A -3600- - —,
20 and 30 cm depth were installed in a lawn surface at Letto- VnTP ho 10°
suo, which is the dominant microtopographical feature therewhereTp is 273.15K, T is the mean air temperature in the
Since the Kalevansuo site had much more microtopographehamber during measuremefKj, M is the molar mass of
ical variation, profiles were installed in two places there, CO, (44.01 gmot?), Vitp is the volume of oneéV of nor-
a hummock and a lawn. Air temperature at 30 cm height wasnal gas under normal pressure and temperature (0.0324 m
measured inside the chambers next to the fan under a she&tis chamber headspace volume®jim is ground area un-
metal heat shield to prevent direct sunlight from skewingder chamber (4) anda is the slope of the linear regression
the measurements. Soil surface temperature probes were ifppms1). The unit of the flux was gC&n—2h~1. Changes
stalled in every chamber just below the moss surface or peah chamber headspace height (because of snow and moss
surface if no mosses were present. growth) were monitored andf was corrected accordingly.
The whole system was controlled by a PC running a Linux The pore space in the soil and snow was not considered part
operating system, which was also used for obtaining and storef the chamber headspace. The error caused by this is lin-
ing data from the Licor and Nokeval loggers. The Picarro in- early dependent on the relative depth of the snow layer that
struments featured their own hard drives and programs fotakes part in the chamber airspace to the height of the cham-
data logging. The C®concentration was logged every sec- ber above the snowpack. This, in turn, depends on the amount
ond. The meteorological data from the Nokeval loggers wasof pressure induced on the snow surface by the fan inside the
read every 10s. chamber Colbeck 1989. For gases produced in the snow
The airflow through the system at both sites was main-pack, such as NgQ this layer is shallow, in the order of cen-
tained at circa 1 Lmint. To flush the tubes, air was sucked timetres when measured in the Arctic under ambient wind
from a chamber from right when it started to close, which conditions Dominé and Shepsor2002. Thus the error to
took 30s. This was enough to flush all the old air from the the flux estimation would be in the order of a few percent as
tubes, as it took about 20s for the air to reach the instru-the wind speed and thus pressure caused by our fan at the
ments from a chamber. A post-measurement flush was alsenow surface was unmeasurable at the slower speed.
made by keeping the air source unchanged as the chamber The CQ concentration values were not corrected for water
was opened. This pre- and post-measurement data was disapor dilution as the change in air humidity during measure-
carded in post-processing. When all the chambers were opement was small (data not shown).
the air source was ambient air. The hourly median ambient Chamber height was measured at the start and end of the
CO», concentration was used in flux measurement filtering. growing season on 16 evenly spaced points inside each col-
lar with a tape measure and level. The end of the measure
2.3 Measurement period and flux calculation was gently placed on top of the surface mosses for taking the
readings. The height was then linearly interpolated towards
We tested the sensitivity of the measured and calculated fluthe whole growing season. During the winter, snow depth
to several factors: (1) the starting point of the fit after the clos-was approximated visually with the aid of a solid measure,
ing of the chamber, (2) the length of the fit, (3) the type of the which was gently placed on the snow on several points in the

1)
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frame. The observed changes in snow depth were manualltioned in one way or another. The filtering conditions were
coincided with snowfall events and melting periods recordedas follows:

by an observatory of the Finnish Meteorological Institute in
Jokioinen, which is located 35 km from the Lettosuo site
and~ 60 km from the Kalevansuo site.

For examining the polynomial fit, we fitted second-degree
polynomial functions to the whole measurement period ex-
cluding the first 30 s (in addition to the 30 s of data discarded 2. If the licor cell pressure during measurement was
in postprocessing as the tube flush data) to remove distur- higher than when the air source was ambient air, it was
bances caused by the closing of the chamber as well as to assumed the gas outlet tube was frozen;

120-240 s of the measurement period. A net exchange mea-
surement data of 960 s from the summer 2012 was used for
this test.

