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Short-term effects of thinning, clear-cutting and stump harvesting on

methane exchange in a boreal forest
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Abstract

Forest management practices can alter soil conditiaffecting the consumption and
production processes that control soil methanes)@kchange. We studied the short-
term effects of thinning, clear-cutting and stunapvesting on the CHexchange

between soil and atmosphere at a boreal foresinstientral Sweden, using an
undisturbed plot as the control. Chambers in coatimn with a high precision laser gas
analyser were used for continuous measurementh.tBetundisturbed plot and the
thinned plot were net sinks of GHivhereas the clear-cut plot and the stump harvested
plot were net Chlsources. The CHiptake at the thinned plot was reduced in compariso
to the undisturbed plot. The shift from sink to s®uat the clear-cut and stump harvested
plots was probably due to a rise of the water tahlan increase in soil moisture,
leading to lower gas diffusivity and more reducedditions which favour CiH

production by archea. Reduced evapotranspiratien bérvesting leads to wetter soils,
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decreased CHconsumption and increased g#oduction, and should be accounted for

in the CH, budget of managed forests.

1. Introduction

Methane (CH) is the second most important carbon greenhousength a radiative
forcing at least 25 times higher than carbon dieXrdm a 100-year perspective
(Shindell, et al., 2009). Consumption of £by methanotrophic bacteria in the aerobic
part of the soil profile (Harriss et al., 1982) gsirdduction of CH by archaeans in the
anaerobic water-saturated part of the profile (Bhtt874) and at anaerobic micro-sites
(von Fischer and Hedin, 2002; Kammann et al., 20@@n occur simultaneously (Le
Mer and Roger, 2001; Megonigal and Guenther, 20B8erally, well-aerated forest
soil is a net sink of atmospheric ¢tVan Amstel 2012). Consumption in soils is the
second largest sink of GHfter tropospheric oxidation by hydroxyl radicadsh a global
sink capacity estimated recently at 28-32 Tg,€H(Kirschke et al., 2013). The soil sink
capacity is higher in forest soils than in grasstaand arable land (Dutaur and Verchot,
2007), and therefore the global £blidget is sensitive to disturbances in forests.
Conversion of natural forests to arable land, iaseel N deposition from the atmosphere,
and N-fertilization of agricultural lands are estited to have reduced the global £Hdil

sink by about 30 % between 1880 and 1980 (Ojinzd. £1993).

Disturbances, including forest management practaaas also have an impact on the soil
CH,4 exchange by altering soil conditions such asmoikture (Zerva and Menucuccini,

2005; Castro et al., 2000), water table depth @amnwd Menucuccini, 2005) bulk density
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(Mojeremane et al., 2012), soil temperature (Zemva Menucuccini, 2005; Thibodeau et
al., 2000), nutrient content (Smolander et al.,8)@hd pH (Smolander et al., 1998). LH
oxidation in soil has been observed to be conuldiediffusivity (Koschorreck and
Conrad, 1993; Whalen and Reeburgh, 1996; GulleddeSahimel, 1998). A well-
drained coarse soil facilitates the exchange ofjeryand Chibetween the atmosphere
and the deeper soil levels where siconsumed (Verchot et al., 2000). By contrast,
increased soil moisture and soil compaction redloealiffusivity, and promotes anoxic
environments in which Citan be produced (Koschorreck and Conrad, 1993; &ihal
and Reeburgh, 1996; Gulledge and Schimel, 1998n@ds in water table depth also
influence the Chlexchange by altering the relative extent of anderabd aerobic zones
in the soil(Whalen and Reeburgh, 1990). Temperature is alsmportant driver of Chi
production, with higher temperatures leading tdaigCH, production, while
consumption by methanotrophs is less strongly esddh{Dunfield et al., 1993).
Increased nitrogen content in the soil has beewsho inhibit CH, consumption in
several studies (Steudler et al., 1989; Hutsch 1293; Wang and Ineson, 2003). This
is due to competition by certain nitrifiers, whietight occupy the same niche in the soil.
These nitrifiers have an enzyme similar to methapdis and are also able to oxidize

CHy, though possibly at a lower rate (Hutsch et &93).

Summarizing the effects of forest management graston CHexchange is difficult
since relatively few studies have been made ornolpis, and they have covered a range
of management practices, soil types and forestaieier, several studies reported that

clear-cutting led to reduced GHptake, possibly due to increased soil moistura &tV
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al., 2011), increased nitrogen availability (Stewdt al., 1991; Bradford et al., 2000),
changes in pH, (Bradford et al., 2000) and ero@iagotani et al., 2001). A shift from
soil CH, sink to soil CH source has been reported due to a rise in watier dajpth
combined with increases in substrate availabiligr¢a and Mencuccini, 2005) and due
to increases in soil moisture (Castro et al., 2008 same shift from sink towards
emission has been seen following soil compactioskiy trails and machinery, as a part
of clear-cutting (Teepe et al., 2004) and thinr(igller et al., 2005). One study on a
clear-cut drained peat soil showed no substarti@hges in Clhlexchange (Huttunen et

al., 2003).

