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Abstract. The effects of temperature, water table, and precipitation on the
methane fluxes from a boreal low-sedge Sphagnum papillosum pine fen were ana-
lyzed with statistical cross correlations of daily data. The six measurement sites
represented different vegetation surfaces of the mire (hummocks, lawns, and flarks)
with increasing moisture. The dynamics were analyzed separately for the early
summer (May-July) and the late summer (August—October) periods in addition
to the whole summer (May-October) period. Methane emissions increased with
increasing peat temperature. During the late summer period, changes in peat
temperatures at depths of 20 and 50 cm were reflected in methane emissions within
2 days. The persistently high water tables during the measurement period probably
did not reveal the dynamics between water table fluctuations and methane emissions
very clearly. Methane emission levels correlated negatively with depths of the water
tables, that is, high methane emissions were associated with low water tables and
vice versa. The suppression of methane emissions by filling the unsaturated gas
space during precipitation and the increased release rate caused by a declining
water table could explain the result. Methane emissions correlated positively with
changes in water tables, that is, a rise in water table increased methane emissions
during the early and whole summer periods. Precipitation increased emissions with
a lag from zero to several days throughout the summer. Generally, the estimated
responses of methane fluxes to precipitation and changes in water table indicated
similar time lags. Methane flux from the flark surfaces seemed to respond rapidly
to rainfall and changes in water table with a lag of zero or 1 day. In the lawn-low
hummock, the lawn and one hummock site, methane flux showed a slow response
with several days lag. This study strongly indicates that temperature, water table,
and precipitation affect methane emissions with complex interactions.

Introduction

The high latitude northern (50-70°N) peatlands, most
of which belong to the boreal zone, are suggested to con-
tribute 34% of the wetland methane emissions [Bartlett
and Harriss, 1993]. Annual emissions from wetland
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ecosystems are estimated to be 110 Tg which corre-
sponds to 20 - 30% of the global methane emissions
[Khalil and Rasmussen, 1983; Cicerone and Oremland,
1988; Bartlett and Harriss, 1993;]. Thus, peatlands are
a major methane source in the global biogeochemical
cycle [Gorham, 1991].

Methane is produced in wetlands by methanogenic
bacteria as the last step in a chain of anaerobic degrada-
tive reactions (for details see Cicerone and Oremland,
[1988]). Methanotrophic bacteria oxidize methane to
carbon dioxide in the opposing reaction [Cicerone and
Oremland, 1988]. Both the production and oxidation
rates as well as the process of transport from peat to
the atmosphere affect methane fluxes from peatlands.



458 KETTUNEN ET AL.: CROSS-CORRELATION ANALYSIS OF METHANE EMISSIONS

Methane is liberated from peat via three routes: diffu-
sion, ebullition, and passage through plants [e.g., Con-
rad, 1989; Chanton et al., 1992].

Methane fluxes from peatlands show high spatial and
temporal variations [ Whalen and Reeburgh, 1988, 1992;
Moore et al., 1990; Morrissey and Livingston, 1992;
Windsor et al., 1992; Dise, 1993]. The spatial vari-
ation is related to the fact that the basic processes
(methane production, oxidation, and transport from
peat to atmosphere) are affected by site specific fac-
tors such as average hydrological conditions [Svensson
and Rosswall, 1984; Sebacher et al., 1986; Bubier et al.,
1993a, b; Christensen, 1993; Roulet et al., 1992, 1993;
Vourlitis et al., 1993; Moore et al., 1994], soil nutri-
ent contents [Svensson and Rosswall, 1984; Dise, 1993,
substrate concentration and quality [Morrissey and Liv-
ingston, 1992; Whiting and Chanton, 1992; Valentine et
al., 1994; Schimel, 1995) and vegetation type [Torn and
Chapin, 1993; Shannon and White, 1994; Bubier, 1995;
Bubier et al., 1995; Schimel, 1995]. The temporal vari-
ation is due to the seasonal cycle of methane emissions
with high summer and low winter fluxes [Dise et al.,
1993; Shurpali et al., 1993; Frolking and Crill, 1994}, the
interannual variation related to varying weather condi-
tions [Mattson and Likens, 1990; Whalen and Reeburgh,
1992; Frolking and Crill, 1994], the diurnal flux cycle
[Silvola et al., 1992; Mikkeld et al., 1995], and episodic
high fluxes [Windsor et al., 1992; Frolking and Crill,
1994]. However, most studies deal with seasonal aver-
ages as data sets are limited both temporally and spa-
tially.

When considering the methane emission dynamics,
temperature [Moore and Knowles, 1987, 1990; Crill et
al., 1988; Whalen and Reeburgh, 1988; Dise et al., 1993;
Shurpali et al., 1993; Torn and Chapin, 1993; Shannon
and White, 1994] and depth of the water table [Sebacher
et al., 1986; Bubier et al., 1993a, b; Roulet et al., 1993;
Shurpali et al., 1993; Funk et al., 1994; Shannon and
White, 1994; Martikainen et al., 1995] have tradition-
ally been cited as the most important factors. Only
recently, has the influence of plants on methane emis-
sions been recognized [Schitz et al., 1991; Chanton and
Dacey, 1991; Whiting and Chanton, 1992, 1993; Bubier,
1995; Bubier et al., 1995; Thomas et al., 1996]. The
control over episodic methane emissions is even less well
understood, but it has been suggested that the methane
pulses are related to drops in atmospheric pressure and
lowering of the water table [Matison and Likens, 1990;
Windsor et al., 1992; Shurpali et al., 1993].

