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Abstract A field experiment was established at
Harwood Forest to investigate the effects of three
forest management practises (drainage, mounding
and fertilisation) on methane (CH,) emissions and
environmental variables (soil temperature, soil mois-
ture content, water table depth) from 2006 to 2008.
The relationship between CH, emissions and envi-
ronmental variables was also evaluated. The exper-
iment was laid out in a factorial split-plot design on
grassland in a peaty gley soil. Drainage increased
daytime soil temperature at all depths. Mounding
increased soil temperature at 1 and 5 cm depth. Soil
moisture content was decreased by drainage and
mounding. All practises affected soil CH, emissions
with drainage reducing emissions by 57-76% and
mounding and fertilisation increasing emissions by
34-59 and 20-59%, respectively. Water table depth
was the major factor controlling CH4 emissions.
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Introduction

Methane is the second most important greenhouse gas
after carbon dioxide (CO,) (Schimel and Gulledge
1998; Van den Pol-van Dasselaar et al. 1999) and
contributes 20% to global warming (Hiitsch 2001;
Dalal and Allen 2008). The atmospheric concentra-
tion of CH, has increased from the pre-industrial
level of 0.75 to the current level of 1.75 pmol mol ™
(Schimel 2000; Smith et al. 2003). The increase has
been attributed to anthropogenic activities such as
fossil fuel exploitation, biomass burning, rice pro-
duction; digestive processes from ruminants, sewage
treatment plants and landfill use (Crutzen 1991;
Lelieveld et al. 1998).

Soils are the most important biological sources and
sinks for atmospheric CH4 (Le Mer and Roger 2001;
Dutaur and Verchot 2007). Globally, most CH, is
produced by methanogenic bacteria during anaerobic
decomposition of organic matter in waterlogged soils
and in terrestrial wetlands (Lloyd et al. 1998; Hou
et al. 2000; Yavitt and Williams 2000). Methane can
also be produced in upland soils inside soil aggre-
gates where anaerobic microsites occur (Dutaur and
Verchot 2007). Methane emitted from soils to the
atmosphere is the net balance between production
and oxidation controlled by methanogens and met-
hanotrophs (Chan and Parkin 2001; Chen et al. 2009).

Globally, an estimated 600 Tg CH, are released to
the atmosphere annually (Lelieveld et al. 1998; Smith
2005), with over 70% originating from biogenic
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sources such as wetland soils, rice paddies and
ruminants (IPCC 2007). Methanotrophy (the bacterial
oxidation of CH,) in soils is the major biological sink
for atmospheric CH, in terrestrial ecosystems (But-
terbach-Bahl et al. 1998; Roura-Carol and Freeman
1999; Sjogersten et al. 2007). However, there is
evidence that CH, can also be oxidised in wetland
soils in the anaerobic/aerobic interface of the soil
before it is emitted into the atmosphere, but the
uptake rate is comparatively low (e.g., Miura et al.
1992; Ding et al. 2003).

Various factors affect the CH4 emission rate in
soil, such as water table depth (Tuittila et al. 2000;
Frenzel and Karofeld 2000; Yang et al. 2006), soil
moisture content (Liblik et al. 1997; Hargreaves and
Fowler 1998), soil temperature (Daulat and Clymo
1998; Saarnio et al. 1998; Ding and Cai 2007),
amount and quality of organic substrate (Bossio et al.
1999; Joabsson et al. 1999; Strom et al. 2003),
mineral nitrogen (N) concentration and pH (Mac-
Donald et al. 1997; Hiitsch 1998; Singh et al. 1999).
Vascular plants are also important in CH, dynamics
because they provide a major pathway for CHy
fluxes in wetlands (Frenzel and Rudolph 1998;
Bellisario et al. 1999; Joabsson and Christensen
2001) and possibly also in periodically flooded
forests (e.g., Rusch and Rennenberg 1998; Terazawa
et al. 2007).

Land use changes such as the cultivation of natural
soils strongly reduce the strength of the soil CH, sink
(Smith et al. 2000; Merino et al. 2004; Castaldi et al.
2006; Tate et al. 2007) and increase atmospheric CHy
concentration (Jackel et al. 2004) due to the distur-
bance effect of soil methanotrophic bacterial com-
munities (Knief et al. 2003; Seghers et al. 2003; Tate
et al. 2007). For example, Smith et al. (2000)
estimated that the conversion of forests to agriculture
frequently decrease the strength of soil CH, sink by
up to 60%. Soil compaction by agricultural and
forestry equipment (e.g., tractors and excavators) can
also reduce the strength of the soil CH4 sink (e.g.,
Hansen et al. 1993) and thus turn soils to a net
sources of atmospheric CH, (Ruser et al. 1998). The
addition of N fertilisers to soils can also enhance CH,
emissions (Hiitsch 1998, 2001; Tlustos et al. 1998;
Hilger et al. 2000; Bodelier and Laanbroek 2004) as a
result of the inhibition of CH, oxidation activity of
methanotrophs by NO;~, NO, ™ and NH,* (Reay and
Nedwell 2004). The effect of land use change and N
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fertiliser on soil CH, fluxes may persist for several
years after the practises were carried out (Priemé
et al. 1997; Suwanwaree and Robertson 2005),
especially in organic soils (Maljanen et al. 2001).

Large areas of boreal and temperate peatlands
across the world have been drained and developed for
commercial forestry (Laine et al. 1995a). In the UK,
approximately 315,000 ha of grassland on peaty gley
soils have been afforested with exotic coniferous
trees for commercial purposes (Cannell et al. 1993).
The productivity of forest stands established on peaty
soils in the UK is increased through drainage,
mounding and fertilisation (Minkkinen et al. 2008).
Drainage and mounding may alter the soil physical,
chemical and biological properties and affect CHy
emissions from peaty gley soils. Potential reductions
in CH, fluxes following draining and mounding may
arise from water table lowering which improves soil
aeration (Hillman 1992; Prevost et al. 1997) and
increases temperature (Kirschbaum 1995; Davidson
et al. 1998). These and other changes (Zerva and
Mencuccini 2005a) may reduce CH, emissions
because of decreased production and increased oxi-
dation of CH, caused by lowering the water table
depth.