Site preparation by mounding at clear-cuts can lawvegative impact on Gldxchange
from a climate perspective. In one study, compaatibthe soil by excavators during
mounding increased GHmissions (Mojeremane et al., 2012).,&rhissions from
stagnant water in hollows created during moundarmgsometimes exceed the
consumption in the mineral soil on top of the masifidojeremane et al., 2010).
However, bedding after clear-cutting has resultestduced Cllemissions (Castro et al.,
2000). Drainage can also reduce&rhissions following clear-cutting, but its pos#iv
effect on CH emissions was outweighed by increases in @0issions when drainage

was conducted on saturated peaty soils (Mojererabak, 2012).

Stump harvesting for bioenergy production has riéjgéeen proposed as a way of
substituting fossil fuel C®emissions in Sweden. To our knowledge there are no

publications on the effects of stump harvestingéh exchange, although it is likely to
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have a similar effect to other clear-cutting and preparation actions. There are a few
studies on the effect of thinning on ¢eékchange in a forest. Reduced {iptake due to
increased nitrogen availability has been reporféabodeau et al., 2000). A study at
three thinned plots in a temperate beech foresirteg slightly reduced emissions at one
plot, whereas the other two were not significadifferent from the control plots
(Dannenmann et al., 2007). Another study in a teatpdorest actually showed an
increased Cluptake after thinning, as opposed to a decreaseadjacent clear-cut
areas (Bradford et al., 2000). Some studies founsignificant changes in GHxchange

after thinning (Wu et al., 2011; Sullivan et aD08).

The objective of this study was to quantify therstierm CH, exchange at four sites: an
undisturbed forest plot, a thinned forest plotlemccut plot with stumps remaining, and
a clear-cut plot with stumps removed. The comparlsetween the different treatments is
facilitated because all four sites are within ardef area and have a common soil type.
We also wanted to investigate how soil moisturd,temperature and water table depths

influenced the soil ClHexchange.

2. Methods

2.1 Stedescription

The CH, exchange measurements took place in a forestadarthe southern edge of
the boreal zoon, at Norunda research station itraleBweden, 60°09N, 17°29 E.
Hourly automated chamber measurements were maag asystem that was moved

between 4 differently managed plots (Fig.1). Oree pbntained undisturbed 120-year-
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old mixed pine Rinus sylvestris) and spruceRicea abies) forest, which had not been
thinned or fertilized in several decades. The otheze plots were recently (2009-2010)
impacted by either thinning, clear-cutting or stungovesting. Thinning was done in
order to simulate continuous cover forestry, rathan to increase growth.

Measurements were made using four chambers atitiveet plot, and five
chambers at each of the other plots. The chambatitms were named U1-U5 at the
undisturbed plot, T1-T4 at the thinned plot, C1a&&5he clear-cut plot and S1-S5 at the
stump harvested plot. At the clear-cut and stunmpdsted plots half of the chamber
frames were positioned on bare soil, where orgamitmineral soil layers were mixed.
The disturbance was caused either by stump hangesti by site preparation to facilitate
the establishment and growth of new plants. Theaneimg frames were placed on soill
surfaces with intact vegetation. The clear-cut stadhp harvested plots had been
fertilized in 1976, 1988 and 1998.

Ground vegetation was sparse and dominated byriylBéaccinium myrtillus)
and feather mossellylocomium splendens andPleurozium schreberi). There were more
shrubs and grass at the clear-cut site, followlegsoil’s disturbance. The soil was a
glacial till (Lundin et al., 1999) with an orgarayer of 3-10 cm depth. For the period
1980-2010, the mean air temperature was 6.5 °Cthendhean annual precipitation was

576 mm (measured 30 km south of Norunda).

2.2 Timing of measurements
Thinning took place in November 2008, the cleatiagtin February 2009 and stump

harvesting in May 2010. Both the clear-cut plot ghd stump harvested plot were
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mounded and planted in May 2010. The chamber franes installed in 2005 at the
undisturbed and thinned plots, and in June 20l1thaiclear-cut and stump harvested
plots, to allow time for soil and vegetation toaeer from the disturbance.

Due to equipment limitations, measurements werelwected at one plot at a time.
Measurements at the thinned plot were made fronnduét 2009 to 31 May 2010, at the
undisturbed plot from 07 July 2010 to 04 Octobet®@at the stump-harvested plot from
07 October 2010 to 20 October 2010 and at the -clglaplot from 21 October to 9
November 2010. Winter data at the thinned plot fld@inDecember 2009 to 14 April
2010 were not used in the analyses due to unceeim the measurements caused by

snow and frost.