As methane is an important radiatively active gas
and contributes strongly to the greenhouse phenomenon
[Lashof and Ajuha, 1990; Rodhe, 1990], it is important
to understand the response of methane fluxes from wet-
land ecosystems to global climate change. In particular,
there is a need to measure and model the effects of en-
vironmental factors on the mechanisms controlling wet-
land methane dynamics. The interactions between envi-
ronmental factors and methane emissions are complex,

and hence any single environmental factor can hardly
be used to predict methane fluxes satisfactorily. Thus
modeling of methane emissions requires understanding
of the basic processes affecting the methane emissions.
Most methane emission data sets obtained so far are
constrained by infrequent measurements, so that anal-
yses are restricted to seasonal averages. Hence it has
not been possible to analyze short-term dynamics be-
tween environmental variables and methane emissions.
In this paper, we present frequent measurements on
temperatures, water tables, precipitation, and methane
emissions from a boreal low-sedge Sphagnum papillosum
pine fen. The extensive data set makes it possible to ap-
ply cross—correlation analysis in examining the effects of
temperature, water table, and precipitation on methane
fluxes. On one hand, we analyze the effects of absolute
values of temperature, water table, and precipitation on
methane emission levels. On the other hand, we study
the effects of changes in temperature and water table on
methane emissions. Though causal relationships can-
not be deduced directly from statistical measures, cross
correlations provide information on the possible control
mechanisms between the environmental variables and
methane emissions and, in particular, the time lags in
the system. Autocorrelations, which give information
on the rate of change within a single variable, are used
in the interpretation of the cross—correlation analysis.

Materials and Methods

Methane Emission Data

The mire complex (Salmisuo, 62°47’N, 30°56’E) is
an eccentric bog, split by some minerotrophic strips
[Tolonen, 1967). The data presented here were col-
lected at a minerotrophic strip. The methane emissions
(CH,), temperatures (To, Tio0, T20, and T50), water ta-
bles (WT), and precipitation (P) were measured in a
low-sedge Sphagnum papillosum pine fen situated at the
margin area of the mire complex. The data were col-
lected during summer 1993.

Gas fluxes from six different collars (Tables la and
1b), situated within a few tens of meters apart from each
other, were measured. Permanent 60 by 60 cm collars
were driven into the peat in the spring, and an auto-
matic flux chamber system was used to record methane
emissions once every 5 to 6 hours. Air was circulated
from the chambers to a Shimadzu GC-14-A gas chro-
matograph equipped with a FI detector. The cham-
bers (height 20 cm), installed on the collars for a 20-
min measurement period, were operated pneumatically
by means of a control program running on a PC, and
methane fluxes were calculated from the linear increase
of headspace methane concentration during the incuba-
tion (for details see Silvola et al. [1992]). The depth
of the water table was measured immediately before
the methane flux at each microsite. Together with the
methane emission measurement, the chamber tempera-
ture was recorded. The corresponding peat temperature
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Table 1a. Vegetation in the Microsites

Microsite Bottom Layer Field Layer
Flark A S. angustifolium (100%) C. rostrata (10%),
Er. vaginatum (10%)
and Er. angustifolium (5%)
Flark B S. angustifolium (60%) Sc. palustris (2%),
and S. majus (40%) C. limosa (0.5%)
and C. rostrata (0.1%)
Lawn A S. angustifolium (85%), Er. vaginatum (12.5%),
S. magellanicum (10%), V. microcarpum (0.5%),
S. russowii (5%) A. polifolia (0.5%),
and S. papillosum (0.1%) R. chamaemorus (0.1%)
and Carez pauciflora (0.1%)
Lawn-low Low S. fuscum (70%) A. polifolia (10%)

hummock B

Hummock A

Hummock B

hummock with

S. angustifolium (10%)

and S. russowii (10%)

S. fuscum (85%) hummock
with S. angustifolium (10%)
and P. strictum (5%)

S. fuscum (90%) hummock
with S. magellanicum (7.5%)
and S. angustifolium (2.5%)

and R. chamaemorus (7.5%)

A. polifolia (10%)
and R. chamaemorus (10%)

Em. nigrum (12.5%),
Ch. calyculata (1%)
and Er. angustifolium (1%)

Dominant species in the bottom and field layers and coverage percentages (in parentheses) in the microsites
are shown. In the bottom layer, S. is Sphagnum and P. is Polytrichum; in the field layer, A. is Andromeda, C. is
Carez, Ch. is Chamaedaphne, Em. is Empetrum, Er. is Eriophorum, R. is Rubus, Sc. is Scheuzcheria, and V. is

Vaccinium.

profile at different (0-2, 10, 20, and 50 cm) depths was
measured at one additional selected site close to the col-
lars. The frequent and extensive manual temperature
measurements from a number of different sites repre-
senting both hummock, lawn, and flark surfaces from
the same mire during the same summer of 1993 showed
no statistically significant differences in the tempera-
ture at a depth of 30 cm among the different microsites

(S. Saarnio, University of Joensuu, personal communi-
cation, 1996). All data used in this analysis were con-
verted to equally spaced time series using daily averages
of the measurements.

The temperature measurements covered the period
from early May to the middle of October. Peat surface
temperature ranged from -8 to +28°C. The variations
in the peat surface temperature are reflected in the peat

Table 1b. Water tables and Methane Emissions From the Microsites

Water table, cm

mg CHy m~2d-!