Peatlands are natural sources of atmospheric CHy
(Nykinen et al. 1998; Huttunen et al. 2003; Laine
et al. 2007) but their CH4 fluxes decrease following
drainage and afforestation (Martikainen et al. 1995;
Nykénen et al. 1998; Von Arnold et al. 2005). There
is growing evidence that land use is an important
factor that influences soil CH, fluxes, and afforesta-
tion is viewed as a potential tool for mitigating CHy
emissions from soils (e.g., McNamara et al. 2008).
However, information about the effect of site prep-
aration for afforestation on CH4 emissions from peaty
gley soils under temperate maritime conditions such
as the UK is lacking. We hypothesised that site
preparation practises would alter CH, emissions from
grassland on peaty gley soils. The objectives of the
experiment described here were to (i) assess the
effect of drainage, mounding and fertilisation on CHy
emission rates of peaty gley soil in NE England, (ii)
assess the effect of these practises on soil environ-
mental variables, and (iii) investigate the relationship
between CH, emission rates and environmental
variables. Monthly averaged CH, emission rates,
seasonal emissions and annually averaged fluxes are
presented in this paper.
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Materials and methods
Site description

The field investigation was carried out in an exper-
iment established on an unimproved grassland located
between two second rotation Sitka spruce stands at
Harwood Forest. Harwood is located in NE England
(55°10" N, 2°3'W). The elevation varies from 200 to
400 m above sea level (Zerva and Mencuccini 2005a;
Ball et al. 2007). The mean annual temperature and
precipitation in the area are 7.6°C and 950 mm,
respectively (Zerva and Mencuccini 2005b). The
dominant soil type is a seasonally waterlogged peaty
gley with a black-coloured organic-rich layer of depth
varying from 15 to 40 cm (Zerva and Mencuccini
2005a; Zerva et al. 2005; Ball et al. 2007). Soil
properties at the study site are shown in Table 1.

The forest covers 4,000 ha and is dominated by
Sitka spruce stands established on moorland grass-
land which had been used for grazing domestic stock.
The forest was originally established in the 1930s and
further planting took place between the 1950s and the
1980s and most stands are now in their second
rotation. Site preparation used for planting vary, with
old stands planted on linear ridges made with single
furrow ploughs and sites often have open ditches
spaced at 20-30 m. Mounding has replaced plough-
ing as a method of soil cultivation prior to planting in
the last three decades (Ball et al. 2007). Mounding
consists of mechanically excavating peat to a depth of
30-40 cm and heaping it upside down next to the pit.
The mounds are commonly spaced at 2 x 2 m
intervals (i.e., 2,500 pits/ha) to plant conifers
throughout upland Britain. The study site is domi-
nated by Calluna vulgaris, Festuca ovina, Eriopho-
rum vaginatum and Deschampsia flexuosa and had
been used for grazing domestic stock up to the year
before the experiment started.

Experimental design and establishment

The experiment has a full factorial split-plot design
with six plots measuring 30 x 8 m established in
May 2006. Three plots were selected at random and
were drained by cutting open drainage ditches placed
1.5 m from the plot edges and excavated to a depth of
6570 cm. Drained and undrained plots were isolated
by 10 m wide buffer strips. Within each plot, four

subplots measuring 8 x 6 m were established and
two of them were randomly mounded. Subplots were
isolated by 2 m wide buffer strips. Spot mounds were
made by turning the soil upside down adjacent to the
dug pit (depth 30-40 cm, width 40 cm), thus burying
the litter layer and organic horizons of the original soil
beneath the mineral layer of mounds. Mounds were
about 40 cm wide and 15 cm high. One mounded and
one unmounded subplot in each plot were randomly
given a compound fertiliser supplying 81 kg N ha™!,
72 kg P ha~' and 35 kg K ha~' as recommended by
Taylor (1991). The fertiliser was applied once on 11
June 2006. Hence, the main plots allowed testing for
drainage effects, whereas the subplots allowed testing
for fertilisation and mounding, in isolation or com-
bined. Each treatment was replicated three times.

Sampling and analysis of soil CH, fluxes

Methane measurements were conducted 31 times from
17 June 2006 to 7 May 2008 using a manual closed
static chamber technique (e.g., Smith et al. 1995).
Measurements were conducted after every fourth day
in June 2006, weekly in July, bi-weekly between
August and September 2006 and finally at approxi-
mately monthly intervals from October 2006 to May
2008. A total of sixty collars (inside diameter 40 cm,
height 10 cm) were inserted to a depth of 5 cm,
3 weeks prior to the start of measurements. The collars
were positioned randomly in groups of either two or
three for each subplot depending on whether the
subplot had been mounded. If so, the sampling was
stratified in such a way that one collar was placed on
top of a mound, one in a hollow and one on undisturbed
ground. For unmounded subplots instead, only two
collars were used, randomly placed on undisturbed
ground. Mounds were estimated to cover about 8% of
the total surface area of mounded subplots, and the
hollows from which the peat had been excavated,
estimated to occupy a similar proportion.

A total of twenty equal-sized chambers were used
to measure CH, emission rates by placing them on
top of the already positioned collars, and then rotating
them until all sixty had been measured. A seal
between the collar and the chamber was obtained by
circular elastic rubber bands on the chamber and
collar outer surface. Chambers were sealed with
aluminium lids with foam rubbers on the underside
and a sampling port fitted with a three-way stopcock.
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Table 1 Major soil characteristics of the study site

Treatment Depth (cm) pH (H,0) BD (g cm ™) Total C% Total N% C/N
May 2006
Drained® 0-20 2.9 £ 0.01 0.19 £ 0.02 45.62 + 1.89 2.18 £ 0.16 21.79 £ 1.15
Undrained” 0-20 2.9 4+ 0.05 0.17 £+ 0.01 44.22 £+ 1.96 1.87 £ 0.16 24.76 £ 1.12
Mounded® 0-20 29+ 0.04 0.16 £ 0.01 4448 £+ 2.16 1.99 £ 0.16 23.20 £+ 1.04
Unmounded® 0-20 2.9 4+ 0.03 0.20 + 0.02 45.0 £ 1.67 2.06 + 0.17 23.36 £+ 1.46
Fertilised® 0-20 3.0 £0.03 0.18 + 0.01 4291 £2.21 1.91 £ 0.19 24.05 £ 1.49
Unfertilised® 0-20 29 4+ 0.04 0.18 + 0.02 46.93 £+ 1.38 2.14 £+ 0.13 22.51 £ 0.93
August 2007
Drained 0-10 3.9 £ 0.01 0.13 £ 0.01 41.93 + 1.34 1.83 £ 0.08 23.09 £+ 0.60
10-20 3.8 £0.02 0.19 £ 0.01 44.83 4+ 2.39 1.53 £+ 0.07 29.16 £ 0.76
20-30 4.1 +0.02 1.0 £ 0.01 3.75 £ 0.44 0.13 + 0.02 30.13 £ 1.20
Undrained 0-10 3.94 + 0.02 0.13 + 0.01 45.82 £ 0.56 2.08 + 0.03 22.09 £+ 047
10-20 3.76 + 0.02 0.20 + 0.01 4520 £ 1.55 1.54 + 0.07 29.68 £+ 0.56
20-30 4.12 £ 0.04 1.12 £+ 0.06 3.72 + 0.46 0.12 + 0.01 29.97 £ 1.10
Mounded 0-10 3.94 £+ 0.01 0.13 £ 0.01 43.68 £+ 1.37 1.95 £+ 0.07 22.50 £ 0.57
10-20 3.81 £ 0.02 0.21 £ 0.01 44.76 £+ 2.63 1.57 £ 0.09 28.52 £ 0.70
20-30 4.11 £ 0.03 1.07 £ 0.07 3.97 £ 049 0.14 £ 0.02 29.04 £+ 1.16
Unmounded 0-10 3.92 + 0.02 0.12 + 0.01 44.07 £ 0.96 1.96 + 0.07 22.68 £+ 0.55
10-20 3.77 £ 0.02 0.18 + 0.00 4527 £ 1.10 1.50 + 0.05 30.32 £ 0.51
20-30 4.07 £ 0.03 1.07 £ 0.04 3.51 £ 0.38 0.11 £+ 0.01 31.06 £ 1.06
Fertilised 0-10 3.92 + 0.01 0.13 + 0.01 45.12 £ 0.75 1.94 + 0.05 23.37 £ 049
10-20 3.80 + 0.02 0.20 + 0.01 4599 £+ 1.37 1.59 + 0.06 29.19 £ 0.58
20-30 4.09 £ 0.03 1.09 £ 0.07 3.68 £ 0.36 0.12 £ 0.01 30.73 £ 1.31
Unfertilised 0-10 3.93 £ 0.01 0.12 £ 0.01 42.63 + 1.40 1.97 £ 0.09 21.81 £ 0.53
10-20 3.79 £ 0.02 0.19 £ 0.01 44.04 £+ 2.46 1.48 £+ 0.08 29.65 £+ 0.74
20-30 4.09 + 0.03 1.05 + 0.05 3.80 + 0.52 0.13 + 0.02 29.37 £ 0.92