2.3 Equipment

We used automated, transparent chambers of Polyhmatthacrylate in combination
with a high precision off-axis integrated cavitytput spectroscopy (ICOS) laser gas-
analyser (DLT-100, Los Gatos Research (LGR)) fomudianeous concentration
measurements of GHCQO, and HO. The chambers had a volume of 110 litres and
covered a surface-area of 0.Z.rbas concentrations in the chambers were measured
after closure by recirculating the air through ties analyser for 6 min. The flow rate
between chambers and manifolds was 8-10 I/min. @histream was sub-sampled and
passed through the analyser at a flow rate of /il A fan was installed in each
chamber, designed to ensure sufficient mixing o&noher headspace air without
disturbing the laminar boundary layer at the groudadil moisture was measured in the

chambers at 0-5 cm depth with a MI-2x thetaProlmenfiDeltaT Devices. The soil
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temperature was measured at 5 cm depth inside M@nbers using a type T
thermocouple. Soil temperature measurements ahtheed plot did not work properly

and so temperature data from the undisturbed pi&,meters away, was used instead.

2.4 Water table

There were differences in height between the charfiaenes relative to the ground
water table. One pipe with continuous measuremehtthe ground water table was
located 125 m from the thinned plot and 30 metens fthe undisturbed plot (Fig. 1). The
groundwater table at these plots was treated agombal. At the clear-cut and stump
harvested plots, the ground water table was medsuenually in seven pipes at each
plot, on the & and 28' of October 2010 and'20f November 2010. Some of these pipes
are shown in Fig.1. An inverse distance-weightirgdel was used to calculate the height
of the ground water table in relation to the grosndace for 40 fareas surrounding the
chamber frames. The ground water table was alssumeg continuously at one position

on the clear-cut plot.

2.5 Soil sampling

Soil samples were taken in order to determine acgaarbon (C) and nitrogen (N)
content and pH in the top 20 cm of the soil inahgdithe humus layer, where the
chambers had been positioned. The litter layerwedgaken into account. Sampling was
done in November 2010 at the clear-cut and stumpebted plots and in September

2012 at the undisturbed and thinned plots.
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At the clear-cut and stump harvested plots, huraysrisamples were taken, down to the
border between organic and mineral soil layersyguai 10 cm x 10 cm quadratic frame.
The mineral soil was sampled with a 15.9°ateel corer to a depth of 20 cm, but was
subdivided in the field into 0-10 and 10-20 cm layeHumus samples were treated
individually, while the mineral soil samples wereofed plot-wise for each soil layer.
The samples, folded in plastic bags, were transddrt cooling boxes to the laboratory,
where they were kept fresh at 4-5°C during the gmajon process before the final

analyses.

Soil samples were passed through either a 5 mm u&wsamples) or a 2 mm (mineral
soil) mesh. Stones and gravel >2 mm diameter nesipg the mesh were always
rejected, as were any roots. The sieved soil n#téom each sample was carefully
mixed and divided into a number of sub-samplesi&ermination of soil pH (40), and
total C and N content. Fresh weight/dry weightasitwere determined after drying the
sub-samples at 10% for 24 h. Soil layer pH was determined with asgl@lectrode in
the supernatant after shaking for 2 h on a rothakar, and sedimentation in an open
flask for another 22 h. The proportion of freshl soidistilled water was 1:1 by volume,
compared to about 1:10 for dry matter to waterHomus, and 1:2.5 for mineral soil).
Total C and N content were determined, using vaedtied soil samples at 60 °C for 24
h, in a Carlo-Erba NA 1500 Analyser. Because sdilvas always below 6, we assumed

that there was no carbonate C, and all C analyssdassumed to be organic C.
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At the undisturbed and thinned plots a cylindrig@étal corer with an 11 chopening
was pressed horizontally into the humus layer, @esd at 5 cm and 10 cm depth in the
mineral layer. At some of the measurement locat{@ids T4, U2, U6) large stones, rocks
and roots occupied a large volume of the minerdlssothat sampling at 10 cm depth in
the mineral soil was not possible. The soil samplese kept below 5°@ntil they were

analysed.

The total amount of C and N in the soil samplehatundisturbed and thinned plots were
analysed with arlementanalyser(Elementar Analysensysteme GmbH, Germaiiye
pH value was measured after two hours equilibratigin a 0.1 Mbarium chloride
solution (Orion Research model Microprocessor wre/901). The extractions were
made on fresh material. Before determining the hidksity, the samples were oven

dried for 48 hours at 100 °@nd then sieved through a 2 mm mesh.