Microsite May—-July August—October May—-July August—-October
Flark A -1.5 ( -4.0 - +2.0) 193.4 (22.7-382.8)
Flark B -3.1 (-8.0 - +2.0) -2.5 (-4.8 - +1.0) 159.7 (23.5-393.8) 198.0 (48.9-550.2)
Lawn A -4.6 ( -8.0 - +2.0) 268.5 (37.1-655.7)
Lawn-low

hummock B
Hummock A
Hummock B

-7.6 (-12.0 - -3.0)
-28.0(-33.0 - -22.0)

-7.3 (-10.0 - -5.0)

145.9 (21.6-344.0)
86.8 (16.3-270.2)
53.0 ( 8.9-130.5)

205.0 (58.0-403.6)

66.5 ( 6.2-200.5)

Average water tables (minima and maximain parentheses) and average methane emissions (minima and maxima
in parentheses) from the microsites are shown. Negative values are used for water tables below the peat surface.
The water table measurements for hummock B were unreliable and are not shown. For flark A, lawn A, and

hummock A data were available till the end of July.
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profile with decreasing amplitude toward the deep lay-
ers. The peat temperatures at depths of 20 and 50 cm
ranged from +3 to 4+14°C and from 0 to +11°C, respec-
tively. The peat temperatures showed a typical pattern
with higher temperatures in the middle of summer (see
Figure la). Precipitation data were available from the
beginning of June to the middle of October. Precipita-
tion ranged from 0 to 30 mm per day (Figure 1b).
The six microsites for measurements of water tables
and methane emissions were selected to represent differ-
ent vegetation surfaces with increasing moisture of the
mire (hummocks, lawns and flarks) (Tables 1a and 1b).
The average daily methane emissions and depths of the
water tables of the microsites are shown in Figures 2a—-2f
and Table 1b. Note that negative values were ascribed
to water tables below the peat surface. For three mi-
crosites (flark B, lawn-low hummock B and hummock
B, see Tables 1a and 1b and Figures 2b, 2d, and 2f)
virgin data covered the period from the beginning of
May to the middle of October. In the remaining three
microsites (flark A, lawn A and hummock A, see Ta-
bles 1a and 1b and Figures 2a, 2¢, and 2e¢) depth of the
water table and other factors were manipulated during
the August—October period. Thus the August—October
data from these microsites did not represent virgin con-
ditions. For this reason, data from early May to the
end of July were used in the analysis for flark A (Fig-
ure 2a), lawn A (Figure 2¢), and hummock A (Figure
2¢). To achieve comparability among the microsites,
the cross correlations for the May—-July period were cal-
culated also for the remaining three microsites (flark
B, lawn-low hummock B, and hummock B). For these
three microsites that had data for the May—October pe-
riod, the dynamics of methane emissions were analyzed
also for the May-October and August-October peri-
ods in addition to the May—July period. The analyses
of the May-July and the August—October periods may
give information on the differences in the controls of
methane emissions during the early and the late sum-
mer months. However, the division into the May—-July

l.a
20

15 +
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2

o + + +
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and the August—-October periods is arbitrary, as it is
connected with the start of the manipulations.

The water table was persistently close to the Sphag-
num surface and even exceeded the surface in flarks A
and B that represented different flark (minerotrophic
hollow) surfaces (Figures 2a—2b and Tables la and 1b).
At flark A, the abundance of Carez rostrata indicated
conditions with less standing water than those prevail-
ing at flark B (Table 1a). One collar was installed on
a Sphagnum lawn surface (Figure 2c and Table 1a) re-
ferred to as lawn A. The microsite referred to as lawn—
low hummock B was mostly lawn surface but contained
a low hummock with typical hummock vegetation (Fig-
ure 2d and Table la). The methane emissions from
lawn A and lawn-low hummock B showed a strong sea-
sonal pattern (Figures 2c—2d). Still, the lack of natural
data for lawn A in the August—October period made
the interpretation of the seasonal pattern difficult. Two
collars were located on high hummocks with low water
tables, referred to as hummock A and hummock B (Fig-
ures 2e—2f and Tables 1a and 1b). Hummock B was sit-
uated at the mire edge. The water table measurements
from hummock B were found to be unreliable and were
not used in the analyses. The methane emissions from
hummocks A and B remained relatively low throughout
the summer (Table 1b and Figures 2e-f).

As the methane emissions from the microsites are
considered (Figures 2a—2f and Table 1b), the interme-
diately moist lawn A had highest emissions. The emis-
sions from lawn-low hummock B and flarks A and B
were in similar range. Hummocks A and B had the
lowest emissions.

Autocorrelations and Cross Correlations

Cross-correlation analysis presented in this section is
used to analyze the time lags in the daily dynamics of
the methane emissions. The autocorrelation function
gives insight into the statistical properties of the time
series, such as the rate of change within the time series.

1.b

30

10 +

5 —

. Lot

1-May 1-Jul 31-Aug 31-Oct
Date

Figure 1. Daily averages of (a) temperature at a depth of 20 cm and (b) precipitation.
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Figure 2. The daily averages of methane emissions (continuous line with squares) and depths of
the water table (continuous line) in (a) flark A, (b) flark B, (c) lawn A, (d) lawn-low hummock
B, and (e) hummock A, and (f) hummock B. The water table measurements from hummock B

were unreliable and are not shown.

Autocorrelations are needed in the interpretation of the
cross—correlation functions as autocorrelation peaks af-
fect cross correlations.

The sample estimate for the autocorrelation function
of variable z (for example, temperature or precipita-
tion) pg(z) with lag k is technically calculated as

>

N-—-k

n=1

(wn - ll':z:)(mn+k - P':c)

pr(z) =

N (0 — o)?