BD bulk density, Total C% percentage total carbon, Total N% percentage total nitrogen

# Soil samples collected before site preparation

Air was sampled from the headspace of chambers
with 60 ml polypropylene syringes and transferred
into gas-tight bags (Cali-5-bond, Calibrated Instru-
ments Inc. USA). Each measurement cycle lasted for
30-40 min and a linearity check showed that linear
interpolation of two points taken at the start and at the
end of the closure gives a good approximation of the
true flux (Zerva and Mencuccini 2005, unpublished
data). Ambient air samples taken randomly at the
height of chambers gave the initial concentration of
CH,;. The amount of CH, in air samples was
determined on a Hewlett Packard 5890 GC (Hewlett
Packard Ltd, Altrincham, Cheshire, UK) Gas Chro-
matograph (GC) with a flame ionization detector
(FID) and a digital integrator. External standards of 1,
3 and 10 pum mol~' CH, were used for calibration.
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Monitoring environmental factors

Soil temperatures at 1, 5 and 10 cm depths (from now
on Ty, Ts and T;7) were measured with a digital
temperature probe (Fisher Scientific) adjacent to each
chamber during all sampling dates. Soil moisture
content (m® m™>) was also measured in the upper
5 cm of the soil with a Theta probe (KTI1-Basic,
Delta-T Devices Ltd, Cambridge, UK) next to each
collar and chamber. An effort was made to insert the
probe in a similar position in order to minimise
disturbance of the soil from its frequent insertion. The
water table depth (cm from soil surface) was
measured in dip wells established in the subplots
(one for each subplot). Wells were established by
removing a soil core (diameter 5 cm) to 80 cm depth.
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PVC pipes (length 1 m, diameter 5 cm) with several
small holes (diameter 0.5 cm) drilled laterally were
inserted inside to act as liners. Dip wells were always
sealed to prevent water entering them.

Soil pH was measured from a soil-water suspen-
sion (1:2.5v/v). The soil bulk density (g cm ™) was
calculated by dividing the weight of oven dried
samples by their volume.

Soil carbon and nitrogen contents were estimated
by flash combustion method in a Carlo Erba NA 2500
elemental analyser (ThermoQuest Italia, SpA, Milan,
Italy).

Statistical analyses

All data were checked for normality and log-trans-
formed when required. Analyses were carried out both
on averaged monthly fluxes as well as on seasonal and
yearly totals. The general linear model (GLM) used
included the effects of three main factors (drainage,
mounding and fertilisation) entered as fixed factors and
plot entered as random factor nested within drainage.
In case of monthly measurements, month was also
entered as a repeated measures factor. The initial GLM
included all possible second and third-order interac-
tions. If interactions were not found to be significant,
they were excluded and the model was run again
without them to confirm the significance of the main
factors. In case of significant interactions, the dataset
was split and separate analyses were run for each
combination. All analyses were run in Minitab 15 using
GLM procedure. For all analyses, values from indi-
vidual chambers were averaged within each subplot.
For the mounded subplots, weighted averaging was
done by weighing each flux by their respective area
covered by mounds, hollows and undisturbed ground.

Results

Effect of site preparation on environmental
parameters

Soil temperature

There was no significant difference in soil tempera-
ture at any depths among plots (P > 0.05). Soil
temperature at all depths varied from month to
month (P < 0.0001; Fig. la—c for Ts). Maximum
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Fig. 1 Seasonal variations in soil temperature at 5 cm depth
(Ts) in (a) the drained and undrained, (b) mounded and
unmounded and (c¢) fertilised and unfertilised treatment. The
vertical bars represent standard error of mean

temperatures were recorded in the summer and lowest
temperatures in winter months. Overall, the mean
daily soil temperature at all depths was significantly
increased by drainage (P < 0.0001 for Ty, P < 0.009
for Ts and P < 0.02 for T;p; Table 2), although in
absolute terms the difference was 0.2 and 1.2°C. Soil
temperature was also increased by mounding
(P < 0.0001 for T; and P < 0.005 for Ts; Table 2).
In absolute terms the difference in soil temperature
between mounded and unmounded subplots was 0.2
and 1.3°C. Fertilisation did not affect soil tempera-
ture (P > 0.05).

Soil moisture content

There was no significant difference in soil moisture
content among plots (P > 0.05). Soil moisture
content in all treatments varied from month to month
(P <0.0001; Fig. 2b for drained and undrained
plots). Overall, soil moisture content was signifi-
cantly decreased by drainage (P < 0.009) and
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Ef:r:" 12u nelvtlsa:n gné‘f“ﬁay)’ Treatment/Year T, Ts Tro SM WT

soil temperature (°C) at 2006-2007

1 cm (Ty), 5 cm (Ts) and .

10 cm (Typ) depths, soil Drained 994040 89+033 86=+028 0.77 + 0.01 —29.1 £ 1.93

moisture content (SM; Undrained 924+ 036 88+032 86+£029 081+ 001 —18.6 + 1.34

m’ m ) and water table Mounded 98 +£040 89+034 874029 078+ 0.01 —23.8 + 1.71

gizif;gznzrglg Unmounded 95+036 88+031 85+027 080+001  —240+ 1.73
Fertilised 9.6+ 038 88+033 86+028 080+ 0.01 —239+1.72
Unfertilised 9.6+ 038 88+032 87+028 0.79 + 0.01 —238 +1.72
2007-2008
Drained 774042 66+039 63+036 0.79 £ 0.01 —163 + 1.84
Undrained 63+038 62+039 60+037 092+ 0.07 —6.5 + 0.98
Mounded 724042 66+£041 624037 0.79 £ 0.01 —114 £ 1.53
Unmounded 6.74+039 63+038 6.1+£035 092+ 0.07 —114 £ 1.54
Fertilised 70+ 041 64+£039 6.1+036 0.82+0.01 —114 £ 1.55
Unfertilised 70+040 65+039 62+037 090+ 0.07 —114 +1.52
2006-2008
Drained 894+029 78+026 75+£024 078+ 001 —23.0 £ 1.39
Undrained 784028 7.6+026 73+024 087+ 0.03 —12.8 £ 0.92
Mounded 85+030 78+027 75+£025 0.78 +0.01 —17.9 + 1.21
Unmounded 824028 7.6+025 74+023 086+ 0.03 —179 £ 1.22

o Fertilised 834+029 76+026 74+024 081+001 —17.99 £ 1.22
The "£% indicate the Unfertilised 84+029 76+027 744026 084+003 —179+ 121

standard error of mean

mounding (P < 0.0001). Fertilisation did not affect
soil moisture content (P > 0.05).