2.6 Data analyses

The rate of change of GHoncentration (dC_CHt) within the chamber was calculated
using a linear fit to the first two minutes of centration data measured by the gas
analyser, beginning immediately after chamber asWe calculated thé values for

the fits of five different slopes, which were laggg 10 seconds intervals after chamber

closure. The fit with the highestvalue was then selected. The £Hix (Jg 44, ) WaS

dC!, where C is the molar densitynfol m?), V (m°) is the

calculated &J =—
€I CH4flux dt A

chamber volume andl (m?) is ground surface area. Fluxes with amalue higher than

0.3 were generally kept for further analyses. Aaft0.3 was the limit when the fluxes
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were significantly different from zero. A few owtis that passed thelimit were

visually sorted out based on normalized root memiare error. Data kept for further
analyses corresponded to 98 % of the data at ttisturbed plot, 97 % of the data at the
thinned plot, 84 % of the data at the clear-cut alal 77 % of the data at the stump

harvested plot.

o
MDF ==
Minimum flux detection limit (MDF) was calculated a U where tis the

measurement time for one specific measuremenfaiglthe standard deviation for the
concentration measurement. For a chamber the sigsedl in this study, the MDF for a
single measurement was 2ui0l m? h™. For daily average values of hourly
measurements this value is reduced topsbl mi*h™ since the MDF value should be
divided by the square root of the number of measargs. It is important to note that
while fluxes below the MDF cannot be securely dieigcthey must still be considered.
For example, consider time series where fluxesedser smoothly from an emission peak
to an uptake. In the transition phase from net sios to net uptake, fluxes will be close
to zero. Removing fluxes <MDF could possible bfas tesult towards a stronger sink or
source than what times series from the individhainebers give support for. Therefore
also the fluxes within the MDF interval will be kdp the analyses. Removing fluxes
within the MDF interval for a single measuremen2(&umol m”h™) would lead to a
decrease in the number of flux measurements byl6%, 13% and 30 % for the
undisturbed, thinned, clear-cut and stump harvagsted respectively and not change the

mean exchange of Gt any of the plots by more than @uéol mZh™.



252  Correction of the measured gebncentrations for dilution by water vapour wasyonl
253 possible at the undisturbed, clear-cut and sturmgelsted plots after water vapour

254 measurements started in June 2010. This meandayiatne data (global radiation > 20
255  W/m?) from the thinned plot had to be excluded fromahalyses. During night the

256 dilution effect had very little impact.

257

258 The impact of the environmental variables soil terafure, soil moisture, and water table
259 depth on CHexchange was analysed separately by Spearman dioeafations using
260 the corr function, and by multiple linear regressim standardized data using the

261 function stepwisefit (both Matlab version R2009M)e stepwise regression analyses
262 were performed by bi-directional elimination. Rues were used in the selection

263 process. The analysis was made on standardizedodatifust for the disparity in

264 variable sizes, which makes the outcome of theyaas) the coefficients, comparable.
265 The coefficients would be useful in modelling of £#%change. A variable with a larger

266 coefficient has a higher impact on the ¥tchangeStandardization for a data point x
267 was made by = 57X whereX is the average of all data points amds the standard
o

268 deviation of all data. An Rvalue for the overall model was also calculatesivshg how
269 much of the variance in CHxchange that is not explained by the environnhenta
270 variables included in the analyses.

271

272 The significance of mean values at the measureloeations was calculated with the
273 ttest function (also Matlab version R2009b).

274
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3. Results
3.1 Environmental conditions
There were differences in soil moisture and sailgeratures among the plots. On
average the undisturbed forest plot, with measunésrexclusively from the summer
season, July through September, had the driesivarndest records, and also the
measurement locations were further above the grauater table than at other plots
(Fig.2, Table 1). The clear-cut plot, which was swad in October and November,
showed the coldest and wettest conditions incluthechighest water table. Four of the
five measurement locations at this plot were omagesless than 15 cm above the ground
water table (Fig.2, Table 1). The thinned plot #mstump harvested plot had similar
average moisture and temperature conditions, leutilasurements at the thinned plot
proceeded over a longer time period and thus thditons varied more. The thinned
plot also had a generally deeper ground water thlle the stump harvested plot (Fig.2,
Table 1).

Soil N and C content and pH were higher at theradegdand stump harvested

plots than at the undisturbed and thinned plotblgra).

3.2 CHgexchange

The mean Chklexchange of all measurement locations within tla¢splvere as follows:
the undisturbed plot and the thinned plot wereGtéssinks of -10umol m?h™ and -5
umol m?h* respectively, while the clear-cut plot and atshemp harvested plot were
net sources of 13&mol m?h™ and 17umol m?h™, respectively (Fig.2). However, the

CH, exchange varied within the plots. At the clearand stump harvested plots, both



298 net sources and net sinks existed (Fig.3). P@nd T, at the thinned plot shifted

299 between net daily CHsinks and net daily CHsources on a few occasions (Fig.3b).
300 Fluxes ranged from -7.2 to -11uénol m?h at the undisturbed plot, from -0.3 to -8.6
301 umol m?h'at the thinned plot, from —3.0 to 3Z2ufol m?h*at the clear-cut plot and
302 from-2.9 to 74.Qumol m?h™ at the stump harvested plot (Fig.3).