Cho.osing the best time int.erval fo'r thg fit erends on two, 5 Respiration modelling
opposing effects. A shorter time period in principle provides
a more linear concentration curve; in theory, the2@0n-  |n addition to estimating respiration from night-time fluxes,
centration evolution during the chamber closure is saturategve measured daytime respiration during the second summer
due to the decreasing concentration difference between thpy shrouding the chambers with hoods for two to five days
soil and the atmosphere driving the flux (so-called saturagt a time, approximately two times per month in order to ob-
tion). However, a short fitting period is susceptible to evenserve any differences between the night- and daytime respira-
small disturbances in the evolution of the £€ncentration  tion measurements. Additionally, a longer campaign (15 and
due to, for example, a sudden, strong wind gust. On the othep4 days at Kalevansuo and Lettosuo, respectively) of respi-
hand, the concentration change over a longer time period igation measurements was performed in early autumn during
less affected by minor disturbances, but drastic changes ihich several methodological tests were made (described in
the ambient conditions such as the sky changing from clear t&ect. 3.3).
overcast or increasing moisture and temperature affecting the To enable gap-filling of respiration data and to study the
biological processes during the period become more probaeffect ofu* on the flux, we fitted modified exponential mod-
ble. Hence, a short interval is more desirable. els (Eq.2) to the various day- and night-time respiration mea-

To minimise the effect of saturation on the €€oncen-  surement data (adapted frdrifoyd and Taylor 1994:
tration change in the chamber airspace, we applied as short

. . . . 1 1
a flux calculation period and discarded as little data as pos+ — Rlero(m—T_—To) + duj, )
sible during the first year of operation. From the concen-
tration data curves we visually estimated that the distur-Where2 parameteRyo controls the base level of the fluk
bances caused by the closing chamber were finished aftd@ M 2h™*) and parametef the temperature sensitivity.
305. Therefore, we calculated the flux from a data segmentret iS the reference soil temperature at 5cm depth* (10
of 3090 after the closing of the chamber (s). During theZo iS the temperature at which no respiration takes place
second year we tested various fitting periods and lengths of—46.02°C), T'is the soil temperature during measurement
initial discarded data and their effects on flux calculation. We@nd our additiond, is the level parameter faf;, which is the
examined the effect of the positioning of the fitting period on Méan hourly friction velocity of the measurement. The fixed
the flux value and stability of the calculated flux from one Values forTrer and7o are fromLloyd and Taylor(1994.
data segment to another. These were reflected by the run- T0 account for the changing vegetation conditions in the
ning mean (flux value) and standard deviation (SD, stabilityPIOts, we fitted theRio and Eq parameters of each model
of flux) of five consequent 60's flux calculations overlapping {0 tWo subsets of the data; one representing early summer
by 30's. We assumed that if disturbances were present in théP€fore 17 June) and the other late summer—early autumn.
longer closure period, they would be reflected as an increase FOr comparison, we fitted an unmodified exponential res-
in the SD of the flux values in the moving window. piration model (loyd and Taylor 1994 without thedup

The effect of the length of the fitting period on the linearity {0 Préevious manual measurements at the Kalevansuo site
of the concentration change and the value of the calculate§Badorek etal.2011).
flux was also examined by calculating the root mean square
error of fits of different lengths to the same measurement.

1. If the initial CO, concentration in the chamber was
> 100 ppm higher than the hourly median ambient
CO, concentration measured between measurement
runs, the chamber was considered to be stuck closed;

3. If the licor cell pressure was 83 kPa, it was assumed
the gas inlet tube was frozen and thus stuck.

3 Results and discussion
2.4 Fluxfiltering 3.1 Mechanical operation of the chamber system

After the flux calculation, a number of filters were applied to The automatic chamber system worked well most of
the results to remove cases where the system had malfun¢he time, but data gaps did exist on both sites. At the
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Kalevansuo peatland, 75% or more of potential measurein 2010-2011 and 78 % in 2012 (Figp), whereas no partic-
ments were achieved on 65 % of the days after filtering. Ovelar trend was observed in the operation at Lettosuo @biy.
half of the daily measurements failed on 22 % of the days,achieving on average 75 % and 77 % of maximum daily mea-
and on 15 % of the days, no acceptable measurements wesairements in 2010-2011 and 2012, respectively.
performed at all. At the Lettosuo site, the system operated Several articles describing different automated chamber
better, achieving 75 % of potential measurements on 75 % ofystems for flux measurement have been publishedBe-g.
the days. bier et al, 2002 Drewitt et al, 2002 Goulden and Crill