Water table depth

There was no significant difference in the water table
depth between plots (P > 0.05). The month to month
variability in water table depth was highly significant
(P <0.0001; Fig.2a for drained and undrained
plots). The water table depth was significantly
lowered by drainage (P < 0.0001; Table 2). Mound-
ing or fertilisation did not affect the water table
depth.

Effect of site preparation on soil CH4 emissions

Methane flux rates were affected by all three practises
(Table 3). Plots differed significantly in CH4 flux rate
throughout the measurement period (P < 0.0001),
with largest average emissions of 4.82 mg
CH, m ? day ™' observed in the undrained plots.
There were no significant interactions between prac-
tises, except when the factors month and plot were
also included (P > 0.05; Table 4).
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Effect of drainage on soil CH4 emissions

Over the whole study period, soil CH, fluxes were
significantly decreased by drainage (P < 0.005;
Table 4). Methane fluxes from drained and undrained
plots varied from month to month (P < 0.0001; Fig. 3a;
Table 4). Averaged monthly CH, fluxes ranged from
—0.31t0 5.17 mg CH; m ™2 day ™" in the drained plots
and 1.66-11.06 mg CH, m™ > day " in their undrained
counterparts. Methane fluxes were significantly
decreased by drainage in the first and second year of
study (all P < 0.007; Table 3). The 2 years of study
differed significantly (P < 0.0001) with more CH,
emitted in the first than the second year of study.
Seasonal values of CH, fluxes from the summer of
2006 to the spring of 2008 showed that they were
significantly decreased by drainage in the summer of
2006 (P < 0.035) but not in 2007 (P > 0.05;
Table 5). The two summer seasons differed signifi-
cantly (P < 0.0001), with more CH, emitted in the
summer of 2006 than in 2007. Drainage significantly
decreased CH, fluxes in the autumn of 2006
(P < 0.031) and 2007 (P < 0.006). The two autumn
seasons differed significantly (P < 0.0001) with more
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Fig. 2 Seasonal variations in: a water table depth, b soil
moisture content in the drained and undrained plots. The
vertical bars represent standard error of mean

CH,; emitted in the autumn of 2006 than the
corresponding period in 2007. Drainage significantly
decreased CH,4 fluxes in the winter of 2006 and 2007
(all P < 0.01). The two winter seasons did not differ
in CHy4 flux rate (P > 0.05). Drainage also decreased
CH, fluxes in the spring of 2007 (P < 0.003) and
2008 (P < 0.013), respectively. The spring seasons
differed significantly in CHy fluxes (P < 0.0001) with
more CH, emitted in the spring of 2007 than in 2008.

Effect of mounding on CH4 emission rates

Mounding significantly increased CH,4 fluxes through-
out the measurement period (P < 0.0001; Table 3).
Averaged monthly fluxes in the mounded and unmo-
unded subplots ranged from 0.64 to 8.95 CH, m >
day™! and from 0.47 to 7.28 mg CH, m > day ',
respectively (Fig. 3b). Methane fluxes in the mounded
and unmounded subplots varied from month to month
(P < 0.0001). Averaged daily CH,4 fluxes were signif-
icantly higher in the mounded subplots than their
unmounded counterparts in the first (P < 0.0001) and
second (P < 0.005) year of study. The two sampling
years differed significantly (P < 0.0001) with more
CH, emitted in the first year than second year of study.

Table 3 Mean daily CH, flux rates (mg m~ 2 day ') averaged
over the year

Treatment/Year ~ mg CH, m~? day ' % Change in CHy
2006-2007

Drained 248 + 0.15a

Undrained 5.80 + 0.36b -57
Mounded 4.74 + 0.34a

Unmounded 3.55 + 0.26b 34
Fertilised 5.08 + 0.34a

Unfertilised 3.20 + 0.24b 59
2007-2008

Drained 0.89 + 0.12a

Undrained 3.75 £ 0.16b -76
Mounded 2.85 + 0.27a

Unmounded 1.79 £+ 0.19b 59
Fertilised 2.53 £ 0.15a

Unfertilised 2.11 £ 0.11a 20
2006-2008

Drained 1.72 £+ 0.11a

Undrained 4.82 + 0.23b —64
Mounded 3.84 + 0.23a

Unmounded 2.71 + 0.17b 41
Fertilised 3.86 + 0.23a

Unfertilised 2.68 + 0.16b 44

Values followed by different letters indicate a significant
difference between treated and untreated plots (P < 0.05).
Values in bold are statistically significant (P < 0.05). Negative
values of the % change in flux indicate a decrease in CHy
fluxes as a result of treatment. The “+” indicate the standard
error of the mean

Seasonal CH, emissions were not affected by
mounding in the summer of 2006 and 2007
(P > 0.05; Table 5), respectively. However, more
CH, was emitted in the summer of 2006 than the
corresponding period in 2007 (P < 0.0001). Mound-
ing increased CH, emissions in the autumn of 2006
(P < 0.0001) and 2007 (P < 0.031). The two autumn
seasons differed significantly (P < 0.0001) with more
CH; emitted in the autumn of 2006 than the
corresponding period in 2007. Mounding increased
CH, fluxes in the winter of 2006 (P < 0.024) but not
in 2007 (P > 0.05). Mounding also increased CHy
fluxes in the spring of 2008 (P < 0.0001) but not in
2007 (P > 0.05).