303

304 3.3 Drivers of CH4exchange at the undisturbed and thinned plots

305 Linear regression analyses between, @thange and climatic variables showed that for
306 most measurement locations at the undisturbedranded plots, consumption

307 significantly (p<0.001) increased with decreasioilj water content, decreasing water
308 table depth and increasing temperatures. Exceptiotiss were net Cklptake at

309 locations & and T, which decreased with increasing temperaturespnabh@H, uptake at
310 locations Land T, which decreased with decreasing soil moisturél@a). Figure 5
311 shows an example of the GExchange response to temperature and soil watelitmms
312 atplot U.

313 Monthly multiple linear regression analyses (Ta®)l@added some temporal
314 information to the Chlexchange at the undisturbed and thinned plotshétndisturbed
315 plot the water table depth affected Sédnsumption in August. In September 2010
316 temperature was the most influential variable ltnalasurement locations. In July 2010
317 the result was less distinct, showing some measntlocations with a higher

318 dependency on water table depth and soil moistun@ some measurement locations
319 with a higher dependency on temperature. The deagsult at the thinned plot was a

320 dependency on soil moisture at measurement loclipand & in August 2009 and at
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locations T and & in April 2010 (Table 3). Soils were wetter thareeage in August and
April due to heavy rains in June and July 2009, smmlvmelt in spring 201®owever,
according to the’rvalue of the overall model there are lot of unekpgd variance in the

CH,4 exchange at all measurement locations.

3.4 Drivers of CH,4 exchange at the clear-cut and stump harvested plots

Generally at the clear-cut and stump harvested ptloé measurement locations with net
emissions of Chlhad either a relatively short distance to wateletatr were disturbed

by site preparation, or both, although there wepeptions. Plot $and $ had the same
water table depth and were not disturbed by sipgmation, but plot Svas a CH sink
while plot § was a CH sourcgFig.4).

At the majority of the measurement locations ondlear-cut and stump
harvested plots, higher temperatures correlatedfisigntly (p<0.05) with lower Ci
emissions, or in one case with a higher net upta&é negative and positive significant
correlations between Clgxchange and soil moisture was found at a few meamsant
locations but the soil moisture range at those oreasent locations was very small. At
two measurement locations with net emissions atleg-cut plot, there was a
significant (p<0.05) negative correlation betwedih Exchange and water table depth, so
that a deeper water table depth gave higheredhissions (Table 2). The multiple linear
regression confirmed the significantly negativerelation between Clexchange and

temperature at 6 measurement locations.
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4. Discussion
All measurement locations at the undisturbed fgoéttwere sinks of Clthroughout
the measurement period, which is consistent wietgdmerally drained, drier and warmer
soil conditions at the plot (Fig.2). The measurenhecations at the thinned plot were
also net sinks of CH although reduced in comparison to the undistuget By
contrast, the clear-cut and stump harvested plets wet sources of GHSince the
measurements at the different plots were condwattedferent times of the year,
seasonality and annual variations can probablyagxglome of the differences in ¢H
exchange and soil conditions. However, it is nkely that differences in water table
depth between the plots are due solely to seasanations. In the autumn of 2010 the
water table was on average more than 1 m hightre clear-cut and stump harvested
plots than at the undisturbed plot. In additionhis, the mean CHexchange for the
autumn period October to November at the thinneddsd not differ much from the
mean CH exchange for the whole measurement period, indig#éhat average seasonal
variations are small (Fig.2). Precipitation wasawerage higher during the measurement
period at the thinned site than during measurenaritee other plots, which did not
cause a switch from CHsink to CH sourceThe clear-cut and stump harvested plots are
located on a plateau which is uphill from the tl@drand undisturbed plots and hence
topography should not be responsible for the higleger table at the clear-cut and stump
harvested plots (Fig.1).

Water table depth, soil moisture and soil tempeeatere all shown to be
important drivers of Cklexchange, as demonstrated by the linear and neulitngar

regression analyses. However it appears thatsbeofithe water table and increased soil
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moisture caused some of the measurement locabastgft to CH sources. This is
consistent with results by Zerva and Menucucci@D&) and Castro et al, (2000).
Temporal shifts to Clemissions after snowmelt and summer precipitadsnyere seen
at measurement locations dnd T, were also reported by Wang and Bettany, (1995).

A majority of net emitting measurement locatiahshe clear-cut and stump
harvested plots (£ Cs, Cy, Cs, S1) were positioned less than 21 cm above the wakde t
and had a volumetric soil moisture content abov 4Uable 1). Also measurement
location T, when it had temporarily shifted to a @$burce, had volumetric soil moisture
content above 40%. Net emissions were also meastiradasurement location &d $
with water table depths at 30-40 cm and volumestit moisture contents of 23-40%.
Fiedler and Sommer (2000) found a threshold vafweater table depth at 15 cm, below
which only minor annual emissions were measurdue thiree measurement locations at
the clear-cut and stump harvested plots which stave¢ consumption of CHivere

further than average above the water table foretipbsts (Fig.4).