The main reasons for missing data from single chamberd 997 Liang et al, 2003 Savage and DavidspB003. How-
were the deterioration of the electrical leads of the linear ac-ever, few examples exist of automated chamber measurement
tuators, temporary malfunctions of the linear actuators duesystems that operate during the boreal winter. In any case,
to cold weather or breaking of their attachment to the up-a mechanical reliability analysis similar to ours has not been
per frame. Two actuators out of twelve in total broke down previously published to our knowledgBubier et al.(2002
permanently during two years of almost hourly operation. had built a system that operated on a peatland in the temper-
The hourly mean temperature range measured by the sermate zone from November to March, with a minimum air tem-
sors in the chambers at Lettosuo during the campaign waperature of—21°C. They also used separate collars to raise
from —32°C on 18 February 2011 t¢-30°C on 10 June the chamber above the snowpack. Their fan was set to a speed
2011. At Kalevansuo, the temperatures ranged fre33°C high enough to create channels in the snow. In contrast to our

on 18 February 2011 t¢-32°C on 2 July 2011. system, their pneumatically operated lid was only 15 cm tall
Transparent chambers are often considered subject to risand air was circulated between the chamber and these®
ing air temperatures during measuremestigworth 1986. sor at 5L mir?. They reportedly discarded 36 % of obtained

To counter this, some systems are equipped with cooling demeasurements as unreliable on the basig®ofalues being
vices to keep the temperature and air humidity close to thdower than 0.8.
ambient values. We did not encounter the problems, such as Another approach to automated measuring of win-
fogging of the chamber walls, associated with rising temper-ter emissions through the snowpack was applied by
ature inside the chamber during measurement even with th&eok et al(2009, who installed a tower with sampling tubes
longest summertime measurements of 960 s. This is probablgt various heights from 0 to 245 cm on their research site and
due to the tree stand present on both sites. The temperaturaeasured the gas gradients inside the snowpack. Fluxes were
rises were generally less tharb2C during the 960s mea- calculated with a diffusion model. The system produced ap-
surements in July 2012, although singular temperature riseparently unreliable results, as the calculated fluxes at a given
of up to over 10C were observed. time varied tenfold when calculated using data from different
Near-freezing and slightly below zero temperatures provecheights. Wind speed also had a large effect on the apparent
difficult for the gas tubes, which were clogged with ice sev- flux.
eral times during the first winter. Wintertime chamber measurements have also been done
During the first summer, thunderstorms caused powelby removing the snow and measuring directly from the soil
surges which broke instruments and loggers on both sitessurface Alm et al, 1999. The validity of this method can be
Storms also caused power outages which in some cases lastgdestioned because of the chimney-effect it may create be-
for a few days. tween soil and atmosphere. Sometimes chambers have been
We attempted to find solutions to the various problemsinserted directly on top of the snow without the use of col-
faced. To prevent physical breaking of the power leads, wdars. This method is not recommendable because wind eas-
switched the motor leads to more durable rubber cables andy blows through the underlying snowpack, thus disturbing
turned the motors around so that the motor lead moved lesthe measurements. Also, the insertion of the chamber into
during operation. To prevent ice from clogging the gas tubesthe snow will change the COconcentration gradient inside
we insulated the cable and tube bundles running from thehe snowpack because it locally blocks the air from escap-
cabin to the chambers and installed heating elements insiding upwards, decreasing the diffusion of £®om soil to
the insulation. The elements were automatically turned onthe chamber and making it go around the chamber, unless
one at a time if a drop in Li-840A cell pressure was observedcollars prevent this. For these reasons collars should extend
during the measurement, indicating that the inlet tube hadrom soil surface to the snow surface, and they should be in-
frozen. In the wintertime, the sample air was released into theserted without disturbing the snowpack.
cabin as the return tubes froze inside the chamber where the
heating elements did not reach. We installed optical isolator8.2 First year — flux anomaly during calm nights
between the computer and the Licor unit to prevent power
surges from destroying the electronics inside the instrumentDuring the first year of operation, we used as short a clo-
After our improvement measures, the system at Kalevansusure time as possible in order to minimise the chamber-
was more operable during the second winter and summetinduced disturbance on the measurement plot. Since previ-
achieving on average 67 % of maximum daily measurement®us research has pointed out that the concentration change
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Fig. 2. Time series of achieved percent of maximum measurements per day at Kale{@reubL ettosudb). Loess smoothed local average
uses span value of/T.

in a closed dynamic chamber is subject to saturation (e.ging small-scale concentration fluctuations on the one hand

Kutzbach et al.2007), we wanted to calculate the flux from and saturation on the other from skewing the results.