461

(1)

where N is the number of measurements, k is the lag,
1 N
and gz = § D peq Ta-
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The autocorrelation pi(z) lies between -1 and 1 for
each k, and po(z) is equal to 1 by definition. It can be
shown that pi () is asymptotically normally distributed
with mean zero and standard deviation 1/v/N, where
N is the number of the observations [see Pindyck and
Rubinfeld, 1981, p. 500].

Results that hold asymptotically (N approaching in-
finity) are applied to finite samples with the proviso that
the error remains small compared to the effect of choos-
ing a risk level [Norton, 1986, p. 49]. Using the + 95
% confidence intervals of the normal distribution (risk
level p=0.05), a sample autocorrelation value pi(z) is
significantly different from zero if its absolute value is
greater than 2/\/N In this study, the risk level of 0.05
for autocorrelation was used.

The cross—correlation function can be used to study
the time lags of the effect of the control variable z (for
example, temperature or water table) on the output
variable y (methane emissions). The sample estimate
for the lagged cross correlation 74 (e, y) between @ and
y is calculated as

N-k
T'k(m,y) = z}in=1 (zn — ﬂm)(y;-f-k - #y) @)
PSR

where N is the number of measurements, k is the lag
and p, = %Efﬂ zn, and py, = —11725:1 Yn are the
averages for = and y.

The cross—correlation normalization results in values
from -1 to 1, the former indicating perfect negative and
the latter perfect positive linear relationship. The test
statistics used to examine the hypothesis of rx(z, y) be-
ing zero is given by

Tk(m, y)
1—r(z,y)?

T=+N-2

which is distributed according to the t distribution with
N —2 degrees of freedom [Kleinbaum and Kupper, 1978,
p. 78]. For the cross correlations, a risk level of 0.05 was
used for statistical significance, and a risk level of 0.10
was used for weak statistical significance in this study.

The lag k should be small compared to the number
N of data points in the time series. When the lag k ap-
proaches N, the estimates of the correlation coefficients
are based on so few data points that random errors
begin to dominate over any real relation between the
variables, that is, the noise—to—signal ratio becomes too
high. In this study, the maximum lag used is k = 14
when the May—October data were available (N ~ 140
for flark B, lawn-low hummock B and hummock B) and
k = 7 when shorter data series from early May to the
end of July or from August to October were used (N =
80 for flark A, lawn A, and hummock A and for flark
B, lawn-low hummock B, and hummock B during the
May-July or the August—October period).

Unfortunately, some daily values in all time series
were missing. When calculating the lagged correlations
a data point corresponding to a missing value in the
other series (either k days earlier or later) was omitted
as well in order to maintain consistency in the temporal
difference of the data.

Results

Autocorrelation Functions

The autocorrelation functions of the temperatures at
depths of 0-2, 10, 20, and 50 cm (see Figure 3a for a typ-
ical temperature autocorrelation) showed strong autore-
gressive properties, that is px(T') decreased slowly with
increasing k for the May—July, the August—October and
the May—October periods. The slow rate of change in
the temperatures is related to the seasonal pattern of
air temperature, which is slowly reflected in soil temper-
atures. The slow rate of change which can be deduced
from the large p; for & > 0 also suggested that temper-
ature dynamics are not easy to identify from measured
data.

When the temperature time series were differentiated
AT; = T; — T;_q, the autocorrelation function declined
rapidly (see Figure 3b for a typical autocorrelation of
the differentiated time series) for all the periods ana-
lyzed. The autocorrelations of the differentiated tem-
peratures did not generally differ significantly from zero
for lags k > 1 (p>0.05 and N =154 for the May—October
period). The nonzero autocorrelation coefficients ob-
served in a few cases were probably due to accumula-
tion of random errors in statistically small numbers of
data.

The water table time series showed strong autore-
gressive properties with the autocorrelation function
decreasing only slowly with increasing k for the May-
October, the May—July, and the August—October peri-
ods (see Figure 3c for a typical autocorrelation function
of the water table series). Apparently, the slow rate of
change in the water table time series makes the sys-
tem identification difficult with respect to responses to
changes in depth of the water table. The slow rate of
the change in the water table time series partly related
to the extremely low variation in water table position
during summer 1993 which makes the interpretation of
the cross—correlation analysis even more difficult.

The autocorrelations of the differentiated water table
series AWT;, = WT; — WT;_; declined more rapidly
with increasing k than the autocorrelations of WT
for the May-July, the May—October, and the August-
October periods. Figure 3d shows a typical autocorre-
lation function of the differentiated water table series.
Generally, the autocorrelations of AWT for lags k > 1
in the five microsites for the different periods did not
differ significantly from zero (p>0.05) with some excep-
tions. For the May—July period, N was 74 for flatk A
and N was 76 for flark B, lawn A, lawn-low hummock
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B, and hummock A. N was 72 for flark B and 74 for the
lawn—-low hummock B during the August—October pe-
riod. The positive pg(AWT) (p<0.05 and N=149) for
flark B (the autocorrelation not shown) and p1o(AWT)
(p<0.05 and N=150) for lawn-low hummock B (Fig-
ure 3d) might be related to the positive p1o(P) in the
precipitation time series (Figure 3e) during the May-
October period via the causal dependence of the wa-
ter table on precipitation. The negative ps(AWT) and
p13(AWT) for lawn-low hummock B (Figure 3d) are

-O.

-O.