Averaged CH, emissions from different subsites
(mounds, hollows and undisturbed ground) in the
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Table 4 Effects of site

preparation (drainage, Source of variation df F P

moum.iing. fertilisation) and Drainage 1 31.37 0.005

sampling interval (month)

on CH, fluxes Plot 4 7.53 <0.0001
Drainage x fertilisation 1 3.13 0.151
Drainage x mounding 1 3.69 0.127
Drainage x month 22 3.23 0.129
Drainage x fertilisation x mounding 1 0.00 0.949
Drainage x mounding x month 22 245 0.002
Drainage x fertilisation x month 22 1.30 0.191
Drainage x fertilisation x mounding x month 22 1.26 0.224
Fertilisation 1 29.98 <0.0001
Fertilisation x mounding 1 0.07 0.800
Fertilisation x mounding x plot 4 5.74 <0.0001
Fertilisation x month 22 341 <0.0001
Fertilisation x mounding x month 22 2.20 0.005
Fertilisation x month x plot 88 0.90 0.692
Mounding 1 22.30 <0.0001
Mounding x month 22 3.23 <0.0001
Mounding x plot 4 0.69 0.637
Mounding x month x plot 88 1.01 0.472

P values in bold are Month 22 14.29 <0.0001

?}f‘tft(l)‘j’glsl)y significant Month x plot 88 341 <0.0001

mounded subplots are shown in Fig. 4. Averaged
monthly CH, emitted from mounds ranged from 0.15
to 2.52 mg m 2 day ', while CH,4 uptake ranging
from —0.82 to —0.16 mg m~> day ' occurred in
June 2006 and 2007, July 2007 and March 2008.
Averaged monthly CH, emissions from hollows
ranged from 1.67 to 40.87 mg m 2 day '. Mean
monthly CH, emitted from undisturbed ground
ranged from 0.09 to 10.75 mg m > day ', and CH,
uptake of —0.40 mg m> day~' occurred in June
2007. Methane emitted from hollows exhibited large
spatial variability, as can be seen from large standard
error of mean in Fig. 4. This is compatible with
enhanced CH, production and emission in anaerobic
conditions of such water-covered hollows.

Effect of fertilisation on CH, emissions

Fertilisation significantly increased CH, fluxes over
the 2 years of study (P < 0.0001; Table 3). Methane
fluxes in the fertilised and unfertilised subplots varied
from month to month (P < 0.0001; Fig. 3c). Aver-
aged monthly CH,; fluxes in the fertilised and
unfertilised subplots ranged from 0.23 to 9.67 mg
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CH, m 2 day~" and from 1.12 to 6.56 mg CH, m*
day ™', respectively. The mean daily CH, flux rate
was significantly increased by fertilisation in the first
(P < 0.0001) but not in the second year of study
(P > 0.05). The 2 years of study differed signifi-
cantly (P < 0.0001) with more CH, emitted in the
first than second year (Table 3).

Methane emissions were significantly increased by
fertilisation in the summer of 2006 (P < 0.0001) but
not in 2007 (P > 0.05; Table 5). The summer seasons
differed significantly (P < 0.0001) with more CHy
emitted in the summer of 2006 than in 2007.
Fertilisation significantly increased CH, emissions
in the autumn of 2006 (P < 0.0001) and in 2007
(P < 0.025). More CH, emissions were observed in
the autumn of 2006 than in 2007 (P < 0.0001).
Methane fluxes were not affected by fertilisation in
the winter and spring seasons (P > 0.05).

Relationships between CH, fluxes
and environmental factors

Over the whole study period, linear regression
analysis showed that the CH, flux rate in the
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Fig. 3 Seasonal variation in CH, fluxes a drained and
undrained, b mounded and unmounded and c¢ fertilised and
unfertilised treatment. Dots represent means of all chambers at
each sampling date and the vertical bars represent standard
error of the mean

drained plots was significantly correlated with water
table depth (R? = 0.19; P < 0.04). Linear regres-
sion, using temperature (T;, Ts and T;g) as the
independent variable showed a weak (R* = 0.04 to
0.07) and nonsignificant relationship with CH,
emissions in the drained plots. Similarly, the rela-
tionship between soil moisture content and CHy
fluxes was weak and not significant. Applying a
forward stepwise multiple regression analysis of all
variables showed that water table depth and soil
moisture content were the most important variables

controlling CH, fluxes in the drained plots. Soil
water table depth alone accounted for 19% of the
variation, which increased to 26% when soil mois-
ture was included. In the undrained plots, linear
regression analysis detected a weak (R> = 0.14;
P =0.08) and insignificant relationship between
water table depth and CH,; fluxes. The linear
relationship between soil temperature (T;, Ts and
Tio; R*=002 to 0.09) and soil moisture
(R*> = 0.05) in undrained plots was weak and not
significant. A forward stepwise multiple regression
analysis of all variables detected an interaction
between water table depth and soil temperature (T,
and T,p). Water table depth accounted for 14% of
the wvariation, which increased to 21 and 31%,
respectively when soil temperature (T; and T() was
included in the model.

Linear regression analysis showed a significant
linear relationship (P < 0.008) between water table
depth and CH, fluxes in the fertilised subplots. A
weak (R*> = 0.10; P = 0.09) and nonsignificant rela-
tionship was also detected between soil temperature
(Ty) and CH, fluxes. Soil temperature (T5 and Typ)
and soil moisture also showed a weak and nonsig-
nificant linear relationship with CH, fluxes in the
fertilised subplots (all R* = 0.09). Applying a for-
ward stepwise multiple linear regression analysis of
all measured variables showed that water table depth
and soil moisture were the most important factors
influencing CH, fluxes. Soil water table explained
29% of the variation, which increased to 32% when
soil moisture was included. Linear regression analy-
sis and a forward stepwise multiple regression
analysis did not found a relationship between CHy
fluxes and all variables in the mounded and unferti-
lised subplots.

Linear regression analysis, using soil water table
depth as an independent variable, detected significant
relationship with CH, fluxes in the unmounded
subplots (P < 0.005). The relationship between soil
temperature (T, Ts and To; R> = 0.07 to 0.10) and
soil moisture (R* = 0.02) was weak and not signif-
icant. A forward stepwise multiple regression anal-
ysis of all variables showed that water table depth and
soil temperature (T;;) were the most important
variables. Water table depth alone accounted for
32% of the variation; which increased to 42% when
soil temperature (T;y) was included.
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Table 5 Scasonal CH, fluxes (mg m ™2 day™") by treatment and season

Treatment CH, flux (mg m~2 day’l)

June—August September—November December—February March—-May
2006-2007 Summer Autumn Winter Spring
Drained 2.88 + 0.42a 2.39 + 0.24a 1.71 £ 0.15a 2.94 + 0.30a
Undrained 7.34 + 0.85b 5.66 + 0.50a 3.60 £ 0.69b 6.60 £ 0.63b
Mounded 5.39 £ 0.75a 4.78 £ 0.51a 3.37 £ 0.70a 5.40 £ 0.72a
Unmounded 4.83 £+ 0.79a 3.27 £+ 0.42b 1.94 + 0.18b 4.14 £ 0.36a
Fertilised 6.93 &+ 0.77a 4.94 1 0.50a 3.19 £ 0.70a 5.27 £ 0.62a
Unfertilised 3.29 + 0.64b 3.11 £ 0.40b 2.12 4+ 0.20a 428 + 0.53a
2007-2008
Drained —0.08 £ 0.48a 1.66 £ 0.23a 1.16 £ 0.15a 0.48 + 0.14a
Undrained 2.98 £ 0.85a 3.96 £+ 0.39b 4.45 £+ 0.53b 3.18 £+ 0.53a
Mounded 1.82 £ 1.01a 3.25 £ 0.37a 3.17 £ 0.52a 2.82 £+ 0.57a
Unmounded 1.07 £ 0.56a 2.37 £ 0.37b 2.26 £ 0.45a 0.84 £+ 0.17b
Fertilised 1.36 + 0.77a 3.36 = 0.41a 3.05 £ 0.50a 1.95 &+ 0.54a
Unfertilised 1.53 + 0.87a 2.26 &+ 0.31b 2.75 + 0.47a 1.71 &£ 0.33a