Temperature seemed to have a stronger impact qregttiange in drier conditions.
Figure 5 illustrates a high correlatioh=r0.74, between soil temperature and,CH
exchange at measurement locationwhen excluding data points with soil moisture
above 22% and a distance to the water table othess1.25 m. The threshold value of
22% was selected after visual inspection of tha.d&aall the data from wetter conditions
were included (volumetric soil moisture content2>% and water table < 1.25 m away),
the corresponding equals 0.47. This is consistent with the resuttmifthe multiple

linear regression analyses showing that water @dgh¢h had a significant impact on the



389 CHjexchange at all measurement locations in Augush 20hen the water table depth
390 varied strongly. In contrast, during Septembenedheere no major precipitation events
391 and soil temperature was the most influential \deiaSoil moisture was rarely below 30
392 % at the thinned plot, thus the temperature deperedeas less. In autumn, September
393 to November 2009, all measurement locations athiim@ed plot were stable sinks of
394 CHjy even though the soil temperature was at times bBl@w

395 At the clear-cut and stump harvested plots, wheystiMmeasurement locations were net
396 sources of Clj we would expect a positive correlation betweahtemperature and CH
397 exchange, so that higher temperatures led to higtegmissions of CHMethanogens
398 generally respond better than methanotrophs teased temperatures (Dunfield et al.,
399 1993). However this was not the case: a majorithhefmeasurement locations showed a
400 significantly negative correlation between tempamaand Chexchange. The result is
401 difficult to explain since Ckiproduction and oxidation are not measured seppr&eil
402 temperature profiles at the clear-cut and stumpdsaed plots (data not shown) show
403 that during the measurement period, changes iacitEmperature, associated with
404  periods of cloudy conditions and precipitation>am depth are larger than at 20 and 40
405 cm depth. Methanotrophs are expected to be locdtsdr to the soil surface than

406 methanogens and the larger temperature incredise atirface might compensate their
407 lower response to temperature, which could expldip net CH exchange is negatively
408 correlated to soil temperature during this period.

409

410 The highest Cklemissions were found at four of the five disturbeshsurement

411 locations: that is, sites of bare soil where orgamd mineral soils were mixed. The soill
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at disturbed measurement locations seemed lessaocbtigan at measurement locations
with intact vegetation, so the disturbance probaldynot inhibit diffusion. Possibly the
availability of fresh organic material was highédsturbed measurement locations.
Fresh, labile organic matter would promote hetepitic uptake of @and increase the
soil's water retention, thereby promoting the attioef methanogenic archeans
(Wachinger et al., 2000). The one disturbed measemélocation, which showed net
CH,4 consumption, & was positioned on top of a mound with relatialge distance to

the ground water table (Fig.4).

Since this is a study of the short-term effectbooést management practices onCH
exchange, there are no data on how long-lived tatsets are. Sudden shifts from sinks
to sources and back again due to changes in stal wanditions are evident, as we have
seen at the thinned plot (Fig.3b). It might takarggTate et al., 2006) to several decades
for a soil to regain its full sink capacity. Theoery time for the soil CHsink strength

of forests on abandoned agricultural land was rtitar 100 years (Prieme et al., 1997,
Smith et al., 2000). Increasing GHptake with time after afforestation can be apcff

of an increase in the population of £bkidizing bacteria with time (Barcena et al.,
2014) or better soil diffusivity and soil aeratiaith time (Christiansen & Gundersen,
2011; Peichl et al., 2010). A better soil aeratiotn time could be due to an increase in
root biomass, which means that the roots over krogen the soil and absorb more water
(Peichl et al., 2010). Hiltbrunner et al, (201@)md that the soil CiHsink capacity of

abandoned agricultural land increased with staeduggto 120 years, due to the



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

increased transpiration of older forests and taleility to shield the forest floor from

precipitation, which resulted in more favourableditions for methanotrophic activity.

Uptake rates by forest landscapes might be overattd (Grunwald et al., 2012; Fiedler
et al., 2005). A study by Grunwald et al, (2012)rfd that wet forests were as important
as wetlands for the CHbudget of European forests, and Fiedler et aDFp@und that if
2.3% of a forest area consisted of wet soil thedbcould turn from a sink to a source of
CH,. As mentioned, after clear-cutting, water tablptdedecreased and soil moisture
increased. Wetter soils and a higher ground wat#e tare common consequences of
clear-cutting, and it is therefore important to sider their impact on the GHudget in
managed forests, especially if the recovery timmetfe soil CH sink is several decades.
In this study the effects of thinning on the £#kchange were not as pronounced as for
clear-cutting, although the plot average consumpiias reduced in comparison to the
undisturbed plot. Any forest management practie¢ taduces disturbance and leaves a

continuous forest cover might be a better altevedtiom a global warming perspective.