2
P2y
-0.6
8
(0]

T ag. days

3.d p(AWT) lawn-low hummock B

1.0

L ag, days

Figure 3. The autocorrelation functions for (a) tem-
perature at a depth of 20 cm, (b) differentiated tem-
perature at a depth of 20 cm, (c) depth of the wa-
ter table, (d) differentiated depth of the water table
in lawn-low hummock B, and (e) precipitation for the
May-October period. Statistically significant autocor-
relations are shown by black bars and nonsignificant
autocorrelations are shown by white bars.

probably related to the fact that a rise in the water ta-
ble is followed by a lowering of the water table after a
few days. No physical explanation was found to explain
the positive ps(AWT) for lawn A (the autocorrelation
not shown). These nonzero autocorrelation peaks of
AWT occur because of accumulation of random errors
in the time series.

The autocorrelation of precipitation (Figure 3e) de-
clined rapidly with increasing k, and pi(P) for k > 0
stayed near zero. Except pio(P), the pi(P) did not



464 KETTUNEN ET AL.: CROSS-CORRELATION ANALYSIS OF METHANE EMISSIONS

differ significantly from zero (p>0.05 and N=123 for
the precipitation time series). Coefficient pio(P) sta-
tistically differed from zero, but no physical reason
was found to explain this. For the May-July and the
August—October periods precipitation showed similar
autocorrelations as during the May-October period.
Unlike temperature and water table, precipitation rep-
resented a variable and rich signal which should reveal
the dynamics of the system and help in the identifica-
tion of system interactions.

Temperature Effect on Methane Emissions

The cross—correlation functions between the peat tem-
peratures at different depths and methane emissions in-
dicated that temperature had a strong effect on methane
emission (see Figure 4a for a typical cross correlation be-
tween temperature and methane emissions). The cross
correlations 7 (7T;, CHy), i=0, 10, 20, and 50 remained

4.a r(Ty9, C Hs) lawn-low hummock B
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above 0.30 for all microsites during the different peri-
ods analyzed. The positive correlation for all lags k
indicated that at higher temperatures methane emis-
sions were greater. The r(T;, CHy), 1=0, 10, 20, and
50, were clearly statistically significant (p=0.00 and
N=81 for flarks A and B, lawn A, lawn-low hummock
B, and hummock A and N=80 for hummock B dur-
ing the May-July period, and N=64 for flark B, N=66
for lawn—low hummock B, and N=63 for hummock B
during the August-October period). However, it was
not possible to identify whether the actual methane
emission was affected by the temperature on the day
of measurement or the temperature some days earlier
as temperature had strong autoregressive properties.
The cross correlations between the differentiated peat
temperatures at depths of 0-2, 10, 20, and 50 cm
and methane emissions remained nonsignificant for the
May-July period (p>0.05 and N=78 for flark A, lawn
A, lawn-low hummock B, and hummock A and N=77
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Figure 4. The lagged cross correlation between (a) peat temperature at a depth of 20 cm, (b)
differentiated peat temperature at a depth of 20 cm and methane emissions in lawn—low hummock
B during the May—October period, (c) differentiated peat temperature at a depth of 20 cm and
methane emissions in lawn-low hummock B and (d) differentiated peat temperature at a depth
of 50 cm and methane emissions in hummock B during the August-October period. Statistically
significant autocorrelations are shown by black bars; weakly significant autocorrelations are shown
by gray bars; and nonsignificant autocorrelations are shown by white bars.
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for flark B and hummock B, respectively) and for the
May-October period (p>0.05 and N=141, 144, and 140
for flark B, the lawn—low hummock B, and hummock B,
respectively) (see Figure 4b for a typical cross correla-
tion between the differentiated peat temperature and
methane emissions).

For the August—October period, the cross correla-
tions between the differentiated temperature at depths
of 0-2 cm and 10 cm and methane emissions were non-
significant but the cross correlations between the differ-
entiated temperatures at depths of 20 cm and 50 ¢cm and
methane emissions indicated that temperatures at deep
layers affected methane emissions with a lag of zero to
1 day (Figures 4c-d).

For flark B, r1(ATy, CH,) was significant (p<0.02
and N=63) and ro(AT0, CH,) was weakly significant
(p=0.02 and N=63, the cross correlation not shown).
The rises in the temperature at a depth of 50 cm were
associated with increased methane emissions from the
flark B with a lag of zero to 1 day (p=0.02 for k=0 and
p=0.03 for k=1 and N=63, the cross correlation not
shown). The cross correlation at lag k=6 was weakly
significant (p=0.09 and N=63).

In lawn-low hummock B, significant peaks in the
correlation between the differentiated temperature at
a depth of 20 cm and methane emissions occurred at
lags k=0 and 1 (p=0.05 and p=0.04, respectively, and
N=64, Figure 4c). The changes in the temperature
at a depth of 50 cm were correlated to methane emis-
sions with lags from zero to 3 days (p=0.05, 0.03,
0.09 and 0.07 for lags k=0, 1, 2, and 3, respectively,
and N=64, the cross correlation not shown). In ad-
dition, rg(AT2, CH4) was weakly significant (p=0.07
and N=64).

For hummock B, the cross correlations were signif-
icant at lags k=0 and 1 when the temperature at a
depth of 20 cm was considered (p=0.01 and 0.03 and
N=66, the cross correlation not shown). In addition,
r4(AT20,CH,) was weakly significant (p=0.09 and N
=66). The significant ro(AT50, CHy) (p=0.00 and N
=66, Figure 4d) indicated a rise in methane emis-
sions during the same day as the temperature rose.
The significant r4(AT50, CHg4) and weakly significant
r1(AT50, CHg) (p=0.01 for k=4 and p=0.09 for k=1
and N=66, Figure 4d) again suggested that a rise in
temperature is positively reflected to methane emis-
sions.