as close as possible to the moment the chamber was closed However, we found that night-time fluxes at Kalevansuo

with as short a fitting period as feasible. Therefore, the calcu-during the first growth season were exceptionally high com-

lations were done with a 60 s linear fit, skipping only 30 s of pared to previous manual measurements from the same site

data from the beginning. We considered this to be sufficient(Fig.4). During these periods of high fluxes there appeared to

for removing the artefacts caused by the possible pressurbe an initial flush of C@ from the soil and the concentration

disturbance (Fig3) from the closing chamber and remnants curve was clearly bent (Fig), probably due to saturation

of previous air measurements in the tubing, and for preventand possibly amplified by slight leaks in the chamber or air
connections.
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Fig. 3. Example of a CQ concentration curve measured at Kalevansuo on 10 December 2010, 3a.m. and at Lettosuo on 19 June 2012,
2p.m. Notice the large variation during the first 30 s, due to disturbance caused by chamber closure. Linear fit made to 30-90s data from
Kalevansuo, 120-240 s data from Lettosuo; polynomial fit is the initial g@dfof a polynomial fit to 30-130 s data. Notice the differing

scales on both axes. Given dg@: value is the slope of the linear fit.

Measurement o
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Fig. 4. Exceptionally high night-time respirations observed in the first year (2011) at the Kalevansuo site (“automatic”). For comparison, dark
respiration fluxes from previous years (2007—2009) (“manu8&dprek et a].2011) from the same sites. Loess-smoothed line included for
clarity (span= 1/7). Automatic fluxes calculated with 30-90 s data.

The phenomenon of COaccumulation in the air layer inside the chamber and mixed into the chamber headspace
close to the surface during calm summer nights has been wellir. This causes a high apparent flux as the €@nhcentration
recognized in papers reporting EC measuremeBéddoc- in the chamber headspace rapidly increases. In daytime res-
chi, 2003 Aubinet 2008. Lai et al. (2012 also found an  piration measurements an initial flush is not apparent, proba-
enrichment of C@ on the soil surface and moss layer dur- bly because even on still days, turbulence caused by thermal
ing still nights and coinciding high fluxes in their automated differences adequately mixes the air on the soil surface.
chamber measurements on porous peat soil. This layer of In EC measurements, the effect is opposite to that in cham-
CO, is apparently disturbed by the fan-induced turbulenceber measurements. G@torage is not disturbed by the mea-
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Fig. 5. Example of high initial flux in night-time versus normal daytime respiration measurementirc@@entration development at the
Kalevansuo site. Night-time measurement from 29 June 2011, 3 a.m. local time, daytime respiration measurement from 19 June 2012, 12a.m
Note the differingy axis scales. Both fits are made to all visible data.

surement, thus the measured flux is lower than the biological The speed of the air-mixing fan inside the chamber has

production of CQ during night-time and high in the morn- been noted to affect the measurement results in a laboratory

ing when turbulent transport is induced thereby dispersingset-up Pumpanen et gl2004. In addition, wind speed out-

the storage. side the chamber may affect the measurements because it can
These results prompted us to conduct a series of experieause pressure differences between the chamber airspace and

ments assessing the sensitivity of the measured and calcsurrounding atmosphere. On porous soils, such as peatlands,

lated flux to various environmental and technical factors.  this may cause either over- or underestimation of the flux,

depending on whether an under- or overpressure condition is

3.3 Sensitivity of the flux to measurement and induced Bain et al, 2003.
calculation methods

In theory, the starting point and length of the fit affect the 3.3.1 Effect of the starting time and length of the fit
result as follows: at the beginning, initial disturbance caused
by the closing chamber may have a significant effect on thdn this experiment, we used 960 s-long night-time measure-
apparent flux. Later on, saturation of the chamber airspacenents conducted during the summer 2012. First, we made
decreases the concentration gradient between the soil and &0 s-long linear fits over the measurements, moving the fit
which is the main driving force behind the soil @@ux (e.g.  starting time by 30 s between fits. With this data we aimed at
Lai et al, 2012. A longer fitting period makes the measure- determining the best period for calculating the flux by look-
ment less sensitive to instrument noise, as the concentratioimg at the mean and standard deviation (SD) of the flux esti-
change compared to the noise becomes larger, but distumates from five consecutive fits to a single measurement with
bances due to wind gusts outside the chamber become mogemoving window of 30 s.
probable Bain et al, 2005. We noticed that with later starting times the flux decreased
In principle, linear fitting will underestimate flux if there asymptotically. However, the decrease did not cease during
is saturation or leakage, whereas polynomial (quadratic) fitthe 960 s measurement (Figg). Thus based on the mean
ting would overcome these effectkutzbach et al.2007). alone it was impossible to determine the best period for flux
However, polynomial fitting is very sensitive to initial dis- calculation. Instead, the SD of five consequent fits initially
turbances and may give extremely biased results. It is thuslecreased until about 120 s after closure and in several cases
sensitive to the starting point. Linear fitting is strongly depen- started to rapidly increase again after 240s (Big). This
dent on the length of the fit but less dependent on the startingvas true on both sites. This result suggested the optimal pe-
point. Hence, the calculated flux is potentially strongly de-riod for flux calculation to be between 120 and 240s after
pendent on the selected fitting procedure. closing the chamber.
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Fig. 6. Running(a) mean andb) SD of respiration values (gG@n—2h~1) calculated with consecutive overlapping 60s fits (moving
window of 5 fluxes) vs. calculation starting point at the Kalevansuo site, June—August 2012. Opaque chamber respiration measurements.
Dashed vertical lines delineate the 120-240 s range we chose for flux calculation.