5. Conclusions

Our study on the short term effects of boreal fonesnagement on CGiéxchange shows
that the undisturbed plot and the thinned plot iaathnet CHsinks, while the clear-cut
and stump harvested plots were net;€blirces. Linear regression analyses between CH
exchange and climatic variables showed that fort mMmessurement locations at the
undisturbed and thinned plots, net LLigtake increased significantly with decreasing soll

moisture, decreasing water table depth and inecrgasmperatures. A higher water table
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and increased soil moisture were likely to be raspme for the shift to Clemissions at
the clear-cut and stump harvested plots. At mott@measurement locations, which
showed net emissions, the soil was almost satueatédhe water table was within a few
decimetres of the soil surface. Clear-cutting effitrest resulted in a raised ground water
table and in increased soil moisture. These effgutsild be accounted for in the €H

budget of managed forests.
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682 Table 1. Information regarding vegetation, C angdél, pH, soil moisture (5th and 95th percentikes

683  depth to water table at the individual chamber tioces. Chamber locations were named U1-U5 at the
684  undisturbed plot, T1-T4 at the thinned plot, C14E%he clear-cut plot and S1-S5 at the stump htedes
685 plot.
ID  Time period Vegetation/ Bare Carbon® Nitrogerf pH® Soil Depth to
soil (kg m?) (kg m?) moisture, (%) water table
(cm)
T: 01 August2009-31 Mosses, bilberry 6.7 0.22 3.1 28.8-45.8 54-154
May 2010
T, 01 August2009-31 Mosses, bilberry 5.0 0.17 3.1 25.0-40.0 44-144
May 2010
Ts 01 August2009-31 Mosses, hilberry 5.5 0.24 35 33.5-55.6 15-116
May 2010
T, 11 December 2009- Mosses, hilberry 3.3 0.10 3.0 19.2-36.3 29-129
31 May 2010
U; 07 July 2010-04 Mosses, bilberry 2.6 0.17 3.3 6.0-27.3 120-173
October 2010
U, 07 July 2010-04 Mosses, bilberry 6.1 0.29 3.2 10.0-33.4 107-160
October 2010
Us; 07 July 2010-04 Mosses, bilberry no data no data no data 9.4-37.0  02-165
October 2010
U, 07 July 2010-04 Mosses, bilberry 2.3 0.09 3.3 6.6-32.9 136-190
October 2010
Us 07 July 2010-04 Mosses, bilberry 3.9 0.15 34 7.8-23.5 132-185
October 2010
S: 07 October 2010-20 Mosses, bilberry 14.1 0.45 4.4 42.0-42.9 20-21
October 2010
S, 07 October 2010-20 Bare soil, mixed 6.0 0.19 4.4 23.4-25.3 31-32
October 2010 organic and mineral
soil layers
S; 07 October 2010-20 Bare soil, mixed 19.0 0.62 4.4 30.0-33.2 47-48
October 2010 organic and mineral
soil layers
S, 07 October 2010-20 Some vegetation and no data no data no data 35.9-394 35-36
October 2010 thick litter layer
S 07 October 2010-20 No vegetation and  no data no data no data 33.7-36.1 37-38
October 2010 thick litter layer
C: 21 October 2010-09 Mosses, bilberry 4.7 0.16 4.2 41.5-46.2 44-50
November 2010
C, 21 October 2010-09 Bare soil, mixed 13.1 0.41 4.2 44.2-50.3 6-12
November 2010 organic and mineral
soil layers
C; 21 October 2010-09 Bare soil, mixed 11.9 0.35 4.2 no data 7-13
November 2010 organic and mineral
soil layers
C, 21 October 2010-09 Mosses, bilberry 9.5 0.30 4.2 56.6-57.6 6-13
November 2010
Cs 21 October 2010-09 Bare soil, mixed 115 0.36 4.2 49.5-49.9 0-1
November 2010 organic and mineral
soil layers
686
687 2C and N pool to a depth of 20 cm in the minerdl @itter layer excluded).
688 " pH (BaCl2) for the undisturbed and thinned platd aH (H20) for the clear-cut and stump harvested
689 plots were measured at 0-10 cm depth in the mirsaial
690

691




692 Table 2. Correlation coefficienand corresponding-values for the linear regressions between CH
693 exchange and soil temperature, soil moisture artdntable depth. Thé shows how well the combined
694  variables explain the variance in the CH4 exchafige.correlation analyses are based on data frem th

695  entire measurement period.

696
C P C P C P r?
Soil temperature  Soil temperature  Soil moisture  Soil moisture  Water table Water table
depth depth
T, | -0.09 ki 0.57 ki 0.12 ki 0.27
T, | -0.34 o -0.23 o 0.46 o 0.26
T; | 0.34 o 0.72 o 0.45 ki 0.61
T, | 0.28 b -0.72 ki 0.54 ki 0.68
U, | -0.61 ** 0.48 ** 0.51 ** 0.47
U, | -0.63 o 0.39 o 0.54 o 0.47
U; | -0.57 ki 0.44 ki 0.55 ki 0.53
U, | -0.69 o 0.54 o 0.70 o 0.78
Us | -0.82 o 0.54 o 0.69 o 0.81
S | -0.35 ki -0.18 * a a 0.09
S, | -0.16 * -0.10 0.09 a a 0.07
S; | -0.02 0.82 -0.09 0.21 a a 0.002
S, | -0.16 * -0.009 0.9 a a 0.05
S | -0.34 ki -0.46 * a a 0.09
C, | -0.06 0.29 -0.13 * 0.03 0.54 0.14
C, | -0.52 ke 0.25 ki -0.07 0.13 0.22
C; | -0.57 *x no data no data -0.47 *x 0.46
C, | -0.04 0.57 0.04 0.57 -0.01 0.91 0.01
Cs | -0.54 i -0.03 0.54 -0.20 o 0.21
697