Values followed by different letters indicate a significant difference between treated and untreated plots (P < 0.05)

Values in bold are statistically significant (P < 0.05)

The “4” indicate standard error of the mean

® Mound
60 - O Hollow
v Undisturbed ground

A % %
A, Te by

Qgi
0 ;tgxfguix s $35*3z853s

May 06 Sep 06 Jan07 May07 Sep07 Jan08 May 08

Fig. 4 Mean monthly CH, flux rates from subsites in the
mounded treatment (undisturbed ground, mounds and hol-
lows). The vertical bars indicate the standard error of the mean

Contribution of CH4 emissions to the greenhouse
effect and global warming potential

All treatments emitted more CH, in the first than
second year of study (Table 6). The global warming
potential (GWP) of CH, was calculated over the
2 years of study. GWP measures the potential of CHy
to heat up the atmosphere and is given relative to
CO,, the most important gas which has GWP of 1.
The emission of 1 kg of CH, is 21 times more
effective than 1 kg of CO, (IPCC 2007). Our results
show that drainage decreased the GWP in the first

@ Springer

and second year of study, while mounding and
fertilisation increased the GWP (Table 7).

Discussion

Effects of site preparation on environmental
factors

Soil temperature (T}, T5 and T,() in the present study
was increased by drainage because well-drained soils
warm faster than wet soils. In general drainage
improves aeration and alters the soil surface thermal
properties and energy near the soil surface. In
absolute values, the difference in soil temperature
between drained and undrained plots varied between
0.2 and 1.2°C at all depths. These results are
consistent with results of drainage studies conducted
in peatland sites which found that peat temperature
increased after drainage (e.g., Lieffers and Rothwell
1987; Lieffers 1988; Macdonald and Lieffers 1990;
Van Cleve et al. 1990; Prevost et al. 1997). For
example, Prevost et al. (1997) found that seasonal
maximum temperature at 10 cm depth increased by
3.5°C after drainage (5 m away from ditches) and by
1.5°C (at distances greater than 5 m). Soil
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Table 6 Annual contribution of soil CH, emissions (kg ha™' year™') from all practises to the greenhouse effect
Year Treatment

Drained Undrained Mounded Unmounded Fertilised Unfertilised
2006-2007 9.06 £+ 0.55 21.18 + 1.30 17.29 + 1.25 12.95 + 0.94 18.55 £ 1.25 11.68 4 0.88
2007-2008 3.23 £ 043 13.53 £ 0.92 10.24 + 0.95 6.52 £ 0.70 9.22 £ 0.94 7.54 £0.73
All years (2006-2008) 6.27 £ 0.39 17.52 £ 0.84 13.92 £ 0.82 9.87 £ 0.62 14.09 £+ 0.84 9.70 £ 0.59

The “4” indicate standard error of the mean

temperature measured at 1 and 5 cm depths (T; and
Ts) was significantly increased by mounding in the
present study because mounding exposes the mineral
soil on top of mounds which absorb more heat that
the soil covered with litter or vegetation and hence
raises daytime soil temperature. In absolute values,
the difference in soil temperature between mounded
and unmounded subplots varied between 0.2 and
1.3°C. This result is consistent with results from
mounding experiments, which collectively found that
mounding increased day time soil temperature (Sut-
ton 1993; DeLong et al. 1997; Saari et al. 2004).

Soil moisture was decreased by drainage between
May and October. This occurred because drainage
improves aeration and increases soil temperature and
evapotranspiration resulting in drier surface soils.
Mounding also decreased the soil moisture content
between May and October, which is likely to have
been caused by improvement in aeration and
increased soil temperature after mounding. This
would have dried the soil on top of mounds to a
depth of 5 cm, where soil moisture content was
measured. Saari et al. (2004) also found that soil
moisture content in the mounded plots was signif-
icantly lower compared to undisturbed soil.

Drainage markedly caused a decrease in water
table depth, with the deepest depth recorded in July
2006 and September 2007. Over the two years of this
study, the average water table depth was 23.0 cm
below the soil surface in the drained plots and
13.8 cm in their undrained counterparts. Similar
results have been reported for drainage studies
conducted in peatlands sites in the boreal and
temperate region (e.g., Laine et al. 1995b; Martikai-
nen et al. 1995; Regina et al. 1996; Minkkinen and
Laine 1998; Nykénen et al. 1998). As expected, the
water table depth was not affected by mounding or
fertilisation.

Effects of drainage on fluxes of CHy

The drained and undrained plots emitted CH,4 on all
sampling dates from 2006 to 2008, with more CHy
emitted from undrained than drained plots. The mean
daily CH, flux rate from our drained plots was higher
than the mean daily CH4 flux rate (0.27-0.55 mg
CH, m™? day ') reported for a drained upland
blanket bog in Scotland (MacDonald et al. 1997).
Ball et al. (2007) found that the mean daily CH,4 flux
rate on an unplanted grassland adjacent to a conif-
erous stand at Harwood Forest, not far from the
present study site ranged from 0.33 to 0.71 mg
CH, m~? day~'. Higher CH, emissions observed in
the drained plots in the present study could probably
be attributed to high substrate availability and moist
soil than in sites where the other two studies were
conducted. The mean daily CH, flux rate in this study
was at the lower range of 0.3-30 mg m > day ™'
reported for wet forest soils in Canada (Castro et al.
1993; Yavitt et al. 1995) and very much lower than
7.9-204 g CH4 m~2 day ' reported for wet fertilised
grasslands on peaty soils in the Netherlands (Van den
Pol-van Dasselaar et al. 1999). Peaty gley soils at our
study site are seasonally waterlogged, with the water
table depth dropping significantly in the summer than
in areas where these other studies were conducted.
This could explain lower CH, fluxes observed in this
study. The lower emission fluxes from the present
study could also be attributed to low substrate
availability and lower summer temperatures in the
UK than in areas where these other studies were
conducted.