Secondly, we tested the effect of the length of the fitting that the flux became erratic after300s. The reasons for
period by calculating the flux with a fitting period of 30, our different results on somewhat similar sites are uncertain.
60, 120, 240 and 360 s, starting from 120 s after closing theAe are concerned that the long chamber closure time could
chamber. cause underestimation of the flux because the €ahcen-

Although the mean flux did not seem to change signifi- tration gradient between soil and air becomes smaller as the
cantly with fits longer than 120 s, the non-linearity and ran- CO, concentration in the chamber airspace rises. In princi-
dom disturbances in the concentration change, indicated bple one could select as low a flux value as desired, down to
an increased root mean square error (RMSE) of the fit, bezero flux, by extending the chamber closure time. In our case,
came significantly higher after that (Fig). Therefore we the difference between calculating the flux with our chosen
decided to calculate the respiration fluxes in this study us+ange (120-240s) and with data from 830-950 s after clos-
ing the concentration data measured 120-240 s after chambarg the chamber was 43 % at Kalevansuo and 41 % at Let-
closure; this is the fitting period used in the later tests unlesgosuo (opaque chamber data, summer 2012). However, the

stated otherwise. non-linearity of the concentration change during the calcula-
Our optimal fitting period was the same as that used bytion period reflected as RMSE of the fit also rose significantly
several others(@avidson et al. 2002 Goulden and Crill between the periods, suggesting the effect of wind gusts and

1997. In contrastlai et al.(2012 found that the best period CO, saturation in the chamber headspace. Our results sug-
for night-time flux calculation was between 10 and 15 min gest that on our sites, a short measuring period of 240s of
after closing the chamber. They found the flux to be mostwhich data from 120-240 s is used for respiration flux calcu-
stable during this period, whereas we found in several caseltion is optimal.
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for each group in each chamber.

3.3.2 Type of fit Our results suggest that using a linear fit is a viable approach
to calculating respiration fluxes from automated chamber

The second-degree polynomial fits we tested gave net COdata. Our stance is supported bgvy et al. (2011, who

exchange and respiration values with a wider range bufound that the linear model yielded the best fit in almost half

nearly the same median and mean as the linear fit (Tjble of the cases. Although their results concerned,@hid NO,

The mean differences between the fitting methods were sigthe general dynamics are similar to €@spiration in that

nificant (p < 0.001 in Student’s pairedtest) but small. Since  they are controlled by heterotrophic microbes and mostly af-

the polynomial fit did not prove to be better than the linear fected by soil moisture and temperature conditions and unaf-
fitin general and may in fact produce unrealistic estimates infected by light.

certain cases (Fig8.and5), we chose to use the more simple
and robust linear fit for flux calculation. 3.3.3 Effect of fan speed and friction velocity