Water Table Effect on Methane Emissions

Water tables correlated negatively with methane emis-
sions for all six microsites (see Figure 5 for a typi-
cal cross correlation between water table and methane
emissions). This indicated that the deeper the water ta-
ble was below the peat surface, the greater the methane
emission tended to be. The cross correlations with all
lags were statistically significant (p=0.00 and N=79 for
flarks A and B and N=80 for lawn A, lawn-low hum-
mock B, and hummock A, respectively, for the May-
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Figure 5. The lagged cross correlation between water
tables and methane emissions in lawn-low hummock B
for the May—October period. Statistically significant
autocorrelations are shown by black bars.

July period and p=0.00 and N=143 for flark A and
N =145 for lawn-low hummock B for the May—-October
period). For flarks A and B, lawn A, and lawn-low
hummock B, the cross correlations between the water
tables and methane emissions increased in magnitude
with increasing lag k (Figure 5), but for hummock A,
the absolute value of the cross correlation decreased
with increasing k (the cross correlation not shown). The
negative correlations at all lags k are due to the strong
autoregressive properties of the water table time series.

When changes in the depth of the water table (the dif-
ferentiated water table series) were studied with respect
to methane emissions, the cross correlations were posi-
tive for all lags in all microsites (Figures 6a—6e). How-
ever, the interpretation of the cross correlation peaks
was unfortunately not totally straightforward, as the
effect of the AWT autocorrelation peaks on the cross—
correlation function must be carefully considered.

For flark A, no significant (p<0.05 and N=74) peaks
were observed (Figure 6a). The cross correlations with
lags of k = 1, k = 6, and k = 7 days were weakly
significant (p=0.06, 0.07, and 0.08, respectively, and
N=T74). These peaks were not related to any autocorre-
lation peaks. The cross correlations with lags k = 6 and
k = 7 may be related to the statistically small amount
of data, but the r,(AWT, C H,) apparently indicated a
weak response of increasing methane emissions after a
rise in the water table.

For flark B, significant (p<0.05 and N=75) nonzero
correlations (the cross correlation not shown) were seen
with lags £ = 0, k= 2, 5, and 7 in the May-July
period. In addition, rs(AWT, CHy), r4(AWT,CH,),
and r¢(AWT,CH,4) were weakly significant (p<0.10
and N=75). The cross correlations for May—October
showed a similar response with significant peaks at lags
k=0 k=8,--,12 and k = 14 (p<0.05 and N=138,
Figure 6b). In addition, r¢(AWT,CH,4) was weakly
significant (p=0.08 and N=138). The peaks with lag
k > 7 might be anomalies caused by the strong autocor-
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relation po(AWT), which is probably related to the au-
tocorrelation p1o(P) (Figure 3e). The ro( AWT, CH,)
(p=0.01 and N=138), on the other hand, probably
showed a real response to a rise in the water table.
The May-July and the May—October period cross
correlations suggested that changes in water table are
reflected in methane emissions from flark B. However,
the August—October period for flark B showed no sig-
nificant peaks (p>0.10 and N=63, the cross correlation
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Figure 6. The lagged cross correlations between differ-
entiated depths of water tables and methane emissions
in (a) flark A (May-July), (b) flark B (May-October),
éc) lawn A (May-July), (d) lawn-low hummock B
May-October), and (e) hummock A (May-July). Sta-
tistically significant autocorrelations are shown by black
bars; weakly significant autocorrelations are shown
by gray bars; and nonsignificant autocorrelations are
shown by white bars.

not shown) indicating that changes in the water table
play an important role at the beginning of the summer
but become less important in the fall.

The cross correlation for lawn A (Figure 6c) was sig-
nificantly (p<0.05 and N=76) greater than zero for lags
k=0andk =2,---,6. A weakly significant cross corre-
lation (p=0.07 and N=76) was found at lag k = 1. The
autocorrelation of AWT showed a significant ps(AWT)
peak (the autocorrelation not shown), which might be
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at least partly responsible for the cross correlation peaks
for lags k > 1. However, the very high r3(AWT, CH,)
(p=0.00 and N=76) could not be explained as simply a
data anomaly. In addition, the 7o(AWT, CH,) (p=0.02
and N=T76) probably reflected a true rise in methane
emissions with rising water table.

As to the water table dynamics in lawn-low hum-
mock B, the cross correlations for the May-July period
were significant (p<0.05 and N=76) for lags k = 3, 4,
and 6 (the cross correlation not shown) and the cross
correlations for the May—October period were signifi-
cant (p<0.05, N=140, Figure 6d) for lags k = 3 and
4 and k = 6,---,14. The negative autocorrelations of
the AWT time series at lags k = 3 and k = 13 (Figure
3d) could not cause any of the significant cross corre-
lations. The cross correlations with long lags (k > 9)
might be anomalies caused by the limited data and the
positive autocorrelation p;o( AWT) (Figure 3d). How-
ever, the significant cross correlations with lags k = 3,
4, 6, and 7 (p=0.03, 0.04, 0.04, and 0.01, respectively,
and N=76 for the May—-July period and p=0.04, 0.04,
0.01, and 0.01, respectively, and N=140 for the May—
October period) indicate that the rise in water table
was reflected in methane emissions as an increase with
a lag of several days.