Overall, lowering the water table by drainage
decreased CH,4 emissions by 57-76% indicating that
both methanotrophs and methanogens were present in
the soil microbial community at our study site.
Drainage decreased soil moisture and increased soil
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Table 7 Comparison of the annual (2006-2007 and 2007-2008) GWP of soil CH,~CO, equivalent emissions (kg ha~' year™') for all practises and the change (%) caused by

each practise

Treatment

Year

Change (%)

Unfertilised

Change (%) Fertilised

Unmounded

Change (%) Mounded

Undrained

Drained

389.59 £+ 26.29 245.37 £+ 18.55 58.8

363.07 £ 26.19 271.89 £+ 19.83 33.5

215.12 + 19.88

—-57.2
—76.1
—64.2

190.20 £+ 11.62 444.76 £ 27.32

67.90 £+ 9.02
131.71 £ 8.29

2006-2007
2007-2008

158.34 £ 15.39 223

193.72 + 19.74
29591 £+ 17.64 203.75 £ 1242 452

136.94 + 14.60 57.1

284.16 + 19.27
367.95 + 17.62

41.0

29231 £ 17.20 207.35 + 13.11

All years (2006-2008)

The “+” indicate standard error of the mean. Negative values indicate a decrease in GWP

temperature both of which influence microbial pro-
cesses and their location in peaty soils (e.g., Nykédnen
et al. 1998). The production of CH, by methanogenic
bacteria occurs in water-saturated peat profiles where
the fresh organic substrate from vegetation is sub-
jected to anaerobic decomposition; whereas after
drainage the organic substrate in peaty soils is
oxidised in aerobic layers before reaching water
saturated profiles, thus decreasing the amount of
organic substrate available for CH, production
(Nykénen et al. 1998). Similar reductions in CHy
emissions observed after drainage at our study site
have been reported for drainage experiments con-
ducted in boreal and temperate peatland sites (e.g.,
Freeman et al. 1993; Roulet et al. 1993; Martikainen
et al. 1995; Nykénen et al. 1998; Sundh et al. 2000;
Minkkinen et al. 2002). For example, Minkkinen
et al. (2002) found that CH, fluxes from drained
peatland sites were 50% lower compared to
undrained sites because lowering the groundwater
table increase oxygenation which increases CHy
consumption. Freeman et al. (1993) collected intact
cores from a Welsh peatland to study the potential
effect of climate change on CH,; flux rate. They
manipulated the water table depth within intact
monoliths in the laboratory thereby simulating water
table lowering caused by climate change and found
that the treatment decreased CH, fluxes by up to
80%. Drainage decreases CH, fluxes from peatland
soils initially because of increased CH, oxidation in
the enlarged aerobic part of the peat profile and
subsequently through the decreased CH, production
in the lower “inert” layer of the peat (e.g., Minkkinen
et al. 2008). Part of the CH, diffusing upwards in
drained peaty soils is oxidised in the uppermost
aerobic upper part of peat layers (e.g., Crill et al.
1994) and converted to CO,. Although drainage
decreased CH, emissions at our study site, CO,
emissions were 22.6 and 32.6% higher in the drained
than undrained plots in the first and second year study
(Mojeremane 2009 unpublished data).

In the present study, CH, fluxes in the drained and
undrained plots decreased by 64 and 35% in the
second year, and this may have been related to
slightly higher summer soil temperatures which were
observed in the first year of study. It is also possible
that the decrease was caused by lack of variation in
CH, flux rate or infrequent measurements in the
second year. In the second year of study, CH, fluxes
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were measured 11 times at approximately monthly
interval, compared to 20 times in the first year.
Episodic CH,4 fluxes caused by periodic rainfall (e.g.,
Kettunen et al. 1996) or rapid fluctuation in water
table depth and soil temperature (e.g., Windsor et al.
1992; Romanowicz et al. 1993; Mikkeld et al. 1995;
Kettunen et al. 1996) may have been missed due to
infrequent sampling in the second year.

Effects of mounding on emission of CHy

Mounding buries the litter and organic layers beneath
the mineral soil layers (Smolander et al. 2000; Saari
et al. 2004) and this may alter environmental
variables controlling soil CH, fluxes. However, few
studies have attempted to evaluate the effect of
mounding on soil CH, fluxes. In the present study,
mounding increased CH, emissions by 34-59%.
Saari et al. (2004) measured CH,4 emissions from
mounds and undisturbed soil in a clearfelled Norway
spruce stand in south-eastern Finland. They found
that CH4 fluxes from mounds were 33% lower than
from undisturbed soil in the first year of study, but
increased in subsequent years. They suggested that
the initial decrease in CH, fluxes soon after mound-
ing occurred as a result of CH, oxidation in the
mineral soil on top of mounds. They also suggested
that the double organic horizons may have reduced
diffusion of atmospheric CH, into the mineral soil
beneath mounds and inhibited CH, consumption in
that layer in subsequent years.

In this study, watered-covered hollows in the
mounded subplots emitted more CH, than mounds
and undisturbed soil. Large CH,4 emissions measured
from hollows can be attributed to abundant supply of
substrate for methanogenic bacteria because the
stagnant water inside hollows was consistently
inhabited by green algae (e.g., Schiller and Hastie
1996). Large CH, fluxes have also been reported for
ditches in peatland sites drained for forestry (e.g.,
Roulet and Moore 1995; Schiller and Hastie 1996;
Minkkinen et al. 1997; Von Arnold et al. 2005;
Minkkinen and Laine 2006) because ditch bottoms
are often colonised by vegetation which decreases the
movement of water, especially in bogs (Minkkinen
et al. 2008). Mounding increased peat bulk density at
our experimental site (Mojeremane 2009 unpublished
data) due to compaction caused by excavator, which
probably also reduced CH, oxidation (e.g., Hansen

et al. 1993; Flessa et al. 2002) and enhanced CH,4
fluxes (e.g., Ruser et al. 1998; Smith et al. 2000).

Net CH, uptake occurred occasionally on top of
mounds. Mounding decreased soil moisture content
and increased soil temperature, and caused aerobic
conditions on top of mounds where oxidation of
atmospheric CH, (e.g., Melling et al. 2005) exceeded
production in anaerobic layers beneath mounds.
Methane uptake also occurred on undisturbed ground
in June 2007. The explanation could be that at the end
of spring to midsummer the water table depth in this
site dropped due to high evapotranspiration resulting
in drier surface soils where CH,; was consumed
before being released into the atmosphere (e.g., Crill
et al. 1994; Nykinen et al. 1998; Van den Pol-van
Dasselaar et al. 1998). This is consistent with results
of previous studies which found that well-drained
temperate grassland soils consume 0—1 mg CH, m—>
day_1 (Mosier et al. 1991; Kruse and Iversen 1995;
Dobbie et al. 1996).

Effect of fertilisation on CH4 fluxes

Fertilised and unfertilised subplots emitted CH,4 on all
sampling occasions from 2006 to 2008. Fertilisation
increased CH,4 fluxes by 20-59%. Fertilisation stim-
ulated CH,; emissions in the first year of study.
Increase in CH, emissions in fertilised soils has been
attributed to inhibition of methanotrophy by NH,"
based fertilisers (Gulledge et al. 1997; Van den Pol-
van Dasselaar et al. 1999). The inhibition of CH4
oxidation by NH4 ' based fertilisers has been dem-
onstrated in experiments conducted in various eco-
systems (e.g., Steudler et al. 1989; Castro et al. 1994;
Sitaula et al. 1995; King and Schnell 1998; Wang and
Ineson 2003; Suwanwaree and Robertson 2005), with
no effects reported in some experiments (e.g., Dun-
field et al. 1995; Delgado and Mosier 1996).
Increased CH,4 emissions observed in the fertilised
subplots in our study may also have been caused by
the soil environment which was suitable for CHy4
production and emission soon after fertilisation.
Suwanwaree and Robertson (2005) applied N fertil-
iser at a rate of 100 kg ha™' in a forest site and
observed that CH, fluxes increased by 60%. Steudler
et al. (1989) reported that adding 120 kg N
ha™! yealr_1 as NH4NO; increased CH,4 fluxes by
33% in temperate forest soils. Sitaula et al (1995) also
found that adding 90 kg N ha™' year™' to a Scots
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pine Forest in Norway over 2 years increased CHy
flux rates by 38%. The mechanism responsible for
increased CH, fluxes from N fertilised soils is not
well understood. It has been suggested that N
increases soil CH, fluxes by inhibiting CH,4 oxidising
microorganisms (e.g., Van den Pol-van Dasselaar
et al. 1999) or by changing the composition and size
of the microbial community (e.g., Saari et al. 1997,
Van den Pol-van Dasselaar et al. 1999; Kédhkonen
et al. 2002).