Our findings contrast several previous studies, most no-
tably Kutzbach et al(2007), in which the linear fit was found ~ To address the problem of the chamber-induced disturbance
to greatly underestimate the flux. It should be noted that inof the CQ gradient, we tried several approaches. In addition
the aforementioned work, measurements with photosyntheto reducing the spinning speed of the fans as described above,
sis were also included in the data. Photosynthesis occurring’e lengthened the chamber deployment period to 960's, and
in a closed airspace qu|ck|y becomes limited by the decreasused this data to conduct several experiments discussed be-
ing CO, concentration. In this case, a non-linear function is low. We also tried venting the plots before measurements to
therefore arguably better in reflecting the concentration dy-break the C@-enriched layer by closing and opening the
namics than a linear one. In our sites, soil respiration is usuchambers four times with the fans spinning at high speed.
ally higher than photosynthesis and dominates the net fluxed-owering the fan speed during measurement significantly de-
For that reason and since our main problem was night-timecreased the flux (Tabky models 2011-30 and 2012-30) but
respiration, we used dark respiration data in our tests (meadid not completely remove the sensitivity &d. Lowering
sured either during night or daytime with opaque chambers)the fan speed and measuring respiration during the daytime,
Furthermore, we suspect that some of the respiration med2owever, lessened the effect and significanceobn the
surements used bigutzbach et al(2007, Figs. 2c and 3c) measured flux (Tablé, model 2012-120-daytime). The other
in fact included a similar initial flush of C®stored in the = measures did not have any significant effect orutheensi-
surface layer as Lai et al. (2012) and we have describedivity of the flux. Consequently, if certain night-time mea-

in Sect.3.2 Hence, the curvature of the concentration datasurements are unreliable, daytime respiration measurements
could be a measurement artefact. could be used to construct a model to replace them.
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Table 3. Minimum, maximum and quartiles of NEE and respiratidt) ¢alues (g CQ@ m—2h~1) calculated with linear (120—240's) and
polynomial (120-240s, 30-960 s) fits for Lettosuo, June—September 2012. The data used in net flux calculation (NEE) includes all day-
and night-time measurements, while the data used in respiration calculaipmsc{udes shrouded respiration measurement campaign
measurements. Filtered cases were excluded from both data sets.

Type Min  1stQ Median Mean 3rdQ Max
NEE

Linear 120-240s —0.13  0.34 0.47  0.47 0.60 0.99
Poly 30-960s —-0.19 0.36 050 0.50 0.64 1.09
Poly 120-240s —-0.48  0.37 051 052 0.67 1.38
R

Linear 120-240s 0.18 0.40 051 051 0.60 0.90
Poly 30-960s 0.23 044 0.55 0.56 0.66 1.05
Poly 120-240s 0.11 043 056 0.57 0.69 1.23

The effect of fan speed on the soil temperature sensitivityvalue was more than 0.2m%(models 2011-30-fv and 2012-
of the measured respiration was clear (Tahlmodels 2011-  120-fv) produced ambiguous results: with the high fan-speed
30 and 2012-30). We compared the night-time measurementdata (model 2011-30-fv), there was a reduction in the val-
from the year 2011 when the fan speed was high and yeawnes of d andrR1g, but in 2012 (model 2012-120-fv), the ef-
2012 when the fan speed was low (1 June—30 September) bfgct was opposite:* had the least effect on the model when
using 30—90 s data for the fit to get comparable results. Bottshrouded daytime respiration data was used (model 2012-
the base level of respiration, reflected by the value oftkhe ~ 120-daytime).
parameter, and the temperature sensitivity, reflected by the Our results were contrary to some previously reported re-
Eo parameter, were clearly higher with the higher fan speedsults. Dantec et al. (1999) reported lower measured fluxes
setting. with a higher fan speed. On the other hand, they found that

The effect of fan speed on the apparent flux was fur-when the wind speed outside the chamber was higher than
ther tested in September 2012 by switching the fan speedhe fan-induced wind speed inside the chamber, the mea-
from high to low on consequent measurement runs, with asured flux was lower. This supports our finding that a higher
time period of an hour and a half between the runs on anw* yields lower measured fluxes. Their measurements were
given chamber, and comparing the resulting fluxes. The highmade on a humus-covered gleyic luvisol in the temperate re-
fan speed was achieved by running the fans-42V and  gion using small manual chambers and a higher fan-induced
the low speed by running them at5V out of the rated wind speed compared to our systehai et al. (2012 re-
24V. The wind speeds induced are discussed in Se2t.  ported similar results to ours on highly porous peat sail in
On both sites, the higher fan speed resulted in significantlyCanada. The use of a fan with minimum speed was enough
higher fluxes, a difference of 0.17 g (35 %) and 0.08 g (18 %)to mix the air, whereas turning the fan off caused a gradi-
CO,m?h~1 on average on Kalevansuo and Lettosuo, respecent in the CQ concentration within the chamber headspace,
tively (Fig. 8). thus spoiling the measurements( et al, 2012 N. Roulet,