698  ** significant, p <0.001

699  *significant, p <0.05

700 a, At the time for measurements on the stump hardgstat, the water table depth was only measured
701 manually on a few occasions and therefore no linegression could be made for this period.

702

703



704
705
706

707
708

709

710

711

712

Table 3. Coefficients from multiplelinear regression analyses. A valueisgiven only if the variable significantly contributes to explain the variation in
the CH, exchange. Ther? shows how well the combined variables explain the variancein the CH4 exchange. S.m represents soil moisture, St, soil

temperature and W.t, water table depth.

T, T, Ts Ty
r? Sm. St Wit r? Sm.  St. Wt r? Sm. St Wit r? Sm. St. W t.
Aug 09 0.58 0.61 - 0.43 0.24 0.14 -0.18 0.44 0.76 0.66 30.3 - n.d n.d n.d n.d
Sep 09 0.10 0.31 - - 0.10 - -0.28 - 0.28 0.52 - - n.d n.d n.d n.d
Oct 09 0.18 0.27 -0.14 0.22 0.16 -0.28 -0.28 -0.20 0.10 .150 0.13 -0.21 n.d n.d n.d n.d
Nov 09 0.31 0.44 -0.16 0.33 0.23 0.33 -0.44 0.43 0.33 - 130. 0.50 0.04 - 0.20 -
Apr 10 0.31 0.54 0.39 0.34 0.27 0.65 -0.34 -0.59 0.10 - 260 - n.d n.d n.d n.d
May 10 0.22 0.43 - -0.18 0.10 - -0.29 - 0.38 -0.49 - 0.460.62 n.d 0.79 n.d
U, U, Uj U, Us
r? Sm. St. Wt r? Sm. St Wt r? Sm. St. Wit r? Sm. St Wit r? Sm. St. W t.
Jul 10 0.22 0.42 - -0.18 0.10 n.d -0.24 0.22 0.42 0.60 140. 0.48 0.12 0.12 -0.28 - 0.49 0.20 -0.27 0.48
Aug 10 0.47 - -0.12 0.62 0.56 n.d -0.23 0.61 0.37 0.08 - .600 0.80 0.19 -0.18 0.79 0.78 0.15 -0.34 0.63
Sep 10 0.12 0.10 -0.29 -0.10 0.37 n.d -0.60 - 0.10 0.11 .230 -0.10 0.63 0.46 -0.50 - 0.28 - -0.51 -0.10
S S S S, S
r? Sm. St. r2 Sm. St r? Sm. St r? Sm. St r? Sm. St.
Oct10 0.09 - -0.29 0.07 -0.27 - 0.002 - - 0.05 0.10 0.10.09 - -0.28
C, C, Cs Cy Cs
r? Sm. St Wt r? Sm. St Wit r? Sm. St Wit r? Sm. St. Wit r? Sm. St W.L.
Oct 0.14 - -0.32 - 0.22 0.29 -0.34 -0.38 0.46 n.d -0.440.44 0.01 - - - 0.21 -0.28 -0.59 0.12
-Nov 10
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B Stump harvested 76 m (l) N |1ETO . | ‘3C|)Om
1 Clear-cut

B Undisturbed —

B Thinned

® Ground water pipes 35m

Fig.1. Schematic picture of the different plots aodhe of the ground water pipes. Three more pipes a
located within the clear-cut and at the stump-hsteet plots, but are covered by the plot symbol. The
background consists of a digital elevation modeMghg the height above sea level for each squatemme

(DEM data kindly provided by N. Kljun et al.).
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724  Fig.2. Average Cllexchange rates, soil moisture and soil temperatitiee four sampling plots. Data
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753  Fig.3. Time series of daily mean GExchange, daily precipitation and daily mean saitperature at the

754  measurement locations. Fig.3a) Undisturbed plat,3B) Thinned plot, Fig.3c) Clear-cut plot, Fig.3d)

755  Stump harvested plot.
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757  Fig.4. CH, exchangeymol m? h™) at all individual measurement locations with asated level of ground
758  water table. The water table depth at plgi<close to zero and that is why the bar is nsiblé in the
759  diagram.

760 o Measurement locations where soil surface wasitdtistl during site preparation.
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775  Fig.5. Correlation between Gléxchangeymol m? h?) and soil temperature (°C) at measurement location
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