In the second year of study, CH, fluxes from
fertilised subplots were not significantly different
from their unfertilised counterparts. The decline in
CH, fluxes from the fertilised subplots may indicate
that N uptake by plants, losses through leaching and
as gaseous N,O probably depleted the pool of N
applied in this site in the second year of study.

Effects of environmental factors on fluxes of CH,

Soil water table was the major factor determining
methane fluxes in this study, similar to wetlands (e.g.,
Moore and Dalva 1993; Liblik et al. 1997; Nykinen
et al. 1998; Hughes et al. 1999). For example, Liblik
et al. (1997) observed that water table depth
explained 62% of variation in CH4 fluxes from
wetlands in Canada, Moore and Dalva (1993)
observed strong relationships between water table
depth and CH, emissions in peat cores. Water table
depth in our study affected soil CH4 emissions from
drained, undrained, fertilised and unmounded treat-
ment. Drainage initially increased CH,4 fluxes for a
very short period, which was followed by a reduction
relative to undrained plots throughout the study. A
similar pattern has been observed in peatlands sites
(e.g., Windsor et al. 1992; Moore and Roulet 1993;
Liblik et al. 1997; Hughes et al. 1999). This has been
attributed to increased gas diffusivity and a distur-
bance effect of a falling water table which releases
CH, entrapped in the peat and porewater (e.g.,
Hughes et al. 1999). Romanowicz et al. (1995) also
suggested that water table lowering can also release
CH, trapped in deep peat.

Soil moisture content is often a significant factor
controlling CH, fluxes in soils (Bowden et al. 1998;
McNamara et al. 2008). In our study the linear
relationship between soil moisture and CH, flux was
weak and not significant when soil moisture was
treated as independent variable. Similar results were
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reported for a mature and a clear-felled forest stand at
Harwood Forest (Zerva and Mencuccini 2005a). It is
possible that CH4 production in our study occurred at
depth lower than 5 cm, where soil moisture content
was measured, and that methanotroph community
were not sensitive to these levels of soil moisture
content (e.g., Sjogersten and Wookey 2002). For
example, McNamara et al. (2008) found that CHy4
fluxes under oak and grassland were correlated with
soil moisture at 10—-15 cm depth. Soil moisture in this
site was neither too high to limit diffusion of CH, or
O, transport nor too low to stress methanotrophs.
Using a forward stepwise multiple linear regression
demonstrated that soil moisture interacted with soil
water table depth to influence CH4 emissions in the
drained plots and fertilised subplots. It seems,
therefore that the effect of soil moisture on CHy
fluxes in this site was dependent on the position of the
soil water table.

Methane production has a strong temperature
response (e.g., Crill et al. 1994; Schnell and King
1995) and therefore an increase in soil temperature
will increase CH, fluxes (Nykinen et al. 1998).
Linear regression analysis showed that the relation-
ship between soil temperature (T, Ts and T;() and
CH, fluxes in this site was weak and insignificant.
Work in a spruce-fir forest soil in Maine, USA also
found no significant relationship between CH, fluxes
and soil temperature (Rustad and Fernandez 1998).
This may indicate that CH, fluxes at our site were
probably more dependent on substrate availability,
rather than temperature. However, a stepwise multi-
ple linear regression analysis showed that soil
temperature (T; and T() interacted with soil water
table depth in the undrained plots to influence CHy
fluxes. Soil temperature (T;y) also interacted with
water table in the unmounded subplots. Nykinen
et al. (1998) also observed that water table depth
interacted with soil temperature to influence CHy
fluxes in natural and drained peatland sites.

Contribution of CH,4 emissions to greenhouse
effect and GWP

The results of the present study showed that drained
and undrained plots contributed 6.27 £ 0.39 and
17.52 4 0.84 kg CH4 ha™' to the atmosphere. Moun-
ded and unmounded subplots released 13.92 & (.82
and 9.87 + 0.62 CH,4 kg ha™!, whereas fertilised and
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unfertilised subplots emitted 14.09 £+ 0.84 and
9.70 + 0.59 CH,4 kg ha~' over the whole measure-
ment period. All treatments emitted more CH, to the
atmosphere in the first than second year of study.

According to the results of the present study,
drainage decreased CH4,—~CO, equivalent emissions
by 64.2%. Drained plots emitted less CH4—CO,
equivalent emissions in the second year than in the
first year. Mounding and fertilisation increased CH4—
CO, equivalent emissions by 41 and 45.2%, respec-
tively. More CH,—CO, equivalent emissions were
released from mounded subplots in the second year
compared to first year of study, whereas the effect of
fertilisation on CH4—CO, equivalent emissions was
more pronounced in the first than second year of
study.

Conclusion

Results from this study indicate that lowering the
water table depth and mounding increased soil
temperature. The two practises also decreased soil
moisture content. Methane emissions were initially
very briefly increased by drainage, which was
followed by a reduction relative to undrained plots
throughout the study. Lowering the water table depth
by drainage increases oxygenation and soil temper-
ature, and thus increases the mineralisation of organic
matter in aerobic upper peat layers, which reduces the
supply of organic substrate for CH, production in
anaerobic layers beneath the peat surface. Mounding
increased CH, fluxes because low emissions from
mounds and undisturbed ground were counteracted
by large fluxes emitted from hollows which were
consistently covered with stagnant water inhabited by
green algae. Mounding decreased soil moisture
content and increased soil temperature causing aer-
obic conditions on top of mounds where CH, uptake
occurred occasionally. Methane emissions in the
fertilised subplots were significantly higher than in
their unfertilised counterparts in the first year of
study, but declined in the second year because N
uptake by plants, losses through leaching and as
gaseous N,O depleted the pool of N applied in this
site in the second year. Soil water table depth was the
major factor controlling CH, fluxes at our study site.
The relationships of CH, fluxes with soil temperature
and soil moisture content were weak and not

significant. However, soil moisture content and soil
temperature interacted with water table depth to
influence CH, emissions, indicating that the effect of
these variables was dependent on the position of the
groundwater table. Longer-term studies are needed to
understand relationships between CH, fluxes, soil
temperature and soil moisture.
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