As a separate test we alternated the fan speed from lowywersonal communication, 2013).
to off in subsequent measurements. Surprisingly, this had no The problems associated with high night-time fluxes were
statistically significant effect on the measured flux; however,much bigger at Kalevansuo than Lettosuo. In the case of
the RMSE value of the fits with the fan turned off was much Kalevansuo, the measured night-time respiration was higher
lower especially when there was wind outside the chambemt corresponding soil temperatures than daytime respira-
than when the fans were turned at least to low speed (dattion, whereas no such difference was observed at Lettosuo
not shown). (Fig. 9). The Kalevansuo site is characterized by higher cov-

The effect of increasing™ was to lower the measured erage of dwarf shrubs, mosses and hummocks than Lettosuo
respiration flux (Tabled). This effect was most significant where the ground layer is often barren. The bulk density of
in night-time measurements regardless of the fan speed sethe surface peat layer is also smaller at Kalevansuo (Bble
ting, reflected by the value of the d parameter in the ex-Therefore, we tested if the density of the moss-layer vegeta-
ponential models controlling the level effect of the hourly tion and surface peat explained the differences between plots
meanu™* value (models 2011-30 and 2012-30). The effectand sites. We compared the plot-wise fresh and dry bulk den-
was still present when 120-240s data was used in the fisities of the living surface layer (TabB to the effect of fan
(model 2012-120), but slightly weaker. Limiting the night- speed (high and low, see SezR). At Kalevansuo, the higher
time data to those measurements where the hourly m&an fresh bulk density of the living surface moss layer resulted in
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Table 4. Table of modified LIoyd—Taylor model parameters (Bpat Kalevansuo. 2011 and 2012 in Model id refers to year of measurements.
Fitted is mean of fitted values (gQWlm*Z), R10 andEg are minimum, mean and maximum values of parameters of all chambers, fitted
separately for before (spring) and after (autumn) 17 June, d is the minimum, mean and maximum absolute valué fevehparameter

of all chambers, fitted for the entire periad: limit is the lower limit of accepted tivalues for the model, period is fitting period (seconds

after closing the chamber), hour limit is the period of day which was accepted into the data set. Data for models acquired in June—Septembel
2011 and 2012. Data for 2012-120-daytime is from shrouded respiration measurement campaigns in 2012.

Model id Fitted R1g.Spring Rjpg-autumn Eq.spring Eg.autumn
2011-30 1.26 061.1514s 1011.521.03 101.21214.2520056  116.08161.13249.32
2011-30-fv 1.13  0661.09131 1051.48182 2022218.3240.21 72731502327
2012'30 06 0.55 0.640.7 0.680.8 0.96 107.82172.43221.81 5.9691.68140.88
2012-120 0.54 0450.5406 0560.7 0.84 148.52202.96228.67 20.4295.04151.29
2012-120-fv 0.53  050.570s64 060.72083 150.19184.09200.14 6.7288.11133.39
2012-120-daytime 0.41 040.4404s 030.4045 38.37109.88144.97 72.49139.28227.31
Model id d fan speed u* limit  period  hour limit
2011-30 —0.37-0.85 —-1.12 high 0 30-90 22-05
2011-30-fv —0.46—-0.73 —0.95 high 0.2 30-90 22-05
2012-30 —0.32-0.44 —0.56 low 0 30-90 22-05
2012-120 —-0.2-0.3 —-0.42 low 0 120-240 22-05
2012-120-fv —0.27-0.34 —0.42 low 0.2 120-240 22-05
2012-120-daytime —0.07-0.14 —0.18 low 0 120-240 09-17
Kalevansuo Lettosuo
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Fig. 8. Effect of fan speed (high vs. low) on night-time flux at the Kalevansuo and Lettosuo sites. Measurements made between 21 and
24 September 2012. Fluxes calculated with 120-240s data. For explanation of the plot elements, 5eBi¥ég. P values indicating
significance of differences in flux between the fan speeds were calculated using Stutksit'® = 30 for each group in each chamber for

both sites.

a clear correlation (linear fity = 0.005, R? = 0.86): higher  with the fan speed effect better than the fresh bulk density
fan speed caused a higher flux, the effect ranging from 29 tef the surface mosses on either site. At the Kalevansuo site,
77 %. At Lettosuo, on the other hand, no correlation what-the moss layer is thick and high in density while the den-
soever was found, and the effect ranged fre®@to 39%.  sity of the underlying peat is low; all these factors indicate
The dry bulk density or the difference between the dry andhigh porosity of the soil surface. Apparently, a surface layer
fresh bulk densities of the surface mosses did not correlatevith higher porosity is more susceptible to pressure and tur-
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Fig. 9. Sensitivity (actual measurements and linear fit) of day- and night-time (flux,zgpcéh—l) respiration measurements to soil tem-
perature at 5cm deptl'(—5cm, °C) at the Lettosuo and Kalevansuo sites in summer 2012 (June—September). Fluxes calculated with