The May-July and the May—October period cross
correlations suggested that changes in the water ta-
ble are slowly reflected in methane emissions in lawn—
low hummock B. However, the August-October period
for lawn-low hummock B showed no significant peaks
(p>0.10 and N=64, the cross correlation not shown)
suggesting that changes in the water table become less
important with respect to methane emissions as the
summer turns to fall. ‘

For hummock A, significant cross correlations (Figure
6e) occurred with lags k = 3 and k = 4 (p<0.05 and
N=76). A weakly significant cross correlation (p=0.05,
N=76) was observed with lag k = 7. In this case, the
autocorrelation peaks of AWT in hummock A could
not explain the rise in methane emission, as the signif-
icant p3(AWT) and ps(AWT) autocorrelations were
negative (the autocorrelation not shown). Thus a rise
in the water table was followed by increased methane
emissions with a lag of 3 to 4 days.

Precipitation Effect on Methane Emissions

The interpretation of cross correlation between pre-
cipitation and methane fluxes was quite straightforward
as precipitation was a rich random series with no au-
toregressive properties. Figures 7a—7f indicated that
some days after a rainfall high methane emissions oc-
curred. For flarks A and B, lawn—low hummock B and
hummock B the cross correlations were positive with
all lags (Figures 7a, 7b, 7d, and 7f). The lawn A and
hummock A showed a negative tendency with lags k =
0, 1, and 2, suggesting that rain water may have sup-
pressed the emissions during the first days possibly by

filling the unsaturated pore space in peat, and only af-
ter a few days did the tendency turn positive (Figures
Tc and Te).

Flark A showed no significant (p<0.05 and N = 48)
peaks at the risk level p=0.05 (Figure 7a). However,
the cross—correlation coefficient at lag k = 2 was weakly
significant (p=0.06 and N = 102). Flark B showed a
weakly significant peak ro(P, CH4) (p=0.07 and N=47,
the cross correlation not shown) during the May-July
period. On the basis of the August-October and the
May—-October periods, the dynamics relating methane
emissions to precipitation seemed rather fast in the case
of flark B for which significant (p=0.04 and N=55 for
the August—October period, p=0.01 and N=102 for the
May-October period, Figure 7b) peaks occurred at lags
of k =0 and k = 1 days.

The lawn A dynamics seemed slow as the 7 (P, CH,)
for lags of 1 to 2 days remained negative. Positive, sig-
nificant (p<0.05 and N=48) peaks occurred at lags k =
4 and k = 5 (Figure 7c). Lawn-low hummock B seemed
to respond slowly to precipitation pulses (Figures 7d),
but no significant (p<0.05 and N = 48 for the May-
July period, N=58 for the August—October period, and
N=105 for the May—October period) peaks occurred.
With lag k£ = 4, the cross correlation rx(P, CH,) for
the May—October period was weakly significant (p=0.05
and N=48, Figure 7d). For the August—October period,
weakly significant peaks were seen at lags k=0, 1 and 3
(p<0.05 and N=58).

For hummock A, no significant (p<0.05 and N = 48)
peaks were found. Qualitatively, the negative cross cor-
relations for lags k=0, 1, and 2 suggested that precipi-
tation weakly suppressed methane emissions for several
days (Figure 7e). For lags k > 2, the cross correlations
were positive, qualitatively indicating a weak enhance-
ment of methane emissions by precipitation after a lag
of several days. For hummock B, the cross correlations
between precipitation and the methane emissions re-
mained nonsignificant (p>0.10 and N=47) for the May—
July period. The August—October period showed signif-
icant peaks at lags k=1 and 4 (p=0.00 and N=55), and
the May—October period had similar significant peaks
at lags k=1, 4, and 11 days (p=0.00, 0.01, and 0.02,
respectively, and N = 102, Figure 7f), suggesting that
there might be both a fast and a slow mechanism in the
response. The cross correlation ry,(P, CH,), however,
might be related to the autocorrelation peak p;o(P).

Discussion

On the basis of the correlation analysis, the daily
methane emissions increased with increasing tempera-
tures. The strong positive correlation between peat soil
temperature and methane flux was in accordance with
several other studies [Moore and Knowles, 1987, 1990;
Crill et al., 1988; Whalen and Reeburgh, 1988; Dise et
al., 1993; Shurpali et al., 1993; Torn and Chapin, 1993;
Shannon and White, 1994]. The strong autocorrelation
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Figure 7. The lagged cross correlation between precipitation and methane emissions in (a) flark
A (May-July), (b) flark B (May—October), (c) lawn A (May-July), (d) lawn-low hummock B
(May—October), (¢) hummock A (May-July), and (f) hummock B (May-October). Statistically
significant autocorrelations are shown by black bars; weakly significant autocorrelations are shown
by gray bars; and nonsignificant autocorrelations are shown by white bars.

properties of the temperature time series made it diffi-
cult to conclude whether temperature affected methane
emissions immediately or with a lag.

Methane emissions correlated positively with the dif-
ferentiated temperatures at depths of 20 and 50 cm

for the late summer (August—October). A change in
the temperatures at depths of 20 and 50 cm was gen-
erally reflected in methane emissions within the first
2 days in these data. For the early summer (May-
July) and the whole season (May-October) periods,
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methane emissions did not correlate with the differen-
tiated temperature series at any lag. The stronger cor-
relations during the late summer period may indicate
the growth of methanogenic population due to better
availability of substrates for methanogenesis | Valentine
et al., 1994] or merely the effect of temperature on gas
transport through vascular plants [Chanton and Dacey,
1991; Thomas et al., 1996].