120-240 s dataP values indicating the significance of differences between night- and daytime measurements were calculated with Student’s
t test. Notice the different andy axis scales.

bulence cagseq by the fan. At the Lettosuo site, the living \\anual . o 2012-120-daytime spring X =~
moss layer is thin and the underlying peat dense, which coul¢  2012-120 spring oo 2012-120-daytime autumn  x  ——-—

. g . 2012-120 autumn  +  --------
consequently explain the observed insensitivity. | | |

0.8

3.4 Respiration modelling

<
o

Flux, g CO2 m=2 h~!
(= |
~

We fitted three modified Lloyd—Taylor exponential respira-
tion models (Eq2) to the Kalevansuo data from year 2012
(Table 4, models 2012-120, 2012-120-fv and 2012-120-
daytime) for respiration modelling purposes. See S2&.
for a detailed description of the models.

We hoped to replace the unreliable still night measure- T T T
ments using a respiration model fitted to non-still night mea- 5 10 15 20 25
surements. The model using daytime respiration measure T-5¢m, °C
ments fitted better to previous manual respiration measurel_:ig 10. Soil temperature sensitivity of manual respiration mea-
ments from Kalevansuo than the-limited model or the .

> . . _ _ : surements from Badorek et aRql1) (flux, gCOm2h~1) from
non-limited night-time model (FidL0). The night-time mod-  5007_2009 and Lloyd-Taylor respiration models fitted to manual

els yielded higher flux values at corresponding soil temper-gata (manual) and two automated chamber data sets (2012-120 and
atures than the manual data as well as the daytime limitec012-120-daytime, see Tab#. Spring data sets from 1 June to
model. In both night-time data models, the value of the tem-16 July 2012; autumn data sets from 17 July to 30 September 2012.
perature sensitivity parametéty (Eq. 2) was lower when  Automated fits are made withi* value of OmsL.

fitted to the autumn data set than when fitted to the spring

data set. There was large variation between the chambers in

all parameters and all models (Taldle

0.2
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4 Conclusions Surface soil structure affects the sensitivity of a measure-
ment plot to the disturbances caused by the measurement
4.1 Structure, function and reliability of the system method. Thus, further assessment of the effect of the air-

mixing fan and the soil structure of the measurement plots

Our automated chamber system proved to be quite reliable®" the measured flux is necessary. Future studies should al-
Not only did it deliver enough measurements for linear in- "2° test for the effect of fan speed on the measurements to
terpolation on most days when the system operated, but i
also covered most of the variation in environmental condi-

tions so that the missing days could realistically be mod- We also propose that the effect of the flux measurement
elled with ambient supporting environmental data. Generall . . . .
P 9 Y hamber on the C®concentration gradient in the soil and

speaking, most missed individual measurements occurre@he near-around airspace should be studied
during winter when the actuators sometimes randomly mal- ar-gr P S
If night-time measurements from still nights cannot be

functioned. Longer gaps with no chambers working occurred d. fluxes mav be modelled using respiration data from
during summertime and were due to power outages and int>€d, TuXes may be mocetied using respiration data 1ro

strument breakage by thunderstorms. nights with highen:* or prefe_rably from daytime respiration
We conclude that a robust, frame-based chamber strycnéasurement campaigns with opaque chambers.

ture, such as ours, is a reasonably reliable tool for gas ex-

change measurements during wintertime in the boreal resypplementary material related to this article is

gion. Generally, chamber systems should be better describeglailable online athttp://www.biogeosciences.net/11/347/

and their reliability characterized in articles concerning au-2014/bg-11-347-2014-supplement.pdf

tomated chamber measurements.

see if it is significant on the study site in question. Methods
to match the wind speed inside and outside the measurement
chamber during measurement should be explored.

4.2 Flux estimation AcknowledgementsiVe are grateful for the Integrated Carbon
Observing System (ICOS) research financed by the Ministry of
Low friction velocity during summer nights may result in Transp.ort.and Communications. Financial support by the European
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recognised and fitting procedure solved, before data can be
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