Depth of the water table affects the methane emission
with complex interactions. Methane production occurs
below the depth of the water table in anaerobic peat,
and methane oxidation occurs in aerobic peat [Sundh
et al. 1994). Hence, the greater part of the peat profile
that was anaerobic, the greater would be the expected
flux. In overall terms, the average depth of the water
table is actually found to be related to seasonal average
methane emission levels [Sebacher et al., 1986; Bubier
et al., 1993a, b; Christensen, 1993; Roulet et al., 1993;
Moore et al., 1994].

The effects of temporal variations in the depth of the
water table on methane emissions may, however, be con-
troversial. In this study, methane emissions correlated
negatively with depths of the water table for all lags,
indicating that high fluxes are associated with lowering
water tables. Negative, nonlagged correlations between
water tables and methane emissions have been also re-
ported in other studies [Moore et al., 1990; Whalen and
Reeburgh, 1992]. Lowering of the water table can release
pore water methane as laboratory [Moore and Dalva,
1993; Moore and Roulet, 1993] and in situ measure-
ments [Moore et al., 1990; Windsor et al., 1992; Shur-
pali et al., 1993] have shown. This causes high fluxes
with a drop in the water table. Precipitation has been
suggested to suppress the methane emissions [Frolking
and Crill, 1994], resulting in low emissions with high
water tables. However, the water table remained con-
stantly high during the measurement period and thus
could only have a limited effect on methane fluxes at
individual sites.

When the effects of changes in the water table (the
differentiated water table series) were analyzed, methane
emissions were found to increase for some days after
a rise in the water table and decrease after a fall in
the water table for five of the six microsites when data
from May-July and May—October periods were stud-
ied. During the August—October period, no significant
effects of the water table changes on the methane emis-
sions were found.

As suggested by the correlation analysis, precipita-
tion seemed to suppress fluxes, possibly by filling the
unsaturated gas space during the first 2 days after rain
for two of the six microsites studied (hummock A and
lawn A), consistent with results of Frolking and Crill
[1994]. For the four other microsites, no suppress-
ing effect was seen according to the cross—correlation
analysis between precipitation and methane emissions.
The results also suggested that precipitation enhanced
methane fluxes after a lag of a few days. This finding
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is consistent with results from studies where lowering
of the water table and a drop in atmospheric pressure
[Windsor et al., 1992; Shurpali et al., 1993] enhanced
methane fluxes.

The estimated responses of methane fluxes to precipi-
tation and to changes in water table generally indicated
similar time lags due to the causal dependence of the
water table on precipitation. The flarks, which had the
highest average water tables, responded fastest (with a
lag of zero to 1 day) both to changes in water tables
and precipitation. The lawn and the hummock sites,
which had low average water tables, showed a slower
response with several days’ lag with respect to changes
in water table and precipitation. The hummock site for
which the water table measurements were unreliable re-
sponded to rain pulses.

For three of the six microsites, the whole summer sea-
son data were available, but for the remaining three,
natural data were available only to the end of July.
The cross correlations for the different periods were
not strictly comparable to each other. The dynamics
of methane emissions during the early summer period
were found to be different from those during the late
summer period. During the May-July period, methane
emissions were found to respond to changes in water ta-
bles and not to changes in temperatures. Methane emis-
sions were found to be correlated to temperature, but to
lack responses to changes in water table during the late
summer period. Responses to precipitation remained
similar throughout the summer in these data. The dif-
ferences in the controls for the May-July and August—
October period may be related to the availability and
quality of substrate [Valentine et al., 1994; Schimel,
1995], to the development of vegetation during the sum-
mer [Schitz et al., 1991; Chanton end Dacey, 1991;
Whiting and Chanton, 1993; Schimel, 1995; Thomas et
al., 1996] and to the temporal changes in the microbial
populations active in methane production and oxidation
le.g., Dunfield et al., 1993; Westermann, 1993].

In this study, the frequent measurements were re-
duced to a daily basis to analyze the daily dynamics of
the methane emissions. A time series of daily data for
one summer period is short for statistical analysis, mak-
ing the interpretation difficult. In addition, the weather
during the measurement period was quite atypical, lead-
ing to extremely low variation in water tables. Besides,
the missing values caused computational difficulties. If
the time series were long and stationary, there should
be no problem with leaving out some data points in
the analysis unless the number of points used in the
calculations becomes too small. In this sense, how-
ever, the number of points in the present data was quite
small. The seasonal pattern of both temperature and
methane emissions, in fact, violated the assumption of
a stationary series. Furthermore, the correlation among
the driving variables within a single season makes it dif-
ficult to identify the real emission control mechanisms
based on the estimated cross correlations. Analysis of
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multiannual measurements would help to tackle with
problems related to seasonal pattern and to number of
data points. In addition, a great nondomestic data set
is still anticipated.

Correlation analysis is a powerful tool for studying
the principal interactions in the system, provided that
highly nonlinear relationships do not dominate. To
date, no other study using lagged cross correlations for
identifying the methane emission dynamics is known to
the authors. Thus the lagged correlation analysis pro-
vides information on the effects of some of the most
important environmental factors, temperature, water
table, and precipitation, on methane emissions. To con-
clude, the analyses presented here suggest that changes
in temperature and water table and also the occurrence
of rain showers are significantly reflected in methane
fluxes within a few days. In particular, the analyses
show that temporal interactions between environmen-
tal variables and methane fluxes are complex, possibly
nonlinear dynamic processes.
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